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Preface

Gernot Munster
Institut fur Theoretische Physik, Universitat MUuns#8149 Munster, Germany
E-mail: munsteg@uni-muenster.de

Dietrich Wolf
Fakultat fur Physik, Universitat Duisburg-Essen, 4 @uisburg, Germany
E-mail: dietrich.wolf@uni-due.de

Manfred Kremer
Julich Supercomputing Centre, ForschungszentrumhliBiz425 Julich, Germany
E-mail: m.kremer@fz-juelich.de

Over the last 10 years the proceedings of the biennial NI@y#)sia have given a

fascinating account of supercomputer based researchoatstsAt the John von Neumann
Institute for Computing (NIC) computing time has always thgeanted according to peer
reviews of the project proposals, provided by an intermatily composed peer review

board. A second peer review of the projezsultsobtained in a two years period leads to
the selection presented in the proceedings.

This well tried procedure has been adopted by the Gauss eCémtrSupercomputing
(GCS), an alliance of the three German national supercamputentres in Jilich,
Garching and Stuttgart. By coordinating their interedis, GCS was able to acquire the
first European computer with a peak performance exceedirgdFRp/s. It was installed
by the Julich Supercomputer Centre JSC in 2009 and dubb&EBIE (an allusion to
Julich IBM Blue Gene/P).

As a consequence, the NIC peer review board at its fall mgétir2009 was expanded
by delegates from the GCS-institutions, and decided abomipating time allocation
on the GCS-computer JUGENE as well as on the NIC-compute QRAR(replacement
for JUMP). These machines hold rank 4 respectively rank 1&enTop 500 list of the
world’s most powerful computers. The expanded peer revieavdbselected projects with
particular demands of compute power@auss projects This large-scale project status
has been given to projects by Jansen and Peters, presentsd irolume, and on the
recent meeting to Fodor, Schierholz, Katz and Harting.

The formation of an internationally competitive Europeapercomputing infrastructure
is the goal of the European consortium PRACE (PartnershipAttvanced Computing
in Europe), the German member of which is the GCS. In thisexdmew modes of
computing time allocation on the European level are at thizbn. Hopefully the peer
review procedure of the NIC will serve as a model there, tomly@he quality of a

research proposal should matter, and the research comesusitould compete freely
among each other with their demands for computing poweerdttan being regulated by
quota.



The users of the NIC and GCS computing facilities in Julictd @euthen come from

universities and research institutions mostly in Germbuat/o a growing extent also from
other European countries. The diversity of research stjecenormous, as reflected
in the contents of these proceedings. This requires a gesdtal flexibility and open

mindedness from the NIC peer review board. External exgeeisicalled in for judgement
whenever needed. If a new user community keeps growing #aash far used the NIC
facilities less frequently, it will be represented by a neamfer in the peer review board.

Projects that stand out as particularly excellent are natath “John von Neumann
Excellence Project” by the review board. In 2008 this awaad @iven to Dominik Marx
for his project on prebiotic chemistry. In 2009 it was giveratproject about the dynamics
of galaxy clusters by Stefan Gottlober and to Zoltan Faglat initio calculation of
hadron masses. Fodor’s project attracted particularastebeing appreciated by Nobel
prize winner Wilczek inNatureand selected bgcienceas one of the 10 most important
discoveries in 2008.

The NIC is a cooperation between FZJ (ForschungszentrliohJiDESY (Zeuthen) and
GSI (Darmstadt), all three members of the Helmholtz Assmmaof German Research
Centers. We like to mention here two assets of this coomerafihe first one, QPACE,
is an initiative together with the universities of Regengband Wuppertal in Germany,
and Ferrara and Milano in Italy. Its ambitious aim is to depethe most energy efficient
computer in the world, foremost for lattice QCD-calculato

The second asset of the cooperation of the NIC partnertitistiis is that each of them
funds a research group with extensive guest programs. Heeigdto appoint scientists
from universities for a limited time as directors of the gosua concept that has proved
to be very successful. Presently a research group on gatighysics and many-particle
physics in Julich is led by Peter Nielaba, a group on eleargmarticle theory at DESY
in Zeuthen by Rainer Sommer, and GSl is establishing a relsgaoup on hadron physics
and QCD guided by Frithjof Karsch.

We thank the referees for selecting the contributions fisrleok. Most of them are also
members of the NIC peer review board. We also thank the asitbhorepresenting the NIC
with their contributions. Special thanks go to the Julietlp&computing Centre JSC and
to DESY for providing the high quality computing environnieand user service, which
were vital to the successful realisation of the projects@néed in this book. Thanks go
also to Ms. Martina Kamps, who compiled the contributiond produced the present high
quality book, and to Ms. Sabine Hofler-Thierfeldt, who tamdee of the communication
with the printing services at Forschungszentrum Jiliclre#@dy here we want to thank
Walter Nadler and Ms. Bettina Scheid for their help in orgarg the 5th NIC-Symposium.

Julich, February 2010

G. Munster D. Wolf M. Kremer
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Entering the Petaflop-Era

New Developments in Supercomputing

Norbert Attig, Florian Berberich, Ulrich Detert, Norbert E icker,
Thomas Eickermann, Paul Gibbon, Wolfgang Gurich, Willi Homberg,
Antonia lllich, Sebastian Rinke, Michael Stephan, Klaus Wdkersdorfer,
and Thomas Lippert

Institute for Advanced Simulation, Julich Supercompgt@entre
Forschungszentrum Julich, 52425 Julich, Germany
E-mail: th.lippert@fz-juelich.de

Recent developments in the field of supercomputing on thegaan and the German level
are presented. JUGENE, the highly scalable IBM Blue Gengétem at the Jilich Super-
computing Centre (JSC), the first Petaflop supercomputeuinge, started operation in July
2009. Furthermore, the JSC has installed a 300-Teraflopcupeuter, a next-generation gen-
eral purpose cluster system. The JSC designed and coestrddtROPA and HPC-FF in a
two-years effort, supported by its industrial partners|BsUN, INTEL, Mellanox, Novell and
ParTec. HPC-FF is a system for fusion research, JUROPA edscESC's p690 system JUMP.
After achieving rank 10 in the TOP500 list and number 2 in pet@dUROPA/HPC-FF became
operational in August 2009. With these systems, the JSC hallyfrealized its concept of a
dual system complexvhich is adapted to the NIC application portfolio in an aptl manner.
Additionally, the JSC has benchmarked and hosted a 10Gldete QPACE system developed
by the SFB/TR 55 “Hadron Physics”, the most energy-efficergercomputer as of 2010. Co-
ordinated by the Julich Supercomputing Centre, the pedjoar phase project of the Partnership
for Advanced Computing in Europe is about to be finalized.illte followed by the first im-
plementation phase project, again coordinated by the J&Sumably starting mid-2010. In
spring 2010, the statutes of the European SupercomputiegaReh Infrastructure are going to
be signed, and operation of JUGENE as the first Europeancupeuter is foreseen to start in
autumn 2010.

1 Introduction

With the inauguration of the IBM Blue Gene/P supercompuf8tGENE" at the Julich
Supercomputing Centre (JSC) in May 2009, the Forschungszerlilich has initiated
the beginning of the era of Petaflop supercomputer perfocenemEurope. In June 2009,
JUGENE was ranked position 1 in Europe and position 3 intevnally in the TOP500
list'. As of today, JUGENE takes position 4 among the TOP500 alidssfie most pow-
erful and scalable machine worldwide which is solely dedtdtefree research. Operation
started in July 2009. JUGENE is fund®ih equal parts by the BMBF and the govern-
ment of North Rhine-Westphalia, with the objective to beedime first leadership-class
system providing cycles to the new European supercompirtfrastructure “Partnership
for Advanced Computing in Europ&”

aThe underlying technical infrastructure as well as techiinémd scientific support is funded by the Helmholtz
Association through the Programme “Supercompufing”



After 5 years of successful operation, JSC’s general perggstem, the IBM p690
Constellation JUMPfound a more than adequate replacement in the cluster syliem
ROPA — named after the project “Julich Research on Petaftopitectures®. JUROPA
indeed is a paradigm change in the provisioning of high-estesns at JSC. The system
was designed within a two-years process by the computentstieat JSC, supported by
industrial partners: BULL as the integrator, SUN as haraéwazartner, INTEL providing
the fastest general purpose processor, Mellanox delyénmhigh-bandwidth/low-latency
network and Novell/SUSE contributing the node operatirgieay. However, most impor-
tant for the success of JUROPA was the long-term collabaraif JSC with the Munich
cluster software expert ParTec within the ParaStatmmsortium. The consortium has
developed the open cluster software ParaStation currpritliding the fastest and most
scalable cluster operating system worldwide. In additothe 200-Teraflop system JU-
ROPA, the 100-Teraflop cluster HPC-FRas been installed. HPC-FF is reserved for the
researchers in the field of fusion science and technologyddd in equal parts by the
EFDA® and FZJ. Both systems went into operation in August 2009.nk&&o ParaSta-
tion, JUROPA and HPC-FF can be operated as a joint clustagetfier, they achieve a
peak performance of more than 300 Teraflop/s, with rank 16enTtOP500 list of June
2009 and position 2 in Europe

Thus, for the first time ever, a European site was in a postiiooperate two sys-
tems among the TOP10 in the wotldFZJ's dual system complex together with world-
leading user support by JSC is optimally adapted to the egqjmin portfolios of the NIC
and FZJ’s Institute for Advanced Simulation (IAS). The cdexgs utilized by scientists
and engineers all over Germany and Europe. As a key techywédogndustrial product
development and production optimization, Petascale sopgouting will enable solving
computational problems of hitherto unprecedented conitylex

The computer time on JUGENE and JUROPA is distributed thndhg John von Neu-

mann Institute for Computing (NI@?. In more than 25 years of its function, the NIC has
developed a highly respected peer review scheme that ¢lystbiased on the scientific
quality of the proposals. With the start of the PRACE infrasture foreseen in autumn
2010, part of the JUGENE capability will be distributed thgh the Europe-wide peer
review process by the PRACE Scientific Steering Committee.

The JSC also took an active role in the development of the @P#akcial purpose
computer for lattice quantum chromodynamics simulatidrige development of QPACE
was directed by Prof. Tilo Wettig in the framework of the SFR/55 “Hadron Physics”.
Partners are the Universities of Wuppertal, Regensburdg-aastati, DESY-Zeuthen and
JSC. The JSC has been benchmarking and hosting the 100epésathachine, which
turned out to be evaluated as the most energy-efficientsapguter in the Green TOP500
list'® of autumn 2009. With the establishment of two innovative HE§2arch centres to-
gether with IBM and INTEL, the future will see an even moreiactole of IAS-JSC in
the field of highly scalable HPC systems.

In 2009, the JSC started operation of its novel support gtras, called “Simulation
Laboratories®' (SimLab). Striving for optimized user support, the SimLati#i guar-
antee the ongoing development of simulation methodologsalfel algorithms and new
programming and visualization techniques. The SimLabsamnging out own research in

PEor the Jitlich applicants, the proposals are evaluatedigfr the VSR.



core areas of the computational sciences. Each simulatiois ltargeted at a specific dis-
ciplinary scientific area. Currently the SimLabs “Plasmgd#ts”, “Biology”, “Molecular
Systems”, “Earth and Environment” and “Energy” are in opieraor under construction.
In the context of the Julich-Aachen Research Alliance (@\Rhe JSC intends to imple-
ment the SimLabs “Engineering” and “Computational Chemfst

One of the most important activities of JSC/FZJ, the manayeof the EU prepara-
tory phase project for PRACEwhich is coordinated by the Jiilich chairman, Prof. Achim
Bachem, is about to be successfully finalized. PRACE is arafivie of meanwhile 20
European countries to create a so-called tier-0 supercanfrastructure in the multi-
Petaflop/s range that is on par with the US infrastructurespitng 2010, the statutes of
the European Supercomputing Research Infrastructureoimg tp be signed and the new
legal entity will be formed. JSC’s project management offrsaded by Dr. Thomas Eick-
ermann, has submitted the proposal for the first implemientghase project of PRACE,
again coordinated by the JSC and foreseen to start mid-ZRdi@nany’s representative in
this project is the Gauss Centre for Supercomputing e.V.&CThe GCS was initiated
by the Minister for Research, Prof. Schavan, in 2006, withs€loungszentrum Julich,
Hochstleistungsrechenzentrum Stuttgart and LeibnizhRezentrum Garching, as well as
the chairs of the scientific counciisg. the NIC for FZJ, as members.

This report reviews the status of GCS (section 2) and PRA@Etitm 3), and will
describe the developments in supercomputing capabilippart and research at IAS-JSC
(section 4).

2 Gauss Centre for Supercomputing

In order to continue to provide computing resources at thbdst performance level for
computer-based science and engineering in Germany, ir2D@& the Federal Ministry of
Education and Research (BMBF) has initiated the foundatidghe Gauss Centre for Su-
percomputing (GCS¥. The Ministries of Innovation, Science, Research and Teldyy
of the State of North Rhine-Westphalia, the Bavarian Stat@dity of Science, Research
and the Arts, and the Ministry of Science, Research and tle &frBaden-Wirttemberg
unreservedly support the GCS. Since September 2007, thesz0®gistered association
(e.V.).

The three German national supercomputing centres joinmtothe GCS with com-
bined computing power, located in Stuttgart, Garching, dHilgth. The GCS is the largest
national association for high-performance computing indpe. The mission of the GCS
is the provision of Petascale supercomputing power for adatjpnal science and engi-
neering for Germany. In the next six years, GCS will be funigdhe ministries with a
total amount of€ 400 million. The procurement of hardware will be closely atinated,
applications for computing time will be scientifically euated on a common basis, and
software projects will be jointly developed. It is plannéadteach GCS-site, LRZ, HLRS
and JSC, will install and operate high-performance commyt&tems of different architec-
ture with processing speed of one to three Petaflop/s.hlislite first GCS partner which
could benefit from the funding. Beginning in January 200%; 8&s installed an IBM su-
percomputer Blue Gene/P with a peak performance of one Betsfind runs production
since July 2009. On behalf of GCS, the peer review processhenallocation of compute
time is organized and carried out by the extended commitiete NIC.



Another important area of activities of the GCS will be thairiing of users and the
education of young scientists. The work of specializedasders will be supported and
promoted by harmonizing the services and organizing jaihbsls, workshops, and con-
ferences on simulation techniques. Methodologicallyrdgd user support is also a mis-
sion of the Gauss Centre.

With the established national institution of GCS, its furgland its first Petaflop su-
percomputer in Europe, the GCS plays a major role in the dpweént of the European
supercomputer infrastructure directed by PRACE. GCS a®bsix hosting members of
PRACE has committed itself to provide compute cycles to tdaesof€ 100 million for
large scale scientific projects of European communitiesfiveayears period.

3 PRACE - A Pan-European HPC Service

To remain internationally competitive, European scigatid engineers must be provided
with leadership-class supercomputer systems that areetitimg on an international scale.
PRACE, the Partnership for Advanced Computing in Europeréating a persistent pan-
European high-performance computing (HPC) service andstructure. European sci-
entists and technologists will be able to access leaderdags supercomputers with ca-
pabilities equal to or better than those available in the WHA Japan. The service will
comprise three to six world-class leadership Tier-O HPQresnstrengthened by regional
and national supercomputing centres working in tight datation through interoperable
grid technologies. The infrastructure created by PRACH foiim the top level of the
European HPC ecosystentf, Figure 1.

During the last two years,

. PRACE has raised significant
Tier-0:

PRACE awareness and is well recognized
e as the major HPC project in Eu-

Tier1: rope. PRACE has completed its
N o aonters: work plan and has achieved all
o < milestones in both the legal and
Tier-2: administrative tasks as well as

Local'centers

the technical work. The tasks
of selecting a suitable legal form

Figure 1. Performance / peer review pyramid. and its governance structure and

the definition of a funding and

usage model are closely interlinked and form the very cenftiiee project activities. After
a thorough analysis of the available options, taking intcoaat existing European Re-
search Infrastructures, proposals for the legal form andaét dovernance structure for
PRACE have been derived. Negotiations involving repregamts from the national min-
istries have led to the agreement to establish the PRACEaRdasnfrastructure initially
as an association located in Lisbon, Portugal. Signatemey contracts for this associa-
tion have been prepared. The pan-European peer reviewrsystePRACE is also laid
out in the statutes. It is based on the principle “best systmbest science” and takes
into account the results of the HET grddjand an analysis of national HPC peer review
systems.



In the initial phase, the HPC service will be based on co@taid national procure-
ments. Subsequently, the legal entity is intended to eviolieea more tightly integrated
structure. The four Principal Partner countries Germargnée, Spain and Italy have al-
ready now made binding commitments to contribute Tier-Oueses each with a value of
€ 100 million within the next five years.

An analysis of the HPC ecosystem has been performed thatifiderkey stakehold-
ers at all levels including funding, policy makers, res@upcoviders and potential users.
PRACE is a founding member of the European e-Infrastrudtorem, which strives for
interoperation of European e-Infrastructure. There iae&kooperation with DEISA at
the technical level, synchronizing the work and sharinglteamong the projects.

PRACE also has undertaken extensive dissemination andamitiactivities. The web
site www.prace-project.eu is a central point of public information about all activi-
ties within the project. It is complemented by active disgetion channels such as press
releases, newsfeeds, a quarterly newsletter and condrilsuto the most relevant HPC
conferences. A Summer and a Winter School on Petascalinglhas\five code porting
workshops were organized. The DEISA-PRACE symposium in B9 in Amsterdam
was jointly organized with DEISA and attracted about 20Qipgrants from all over the
world.

One focus of the technical work in PRACE has been the gathefiinformation to
prepare important decisions regarding the type, perfoomacosts, and hosting of the
future Petaflop/s production systems and the prototypdsesktsystems. The analysis of
the application requirements and the survey of availabdigpaomising future technologies
matching these requirements have led to a selection of typeystems that cover the
most relevant architectures and technologies. The JS@dhdstee of the 15 prototypes.
This included the use of the IBM Blue Gene/P (JUGENE), thellNtehalem/Infiniband
cluster (JUROPA) in cooperation with CEA and the IBM Cell{&#® system (QPACE).

An application benchmark suite used for the assessmentegdrtbtotype systems has
been created to be representative of the likely usage offearoPetaflop/s systems. It is
based on a survey of major application codes on European k8t€nss and an in-depth
survey of the identified applications, leading to a utiliaatmatrix, providing information
about HPC resource usage by scientific domain and algorithm.

The requirements for Tier-0 systems management and itiiagraith the ecosystem,
in particular the Tier-1 systems, have been analyzed basedmerience and expectations
of potential Tier-0 sites and existing Tier-1 infrastruetst A uniform user environment,
using standardized authentication and data-transfer amésins, has been defined and de-
ployed on the prototype systems. A close cooperation has éstablished with DEISA
as a major provider of distributed HPC systems manageméutiats. This has led to a
consistent environment throughout Tier-0 and Tier-1.

STRATOS, the PRACE advisory group for strategic techn@sghas been created
as the vehicle to foster the evaluation and active initiatdd research on future multi-
petascale technologies beyond 2810Vithin STRATOS, partners from PRACE and in-
dustrial consortia, including more than 80 organizatiauspperate on the specification
and developments of such components. The STRATOS MoU wagdign December
2008 by 12 PRACE partners and the consortia PROSPECT andTeer@ts long-term
work plan comprises joint activities on Exascale Softw&esen IT and HPC Leadership
resources.



PRACE submitted the proposal for the first implementatioagghproject under the
European Union’s 7th Framework Programme in November 200 new project will
support the evolution of the research infrastructure byimgi and extending the adminis-
trative, legal and financial framework structure the EusopdPC ecosystem by interacting
with the stakeholders and the national and topical Tierritres and focus on the specific
requirements of industry. To enable world-class scienceaue! systems the project will
support users in porting, optimizing and petascaling apibns to the different architec-
tures and deploy consistent services across the resedm@stincture.

4 Supercomputing and Support

The JSC strives to work at the forefront of the technolodycabssible in HPC. Follow-
ing its dual system philosophy JSC has replaced the generpbge constellation sys-
tem JUMP by JUROPA and HPC-FF, two fully connected clustecssiasing the available
power for general purpose computing at JSC by a factor of ithanme 30. Since July 2009,
the JSC also is the first site in Europe to provide Petafloplbhjyawith its IBM Blue
Gene/P, nicknamed JUGENE. With QPACE, alongside the Usityeof Wuppertal, the
JSC hosts one of the two most energy-efficient systems watily developed by the
SFB/TR 55 “Hadron Physics”. Together with an online storabé PetaBytes, connected
to an automatized tape archive of up to 25 Petabytes andsdeagellite clusters for special
purposes, the JSC currently operates the most advanceceaitdeflsupercomputer com-
plex in Europe. Its world-leading user support, featurimgnovel concept of “Simulation
Laboratories” is well adapted to the application portfslaf the NIC and FZJ's Institute
for Advanced Simulation (IAS) and will be exemplary for thepport structures to be built
in the European supercomputing infrastructure PRACE.

4.1 Heterogeneous System Philosophy

Since the installation of JUMP the Parateam experts at J¥pponsible for the scaling of
user applications, realized that, for the given number efsiand allocation of computing
time, a further growth of capability computing on JUMP wohke decreased the overall
efficiency. This is due to the fact that users mainly workhetir “sweet spot” of effec-
tivity and cannot profit from policies preferring jobs witleny large processor numbers.
Consequently, the JSC introduced the concept of a “Dual isopguter Complex” as a
solution,cf. the white paper “Ausbau des Supercomputing in der Helm+®#meinschaft
und Positionierung im europaischen Forschungsraum”.

With the first IBM Blue Gene/L system JUBL complementing JUMPh 46 Tera-
flop/s, the JSC started realizing the dual concept. Thetlpgs JUGENE and JUROPA
followed in 2009. Before being admitted to the machine, tadability of a code must be
proven. Following this philosophy, the number of accepteggets on JUGENE is limited.
A substantial increase of the scalability up to 294,912 €0feJUGENE could be reached
for several applications in quite a few workshops, like tB&Blue Gene Weeks” and the
“Blue Gene Scaling Workshops”.

The dual system complex is supported by a common storagestnficture which was
further expanded in 2009. Key part of this infrastructurehis new Julich storage cluster
(JUST) now with an online disk capacity of 6 PetaByte. The imann I/O bandwidth is 60
GB/s. JUST is connected to the supercomputers via a newtsteiétinology based on 10-
Gigabit Ethernet, serving the file systems GPFS on JUGENHE B/&TRE on JUROPA.



4.2 JUGENE - Europe'’s First Petaflop System

The history of leadership-class systems for capability potimg applications at JSC
started in mid-2005 with a one-rack Blue Gene/L, JUBL, whiield been extended to eight
racks in January 2006 and was replaced by the 16-rack Blue/B8eaystem JUGENE in
November 2007, with 65,536 processors and a peak perfoma22.8 Teraflop/s.
Based on the long experience with the IBM Blue Gene techryodogl after one year
of successful operation, JSC decided to extend JUGENE terack2Blue Gene/P system
forming Europe’s first computer with a peak performance ofertban one Petaflodfs
After a major < » ,
upgrade of the infra- |
structure (water
cooling and power 155
supply of 6 MW)
at the beginning of . ,
2009, the 72 Blue \l& ~ et
Gene/P racks were 1
installed within four
weeks and became
available for users
on July B, 2009,
cf. Figure 2. This
installation includes
about 23 km of copper
cables (Blue Gene/P
data cables) and Figure 2. Petaflop system JUGENE.
21 km fibre cables
(10-Gigabit Ethernet), plus 7.5 km Cat5 cables (1 GigaliteEtet). JUGENE was No.
3 worldwide in the Top500 list in June 2009 and is still thetéas computer system in
Europe. The system specifications are summarized in Table 1.

Type IBM Blue Gene/P — 72 racks

Peak Performance 1.008 Petaflop/s

LinPack Performance  825.5 Teraflop/s

Cores 294,912 (ppC450 800 MHZz)
Compute Nodes 72,728 (4-way SMP, 2 GB memory)
Total memory 144 TB

Communication network  3-dimensional torus (fully DMA céje)
Network latency 160 ns

Bisectional bandwidth 188 TB/s

I/0 nodes 600 (connecting to external 10GigE)
Total disk storage 5.3 PB

I/O bandwidth 66 GB/s

Table 1. JUGENE system characteristics.



JUGENE is fully integrated into the Julich supercomputérastructure. Its 1/0 nodes
are connected to the fileserver JUST by four FORCE 10 E1206Gis&s with a maximum
of 896 ports, based on 10-Gigabit Ethernet. The fileserver itsedfdlso been upgraded.
It now consists of 28 IBM Power 6 servers and 18 storage cteitsoserving more than
6000 disks to reach a maximum bandwidthGif GB/s and a capacity ¢f.3 PB.

With JUGENE's increased capacity, Julich is excited toiteasers achieving further
ground-breaking scientific highlights. JSC tries to suptiarse highlights by the advanced
training of the users during high-level Blue Gene scalingksbops, as successfully prac-
ticed in the past. The last workshop in October 2009 showegrakapplications able to
scale up reasonably to 288k cores. And the next scaling \Wwogkwill soon take place in
March 2010.

The new system will help to ensure that the Forschungszaritilich continues to play
a leading role in the global high-performance computingaesh community, especially
in the context of PRACE. It is the first German supercompugstesn that was selected
and purchased in the context of the Gauss Centre for Superwtorg (GCS) and is funded
by the German Federal Ministry of Education and ResearchBBMand the Ministry for
Innovation of North Rhine-Westphalia.

4.3 JUROPA - JSC’s General Purpose Supercomputer

JUROPA is a general-
purpose supercomputer with
more than 200 Teraflop/s peak
performancegf. Figure 3. Itis
based on INTEL's most recent
processor technology combined
with a high-speed/low-latency
Infiniband interconnect.  JU-
ROPA has been implemented
as a co-development with in-
dustrial partners, focussing on
scalability, interconnect topol-
ogy, storage technology and
cluster management. Partnersin
this project were FZJ/JSC, Bull,
Intel, Mellanox, Novell, ParTec and Sun. Applications onRIDPA follow the JUMP
portfolio and originate from various disciplines like chisiry, many-particle physics,
elementary particle physics, biology/biophysics, maisrscience, soft matter and others.
One important new source of applications has been the Earofigsion community
(EFDA — European Fusion Development Agreement) which becarterested in the
JUROPA concept and signed a contract on using a 100-TersflaiROPA cluster of
their own named HPC-FF (HPC for fusion). HPC-FF follows thene design principles
as JUROPA and is also operated by JSC. HPC-FF and JUROPA aselycicoupled
with each other through a common Infiniband network with hilsectional bandwidth,
designed by the JSC. Both systems can be operated as onedbigiz@lop/s system.

JUROPA is built up from innovative components combined iatébest-of-breed”
HPC-cluster. Intel Xeon X5570 processors (Nehalem-ERpftre computational basis

Figure 3. Cluster Computer JUROPA.

8



of the cluster nodes. Each node comprises two of them, pray®lCPU cores per node
attached to 24 GB of main memory. Runnin@ét3 GHz clock speed, each node reaches
a peak performance & Gigaflops. Hence2208 compute nodes yield a total peak per-
formance o207 Teraflops. JUROPA is based on Sun Microsystem’s Blade SB&®A8
nology, while HPC-FF is implemented with Bull NovaScale R422 server technology.

All nodes are connected via Infiniband/QDR with fat-treediogy. Performance mea-
surements show a network latency arouriglto 2.0 us on the MPI-level and a sustained
bandwidth of overR800 MB/s per link and direction. The cluster management, moni-
toring and MPI-communication is provided by the open-seuwitister operating system
ParaStatiofy co-developed by JSC and ParTec Cluster Competence Chhirgoh). The
MPI provided by ParaStation fully scales to the 24,000 cafe3UROPA/HPC-FF, and
special environment variables actually allow to scale Ibéind communication to mil-
lions of cores. It is ParaStation that renders JUROPA/HIFQda cluster of hitherto
unprecedented scalability while providing an utmost comivational flexibility.

JUROPA and HPC-FF share a common Lustre storage pool pngvadiotal o850 TB
of usable disk space. The Lustre storage pool is used fort adeatch filesystem striped
across all available disks as well as for moderately stripamie filesystems. Access to
data residing on Jilich’s storage cluster JUST running &RForovided through GPFS
gateway nodes. They bridge between the Lustre file serverimgrover Infiniband and
the GPFS file server running via 10-Gigabit-Ethernet. Altofar login nodes form the
interface to the JUROPA users. They allow for interactivegpam development and
testing as well as pre- and postprocessing.

4.4 QPACE — World Champion in Green Computing

QPACE (Quantum Chromo-

dynamics Parallel Computing on
the Cell) is a next-generation|
massively parallel and scalable
computer architecture optimized,
for lattice quantum chromody-
namics (LQCD), cf. Figure 4.
It has been developed in co-
operation between several aca-
demic institutions together with
the IBM development laboratory
in Boblingen, Germany, under
the framework of the SFB/TR 55,
directed by the University of Re-
gensburg.

At JSC, a 4-rack QPACE sys-
tem is installed. Itis a sister sys-
tem to a machine at Wuppertal
University. The building block is
a node card comprising an IBM
PowerXCell 8i processor and a custom FPGA-based netwodepsor. 32 node cards are
mounted on a single backplane and eight backplanes aregadamside one rack, hosting

Figure 4. Energy Saver QPACE.



a total of256 node cards. The closed node card housing, which is connectetiquid-
cooled cold plate, acts as a heat conductor thus making QRAKIghly energy-efficient
system. To remove the generated heat a cost-efficient lopoting system has been de-
veloped which enables high packaging densities. The marimpower consumption of
one QPACE rack is abod® kW. The 3-dimensional torus network interconnects the node
cards with nearest-neighbour communication links, drivga lean custom protocol opti-
mized for low latencies. For the physical layer of the link9d@sigabit Ethernet PHY's are
used providing a bandwidth of 1 GB/s per link and direction.

In the context of PRACE work-package 8, promising techni@efpr future supercom-
puters have been evaluated, and QPACE was identified as ohe aflvanced prototypes.
In order to extend the range of applications for QPACE beyldp@D, an implementation
of the high-performance LINPACK (HPL) benchmark was caroet as a first step. Here,
different from QCD applications, the transfer of large naggs and collective operations
must be supported efficiently. This required extensionsatli Imetwork communication
and the software stack. A special FPGA bit-stream and ariibod MPI-functions for
message passing between compute nodes has been develdB€liatcooperation with
IBM. The HPL benchmark produced excellent results (43.0flep/s on 512 nodes),
with the 4-rack system in Jilich giving an aggregate peafop@ance of more than 100
Teraflop/s.

It is a remarkable outcome of this research project thatyetéhg 723 MFlop/s/W,
QPACE was recognized as the most energy-efficient supenc@mpvorldwide. It is
ranked top on the Green500 list at the Supercomputing cenéer2009 in Portlarfl

4.5 Simulation Laboratories

The relentless advances in supercomputing capability thieelast decade have prompted
a major paradigm shiftin the field of computational sciendeshe past, it was possible to
develop complex theoretical models without too much re@@ardlgorithmic or numerical
elegance: the raw number-crunching power of availablege®ars would sooner or later
compensate for sub-optimal code design. With the incrggsiavalence of architectures
based on massively parallel and multi-core processor ¢tges$, more and more simula-
tion scientists are now compelled to take scalability intocunt when developing new
models or when porting long-established codes to new mashifhis can pose significant
problems for the small research groups making up the mgjofiusers of the JSC com-
puting facility, which might not have the resources or exigerfor application petascaling.
Many important applications are only able to exploit a srfralttion of the available com-
puting power because of their poor parallelism, and theeerisal possibility that whole
communities may be left behind as supercomputing hardwhrarees further.

To meet this challenge the Julich Supercomputing Censehaposed a new research
and support structure, named Simulation Laboratory (ShmlLef. Figure 5. This is a
community-oriented research and support structuee each lab is tailored to a specific
scientific community. In Julich these communities mairdynprise neighbouring institutes
of FZJ and local university groups. A SimLab consists of a&amoup located at an HPC
centre and a number of associated scientists outside. tiffed to the level of a small,
self-contained research team, having high-level exmgeotiscommunity-related codes and
algorithms. The know-how transferred to its co-members@research community thus
far exceeds the support level of a traditional expert advisbe well-known user-support
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model is not completely substituted by SimLabs but is ndifusaugmented by them. To
define and monitor the scope of each SimLab a Steering Cosemitlll be established
jointly by the community and the HPC centre, whose task isvaduate incoming work
packages, selecting and ranking them. As well as pursisrayih research, the core group
of the Simulation Laboratory is also responsible for comitydbuilding measures such as
education, training and guest programmes, and is well pgdipvith state-of-the-art HPC
resources.

In addition to its newly es-
tablished Simulation Laborato-
ries for Biology, Plasma Physics,
Molecular Systems and Earth
Science (Energy will follow), &
JSC also pursues basic researd
in HPC methods and algo-
rithms and in performance analy-
sis tools through Cross-Sectional
Teams. These teams carry out

Simulation Laboratories

Melecular
Systems

Earth &
Envirecnment
o

Plasma

E
Physics nergy

Biology

Methods &
Algorithms ¢

Parallel
Performance

basic research in computational Cross-Sectional Teams
methods and assist simulation I

scientists in applying those meth- -
ods. In the present context they btadion | Bsoms |t
will support Simulation Labo-

ratories and JSC's internal Re- Research Groups

search Groups in their domain-

specific tasks and at the saméigure5. Simulation Labs, cross-sectional groups andirebeabs

. . . at IAS-JSC.

time also interact with individual

users to improve their simulation codes. In this sense, éloepoth as research and as ser-
vice groups. The combination of Simulation Laboratoried tire Cross-Sectional Teams
forms a first-class science-based partnership betweeipliiscy communities and the
supercomputing centre.

Currently there are ongoing activities to extend the Simkabcept further: JSC's
partnership with KIT in the HGF programme Supercomputinty) ivad to the foundation
of additional SimLabs with Karlsruhe. Freshly establiskketlaborations with DLR and
DWD and the intense partnership with Aachen University akdbfor a Fluid Engineering
and a Chemistry SimLab. In the European context a jointidigied SimLab on Nuclear
and Particle Physics is planned together with partners ftoenEastern Mediterranean.
Early engagement by JSC'’s SimLabs with local groups hasdyréeen successful in
bringing new codes onto Petascale systems. These expesibuitd the basis for success-
fully applying the JSC blueprint on a national and Europezahesin the near future.

5 Concluding Remarks

The year 2009 marks several breakthroughs in supercongpatidilich: JUGENE, the
first Petaflop system in Europe, has been brought into operaiJROPA, a Petaflop-class
general purpose cluster computer was constructed in cel@@went with industrial part-
ners, the QPACE special purpose QCD system was implemenht&iCa developed in a
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record time of two years only by the SFB/TR 55 “Hadron Physicdirected by Univer-
sity of Regensburg — and IBM, with partners Julich, DESY &mmiversities of Wuppertal
and Ferrara. QPACE became the most energy-efficient superder in the world. The
first simulation laboratories at IAS-JSC, strongly enddrbg the Helmholtz Senate in
the Evaluation of the Helmholtz Programme Supercomputir@Di09, have started opera-
tion. The PRACE preparation phase project, coordinatedsity; I about to be completed
successfully. The first PRACE implementation phase prdjestbeen submitted, again
coordinated by JSC and the PRACE statutes will be signed im@R010. IAS-JSC is
currently finalizing the contracts for two joint developnh&boratories with IBM and IN-
TEL, looking forward to multi-Petaflop/s and Exascale. JS@kttivities will guarantee
that German and European scientists and engineers cameentorking at the forefront
of simulation sciencés.

References

[

. http://www.top500.0rg/list/2009/06/100

. http://www.helmholtz. de/forschung/schluesseltechnol ogien/
supercomputing/

3. http://www.prace-project.eu/

4. http://www.fz-juelich. de/jsc/serwce/sco JibmRegatta

5. http://www.fz-juelich.de/jsc/juropa

6

7

8

N

. http://www.parastation.com/
. http://www.fz-juelich.de/jsc/juropa/configuration/
. http://www.efda.org/ .
9. http://www.fz-juelich.de/nic/
10. http://www.green500.0rg
11. http://lwww.fz-juelich.de/jsc/csim
12. http://lwww.gauss-centre.eu
13. http://www.hpcineuropetaskforce.eu
14. http://lwww.deisa.eu/
15. http://lwww.prace-project.eu/news/prace-to-implement -
stratos-2013-a-permanent-research-platform
16. http://lwww.fz-juelich.de/jsc/jugene
17. S. Durret al,, “Ab-Initio Determination of Light Hadron Masses”, Scieng22 1224
(2008).

12
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We are presenting lattice calculations of quantum chromancs of thermodynamic quanti-
ties which are of great interest in relativistic heavy iotlismns and in the early universe. With
an improved staggered fermion action (p4fat3) we use aggrgnark mass that has been tuned
to its physical value and two light quark masses/20. This corresponds to an almost physical
pion mass. We present results on the equation of state of @@iparing to data obtained in
earlier calculations with a light quark mass twice as he@wys enables us to quantify the quark
mass dependence. We also comment on the quark mass depeiodeticer thermodynamic
quantities like the chiral condensate, the renormalizelyaRov loop, and the disconnected
chiral susceptibility.

1 Introduction

A major topic in thermodynamics of quantum chromodynam@€D) and, especially,
lattice QCD is the calculation of the equation of state (Ed'SYhe QCD EoS is of great
relevance in relativistic heavy ion collisions and in thdaniverse. In large experiments,
like LHC, RHIC, and SPS and future experiments like FAIR, tosic matter is studied
under extreme conditions in relativistic heavy ion codliss. In these experiments hadronic
matter can be studied under such conditions similar to tapparent milliseconds after the
Big Bang.

In those experiments two heavy ions are colliding at verhlkagergies (presumably)
producing what one calls a quark-gluon plasma (QGP). Duheg@xpansion of the plasma
the QGP cools down undergoing a chiral and confinement phassition where free
qguarks and gluons become confined to hadrons. The temperagime where this dra-
matic change appears is at ab@a0MeV. While there has been great progress in the
recent years in calculating the QCD Eo0S in the vicinity oftfhlaase transition within the
framework of lattice QCD, still several issues remain uahesd. One of them is the ob-
served deviation in the EoS of the lattice computation caegbéo what one expects from
a Hadron Resonance Gas model (HRG). The HRG model is expectgde an approx-
imation to the EoS in the low temperature regime. Indeedgtigequite good agreement
with experimerft, and one would expect that the HRG model also gives a goodiptsn
for the low temperature region of the lattice QCD equatiostafe. However, it turns out
the HRG description shows deviations from the lattice QCExtfa especially in the low
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light (up, down)and mg =0.1m,;  mq = 0.00081 — 0.00370
strange quark massesm, = 0.05ms mg, = 0.00120 — 0.00145

pion masses mg = 0.1my my ~ 220 MeV
mg = 0.05m,  m, ~ 160 MeV
volume (T # 0) mg=01ms 323 x8
mg = 0.05m 323 x 8
volume (T’ = 0) mg=0.1m, 321
mg = 0.05m, 32%
statistics {" # 0) mq = 0.1m,  8,000-37,000 trajectories
mg = 0.05m, 5,000-70,000 trajectories
statistics {" = 0) mq =0.1mg 2,000 - 6,000 trajectories

mg = 0.05m, 1,500-3,500 trajectories

Table 1. Overview of the simulation details.

temperature regime. A possible source for the discrepasige from lattice discretiza-
tion errors, may be due to the fact that those lattice stuafitse EoS had been performed
with light quark mass values which are about a factor twodatiyan in nature, i.e. a light
pseudo-scalar mass of ab@2b MeV. To quantify the effects of the too large light quark
masses we have performed calculations at a smaller liglkeoassm, = 0.05m, com-
pared to our earlier calculation with, = 0.1ms wherem is the strange quark mass. The
pion mass lowers to aboti60MeV which is almost at its physical value.

We also make use of the data for, = 0.05m, to investigate the properties of the
chiral and confinement phase transition. In particular, wWeleok at the scaling with the
light quark mass of the chiral condensate and the chiraleqigaility which is relevant
for identifying the critical point of the chiral phase tréien. The renormalized Polyakov
loop is used to study the confinement phase transition.

The paper is organized as follows. In section 2 we give amnvie@rof numerical details
and outline the calculation of the EoS on the lattice. Resaflthe EoS withn, = 0.05m;
are presented in section 3 and results for the Polyakov lt@pchiral condensate and
susceptibility are shown in section 4. Finally, we commemiperforming a continuum
limit.

2 Numerical Details and Setup

Large computational resources are required to compute @2 €quation of state within
the framework of lattice QCD. The calculations we are présgrhave been performed
on IBM Blue Gene/L and Blue Gene/P, as well as on QCDOC arcthite, where we
have been using those supercomputers located at the Siljghrcomputing Centre, the
Lawrence Livermore National Laboratory, and the New Yorkntée for Computational
Sciences (NYCCYS).

In order to calculate expectation values, like the energysitge or the pressure,
we are generating an ensemble of gauge field configuratioadiegral temperatures
by using a Rational Hybrid Monte Carlo (RHMC) algorithmFor our calculations we
have been using the p4fat3 action which is an improved adtiche sense that cutoff
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effects are reduced. We are simulating QCD with flavaVigs= 2 + 1, i.e. we have two
degenerate light quarks and one (heavier) strange quarkawegenerated two sets with
different (physical) light quark masses, keeping the strange quark mass fixed. Some
computational details are summarized in Table 1 and Re$s. Burther information can
be found in Refs. 10-12.

In the following we give a brief sketch of the calculation bEtEoS on the lattice.
The basic quantity is the trace anomély* = « — 3p with the energy-momentum tensor
©" | energy density, and pressure. The trace anomaly is computed in terms of the
action density, and the strange and light quark chiral cosates on the line of constant
physics, i.e. the physical values of the simulation paransetre kept fixed for all tempera-
tures. We are only interested in the thermal part of the tasmmamaly and subtract the zero
temperature part,

OM =e —3p= (¢ —3p)r — (¢ — 3p)r=0 1)

From this expression we can determine the pressure thrdwggthérmodynamic relation
OrH )T+ = TA(p/T*)/OT which is integrated to yield

T) T) r =1 UL (]
p;4 —p(T(; :/TU AT = 6"(T) . )

HereTy is chosen to be in the deep hadronic region whé®) is already exponentially
small. The energy densitythen is determined give®** andp. For further details see
Ref. 3.

3 Mass Dependence of the QCD Equation of State

The results for the trace anomaly far, = 0.05m; are plotted in Figure 1. We compare to
them, = 0.1m; case from Refs. 3,9 as well as to the HRG model result. Theestmnthe
plot correspond to an interpolation of the lattice data.eNbat for our calculation of the
trace anomaly for the HRG all resonances have been chosenabtbeir physical mass.
All resonances up to the masg,,,. = 2.5GeV are taken into account. The (physical)
temperature scale has been determined by calculatingatie gtiark potential where we
used a value fory = 0.469fm’.

From Figure 1 we observe in the transition region a shift tolwdower temperature
for (e — 3p)/T* for my; = 0.05m, of about5MeV compared ton, = 0.1m, (with
temporal lattice extenV, = 8). A small part of that shift of abouit.5 MeV comes from
a change in the scale for the, = 0.05m, data. Comparing to the HRG model, for the
larger temperature regime we find that for the smaller quaakathere is to some extent
agreement with the HRG model. However, for the lower temjpeearegion we observe
deviations from the HRG.

On the right panel of Figure 1 we plotted the correspondirggg@ndensitye and the
pressure. \We observe a rapid change in the transition redion 180 — 190MeV in the
energy density and also, a more moderate change, in theupgesghe energy density is
increasing with larger temperatures towards the Stefatliz@ann limite 5. A difference
in the quark mass shows up only in the transition region.
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Figure 1. On the left hand side the trace anomaly from lat)&zD at temporal lattice extenV, = 6,8 for
mg = 0.1ms andmg = 0.05m; is plotted. Deviations are observed between HRG and |a@ic® for the low
temperature regime. The plot on the right hand side showsdtresponding energy densityand pressurg for
N- = 8. The black boxes indicate the shift when using differentigalfor the integration constapg = p(7o)°.

4 Chiral Condensate

In this section we present results on the chiral condensatéree renormalized Polyakov
Loop. The chiral condensate is an order parameter of thalcpirase transition, the
Polyakov loop is an indicator of the deconfinement phasesitian. We consider a com-
bination of the light and strange quark condensate to efiteiquadratic divergencies with
respect to the additive quark mass renormalization
<¢w>l T ZL”. <’l/)¢>s T
T 0 g B (00, ©
1,0 s 5,0
We normalize this combination by its zero temperature védueancel the multiplicative
renormalization factor. In Figure 2 we show on the left haide sesults for our two data
setsm, = 0.05m, andm, = 0.1m,. We observe a sharp drop & , in the region
of T' = 180 — 190MeV for both data sets. For the smaller quark mags= 0.05m, we
observe a shiftin the transition region of abéfeV. We note that a future goal is to probe
the chiral limitm, — 0. With only two different light quark masses we cannot inigege
this limit at the moment since near the critical temperaifyreerms proportional ten, as
well as,/my are present.
The renormalized Polyakov loop is calculated from the bargakov loop by multi-
plying it by the renormalization constanats), see Ref. 6,

N,—1
Lren = Z(B)NTLbare - Z(ﬁ)NT%tr H UO(I07X)' (4)

I():O

In the above formuld/, (z, x) denotes the temporal link variables. Also for the Polyakov
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Figure 2. We plotd, , for the two different light quark masses (left panel). Thearenalized Polyakov loop is
shown on the right hand side. The transition region is in émegerature intervdl’ = 180 — 190MeV.

loop we observe a rapid change in the transition redios 180 — 190MeV. Note that
this is also the region where the energy density shows iid ange.

On the right hand side of Figure 3 we plotted the disconnelagd chiral suscepti-
bility x; 4isc for different light quark masses. We find thatq;s. shows a strong quark
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60 .
Try
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1.00
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0.20 Lasqtad: red i
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Figure 3. Disconnected chiral susceptibility for light guanassesn, = 0.2ms (circles), mgy = 0.1ms
(squares), andn, = 0.05ms (triangles). We compare to two different actions, p4fat8 asqtad, having
different discretization errors
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mass dependence over a wide temperature range. This cardeessiood as an increase
in the fluctuations of Goldstone modes below the transite@ngerature. The transition
temperature should then be found near the right edge of e peirther evidence for this
picture is given by the observation that the height of thekmday; 4:.. scales as /. /my.

5 Continuum Limit

The ultimate goal of any lattice study of the QCD EO0S is to perfa reliable continuum
limit. For a given temperatur€ = 1/(aN;) the lattice spacing is sent to zero keeping
the temperature fixed, i.e. the temporal lattice spaciiggoes to infinity. To reduce
cut-off effects and hence improve the reliability of a cantim limit we are using an
improved lattice framework in our calculation which@a?) improved. We emphasize
that our lattice studies folV, = 4 show sizable cut-off effects, most prominent in the
transition region. It is therefore necessary in order tdquer a reliable continuum limit
to include N, = 12 data. These calculations are part of an ongoing projecteadittich
Supercomputing Centre (NIC).

6 Summary

We performed lattice QCD calculations f#- 1 flavours at an almost physical pion mass
of about160MeV. We compare two data sets with quark massgs= 0.05m, and

mq = 0.1m, at fixedm,. For the E0oS we observe a total shift towards smaller temper-
atures of aboub MeV in the transition region in the trace anomaly compared ttezar
results form, = 0.1m,. Comparing to the Hadron Resonance Gas model (HRG) we find
that at larger temperatures the results/#ay = 0.05m, are more consistent with HRG
model while there are deviations at lower temperatures.

We have studied the behavioursf s and the renormalized Polyakov loop for our two
light quark masses. A rapid change in the vicinity of theicaittemperature is observed.
Furthermore, we have presented results for the discorohégte chiral susceptibility. In
the transition regiory; ;s Shows a broad peak for the different light quark masses which
rises asl/,/my. This gives support for a picture where the Goldstone modesausing
the fluctuations below.,.
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In the statistical mechanics of condensed matter phenaneenaputer simulatiodshave be-
come more and more important in the last years. Nano-systeomnfined geometry contain
about 10-18 particles, which marks them as nearly ideal systems fomtyestigation by com-
puter simulation methods. Our group has been able to coigribany interesting results, which
have been obtained to a large extend in our project HMZOwAgusimputer time from the NIC.

1 Simulations of Structural Phase Transitions in Fe, FeNi ad NiTi

The approach of our work is to analyze, whether the shapeaneeaffect and the underly-
ing martensitic phase transformation is suited for the psepof designing and construct-
ing functional switching devices at the nano-scale. Thiglkdf phase transition occurs
between different crystal structures at certain tempegatar external stresses, and it is
observed for many alloys, for example FeNi, NiTi or TiV, bls@for pure iron, which
shows the &-v-transition” at 1184 K between a low-temperature bcc (cattertensite)
and a high-temperature fcc (austenite) structure.

Here we show resutof molecular-dynamics (MD) simulations of iron, iron-nadk and
nickel-titanium-alloys with a number of particles betwed00 and 10000, which were
carried out under different boundary conditions (bc). White temperature was varied
stepwise, the structural changes were analyzed by the usdond-orientational order-
parametet (BOP) (Fe, FeNi), or by the deformation of the simulation tzmd the cal-
culation of the Gibbs free energy (NiTi). The MD calculatowere carried out with a
Velocity-Verlet-algorithm, and the temperature was ingzbky a Nose-Hoover thermostat.
Model potentials from the literature were used (Fe, FeNTjNi®. In Figure 1, one can ob-
serve that there is a hysteresis between the martensitéhardistenite-transition, which
is more pronounced for bigger systems, a visualization efsystem at different steps
during heating is shown if Figure 2. In another study FeNdyasystems were simulated
under periodic boundary conditions. The effect of the nlickacentration and the number
of particles on the austenitic transition temperatgyavas analyzed, see Figure 3 (left).
Higherr, than in the case of free bc are observed, but the tendencgmasingr, with
higher N holds for periodic bc, too. One can further see thatecreases with increasing
nickel concentration. The error-bars result from averggiwer 3 random Ni distributions.
While Fe and FeNi-alloys undergo a structural transiti@mftbcc to fcc during heating, in
NiTi-alloys a change from a low-temperature B19’ to a highiperature B2 phase occurs.
NiTi consists of 50% nickel and 50% titanium in an ordereddture (see inset Figure 3
(right)). With a slight modification of the potential progmsin Ref. 5, a good agreement of

21



0.01

w6
o

-0.01]

n 1 n 1 n n
0 250 500 750 1000
temperature (K)

Figure 1. Fe in a initial bce structure and free bc. Arithmetieans of the BOP w6 of all particles during a
temperature cycle for different system sizes.
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Figure 2. Visualization of the N=6912 system (Fe) at differgteps during heating) and cooling ().
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Figure 3. Left: Austenite transition temperature in FeNi alloys as funrctdthe number of particles for various
Fe concentrationsRight: Gibbs free energy during a temperature cycle for NiTi witd2@toms and periodic
bc. Inset: B2 lattice structure.
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a4 [ b[A] [cd | «
B19' | this work | 4.460 | 4.029| 3.005| 97.8

exp® 4.646| 4.108| 2.898| 97.8
B2 thiswork | 4.255| 4.255| 3.012| 90.C°
exp. 4.264| 4.264| 3.015| 90.0

Table 1. NiTi lattice parameters for B19' and B2 structuresienotes the angle between the a- and the c-axis.

the lattice parameters and the shear angle for both B19’ @ratrBcture with experiments
could be achieved (see Table 1).

The B19’ phase can be stabilized at low temperatures. Dtin@deating process, the
crystal undergoes the transformation to B2 at about 310 K¢hwvban be seen by calcu-
lating the Gibbs free energy at different temperaturesuiied (right)). A drawback of
the model potential is the fact, that the reverse-B219’ transition cannot be observed
correctly in the simulation. Instead, a transition to aeottrystal structure with a slightly
lower Gibbs free energy occurs, which could not be identified Therefore, simulations
with more sophisticated model potentials will be done infilteire to reproduce experi-
mental andhb initio studies in a better way.

2 Spintronics Simulations

Nanostructures in an external magnetic field as well as utiterinfluence of spin-
polarized currents have become interesting research fieldsent years. A particularly
conspicuous example is the motion of domain walls (DWs). fig@oscale spin structure
of head-to-head DWs in strips, wires, and rings was obsetwdx strongly dependent
on the width and thickness of the element and plays a cruglalim determining the DW
velocity in current-induced DW motiér?. Furthermore, a discrepancy between room tem-
perature measurements and 0 K calculations of the DW vglegists®.

To address this problem computer simulations of a classipal model were per-
formed:13-12 Thermal activation of the system was taken into accountuyarically
solving the stochastic Landau-Lifshitz-Gilbert equatigxdditionally spin torque effects
can be modeled by further inclusion of an adiabatic and aawiabatic torque terfh.

At finite temperatures we compute the behaviour of DWs in a iiircwhen currents
are injected along the x-direction using adiabatic and adiabatic spin torque terms. Very
different behaviour is observed depending on the v@loé the non-adiabatic term. The-
oretically four different cases can be distinguished: Thealled adiabatic spin torque
effect with 5 = 0.0, the non-adiabatic spin torque effect with< « (damping constant
«), the non-adiabatic spin torque effect wjth> «, and the non-adiabatic case=
which was not considered in these studies.

For the adiabatic spin torque cage=£ 0), in Figure 4 (a) simulation results of the time
dependent DW positiom, is monitored for different applied spin currents and teraper
tures. In Figure 4 (b) simulation results (symbols) for tbed term DW velocity(v) as
function ofuy (uy is proportional to the applied spin current) are shown. Taghéd line
shows a fit to analytical predictiots Open symbols denote that the DW rotates around the
x-axis. Simulation results for finite temperaturég{’/.J # 0) and0 K** are shown. The
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Figure 4. Simulation results (symbols) are shown for (a}ithe dependent domain wall positian, and (b) the
long term domain wall velocityv) as function ofux (ux is proportional to the applied current) for the adiabatic
spin torque. Open symbols denote that the domain wall pgesesong the wire axis. Simulation results for finite
temperatureskz T/ J # 0) as well as 0K are shown. The dashed lines show fits to anallytiedictions?.

simulations are performed with ferromagnetic exchang@ltog and anisotropy constants
d./J = 0.01 andd,/J = 0.005 and Gilbert damping constaat= 0.02.

For the0 K adiabatic case a critical spin current exists. No long term DW veloc-
ity can be observed for spin currents < u.. Foru, > u. the DW velocity is given
by*? (v) = Ju2 —u2/(1 + o2) with ueus/(Jay) = 0.0416. For finite temperatures
(v) # 0.0 for ux < u, in contrast to results @X. The DW velocity(v) increases with
increasing temperature. For the non-adiabatic case Wvith « for all spin currents a fi-
nite DW velocity can be observed @& = 0.0 K. The long term DW velocity shows a
linear dependence af, for u, < uwanker:? (v) = uy3/a. FOruy > Uwalker the DW
velocity (v) increases stronger than linearly with increasingFor finite temperatures the
DW velocity increases with increasing temperature. Fomite-adiabatic casgé > « at
T = 0.0 K the long term DW velocity shows a linear dependencgdbr v, < uwaker:*?
(v) = uxf/a. Foruy > uwaier (v) first decreases and later increase in contrast to the
adiabatic case and the non-adiabatic ¢gase «. For finite temperature®) decreases
with increasing temperature.

However, 1D models including temperature effects arerstillenough to describe the
experimental findings of DW motion in Permalloy nanowifed he influence of the exact
spin structure has to be taken into account which is quitepticated in these systerfs
Simulations of higher dimensional systems with tempeeadtfilects are thus necessary.

3 Lipid Bilayers under Tension

Lipid bilayers and incorporated proteins form biologica¢mbranes. Usually the micro-
scopic surface tension of membranes is small or vanishegedlier, but there may also
be situations, where membranes are under consideralds sne to osmotic pressure dif-
ferences or during conformational changes, fission or fusfacells. Epithelial cells, e.g.
exposed to transmembrane osmotic gradients, can be eggectevelop a state of tension
under physiological conditioh% Therefore, the aim of our work is to study the effect of
an applied tension on the physical properties of a modeydilaUsing a generic coarse-
grained modéf we analyze model bilayers systematically ranging from &ation tem-
peratures, which correspond to the gel-phase of the bilayeto temperatures, where the
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Figure 5. Snapshots of a tensionless bilayer (top) and gebilander stress df = 2.0¢/0? (bottom) in the
fluid phase. To visualize the interdigitation of the two miaryers as the tension increases they are coloured in
blue and red, respectively.

system is within the fluid phase. The focus of our work lies onformational variations
and changes in mechanical properties of the bilayers whiemred tension is applieé °

In the fluid phase, for example, an interdigitation of thedgptakes place as the tension
increases. This, in turn, influences not only propertiestiie thickness of the bilayer and
the average area per lipid but also affects the fluctuatientsp considerably. It is already
apparent by looking at the snapshots in Figure 5 that botkutitions in height and peri-
staltic modes of the bilayer are suppressed in systems dedsion. A fact that can be
guantitatively confirmed by analyzing the fluctuation specff the model membranes.

4 Binary Mixtures in External Fields

Minimisation trends in physics and technology have causked ef interest in monolay-
ers and their interactions with a substrate lately. Colibglispensions have proven to be
ideal model systems for studies on such systems. Elastmepies of two-dimensional
colloidal crystals have been analysed recéfiflas well as non-equilibrium phenomena
of colloidal systems in external gravitational fielisMonodisperse 2D colloidal systems
in interaction with a substrate potential have been stueigensively in experiment$ 23
computer simulatiorf$=3 and theory' =3 over the last decades. Reentrant phase transi-
tion scenarios likd.aser Induced Freezinf_IF) and Laser Induced MeltingLIM) have
been observed. Here we address the question of how theaddftanother length scale
into such a system influences the intricate competition betwadsorbate-adsorbate and
adsorbate-substrate interaction by studying a bis&fy mixture under the influence of a
1D spatially periodic substrate potential. The colloidsaodelled by hard disks. Follow-
ing the approaches in the monodisperse studies, we usellbwif external potential:
V() = Vysin(K - 7) with K = (47/a,0) anda the lattice parameter of the, (AB)
lattice. Thus the wavelength= 2r/| K| of the external potential is commensurate to the
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Figure 6. The phase diagram for an equimolar binary mixtute diameter ratiorg /o4 = 0.414 exposed to

an external periodic potential, commensurate tofheAB) square lattice for the case that both components of
the mixture interact with the external potentfal The fissuring regime and th@ (A B) lattice with defects are
stabilised down to far lower packing fractionsas compared to case (I)(see Ref. 35). Lines are a guide to the
eye.

periodicity of theS; (AB) lattice. MC-Simulations in théVl/T" ensemble with periodic
boundary conditions were carried &ut3. Three cases can be distinguished: (1) only the
smaller component interacts with the external figldll) both components interact with
the external field, (II) only the larger component intesaeith the external field.

For low amplitudes/, we found a novel phenomenon. In contrast to the monodis-
perse LIF scenario a Laser Induced De-mixigets in for all three cases. We observe the
coexistence of a smaller component enriched fluid with a ldtad a monodisperse lat-
tice formed by the larger component. The ordering mechanamwork and the resulting
monodisperse lattice structures differ for the three 4sés®® The ordering mechanisms
stem from the attempt of the system to minimise its energyamialignment of the com-
ponents interacting with the external potential with thégptial minima and the constraint
of a fixed overall number density. While the coupling of orthg tsmaller component to
the external potential (case (l)) results in the coexisteaf@ monodisperse triangular lat-
tice, the cases (ll) and (IIl), where the larger componetetracts directly with the external
potential, show a condensation of a monodisperse rhomiticda

In the studied binary mixture the laser induced melting sitgon, as it occurs in
monodisperse systems, is geometrically blocked. Thissléa@n enhanced stabilisation
of the locked floating solid, &, (AB) crystal. The phase diagram for the case that both
components interact with the external field (case (I1)) isvahin Figure 67.
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Here an increase in the amplitude of the external poterit@i@stant density leads to a
competition between rhombic, monodisperse domains ofditgeelcomponent and square
lattice domains. As the rhombic domains are directly sisdail by the external poten-
tial, these structures hamper the growth of the squaredattbmain. The resulting lattice
structure is aS;(AB) square lattice with frozen in disorder. A comparison of thage
diagrams for case@) and (Il) shows that both phase boundaries, the one from theriiig)
regime to theS; (A) lattice with frozen in disorder and the one to the Modulatéglid,
are shifted to considerably lower packing fractions for thse that both components of
the mixture couple to the external potentfalThis is due to the direct stabilisation by the
external field of the occurring ordered phases.

5 Atomic-Sized Contacts and §j Clusters in External Fields

Metallic nanowires fabricated by means of scanning-tungemicroscope and break-
junction techniques have turned out to be a unique playgreariest basic concepts of
electronic transport at the atomic sé&leWe have studiedd~* *several types of nano-
contacts (Au, Ag, Fe, Co, Ni) by combining Molecular Dynamioethods at non-zero
temperature, tight binding parameters and electron t@hspethods (Keldysch formal-
ism). We analyzed the effect of structural re-arrangemamtsof magnetic effects on the
conductance evolution under stress and on conductiorgnéstts. In several systems good
agreement of our computations with experimental obsemmathas been achieved.

Experimental results show that,@ind S and Si are possible candidates for a cluster
material. The question, if Siclusters can be used as building blocks for cluster material
was addressed by computing the binding energy of two clistea function of distance.
For the simulatiorf®~#° the implementation of DFT available at Ref. 46 has been used.
According to these computatidiisSi; seems to be a possible candidate for a cluster ma-
terial building block. The effect of additional externallie on the properties of magic
clusters has been investigatetbr the case of Siclusters. These results indicate that fu-
sion barriers can be induced by external potentials, anfidlis eventually can be used as
structuring devices in future experiments.

6 Magnetic Fields in Star Formation and in Galaxies

This research project aims at simulating stars, stellastels and galaxies as well as mod-
elling the insterstellar medium. Especially interestiadhie role magnetic fields play in
molecular clouds prior to as well as during the gravitatiarlapse. In addition, mag-
netic fields pervade probably all galaxies in the universesddvational evidence showed
that the magnetic field structures in most (spiral, floccudard elliptical) galaxies offer
spiral patterns. The presence of the magnetic fields arayttido obtain a great influence
on the structure as well as on the dynamics of matter, gasastdaithin the galaxies. We
plan to study the influence of intergalactic magnetic fieldshe structure of colliding and
merging galaxies on time scales of few Gyr and to analyzefteeteof magnetic fields on
the galaxy evolution process.

Our method of choice to attack the outlined problems is theigbea method SPH
(Smoothed Particle Hydrodynamié§) Within this project, the SPH method is utilized
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using the code GADGET# which was developed for use on massively parallel comput-
ers with distributed memory. Our present version of the dodiides additional, state of
the art modifications, making it more suitable for star fotiorastudies (courtesy of Ralf
Klessen’s star formation group, University of Heidelber@ur implementatiok? 4 5Cof
SPHMHD follows the version outlined in the paper by Dolag &asStszyR!, although
other algorithmic solutions are currently being implenaehind successfully tested.

The knowledge concerning the numerical treatment of hygitacthics and magnetism
by SPHMHD at a later stage of the project shall be transfetoethe investigation of
hydrodynamics effects in (para-) magnetic colloidal syste
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We convey an idea of the significant recent progress, whi@nsmp good perspectives for
high-precisionab initio computations in heavy flavour physics based on lattice QGithét
than surveying the latest results, this contribution fesusn the concept and the challenges of
fully non-perturbative computations in the B-meson sectdrere the b-quark is treated within
an effective theory. We outline its use to determine the &rdgunass and report on the results
obtained in the quenched approximation and on the statiitwio dynamical flavour theory.

1 B-Physics and Lattice QCD

The plenty of beautiful results from recent and still ongpB-physics experiments,
which require the knowledge of QCD matrix elements for thatierpretation in terms of
parameters of the Standard Model and its possible extensiootivates investigations in
lattice QCD. The importance of this interplay of experimamd theory is further expressed
by the fact that one of its main objectives, the phenomeno@mfviolation, is closely
related to the symmetry breaking mechanism the 2008’s N@tie¢ was dedicated to.

Lattice QCD represents our best founded theoretical faatiari of QCD and allows
for the computation of low-energy hadronic properties ia tton-perturbative domain,
where the usual power series expansion in the coupling aonftils, through the Monte
Carlo evaluation of the Euclidean path integral after ardiszation of space-time on a
lattice with spacing: in all 3+1 dimension$* While such numerical computations nec-
essarily involve approximations, one of the key featuretheflattice approach is that all
approximations can be systematically improved. For anvagerof results from the field
of heavy flavour physics, which reflect some of these imprav@siby the small error bars
quoted for many quantities, we refer to the reviews of pasti¢teaConferences’.

1.1 Challenges

Among the various considerable challenges one faces in taraldattice QCD calcula-
tion on the theoretical and technical levels, let us onlyhhigit the multi-scale problem,
which is also particularly relevant in view of B-physics #éipations. This is illustrated in
Figure 1. There are many disparate physical scales to beabgenultaneously, ranging
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Figure 1. Large range of energy)(scales in lattice QCD, where shaded areas refer to quark vaages (in the
MS scheme) quoted by the Particle Data GrfduRed marks indicate the pion, the D- and the B-meson mass.

from the lightest hadron mass of, ~ 140 MeV overmp = 2 GeV to mp ~ 5 GeV,
plus the ultraviolet cutoff of\yy = a~! of the lattice discretization that has to be large
compared to all physical energy scales for the discretinedrly to be an approximation
to the continuum one. Moreover, the finiteness of the linederd of space-timel, in

a numerical treatment entails an infrared cutdff = L~ so that the following scale
hierarchy is met:

AMr =LY < ma,...,mp,mp < a = Ayy. (1)

This impliesL 2 4/m, ~ 6 fm to suppress finite-size effects in the light quark sector and
a <1/(2mp) = 0.05 fm to still properly resolve the propagation of a c-quark intileavy
sector. Lattices withl/a = 120 sites in each direction would thus be needed to satisfy
these constraints, and since the scale of hadrons with tkguas not even included to
arrive at this figure, it is obvious that the b-quark massesbak to be separated from the
others in a theoretically sound way before simulating tle®ti. In section 2 we describe,
how this is achieved by recoursing to an effective theonylierb-quark.

Another non-trivial task is the renormalization of QCD agiters composed of quark
and gluon fields, which appear in the effective weak Hami#tonvalid at energies far
below the electroweak scale. Besides perturbation tiepowerful non-perturbative ap-
proaches have been developédand we will come back to the non-perturbative subtrac-
tion of power-law divergences in the context of the effeztiveory for the b-quark later.

1.2 Perspectives

As for the challenges with light quarks, we only mention tiat conditionZ. = 6 fm may
be relaxed by simulating at unphysically large pion massesbined with a subsequent
extrapolation guided by chiral perturbation thedrgnd its lattice-specific refinements.
Regarding the algorithmic side of a lattice QCD simulatite, Hybrid Monte Carlé*
(HMC) as the first exact and still state-of-the-art algarithas received considerable im-
provements by multiple time-scale integration scheéf&sthe Hasenbusch trick of mass-
preconditioning® 15 supplemented by a sensible tuning of the algorithm’s patars®,
and the method of domain decomposition (DD) applied to &CH just to name a few.
In addition, low-mode deflatidf (together with chronological invertéf$ has led to a
substantial reduction of the critical slowing down with tingark mass in the DD-HMC.
Finally, in parallel to the continuous increase of compafered (at an exponential rate)
over the last 25 years and the recent investments into hidbrpgance computing at many
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places of the world, the Coordinated Lattice Simulatfé€LS) initiative is a community
effort to bring together the human and computer resourcsswaral teams in Europe inter-
ested in lattice QCD. The present goal are large-volumelsimons with Ny = 2 dynami-
cal quarks, using the rather similéa) improved Wilson actiohto profit from the above
algorithmic developments such as DD-HMC, and lattice spgsei = 0.08, 0.06, 0.04 fm,
sizesL = (2 — 4) fm and pion masses down to,, = 200 MeV, which altogether help to
diminish systematic and statistical errors. Amongst athemarm physics as well as our
B-physics programme outlined here are being investigated.

2 Non-Perturbative Heavy Quark Effective Theory

Heavy Quark Effective Theory (HQET) at zero velocity on thgite* offers a reliable
solution to the problem of dealing with the two disparateiisic scales encountered in
heavy-light systems involving the b-quark, i.e., the ta&tspacing:, which has to be much
smaller thanl /my, to allow for a fine enough resolution of the states in question the
linear extentl of the lattice volume, which has to be large enough for fisi effects to
be under control (recall also Figure 1).

Since the heavy quark massu() is much larger than the other scales such as its
3—momentum of\qcp ~ 500 MeV, HQET relies upon a systematic expansion of the
QCD action and correlation functions in inverse powers eflteavy quark mass around
the static limit (n1, — oc). The lattice HQET action & (1/my,) reads:

Suqet = a*>", by {Do + m — wiinD? — wepinoB} ¥ (2)

with vy, satisfying Py vy, = ¢y, Py = 1+27°, and the parameters., andwspi, being
formally O(1/my,). At leading order (static limit), where the heavy quark amtdy as

a static colour source and the light quarks are independehedcheavy quark’s flavour
and spin, the theory is expected to havel0% precision, while this reduces to 1% at
O(1/my) representing the interactions due to the motion and thecfjilre heavy quark.
As crucial advantage (e.g., over NRQCD), HQET treatslthe;,—corrections to the static
theory as space-time insertions in correlations functiéos correlation functions of some
multi-local fields© and up tol/my—corrections to the operator itself (irrelevant when
spectral quantities are considered), this means

<O> = <O>stat + a4 Z {wkin<00kin(x)>stat + wspin<OOspin(x)>stat} P (3)

where (O)qat denotes the expectation value in the static approximatiwh;, and
Ospin are given by, D%y, andyy, By, In this way, HQET at a given order is (power-
counting) renormalizable and its continuum limit well defilh once the mass counterterm
om and the coefficientsy;, andwsyi, are fixed non-perturbatively by a matching to QCD.
Still, for lattice HQET and its numerical applications tateto precise results with
controlled systematic errors in practice, two shortcoraingd to be left behind first:

1. The exponential growth of the noise-to-signal ratio atistlight correlators, which
is overcome by a clever modification of the Eichten-Hill detzation of the static
actior?®.
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2. As in HQET mixings among operators of different dimensiaccur, the power-
divergent additive mass renormalizatién ~ ¢3 /a already affects its leading order.

Unless HQET is renormalized non-perturbativélythis divergence — and further ones
~ g3 /a? arising atO(1/my,) — imply that the continuum limit does not exist owing to
a remainder, which, at any finite perturbative ofdef, diverges ast — 0. A general
solution to this theoretically serious problem was workatland implemented for a deter-
mination of the b-quark’s mass in the static and quenchetbappations as a test caSe

It is based on @on-perturbative matching of HQET and QCD in finite volume

3 Application: The b-Quark Mass from HQET at O(1/my,)

Let us first noté that in order not to spoil the asymptotic convergence of ées, the
matching must be done non-perturbatively — at least for ¢aelihg, static piece — as
soon as thé /my,—corrections are included, sincerag — oo the perturbativetruncation
error from the matching coefficient of the static term becemech larger than the power
corrections~ Agcp/mi, of the HQET expansion.

QCD HQET
Lo o =
T~
ol
L \/\ matching
V ok
Ly
rescaling
Lm

Figure 2. Idea of lattice HQET computations via a non-péxdtive determination of HQET parameters from
small-volume QCD simulations. For each fixeg, the steps are repeated at smailéo reach a continuum limit.

In the framework introduced in Ref. 29, matching and rendizaton are performed
simultaneouslhandnon-perturbatively. The general strategy, illustrateBigure 2, can be
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explained as follows. Starting from a finite volume with ~ 0.5 fm, one chooses lattice
spacings: sufficiently smaller thari /my, such that the b-quark propagates correctly up
to controllable discretization errors of ord€r. The relation between the renormalization
group invariant (RGI) and the bare mass in QCD being knowitalsie finite-volume ob-
servablesb, (Lq, M;,) can be calculated as a function of the RGI heavy quark nidss,
and extrapolated to the continuum limit. Next, the poweredjent subtractions are per-
formed non-perturbatively by a set of matching conditidnsyhich the results obtained
for @, are equated to their representation in HQET (r.h.s. of E@)r At the same phys-
ical value ofL; but for resolutiond.; /a = O(10), the previously computed heavy-quark
mass dependence ©f, (L4, My,) in finite-volume QCD may be exploited to determine the
bare parameters of HQET farx (0.025 — 0.05) fm. To evolve the HQET observables to
large volumes, where contact with some physical input frapeement can be made, one
also computes them at these lattice spacings in a largem&ll, = 2L;. The result-
ing relation betwee® (L) and®,(L2) is encoded in associated step scaling functions
(SSFs)oy, indicated in Figure 2. By using the knowledge®jf (L., M),) one fixes the
bare parameters of the effective theory for: (0.05 — 0.1) fm so that a connection to
lattice spacings is established, where large-volume whbées, such as the B-meson mass
or decay constant, can be calculated (bottom of Figure 2% Sdguence of steps yields an
expression ofng, the physical input, as a function 81, via the quark mass dependence
of &, (L4, My,), which eventually is inverted to arrive at the desired valtithe RGI b-
mass within HQET. The whole construction is such that theinaom limit can be taken
for all pieces.

3.1 Review of the Quenched Computation of the b-Quark Mas$

To apply this toMy,, the task is to fixim andwyi, non-perturbatively by performing a
matching to QCD, after restricting to spin-averaged quigstto get rid of the contributions
proportional tavs,in. For sensible definitions of the required matching obsdesadh, and
®,, we work with the Schrodinger functional (SF), i.e., QCQOiwbirichlet boundary con-
ditions in time and periodic ones in space (up to a plddsethe fermions).tlffCD (L, my)
exploits the sensitivity of SF correlation functionstand®3°" (L, my,) = LT (L, my,),
whereT'; is a finite-volume effective energy. When expanded in HEF'?FT (L)
is given byw;, times a quantity defined in the effective theory (calle®(L, 6, 6")),
whereasp 2T (L) is a function ofwyi, and mpae = 6m + my, involving two other
HQET quantities['5*(L) andT¥"(L). According to the strategy sketched above, by
equating®*“" (L, my,) and®,'**"(L,) one can determine the bare parameters,.
andwyi, as functions ofny, at the lattice spacings belonging to the volufife To employ
the spin-averaged B-meson massg;’, as phenomenological input, tide, are evolved to
larger volumes through proper SSFs, where the resuliifg” " (2L, my,) still carry the
dependence omy, inherited from the matching to QCD ih{. After 2 evolution steps
(and taking continuum limits), linear extentspfl1.5 fm are reached, angh ., andwyin,
expressed in terms of SSFE" (L1, my,) as well ask™®, T5*¢ andT'k™, are obtained
— again as functions of,,. Now, the b-quark mass is extracted by solving

my = Estat wkin(mh)Ekin + Mbare(Mn) (4)

3Here,dm = 0 in the action; its effect is accounted for in the overall gyeshiftmy,,.e in HQET versus QCD.
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Figure 3. Graphical solution of Eq. 5 in the quenched ¥asEhe quantity used in the finite-volume matching
step is<I>(§CD(L1, M) = LiT'1 (L1, M), wherez = L1 M andM = M, the RGI heavy quark mass.

for my, with E5%%% = limy . [ and B¥" = —(B|a®Y", Okin(0,2) | B )star- All
guantities entering Eq. 4 have a continuum limit either in0R& HQET, which implies
that all power divergences have been subtracted non-patively.

In case of the leading-order, static approximation, whergy omy.,. heeds
to be determined, the small- and large-volume matching itiond simplify to
Iy(Ly,mn) = T2 (L1) + mbare andmy = E5%* 4 my,,.., respectively. To be able
to solve the first equation fon,,,,. and replace it in the second, we bridge the volume gap
in two steps by inserting a SSk, (L1) = 2L [[5**(2L1) — I'§**(L;)] and arrive at the
master equation

Ll [m%v _ (Estat _ Fbitat)} _ @ — ‘[/11"1([/1’77%)7 (5)

wherel'; originates from QCD irl.{ and any reference to bare parameters has disappeared.
Its graphical solution is reproduced in Figure 3 and yielff§** = 6.806(79) GeV.

The inclusion of the sub-leadiny/m—effects is technically more involved and ex-
ploits the freedom of choices for the anglefsgnd an alternative set of matching observ-
ables®. We just quote the final value\S (m,) = 4.347(48) GeV with the remark that,
upon including thel /m;,—terms, differences among the static results w.r.t. theciirag
condition chosen are gone, which signals practically gégk higher-order corrections.

3.2 Status in Two-Flavour QCD
The renormalization of HQET through the non-perturbatiacehing toN; = 2 QCD in

finite volume, to do the power-divergent subtractions, idarmway’—=23 As an important
prerequisite, the calculated non-perturbative relatietwieen the RGI and subtracted bare
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heavy quark maséallows to fix RGI heavy quark masses in the matching volurfie
LiM = Zn(90)Z(go) (1 + bm(go)aman) Limqn, M = My . (6)

The extentL; is defined via a constant SF coupling(L1/2) = 2.989, and the PCAC
masses of the dynamical light quarks are tuned to zero.

Figure 4 shows two examples for the heavy quark mass depeadéiinite-volume
QCD observables in the continuum limit, which enter the penturbative matching.

1.20
1.15
1.10
1.05
1p -
0.95 ~g-
0.90 E -
LIav/(2Crmass) g
0.85 0.70
0 0.05 0.10 0.15 0.20 0.25 0 0.05 0.10 0.15 0.20 0.25
1/z 1/z

Figure 4. z—dependence of two QCD observables, which enter the matohiQCD with HQET inNy = 2 with
massless dynamical quarks.= L1 M as before. Left: Spin-averaged B-meson energy. Right.oRxdtaxial-
vector to vector current matrix elements. The conversiarttionsCx, which only introduce small perturbative
uncertaintie®? 33, translate the HQET predictions to the corresponding QCantities at finite values of.

These results also allow to perform non-perturbative teSEQET in the spirit of the
corresponding quenched investigafionThe calculation of the step scaling functions in
HQET is expected to be finished soon, and the large-volunt@paur strategy is currently
being implemented within the CLS efféft

4 Outlook

The non-perturbative treatment of HQET includihgn,—terms can lead to results with
unprecedented precision for B-physics on the lattice. db @reatly improves our confi-
dence in the use of the effective theory. The striking agesgnfor example, between the
decay constantz, computed including /m,—corrections and the value resulting from
the interpolation between the static number and data arthencharni® ", though still in
the quenched approximation, provides a strong internallcbithe approach. In addition,
the HQET parameters &(1/my,) calculated non-perturbatively by the ALPHA Collabo-
ratior?” can be employed for several other quantities. The prograsimiag to reach the
same accuracy in th&¥; = 2 dynamical case is well advanced and progressingast
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Where do we come from and where do we go? This leads directjyestions of cosmological
structure and evolution, to the mechanism of the last andélenearby stellar explosion, and
to the formation of planetary disks as a precursor to therSgistem. For all three explorations
super-computers are key instruments for improving andhgstur understanding and insight.
Comparing with data will push us to new theoretical develepts, to enable us to then ask new
further questions.

Numerical simulation has taken its parallel place to obesttows, theory, and devel-
oping instrumentation to use on ground and space basediegues. In all four lines
of research there are consequences for modern society suegtatution, like a) rapid
deconvolution of multiple 2D images into a 3D view of a humady for detection of
disease, like b) observations of Earth to predicts tsunantsearth quakes, like c) theory
for predicting weather and space weather, involving sdiglai®ed plasma physics with
magnetic fields, and like d) technology for rapid observatiof traffic and airplanes to
eliminate accidents in any conditions. Here we focus on tfs¢ fiioint, super-computer
use, and narrow it down to astrophysics. Astrophysics isxamele for all.

In the following we use three examples to illustrate the inbgace of super-computing
to our physical understanding of the universe:

Clusters of Galaxies

Clusters of Galaxies in the Mare-Nostrum Universe, by $te@ottlober, Gustavo
Yepes, Jaime Forero-Romero, and Victor Turchaninov. Theeuse is dominated by
dark energy, dark matter and a large fraction of solar ibléshormal baryonic matter.
Despite these drawbacks, of not knowing what about 98 pexfethe energy content
of the universe consists of, where it is, and what it doess itetmarkable, how far we
have come in our modelling of the large scale structure ofitiieerse. The team around
Gottlober is focussing on clusters of galaxies in a vergédasimulatioft %15 this entails
trying to understand the interaction between the grawiteti structures, mostly in dark
matter, and the gas flows, out of which stars form at the enésélstars in turn reionize
the normal matter, dirty it up with heavy elements, fill it witmagnetic fields, and also
with energetic particles. And yet we cannot be sure, thgelascale phenomena do not
inject more energy and more magnetic fields than these snsade phenomerdd”
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These simulations allow us to ask the questions, that witklevant to interpret the forth-
coming satellite data on the fine structures of the microwsaekground (the PLANCK
mission); once we approach a better understanding of thsigd)ythe universe may
become the prime laboratory also for our deeper understgrafithe structure of matter,
perhaps far beyond what the LHC at CERN may do, on whose sasaltlso need to build.

Supernovae

Unravelling the Mechanism how Stars Explode, by AndreaseldaBernhard Miiller,
and Hans-Thomas Janka. The seemingly most extreme expsosicthe universe are
those of stars, sometimes in the form of Gamma Ray BurstsreTiseno lack of ideas
about the driving mechanism of the explosion, with some efdldest ideas centering
on rotation and magnetic fielld. However, once it became clear that in the collapse
preceding the explosion most of the available energy issiinto neutrinos, they became
the popular choice for investigation; This is where Janka lais collaborators wofk® >,
We have learnt from this work, that instabilities rule thelesion, and data confirm this
from the discovery of mixed-up unstable isotopes. And wieatly drives the use of
super-computers, is the clear necessity, that we requit2 sirBulation of the explosion,
quite independent of what the mechanism is, that we wishnsider. Here Janka and his
collaborators have forged ahead, and have been able taresplae of the observations.
It is hoped that the hoped-for neutrino detection of moreesuigvae and Gamma ray
Bursts will test and challenge all these models. These siqgiis are necessary to produce
the heavy elements, which sustain life.

Protoplanetary Disks

Protoplanetary Discs in Young Dense Clusters, by Susanakrf, Christoph OI-
czak, Thomas Kaczmarek, and Manuel Steinhausen. What isléhef disks in star and
planet formation, and in accretion to compact stars, is byrell questior?' 12 Pfalzner
and her collaborators are exploring the role of disks in fetanation and early evolution,
closely checking with the orion nebula cluster observatidih? Among the important
results are that capture of stars into compact binary systeim key ingredient, that disks
are sometime large, but can lose mass. The physics exploceteated here will find
further application in the early universe, when the veryt firmssive stars formed, and
with them the very first massive black holes in the universe.

The interplay between all these three explorations, lacgéesstructure, stellar explo-
sions, and planetary disk formation, will ultimately be di¢e further our understanding

both of the deep structure of matter, and of the answer toukstipn, where do we come
from, and where do we go.
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In 2005 we have performed a non-radiative gasdynamicallation of structure formation in
a large volume of the universe. The main goal of this simofativas to study the formation
and evolution of galaxy clusters. This simulation has bewlysed during the last four years
at NIC Julich. With more than 2 billion dark matter and gastipkes it is one of the largest
gas-dynamical cosmological simulations which needs arsapguter with large memory for
analysis and the possibility to store a huge amount of datkIRIwas very well suited for this
task. Here we discuss some recent results about interadtisters of galaxies and summarize
our studies about Sunyaev-Zeldovich effect in clusteesr ttadio envelopes and strong lensing
properties.

1 Introduction

During the last decade cosmology has entered in a new eraoispn. The cosmologi-
cal parameters have been determined to a typical preci$iarvery few percents which
resulted in a standard model for cosmology. This is a flatdfn@nn universe whose mass-
energy content is dominated by a cosmological constant/ttesm), a cold dark matter
(CDM) component and the baryons. The convergence to a sthnutadel of cosmology
sets the framework for studying the formation of the largaesstructure and of galaxies
within that model.

The expansion rate of the universe and the clustering ptiepare described by only
a few parameters: the Hubble constatit, the mass density paramet€x, .., the value
of the cosmological constar,, the primordial baryon abundanc®,, and the overall
normalisation of the power spectrum of initial density fluations, typically characterised
by 0%, the present-day rms mass fluctuations on spheres of raditspc. Structure
formation is predicted to be essentially scale invaridm, game structures occur both at
the scales of galaxy clusters and on scales of galaxies.attee prediction is problematic
because much more small scale structure is predicted tldrséesved.

Already 30 years ago the standard picture of structure foomavas suggested by
White and Re€s Gravitational instability drives the dark matter (DM) ttuster hierar-
chically in a bottom-up fashion. The gaseous baryons settieo the DM halos (namely,
bound virial DM structures) and via gas-dynamical dissygaprocesses, cool and frag-
ment eventually forming stars. This simple picture presbay, although the details and
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the modelling of the actual physical processes have evalvaahatically since then. The
non-linear nature of the gravitational dynamics and theagophysical processes makes
the problem of structure formation virtually intractableadytically, and therefore the field
relies on numerical simulations. Galaxy formation depemasnany physical processes,
some of them are very poorly understood, and some othergptake on sub-grid scales
which cannot be modelled fully and consistently and therefeeed to be fudged numer-
ically by ad hocrecipes. This sets the stage for one of the most interestidgldficult
problems of modern astrophysics, namely the formation Ebg@s and other structures in
the ACDM cosmology.

The model specifies the cosmological expansion historyinitial conditions and the
material content of the universe. That together with theskadge of the physical laws
governing the dynamics of the DM, baryons and radiation jsl@the framework within
which a successful model of galaxy formation has to be dgeslo

Numerical simulations have been the driving force behindccimaf the theoretical
progress in the field. The simulations can be classified neethe type of physical pro-
cesses they consider, or by the sizes of the computatiohahes that are simulated. Thus,
we can make two main categories of simulations: pure N-bagpin which only DM is
included, and the N-body/gas-dynamical ones where botgrdngtational dynamics (DM
and baryons) and the hydrodynamics of the gas are accoumted he gas-dynamical
simulations are generally divided into “non-radiative’datihose that include the “full”
gastrophysicsuch as radiative cooling, star formation and feedback. eidegr, cosmo-
logical simulations always pretend to reproduce a statitepresentative volume of the
universe in which the comparison with observations is donstéatistical means, such as
mass and correlation functions. On the other hand, thersosme other simulations which
are focused on reproducing the evolution of individual otge&t the highest possible reso-
lution with the aim of studying the structure, dynamics aimtknatics of specific objects,
like galaxies, groups of galaxies or clusters of galaxieswhat follows we will discuss
the results from one of the largest non-radiative gas-dycalreimulation of a comoving
cube 0f500h~'Mpc on a side.

2 Numerical Simulations

This simulation, dubbed AE MARENOSTRUM UNIVERSE, was performed in the
MareNostrum supercomputer at the Barcelona Supercom@ateer using the equivalent
of about 29 years on a single CPU (250,000 CPU hours). 135dtiepes, equally separated
by 100 Myears, have been stored and transferred to thénNilitti Processor (JUMP) ma-
chine and analysed there. The simulation has been perfanitiethe entropy conserving
TreeSPH code GDGET2 developed by V. Spring&l It followed the non linear evolution
of structures in the gas and dark matter froema- 40 to the present epoch (= 0) within

a comoving cube 0500~ 'Mpc on a side. We assumed the spatially flat concordance
cosmological model with the following parameters: theltotatter density2,, = 0.3, the
baryon density2, = 0.045, the cosmological constafy, = 0.7, the Hubble parameter
h = 0.7, the slope of the initial power spectrum= 1 and the normalisations = 0.9.
The power spectrum used to generate the initial conditionghie simulation was kindly
provided by Wayne Hu in a tabulated form. It was obtained feodiirect integration of
the Boltzmann code for the parameters described above. dMVeutherical interpolation
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Figure 1. This slice through the simulation volume at refishi= 0 contains the second most massive cluster of
galaxies (marked by the circle).

to compute the contribution of the different Fourier mod&sth components, the gas and
the DM, were resolved by024? particles, which resulted in a mass®8 x 10°h~ Mg
for the DM particles and.5 x 102~ 1M, for the gas particles, respectively.

GADGET2 uses the TREEPM algorithm on a homogeneous Eulerian gadrtgute
large scale forces by the Particle-Mesh algorithm. In thizugation we employed 0243
mesh points to compute the density field from particle posgiand FFT to derive gravi-
tational forces. In this simulation we employ&@R43 mesh points to compute the density
field from particle positions and FFT to derive gravitatibf@ces. Since the baryonic
component is also discretized by the gas particles all lydramical quantities have to
be determined using interpolation from the gas particleehiWGADGET the equations
of gas dynamics are solved by means of the Smoothed PartideoHynamics method
in its entropy conservation scheme. To follow structurerfation until redshift: = 0
we have restricted ourselves to the gas-dynamics withelitding dissipative or radiative
processes or star formation. The spatial force resolutasmset to an equivalent Plummer
gravitational softening of5 =1 comoving kpc. The SPH smoothing length was set to the
distance to the 40 nearest neighbour of each SPH particle.

Gravitationally bound halos of different mass have beemémt during the cosmolog-
ical evolution. These halos consist of dark matter and gase 1 the hydrodynamical
interaction of the gas in general the ratio of gas to darkenatithin the halos is different
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Figure 2. Mass function of halos at redshift= 0, 0.5, 1, 2 and Sheth-Tormen mass function (blue dotted line)
at redshiftz = 0.

from the mean ratio of 0.15 assumed in the simulation. Mogedtie spatial distributions
of gas and dark matter differ inside the halos. Even if onesesnthe halos by naked eye
as white spots in Figure 1. it is a challenge to identify nunsly all those halos within
the distribution of two billion particles and to determimeir properties.

To this end we have used a newly developed parallel versitredfierarchical friends-
of-friends (FOF) algorithm In a first step we construct the minimum spanning tree for
the distribution of gas and DM particles. After topologisatting of the set of clusters we
get a cluster ordered sequence, i.e. a sequence in whicti-€dehluster is represented by
a segment of the sequence. After this preparation we caly easiact these clusters by
simple cutting the tree at the desired linking length. Weaukasic linking length of 0.17 of
the mean inter-particle separation to extract the FOFetastiVe divide this linking length
by 2™ (n = 1, 3) to find substructures and in particular the centres (dgpsiaks) of our
objects. We were running the minimum spanning tree and tHe&@lysis independently
over DM and gas particles to find their distribution.

3 Clusters of Galaxies

Using a linking length of 0.17 at redshiét = 0 we have identified more than 2 million
objects with more than 20 DM particles which closely folloheth-Tormen mass func-
tion. More than 4000 cluster sized objects with massesianga 1041~ M., have been
found and about 58,000 with masses larger th@ih ~'Mg. At redshiftz = 1 more than
30,000 objects with masses larger thad3h~1 M., were detected. In Figure 2 we show
the mass function of the FOF-halos at different redshifteoted number of objects in the
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Figure 3. Zoom-in on the cluster marked in Figure 1. The sfazbebox is 20h— ! Mpc.

box. Already at redshift = 2 first few objects with masses larger theEn*h M have
been formed.

In Figure 3 we show a small sub-box 264~ 'Mpc size which contains a massive
galaxy cluster. Substructures of the cluster can be clsagy. In this plot we show only
the dark matter distribution. The gas distribution in thestérs differs slightly from the
dark matter distribution, but both the gas and the dark mett@ponents tend to be prolate,
although the gas is much more spherically distribéited

The observed cluster baryon fraction is an important toothe determination of cos-
mological parameters. Typically the gas fraction in cluste measured by X-ray observa-
tions at overdensities 500 or larger, i.e. well inside th&@lradius. A certain fraction of
the baryons reside in stars. Using a non-radiative sinarlat determine the baryon frac-
tion is by sure a simplification, but since we are interestethé baryon fraction at virial
radius we expect not to be affected very much by neglectirdirap and star formation
processes. Within our simulation we have explored the bafiaetion at the virial radius
in objects with virial masses larger than< 10134 =M. The assumed virial overdensity
at redshiftz = 0 is 334, at redshift = 1 itis 201. At redshifts: = 0 we found more
than 10000 objects and about 2500 at redshift 1. The scatter in the measured baryon
fraction of our cluster was found to be quite large. At refishi= 0 it ranges between
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Figure 4. Baryon fraction, normalised to the cosmic barymaictfon, in clusters as a function of halo mass for
two different redshifts.

0.85 and 1.0 with a mean of 0.92. In Figure 4 we show the rfgtias a function of the
virial mass of clusters. Due to the large number of objeatsstiandard deviation of the
mean value o}, for different mass bins is small and we could fit a linear ietatn the
semi-logarithmic plotY;, = aIn(M) + 3, with the slopex = —0.005 & 0.001 at redshift

z = 0anda = —0.006 £+ 0.001 at redshiftz = 1. There is a 2% decrease of the baryon
fraction between redshifts one and zero.

Due to the halo interactions, the gas can be displaced wsier to the dark matter
distribution. This has been observed in the famous bullettef. In Figure 5 we show
a similar situation detected in our simulation. This clussdocated at redshift = 0.3,
the coordinates are comoving and the relative speed betithedwo dark matter cores is
560 km/s. In this case, the physical displacement betweepehtres of gas and DM is of
the order of the observed one in the Bullet cluster, but itssiis.one order of magnitude
lower.

We have derived the expected physical 2D separation disiwib for clusters with a
dark matter mass larger thdan0 x 10'4A~'Ms. We found that around 0.6% of these
clusters show separations between the dark matter and gfabutions equal or larger
than the observed in the Bullet Clustenn a restricted population of objects which are
as massive as the Bullet Cluster (10*®> h~'Mg) we found that between 2% and 15%
of those clusters should show a dark matter-gas relativaragpn as the observed one in
the Bullet Cluster. The uncertainty in these percentagdaésto redshift evolution of the
distribution of displacements. The shape of this distidoutan be considered as a new
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Figure 5. Linearly spaced surface density contours for the(Bashed blue) and gas (continuous red) compo-
nents of one of the clusters with a high displacement of tteeagal dark matter distribution. The arrows are
proportional to the velocities respect to the centre of treapre.

prediction of theACDM model, which could eventually be compared against alagens.
Upcoming large optical and X-rays surveys can make thishigaim the next years.

4 Summary

The simulation discussed here has been performed in 200§ ndh-radiative simulation
is with more than 2 billion dark matter and gas particled stile of the largest ones. It
contains more than 4000 galaxy clusters at redshift0 and the history of their formation
over the 135 stored time steps. Therefore, it is an exceli@atbase to study the formation
and evolution of clusters as well as their present day ptEsr®. Here we have discussed
the probability of finding objects like the recently obsetRullet Cluster.

We have studied in this simulation the formation of shockaiad galaxy clusters and
estimated their radio emissitinwWe found several clusters with similar radio morphology
as observed whereas about half of the clusters show onlylitéeyradio emission. We
concluded that one can reproduce the number density anadsity of radio relics as-
suming a moderate efficiency of shock acceleration and natel@nagnetic fields in the
region of the relics.

Motivated by the detection at 33 GHz of a strong temperateament in the cos-
mic microwave background towards the core of the Coronadisreupercluster we have
used this simulation to predict the thermal and kinetic Swwy-Zel'dovich effect asso-
ciated with superclusters of galaxiesWe have shown that the Warm—Hot Intergalac-
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tic Medium lying in the intercluster regions within the suglester produces a thermal
Sunyaev—Zel'dovich effect much smaller than the obsenadevand concluded that the
observed temperature decrement most probably arises fnoomlenown galaxy cluster
along the line of sight.

Recently, we have investigated the strong lensing pragsedi the galaxy cluster pop-
ulation in this simulation by means of a large number of maging simulations This is
the largest sample of numerically simulated clusters awelied. It allows us to accurately
define the characteristics of the clusters which behaverasgstenses. In particular, we
have divided the strong lenses into two sub-classes, naimelglusters which are able to
develop critical lines, or equivalently to produce mukijnages of the same background
sources, and the clusters which are also able to produce distprtions, i.e. to map dis-
tant galaxies into extended gravitational arcs. We havatified the minimal masses for
critical and large distortion clusters as a function of tiiedshift assuming a fixed source
distance and found that typically large distortion clustare at least one order of magni-
tude more massive than critical lenses. Both critical angielalistortion clusters tend to
have the major axis of their inertia ellipsoid aligned witle fine of sight. This orientation
bias is particularly strong for large distortion lensesafgk fraction of critical lenses have
elongated core structures, indicating the presence ofraigdhsres projected on to the inner
regions which enhance their ability to behave as strongkensinally, we found a corre-
lation between the deviation from virial equilibrium of &anatter halos and their lensing
efficiency, indicating that efficient strong lenses are @meftially dynamically active sys-
tems.
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Understanding how massive stars end their lives in supareaplosions is one of the most
important problems in stellar astrophysics. With the magthisticated computer simulations
carried out to date, researchers at the Max Planck Institutéstrophysics in Garching are
making progress in deciphering the complex interplay ofrbglginamics and particle physics
that reverses the collapse of the stellar core and initthiesiolent disruption of the star.

1 Astrophysical Context

Roughly five times a second somewhere in the Universe thefigestar with more than
eight times the mass of our Sun is terminated in a gigantiesigva explosion. These
cosmic catastrophies are the most violent events afterith8&hg. Within only fractions
of a second more energy is released than the Sun producag dilits evolution. The hot
plasma of the destroyed star, expanding into intersteflacs with a tenth of the speed of
light, can outshine a whole galaxy for several weeks.

It is these cataclysmic blasts, which we owe our existenc@ ey enrich the galaxy
with carbon, oxygen, silicon, and iron, the building bloaksthe earth and of all the
creatures on it. Assembled during millions of years of naicleurning as the dying star
has been aging, or forged in the inferno of its final explosibase chemical elements are
disseminated into the galactic medium when the star is plistlin the supernova event.

Observations of supernova remnants tell us that not alltéllasgas is ejected in the
outburst. The core of the star with the size of the Moon butemassive than the Sun,
collapses to an ultra compact object, a neutron star, whashomly the diameter of a big
city. Such a neutron star is still visible as a point sourcemamy of the gaseous clouds that
are left behind as heralds of past explosions (see Figure 1).

2 The Supernova Puzzle

The gravitational binding energy released in the neutranfstrmation is hundred times
more than needed for powering the supernova. But how doss#ppen? How is the

implosion of the stellar core reversed to the explosion efdferlying layers of the star?
This is still a puzzle that challenges theorists’ intuiteomd modeling abilities. One of the
most popular ideas involves neutrinos as the driving agehtese elementary particles
are produced in huge numbers at the extreme conditions inetwé/ formed neutron star,

where the matter is denser than in atomic nuclei and reaehgseratures of several hun-
dred billion degrees. Neutrinos are the leak by which théapsing stellar core loses its
gravitational binding energy within a period of secondst 8ume fraction of the emitted

neutrinos is still able to deposit its energy in the matter@aunding the compact neutron

53



Figure 1. The Crab Nebula with the Crab pulsar, the gaseonsaet and rapidly spinning neutron star, respec-
tively, of a supernova explosion that occurred in the ye&41R.D. Relativistic particles, which are accelerated
by the pulsar, cause the bluish glowing of the gas even 95 ydter the explosion. The outer filaments con-
sist of mostly hydrogen and helium of the disrupted star. r&auwww.spacetelescope.org . Credit:
NASA, ESA and Allison Loll/Jeff Hester (Arizona State Unigéy). Acknowledgement: Davide De Martin
(www.skyfactory.org ).

star (see Figure 2). This energy transfer could be enougleiolto accelerate the super-
nova shock front and to expel the overlying shells of the stée question whether this
happens or not is a central problem in supernova theory.

3 Goals of this Project

Answering this question would mean a major breakthrougteites astrophysics. It would
not only allow us to better link the properties of supernoxgl@sions and their remnants
to the different types of progenitor stars. It would alsangrus closer to an answer of
the question whether supernovae are the still mysteriaumssmf rare elements like gold,
lead, thorium, and uranium. And it would allow us to moreably predict the neutrino
and gravitational wave signals, which are planned to be nreddor future Galactic su-
pernovae by a new generation of big experiments, and whetharonly ways to observa-
tionally probe the processes deep inside the core of a dyamg s

Until then, computer models are an indispensable tool fonating our theoretical
insight. At Garching, we have developed numerical codesathaw us to perform, with
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Figure 2. Neutrinos, radiated from the newly formed neustar at the centre of a collapsing star, deposit the
energy to drive the shock wave that causes the supernovasexplof the star.

unprecedented accuracy, simulations of the complex pagltysics, nuclear physics, and
plasma dynamics that determine the destiny of collapsidigeaploding star$-*

4 Computational Challenges

The modeling of supernova explosions is in fact one of thetmiéfscult problems in com-
putational astrophysics. Largely different time scalesying between microseconds and
seconds, and length scales that extend from tens of meterdlins of kilometers, have
to be resolved to follow neutrino interactions, nucleacteams, turbulent convection, and
sound wave propagation in different regions of the collagsiore and of the ejected outer
layers of exploding stars. This is computationally extrgntemanding: half a second of
evolution requires 500,000 time steps and in two spatiakdisions with 5001000 radial
zones and typically 196 lateral bins needs sdié¢ floating point operations.

Besides integrating the Euler equations that describertteedependent motion of the
stellar fluid, one needs to solve the transport of neutrindbe dense stellar matter. Dif-
ferent from the stellar gas, where very fast electromagraetd strong interactions ensure
that equilibrium is established on dynamical timescalestrinos couple with matter only
through weak reactions. Thus they require a transportriresatt in phase space by the
Boltzmann equation and its moment equations. This comssita high-dimensional, time-
dependent problem — in spherically symmetric models thespart is three-dimensional,
for axisymmetric models five-dimensional, and in full gealty six-dimensional — and
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Figure 3. Gas entropy (left half of each picture) and eleet@nucleon ratio (right half of each Figure) dur-
ing the early stages (0.097, 0.144, 0.185, and 0.262 serohtise explosion of a star with nine solar masses.
Convection causes anisotropies of the ejected gas.Inmpgutaperties of this explosion model agree with char-
acteristic observational features of the Crab Supernogui& 1).

poses the major computational challenge: the neutrinep@m consumes the by far dom-
inant amount of CPU time during supernova simulatid$e problem is also hard to be
implemented efficiently on massively parallel computenspéarticular the neutrino trans-
port module has resisted such efforts so far and currerglygmts us from using distributed
memory architectures. Because the interaction timesdalewirinos in neutron star mat-
ter is extremely short and the neutrino propagation happathsthe speed of light after
decoupling, the nonlinear transport equations of neustimdiich as fermions are subject
to phase-space blocking effects, need to be solved withifulplicit time stepping. In our
current numerical implementation this leads to big, dgnfi¢d matrices that have to be
inverted several times on every time level of the calculaealution. This is computa-
tionally very expensive and defies easy parallelizationw iigorithms, based on iterative
multigrid solvers for hyperbolic systems of equations, eauerently under construction,
but not yet available for full-scale supernova calculasiomheir use, however, will be
unavoidable in future three-dimensional models of supaao

The special needs of our current two-dimensional simuiatia.e. shared-memory
nodes (up to 256 CPUs) with powerful processors and thermontis availability of these
nodes for many months, are satisfied on different superctngpplatforms in all three
national supercomputing centres, each of which has redjsecial code adaptation and
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Figure 4. Gas entropy for the beginning explosion of a stan wieven solar masses. The explosion becomes
globally asymmetric because of the generic nonradial lnigiaof the developing supernova shock.

optimization: on the IBM p690 Jump and on the INTEL Juropaeaysof the John von
Neumann Institute for Computing (NIC) in Julich, on the NE&-8 and SX-9 of the High
Performance Computing Center Stuttgart (HLRS), on the ¢t A700 of the Leibniz-
Rechenzentrum (LRZ) in Munich, and on the IBM Power6 of thelmzentrum der
Max-Planck-Gesellschaft. Our project also has receivegat by CPU time within the
AstroGrid-D as part of the D-Grid initiative that is fundegthe German Federal Ministry
of Education and Research (BMBF).

5 Recent Progress

With the most sophisticated simulations carried out to daghave learned that the neu-
trino energy deposition around the newly formed neutron(sie Figure 2) is supported
by different fluid instabilities that take place in the gasflihat continuously adds more
matter from the collapsing stellar core to the compact rethatthe centre. The neutrino-
heated gas is stirred up by vigorous convective overturnoasnatter becomes buoyant
and begins to rise while cooler fluid sinks inward and is paatisorbed into the neutron
star (Figure 3).
In addition to this phenomenon, which has been known alréaden years, we have
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Figure 5. Gas entropy for the beginning explosion of a st % solar masses. The explosion becomes globally
asymmetric because of the generic nonradial instabilitthefdeveloping supernova shock. The thin dotted,
dashed, and dash-dotted white lines mark regions whereotheasition changes gradually from iron to silicon
and from silicon to oxygen. The thick solid white line showe position of the supernova shock front.

discovered a global non-radial instability of the gas flowdods the centre. The layer be-
tween neutron star and supernova shock front is unstablesbycalled advective-acoustic
cycle, which constitutes an amplifying feedback cycle ofidnd advected vorticity per-

turbations and outward propagating sound wévesThis instability can grow even in

conditions where convection remains weak and it can insigalent secondary con-

vectior? (Figure 4). It thus improves the conditions for ongoing sty;meutrino energy

transfer to the supernova shock. In fact, our simulatiormsvstinat for stars from about

eight solar masses to at least 15 solar masses neutrinoyethepgsition, supported to
different extent by both hydrodynamic instabilities, caitiate and drive the supernova
explosio¥*}Figures 3-5).

The onset of the explosion thus turns out to be a genericallji4@imensional phe-
nomenon. The highly aspherical initiation of the blast (F&4,5), even in the absence
of rapid rotation, suggests explanations for a variety ¢fesbations. The fast motions of
many young neutron stars, which are measured to have aveshugities of several hun-
dred kilometers per second, some of them even of more thab Kirifs, can be explained
by the recoil imparted to the compact remnant by the anipatadly ejected supernova
gas?. The asymmetry of the developing explosion also triggengelscale mixing insta-
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bilities in the outer layers of the disrupted star, thus aotiog for the clumpiness seen in
many supernovae and the asymmetric appearance of gasgaus®a remnantd 14

6 Outlook

Despite the significant progress of our fundamental undedstg of the processes that
conspire in starting the explosion, many more simulatigrsia particular long-time sim-
ulations are needed to establish the properties of selistamtly calculated explosions.
The different structures of stars with different massesiiregstudies of a wider range of
supernova progenitors. And the incomplete knowledge ofiriiial conditions (e.g. of
the angular momentum in the stellar core) and of variousdsé the microphysics (e.g.
of the equation of state of hot neutron star matter) makedesgary to explore the full
range of variability. Ultimately, three-dimensional sitations will have to be performed
to confirm our findings of the present two-dimensional modgig for that to be possible,
we still need to wait for the next generations of even moregréw supercomputers, and
we have to advance our modeling tools to massively pargiigi@ation.
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In dense young clusters the gravitational interaction betwthe stars can influence the prop-
erties of the discs around them. The cluster regions, whesergable differences in the discs
are likely, are identified for a variety of cluster envirommte We combine cluster simulations

performed with the Nbody6++ code with particle simulatitimat describe the effect of a fly-by

on the disc around a young star to determine the environmiemgaint onto the discs.

1 Introduction

For a long time it was believed that stars form basically wlason. However, recent
observations show that the majority of stars are born asgbartcluster of stars. These
star clusters can contain just a few stars but as well set8fa000 of stars. The densities
in different clusters vary over many orders of magnituder é&g@ample, the cluster NGC
6823 has a density of 0.05 M./pc3  whereas the density of the Arches cluster is
~4x 10> Mylpc3 2.

As the stars come into existence through a collapse insidelacular cloud, angular
momentum conservation results in the simultaneous foomalf a disc around the young
star. Under favourable conditions these discs can develeptbe following 10 Myr into
planetary systems. Naturally the question arises whelleee tare environments where the
high concentration of stars has an influence on the developofi¢he individual star-disc
system and therefore the formation rate of planetary systeound them.

Apart from their normal development with time the circunfistediscs around the
young stars might be altered by the dense star cluster emagot. The present under-
standing is that circumstellar disks in clustered envirenta may be truncated due to
close encounters with massive stars either through tidgipstg or photoevaporation of
outer disk materidl® In our work we concentrate on the investigation of graidtal
interactions between the stars in such young dense cluamtersheir effect on the discs
around the young stars.

2 Numerical Method

At present it is not possible to perform numerical partiéhaidations where the stars in-
cluding their surrounding discs are sufficiently resolvedétermine the effect of encoun-
ters on the discs quantitatively. Therefore we treated yin@uhics of the stars in the cluster
and star-disc encounters in separate investigations andined the results to determine,
for example, the disc destruction rate as illustrated byfed..
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Figure 1. Schematic picture of combination of star-discoenter simulations and cluster simulations to obtain
the application domains of the effect of encounters on teesdaround young stars in a star cluster environment.

2.1 Disc Evolution Inflicted by Encounters

As a other star has a close fly-by to a star-disc system sewargk can happen to the disc
matter: (a) it can stay bound to its star, (b) it becomes unbp(c) it can be captured by
the passing star (which then might form its own disc) or (djpit be accreted onto the star
that then increases in mass (see Figure 2). The result ihhdisc mass might be lowered
by the encounter, its size and mass distribution altered exireme cases the disc can be
completely destroyed.

We use N-body simulations to investigate the effect of sugibyis. We represent the
mass distribution in the disc by a distribution of particieisially circling the star on Ke-
plerian orbits. Depending on what effect we are interestetié mass distribution is rep-
resented by between 10 000 to several million particleseltwe only interested in global
properties like the total mass loss in an encounter the leelugion simulations suffice
whereas for properties like disc fragmentation high resmiusimulations are necessary.

In order to determine the effects of the cluster on disc prtigsewe we performed first
a parameter study of the effects of encounters on low-mass.diThis parameter study
eventually had to include all possible encounter scenénmistwo stars in a typical cluster
environment could have. Then the dependence of the massxgnthamomentum trans-
port on the periastron distance, the relative mass of thewsriering stars and eccentricity
of the encounter was investigated in detail. This is donafaariety of encounter orienta-
tions as well - meaning the fly-by could be in the same directiod plane as the rotation
of the disc around the star (prograde), opposit to it (readg) and at any possible angle
(non-coplanar). It turns out that prograde, coplanar entxye are the most destructive to
the disc. In the following only these were investigatedHartas the parameter space is
otherwise not managable. This means in turn that our reatdtsipper limits for the disc
destruction.

62



Figure 2. Gravitational interaction of a passing star onyowang disc surrounded star.

For the coplanar prograde case we were able to develop fitinngulae for the mass
and angular momentum loss, which cover the whole range nedjun the cluster simula-
tions. In addition, the final disc size and the mass exchasatyeden discs are examined.

2.2 Dynamics of the Star Cluster

The second part of the investigation is the simulation ofdizeamics of all stars in the
cluster. The cluster simulations were performed with Nifel?, which allows a high-
accuracy treatment of two-body interactions and is a peizdid version of Nbody

We performed simulations of different model clusters ugimg code Nbody6+% In
these simulations, for simplicity only stellar componentthout considering gas or any
potential of the background molecular cloud are conside@dster models were set up
with a spherical density distribution(r) oc »—2 and a Maxwell-Boltzmann velocity dis-
tribution representing the contained stars. There is thi®opo either choose all stars to
be initially single or to start out with a given distributiai single and binary stars. In
most cases we start for simplicity with a purely single disttion because this reduces
the complexity of the problem and makes the diagnosticeeathe stellar masses were
generated randomly according to the mass function giventroya (2002). During the
simulation, information of all perturbing events on eaclat disc was recorded.

Since the aim of this work was to record the encounters in liigter, additional rou-
tines had to be implemented: Apart from storing the closesbenter for each star a more
advanced encounter list was produced: The search critésiotihe next perturber of a
star was modified by considering the gravitationally moshoh@ating body instead of the
closest neighbour, or in other words, the minimization ef distance was replaced by the
maximization of the gravitational force, acting on disctimdes.
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2.3 Model Clusters

We have one cluster as standard cluster for our simulatitatdg a a model of the Orion
Nebula Cluster (ONC). There are several reasons why we ¢hes@NC as our model
cluster: Firstly, the ONC is a relatively nearby cluster,tisere is sufficient knowledge
form observations available that we can adjust our modettetuo. Secondly, the ONC
is a relatively dense cluster so that interactions betwkerstars are likely to play a role.
Thirdly, the ONC is a typical star forming region, so resutstained there should be
transferable to other star forming regiéns

In the case of the ONC-like model 4000 stars were set up in thssnrange
50Mg > M* > 0.08M and the most massive star was assigned a mass of:50THe
basic dynamical model is described in Olczak et al. (2008h wéveral extensions dis-
cussed in Pfalzner & Olczak (2007). The quality of the dyrmahimodels, which we
chose to be in virial equilibrium, was determined by comgamito the observational data
of the ONC.

In addition, simulations of clusters with different derestand radial extents were per-
formed. By contrast to the ONC-simulations there was no setsnfior the most massive
star but instead an upper mass limit to the initial mass fanaif m,,, = 150 Mywas
applied. The density-scaled models were simulated witts#mee initial size as the ONC
(R=2.5pc). The clusters are approximately characterizeddmgities of 1/4, 1/2, 1, 2, 4
times the density of the ONC. The size-scaled models werelated with the same initial
density as the ONC, but the extension of the system was dlteiiavestigate the effect of
the size of the stellar population. The details of the sefuithese systems can be found in
Olczak et al. (2009).

2.4 Combination of the Simulation Results

The temporal development of the disc properties of eaclviithdal cluster star is deter-
mined by calculating the mass and specific angular momentgmih the succession of
encounters stored in the encounter lists. The values of arasspecific angular momen-
tum loss in the individual encounter are obtained using #ferle mentioned fit formulae
(Eq.(1) from Pfalzner et al. (2006) and Eqgs.(1) and (2) frdalZPer (2007)). However,
these fit formulae only consider parabolic, co-planar enteng, which are the most de-
structive ones. Therefore the losses have to be considsngupar limits. In the encounter
parameter study the disc of a star of mas$ is perturbed by the fly-by of a second star
of massiM;. In these simulations, we assumed disc parameters typidalrauri stars:
the discs to be of low-mass (0.01N1 the disc surface density to have a 1/r-dependence
initially and the disc size to scale with the stellar mass@as: 150AU /M [Mg].

3 Results

3.1 Disc Mass Loss

Combining cluster simulations with encounter investigas, shows for the ONC cluster,
that potentially up to 15-20% of the discs in the inner regibthe cluster - the Trapezium
region - could have been destroyed by encounters. Itisiblautbat the 15-20% of discless
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Relative disc mass

Figure 3. Snapshot of the cluster dynamics simulation. Tie af the spheres represent the mass of the stars
and the colours of the discs indicate the relative mass dafifs in respect to the initial disc mass. It can be seen
that the most massive stars are most likely to loose theisdismpletely.

stars observed in the Trapezitimay, in a large fraction of cases, result from star-disc
collisions.

One important result is that the most massive bodies domthatdisc mass loss, with
significant interaction even beyond a separation of ten didd for a ONC-like entity.
This is particulary so for the Trapezium, where some dozessive stars are surrounded
by hundreds of lighter bodies (see Figure 3). Consequeniythe upper end of a cluster’s
mass distribution that to a large degree determines thefdke circumstellar discs in its
vicinity (see Figure 4) and thus there are in principle twamfities that are mainly regu-
lating the effect of stellar encounters on the mass-logs foootoplanetary discs: namely
the local stellar density which determines the encountaaiility, and the upper limit of
the mass range, which affects the maximum strength of thienéng force.

The most massive stars loose their discs much faster andammer lextent, so that
it seems unlikely that planetary systems can form around Sustars in ONC-like en-
vironmentd?. This can as well be seen in the illustration of a snapshohe@fdynamics
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Figure 4. The relative disc mass loss as a function of the ofdbe disc-surrounded star. Two cases are shown -
the red line indicates the situation where all stars imjtialad a disc of the same size, whereas the green line
indicates the situation where the disc size scales withtdkismass.

simulation in Figure 3. The mass of the star is here repreddny the size of the sphere
and the relative disc mass is colour-coded as indicatede Hhermost massive stars have
no or only little disc material left in contrast to the loweass stars which have discs that
are less affected by the cluster environment.

3.2 Accretion of Disc Matter

The special role of the most massive stars is not restrictéftet disc mass loss. Our inves-
tigations show that also the specific angular momentum isaedl most for the massive
stars. This is remarkable in that way that a lower angular sr@om in the disc makes

accretion of disc material onto the star easier. So the n@ssars become even more
massive through the interaction with other stars in thetelusnvironment. This cluster-

induced accretion is not steady but consists of relativetgd60 - 10 000 yr) out burst

were the accretion rate can be as high asNIQ /yr.

3.3 Formation of Binaries

The cluster simulations themselves lead to some integesgBults. Observations show that
for massive stars the binary frequency seems to be highefdhbower mass stars in young
dense clusters. This suggests that in clusters like the ON&aht mechanisms are at
work in the formation of high-mass binary or multiple sysgettman for low-mass stars (see
Figure 5). We investigate the stellar dynamics in young dehssters to determine the role
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Figure 5. lllustration of the formation of a triple star sst by the formation of a binary system with subsequent
capture of a third star. This third star circles the binaryaaelatively wide orbit. The simulation was performed
using Nbody6++ for the Orion Nebula Cluster with 4000 péeSaepresenting the stars of the system.

of capture in binary formation in high-mass stars. It turastbat in contrast to lower mass
stars capture is a frequent process for massive stars. Howbis does not necessarily
lead to long lasting binary systems but is often of transiattire. Nevertheless, capture
processes could account for 15-25% of the observed binafidse OB-stars (75%) in
Orion.

Figure 4 shows an example of such a process. Here we zooneetthéntluster simu-
lation to show the path of three specific stars. It can be seerfihst a binary forms.

4 Summary

Most stars are not born in isolation, but in a cluster envinent. This means that gravi-
tational interactions might lead to changes in the disc grigs. Numerically modelling
the Orion Nebula Cluster, as an example, we investigate hewveluster environment in-
fluences through gravitational interactions disc propsriike disc frequency, disc mass,
angular momentum transport and accretion. We show that #ssiwe stars in the cluster
centre are the engines driving these processes and thadliges are most effected.
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Cells are extremely efficient in controlling chemical réacs, for instance to capture,
store and utilize energy. In order to exploit their abibtia medical or biotechnological
applications, one needs thorough knowledge of the molemadahinery of cells. However,
unveiling the fundamental processes in a cell with sufficiemporal and spatial resolution
is a challenge. Not all key processes or molecules are abte&y experiments, and
simulations are sometimes the only way to detect hiddengss®s or proteins. Hence,
deciphering the life functions in a cell requires a closeiliplay between experiments and
computing. The latter explores the fundamental mechanisrsigh modelling, and aims
at generating a common framework that integrates all availexperimental information.

Describing processes in a cell with sufficient resoluiiosilico is a computationally
hard task. Whether one is interested in the time evolutioa sihgle protein, its binding
with a ligand, its association with other molecules to mpittein complexes or fibrils, or
whether one wants to probe the network of chemical reactimatsnake up a working cell,
often such simulations are only possible on massively @ mputers as available, for
instance, at the John von Neumann Institute for Computin@YN

Three articles in this proceedings discuss the applicaifcsupercomputing to Bio-
chemistry and Biophysics. Bio-photolysis of water occursértain algae and is in prin-
ciple an effective and environmental sound way of produtieghydrogen that one day
could replace gasoline. However, the function of the hydnage, the enzyme that cat-
alyzes the production of hydrogen from water, is inhibitgdhe oxygen that is released as
byproduct. Using First-principle Car-Parrinello molemutlynamics and classical molec-
ular dynamics simulations (relying on force fields) with ksipwater, Dr. La Penna sim-
ulates the working of the hydrogenase enzyme and its intterawith the contaminating
oxygen. His work suggests the N-terminal region of the ereyas the most promising
region for designed mutations that could enhance the engysmstance to oxidation.

The collaboration by Drs. Lin, Akola and Jones, involvingestists from Taiwan,
Finland and Germany, studies active transport of molecdesss cell membranes. This
process, requiring energy obtained from the hydrolysisT#®,As only poorly understood,
but of obvious importance in medical and pharmaceuticarsms. In the present arti-
cle, the authors focus on a specific transporter protein] 8. Even after reducing the
number of water molecules to a minimum, they are left with steyn of about 200,000
atoms which they follow with molecular dynamics over a tipes of 1us. This impres-
sive project clearly demonstrates the need for the supgrating capacities provided by
NIC. At the same time, the article points out some of the prelsettlenecks. Much longer
simulation times are necessary for their studies.

The extremely long time scales necessary for simulatiobhsobdgical systems require
not only supercomputers, but also sophisticated simulagohniques, and their efficient
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implementation in software. Optimizing a simulation coded few ten thousand proces-
sors as now common in todays supercomputers, is not trivial.

The article by Drs. Meinke, Mohanty and Zimmermann desecrithee work of the
Simulation Laboratory Biology which aims at advancing tise of supercomputing in the
computational biology and biophysics community. For thisgmse it has to combine ex-
pertise from biology and biochemistry with such of appliedputer science and computer
engineering. Its mission is to develop in close collaboratvith users of the NIC super-
computers the tools that help these research groups to pushrfl the frontiers in their
field. Besides the development and implementation of nawelilation techniques, the
advancement of energy functions (leading to higher acgyirétee Simulation Laboratory
Biology focuses also on a connection of physics-based appes with knowledge-based
and data mining techniques. As an example the authors prasenmparison of folding
simulations relying on two different force fields.

The three articles demonstrate the progress and stilliegibbttlenecks in the use of
supercomputers in biology and biophysics. They highligiet €ssential role of NIC in
opening new research avenues. Together, these threesgiek confidence that with fur-
ther increasing computer power and more advanced simnlgahniques supercomputing
will become an ever more important tool in life sciences.
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Large-scale molecular dynamics simulations (200,000 afomover 1 microsecond) have been
performed on the JuGene supercomputer for Sav1866, an Al cassette transporter orig-

inally derived fromStaphylococcus aureu3he overall architecture of Sav1866 is remarkably
stable during the simulation, while the nucleotide binditmgnains appear to undergo a series
of conformational transitions on a quasi-logarithmic tisoale.

1 Introduction

Search engines give many thousands of websites when askée fmmmbination of “grand
challenges” and “computational biology” or “bioinformedl’. The combination of biology
with information technology is one of the great growth atieaience, and the availability
of massively parallel computers (such as the IBM Blue Gemnieseis making an essen-
tial contribution. Well known applications include drugsilgn, the identification of genes
in DNA sequences or determining the structure of a proteiargits sequence (the “pro-
tein folding problem”). Nevertheless, the use of compuitersnderstanding thatomistic
details of reactions in biological molecules is still at amlg stage.

In principle, a means for studying such problems is proviolethe density functional
(DF) formalism, which is free of adjustable parameters amslthe advantage of allowing
chemical bonds to form and be broken. We have performed Dkilegions on the hydrol-
ysis of ATP (adenosine 5'-triphosphate) the basic mechanism of energy production in
mammalian (and other) cells. However, even the most powesfuputers limit DF cal-
culations of energy surfaces to systems with up to ca. 10@@sbver some hundreds of
picoseconds. These are severe limitations for most prabtdrhiological interest, where
we often need to study systems with tens of thousands of atwersmicroseconds or
even longer. Such studies still require simulations uslagsical force fields, and we have
implemented these in the present work on ATP-binding ctesé&BC) transporters.

Active transport is one of the basic mechanisms to mediafédiacross cellular mem-
branes. ABC transporters are membrane proteins that Bcilmesport substrates through
lipid bilayers'. They form the largest transporter gene family and are tdtahany cellu-
lar processes in animals, plants, and prokaryotes (onganigthout a cell nucleus). The
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transported substrates range from ions and small organiecules to lipids, carbohy-

drates, and even whole proteins. Some (including the humgigd®protein) contribute

to multidrug resistance of cancer cells, and ABC proteimsadso associated with cystic
fibrosis (mutations in the CFTR protein) and other genetoutiers ®.

Figure 1. Sav1866 structure. (a) Backbone of the homodapedtein, (b) View rotated by 90 TMD denotes
the transmembrane domains, NBD the nucleotide (ATP/ADRJibg domains, ICL the intracellular loops, and
ECL the extracellular loops between transmembrane helices

Selective uptake and efflux by ABC transporters is drivenreg@oncentration gradi-
ents using energy derived from the binding and hydrolysi&Td?, but the mechanism is
not well understood. All ABC transporters have an ATP biigdsubunit whose sequence
and structure is relatively well conserved. Together wlith nucleotide binding domains
(NBD), functional ABC proteins have two transmembrane domdTMD) [see Figure
1] that have a more variable sequence and provide a passafiawaany kinds of sub-
strates. Structural information of crystals of these biteooles can be obtained by using
x-ray diffraction techniques, and atomistic simulatiofisachin vivo processes provide
complementary information.
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Questions concerning ABC-transporters include:

e How are ATP hydrolysis and the conformational changes irptiogein related? Do
the latter trigger the former by a “Brownian moté?”

e What can we learn about the details of the atomic and eldctsbructures?

e What is the reaction pathway, which energies are involved teow does the confor-
mation change after hydrolysis?

e How does the phosphate group migrate? Does migration r@saltonformational
change, or is the removal of the whole nucleotide requiredtaiis the role of the
ATP-bound cation (usually Mg or C&1)?

The ATP-binding cassette (ABC) transporter Sav1866 is gelgrotein with 1156
residues (578x2, a homodimer, Figure 1). It was discoverad the whole genome anal-
ysis of meticillin-resistanStaphylococcus aure¥jsand its structure was first determined
by X-ray crystallography (resolution 34&)5. Apart from differences in the ATP-binding
sites, no significant conformational changes were obsérnvedmplex with adenosine-5'-
(6,y-imido)triphosphate (AMP-PNP, resolution 3049

The two-nucleotide binding domains (NBDs) are in close aotin this structure, and
a central cavity is formed by the two transmembrane domdiMis). This structure is
an outward-facing conformation, i.e., the cavity opensawitwards the periplasmic side
of the cell membrane than towards the cytoplasmic side. #ndisve feature of this ABC
exporter is that both NBDs are in contact with both TMDs, whiead not been found
in the structures of three known import€ts The helices are strongly bent, so that the
transmembrane helices lining up the cavity differ at défgrlevels of the lipid bilayer.

2 Computational Methods and Performance on JuGene

We have performed molecular dynamics simulations of Sa§118éhe POPC lipid bilayer
membrane, using the AMBER parm99SB force fléldnd the TIP3P water model. The
parameters of the POPC lipid force field were adopted fronesipus simulatiot?. The
protonation state of the Sav1866 was assigned by the PDB2RDRservel®, with a pH
value of 7.

Version 2.6 of the highly scalable NAMDNAnNoscaleMolecular Dynamics) pro-
gramt*, implemented and optimized for the Blue Gene/P archite¢tuas used for the/ls
simulation. NAMD, a parallel molecular dynamics code fagkbiomolecular systems,
has been developed and maintained at the University obiflimt Urbana-Champaign
(UIUC) and is available as freeware with source code. A restrtly*® described several
techniques to scale NAMD to 8192 processors on the Blue Gaxmhputer, achieving
~ 1 TFlop on an ATPase benchmark. Other programs have beelodeddor performing
massively parallel simulations on biological systems: TRkie Matter” MD program,
developed by IBM specifically for the Blue Gene architectfirbas similar performance
to NAMD in test cases, and scalable algorithms have beereimghted in the “Desmond”
program’.

Extensive tests of all program and execution parametectuimg number of task
groups) showed that the NAMD program runs well with 4096 pesors (one rack) on
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the Blue Gene/P. For our first benchmark we chose P-glyceior(865 000 atoms), which
was also run under NAMD (version 2.6) on the IBM Blade at thademia Sinica. Bench-
marks for an ATPase system with 327 000 atbhisd shown that it was possible to per-
form one time step in 21.8 ms using 2048 Blue Gene/L procegtaack), and we obtained
somewhat better performance in our tests on the 365 000 atstiens on this machine.

3 Simulations on ABC-Transporter Sav1866

The following changes were implemented after our first satiohs on Sav1866:

e The system size was reduced to ca. 200 000 atoms by removieg mvalecules that
seemed to be extraneous.

e The atomic mobility was enhanced by raising the temperatudd0 K (67C).
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Figure 2. RMS displacement in early stages of the simulat®lack: all atoms, red: transmembrane domains,
TMD).

The root-mean-square displacement of the atoms in the stadges of the simulation
are shown in Figure 2. Itis quite apparent that the motioria@fa in the nucleotide binding
domains is already more pronounced than that of atoms in M. The simulation was
continued for 1us, making it one of the longest performed to date with an taliveforce
field for a system of this size. Figure 3 shows that importémicsural changes occurred:
the NBD and TMD have tilted and separated, causing a sciksomovement of the whole
protein. At the same time, the ICLs are exposed to the salWhtle simulations of lus
do not allow us to understand all details of the action of thegporter induced by ATP
release, this motion is simply not visible in shorter sintiokas.
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Figure 3. Upper: starting configuration, lower: structuitera870 ns simulation.

Figure 4 depicts the root-mean-square deviation of the wabawmtide binding domains
(NBDs) of Sav1866 from their initial X-ray crystallogragtstructures. The approximately
logarithmic behaviour is a sobering result for those segkie ultimate products of the
transformation, but we note that the time-dependence ofocorational change of the
NBDs is similar to the oscillations in “logarithmic periadisystems?.
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In contrast to the renormalization group theory of critipaenomena, where contin-
uous scale invariance (CSI) is observed, discrete scadgiance (DSI) is considered the
physical origin of logarithmic periodicity of complex sgshs. In disordered systems, DSI
may be associated with the spontaneous breaking of replioanstry, which involves a
hierarchical structure of the phase spdct is also characterized by a discrete set of com-
plex fractal dimensiolf. An early example of DSI was the diffusion on a one-dimenaion
lattice with random asymmetric transition r&teThis was extended to a three-dimensional
lattice by Stauffer and Sornetfewho concluded that the intermittent random walk, simi-
lar to the quasi log-periodic conformational transitioN#8D in Figure 4, was punctuated
by the encounter with increasingly large clusters of tragsites.

[A]
—7

W (=)
T I

RMSD of the NBDs
o
I

- -

1 1 1 1 L1 1| l 1 1 1 1 11 11 ' 1 1 1 1 1 111
2l 10 100 1000
Time [ns]

Figure 4. Root-mean-square deviation of the two nuclediidding domains (NBDs) of Sav1866 from its initial
X-ray crystallographic structure. The time axis is lodamifc.

4 Concluding Remarks and Future Challenges

Molecular dynamics simulations have been performed witlaasical force field for the
ABC-transporter Sav1866. A simulation of 200 000 atoms dves is large-scale by any
standards, and significant atomic motion is clearly evideigure 4 shows, however, that
longer simulations are necessary to provide a full pictdith® reaction. The temperature
of the simulation has been increased to 340 K (B)o facilitate the atomic motion, and it
essential to check that this does not lead to artificial tesWe shall discuss the results of a
simulation on an intermediate structure at 300 K elsewHeauture work could implement
a parallel tempering strategy.
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There are several interesting candidates for future ssudighe combination of DF
methods for the “active” part of the system with classicatéofield descriptions of the
“inactive” surroundings (“QM/MM methods”) extends the peoof DF calculations. The
combination with a history-dependent algorithm (metadhyita) allows complex reactions
to be studied, and our previous DF experience provides a gi@oting point for selecting
reaction coordinates and the size of the QM region. Othaesysof interest include:

e Maltose / maltodextrin ABC transporter (MalK, sourcEhermococcus litorallsis
a subunit of the trehalosed/maltose ABC transporter of tohemnThermococcus
litoralis. It contains 372 residues and there are x-ray measureméngsalution
1.9-2.9A (PDBID: 1929, 1q12, 1q1b, 1qle, 2avd) These structures can be used as
starting points for studying the details of its reactions.

e QM/MM studies of ATP hydrolysis in ATPa$&2*would be a logical extension of
our earlier DF work. Another important system involving ARlpdrolysis is phos-
phoryl transfer and calcium ion occlusion in the calcium pustudied by Nissen
and coworker®. This system is larger than those mentioned above, butfiignily
smaller than Sav1866. It may be difficult to calculate freergg landscapes accu-
rately, but replica exchange MD should work well for findihg imost probable states,
and parallel tempering should also be possible.
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1 Introduction

The major problem in using molecular hydrogen]lds an energy vector is its production
via sustainable processes. There are many of such procksséise most sustainable is
still the direct biophotolysis of water:

9H,0 + light — 2Hs + O, (1)

This reaction occurs in unicellular alga€hlamydomonas rheinardfiiCR) and in
cyanobacteria. The 4 electrons extracted from water inggystem Il (PSIl), producing
one G molecule and 4 protons, are carried to ferredoxin. In nommedabolic condi-
tions, the electrons are injected into the Calvin cycle whbey are used to reduce oxi-
dized carbon species (GD In particular metabolic conditions electrons are transfd to
[FeFe]-hydrogenase (Hyd), this latter expressed in laagesunt when these environment
conditions occur. The enzyme catalyzes the reduction ofsetons into the moleculeH
and this reaction is used by microorganisms to divert edestproduced by PSII from the
usual Calvin cycle, when this latter is not fully sustaireablvhen light irradiation is low
and when the conditions to keep PSII highly efficient do naust

When the normal activity of PSII recovers, electrons araradaected to the Calvin
cycle because hydrogenase is demolished. This eventisday<3, produced in the PSII.
When G, becomes concentrated enough, the hydrogenase protetadket in the most
oxygen-sensitive points and the protein becomes non famiaty, unfolded and suited for
degradation pathways.

In the cell life the sensitivity of hydrogenase to dioxygeisaas a molecular switch for
cell metabolism, but from a technological point of view i® a problem, because it reduces
the time during which the CR cell is able to divert electrawsif PSII towards the reduction
of protons. The normal alternative pathway towards,@®produce polysaccharides is
necessary to sustain the cell and its replication. Nevkskethe production of Hogether
with a normal cell replication and life is possiBlend it is prevented only by the spread of
O- within the cell before its escape in the water environment.

The molecular engineering of hydrogenase has been propased possible
workaround to this problem. Hydrogenase is an iron-sulfotgin. The H-cluster, where
the proton reduction occurs is schematically represemtddgure 1. The Fg5, cluster
(Fe4S4 cluster, hereafter) on the lefthand side is in ang2Fe(ll)/2Fe(lll) state that
drives electrons from reduced ferredoxin (FD, that formsoa-oovalent complex with
Hyd) towards the octahedral Fe(l) (righthand side). The tstahedral Fe(l) ions (Fe2S2
cluster, hereafter) can form transient structures withegibridging H atomsor terminal
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Figure 1. Schematic representation of the H-cluster oftryelnase and of its ligand environment. The numbering
of Cys residues is that of the HydA2 core of 436 residues, Withaligned to L140 in the sequence of Cpl. On
the lefthand side there is the solvent accessible spacé whithe righthand side the H-cluster points towards
the interior of the protein. Some bonds, like those invajvimidging S, are displayed for guiding the eye.

H-bonded atonfs However, it is clear that the octahedral Fe ions are foradun the
small CO and CN ligands are available, to adopt low oxidation states, thinaciing the
electrons transiently deposited from FD to the Fe4S4 adluste

Recent works on molecular modeling of hydrogenase dioxggesitivity focused on
the octahedral Fe ions, assuming that dioxygen, once megqthése ions, inhibits the ap-
proaching of the proton to Fe(l) and the consequent formatianetal bound hydride. The
approach of dioxygen to octahedral Fe has been investitatetthe mutation of residues
close to several putative channels has been suggested\astigated, also in compari-
son with other hydrogenase sequeficévertheless, these investigations did not give an
answer on which residues can be mutated to produce a moremnggistant hydrogenase.

A different perspective about the oxidation of hydrogenassiggested by results on
oxidation of Fe-S clusters. Even though the mechanism sfaidation is not completely
known, several studies suggest that oxidation occurs namaufably on the Fe4S4 clus-
ter’, containing tetrahedral Fe(ll) ions that can easily hdshxidation states. It is impor-
tant to notice that all of the hydrogenase with known striecexpose one Fe4S4 cluster to
the solvent, while the properly catalytic octahedral Fesiare more buried within the pro-
tein matrix. Moreover, the role of Fe4S4 clusters in thegirotolding is stronger than that
of the catalytic Fe2S2 cluster, because of the many constramposed to the 4 bonded
Cys residues. Also the general mechanism suggested foxitiation of FeS proteins by
reactive oxygen species, like superoxide, involvesithinding to tetrahedral Fe(ll) sites,
like those exposed by Fe4S4 clusters

This perspective changes also the target for a possible Feg&ction from oxidation:
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the target is presumably the most solvent-exposed Fe4Steciunstead of the proper cat-
alytic site. This can be important for hydrogenase of Cidgtm pasteurianum (Cpl),
too. In this protein the Fe4S4 cluster attached to the Htetus buried at the interface of
the two protein domains (the H- and F-domains). Nevertlselbe F-domain can unfold
rapidly if one of the two Fe4S4 clusters exposed at its sataenessible surface is oxi-
dized. Once the F-domain unfolds, the attack by dioxygeheH-domain becomes easy
as in the CR case, where the F-domain does not exist.

With this project | aim at providing information about theefronic structure of the
resting state of the active site of hydrogenase and abounhtheaction of the active site
with the protein matrix. The Fe4S4 cluster being exposeti¢ssblvent and towards the
disordered region of the protein, | started with a detaited of the interactions modulat-
ing the statistical behaviour of the N-terminal region of B§Rirogenase, in the form ex-
pressed when hydrogen is produced in the largest amourfbftineencoded in the HydA2
gené). The disordered N-terminal region, composed of 73 residcan in principle pro-
tect the Fe4S4 cluster of HydA2 from access by the solvent.

2 Methods

The crystal structure of the Cpl H-cluster recently refifedas used in its resting oxida-
tion state (the so-called l; state), in first-principle Car-Parrinello molecular dyriesn
(CPMD) simulations for understanding the electron distitm in the resting state, for
estimating the forces acting in this state because of tretretdc structure, and for com-
puting the point charges to be assigned to the atoms of tiséecland of its neighbouring
Cys ligands in a relaxed configuration for further empirisiahulations. The CPMD cal-
culations were done with the Quantum-Espréssode, freely available from academic
sites. Two CPMD simulations were performedZat=50 K and for 2 ps: with no con-
straints (CPMD1) and with zero forces acting on &oms of the four Cys Fe4S4 ligands
(CPMD2). These latter constraints mimic part of the effectshe electronic structure due
to the reduced mobility within the ordered protein core.

The point charges derived by the electronic structure ofudter were merged with in-
tramolecular and Lennard-Jones parameters published litehature. The initial structure
of HydA2 core was taken from the literatdfeas it was built from homology information
based on Cpl. The N-terminal tail (the 62 residues not ajppgéan the structural model)
was built in an all-trans configuration, attached to Ala 6 (irst residue appearing in the
published structure) and energy minimized in the vacuum.oA-thermal random walk
(Monte Carlo trajectory with random temperature in theitoral space of the chain) for
the first 73 residues was performed in the vacuum, in ordeetete a set of disordered
configurations for the N-terminal tail, with no bad contaetith the protein core. Config-
urations uniformly extracted from the random walk were @jp#led to the protein core by
using a large non-bonding cut-off in the vacuum. This procegroduces a set of least-
biased structures that, once merged into a box of water mielecare reasonable starting
points for standard molecular dynamics simulations in iekplvater. All the empirical
calculations were done with the Namd cétiand with a Monte Carlo code developed
in housé*. Except for those atoms with the force-field parameters/ddrfor FeS clus-
ters and neighbouring Cys atoms, the force-field was a $lighddified Amber PARM94
set®14
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3 The Electronic Structure of the H-Cluster

The number of valence electrons evaluated in the Fe atorsiobalentified through the
Bader analysi$ are 7.0 for the two Fe atoms in the octahedral coordinatites $Fe
and Fg, see scheme 1), 7.1 for two of the Fe atoms in tetrahedratiowdion sites (Fe
2 and 4) and 7.2 for the other two Fe atoms in the tetrahed@idawation sites (Fe 1
and 3). These values are almost constant over the CPMD giongavith no geometrical
constraints (CPMD1), with the only exception of 7.1 for Fetlttee end (2 ps) of the
simulation. As for the simulation with fixed CysaCpositions (CPMD2), at the end of
the trajectory the number of valence electrons becomesv dllfthe Fe 1-4 atoms in the
tetrahedral coordination sites.

A change of 0.1 in the number of valence electrons is sigmific&s a term of compar-
ison, when a Fe atom in a fixed coordination site is oxidizex @ectron is removed from
the system), the change of the number of valence eletronsifidd by the Bader analysis
is much less than -1, being, depending on the ligands, -On3oat. This observation is
also consistent with atomic point charges evaluated byrelstatic potential fitting, where
most of the positive charge of the metal ion is found delaealiover the atoms bonded to
the metal ion. Indeed, the difference of 0.1 in the numbetexfteons between Fe 1/3 and
Fe 2/4 in the Fe4S4 cluster is an indication of the formalritiistion of oxidation states
(Fe(In/Fe(111)). On the other hand, the smaller positiverge on Fe atoms belonging to
the Fe4S4 cluster (0.8-0.9) compared to that of the Fe2S32erl(1.0) indicates a smaller
delocalization of the positive charge on the ligands in ldi®r: the Fe4S4 cluster is more
efficient in delocalizing the positive charge than the Fe2l8&ter.

According to the measure of electron density over metalresreported above, the
electron density is larger on the Fe atoms belonging to ttnattedral coordination sites
(Fe 1-4) than on those in the octahedral sites, @& Fg). According to the mechanism
proposed for FeS cluster oxidation, that involves a dingoteraction between £and Fe,
the dioxygen molecules would choose the Fe atoms with merehs. This observation
will be integrated with the results of the empirical modetsov.

The performed 2 ps low-temperature CPMD simulations caedarded as trajectories
where atoms move for optimizing the electronic structuespectively with and without
the geometrical constraints imposed ta 6f Cys residues. In Figure 2 the first and last
configurations obtained with no geometrical constrainBNID 1) are displayed in left and
right panels, respectively. As it is displayed in Figuretis Fe2S2 cluster is allowed to
reach a rather stable configuration (the electron energsedses of 263 kJ/mol) with a
60° rotation around the Fe3s8Cys370) bond, by keeping the Fe4S4 cluster almost fixed.
This movement in the protein is prevented by the strong pagckf the Fe2S2 cluster (see
below), thus suggesting that the H-cluster in the proteuncstire is not able to fully relax
the stress induced by its electronic structure, even iregsng state. The simulation with
zero forces on Cys & atoms (CPMD2) does not change this time evolution: the Fe4S4
cluster moves slightly, as in CPMD1, while Fe2S2 rotateshafua 60 around the same
Fe-S bond, reaching about the same final configuration. Thasnsithat the constraints
acting on the Cys backbone atoms do not hinder the Fe2S2omtathile the packing of
Fe2S2 is more important.
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Figure 2. Starting (left) and final (2 ps, right) configurasobtained through CPMDI (=50 K, no geometrical
constraints). Colour scheme is the following: C is in greynMlue, O in red, S in yellow, Fe in green, H atoms
are not displayed. The program VMBwas used for all chemical drawings.

4 Towards a Molecular Statistics of the N-Terminal Chain of HydA2

Despite the possibility for large space extensions of teerdiered region 1-73 of HydA2,
the Fe4S4 cluster has large chance to be solvent exposée. fliiction of this exposure
is related to the accessibility of Fe4S4 by ferredoxin, titeriactions responsible for this
exposure are not clear. Indeed, the N-terminal tail costaicharge of +8e¢|, due to a
large amount of Arg residues in its sequence and the el¢atio$nteractions between
the chain and the protein core can force the former towarmgisme of the latter far from
the accessible Fe4S4 cluster. This possibility was ingattd with the computer models
described below.

The collapse procedure described in the Methods sectionpeesrmed with the
charged residues (Glu, Asp, Arg and Lys) in the N-termindl(tasidues 1-73) in the
charged and neutralized states, respectively. The nizatiah was achieved by spreading
a neutralization charge over the sidechain terminal atohibeoselected residues. The
analysis of the set of configurations obtained after theapsk shows a significantly larger
protection of the Fe4S4 cluster, measured in terms of theeatlccessible surface area
(SASA). Configurations with a SASA of Fe4S4 cluster smahantthe maximal observed
value (4.8,&2) are 11 over 50, compared to the value of 4 over 50 measurée icase of
charged N-terminal residues. In Figure 3, two configuraiolntained with neutralized N-
terminal chain are displayed: the configuration in the rjgdriel displays a larger covering
of the Fe4S4 cluster compared to that in the left panel.

This observation was investigated in more detail by perfogrempirical MD simu-
lations of some of the collapsed configurations in an expdiclvent model, in order to
check, if water molecules and counterions can modify thkil#iaof the network of in-
teractions reached by the different collapsing proceduresrr of the 100 configurations
obtained by collapsing the N-terminal chain were seledteel force-field was set as that
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Figure 3. Two of the 50 configurations obtained after theapsée of the 73 residue N-terminal tail towards the
fixed protein core: low (left panel) and high (right panelBd covering. The protein is represented as a ribbon
interpolating backbone atoms: residues 1-73 are in blugesidues 74-498 (fixed) are in red; the H-cluster is
represented with spheres. Fe ions are in green colour.

of the pH=7 state (all Glu, Asp, Arg and Lys residues are ab@ygthe structures were
merged into orthorhombic boxes of TIP3P water moleculesreisulting simulation boxes
were slowly broughtin 1 ns to room conditioris 300 K andP =1 bar) and they were
simulated for 1 ns df’ =300 K. Table 1 summarizes the trajectories in terms of irétiel
final SASA of the protein and of the FeS clusters.

Trajectory total SASA (nf) SASA(Fe4S4)A2) SASA(Fe2S2)A?)

initial average initial average initial average

(error) (error) (error)
1 228 222 (3) 4.8 8(2) 0.0 0.0 (0)
2 232 243 (3) 0.0 2(1) 0.0 0.0 (1)
3 222 227 (4) 4.8 8(3) 0.0 0.0 (1)
4 213 212 (4) 0.0 1(1) 0.0 0.0 (0)

Table 1. Initial and average SASA of the whole protein ande$$4 and Fe2S2 clusters. Averages are over the
last 1 ns of each MD simulation in explicit water. Errors (it parentheses) are root mean-square errors.

The table shows that the SASA of the Fe2S2 cluster is nevaifisigntly larger than
zero in any of the sampled configurations. On the other haedSASA of the Fe4S4 clus-
ter increases in all the investigated cases, with a moréfisignt increase for those con-
figurations that started from configurations where the SASA already larger than zero.
Interestingly, the simulations started from configurasibnilt with neutralized sidechains
in the 1-73 region (3 and 4), show a slow drift towards largéaltSASA during the MD
trajectories. This is an indication that these configuretiare still searching for a region
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of macromolecular stability with total SASA similar of thegached, for instance, by sim-
ulation 2.

The number of salt-bridges formed by Glu, Asp, Arg and Lyeskthins in the protein
during the different simulations was also analysed. Evemifilations 1-2 started with 32
salt-bridges, while simulations 3-4 from 23, in all simidats the number of salt-bridges
tends to values in the range 30-36. This observation inelictitat the highly charged
N-terminal region can easily find alternative negativelargfed patches on the protein
core surface. In order to measure the stability of thesedifft structures more intensive
calculations are necessary, especially to stabilize #jediories started from neutralized
configurations (see above discussion about SASA).

5 Conclusion & Perspectives

In this preliminary study of the electronic structure of thecluster and of its interactions
with the HydA2 protein matrix, | have confirmed several diffieces between the Fe4S4
and the Fe2S2 components. The Fe4S4 cluster has three tsjtleat make it a good
candidate for interaction with O

1. Fe atoms have more electrons in Fe4S4 than in Fe2S2;
2. Fe atoms are more exposed to the solvent in Fe4S4 than 82Fe2

3. Fe atoms in the tetrahedral coordination have the pdisgiioi make new bonds, with-
out breaking those already existing;

4. Fe atoms in the octahedral coordination must displackgheds (all strong ligands,
except for the water molecule on Jebefore binding G.

These observations reinforce the probability for electionations from the Fe4S4
cluster, in the resting state, to the oxidizing @olecule. Empirical models of the structure
of the N-terminal region of HydA2 provide metastable coniations with low exposure of
the Fe4S4 cluster to the solvent, thus indicating that ibissfble to act on the N-terminal
sequence for modulating the resistance of HydA2 to oxideadiad further unfolding. The
stability of these conformations compared to those withnlsiglvent accessibility will be
investigated in detail via further intensive numerical siations.
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Protein folding and structure prediction are two importaspects of the scientific work at the
Simulation Laboratory Biology in Julich, an integratedearch and support facility aimed at
enabling highly scalable software for biology. An efficiemtd reliable description of the intra-
and intermolecular interactions plays a central role irhbtbese areas. Here we present a
comparison of folding simulation performed with the ECE®P&#d the LUND force fields and
show how the improvements in the force fields can help withstmecture prediction framework.

1 Introduction

More than a thousand genomes including the human genomebleavefully sequenced
and collected in the Genome OnLine DataBasBased on the DNA sequence, we can
obtain the amino acid sequence of a myriad of proteins, butfst of them we do not
know their native, folded state. The physical processesutiiit which these molecules
reach their native conformations are also not thoroughtieustood.

The first problem falls under the heading of protein strueprediction. Among differ-
ent approaches explored to this date, the so called knoedbdged approaches that exploit
local and global similarities to the surging number of expentally determined protein
structures have been the most successful. We can often theestructure of a protein
from the known structure of a different protein with a simié&&quence. We can also use
the observed conformational affinities of small sequengesaits and assemble the struc-
tural motifs so obtained by fitting them to representativiadifferent types of folds. In this
way, it is sometimes possible to get excellent templateswioald never be found using
sequence similarity. Sometimes, there are neither p®teith high sequence similarity
nor any known proteins with a similar fold. In such cases,gitgrbased simulations can
be resorted to, which, although much slower than the knayddshsed methods, do not
depend on the existence of a previously studied proteimoifesi sequence.

Characterization of the folding process, requires physased simulations. Such sim-
ulations are highly non-trivial, because of the complerityhe interactions involved and
the very large number of degrees of freedom. Inevitably gelaumber of competing ap-
proaches have been developed over the years. A “winninggtrahas yet to emerge. Ex-
tant competing approaches differ in the resolution at whidteins and their environment
are represented, the approximations used in modeling thetigk interactions, as well as
the manner in which the system is probed. The different apprations of the interaction
potential often go by the name “force fields”. Some of theseddields require a detailed
knowledge of the native structure and are therefore narsteaablé. More transferable
force fields can be obtained by a statistical analysis of nexpgrimental structures. Yet
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another group of force fields are derived from detailed tagcal calculations and experi-
mental data on various small molecules.

Both the problems discussed above are important for an ataheting of how life
works at a fundamental level as well as for optimizing ourrades of survival against
present and future diseases. These questions are at tHadatef several disciplines of
science. Their many formidable challenges still demandswygtantial contributions from
physicists, chemists, biologists and computer scientigte Simulation Laboratory Biol-
ogy at the Jilich Supercomputing Centre was founded wélvigion that supercomputing
can greatly aid progress in this area.

The Simulation Laboratory Biology is a research and supfaaility focusing on bi-
ologically motivated problems that can be addressed udgigfperformance computers.
While there are many problems in biology that would beneditrfrmassively parallel pro-
cessing, only few algorithms to solve these problems haea lieveloped and imple-
mented for large-scale machines. One of our goals is toatdle existing algorithms
and make them available on our systems. Another goal is teldgwand implement new
solutions in collaboration with other members of the comfiahal biology community.

Physical simulations of biological systems, such as cefhim@nes and proteins have a
long history in high-performance computing. These siniofet usually evolve the system
either by solving Newton’s equations of motion in a molecdinamics (MD) simulation,
or use statistical approaches such as Monte Carlo (MC) tmexthe thermodynamics of
the system.

For the investigation of the folding process, we maintairprasent, two Monte Carlo
simulation programs: ProFASivritten in C++ and SMMP-% written in FORTRAN. Both
programs can take advantage of several thousand proceasarsve are continuously
working on improving their scalabilifyand harnessing new computer platforms such
as CELL processofsand graphic processing units (GPU). They implement a wagét
stochastic algorithms such as simulated annealing, stedutampering and parallel tem-
pering as well as several force fields, e.g. LUN®and ECEPF. The use of stochastic
algorithms in these programs overcomes the problem of toakes that is inherent in an
MD simulation. The shortest time interval relevant for Mnsilations of proteins is the
period of the vibration of a single bond at abddt '°s while folding of a protein chain
occurs in the millisecond to second regime. Many intergstjnestions about complex
biomolecules involve inconveniently large time scalesMt simulations, where statisti-
cal methods offer a more efficient alternative. Since thegpoif covering large time scales
quickly is a loss of kinetic information, the stochastic hrads are complementary to MD
simulations.

Both ProFASi and SMMP represent protein molecules in atiienietail. The sol-
vent molecules are not treated explicitly for computatlaféiciency. Their effects are
accounted for through the effective interaction potesti&gurthermore, the bond lengths
and bond angles are assumed to be fixed, so that the simglatierperformed with only
the dihedral degrees of freedom (dof). These simplificatialfow us to fold systems as
large as the C-terminal fragment of Top7 (2GJH, 49 residard)the 3-helix bundle GS-
asW (1LQ7, 67 residues) from a stretched or random configunaticheir native states
and collect information about their folding behaviur A typical domain in a protein,
however, consists of approximately 150 amino acids, andlsitions of sufficient length
for such systems remain a great challenge even with the iicagions we have made.
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Figure 1. Comparison of the free energy landscape of 1LQWusl) the LUND and (b) the ECEPP/3 force field.

Larger systems have larger number of participants in theractions so that individual
energy evaluations are more expensive. They also have mary degrees of freedom
and larger conformational space for the simulations. Fardields with only short-range
interactions, such as the LUND force field, the number ofratBons can be kept in check
by using cutoffs. Using techniques like cell lists and expig properties of the Monte
Carlo algorithms, it is possible to achieve linear or even-koear scaling for the average
cost of energy calculations. The number of possible cordigms, however, grows expo-
nentially. To be able to fold typical protein domains and erstiand their folding process,
we need to further improve the force fields and the MC algorih Substantial compu-
tational power is needed in this endeavor. In the following,will present some of our
results for folding the protein G&3W using the the LUND and ECEPP/3 force fields, as
well as scenarios for the application of physics-basedsféiedds in structure prediction.

2 Folding GS-a3W

The three-helix bundle G&3W was designed as a simple model of a tryptophanyl rad-
ical'®. It consists of 67 amino acids and 1111 atoms. Previous ctatipnal studies of
GS-3W used coarse-grained modélsWe performed the simulations using two differ-
ent force fields: ECEPP/3 and LUND'®. The simulation with ECEPP/3 was done using
SMMP and the simulation with the LUND force field used ProFASI

For this study, we used parallel tempering Monte Carlo satiohs. The free energy
landscape of proteins is high dimensional, very rough, anmdains deep local minima
as well as large free energy barriers. The physically istarg states are normally close
to the global free energy minimum at any given temperature.firfid the global mini-
mum in such a landscape and characterize it accurately,dation must both be able to
cross large barriers and sample details around importaat lninima. Parallel temper-
ing achieves this by means of a random walk through the testymer space. In parallel
tempering, independent copies (replicas) of the systersiarelated at different temper-
atures. After a sweep (sweep= nqor Monte Carlo updates), we try an exchange of two
replicas at neighbouring temperatufgsandT;. The acceptance probability is given by
Ppr(i, j) = min(1,exp((3; — B;)(Ei — Ej)), where; = == with k5 the Boltzmann
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Figure 2. Schematics of the folding path of the three-hdlindde GSexsW. Taken from Ref. 15 with permission.

constant andv; is the total energy &f;. This exchange probability ensures that the repli-
cas remain in thermal equilibrium while performing a randweaik in temperature space.
By moving to higher temperatures, replicas can escape &eaigy minima more easily,
whereas at lower temperatures the simulation exploresnbedetails of a particular local
minimum. During a simulation a replica may move back andhfdrttween the highest
and the lowest temperature many times. The temperatungbdigdbn chosen plays an
important role in the effectiveness of this process.

In Figure 1, we show the free energy landscapes ofoa@®+found with LUND and
ECEPP/3 force fields. Both find free energy minima at low RM@iugs. but the fraction
of natively folded conformations with the LUND force field about 80 % at the lowest
temperature compared to about 15 % for ECEPP/3. The NMR sisgdgrformed to deter-
mine the structure of G8sW did not reveal any significant amounts of competing struc-
tures®. Thus the large population of non-native configurationsoat temperatures with
ECEPP/3 is likely to be an artifact. Furthermore, a single 8i&ep using the ECEPP/3
force field takes 200 times the amount of CPU time compareddingle sweep using
the much younger LUND force field (as implemented in ProFASihis shows that the
continued development of force-fields is important. It adbows that present day com-
puting facilities are fast enough to collect sufficientistats, so that genuine weaknesses
of different force fields can be unambiguously identifiedclsinformation fosters better
understanding of the relevant interactions and the dewedoy of better force fields.

By looking at the changes in the observables with tempegatnd the configurations
along a successful folding event, we can get informatioruabite thermodynamics and
the order of the folding process: The secondary structu@®fvzsW forms very quickly
starting with the central helix. Once all three helices hfavened, two of the helices pair
up and finally the third helix joins the other two in the natstaucture (see Figure 2).
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Figure 3. Schematic illustration of native geometries igttidvith ProFASI using the LUND force field. (a) the
Trp-cage (1L2Y), (b) am-helix, (c) ag-hairpin (LGB1,41-56), (d) a three-strandédheet, (e) an-helix dimer
(1U2V), (f) a three-helix bundle (1LQ7), and (g) a mixeds protein (2GJH). Figure taken from Ref. 16 with
permission.

3 The LUND Force Field

In contrastto ECEPP, CHARMM, and AMBER, which are derivazhfrground state prop-
erties, the LUND force field was developed as a folding foreklfiStarting from a simple
ansatz for the interaction potential, the parameters anctifonal form of different terms
in this force field were successively refined using high stiag folding simulations of
well characterized small peptides. New sequences wergstatieach stage of force field
development. Proposed modifications to the force field wecepted if they described
the properties of the new peptides while retaining theilitghio describe all previously
studied sequences.

The basic form of the LUND force field is given by = Ejq; + Eev + Esc+ Epp.
The termE) . represents local backbone electrostatics and a torsion t&€hese inter-
actions are local along the sequence, and involve atomsigielp to one residue or to
neighbouring residues along the sequence. The other thnes,tEey representing ex-
cluded volume Esc representing side chain interactions, aijg}, representing hydrogen
bonding are interactions non-local in sequence. For detathe force field see Ref. 16.

The current version of the LUND force field describes theiftgdf at least 17 peptides
sized from 12 to 37 amino acids as well as a few small prot@icsiding the C-terminal
fragment of Top7 and G&3W (see Figure 3 (f) and (g), respectively). For small pep-
tides, the estimates for native population and the stghilitlering of related sequences
obtained from the simulations agree well with experimedtth. Also, the set of pep-
tides and proteins whose properties are well captured by th¢D force field includes
chains of different secondary structureshelix, 5-sheet), and different native folds. In
addition a number of aggregation studfes’ have been performed using the LUND force
field indicating its ability to represent protein-protaméractions. These capabilities make
the LUND force field a viable candidate for applications saststructure prediction and
docking.

4  Structure Prediction

The aim of structure prediction is to obtain an accurate rhofithe native structure of a
protein from its amino acid sequence. Today’s most sucakssticture prediction meth-
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ods mainly rely on the identification of structural neightxin databases of protein struc-
tures (PDBO) or protein folds (CATH!, SCOF?). Often, knowledge-based potentials that
have been derived from statistics of a large number of natiuectures are employed, as
they are more robust to imperfections of the model than plsylsased force fields. The

Simulation Laboratory Biology investigates different vgatp combine knowledge-based
and physics-based approaches for structure prediction.

Depending on the degree of similarity to known structuresdtare three main roads
for protein structure prediction from an amino acid seqeenc

If the target sequence has a sequence ident#9%, global structural similarity can
be assumed. After alignment of the sequences the structutied backbone of matching
regions is directly transferred to the target sequences @pproach is called homology
modeling. Homology modeling can produce models with an RM#Dess than 2A,
which is comparable to experimental resolution. Freqyehtdwever, models have RMSD
values between 3 and although the topology is correct. A critical point is thedeling
of loops and the side chain placement. Physics based folds fiey provide information
complementary to knowledge-based approaches in both.cawehastic simulations with
physics-based force fields could, e.g. provide informatiorthe conformational space of
a loop and thus should be of major relevance for ligand darkind drug design. The
sensitivity to imperfections of the model make physicsead®rce fields a possible choice
in the refinement process, i.e. in the exact placement ofitteechain atoms. Recent
attempts using an optimized version of the Amber force fietkklpromising®.

For many proteins there are no structures with detectalleesee similarity. A fold
recognition technique called threadffigexploits the fact that the fold space of proteins
appears to be limitéd. One can thus try in these cases to determine the best fit etwe
the target sequence and each structure of a representdtiVibfary. The coarse represen-
tation of the folds as C-alpha traces or polypeptide backbanakes this approach more
suitable for knowledge-based potentials.

Some large groups of medically relevant proteins for whiclononly few structures
are known, e.g. membrane proteins and intentionally desedl proteins, are underrep-
resented in protein structure databases. In these and aibes where no similarity to
known structures or folds are detectable one has to resalt itoitio approaches. Here we
use machine learning based prediction of secondary and-sependary structurés?’to
guide MC simulations with physics-based force fields, thgneducing the search space
considerabl¥®. Due to the computational costs involved, thie initio approach is par-
ticularly dependent on improvements in computationalgrenfince and scalability of the
algorithms. It is thus a natural focus of the scientific wotkree Simulation Laboratory
Biology.

5 Conclusions

Force fields and search methods have come a long way. Usiag'sduigh-performance
computers, we can investigate the thermodynamics of fgldivd compare the results with
experimental findings for small proteins. Neverthelesneeent and folding studies of
large proteins with compact structures require furtheroapments of force fields as well
as trial moves. The Simulation Laboratory Biology will conte its collaborative efforts
to improve the quality of simulations and to produce hightglable simulation codes.
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In combination with the availability of unprecedented cartgtional power, the size and
timescales at which proteins can be simulated in atomigtaibwill soon cover many
biologically and medically important targets.
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Chemistry:
Atomistic Simulation from First Principles

Wim Klopper

Theoretical Chemistry Group, Department of Chemistry aims@8ences
Karlsruhe Institute of Technology, KIT Campus South
Kaiserstrale 12, 76131 Karlsruhe, Germany
E-mail: klopper@kit.edu

Ab initio quantum chemistry and first-principles atomistic simwolasi have developed into
indispensable parts of modern chemistry and chemical ¢yoldhey provide us with con-
cepts and simulation approaches that are central to ourstadeling of structural, electric,
magnetic, and optical properties of (bio)chemical systamd their reaction dynamics.
Powerful computer programs have been developed that, ity mx@as of chemistry, pro-
vide us with numerical data about chemistry, helping us teustand, confirm, or predict
experimental observations and measurements.

In their contributionlonic Liquids S. Zahn and B. Kirchner report on computational
investigations of ionic liquids (IL), salts with a meltingmperature below 100C. They
combine static quantum chemistry methods—for structurek energetics—with first-
principles molecular dynamics (FPMD) computations—faicédating ion dynamics. The
contribution shows various aspects of modern quantum ateicomputations: High-level
symmetry-adapted perturbation theory (SAPT) calculatiare performed to analyse the
intermolecular interactions in IL systems, Mgller—Plégsrturbation theory benchmark
data are used to validate density functional theory augedenith corrections for disper-
sion (.g. DFT-D), and FPMD calculations are carried out to study thedgnamics in
methylammonium nitrate.

In his contributionAtomistic Simulations on Polymeric Nitrogeh Kotakoski has in-
vestigated solid nitrogen for wide ranges of temperatuk@essure. Also in this con-
tribution, various computational approaches are combirted example, first-principles
plane-wave density functional theory calculations ardéguared to investigate the thermo-
dynamical stability of different phases, and a new anaytiteraction model is developed
for use in classical molecular dynamics simulations.

In their contributionPrebiotic Peptide Synthesis on Blue Gene Platforms at “hon
Sulfur-World” conditions N. N. Nair, E. Schreiner, and D. Marx show how access to
significant Blue Gene resources have helped to conduct aretrapsiven silico study of
a complex network of biochemical reactions at a minerakwiaterface. Car—Parrinelab
initio molecular dynamics simulations are performed to invetigaptide bond formation
under vastly different reaction conditions.

In their contributionCalculation of 3'P and *®3W NMR Chemical Shifts and Nuclear
Spin Spin Coupling Constants in Phosphinidenoid and Othensition Metal Complexes
by the ZORA DFT Methqd5. von Frantzius and R. Streubel provide an example of how
(static) quantum chemical calculations can help to undertsthe electronic structure and
chemical bonding in novel chemical systems, here tungstesghinidenoid complexes.
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At the ab initio density functional theory level, compliance constantsr(ednts of the in-
verted Hessian) and NMR spectroscopic properties are ctadfar a series of model
compounds. As a descriptor for bond strength, the tungptemsphorous compliances of
ten model complexes correlate well with the tungsten—phaosgus bond length. Com-
putedo(®*'P) ando(*®3W) absolute isotropic shieldings are analysed in terms od-pa
diamagnetic, and spin—orbit contributions.

In conclusion, the four “chemistry” contributions in theegent proceedings of the NIC
Symposium 2010 provide beautiful examples of the variet§irsf-principles, quantum
mechanical calculations and simulations that can be peddrtoday to study complex
chemical systems at the atomistic scale, yielding valustolestural and dynamical data.
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lonic Liquids

Stefan Zahn and Barbara Kirchner

Wilhelm-Ostwald-Institut fir Physikalische und Thedsehe Chemie
Universitat Leipzig, 04318 Leipzig, Germany
E-mail: bkirchner@uni-leipzig.de

Our project investigates ionic liquids, salts with a mettemperature below 160C. We com-
bine high-level static quantum chemistry calculatiofist principlesand classical molecular
dynamics simulations to point out features of ionic liquatsthe molecular level which are
responsible for macroscopic properties of these enviromatlg friendly taskspecific solvents.
With the help of the three previous mentioned approaches eve @ble to discover one origin
of the low melting point of ionic liquids. Furthermore, wevealed the role of hydrogen bonds
in depressing the melting point of imidazolium based iofjails.

1 Introduction

lonic liquids (ILs) are salts with a melting temperaturedvell0® C and have become
a hot spot in a wide range of applications in recent yeérsAlready known since the
beginning of the last centufyfundamental questions like the origin of the low melting
temperature compared to typical salts are focus of recéentific discussions®3 Be-
cause ILs show often unique properties as solvents and Hawevapor pressure, they are
environmentally friendly taskspecific solvents. Nevelglss, the purposeful design of new
task related ILs needs the ken of two important facts:

o the origin of the low melting temperature to design an IL &ast of an ionic solid
e features of ILs responsible for the unique solvent properti

Our project investigates the forces, structure and dynaofi@nic liquids employing ap-
proaches from static quantum chemistry as welfiest principlesmolecular dynamics
(FPMD). The combination of these approaches provide aglméito the structure of ILs
and can point out the origin of the discovered features. TRy improve the specific
design of new task related ILs.

2 What Keeps lonic Liquids in Flow?

In this regard it is interesting to consider the theory of @tdin, who stated in 1969,
“that portion of the potential energy surface that represéme liquid or glassy region
has, unlike the portion associated with the crystallinédsa large number of minima,
of varying depths**. According to Goldstein’s theory, shallow energy potdstand low
transition states between minima result in a gliding of tt@etules and, thus, in a low
melting temperature.

In order to prove the role intermolecular forces in depregé#he melting temperature
due to a flattening of the potential surface, we applied thersgtry-adapted perturba-
tion theory® (SAPT) to 1,3-dimethyl-imidazolium chloride ([@im][CI]), monoethyl-
trimethyl-ammonium chloride ([M11][Cl]), 1-methyl-pyridinium chloride ([GPy][CI])
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and sodium chloride ([Na][CI}}>*2 In all three classes of ionic liquids the equilibrium
structure is not exclusively determined by the major forae, the attractive electrostatic
interaction. Dispersion and induction forces have a sigaifi impact on interaction en-
ergy. Furthermore, the obtained equilibrium structurehigtesd at least 40 pm towards
the repulsive part of the electrostatic-exchange potemtanpare lines with circles and
diamonds in Figure la—c. This is in contrast to a typicaldasulid like [Na][Cl], where
dispersion forces play no role, see Figure 1d. As a resuh@fritermolecular forces in-
terplay, in ionic liquid ion pairs a shallower interactioatpntial is obtained compared to
[Na][CI], see Figure 1e. This may explain one origin of thes lmelting temperature for
ionic liquids according to the energy landscape paradigm.
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3 Why Does a Reduction of a Hydrogen Bond Increase the Melting
Temperature of an lonic Liquid?

The substitution of the hydrogen at C2 of 1,3-dialkyl-ineddum based ionic liquids with
a methyl group replaces a hydrogen bond with a repulsivesaot®n and therefore a lower
melting point and viscosity is expected. However, the ofipds observetf-'’. In our
investigation we combined static quantum chemistry cakiorhs and classical molecular
dynamics simulations to determine the impact of the hydndgmnd / methyl substitution
on the energy potential surfaée

At first we compared for 1,3-dimethyl-imidazolium chlorif€; mim][Cl]) and 1,2,3-
trimethyl-imidazolium chloride ([EC, mim][CI]) the energy of the fluctuation of the anion
from the structure where the anion resides above the imidez@laneDg/T 5 to the
structure where the anion resides in front of the hydrogemdlibe methyl-substitution
DA/T 4 and finally to structurddp/T 5 where the anion is on the opposite side of the
imidazolium plane than in the starting point, see FigureT2ee energy barrier for the side
change is below 10 kJ/mol for the lower melting, [@im][Cl], while it is increased above
40 kJ/mol for [GCymim][CI]. Other pathways for the side change of the anion lsan
excluded.

Inspired by these results we carried out classical molealyaamics simulations
of [Comim][Cl] and [C,C;mim][Cl] to determine the structural impact of the hydrogen
substitution at C2 by a methyl group upon the liquid struetuin agreement with our
static quantum chemistry calculations we find differentadgle positions if we compare
[Comim][CI] with [C 2 Cymim][CI]. For [Comim][CI] we observe a large sphere in front of
the hydrogen donor atom H2 which slightly smears out abodebatow the imidazolium
ring, see Figure 2b. In contrast to this no sphere is founddntfof the middle methyl
group in [GCymim][CI] but a thin path around all methyl groups leading txations
above and below the imidazolium ring is apparent, see FigareThe plot of the spatial
distribution function at a value of 15 times of the averagesity (pink spheres in Figure 2b
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Figure 2. a: Potential energy surface froBg/T 5 to Dg/T g (opposite side) via conformé 4/T 4 in depen-
dence of the dihedral angle CI-C2-N1-C5 for j[@im][CI] (blue) and [C; C; mim][CI] (red). D /T & are minima
structures where the anion is located between the methyipgad C1 and the hydrogen at Ch+c: Spatial
distribution function of chloride for [gmim][CI] (b) and [C;C1 mim][CI] (c) around the imidazolium plane. The
isosurface is plotted at 8 (yellow outer surface) and 15k(riterior surface) times the corresponding average
density.
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and 2c) reveals that the anion ofjJC; mim][Cl] (Figure 2c) is more localized than the one
of [Comim][CI] (Figure 2b). A larger sampled space corresponda targer part of the
energy landscape with the same upper energy level. Therafaese spatial distribution
functions show similar to the static quantum chemistry apphes that the hydrogen bond
enhances the mobility of the anion in imidazolium basedadiquids. A reduction of the
hydrogen bond at C2 results in a significant increase on ttengial surface and therefore
an increase in the melting point is observed.

4 Validation of Kohn-Sham Density Functional Theory for lonic
Liquid Systems

As discussed in section 2 weak dispersion forces have anrtergompact on the equilib-
rium structure and the interaction energy of ionic liquielest—-Hartree—Fock methods pro-
vide proper descriptions of dispersion forces but are cdatfmnally difficult for systems
larger than tens of atoms. On the other hand, Kohn-Shamtgidoaictional theory, with
computational cost much lower than that of conventionaledated methods, accounts for
electrostatic, exchange and induction forces very welffilg for the right description of
dispersion forcé§-2% Our investigations focus on the performance of the Kohar$tien-
sity functional theory for ionic liquids by common densitynictionals as well as two pro-
posed approaches to improve the performance of Kohn-Shasitgéunctional theorst.
The first approach (DFT-D) includes a dispersion corredtighe functional by a sum of
damped interatomic potentidfswhile the second one includes a dispersion correction in
the electronic structure by a dispersion-corrected aterired potential (DCACH.

The investigation of several 1-butyl-3-methyl-imidazohi dicianamide ion pairs
shows a mean absolute deviation from Mgller-Plesset geation theory of 35.7 kJ/mol
for Hartree—Fock and up to 33.2 kJ/mol for the density fuoral theory methods. The
dispersion-corrected methods reduce the mean absoluiggidavto less than 10 kJ/mol.
Furthermore large deviations in geometries for the intéecudar distances were found
for the Hartree—Fock approach (mean absolute deviatiodph® and density functional
theory (mean absolute deviation up to 178 pm) while for tispelision—corrected methods
the mean absolute deviation is less than 50 pm.

5 Structure and Dynamics of a Protic lonic Liquid

The classification of ionic liquids has proven difficult. Opessible subset of ILs is the
family of protic ionic liquids (PILs), which are formed thugh the proton transfer from a
Brgnsted acid to a Brgnsted base. As a result, PILs poss&stoa{glonor and -acceptor
site, which can build up a hydrogen bond network. Some featlike the high dielectric
permittivity of ammonium based PILs are unique, but PILs apdotic ILs share also
properties and these are far from being understood. Theafurdtal understanding of
ILs is achieved more easily with a simple compound, becausenous complications are
thereby eliminated. Especially the PILs investigated byv&lden in 1914 possess nearly
the simplest molecular structure of all known ILs. Therefdhese ammonium based PILs
provide an excellent starting point for fundamental resiean ILs.
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We investigated mono-methylammonium nitrate (MMAN) by meaffirst principles
molecular dynamics simulatioffs Dispersion effects were considered by a dispersion-
corrected atom-centred potential meeting the requiresradtur recent investigations, see
section 4. No proton transfer occurred within the duratibthe simulation. Hydrogen
bonds between the cation and anion were established shawarge degree of direction-
ality. Both ions hold three sites to form hydrogen bonds w/iuihly 1.8 contacts were
actually used for hydrogen bonding. Only a negligible amafriwo-fold (two protons
bind one acceptor) or bifurcated (two acceptor bind onegmohydrogen bonds existed
in ion pairs of MMAN. Therefore, one hydrogen bond acceptat ane donor site in each
ion pair of MMAN remained free. Interestingly, the same amtoaf free hydrogen bond
donor and acceptor sites can be found in water pointing wsvarsimilar hydrogen bond
network. Furthermore, water and mono-methylammoniunatd@tboth exhibit a fast fluc-
tuating hydrogen bond network. The comparable hydroged betwork and dynamics of
both liquids might explain the similar impact on reactivéyd selectivity found for chemi-
cal reactions. However, the hydrogen bond network showsadifferences. Considering
the orientation of the hydrogen bonds in MMAN with respeceazh other, we found a
preference of ©,90° and 180 while in water the hydrogen bonds preferred an angle below
90r.

The first solvation shell of cations around themselves a$ agthe first solvation
shell of anions around themselves divides into two subshklydrogen bonded ion pairs
arranged differently depending on whether they are locatetie inner or in the outer
subshell. While the orientation of two cations intercortedwia a hydrogen bonded anion
held angles between 5@&nd 110 in the inner subshell, they preferred an angle above
80° in the outer subshell. Two anions interconnected via a tgeidoonded cation gave a
perpendicular arrangement in the inner subshell, and di@aaangement is preferred in
the outer subshell.

The analysis of the ion dynamics revealed long lived iongthiat exceeded with their
life time our simulation time by far. If we considered thesltfme of ion pairs that start from
certain conformations, we found that ion pairs startingfihydrogen bonded conforma-
tion lived longest followed by those ion pairs that starthittte anions in close proximity
to the ammonium group. The shortest life span was observdlddse ion pairs that begin
with the anions in close proximity to the methyl group. If wayconsidered the life time
of the conformation the picture changes. The conformati@esyed within 0.5 ps to 9 ps.
The hydrogen bonded ion pair conformation existed shortekbwed by the conforma-
tions of those ion pairs that keep the anions in close prdyitoithe ammonium group.
The longest life span was observed for those ion pairs the Kee anions in close prox-
imity to the methyl group. This indicates the longest menforyconformations in which
the anion and the methyl group are close. However the mahseassociation was much
faster for the hydrogen bonded conformation than for thehgigfroup conformation. In
order to clarify this behaviour we introduced an initial émmmation memory function.
This function showed indeed that hydrogen bonded ion paidsthe longest memory of
initial conformation. If one considered the first changerfrone sort of conformation to
the other it is apparent that ion pairs that start from thehyletonformation behave very
simple in their memory loss, i.e the function just decaysdirly. The process was more
diverse if the initial conformation is started from eithBetammonium group ion pair or
from hydrogen bonded ion pairs. Both changing from an amomurio a methyl or hydro-
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gen bonded conformation results in a very fast memory lo#is avnon-linear behaviour.
This shows that a fast cation side change of the anion is lpesand in the latter case
the hydrogen bond forms and breaks very fast. Interestihglghange between hydrogen
bonded ion pair conformation and the ion pair conformatibere the anionis closer to the
ammonium group is very fast while the side change betweenarium group and methyl
group is slower and depends on wether the anion moves to\isdodg or from the methyl
group (slowest). This diversity of dynamics infers the doling picture. The ion pairs are
conserved in a cage, because ion pairs are long lived. Haytheee are many fluctuations
and conformational changes occurring, which is reflectethénvery short conformation
life times. Therefore, the ion pair seems to rattle in a cdgemhbouring cat- and anions,
see Figure 3 for an illustration.

Figure 3. lllustration of the ion dynamics of mono-methytaomium nitrate. While all anions are kept in the
first solvation shell of the cation, the cation rattles witttie cage formed by the anions.

6 Why Are lonic Liquid lons Mainly Associated in Water?

Interestingly, ion pairs of a typical salt have a longer tifae in water than ion pairs of
ionic liquids. This is unexpected, since typical salts Igaium chloride have a higher
interaction energy than ionic liquids. We investigateditirepair association of an ionic
liquid solvated in water byirst principlesmolecular dynamics simulatiof’s Our inves-

tigation revealed whereas the interface of the cationicaamdnic solvation shells in case
of spherical ionic compounds (e.g., Nand CI") shows rather strong structural differ-
ences from the hydrogen bond network in pure water, the t#ied@rientation of water
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around the hydrophobic parts of the ionic liquid cation figster to the orientation around
the anion in terms of hydrogen bonding, see Figure 4. Thiglyia favouring contribution
towards the ion pair association of the ionic liquid. Theref the structure of the solvation
shell interface determines whether ion pair dissociatirucs or not.

Figure 4. lllustration of the orientation of water moleauile solvation shells around different functional parts of
the [Gmim][Cl] ion pair. cyan anionic partorange cationic partplack hydrophobic part.
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Single-bonded polymeric form of nitrogen, formed underhigessures, has been considered
as a promising candidate for environmentally safe highgnéensity material. However, syn-
thesis of this material has proven to be exteremely diffiduk to the complex enthalpy land-
scape. We have conducted density functional theory cdloogon the way towards drawing
the full phase diagram to assist the experimentalists aninést. First, we compared the most
promising candidates for metastable or stable structaned,then set out to find new stable
high pressure phases after we noticed that the previouslsidered structure was dynamically
unstable. We also developed an analytical interaction hfodelassical molecular dynamics
which can be used to study the synthesis process at atomristision and to explain the pitfalls
while releasing the pressure from the synthesis conditions

1 Introduction

Molecular nitrogen can be transformed under high compoassito a variety of chemi-
cally bonded solid phases. This transformation to non-maés phases is of fundamental
interest for understanding the physics of both moleculids@nd the chemistry of ni-
trogen. It may also have applications in energy technolsigize non-molecular nitrogen
can potentially be used as high energy density materialéritam 140 kJ/mol or 2.0 MJ/g
i.e. roughly 500 times larger value than for TNT). During the rgcgears, after the ex-
perimental realizationof non-molecular crystalline nitrogen structuceibic gauchecg
(see Figure 1) — proposed in 1992 based on creative thinkidglansity functional theory
(DFT) calculation$— several possible new non-molecular phases have beensseddsy
theorist§™'3 The multitude of proposed phases calls for a consistenpadison of their
thermodynamical stability allowing to draw the phase démgof materials under a wide
pressure and temperature range. This would be of vital itapoe for the experimentalists
working in the field. Moreover, as the high pressure expemihare extremely difficult,
simulations can also assist in designing experiments whdazhd maximize the probability
for a successful synthesis.

2 Method

In order to fully understand the behaviour of nitrogen ungsious conditions, the free
energies of the various phases must be calculated underatiffpressures and tempera-
tures. From these energies, we can then deduce the phasendiaighe material. The first
step in such calculations is to compare the zero temperatiralpies of the phases for
the complete pressure range. While the proposed strudtakesbeen compared using a
wide variety of different methods, we carried out an extemsbmparisotf regarding their
thermodynamical stability using plane-wave basis set D&decVASP® with the general

105



Figure 1. Cubic unit cell (twice the primitive cell) of thog structure.

gradient approximation (GGA) exchange-correlation fioral by Perdevet al'® . The
core (1s2) electrons were described with a projector augmented wseegopotential- 18

A high kinetic energy cutoff (1200 eV) was used due to the lafgkor d states in the core.
Brillouin zone sampling was performed using the scheme ofivwst-Pack (including
theI'-point). For consistency, B3 x 13 x 13 k-point mesh was used for all the relaxation
simulations.

To estimate the dynamical stability of the different niteogphases, we also calcu-
lated the phonon dispersion relation following the schenogpsed by Kunc and Martih
Within this method, a supercell of sufficient size to limietforces inside the cell is first
created, and all irreducible directions within the cell asarched for. After this, each
plane of atoms perpendicular to each direction is displateg the 3 degrees of freedom
to calculate the forces exerted on all atoms by the displac&nthe force constant matrix
is then constructed and used to calculate the dynamicalxmir for the primitive cell
for differentk vectors along the high symmetry axes. The square roots @&igfeavalues,
wi(k), of ¥y give the frequencies of the phonon modes for gaclmaginary frequencies
correspond to directions of barrierless phase transitimfisating dynamical instability of
the phase.

3 Phase Comparison

In this study, we included two molecular structurasNs ande-N-), one chain-like struc-
ture (coordinatiorV,. = 2) and seven of the most likely structures proposed beforttiee
of the study (V. = 3). Our results agree well with the previous calculatfordthough for
the layered phases we obtained qualitative agreement aittlyanfixed simulation cell.
When the lattice vectors were relaxed, we observed that #asito graphite — it is en-
ergetically favoured to separate the layers rather thaxpare the structure in all three
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Figure 2. Enthalpy comparison of the relevant phases. Onlgcualar phases witbg andbp are labeled.

dimensions, leading to a flat tail in the equation of stateeienergy as a function of the
atomic volume). Also the properties calculateddgiagree well with the results published
by otheré 2% The enthalpies of the various structures as comparedtotigis plotted

in Figure 2 as a function of the pressure.

The next step towards calculating the complete phase dragr@uld be to include the
temperature into the equation via phonon density of statlesiiations for all phases under
the complete range of pressures. This work has partly beeadyl carried odt. However,
while many new phases have been propés€dSsince the last comparison was made, the
previously made calculations must be extended.

3.1 High Pressure Phases

One of the curious features we noticed while calculatingti@non spectra for some of the
structures, was that the phase with the lowest enthalpyeaspres above 200 GHagck
phosphorus, BR is dynamically unstable at pressures close to 200 Pehe obvious
conclusion from this fact is that there must exist anothercstire with lower enthalpy,
perhaps not previously observed because of a large numia¢oms in the primitive unit
cell. Keeping this in mind, we started to look for new higtegsure structures for nitrogen
using an evolutionary search method with DFT as the methadfal energy calculatior.
We were able to identify four new structures. Still, afteclirding these in the enthalpy
comparison, thegremains most stable up to pressure of 188 GPa. One new strucan
orthorhombicPba?2 is stable at the pressure rangel88 — 320 GPa, and above 320 GPa
the P2,2,2; is the ground state. All four described structures displagal phonon modes
(no dynamical instabilites) throughout the interestinggsure ranges.

The optimized lattice parameters at 250 GPa forfthe2 structure arer = 4.17 A,
b=4.15A andc = 3.95 A with N atoms occypying four inequivalent Wyckoff: po-
sitions: (0.2933, 0.2172, 0.6608), (0.7852, 0.2167, (B34®.0209, 0.3363, 0.177) and
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(0.8381,0.0171, 0.8219). This is a layered structure, ivbansists of Iy units (one cen-
tral N atom being covalently bonded to three others, amorighwiwvo of such N-N single
bonds are equivalent). In contrast to the layered structime orthorhombicP2,212
adopt fully 3D packing consisting of helical tunnels corteelcto each other by covalent
N-N bonds. At 350 GPa the optimized lattice parametersiate 4.01 A, b = 3.31 A,

¢ = 2.39 A with atomic positions: N1 ata (0.8298, 0.261, 0.2384) and N2 (0.5704,
0.3963, 0.5025). Again, each atom has three covalent b&utishey are all nonequiv-
alent. As the pressure increases, nitrogen tends to decieze symmetry of nitrogen
atomscg — Pba2 — P21212;. Both of the stable high-pressure structures are insudator
with band gaps of 5.2 eV and 2.64 eV, respectively, underedmentioned pressures. The
actual band gap can be expected to be twice as large, duetigptbal underestimation of
band gaps within DFT.

Due to the complex enthalpy landscape with very small diffiees between many
structures under different pressures, experimentalza#in of also other non-molecular
phases thang, Pba2 andP2,2,2, is possible, at least in high temperatures (say, 2000 K).
However, we suggest the experimentalists to especially foo these structures while
synthesizing polymeric nitrogen.

3.2 Analytical Potential

Although DFT is most likely the best method for searchingrfew atomic structures, due
to its computational requirements, it remains impossiblearry out dynamical simula-
tions with large system sizes for modeling phase transtammamorphous structures with
DFT. To this end, we have developed a new analytical intenachodef?, similar to an
earlier mode®®, to be used in classical molecular dynamics simulations. gdeliminary
studies indicate that the model can be used to study thdtttamsom a molecular struc-
ture to the ordered polymeric phase. Since our model is noeted usingcg phase as the
main structure for fitting, our results can be expected torawe on the earlier synthesis
calculationd®.

Further, itis somewhat surprising from the theoreticahpof view that bringing theg
phase to ambient conditions has proven to be, if not imptessibleast extremely difficult.
We use the recently developed interaction model also talkattas problem. So far, we
have been able to show that both intrinsic vacancies — intred into the structure during
synthesis — and grain boundaries (see Figure 3) have a satiffect on serving as seeds
for the collapse of the structure during pressure release.

4 Concluding Remarks

The enthalpy landscape of nitrogen under high pressurepribasn out to be extremely
complicated, well highlighted by the number of predictedatures which can exist under
extreme conditior’s®®. First determining the relevant structures from this paakl then
calculating their free energies for wide pressure and teatpee ranges, will allow drawing
the phase diagram for this material to assist experimerdgk wn realizing its potential
as an high energy density material. We have conducted theMiossteps on this path
by first comparing the different known structures (at theetiof the study}* and then
finding stable high pressure structureafter we realized that the previously considered
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Figure 3. Polycrystallinegas described by our analytical interaction model. The aoigus based on potential
energy of each atom. The grain boundaries have clearly higihergy than the crystalline parts of the system.

high pressure structure is actually unstable. Also, we li@weloped a new interatomic
interaction model for nitroged which can be used to study the synthesis process and to
describe the problems and their solutions on the path tavantbient conditions after
successful synthesis of the material.
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The exploration of possible scenarios for prebiotic mdicsynthesis, including biopolymers
such as peptides, is paramount to understanding how printifie emerged on the young Earth.
Amongst a vast amount of different proposals, evidenceraatated that mineral surfaces and
water at extreme thermodynamic conditions might offer mable reaction environments. Us-
ing large-scaleab initio computer simulations a full synthesis cycle for peptiderfation in-
volving hot-pressurized water (at about 500 K and 20 MPa)apgirite mineral surface has
been generated and compared to ambient aqueous condi#anmdirect route to activated
amino acids (Leuchs anhydrides) via an isocyanate intdatee$ found to be preferred. Com-
pared to the ambient environment, extreme conditions aagyhite surface both favour the
constructive branch, i.e. peptidization and chain growtker the degrading reaction, i.e. hy-
drolysis, and hence yield overall a productive peptide tsysis cycle. This comprehensiire
silico study of a complex network of biochemical reactions at a mil@ater interface has only
been possible due to significant access to capability ressyprovided by the Blue Gene plat-
forms at JSC and NIC in conjunction with the multi-level measly-parallel CPMDsimulation
package.

1 Setting the Stage: Chemical Reactions at Extreme Conditits

The exploration of possible scenarios for prebiotic mola@csynthesis, including biopoly-
mers such as peptides, is paramount to understanding haovitipe life emerged on the
young Earth. Amongst a vast amount of different hypothesddence accumulated that
mineral surfaces in conjunction with water at extreme tredymamic conditions might
offer favourable reaction environments. In particularpansually precise proposition for
biomolecular synthesis on iron/sulfur minerals in hotgsteized water as found close to
deep-sea hydrothermal vents has been detailed in the frarkef the so-called “Iron-
Sulfur-World” (ISW) scenarib. Certainly, understanding the interplaying fundamersal i
sues of unusual chemical reactivity at extreme conditibgqsid state theory of solvation,
and physical chemistry of mineral/water interfaces turntoupe of overriding importance
here. In the intricate reaction chain from small molecutefunctional proteins the for-
mation of the peptide bond as such is, without any doubt, astegy. Although significant
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experimental support of the major ingredients has beennaglaued by several groups,
pertinent experiments lack detailed molecular insighd ldw small “inorganic” reactants
transform into biomacromolecular products. Still, prefiary ab initio molecular dynam-
ics (AIMD) simulations at ISW conditions were carried outya few years back®.

In the long-term project “Fulln Silico Exploration of Possible Routes to Prebiotic Pep-
tide Synthesis byAb Initio Metadynamics” devoted to fundamental research in Cheynistr
the importance of high temperature and pressure ISW reactinditions including min-
eral surfaces is being assessed by AIMD techniques. Theapyigoal here is to provide
vital molecular level understanding about the pertineattiens in the “virtual lab? which
is otherwise difficult or even impossible to obtain in redldaatory experiments. Greatly
expanding our initial work, our computations on the IBM Blue Gene systemsLJand
JUGENE at the John von Neumann Institute for Computing (NIC) at Elousigszentrum
Julich (FZJ) during the last two years have unveiled vergantant mechanistic and ener-
getic details of peptide synthesis at ISW conditions. Itiessed that the unprecedented
computational complexity of oun silico prebiotic peptide synthesis demanded an invest-
ment of up until now aboutive nanosecondsf AIMD simulation time in total, which
was only possible due to generous access to these efficemirges at NIC. In 2008 the
above-mentioned project has been elected to be the first B¥¢&llence Project of the
Year”.

2 The “Virtual Lab” Approach to Chemistry

Recent advances in both computer technologies and simmlatiethods, in particular
Car-Parrinello AIME'7 in conjunction with efficient sampling methods like the powe
ful “metadynamics” technique developed by Laio and Paldngsee Ref. 10 for a re-
view), make it possible to study truely complex chemicattiem networks in the “virtual
lab”®. All calculations presented here were performed using Hbaeg-Kohn-Sham den-
sity functional theory in its efficient plane wave pseud@ntial implementatioh® within
the CPMBsoftware packade’.

Since the beginning of the 1990ies, iPMxodé has been designed by Jiirg Hutter
from the onset to run efficiently on all kinds of parallel fitatms as explained in detail in
NIC Lecture Note% However, low-latency interconnects are required to ris plarallel
AIMD code efficiently. To get around load balancing problemnglatforms of ever grow-
ing processor numbers a second level of parallelizationedktime “task-grouping” of pro-
cessors has been implemented iB@®MDsome time agh Furthermore, the hierarchical
multi-level strategiesthat combine distributed-memory and shared-memory ezt
tion are highly suited for ultra-dense massively parall®iGHmachines such as the Blue
Gene architectuté in particular.

However, electronic structure calculations and thus AIMIQuire non-trivial paral-
lelization strategies as the character of the underlyifidattice quantum problem is not
easily suited for partitioning without making use of funttegproximations such as done
in linear scaling algorithms. This is due to the spatiallypfocal character of quantum-
mechanical wavefunctions. The multiple walker metadymanailgorithnd®, which we
have successfully implemented, is a linear scaling algoriin itself and thus improves
the net scaling behaviour @PMUOor our given system sizes at hand on a large number of
processors.
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Figure 1. Relative scaling performance when usMg@rocessors with respect to 512 processors (i.e. the ratio of
the computer time for one AIMD step per processor usihgrocessors to that for 512 processors multiplied by
N) for the CPMIzode for one of the systems studied arcENEat NIC. Red and green lines are using Open MP
threads 1 and 4, respectively. The yellow line is the perforoe using the multiple walker technique where the
number of walkersn, is reported in parenthesis. In the inset the scaling bebagoing from 512 processors to
4098 processors is magnified for clarity.

Figure 1 shows the performance©@PMDon the WGENE Blue Gene/P installation at
NIC employing up to one half of the whole machine with and withmultiple walkers.
Still, due to the inherent scaling limitations in any quantimulation code for typical sys-
tem sizes like that in the test case shown, it is much lessesffito go beyond a Blue Gene
mid-plane for practical simulations; see for instance igufé 1 that the scaling dropped
down to about 33 % when using a full mid-plane with respectsiogionly a quarter of a
mid-plane. However, the parallelization among walker icgd is extremely efficient due
to the loose coupling of the walkers such that the commuioicatharacteristics of Blue
Gene systems can be exploited using many racks for a sing@®Aimulation. As usage
of n walkers will decrease the total length of the simulation ligcor of about: the effec-
tive scaling of a multiple walker algorithm can be estiméateded on CPU time per AIMD
step divided byn. It is evident based on the scaling behaviour shown in Fiduteat use
of all processors of UGENE is now possible for our system of interest without the need to
increase the size of the system even when certain processgrgmust communicatéa
high-latency interconnects.

3 The Key Result: Peptide Synthesis Cycle
The simulations of peptide bond formatidn'* between two glycine molecules were car-

ried out using three vastly different reaction conditioasibient bulk water at about 300 K
and 0.1 MPa (ABW), hot-pressurized bulk water at about 50& 20 MPa (HPW), and
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Figure 2. Full peptide synthesis cycle comprising inputrofianino acid (or peptide), here glycine, and its acti-
vation followed by elongation using another amino acid (@ptjgle), here another glycine, as well as termination
and hydrolysis as a major reverse reaction. The calculagsdenergy barriers (given fngT" energy units) for
individual steps of the mechanism leading to diglycine fation are colour coded. Blue: ambient bulk water
(ABW), green: hot-pressurized bulk water (HPW), red: haigsurized water at the pyrite interface (PIW). The
crossed direct formation pa@ is very unlikely in view of its high activation free energympared to the indirect
pathvia isocyanatet. See Ref. 12 for details.

hot-pressurized water at the pyrite interface (PIW). Ttieative free energy barriers es-
timated along the peptide synthesis cycle leading to dige/are reported in Figure 2.

It is evident from the mechanism depicted in Figure 2 thas ithe neutral form of
the amino acid glycin@ that is required and not the zwitterionic fortrfor its reaction
with the COS molecule to form thiocarbamate (see &gprhe thiocarbamatg, in turn,
leads to an activated amino acid in form of its so-called lhsuanhydrides that easily
adds to another amino acid (or peptide) to form a peptide lfonstepE) which finally
yields an elongated peptide. As apparent by the computedeinergy surface Figure 3
HPW extreme conditions stabilize the neutral fa2ptonsistent with the lowering of the
dielectric constant of HPW, whereas in ABW neutral glycinewerts easily to the zwitte-
rion 1 on an ultrafast timescale e¢ 1 ps. In other words, such extreme thermodynamic
conditions are found to increase the concentration of thirakamino acid by shifting the
equilibrium between the neutral and the charged zwittécitorms of amino acids toward
neutral form, thus favouring the formation of peptides.slikian interesting result and im-
mediately reveals the importance of hot-pressurized ¢immdi for this route to peptides.
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Figure 3. Free energy surface for the conversion betweetteziohic 1 and neutral forn2 of glycine (a) in
ambient bulk water (ABW) and (b) in hot-pressurized bulkevdHPW); colour bar shows the relative free energy
AF in kd/mol energy units. Metadynamics AIMD simulations weeformed using two collective variables:
coordination numbers of nitrogen and carboxy oxygen to ydirbgen atoms in the system N, — H) and
¢(Og1y — H), respectively. See Ref. 13 for details.

Moreover, it was found that these extreme HPW conditionedpg the production of
peptides by accelerating individual steps of the wholeidemynthesis cycle according to
the free energy barriers reported in Figure 2.

Another discovery from our simulations is the so-calleaty@mate pathway leading to
the formation of the activated form of amino acid, Leuchsyattde5, from thiocarbamate
3. Compared to a direct cyclization of the thiocarbantate form Leuchs anhydrids,
the indirect isocyanate pathway, i. e. first forming an iso@te4 which rapidly cyclizes
to Leuchs anhydride, is very much lower in terms of free epdrgrriers. This result
confirms earlier experimental speculations about such termeluding an equilibrium
betweerb and4. Our calculations also shed light on the productivity of¢rele including
the formation of isocyanate being the rate-determining stiethe whole peptide cycle.
Based on a simple estimate, the time scale for forming pept@hds along this route is
in the order of a few minutes at hot-pressurized conditioheneas it would be several
years at ambient conditions! It is also shown by the simaitegtithat hydrolysis of the
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Figure 4. Mechanism of the formation of Leuchs anhyd&d®m thiocarbamat8in hot-pressurized water at the
pyrite interface (PIW) based on the free energy surfaceurddar shows the relative free enerdy in kd/mol
energy units. Metadynamics AIMD simulations were perfadmsing two collective variables: distance between
the carbon atom of the COS entity to one of the carboxylategemyatoms d[C-O] and coordination number
of nitrogen to all hydrogen atoms in the system c[N-H]. Threferesentative real space configurations sampled
from these simulations at the pyrite-water interface destrate scaffolding due to Fe®01) by preformation of
the cyclic topology of Leuchs anhydride upon bidentate deemtion. Colour code: hydrogen (white), oxygen
(red), carbon (green), nitrogen (blue), sulfur (yellowdni (ocher); labeling is according to Figure 2. See Ref. 12
and upcoming publications for details.

synthesized peptide is slower than the rate-determinimgdtion step and, therefore, a net
accumulation of peptide can be expected in agreement witrerental conclusions.

Possible roles of Fe/S mineral surfaces were also invéstigéa simulations using
an ideal pyrite surface, Fe®01), as the simplest model. By decreasing the entropic
contribution to the free energy barriers this surface is1tbto accelerate several reaction
steps in the peptide synthesis cycle by lowering the coomrding free energy barriers up
to a factor of two, which increases the respective reactitesrexponentially. In addition,
more interesting effects like scaffolding of reactant ncales favouring the formation of
transition states and thereby speeding up the reactiorMeyaderders of magnitude have
been identified. In particular, the pyrite surface is fouadavour the preformation of
the five-membered ring that is characteristic of Leuchs dridg 5 as demonstrated in
Figure 4.

Based on free energy calculations and careful examinafigar@mus reaction mecha-
nisms, our studies underpin the importance of extreme tiondiand mineral surfaces for
peptide synthesis along a putative rdéit& These comprehensive simulations delineate
pathways connecting the crucial activation and elongagteps through which peptides
can be produced out of amino acids and G@&an indirect isocyanate/Leuchs anhydride
route. Importantly, the data provide convincing evideria #ll steps along the proposed
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synthesis cycle are clearly favoured in hot-pressurizeg@mahen compared to ambient

conditions providing in total a productive synthesis cy€l@eyond the specific case, these
findings imply that “different chemistry” must be considerehen discussing putative pre-

biotic synthesis scenarios at extreme aqueous conditions.

4 \What Next?

Although a significant step forward, the cycle in Figure 2aséd on a set of disconnected
free energy calculations whereas a single, global freeggri@ndscape is necessary to fully
explore this rather complex reaction network including tthles of reverse and side reac-
tions. This, again, will be a challenge to both algorithmsample free energies beyond
three or four dimensions and platforms to carry out such faghiultramassive simula-
tion. Another key issue that still remains largely unexptbis the role of mineral surfaces
since defective surfaces are known to be most active in dbgg@eous catalysis whereas
an ideal, non-defective pyrite has been used up to now in wiaiual lab™. Including
defects at the mineral/water interface, most desirablydgsdmical degrees of freedom”
in an AIMD simulation, certainly adds a lot more complexitythe problem but would be
another necessary step forward. However, looking backcante developments it appears
to optimists that such dreams might become true much sobaerdurrently expected.
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Calculation of 3P and 183w NMR Chemical Shifts and
Nuclear Spin Spin Coupling Constants in Phosphinidenoid
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Phosphinidenoid complexes [Li(12-cr-4)][(CEM{P(R)X}] (M = W, R = CH(SiMe3)2),

X =F,Cl, Br, ) are a new class of compounds, which in analogi warbenoids or silylenoids,
can release a shortlived intermediate phosphinidene enfi(€O) M(PR)] by elimination of
an alkaline halide 12-crown-4 complex [Li(12-cr-4)X]. Ate current stage of the project iso-
meric phosphinidenoid model complexes [Li(12-cr-4)][(G@/{P(Me)F}] are to be character-
ized both by compliance constants (elements of the invdrésdian in internal valence coor-
dinates, the diagonal elements of which are inversely ptmp@l to bond strengths) and their
NMR spectroscopic properties(f!P), 5(**3W), 1 J(W,P)). In contrast to the corresponding
phosphine complexes [(COW{PH(Me)X}] the phosphorus NMR chemical shifts of phos-
phinidenoid complexes are dominated by the paramagnetitribotion. This does not hold
for the tungsten NMR chemical shift, which for both clasggssphine- and phosphinidenoid
complexes is dominated by the ground state part of the atesislotropic shielding.

1 Introduction: Computation of NMR Chemical Shifts and Nuclear
Spin-Spin Coupling Constants

Physical application of a magnetic field to a molecule presua shielding field at each
nucleus which is due to the diamagnetic current of the edastand which is proportional
to the external field. The shielding field of the bound elettroan be either in the same
(negative shielding) or in the opposite direction of theeenal field (positive shielding).
The shielding constamta of a nucleus A is the (negative) component of the shieldird fie
in direction of an applied external field of unit strength aamctording to Ramséyconsists
of a diamagnetic and a second-order paramagnetic part:

o4 =0l 40P, Q)

Since in an actual calculation the magnetic field is reprieskim the electronic Hamil-
tonian by its vector potential, the separation into a diametig and a paramagnetic part
is not unique — every gauge transformation will yield a newtoe potential for the same
magnetic field — but their sum is, if the basis set is complete.finite basis the quality of
the calculation of the diamagnetic part in terms of the gobstate electronic wavefunction
only is not balanced by the quality of the calculation of tlegmagnetic shielding, which
in principle involves all excited states wave functi&n¥he problem of incomplete basis
sets can be overcome by the use of gauge invariant/incledorgic orbitals (London or-
bitals, gauge dependent orbitals), which make all matexneints made up of differences
in the vector potential and thus all properties independéttie gauge origin. The wave
function, however, depends on the origin by means of a conpglase factox
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In the usual derivative formulation of molecular propestie energy is expanded in a
Taylor series in the perturbation strength x
0E 19% ,
such that the n’th order property is the n’th order derivativ the energy)” E/0z™, with
or without the 1/n! factot. Now the shielding constant, is obtained as

1 0’E
O'A—gt’f'(O'), O'O((M), (3)

where the shielding tenseris proportional to the mixed second derivative of the energy
with the external magnetic field B and the internal magneéidfl4 due to the nuclear
spin. Similarily the indirect nuclear spin-spin couplingnstantl(A,A’) is
2

J(A A = %t’r (Jaar), Jaa = h%KAAQ Kaar, x (%) , (4
(theT's are the nuclear gyro-magnetic ratios) where the redudiet spin-spin coupling
tensorK 4 4. is proportional to the mixed second derivative of the eneviyly the internal
magnetic fields at nucleus A and.ABoth shielding and spin-spin coupling tensor consist
of two parts (not shown): a diamagnetic part, corresponttirige expectation value of the
unperturbed state, and a paramagnetic part, which repsetfenrelaxation of the wave-
function in response to the external field. For the shielslihgre are no spin contributions
whereas for the couplings the paramagnetic spin contdbstare the mostimportant ones.
Shielding and coupling constants are of the order

loal ~ 02, |K(A,B)| ~af, a~1/137 (5)
whereq ist the fine-structure constarft

1.1 Computational Methods

All optimizations and frequency calculations were perfechusing GAUSSIANO3 and
ADF-2007.0%. The standard DFT method with GAUSSIANO3 in this work is BF¥n
the standard basis set 6-311G(d,p) eventually combindd aviteffective core potential
description using LanL2DZ by Hay and WadtThe standard DFT method with ADF-
2007.1 is VWNB®P86/TZ2P SO ZORA. Stationary points have been characteliyed
analytical second derivatives (the Hessian) with respa@dundant cartesian coordinates.
Transformation into nonredundant internal force constarats done either by using algo-
rithms of Pulay and Fogarasi (INTC/FCTIN') where inversion of the Hessian into the
compliance matrix is accomplished by standard metkods by inversion of the hessian
within a GO3 output.

The general theoretical methods for the DFT calculationh@igical shifts and NSS-
CCs as implemented in the ADF program code was put forwardidyl&*>-6,

31p and'®3w nmr chemical shifts and nuclear spin-spin couplings wemi@puted
using ADFs SO ZORA GIAO-DFT included in the CFL*module (see standard method
above) where absolute isotropic shieldings were convéotedmmon chemical shifts via

§(*'P compound, calg = o(PH;) — o(compound, calc.}- 266.1,

6
5('®3W compound, calg.= ¢(W(CO);) — o(compound, calc.)- 3486. ©)
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2 Influence of the Electronic Structure at Phosphorus

To investigate the influence of the electronic structuretaisphorus on the W-P com-
pliance and associated NMR spectroscopic properdigsR), §(183w), 1J(W,P)) a set of
reference complexes [(COWN(L)] (Table 1) is calculated. The compounds of the sec-
ond row are the protonated compounds of the first row etc. pHids complexes of
the type [L,W=P] were reviewed by Sche€r who also obtained the structure of din-
uclear tungsten phosphido complex [BRH(CO)W},PH,]%. Lithiated phosphine com-
plexes [(COjW(R2PLi)], [(CO)sW(RPLIz)] and [(CO)xW(PLi3)] were studied both by
Karaghiosoff! and Mathey?, (similarily Hoefler et al. proposed polylithiation of phos
phine complex [CpMn(CQPH;] to yield [CpMn(CO)PLi;]%%, while phosphine com-
plexes [(CO3M(PR3)] became the subject of recent calculations and a solid staésti-
gation by the Frenking group (X-ray: M = Mo, W; R = H, CI; calatibn: M = Cr, Mo, W;

R =H, Me, F, CIf4.

P P~ P¥

PH?* PH  PHZ
PH; PH;  [(CO)W(PH,)]~

PH,

Table 1. Scheme of ligands L of reference complexes [(@))].

So faré(>' P) ands(*83W) values of the unusual (and experimentally unknown) phos-
phido complex [([CO)W= P]~ (2) have to be regarded unreliable (the extraordinary phos-
phorus chemical shift is caused by a spin orbit coupling@oution of -9608 ppm, which
is unphysical). NMR data of the complex [(COY(PH)]** (4) were yet not obtained.

W-P and W-& compliances of complexelk-10 are compared in Figure 1, left. A
strong tungsten-phosphorus bond (small compliance) ismapanied by a weak ligand
bond of the carbonytransto the phosphorus ligand - a strotrgns-effect, quantified by
compliance constants. The correlation of W-P complianckaasociated bond length is

W-P T(w,P) W-P o((TP) 5(*3w)
Compound Nr - A/mdyn] [Hz] [A] [opm] [ppm]
[(CO),WPT* 1 0.264 19 2.189 1758 261
[(CO)W—P]~ 2 0.730 21 2.495 "12589" ".5722"
[(CO)WP* 3 1.715 8 2.837 -435 -2916
[(CO)W(PH)P* 4 0.248 - 2.168 - -
[(CO)W(PH)] 5 0.517 -50 2.417 2044 -1050
[(CO)W(PH) 6 1.432 13 2.775 19 -3278
[(CO)W(PH,)I* 7 0.398 316 2.312 373 -1260
[(CO)W(PH,)] - 8 1.104 116 (73 2.708 -276 (-276¢ -3221
[{(COXW},(PH)~ 9 1.015 84 2.638 -250 -3226

(146Y0 (2.579(2)%° (-268Y0 (-33500°

[(CO)W(PH,)] 10 0.858 160 (216¢ 2.521 (2.493%* -198 (-183%2 -3370

(i) B3LYP/6-3119g(d,p), (i) VWNBP86/TZ2P SO ZORA; experantal values in parentheses

Table 2. W-P complianc®, J(W,P){® bond lengths? 5(1P) and 5(*83w)® of complexes [(CQW(L)],
where L=P, P~, P, PH*, PH, PH", PH, PH; , [(CO);W(PH,)] ~, PH,.
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W-P compliances of complexes [(CO)sW(L)]
18 1,715

[A/mdyn]

L= p* P P> PH?* PH PH2 PH,* PH," [WPH,-] PHs 20 Correlation of W-P compliance and bond length
’ 18
W-C" compliances of complexes [(CO)sW(L)] 16 ¢
0,8 T 1a <
1
_ 07 0,616 0,617 T 12 o
06 = 10 o
N =< °
T o5 a grz o
= 04 03130322038 3 7 o °
0.3 -1 a7

5 e N . 2 2122 23 24 25 26 27 2,8 29 3
L= P* P P® PH¥ PH  PH® PH," PH," [WPH,] PH, w-pA]

Figure 1. Left: W-P and W-& compliances of complexes [(CQN(L)] (1-10. Right: Correlation of W-P
compliance and bond length of complexed 0.

shown in Figure 1, right. For this class of compounds the lusigholds: the stronger the
W-P blond (small compliance) the shorter the bond.

For comparison the W-P compliances of cyclopentadienybaayl complexes
[Cp(CO),W(PR'RY)] (Table 3, Figure 2) were calculated. From the coordimatimode,
W-P compliances and bond lengths of [Cp(G®)=PH,] (11, compare the DFT cal-
culation at VWNBP86 by Berce®) complexesll and 12°¢ are tungsten-phosphorus
doubly bonded compounds, corresponding with phosphenamptex [(CO}W=PH,]*

(7), while [Cp(CO}W(PH,)] is W-P singly bonded, analogously to phosphido complex
[(CO)W(PH,)] ~ (8). Complexes with W-P double bond are further charactetizddrge
W-P couplings £300 Hz) and phosphorus chemical shifts at lower fieRDO ppm.

W-P T(w,P) W-P 3(tP)
Compound Nr - f/mdyn]  [Hz] [A] [opm]
[Cp(CO),W=PH,] 11 0.378 - 2.277 -
[Cp(COLW=P(tBu)] 12 0.408 483 2.305 453
(55288  (2.284(4)%8 (37358
[Cp(CORW(PH,)] 13 1.002 - 2.664 -

(i) B3LYP/6-311g(d,p), (i) VWNBP86/TZ2P SO ZORA; experantal values in parentheses

Table 3. W-P complianc®,2J(W,P){ bond lengths®) 5(31PY1) ands(283wW)[™ of complexes [Cp(CYW(L)],
where L = PRR2.

The influence of a fluorine substituent at phosphorug@H) and*J(P,M) in mono-
and bis-borane and mono- and dinuclear pentacarbonyltemge®mplexes was studied
with the ligands PRR? (RY/R? = H, F, Me; Table 4). By successive borane complexation
of PH, the lone pair is shown to have a shielding effect, which ipwise released in
going from [(BH;)PH,] ~ to [(BH3),PH,] ~. Simililarly tungsten complexation effects a
deshielding compared with free BH The situation is different however in case of fluo-
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VWP

(13)0 (110

Figure 2. Different coordination modes of BR at a CpM(CO), metal fragment for n = 2,3; (i) B3LYP/6-
311g(d,p), (i) VWNBP86/TZ2P.

rine substitution, as the lone pairs at phosphorus and airfieffect the chemical shift.
Bis-borane complexation both at PFand at PMeF has a shielding effect while con-
tributing negatively to the phosphorus fluorine couplingud for tungsten complex anion
[(CO);W{P(Me)R]~ (25) a phosphorus downfield shift of 359 ppm and a P-F coupling
constant of -596 Hz results, which is small compared withwmm P -F derivatives. Flu-
orine and the lone pair at phosphorus give a large negatniibation to the tungsten
phosphorus coupling constant, which almost vanishes (7 Hz)

Ml PH; PHF- PR, PF;

6(312P) JreM)  5¢GPP)  LJPF) 6(312P) JPF)  LPMm) 6(312P) JPF)  LPMm)
[ppm] [Hz] [ppm]  [Hz]  [ppm]  [HZ] [Hz] [ppm]  [HZ] [Hz]
E 371 - 525 31 1182 -603 E 652 -105 -
[B] -203 - - - - - - 318 -511 -23
[Bl, -80 - - - 360 -1086 8 251 -750 13
W] 276 116 B B B - 359 596 7
W], -250 84 - - -

6} VWNBPS6ITZ2P 50 ZO-RA; [B] = BH, W] = W(CO),

Table 4. 5CPY) and L3(P,M)) (M = B, W) of reference phosphides = PR (R = H, F, Me) and borane /
pentacarbonyltungsten complexes [M#R thereof.

Experimentally the influence of a bonded fluorine atom at phosus can be
seen by comparison of(3!P) in proton-bridged dinuclear phosphido complexes
[M,Cp,(u-H)(1- PR'R?)(CO),] (Table 5, M = W, Mo): while in the parent compound
(R, R? = H) the phosphorus is shielded (M = WZ'P) = -40 ppm 1J(P,W) = 200 Hz) or
mildly deshielded (M = Mog§(®'P) = 34 ppm), P-bound fluorine tR F, RZ = Mes, Cy, Ph)
exerts a deshielding of more than 330 ppm downfield. For na@piom phosphido com-
plex 14?8 the relativistic calculation of(3!P) including spin-orbit coupling improves the
(gas phase) chemical shift by 28 ppm relative to the experiatgalue (CHCI, solution).

Phosphinidenoid complex®s32 [Li(12-cr-4)][(CO)M{P(R)X}] (M = W,

R =CH(SiMg),, X = F, Cl, Br, I) are a new class of compounds, which in analogy
with carbenoid® or silylenoids?, can release a shortlived intermediate phosphinidene
complex [(COyM(PR)] by elimination of an alkaline halide 12-crown-4 colewp
[Li(12-cr-4)X]3®. Experimentally they can be obtained by lithiation of theresponding
phosphine complexes [(CQ)V{PH(R)X}] (Table 6), the W-P compliancé,)(W,P) and
S(3TP) /5(*83W) of which were calculated for model (R = Me) and fully substd
complexes (R = CH(SiMg,).
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Compound Nr. Exp. Non-rel. SO ZORA

[W,Cp,(n—H)(p—PH,)(CO),] -40°7
[Mo,Cp, (u—H)(u—PH,)(CO),] 347
[Cp(COLMo{PF(2,4,6Bu,—CsH,)YT 14 3245 395" 3670
[Mo,Cp,(u—H){u—PF(Mes}(CO),] 368%°
[Mo,Cp,(n—H){n—PF(Cy}(CO),] 4177
[Mo,Cp,(u—H){p—PF(Ph}(CO),] 375%°

(i) VWNBP86/TZ2P, (ii) VWNBP86/TZ2P SO ZORA

Table 5. §(31P) of reference W/Mo phosphido complexes.

W-P T(w,P) W-P o(3TP) 5(*B3w)

R/X Nr [Aimdyn] [Hz]  Exp. Al Exp. [ppm]  Exp.  [ppm] Exp.
alF 15 0.708 200 B 2.470 - 158 - -3259 -
b/F 16 - - 286’1 2499  2.4463(Sf 176 157 - -3308°
a/Cl 17 0.774 187 - 2.486 - 51 - -3143 -
b/cl 18 - - 2696 2513 - 77 57 - -
aBr 19 0.794 182 - 2.493 - 23 - -3094 -
b/Br 20 - - 2650 2520 - 54 23 - -
all 21 0.818 173 - 2.499 - -47 - -3039 -
b/l 22 - - 2540 2523 - -14 -49 - -
a/lCN 23 0.826 168 - 2.504 -80 - -3250 -
b/ICN 24 - - 24387 2537  2.4753(5) -68 -70 - -3280

(i) B3LYP/6-311g(d,p), (i) VWNBP86/TZ2P SO ZORA, a = Me, bGH(SiMe;),, exp. values in parentheses

Table 6. W-P complianc®, 1J(W,P){ bond lengthd) §(3PYD and §(*83wW){ of phosphine complexes
[(CO)W{PH(R)X}] -

A comparison of experimental and calculated phosphorumida shifts is plotted
in Figure 3. The systematic increase in shielding of the phorus (chemical shifts di-
rected upfield) in going from X = Fto CN™ is reproduced by the model calculations by
+4 ppm. Tungsten shielding leads to chemical shifts upfiedtfr3259 to -3034 ppm,
while agreement to the experimentiiglO ppm.

3(3'P) of phosphane complexes [(CO);W{PH(Me)X}]
200 176

E& 5o 158 "2 154 2 R=Me
E 100 o sy s R=Bisyl
% 50 24 g 23 BEXp.
0
-0 -49
-100 .8p-68 -70
F cl Br I CN

Figure 3. Comparison of experimental and calcula##P) of complexes [(CQW{PH(R)X}], R = Me,
CH(SiMe;),, X =F, Cl, Br, I, CN at VWNBB86/TZ2P SO ZORA (ADF).

124



Para- ¢P), diamagnetic €%)- and spin-orbit contributionso€®) to the absolute
isotropic shieldings(*'P) at phosphorus ang(*83w) at tungsten in phosphine complexes
[(CO);W{PH(R)X}] are plotted in Figures 4. (Note that the paramagnetic gimglis
plotted agoP|).

Components of 6*°(31P) of [(CO);W{PH(Me)X}] Components of 6°(183W) of [(CO);W{PH(Me)X}]

1000 958 960 959 960 962 5000 2628 2628 2628 2628 8628

800
£ 600
= a00

200

=l o 7000
mo(d) 2 sooo
u5(s0) 3000

1000

Figure 4. Para-|¢P|), diamagnetic ¢%)- and spin-orbit contributionsof©) to the absolute isotropic shield-
ing o(3'P) at phosphorus and(83W) at tungsten in phosphine model complexes [(G@IPH(Me)X}]
(1517,19,21,23), X =F, Cl, Br, I, CN.

The reference calculations above set the expected valug&'B) and'J(W,P) for the
phosphinidenoid class of compounds (structure typd3, Figure 5): phosphorus chemi-
cal shifts should be downfield300 ppm, while tungsten-phosphorus coupling constants
are expected to be small. In fact calculatg€¥P) varies from downfield 322 to 522 and
1J(W,P) < <100 Hz throughout (Table 7). Although this general trencectf the experi-
ment, agreement between experiment and theory is yet afadtry.

¥ &
Structure type B
Figure 5. IsomerA-D of model phosphinidenoid complexes [Li(12-cr-4)][(C®J{P(Me)F}] (26,27,29,30)

and the fully substituted complex [Li(12-cr-&x,O][(CO);W{P(CH(SiMey),)F}] (28) of structure typeB in-
cluding a coordinated solvent molecule {8) at Li (VWNBP86/TZ2P SO ZORA, ADF 2007.1).

All structure types are tight ion-pairs with the [Li(12-4)}* cation either in contact
to phosphorusA,B) or to fluorine C,D), while this contact can be either dire&,C) or
mediated by the 12-crown-4 liganB,D). In the latter case®(D) further complexation of
the Li* cation by solvent molecules is to be expected, which is ohetlin the calculation
of the fully substituted compourzB (Figure 5).

In contrast to the corresponding phosphine complexes [{8PH(Me)X}] the phos-
phorus NMR chemical shifts of phosphinidenoid complexescminated by the param-
agnetic contribution, which means that excited statesufsitad by virtual orbitals) have a
significant influence on the shielding property in these conmals. This does not hold for
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W-P L)(W,P) W-P  5CP) 5(*B3w)

R Nr [A/mdyn] [Hzl Exp. [Al [ppm] Exp. [ppm]  Exp.

a 25 1.022 7 - 2.658 359 - -3137 -

a 26 A 0.897 43 - 2.588 322 -3164

a 27 B - 28 - 2.615 364 -3130 -

b 28 B - - 71 2.637 358 306 -3109 -3230
a 29 C 0.971 8 - 2.608 522 - -3108 -

a 30 D 0.979 11 - 2.608 456 - -3137

() B3LYP/6-311g(d,p), (i) VWNBP86/TZ2P SO ZORA, a = Me, bGH(SiMe;),

Table 7. W-P complianc®, 1JW,P)® bond lengths? &(EPY) and §(*8wW)M of complexes
[(CO)W{P(Me)R]~ (25 and [Li(12-cr-4)][(COyW{P(R)F}] of structure type#\-D.

the tungsten NMR chemical shift, which for both classes sphine- and phosphinidenoid
complexes is dominated by the ground state part of the afesislotropic shielding.

Components of G°(3P) of [(CO)sW{P(R)F}]/[12-cr-4] Components of 65°(183W) of [(CO)sW{P(R)F}]/[12-cr-4]

8627 8628 8627 8627 8627 8627

1200
1000
800
600
400
200

9000

106959 993 g57 1033 g5; 1025

7000

[ppm]
[ppm]

5000

3000

1000
(Me/-) A(Me/cr) B(Me/cr) B(Bisyl/cr) C(Me/cr) D (Me/cr) (Me/-)  A(Me/ecr) B(Me/cr) B(Bisyl/er) C(Me/cr) D (Me/er)

Figure 6. Para-|6P|), diamagnetic €9)- and spin-orhit contributionss€°) to the absolute isotropic shielding
o(31P) at phosphorus ang(*83w) at tungsten in free phosphido [(CQY{P(Me)F}]- (Me/-) and phosphinide-
noid complexes [Li(12-cr-4)][(CQW{P(R)R] A-D, R = Me, CH(SiMg), (Bisyl); cr = 12-crown-4.

So far the compliance constants of structure tpeould not be obtained, since the
B3LYP calculations failed to converge for this starting getry and ran into structure
typeD instead. The VWNBP86 SO ZORA calculations converged witldifficulties.

From the ion-pair character of phosphinidenoid complexesxplanation for the yet
unsatisfactory agreement between calculated and expaai¢MR parameter can be in-
ferred: given the sensitivity of spectroscopical progesrtd slight changes in the molecular
geometry in solution as well as in solid state the variatibtihe ion-pairs as compared to
the gas phase might be large enough to account for the diffesd\(5(*'P)) ~ 50 ppm,
A(5(*83W)) =~ 100 ppm A(RI(W,P)) =~ 50 Hz.
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Elementary Particle Physics:
Lattice QCD at the Crossroads
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School of Physics & Astronomy, The University of Edinbur@inburgh EH9 3JZ, UK
E-mail: r.d.kenway@ed.ac.uk

After more than 35 years of effort, lattice QCD is on the veofeealising its original
objectived. Through the use of computer simulation, in which a finitecgpime volume
is approximated by a regular hypercubic lattice, we areectasproving that Quantum
Chromodynamics correctly describes the strong interastad quarks and gluons at low
energies where they are permanently bound into hadronsekhssvin high-energy col-
lisions where perturbation theory works. This has extertiedange of applicability of
qguantum field theory in Nature from weak coupling, analyljcactable phenomenato a
regime in which the fundamental quanta interact strongty @hanalytical methods fail.
The specific goal of computing the spectrum of bound stat€xdD from first principles
and showing that this precisely reproduces the experirigafaserved hadron spectrum
has now been achieved for a non-trivial subset of the stasagported in Ref. 2.

Huge computational effort and theoretical breakthrougksawneeded to reach this
point. The rigorous construction of QCD as the continuunitloha lattice theory required
a deep understanding of how symmetries and renormalisateorealised in Nature. Some
of this is explained in Ref. 3. Demonstrating that we haveedihiis correctly has required
the entire development to be repeated in different latiemtilations, carrying the calcu-
lations of physical quantities through to completion to d@strate that they really give the
same results. One of these alternative formulations isritestin Ref. 4. The hard work
has been to control all sources of numerical uncertainthénlimiting process, achieved
through a series of simulations, in which the lattice spgcsvreduced and the results are
extrapolated to the continuum.

Of course, the physics of the strong interaction is enoriyaich and diverse. Now
that confidence in lattice QCD is well-founded, the potdrdjaplications are vast. For
example, our inability to compute precisely enough someimelements, which describe
the strong-interaction effects that mask the underlyingagle of one flavour of quark into
another, are restricting experimental efforts to put c@ists on possible physics beyond
the Standard Model. Lattice QCD is starting to reduce therttecal uncertainties in these
processes to below that of experiment, creating the peatefioti discoveries. The proof
that lattice QCD accurately describes Nature will be esakifitwe are ever to use these
results to conclude that we are seeing new physics. Togéitlegiollowing three papefs?
describe the platform that has been created for this futor&vWhile much remains to be
done, even to tie up the loose ends in current calculatiotisedfiadron spectrum, there is
little doubt that Wilson’s original vision will be realisetiVhere do we go next?

The tool we have built is expensive and will remain so for sgers. Yet it has estab-
lished the feasibility of applying quantum field theory frdimst principles and banished
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the need to rely oad hocmodels of strong-interaction physics. One critical reskeaath
will lead to exascale and relatively cheap petascale mashiThese will be needed to
broaden the application of lattice quantum field theory amd tattice QCD into a phe-
nomenological tool accessible by non-experts. A majorlehgk will be to exploit strong
scaling, because the computational cost of QCD grows mustkrféghan the number of
lattice sites and the parallelism in exascale machine$, vindreds of millions of cores,
will outstrip that available through domain decompositioa. weak scaling. A highly
optimised QCD code is shown to exhibit near-perfect strarairsg up to 300,000 cores
and sustain one-third of a petaflop/s in Ref. 5. Fault tolegamalidation and verification
of simulation results already feature in lattice QCD metilody. They will be mandatory
at exascale and so lattice QCD has a leadership role to play.

Technology push alone will not be enough in the LHC era. Thed fieeds to artic-
ulate goals that the wider scientific community recognisstfl the cost of the exascale
project, when interest is shifting towards experimentstdveries and major societal chal-
lenges are demanding attention. Precise theoretical pimaeng of flavour physics at
LHCb must be a priority for most of the next decade. Solvirgy“sign problem” by find-
ing an algorithm which enables simulations at any baryomib& potential would have
ramifications beyond the heavy-ion physics at ALICE, e.gufaderstanding superconduc-
tivity, but this goal seems elusive. Nuclear physics cowddborn from first principles,
but is its community ready for change? Perhaps, the modimgcipportunity is for lattice
QCD to return to its roots and explore different realisagiofstrong coupling in quantum
field theories. QCD has demonstrated that Nature uses staurging. Why only once?
In struggling to understand the physics of LHC, such as edeetak symmetry breaking,
we no are no longer constrained to use perturbation theasyiaguide.
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Lattice Quantum Chromodynamics is a numerical tool usedloutate observables from the
theory of the strong nuclear force. Although current latsimulations now have errors of only
a few percent, they do so using formulations which break itiygortant chiral symmetry. Us-
ing a formulation which respects chiral symmetry reducesstatistical noise, allows cleaner
extrapolations to the target continuum theory, and remtweseed to accurately tune additive
residual masses; and will allow even more accurate latideutations. However, although
there are known formulations of Lattice Quantum Chromodyica which respect chiral sym-
metry, their simulation remains a technical, algorithmic @omputational challenge. In these
proceedings we outline the various problems encounteré@ansolutions to them.

1 Introduction

The theory of the strong nuclear force, Quantum Chromodyc&(@CD), is one compo-
nent of the phenomenologically successful standard mdgenticle physics. In contrast
to the situation for the electromagnetic and weak inteoasti accurate QCD calculations
for many observables have not been possible so far. The appedach, perturbation the-
ory, which involves an expansion in powers of the couplingstant often breaks down.
In a few cases, these problems can be overcome by quite etveb-summation tech-
nigues, but in general the remaining uncertainties arelaegg. In fact, these uncertainties
substantially reduce the possibilities to identify “NewyBits” at accelerator centres like
CERN or FAIR.

Fortunately it is possible to calculate many of the problgenabservables purely nu-
merically. QCD itself cannot be simulated numerically, d&ege it has an infinite number
of degrees of freedom, but a variant of QCD, lattice QCD (LQEBn. In LQCD one
discretizes space-time so that the the theory has very rhangpt infinitely many degrees
of freedom and can thus be simulated with Monte-Carlo tephes. As a matter of fact,
LQCD is not a model, but a well defined field theory in its owrhtigFor small enough
lattice constant (the distance between two nearest lgiticgs) it is not possible to decide
empirically whether LQCD or continuum QCD is the correctatgstion, as there exists a
formalism of LQCD, based on the overlap fermions used hehnélwis strictly equivalent
to the continuum theofy?. More precisely, LQCD approaches QCD as three limits are
taken in the correct sequence. First the lattice spacingdias extrapolated to zero, then
the volume to infinity, and then the masses to their physiahles. Each of these limits
can be controlled systematically. The scale parameter @DR@nd quark masses are each
set by pinning one observable to its continuum value; ebhémgtelse can be calculated
from first principles. After many years of work charactedzgy large systematic errors
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and slow progress, now lattice QCD is capable of producisglte with a precision of
only a few percerit

The recent advances in lattice QCD were driven by two devednis: firstly the avail-
ability of greater computing resources, such as the Blueef&eat the Julich Supercomput-
ing Centre, and secondly the rapid improvement in algoritiifor example, compare the
predictions for the computer time needed of the Berlin 2@@tice conferendewith what
has been achieved in the past few y&arsvithout this algorithmic and theoretical work,
the increase in computing power would not have been enougtidess the problems we
are addressing today.

In this ongoing project, we are attempting to simulatedattCD with an exact lattice
chiral symmetry. As discussed in section 2, this approaehktig demanding both compu-
tationally and technically. The aim of our work is partly tevetlop and establish methods
for future research, and partly to extract physics obséegalshich can be determined on
small lattice volumes. Section 2 gives a detailed motivatar the project, section 3 de-
scribes the lattice formulation used, section 4 discuslggsithmic challenges and their
solution, section 5 describes the status of our currentlaiions, and section 6 outlines
our current and future plans.

2 Motivation

Lattice QCD is successful because the symmetries of thancomh theory are either
maintained or smoothly restored in the continuum limit. fEhis one crucial exception
in most current simulations: chiral symmetry. Chiral syntipés an exact symmetry of
massless QCD, and a very good approximate symmetry for figtitons. Much of our
understanding of the light hadron spectrum is related, taghe spontaneous breaking
of chiral symmetry by the QCD vacuum. The most naive formorabf LQCD respects
chiral symmetry, but the Dirac equation has 16 solutiongead of just one. This is the
fermion doubling problem. It is possible to remove thesetldens by adding a chiral sym-
metry breaking term to the Dirac operator, but, as shown eisdn and Ninoyim® it

is impossible to do so without breaking the continuum forioh of chiral symmetry.
Of the currently most popular formulations of LQCD, Wilsolover fermions explicitly
break chiral symmetry, while improved staggered fermicengehadditional doublers. For
Wilson-clover fermions, although chiral symmetry is restbin the continuum limit the
restoration is not smooth. For staggered fermions the cpmesees are unclear. While
both approaches have been successfully employed, thetfeuarstill lingering theoretical
concerns. Domain wall fermions reduce the chiral symmeimiation by a considerable
amount, but at a substantial cost in computer time. Thusthey well be systematic
errors affecting observables particularly sensitive tioattsymmetry, and there are severe
difficulties for many observables caused by mixing betwegerators which would nor-
mally be forbidden by chiral symmetry. All of this adds to tiogal error as the continuum
limit is taken.

However, even though it is not possible to construct comtinehiral symmetry on the
lattice, it is none the less possible to construct a symmelrigh has a smooth limit to
the continuum. This solves the various problems associattdthe breaking of chiral
symmetry on the lattice. The way to achieve this is throughGimsparg-Wilson formula-
tion” which was derived by considering how the symmetry changdsine-normalisation
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group blocking. The Ginsparg-Wilson relation for a DiracogtorD can be written &s
VLD + DVR - 07 (1)

and any Dirac operator satisfying this relation for logaland~x which smoothly reduce
to 5 in the continuum limit will satisfy a lattice variant of clhirsymmetr§. It was found
that the overlap operatdt! satisfied the Ginsparg-Wilson relation, and possessekéiiis
symmetry. If both the Yang-Mills action and the fermion aatiare expressed in terms of
the overlap operatét, one does, therefore, expect an exceptionally good sdaéihgviour
when the continuum limit is takén This allows, e.g. to use coarser lattices than for other
formulation$® and generally speaking overlap fermions are the theoligtideanest ap-
proach to lattice QCD. There is no additive mass re-normdin, no operator mixing, no
need for tuning of the action, a clearly defined topologindkix, and the overlap fermion
formulation can be used to construct Weyl and Majorana fension the lattice'*. They
are also, however, by far the most challenging formulatioimiplement efficiently.

The overlap operator for a magds defined as

D=1+ p+(1— p)yssignk), (2)

where the kernel operatak, can in principle be any local lattice Dirac operator with no
doublers, although in practice the Wilson Dirac operatdhweveral levels of stout smear-
ing®® is usually used. The difficulties are caused by the matrir §igpction. Firstly, it

is expensive to calculate, and it requires the eigenveactotise kernel operator (and of
the overlap operator, for preconditioning), which gives tiverlap operator poor scaling
properties with increasing volume compared to other foatioihs. Therefore, itis difficult
to simulate overlap fermions at the required physicaldattiolume needed for the mea-
surement of physical observables, although once that wianmeached the advantages of
overlap fermions will start to become manifest.

Lattice QCD calculations use Monte-Carlo importance samgpl The method of
choice is the Hybrid Monte-Carlo algoritdfn(HMC), which has better scaling proper-
ties with respect to the lattice volume than other approselmel generally has short auto-
correlation times, but requires the differential of the@etvith respect to the gauge field.
For the overlap function, this involves the differentiatiof the matrix sign function, caus-
ing a Diraco-function in the force whenever one of the eigenvalues ok#reel operator
crosses zero. This is invisible to standard HMC, so the HMfo@thm needs to be modi-
fied to make thé-function force visible. Eigenvalue crossings corresptna changes in
the topological index, and are necessary to maintain ecgfgdi

Therefore, overlap fermions represent both a challengeaarmpportunity for lattice
field theory. The challenge concerns the computing ressweguired, the difficulty of
generating efficient code, and the development of novelrgihgoic techniques. The op-
portunity is that once all tasks are accomplished, ovegamions will remove a number
of systematic uncertainties affecting other formulatioh@CD.

3 The LQCD Overlap Action

The gauge fieldJ in LQCD is given by an SU(3) matrix on each link connecting two
lattice sites; each link can be written in terms of eight clmatesu,. So if there aré”
lattice sites and = 4 dimensions, the size of the systensix 4V. The differential of a
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function of the gauge field with respect to the coordinafer a lattice siter and direction
1 is defined as

00 F(U) = lim ~= f(Us(, 1y, v)):

t—0 dte
[T U [y = [
Ut (Ia MY, V) - { [](y7 ]/) OtheI‘WiSe (3)

The aim is to weight the ensembles according to the actiomshwin Euclidean space-
time iseSlV] = ¢=9[Ul+Trlog DIU] - Opservables are then measured either in terms of the
inverse of the Dirac operatdp or closed loops of gauge fields. The gauge actiyfi/],
is a lattice representation of the Yang-Mills actiéﬁjy (8 is a tunable parameter which
controls the lattice spacing), which can be expressed invtags, either as the sum of
traces of various closed loops of the gauge field (for exarf@esimplest four link loop,
the Wilson plaquette action, or more sophisticated contizina of four and six loops) or
as a function of the Dirac operatér'®. For the overlap Dirac operator, the second method
is theoretically superior but more expensive. For thatoeage are for the moment using
a standard Luischer-Weisz gauge action.

The Dirac operator is given by Eq. (2) with the kernel

K =7 [1 — 83 (U= )00 O () + (14 3)80 o U — mﬂ L@
I

The determinant of the Dirac operator cannot be calculatadtly, so it must be estimated
stochastically. A momenturn conjugate to the gauge fields is introduced according to a
Gaussian distribution, and an energy functional is coogtdi, = 72/2 + S[U]. The
system is then integrated over the classical energy coingemmajectory with respect to

a fictitious computer time- using a reversible and measure conserving integrator. The
symplectic Omelyan integrator is the current method of cador lattice simulatiorts.
Finally the unavoidable numerical violation of energy aanvation is corrected for using a
Metropolis step. The difficultly with overlap fermions, cpared to other types of actions,

is that the overlap operator is discontinuous because thexnsgn function needs to be
differentiated. This is discussed in the next section.

4 Algorithmic Challenges

4.1 Differential of the Matrix Sign Function

The matrix sign function of a Hermitian operator is definedeinms of a spectral decom-
position

Sign(K )¢ = Z Pi(1s, @)sign(\; ), (5)

wheret; represent the eigenvectors &if and \; the eigenvalues. For the bulk of the
eigenvalue spectrum, a Zolotarev rational approximatamle uset, but for the small-

est kernel eigenvalues this is impossible because thioappation cannot cope with the
discontinuity to the required accuracy. The discontininityhe sign function is precisely
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what gives the overlap operator its good chiral propertesl continuous approximations
to the sign function, which do exist and are used, e.g. for Biarkivall fermions, violate
chiral symmetry and thus the property which motivated ageférmions in the first place.
Therefore, the eigenvalues closest to zero should be difiatk treated exactly. One can
write the mixing between two eigenvectors when there is dlsthange in the gauge field
in terms of mixing angle8 and¢, so that (if the mixing anglé is sufficiently small)

tpi = (1 — cos 0;)1b; + €' sin 0515, (6)
where

i = Nj + (Vi 6K ;) — (15, 0K ;)

Qb (wvdel)
=\ oK) ®)

If the eigenvalues are well separated from zero, this carxparegled IV K/(\; — A;),
giving

tan 2913 =

(7)

sign(A,) — sign,)

BSIGN(I)) = 3 i (thi, OKC4py) (15, ) ==

i#]

+memwﬂ%wm. 9)

If there are two (or more) eigenvalues close to zero then theeraxact form given in
Eq. (6) must be used. This creates some difficulties withrobiweconservation of measure,
since Eq. (6) is a function of the momentum as well as the géelge and thus if it is used
naively within a force, the update of the momentum fields meither conserve the measure
nor be reversible. However, these problems can be overéome

4.2 The Transmission/Reflection Routine

The second issue is how to contend with the Difdanction in Eq. (9). The simplest an-
swer is to treat it as a potential wall of heights in classical mechanics. One integrates up
to the wall, calculates the momentum normal to the wall (endhectiony within the space

of gauge field variables), and if this momentum is large ehgoge transmits through the
wall with a reduced momentunts, 7)?/2 — (r,1)?/2 — AS, and if the momentum is
small enough, one reflects off the walk,n) — —(m,n). This original algorithrd is

not optimal because it only conserves energy uprtaather than§7)? as in the rest of
the molecular dynamics algorithm, and because it does nainnize the probability of
transmission given a particuldS and a Gaussian momentum distribution. These prob-
lems can be overcome by firstly modifying the momentum indio®ms normal ton to
overcome théfT error€?, and secondly by using a more sophisticated change in the mo-
mentume—(1:™7/2 _, ¢=(n.m)?/2+65 | (1 _ ¢AS)22, This naively no longer conserves area
or energy, but the Jacobian of this update cancels out ticeegiancy in energy conserva-
tion, so that detailed balance is still satisfied. Using thethod increases the probability
of transmission by about a factor of three, and reduces ttee@urelation by a similar
amount.
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4.3 Reducing the Potential Wall

The next problem is that using the pseudo-fermion estimhteeodeterminantAS is
still too large to allow tunnelling between different topglcal sectors, particularly at
low quark mass. The reason for this is that the pseudo-fermpproach requires the
inverse of the squared Hermitian Dirac operator, which raehat the noise generated by
the pseudo-fermion estimate AfS is inversely proportional to the quark mass squared.
This leads to an autocorrelation of order®S ~ =/’ This large autocorrelation
is now becoming a concern for other approaches to lattice ¥CIhe change in the
actual determinant, however, contains no strong mass depea. We avoid this large
autocorrelation by writing a new Dirac operator in terms ghadomly chosen parame-
ter Ao, D[Xo] = 1 + p + (1 — p)sign(K + Xo), factorising the fermion determinant as
det(D[0]) = det(D[0]/D[Ao]) det(D[Ao]). det(D][0]/D[\o]) can be treated exactly with-
out pseudo-fermions, and since the topological index caas@nly visible in this term
and not the ternalet(D[)o]), which is estimated by pseudo-fermiodssS is reduced by
several orders of magnitude and loses its poor scaling Wélgtiark mass.

4.4 Algorithmic Advantages of Overlap Fermions

All of the above, together with the additional cost neededtie rational approximation of
the matrix sign function, implies that a hybrid Monte-Cartile for overlap fermions with
topological charge changes (a Japanese collaboratiodsatlase problems by artificially
suppressing the small eigenvalues of the Dirac ope¥itisr considerably more complex
and computationally slower than other lattice QCD formiolas. However, we can take
advantage of the chiral symmetry of the overlap operatoeveal ways. The first method,
well developed and in use in our current production code beaused if additional quark
flavours are introduced. It is customary to use degeneraamdgown quarks, so here the
square of the Dirac operator is used. For additional flavofifermions, it is necessary,
in every formulation except for overlap fermions, to use torel approximation of the
square root of the squared matrix to ensure that the pseardden estimate is based on a
positive definite matrix. In particular it turned out thaeponditioning of the multi-shift
inversion is difficult. For overlap fermions, one can instese a chiral decompositiéi
and the usual preconditioning tricks. This saves approtéipa factor of five in the addi-
tional cost when going fromV; = 2 to Ny = 2 + 1 fermions. The same will hold for any
other additional fermion flavour.

The second approach, which we are currently developing dmchvis not yet ready to
be implemented into our main production code, is to use teufieable properties of over-
lap fermions under re-normalisation group blocKimg construct a coarse lattice overlap
operator from a fine lattice gauge field. Basically the actinrthe coarse lattice is equiva-
lent to a lattice action on the fine lattice, which can be aareséd explicitly if necessary.
Using the re-normalisation group to extrapolate betweenctrarse and fine lattices, all
physical observables can be calculated on the coarseelaftids allows us to simulate the
fermions on a lattice with a much reduced number of latticetso Once perfected, we

hope that this method might lead to gains of up to two ordempagnitude in computer
time!3.
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5 Simulation Progress

We intend to perforniV; = 241 flavour simulations at the Juelich Supercomputing Centre
on163 x 48 lattices. We are currently in the process of tuning the tlouesrk masses and
the lattice spacing for a smaller volume&? x 24, where the simulations run considerably
faster. At the same time, we are tuning the parameters of M€ Higorithm to maximise

its efficiency, and we work on further improving the qualifyoar code.

We have developed optimised Wilson matrix and inversionines, which dominate
most lattice simulations, for the Blue Gene/P and JUROPAhacextent that our produc-
tion runs are now dominated by eigenvalue calculations amebsing routines. We are
currently in the process of improving these parts of our dode

6 Physical Observables

We intend to use our lattices to study aspects of QCD whiclesgpecially sensitive to chi-
ral symmetry, for example, the relationship between confier@ and spontaneous chiral
symmetry breaking, certain aspects of hadronic strucésecially those strongly affected
by the pion cloud, non-perturbative re-normalisation, leatral kaon mixing parameter
By, the mesony’, the CKM unitarity triangle and th& — 77 decay. We will start by
investigating the vacuum structure of QCD, building on neeihused in quenched simu-
lations. This has the advantage that it can be done on reliagmall lattices and with low
statistics.

7 Conclusions

Lattice QCD with exact chiral symmetry is an enormous alhonic and computational
challenge. The algorithmic work has largely been compldtemvever, the required com-
putational resources are still very large, and physics yetidn runs are barely possible
with current machines. However, once the method is est@aliand large scale sim-
ulations become possible, it promises to produce conditiesuperior results to other
methods, with far easier continuum and chiral extrapotegtio
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We summarize results from a series of large-scale lattic® @@nputations, which were pre-
dominantly carried out on the Jilich Blue Gene installati&Emphasis is put on our choice of
the lattice action and algorithm, and the procedures by lwhie extrapolate to the physical
mass point, to the continuum and to infinite volume. In this/ e spectrum of the low-
lying flavour non-singlet meson and baryon states is obda&ieinitio, with fully controlled
systematics.

1 Introduction

The bulk part of the visible matter in the universe is madenfiorotons and neutrons.
Quantum Chromodynamics (QCD), the modern theory of stroteractions, describes
how quarks and gluons amalgamate to form nucleons and dtbegsy interacting states,
called hadrons. Due to the highly non-linear structure es#interactions, any form ab
initio determination of the properties of these hadrons from thlerying interaction of
qguarks and gluons has remained a challenge for decades.oBhefghis contribution is
to describe how lattice QCD tackles the problem and allows wbtain results with fully
controlled systematics.

At first sight QCD is rather analogous to QED, the quantummhebrelativistic elec-
trodynamics. This is because the Lagrangi@m Euclidean space)

1 Al
Lacp = 5 Tr(FuwFyu) + D (D+ma) (1)
i=1

closely resembles the Lagrangian of QED. The differenckasthe field-strength tensor
F., =0,A, — 0,A, +ig[A,, A)] is (for a giveny, v combination) a3 x 3 matrix in
“colour” space with a commutator term (which in the case ofDQE zero). The symbol
Tr(.) refers to the trace over this internal degree of freedom.n#ilair sum is implied in
the second term of Eq. (1) which, in addition, contains arliexgum over the “flavours”
one wants to deal with, usually “uptj, “down” (d) and “strange” §). This commutator
term and the pertinent non-linearities render QCD a fasicigaheory, but also a demand-
ing one. One key property is called “asymptotic freeddm” It states that the effective
(renormalized) version of the couplingshowing up inF),,, becomes weak at short dis-
tances. In other words, at high energies (or high relativenerttum) quarks and gluons
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interact weakly, allowing for standard perturbative melhto be used. By contrast, at low
relative momentum the interaction becomes strong, to th@ pthere asymptotic states do
not carry a net “colour” charge any more. This phenomenoalied “confinement”.

In order to derive these properties from the QCD Lagranglantfie theory needs to
be regularized, both in the ultraviolet and in the infrar&garticularly convenient choice
is the lattice, as introduced by WilsbA The finite lattice spacing and the finite four-
dimensional box volum& = L* render the path-integral for the generating functional

Zlij, ] = ZO/DU D)D) o= J 8o do=3" [ [P(D+m)sp+ijp+in] d

- ZO/DU [ det(D+m) et S a@rm = nds o= S, dx )

(with sums and products running over the flavours) well-céefiand the important property
of gauge symmetry is maintained exactly. The task is thehopute a given dimension-
less ratio, e.gMy/Mz, for a series of lattice spacings box sizes, and quark masses
my, mq, ms, and to perform a well monitored extrapolation of this ratiozero lattice
spacing, infinite volume and physical values of the quarksass If one can control all
sources of error in each step, one can claim to hawvabanitio result for the strong inter-
actions which provide the bulk part of the mass of the visib&ter in the universe.

2 Choice of Lattice Action and Algorithm

Creutz was the first author to notfciat well established importance sampling techniques
from statistical mechanics can be used to calculate speatfics of QCD functional in-
tegrals in Euclidean space. With this technique and thergéuml fermion discretizations
given in Ref. 4,5 one can in principle carry out Wilson’s pram. In practice things
look somewhat different. The reason is that the cost, in $esfiCPU time, grow rather
dramatically along each one of the directiens- 0, V' — oo, my 4 — mzf‘dys we aim for.

To mitigate this cost growth some theory investment is nexfiiHere we discuss how
the continuum limit is accelerated, postponing the renngjiivo steps for a moment. The
conceptual background for controlling the costs of the ioanim limit « — 0 has been
laid out by Symanzik® The starting point is that on the lattice any dimensiontasi®
differs from its value in the continuum by terms which scalthva certain power of. For
the nucleon-to-xi mass ratio considered before, this méweais

(My/Mz)(a) = (My/Mz)(0) + const(a/A)" + O((a/A)"F) (3)

wheren is a property of the action used to sample the phase space ammhstruct the
interpolating fields of the states considered, and a QCD intrinsic scale (e.g\qcp or
the nucleon mass in the chiral limit).

The crucial observation by Symanzik was that one may augaeien lattice ac-
tion by “irrelevant” (mass-dimension 5 and higher) termthwveioefficients tuned such that
“const” in the first sub-leading term of Eq. (3) is zero. Théskan enormous impact on the
cost, in terms of CPU time, of a physical result in the contimy because it enlarges the
smallest (and hence most expensive) lattice spacing atwshiwulations need to be carried
out. For illustration, let us assume the scaling regime ffgggon where th@((a/A)" 1)
term in Eq. (3) can be neglected] start®dtfm, and we wish to have data ov&f4 of the
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range in which we extrapolate linearly. In a theory witia) cut-off effects, we would

sample at/fm ~ 0.025,0.05,0.075,0.1, while in a theory withO(a?) effects we would

usea/fm ~ 0.05,0.071,0.087, 0.1, which obviously amounts to great savings.
Following these ideas we use the Symafzkd Sheikholeslami-Wohléfactions

S=0% e ¥ n-Rem@blte Y D-RenUL2)) @

T 1§,u<1/§4 1<p#v<4

Sy = a* Z { Z wm 'YM_I)Vw,uww-ﬁ-ﬂ - (’7u+I)Vm—ﬂ,uT1/Jw—;l + (%"‘m)d]w]}

52{Csw sz%v | ]%} (5)
p<v

for the quarks and gluons, respectively, with),, = (i/2)[y.,7.,] and hermitean
F,,. The improvement coefficients are set to their tree-levéles i.e.c;=—1/12,
co=1-8c1=5/3 andcsw = 1. Note that in Eq. (4) the original (“thin”) gauge links, ,
are used to define thiex 1 and1 x 2 Wilson loopsU, %), andU, %2, whereas in Eq. (5)
modified (“fat”) gauge linksV, ,, are used which relate to tHg, ,, through6 levels of
stout smearint}. This is a legal modification with an enormous impact on bbehstabil-
ity of the simulation and the speed (see below). Note thatitival ultra-locality of Wilson
fermionsD(z,y) = 0 for ||z —y|| > a is maintained, but the ultra-locality with respect to
changes in the gauge field is replaced by a locality in the moslense. By this we mean
thatd(D(z,y))/d(A(z)) falls off exponentially ag moves away from: =y, see Ref. 12
for details.

The cost of a QCD simulation is dominated by frequently saw\sparse systems of the
form DiDx = b to keep track of the change of the functional determiriantD +m) in
Eqg. (2). There is a battery of tricks to ease this task. We usa-edd preconditioning,
multiple time-scale integratidh (“Sexton-Weingarten scheme”), multiple mass precondi-
tioning'’ (“Hasenbusch trick”), Omelyan integratér and mixed-precision solv&x As
noted in the literatur® 2* combining several of these ingredients yields a dramatic re
duction of the critical slowing down that has traditionatigen observed for light quark
masses.

Having specified our action and algorithm, it is importanméoify that it entails a nice
scaling of physical observables towards the continuum aageint particularly relevant
for (improved) Wilson fermions — algorithmic stability. VWiave performed several stabil-
ity analysid®, including a hysteresis test (to detect a nearby bulk phrasesition) and a
determination of the smallest (in magnitude) eigenvaluthetermitean Wilson operator
H,, =~5(D+m). The latter test shows how the distribution.qf;;,, gets narrower, at a
fixed physical quark mass, as the lattice spacing diminidngsractice, it is far more con-
venient to monitor the inverse iteration couritcc of the solvet®, since this quantity is
closely related to\;, and comes for free. An explicit example froniVa = 2+-1 run (with
a degenerate quark mass,q for the first two flavours and a heavier, for the third one)
is shown in Figure 1. It indicates a clear gap, providingregrevidence for the stability of
the algorithm. We monitot /ncq in all our production runs. In Ref. 19 various scaling
tests have been carried out, mostly 16§ =3 at a common quark mass which roughly cor-
responds to the physical strange quark mass. This allowsresith considerable statistics
and hence small error-bars. An example is shown in Figureazh Bie nucleonX’) and
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Figure 1. Histogram of the inverse iteration count of ouwepfor the lightest pseudofermion in the action. Re-
sults are from aiV; = 2+1 run on ad83x64 lattice at3 = 3.57 with am? $4€ ~ 0.0056 andam? “AC€ ~ 0.044.
This amounts t@ ~ 0.085 fm and M, ~190MeV. See Ref. 19 for details.

the delta Q) baryon seem to scale rather well, that is the term propwatito a/A in
Eg. (3) seems to be absent and the slope [i.e. the prefadioe 6f/A)? term] seems to be
small. We find it remarkable that these properties hold tute@lattice spacings around
a~0.16 fm.

3 Abinitio Determination of Light Hadron Masses

As mentioned in the introduction, one of the classic goaltatifce QCD is to get the
spectrum of the light hadrons correct. To provideaminitio calculation, such a study
should (simultaneously) satisfy the following requirersen

1. Inclusion of theu, d, ands quarks in the fermion determinant with an exact algorithm
and an action whose universality class is QCD.

2. A complete determination of the masses of the light flavensinglet pseudoscalar
and vector mesons, as well as the baryon octet and decuplet.

3. Large box volumes to guarantee small finite-size effectsre-particle states and at
least one data point at a larger volume to confirm the smalloEthese effects.

4. Controlled interpolations and extrapolations to thegqital values of the quark masses
ms andm,q = (m,,+mg)/2, respectively.

5. Controlled extrapolations to the continuuan-¢ 0), requiring that the data are gener-
ated at no less than three values of the lattice spacing
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Figure 2. Scaling of the nucleon and delta for an artificialoick of quark masses, defined by
My /M, = My /M, = 0.67, using the scale setting procedure defined around Eq. (@foflB. The error-bars
are statistical.

We stress that important progress on each individual p@istdieen made by a number of
groups, but a simultaneous fulfillment of all these requeatrhas been elusive prior to
Ref. 12. Let us comment on those points which have not beensied in the previous
section.

Regarding point 2 we just mention that particles with a digant admixture of flavour-
singlet states have been omitted, since they require aatediall-to-all propagator tech-
nigue and massive 1/O capabilities which (at the time whes¢hsimulations were per-
formed) were not available on BG/L and BG/P.

Regarding point 3 we emphasize that the effect of the finitiagpvolume has been
corrected for, even though these effects were tiny. In @algr for two stable states (the
pion and the nucleon) th&/(L)/M predictions of Chiral Perturbation Thedfy?> have
been tested (by augmenting our dataset by dedicated siondatith a smaller and larger
L). We found complete agreement between our data and thecposdi

Regarding point 4, two comments are in order. The first oneears the fact that the
differencemghys —mPh¥s is small compared to the typical scale in hadron physics. The
effects due to this splitting are tiny compared to our etrars, and a similar statement
holds true for the effects due to the electromagnetic ioteras of the quarks (which we
do not attempt to simulate on the lattice). This implies thatneed to correct the input
data, i.e. the physical values 8f ., M, M= to which we want to tune our simulation,
for the influence of isospin breaking and electromagnefaxes. On this point we follow
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Figure 3. Synopsis of the quark mass extrapolation of owua ttathe physical value ofx, 4 (equivalently to
the physical value of\/;). The scale is set throughM/= at the physical mass point. Our data at three lattice
spacings seem to lie on a universal line, confirming the goatirgy properties seen in Figure 2.

Ref. 24 and chosa/, = 135MeV, Mx =495MeV and Mz = 1318MeV as input values.
The fact that each one of these values come with an error off &V is accounted for
and contributes to the final error which we quote. The secontheent concerns the details
of the extrapolation in the quark mass and the scale setfisgone can see in Figure 3,
our data, when plotted againsf2, show a rather small amount of curvature. Moreover,
that our pion mass reaches down t®)MeV implies that we need to extrapolate very little
to reach the target value @85MeV. We do this via a simple Taylor fit or, alternatively,
via formulae from Chiral Perturbation ThedPy In a similar sense the scale is set either
through the value ofiM= at the (extrapolated) physical mass point (the method used i
Figure 2) or through the value @fM= in the actual simulation (which amounts to an
analogous plot witl{M,. /M=)? on thez-axis andM /M= on they axis).

The last two options are, in fact, just two examples of ourraN@nalysis strategy.
Whenever there are several reasonable ways of how to se¢@a ggviable to its physical
value, we do not just use one of them, but we use them all intarsyadic form. Each time
we perform a full analysis, including an assessment of thtissical error via a complete
bootstrap procedure, leading to an overall distributiorth&f central values. From this
distribution we draw, in the final phase of the analysis, cemtral value and the best
estimate of the overall theoretical or systematic uncetyail his uncertainty is then added
(in quadrature) to the statistical uncertainty to give ttrerebars depicted in Figure 4.
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Figure 4. Ourab initio calculatiod? of the light hadron spectrum with three light flavours (pseselar and
vector meson octet, baryon octet and decuplet, excludatgstvith significant flavour singlet admixture), com-
pared to experiment. In the latter case states which deodgrstrong interactions are shown together with the
pertinent width. The error-bars on our data include staesisiand systematic uncertainties. The symbols for
M, My, M= have no error-bar, since these have been used as input & #tjuguark masses and to set the
lattice spacing.

4 Summary and Outlook

We have performed the firab initio calculation of the spectrum of the light pseudoscalar
and vector mesons and octet and decuplet baryons in QCD wiyhcontrolled system-
atics®. The outcome is in perfect agreement with experiment. Assaltreve can claim

to understand the origin of the bulk of the visible mass in dheserse; it is due to the
dynamical mechanism which binds almost-massless quake®actly-massless gluons
into protons and neutrons, thereby giving them a mass ofddeV each.

With these results in hand, it is natural to extend our calboihs to give the mass
of theu, d ands quarks from first principles. An important step towards sl is to
compute the renormalization factgg! for each of our lattice spacings. We opt for a non-
perturbative determination, following the ideas of Ref. ¥ stress that to date the light
quark masses,,, mg, m, are among the least precisely known parameters of the Sthnda
Model of elementary particle physics; they are essentlkaligwr?® up to a factor 2 only.
We feel confident that we can achieve a significantly moreipegesult.
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We give an account on our first experiences of the NIC projeutilating mass degenerate light
up and down and mass-split strange and charm quarks. Theatsgons are the first of their
kind in lattice QCD. Being able to reach rather light pion sessand small values of the lattice
spacing, we enter a regime of lattice QCD simulations cpoerding to an almost realistic
situation. We describe our preliminary results for the figiesons, the K- and D-mesons as
well as for the nucleon mass.

1 Introduction

In nature, we observe three generations of neutrinos asm&rated by LEP. Correspond-
ingly, there should exist 3 generations of quarks, ordeneduiark pairs as (up,down),
(strange, charm), (bottom,top). The masses of these qsadks a particular hierarchy
with essentially mass-degenerate up and down quarks ar@hlyasxponentially increas-
ing mass values from the strange to the top quark.

We strongly believe nowadays that the quarks are the coaatiparticles of all hadrons
with the gluons being the interaction particles that —vi¢lrong interaction— “glue” the
quarks together to form the bound hadron states which arerthe observed in experi-
ments. The mechanism of forming the bound states is theatgtdescribed by quantum
chromodynamics. The postulation of QCD is that at very stiistnces, the quarks behave
as almost free particles that interact only very weakly, aq@menon we call asymptotic
freedom. At large distances, at the order of 1fm, the quantesact extremely strong and
in fact so strong that they will never be seen as final, ob&destates but rather form the
observed hadron bound spectrum. The latter phenomenoltad canfinement of quarks.

Since the interaction between quarks become so strongga thstances, analytical
methods such as perturbation theory fail to analyze QCD. thateto nevertheless tackle
the problem s to formulate QCD on a 4-dimensional, eucldgzace-time grid. This setup
first of all allows for a rigorous definition of QCD and leadsftmdamental theoretical
and conceptual investigations. On the other hand, theda#tpproach enables theorists
to perform large scale numerical simulations. In this dbation, we will describe one
approach to “lattice QCD”, the twisted mass formulation.

In the past, lattice physicists had to work with a number witiitions when perform-
ing numerical simulations. These simulations are extrgragbensive, reaching the need
for Petaflop computing and even beyond, a regime of compyikinger we just reach to-
day. Therefore, for a long time the quarks were treated asitielff heavy, indeed a crude
approximation given that the up and down quarks have ma$sagyoO(MeV). In a next
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Figure 1. The values of the lattice spaciag@nd pseudo scalar massess as employed presently in typical
QCD simulations by various collaborations as (incompigtékted in the legend. The blue dot indicates the
physical point where in the continuum the pseudo scalar massumes its experimentally measured value. The
black cross represents a state of the art simulation by tQ&I collaboration in 2001.

step, only the lightest quark doublet, the up and down quavkse taken into considera-
tion, although their mass values as used in the simulativa haen unphysically large.

Nowadays, besides the up and down quarks, also the stramagle iguncluded in the
simulations. In addition, these simulations are perforimealmost physical conditions,
having the quarks masses close to their physical valugg lattices with about 3fm linear
extent and small values of the lattice spacing such that &@ed continuum limit can
be performed. The situation of the change of the simulatas$cape is illustrated in
Figure 1. In the figure, the blue dot indicates the physicaitpdhe black cross represents
a state of the art simulation in the year 2001. As can be se#imreigraph, most of the
simulations now go well beyond what could be reached in 2@0ahstrating clearly the
progress in performing realistic simulations.

The drastic change in the situation is due to three main dpweénts:) algorithmic
breakthroughsii) machine development; the computing power of the presenPBgs-
tems is even outperforming Moore’s law, as we see at the ebeaniithe installation at the
Julich Supercomputer Centrg;) conceptual developments, such as the use of improved
actions which reduce lattice artefacts and the developwfembn-perturbative renormal-
ization.

In this article, which is to a large extent based on the prdicgss contribution of
S. Reker to the 2009 lattice symposium in Beijing, China, vilereport our first results
when also the charm degree of freedom is included in the sitionls. “We” stands her
for a European collaboration, the European Twisted MastaBalation (ETMC) which
comprises 16 institutions in Europe, i.e.

e Cyprus: Univ. of Cyprus,
e France: Univ. of Paris Sud and LPSC Grenoble,
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e Germany: Humboldt Univ. zu Berlin, Univ. of Minster, DESK Hamburg and
Zeuthen,

e Great Britain: Univ. of Glasgow and Univ. of Liverpool,
e Italy: Univ. of Rome I, Il and IIl, ECT* Trento,

e Netherlands: Univ. of Groningen,

e Poland: Univ. of Poznan,

e Spain: Univ. of Valencia,

e Switzerland: Univ. of Bern.

It has to be stressed that such computations including thercuark are the first of their
kind world-wide and hence our collaboration and this wonki®es new territory.

In the twisted mass approach it turns out that when only onanpeter of the action,
namely the bare Wilson mass, is tuned to a critical value|atiiee artefacts in physical
observables appear only quadratic in the lattice spacigs i$ in contrast to a standard
Wilson action, where these lattice spacing effects aralindhe main advantage of the
twisted mass formulation of lattice QCD is then that thisitigrof the bare Wilson quark
mass, the so-called maximal twist situation, provides goraved, i.e.O(a?), continuum
limit scaling of physical observablesitomatically i.e. without the need to supply fur-
ther, operator specific improvement coefficients. The wdshass formulation of Lattice
QCD"? s being studied extensively witN; = 2 dynamical flavours, i.e. including only
the lightest up and down quark doublet, by the European &disass collaboration’.
The major goal of our present project is to include a dynahsitange and charm quark
in the simulation by introducing a mass-split doublet asulsed in Ref. 8-10.

2 Lattice Setup

In the gauge sector we use the Iwasaki gauge actigrhe fermionic action for the light
doublet is given by:

Si=a* Y {x(@) [Dw (U] +mo + imrsms) x(x)} 1)

using the same notation as used in Ref. 10. In the heavy s#waction becomes:

Sy = a* Z {Xn(@) [Dw U] +mo,n + ipeysm + ps7s] xn(x)} . (2

The gauge configurations are generated with a Polynomiatitiythonte Carlo (PHMC)
updating algorithr? 14

2.1 Tuning Action Parameters

Tuning to maximal twist requires to set,; andm,  to a sufficiently accurate value of
the critical massneir = mei(3)8. Here we setng; = mo, = 1/(2x) — 4. As has
been shown in Ref. 8,9, this is consistent wilfu) improvement defined by the maximal
twist conditionampcac,; = 0 (see also Ref. 10). The numerical precision at which the
conditionmpcac, = 0 is fulfilled in order to avoid residual larg@(a?) effects when the
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pion mass is decreased is, for the present range of lattearsys,|e/1;| < 0.1, where

e is the deviation ofnpcac,; from zerd 15 As explained in Ref. 10, tuning t.,i; was
performed independently for eagh value. From Table 1 we observe that the estimate
of ki depends weakly op;. The heavy doublet mass parametersand s should be
adjusted in order to reproduce the values of the renormthbz@nge £) and charm )
quark masses. The latter are relateg toand.; via®:

1 Zp
s,c = 5 Mo — ) 3
(ms.c)r ZP(M F Zsﬂa) ®3)

where the minus sign corresponds to the strange and theighutosthe charm quark. In
practice we fix the values, andyus by requiring the resulting- and D-meson masses to
match experimental results.

Label | § K apy afhy aps | Lia | T/a | mzL | e/l
Ch 1.90 | 0.1632700 | 0.0040 | 0.150 | 0.190 | 20 48 3.0 | 0.14(14)
Co 1.90 | 0.1632700 | 0.0040 | 0.150 | 0.190 | 24 48 3.5 | 0.07(14)
Ay 1.90 | 0.1632650 | 0.0060 | 0.150 | 0.190 | 24 48 4.1 0.03(3)
Ay 1190 | 0.1632600 | 0.0080 | 0.150 | 0.190 | 24 | 48 4.8 | 0.02(2)

AsD; | 1.90 | 0.1632550 | 0.0100 | 0.150 | 0.190 | 24 | 48 5.3 | 0.02(2)
Ay ] 1.90 | 0.1632720 | 0.0030 | 0.150 | 0.190 | 32 | 64 4.0 | 0.08(7)

AsCs | 1.90 | 0.1632700 | 0.0040 | 0.150 | 0.190 | 32 64 4.5 0.04(5)
Ag 1.90 | 0.1632670 | 0.0050 | 0.150 | 0.190 | 32 64 5.0 0.05(2)
D, | 1.90 | 0.1632550 | 0.0100 | 0.150 | 0.197 | 24 | 48 5.3 | 0.35(1)
By 1.95 | 0.1612400 | 0.0025 | 0.135 | 0.170 | 32 64 3.4 0.06(6)
By | 1.95 | 0.1612400 | 0.0035 | 0.135 | 0.170 | 32 | 64 4.0 | 0.02(2)
B3 1.95 | 0.1612360 | 0.0055 | 0.135 | 0.170 | 32 64 5.0 0.08(1)
By 1.95 | 0.1612320 | 0.0075 | 0.135 | 0.170 | 32 64 5.8 0.05(1)
Bs 1.95 | 0.1612312 | 0.0085 | 0.135 | 0.170 | 24 48 4.6 0.01(2)

Table 1. Input parametersy L and|e/p; | for all ensembles used in this paper. Every ensemble~h&800

thermalized trajectories of length = 1. We have two main ensemble setd: and B, at 5 = 1.90 and
B = 1.95 respectively. Ensembles labelétlare used to check finite size effects. Ensembles labelede used
to check/tune the strange and charm quark masses.

2.2 Determination of Heavy-Light Meson Masses

Since the twisted mass lattice Dirac operator of the norederate heavy quark doublet
(cf. (2)) contains a parity odd and flavour non-diagonal @hlgerm, parity as well as

flavour are not anymore quantum numbers of the theory. Inrastito parity and flavour

conserving lattice formulations, it is not possible to cartgcorrelation functions re-

stricted to a single parity and flavour sector in this setupe Weve developed several
techniques to deal with this problem which eventually réeeapletely consistent values
of the D-meson mass. Hence we think that at least for the massses in the heavy-light
sector, we have the effects of flavour breaking under cantrol
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The left panel of Figure 2 shows the tuning of the strangelqoass by showing the
difference, scaled with the chirally extrapolated valuef: between twice thél-meson
mass squared and the pion mass squaredA%et? = 1.90 aus = 0.190 (green points)
appears to overshoot the physical point (the black crosshereft), while setB (red
points) extrapolates better. To improve the tuning of thangfe quark mass for sdt, we
are currently applying a reweighting procedure as desgribéref. 10 in the parameters
aps andk. The blue point with a different heavy sector splittings = 0.197 is a run
to check this procedure. The right panel of Figure 2 showsrthss of theD)-meson as a
function of the pion mass squared for various simulatiom{sas well as the experimental
value from the Particle Data Grotfp The plot demonstrates that we have tuned the charm
(sea) quark mass in our simulations to a physically realistiue. As a final check, we
also use an estimate af» /Z¢ to verify thatm, ~ 10m.

5,
3- Ao - =" +* + 1+ % Lia

- —o—
By A 32
NEE o o 34
le Eo aps
& 2 017
N
i - 019
14 -~ 0.197
07\ T T T 01
T T T T
0.0 0.5 1.0 1.5 0.0 05 1.0 15

(fomn)2 (romn)Z

Figure 2.72(2m2% — m2) andromp as functions of(romx)2, showing the status of the tuning of the

™

strange and charm quark mass respectively. The experimaitee from PDG is added as the black cross
(ro = 0.44(4)fm was used). Red points label tife= 1.95 runs, green points label th& = 1.90 runs, where
the single blue point corresponds o= 1.90 with a different heavy sector splittingu.s. Circles denote runs
with L/a = 24, triangles indicate a volume with/a = 32.

3 Results

As a first check of our data, we have compared it to the extelysanalysed data set that
exists for ourN; = 2 data. To compare the two sets, we plot dimensionless phyaiuas

in Figure 3. The figure shows a nice agreement between allesuits, suggesting small
discretisation effects and small effects of dynamicalndc-quarks for these observables.

3.1 7o/a Extrapolation

The static force parameteg is a quantity that is often used to study the continuum limit
behaviour of physical quantities. We therefore have coebut/a in our simulations on
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Figure 3. (mx/ fx)? Vs (mx /muy)? (left) and (ro fr)? Vs (romx)? (right) for both Ny = 2 + 1 + 1 data
(with 3 = 1.90,1.95) and Ny = 2 data (with3 = 3.9,4.05,4.2 and using a different gauge action). In the
left plot, m is the nucleon mass, and the physical point is included abl#uwi cross. In both plots finite size
corrections are not applied, and in the right plot the clyirektrapolated values forg /a were used.

the set of configurations given in Table 1. In order to obtaifu at the physical point,
we extrapolate/a using a polynomial fitg/a = ¢1 + caau; + cza®u?, and perform a
simple quadratic fitg /a = ¢; + cza?p? to help estimate systematic erroes.is the value
of ro/a in the chiral limit. We find that based on thé/d.o.f. the quadratic fit is in both
cases the best fit and follows closely the polynomial fit. Werefore use the value of

in the chiral limit from the polynomial fit, and take the diféace with the quadratic fit as
a first estimate of the systematic error in the extrapolatigsingro/a = 0.44(4) fm, this
yields as lattice spacings084(7) fm and0.077(7) fm for setA at 3 = 1.90 and setB at
0 = 1.95 respectively.

B | a(pol) | x*/dof(pol) | ci(qua) | x*/dof(qua)
1.90 | 5.26(13) 1.8 5.24(2) 14
1.95 | 5.69(21) 3.1 5.71(4) 2.1

Table 2. Comparison of two differemy /a extrapolation functions, for both data-sets the quadmatthod is
better from ay? /d.o. f. point of view. Statistical errors in the fits are includedvbetn brackets.

3.2 Light Meson Chiral Perturbation Theory Fits

In order to extract the lattice spacing and light quark messfour data-sets, we perform
a next to leading orde$U (2) chiral perturbation theory fit of the.,, and f,; data. We use
continuum formulae and correct for finite size effects eithidghout any new low energy
constants a la Gasser and Leutw$ffeor with /; andl, added in, as described in Ref. 19.
The results are listed in Table 3. We have performed thestfisnsemble setd and B
separately, and also combined them in a single fit. In Tabde3nclude a systematic error,
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estimated a2 — 5%, coming from the dispersion of the values of the fitted partansebe-
tween NLO and NNLO. Note that since the quark mass entergRfieexpression, in order

to combine the two sets at different lattice spacings, wel teé&now the renormalization
factor of the quark mas8,, = 1/Zp, a computation which is not yet complete. Assuming
that Zp is effectively a function of3 in the range of parameters we are considering, we
can fit the ratio of those’ p-values and lattice spacings and extract lattice spacioys f
the combined fit. In every fit we use as inputs the physfgaandm.., and extractfy, I3
andl,. A complete analysis (analogous to Ref. 20) of the systene#feects is in progress.

set ptS fo(MeV) lg l4 aﬁzl_go(fm) a5:1,95(fm)
A& B | 11| 121(4) | 35(2) | 4.7(2) | 0.086(6) | 0.078(6)
A |6 | 121(4) | 3.4(2) | 48(2) | 0.086(7)

B | 5 | 121(4) | 3.7(2) | 4.7(2) 0.078(7)

Table 3. Results from the NLOU (2) xPT fits for combined, only set and only setB respectively. Errors are
dominated by a systematic errordf 5% due to performing an NLO fit. The column "pts” refers to the roen
of ensembles used in that fit.

3.3 Chiral Extrapolation of the Nucleon Mass

In this section, we present preliminary results for thetlighark mass dependence of the
nucleon mass. We consider the one-loop result from heawohbachiral perturbation
theory (HByPT)

0

3 2
my =mQ — 4cym? JA_ 3 (4)

To16mf2 "

and fix the scale and light quark mass to the point where th@way /m.,. attains its phys-
ical value. We fixf, andg to their physical valuesif0.7 MeV and1.27 respectively)
as has also been performed in Ref. 7. Using this proceduréinde lattice spacing of
0.089(2) fm and0.077(3) fm for 3 = 1.90 and 1.95 respectively. Thex?/(d.o.f.) of
these fits is not very good, and fitting a linear extrapolatippears to be consistent with
the data. This is not unique to our data, and has been obskyveatious collaborations.
We therefore perform the linear fit here as well, and absaldifierence between the two
extrapolations in the systematic error. A more detailedyaisof the chiral extrapolation
of the nucleon mass will be presented in an upcoming study.

4 Conclusions

We have presented first results from runs performed with rdagenerate light up and
down as well as mass-split strange and charm quarks (sacslle= 2 + 1 + 1 simu-
lations). We find a nice agreement between these resultshasd withN; = 2 twisted
mass fermions as shown through dimensionless ratio plbta {0 f, my andry/a), sug-
gesting small discretisation effects and small effectsyofanicals- ande-quarks for these
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observables. Our results show first of all that simulatioite W; = 2 + 1 + 1 flavours
are perfectly feasible. Second, it is possible to tune thiemparameters such that maxi-
mal twist and hence automati?(a) improvement is realized and that the physical K- and
D-meson masses are matched. Clearly, these first resutiscaeeful checks of possible
systematic effects. To this end, we are presently perfagisimulations at a lattice spacing
of a =~ 0.06fm and pion masses down to,, =~ 160MeV which will bring us very close to
the physical point and allows to test the chiral behavioy'tofsical quantities.
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We present a highly scalable implementation of the HybrichMdCarlo algorithm on the Jilich

IBM Blue Gene/P Petaflop supercomputer JUGENE. The programlates Lattice Quantum

Chromodynamics (LQCD) including the effects of dynamicalséh fermions. Its core rou-

tines benefit from GCC inline assembly. All other computaaity intensive parts have been
optimized by means of a set of macros that make use of “intshef the IBM XLC compiler.

A specific low-level communication layer has been desigeaptimized communication be-

tween nodes. Direct node-to-node access through the Blune/Be&Pls leads to a reduction
of latencies. This short report gives details how petasgatif LQCD on a leadership-class
supercomputer witld(103) cores can be achieved.

1 Introduction

Quantum Chromodynamics (QCDjescribes the “strong force” which binds protons and
neutrons forming the atomic nucleus. Much theoretical evie validating the theory is
given in the high energy sector. Here, owing to the large mue@volved, a comparison
of the theory to results from accelerator experiments isifda by perturbative methods. In
the low energy sector, however, the favorite method is basealregularized approxima-
tion of the continuum theory on a Euclidean lattice, a methmded Lattice QCD (LQCD).
Many important quantities such as the hadron spectrum dyeagnessible through such
calculation. Markov chains of the gauge fields are computed by means ohastic
importance sampling. Lattice simulations need huge ansoafintomputational resources
that require the most advanced supercomputers. To makaigesif these systems the
implementation needs to be highly optimized.

This paper describes the implementation of a state-ohthsimulation software for
LQCD simulations. It is based on the classical Hybrid Montl€ algorithm (HMC¥
which is improved by mass preconditionfagnultiple time step integration with opti-
mized integratos and mixed precision invertets Here we focus on the secrets of the
implementation of the code on the IBM Blue Gene/P (BGP) stgmaputer.

In the next section, BGP’s hardware elements relevant &intiplementation are intro-
duced. In section 3, the fast communication layer is presknn section 4, the “kernel”,
the even/odd precondition®tlVilson® matrix-vector multiplication is given. Section 5 is
devoted to a set of macros to optimize other critical parte@ftode. Finally, performance
results are presented in section 6.
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Figure 1. Parallelization scheme: Three dimensions &igure 2. The DMA controller sends data independent
mapped to the torus HW, here depicted by arrows poifrem the CPU. In a specific mode the DMA fetches data
ing from and to the neighbouring nodes (boxes). Them local memory and communicates via the torus to
4th dimension uses the four cores of a BGP node. the DMA of the receiving node.

2 Blue Gene/P Hardware Features

As its predecessor, the Blue Gene/L (BGL), the IBM Blue GEngivell suited for LQCD
simulations. A major advantage is the 3-dimensional torte/ark with very low latency
(<1 ps) and high throughput (5.1 GB/s). Three freely selectabieedsions of the 4-
dimensional space-time lattice can be directly mapped th&dorus hardware (HW), the
4" dimension can be parallelized over the four cores of eack®hge Figure 1).

2.1 Communication Hardware

One important difference between BGP and BGL concerns thtbadeof utilization of
the torus network: The BGP features a DMA communication radler whereas on the
BGL the CPU is feeding torus FIFOs. This new DMA communicationtroller can be
used to move data over the torus network while the CPU is buy s@mputationsdf.
Figure 2). The CPU is just required to set up and/or start timencunication process. It is
not involved in moving the data.

aThis implementation is based on the VN-mode of BGP, wherg ardmall window of shared memory is used
for global operations (see section 3). This allows for matimemory bandwidth as memory operations will not
require cache coherency between the cores (see section 2.2)

156



In order to set up the communication process, a so called “Divinory injection
FIFO” is required €f. Figure 3). The injection FIFO basically is a piece of ordinarem-
ory, where “message descriptors” can be stored. Each of tihescriptors specifies one
messagei.e. one continuous chunk of data to be transferred. It contairefeaence to
an injection and a reception countef.(Figure 4). The injection counter counts down the
number of bytes to be sent, the reception counter, locatéldeoreceiving node, will count
down the bytes that have arrived. These counters also hawrng address associated
with them. This address serves as an offset — the relative @eth receive addresses of a
descriptor, are added to this offset when data is fetcheti@send side and stored on the
receive side. To send a data packet via “direct'ﬂtﬁrtbm node A to node B, the procedure
might look as follows:

1. (send side) Allocate an injection FIFO (if necessary);

N

. (send side) allocate an injection counter (if necessary)

w

. (rec. side) allocate a reception counter (if necessary);

. (send side) set the injection counter offset to the (aljtstart address of the data
packet;

5. (send side) set the injection counter value to the numbéytes contained in the
packet;

6. (rec. side) set the reception counter offset to the (aiytaddress where the packet
should be stored,;

7. (rec. side) set the reception counter value to the numbbytes contained in the
packet;

8. (send side) prepare the descriptor. Set the relative arddeceive offset to 0, be-
cause the offset values are already the memory addressesivinere the data is to
be fetched and where it is to be stored. Set the size valuectaumber of bytes
contained in the packet and give the coordinates of thettaage. Finally, give the
send counter and the reception counter IDs;

9. (send side) inject the descriptor into the FIFO. The DMekistworking immediately;
10. (rec. side) poll the reception counter until it has reakchero.

When the descriptor is injected into the FIFO at step 9, it bl stored at the so-called
FIFO tail and the tail will be incremented. In addition to tlad, there is a FIFO head, the
location of the next descriptor to be serviced by the DMA, arklFO starting and ending
addressdf. Figure 3). The DMA will stop servicing the FIFO when the FIF@al has
reached the FIFO tail. Both FIFO head and tail wrap arountled®iFO starting address
when they reach the FIFO ending address. Thus the FIFO siaslysan issue, when
there is not enough time for the DMA to service the descrigpbmfore new descriptors are
injected.

The FIFO head can be controlled and the FIFO can be activattdeactivated by the
user via the SP?. Persisterft send and receive operations can be set up by

N

BThere are more ways to transfer data. For LQCD this is thesabecause of minimized latencies.
CBy persistent send/receive those communication opegatioa denoted that communicate the same amount of
data between the same nodes and from/to the same addressamary.
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Figure 3. The BGP DMA FIFO contains message descriptors @& ntégure 4. “Direct Put” descriptor. The
sage equals a continuous piece of data that is to be traedfahat are descriptor contains the XYZ coordi-
read and then executed by the DMA. After executing a desuriite nates of the target node, “hint bits”
DMA moves the FIFO head towards the FIFO tail. When the tailtaling in which direction the packet
reached, the DMA stops servicing the FIFO. will travel, send and receive offsets,
message length and the reception and
injection counter IDs/Group IDs.

1. Deactivating a FIFO;
2. injecting descriptors into the deactivated FIFO;
3. then moving the FIFO head to the tail manually;

4. activating the FIFO afterwards.

The communication process can then be started by settingeugeteption and injection
counters and by moving the FIFO head back to its originaltjprsi

Itis also possible to use the DMA to perform communicatidrad aire local on a node.
Actually, these are simple memory copies, but only when tMADs used, they may be
hidden behind the computations. Rearranging the datamilidse copies, the memory
access of the computations that access the transferrethtiatan can be optimized.

In addition to the 3-dimensional torus network, the Blue &architecture features a
global tree network, which is used for operations such asobajlallreduce or a global
barrier. It has a low latency of 5,0s (worst case) and a bandwidth of 1.7 GB/s. The
functionality of the tree network is fully accessible by t8EI. It is actually possible to
do non-blocking communication here as well. Global operetisuch as a global unsigned
integer sum or unsigned integer max are supported by thevaagdglobal operations with
floating point numbers have to be implemented through se&wa
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2.2 The ppc450 Core

In addition to the new DMA communication controller, the riugn of cores per node has
been doubled upgrading from BGL to BGP. The core itself has been updated: while
the cache coherency between the two ppc440 cores of the Béiolee managed by soft-
ware, the cache coherency of four ppc450 cores in the BGPrageal by hardware. To be
able to sustain all four cores, for each core the amount dfecand the memory and cache
bandwidth per cycle is the same as on BGL. However, sincealsare cache coherency
requires the caching policy to be fixed to “Write-Throughiettypical LQCD code per-
formance on one core decreased a bit even though the clapkeiney was increased from
700 MHz to 850 MHz.

Cache coherency related synchronization between the gmiases the effective mem-

ory bandwidth further. In VN mooqehowever, because each node will be working in its
own space, the synchronization overhead is reduced as lidthdweasurements show.
Therefore, our implementation uses the VN mode. Communitcditetween the cores is
possible via a shared memory window or DMA via driven memapies.

As it was the case for BGL, each core has a double floating paih{FPU) where the
secondary FPU is only accessible via special so-calledpostlinstructionsl.e., in order
to achieve beyond 50% of theoretical peak performance, asetd exploit this special
instruction set. These instructions are, however, of Sliile which makes automated
code optimization in most cases impossible for the compiler

There are two ways to solve this problem: The first and most tionsuming is cer-
tainly to write the most computationally intensive partdteé code in raw assembly. Sec-
ondly, one can write optimized code by using the special dlmmacros of the IBM XL
C compiler (“intrinsics”). Each of these macros correspmoditectly to a specific assem-
bly instruction and often has the same name. So even in tkis tbee user has to select
an assembly instruction for each logical operation, howéve compiler will take over
scheduling and might even choose to use other instructibakernatives benefit perfor-
mance.

The “oedipus” instruction set is used for both BGL and BGBstbptimized routines
written for BGL can also be run on the BGP. Since on BGL mosesaased the “Write
Back” caching policy to improve the performance, the BGL eadll still have to be
adapted for the BGP.

3 Optimized Communication Layer

A QCD HMC code requires a variety of communication operatidviost communication
takes place between neighbouring nodes and is implemested the torus network or
DMA-driven local memory copies. Moreover, for the lineas®m solvers global sums
are required that most effectively make use of the low lateree network of the BGP.

dThere are three modes of operation for the BGP: in SMP mobegis share the same memory and one node
runs one MPI task which can have 4 threads (on BGL one core migiran a singe thread). In DUAL mode,
the available memory will be split between two times two sora this case, one hardware node runs two MPI
tasks which can have 2 threads each. Finally, in VN mode, eaghhas its own quarter of the memory and the
hardware node runs four MPI tasks.
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Additionally, global barriers will employ the tree networkhereas local.e. node-wide
barriers use the so-called “lockbox” to synchronize.

The computationally costly part of the HMC-code is the Wil§eparse) matrix vector
multiplication. Fortunately, it is possible to implemehttroutine in such a way that
“persistent communication” can be used: all pointers inedlas well as the amount of
data transferred is the same for each call to the routineceSati directions should be
parallelized, a total of 8 FIFOs (one for each directiong@aption and 2 injection counters
(for positive and for negative parity) are required. Logaienunication is implemented in
form of a DMA-driven memory copy.

Additional generic communication routines are requireat. this purpose 8 additional
FIFOs are set aside, again one for each direction. The nuofibgection (and also recep-
tion) counters used in this case is typically 8 but is not fizad can be chosen at runtime.
With 8 pairs of reception and injection counters 8 indepahdemmunication operations
can proceed at any time (so that the counter value gives thgrgss of the communica-
tion and because the counters have the offsets for memoegaassociated). Any further
communication operation waits until a set of counters bexavailable. The descriptors
will be injected into the appropriate FIFO depending on tineddion in which the data are
sent. Again, communication local to a node is implementedl#& memory copy. For
global operations like a global allreduce a shared memongow is used.

The global allreduce (tree) network is capable of perfogninsigned integer opera-
tions only. As the code requires a global double precisiaatifhg point sum and a global
double precision floating point maximum operation, it is esgary to split the floating
point numbers into mantissa and exponent and to perfornraepaperations on these
numbers. If the sign of the original floating point number wagative, the mantissa is
replaced by the complement of two. To calculate the global,sor example, the first
step is to compute the global maximum of the exponent. Simisés an unsigned integer
already, the maximum can be computed right away. Afterwatidsiantissa have to be
shifted according to the global maximum exponent. Typjctt a double precision float-
ing point number, the mantissa will be converted to a 128 Bgigned integer, to make
sure the precision of the global unsigned sum on the shiftedtissa is precise enough.
Finally mantissa and exponent are reassembled into a fipadimt number.

4  The Wilson Fermion Matrix

Most of the cycles are spent within a small fraction of thegpam. This “kernel” im-
plements the fermion “Dslash” matrix vector multiplicaticapproximating the fermionic
determinant. The details of the kernel follow the specifscditization scheme used.
Our HMC is designed for a simulation based on Wilson’s disza¢ior?. Here, the
Wilson kernel is defined as the non-diagonal part of the magctor multiplication:
14 4
U= Dwnm®m =Y (1=7) @Uun)®pip+ (1+7,) @Ul(n— )@
m=1 p=1

Heren is the index of a lattice site of the (4-dimensional) lattizes the number of lattice
sites anch + /1 is the neighbouring lattice site afin positivey direction.~,, are complex
4 x 4 andU, are SU(3) § x 3) matrices in a tensor product/T(n) is the hermitian
conjugate of/(n). The diagonal term is ignored as it is implemented outsidekgrnel.
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The Wilson matrix connects nearest neighbouring sites.oms a consequence
all communication is restricted to nearest neighbouringlesowhen arranged in a
4-dimensional space-time lattice, which is the paral&ion scheme for the entire code
(cf. Figure 1).

4.1 Memory Footprint and Number of Flops

For every lattice point one has to store fGux 3 matricesU,(n), one input “spinor"®,,
and one output spinob,,. Thus, the memory required for the kernel scales linearth wi
V. The same is true for the number of floating point operatioas, the kernel realizes a
sparse matrix-vector multiplication.

v is @4 x4 matrix. Itis tensor-multiplied with an SU(3) matrix. ¢,,, and¥,, contain
four SU(3) vectors each. One of these SU(3) vectors consisscomplex numbersy,,
itself is fixed for all lattice points, and for the representation used here it only contains
the (signed) complex or real unit. Therefore, it is computgter than stored in memory.
A 3 x 3 matrix requires 9 complex numbers leading to a total memsaga oft x 9+ 2 x
12 = 60 complex numbers per lattice site. The total memory-footpricludes additional
communication buffers beyond ti6é x VV complex= 120 x V' 4 or 8 Byte floating point
numbers.

One multiplication with ay matrix requiresl 2 floating point operations. One SU(3)
multiplication amounts t66 flops, the result accumulation?d flops. Due to the structure
of they matrices, only two independent SU(3) multiplications aguired for each of the
producty1 — v) ® U®,,, giving a total flop count o8 x 2 x 66 + 8 x 1247 x 24 = 1320
flops per lattice site. All kernel performance numbers giirethis paper are measured
relative to1320 flops/site.

4.2 Communication Setup

As mentioned above, it is desirable to use persistent conwation in order to reduce
latencies. In the case of the Wilson kernel this can be sttigvardly carried out, because
the vectors\,, ,, = (1 —,)®n s andx,., = (14 7,) @ Ul (n — f1)®,_; can be stored
in a temporary buffer which is the same for each call to thed&krSince this buffer has
a fixed address and all relative addresses within the buféeidantical as well, the same
set of descriptors can be reused in every call to the kerinés. Aolds as well for even/odd
preconditioning, if the local lattice volume is restrict®dan even number.

The complete setup therefore requires two reception anddyeation counters, one
for communication in positive (forward), one for commurtioa in negative (backward)
direction. Additionally one FIFO for each direction is réepdl, that is 8 FIFOs for the dou-
ble precision and 8 FIFOS for the single precision kernek déscriptors are injected into
each FIFO at the beginning of the simulation. Scatteringnefduffers can then be started
by simply setting the counter values to the number of bytasdhe to be communicated
(different for double and single precision) and by havingreBIFO head pointing to the
first descriptor.

4.3 Implementation Details

Implementing the Wilson kernel, one can make full use of tldPB DMA capabilities to
overlap communication and computation. Our implementedicategy:
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1. (scalar) Comput®,, , = (1 — 7,) P14

2. (comm) start communicating “backward” thg ,, on the boundaries to the nodes in
negative directions;

3. (scalar) computg,,,, = (1 +7,) @ Ul (n — @)@y z;

4. (comm) start communicating “forward” the, ,, on the boundaries to the nodes in
positive directions;

5. (comm) wait “backward”;

6. (scalar) multiply the\,, ,, with U, (n), accumulate the results;

7. (comm) wait “forward”;

8. (scalar) accumulate thg, ,, to the result of the previous step.

For typical lattice sizes the waits in step 5 and 7 returnatliyeindicating that all com-

munication is already finished when the wait is called. As dtenaf fact, there is no

bandwidth problem caused by the DMA and the cores simultaglg@ccessing memory:
when the steps 1 and 4 are omitted, the time elapsed aftelrta taé kernel is practically

unchanged. This means that the overhead due to the comrtianistart and wait routines
is negligible.

4.4 Single Precision Arithmetics

The Blue Gene/P FPU is capable of double precision arittosibtit cannot perform single
precision floating point calculations. Still it is possiliteload single precision numbers,
which are converted “on the fly” to double precision and sldrea double precision reg-
ister. Results stored in these registers can be roundedgle girecision and then stored as
single precision numbers. Because all arithmetic operatwe done in double precision,
the theoretical peak performance does not increase.

However, twice as many single precision floating point nurstoan be loaded from
memory (or can be communicated) per cycle compared to dgubtésion computations.
Since the kernel is bandwidth bound, this will increase tamkl performance, because
less time is spent waiting for data to arrive in registerdl, ttencies may actually increase
due to the required extra rounding step. Therefore, thepaence of the single precision
kernel is significantly larger, but is constrained to be tbss twice the performance of the
double precision variant.

In any case, the HMC requires double precision accuracy. lifikar solvers, which
call the kernel, have to calculate solution vectors whiehmaore precise than the full single
precision accuracy. This problem is solved by using “mixegtjsion” solveré. The idea
is, that the solver mainly calls the single precision kear&d uses the double precision
variant only to correct for potential differences due torrding.

5 Using Macros with Intrinsics
Optimizing large fractions of the code by rewriting it in GQ@@ine assembly is not worth

the effort on BGP, because similar performance numbers eaachieved by using the
compiler macros (“intrinsics”) of the IBM XL C compiler. As@mtioned in section 2.2,
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Figure 5. Performance of the Wilson kernel isteongscal- Figure 6. Shown is the same strong scaling analy-
ing analysis ¢4 x 144 lattice). Single precision: (red) solidsis of a globab43 x 144 lattice, but this time the
line; memory footprint per core: (purple) pointed line; &1 total performance of the single precision kernel
precision: (green) dashed; memory footprint: (blue) ddshe given. Over 335 Teraflop/s are achieved when
curve. The shaded area is the L3-cache size per core.  running on 295k cores.

the intrinsics still require the user to select the exactifhggpoint instruction to be used,
but the compiler will take over scheduling the instructions

One specific approach is to use the intrinsics inside pressmr macros in order to
implement the basic mathematical operations of the rositinat are to be tuned. By using
such macros tuning becomes more efficient, because thegpnoggr can think in terms of
mathematical operations that are to be optimized. Progliambecomes less error-prone,
since the building blocks of the tuned code can be tested elndgdjed separately.

Applying macros it is also possible to remove superfluoud/ktare operations. Thisis
the main reason for not using inline functions. If inline &tions were used, each function
would have to be stand-alonieg. load input data from memory and, if the result exists,
store it to memory. It would be left to the compiler to figurd wtnich load/store operations
could be avoided. When using the macros, the data is leftiitual registers” that are used
by the intrinsics. Loading and storing data then proceedsseparate macro call.

6 Performance Figures

Most of our tuning efforts were put into the single preciskamnel, because, with mixed
precision inverters, it is the single precision kernel tlaminates. In Figure 5 the per-
formance of both the single and double precision kernelbdsva under a strong scaling
analysis based on G4® x 144 lattice. The curve for the single precision kernel is flat,
indicating that strong scaling is close to being perfecte dtal performance of the single
precision kernel is given in Figure 6 reaching a performafc¥.5% of machine peak.
The performance of those routines of the remaining codémaed using macros as
described in section 5, can exceed the performance of tmekek simple SU(3) matrix
multiply add for instance reaches 50% of machine peak. Shese routines scale rather
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well, the scaling of the full HMC is excellent over a large rognof CPUS.

7 Conclusion

A highly optimized implementation of the performance cafiparts of the Hybrid Monte
Carlo Algorithm as used by the Budapest-Marseille-Wuggé€bllaboration on the IBM
Blue Gene/P has been described. In-depth details of thenizatiion procedure of the
Wilson kernel and other parts of the simulation code weremivrhe kernel achieves up
to 37.5% of machine peak.
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The changes in scientific high performance computing (HR@J the past 30 years have
astonished all who were active during that period. The fupescomputer of NIC’s prede-
cessor HLRZ was Europe’s first Cray Y-MP (1987), and | rementte excitement when
this eight-processor machine performed a quantum chronadics (QCD) calculation
with 1 gigaflop! The performance of JuGene, the newest sopgpater of NIC, is ap-
proximately five orders of magnitude greater. This is clasthé Moore’s Law prediction
of doubling every 18 months, although the massively-paralipect is more relevant than
the number of “transistors” on a chip. | shall reflect herelmdhanges brought to mate-
rials science and other areas of condensed matter phystbe lolyamatic increase in HPC
power over the last 20 years.

All contributions to the NIC Symposium 2008 in the area of engtls science were
based on the density functional (DF) formalism, which wasady well established in
materials research in 1987. This approach allows us to lzditcthe total energy of an ar-
rangement of atoms in magnetic or electric fields, so thatamestudy—for example—stable
structures and cohesive properties without using inpumfesperiment. The combination
of DF methods with molecular dynamics (MD) [the “Car-Pagtlo method”] was also
available from 1986 and is now used by many groups worldwltés but one example
of many improvements in numerical algorithms in materialssce and related areas, in-
cluding statistical physics. The first published CP appiicawas to amorphous silicon.
In such disordered systems, the structure and the motiordafidual atoms can be calcu-
lated with a precision that is seldom attainable in measargsyand computer simulations
have obvious advantages for studying materials that afeaetive or poisonous.

The theoretical groundwork necessary to use HPC for DF tzlons was then in place
when our first supercomputer was installed, and researclaianals science has benefited
greatly. Without requiring experimental input, we can stwystems with hundreds of
atoms without real restrictions on their atomic numbersrtttarmore, we can perform
calculations simultaneously on whole families of matevrialthe time required for a single
system only a few years ago. The improvements in other mettsatth as simulations
using classical force fields, have been no less dramatic.

Two years ago | wrote that “materials science is one of thatgbeneficiaries of
changes in the landscape of scientific computipgut this is not really true today. Prob-
lems in materials science (and other areas of condensedrrpéttsics) play minor roles
in JuGene allocations compared with elementary particiesigh, in particular, where the
resources requested routinely exceed by far the totaledolaifor distribution. Such cal-
culations are crucial, of course, to our understanding @bthsic structure of matter, but |
do not think that this “fundamental” aspect alone justiftes dverwhelming allocations to
this area. One of the most eminent elementary particle pisysj Steven Weinberg, noted
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that this field “has no direct applications that anyone caedee?. By contrast, materials
scientists are challenged on a daily basis by problems iidititapplications. The follow-
ing contributions to this volume provide examples of maiteroriented research carried
out on JuGene, JUMP, and JUROPA.

The work on magnetic layers that led to the 2007 Nobel Priz&hiysics (Peter
Grunberg, Julich and Albert Fert, Paris) has been disziss countless occasions, and
significant developments in “spintronics” are inevitabBihlmayeret al. consider low-
dimensional magnetic systems (films, wires) and identify tein sources of magnetic
anisotropy in these systems. Sakong and Kratzer calcilatéfétime of adsorbates on
semiconductor and insulator surfaces, with special rafex¢o CO vibrations on silicon,
still an important surface in semiconductor applicationglter and Moseler focus on Na
and Pd clusters supported on thin MgO films, with the longatgoal of understanding
catalytic processes. Stark and coworkers study stru@ntbmagnetic properties in multi-
layer systems, particularly cobalt on diamond. These fpptieations use DF theory and
show just how much detailed information can be obtained onmpex systems.

The remaining applications focus on much larger systenisénaain far from accessi-
ble to DF calculations: Albet al.describe large-scale MD simulations on plastic deforma-
tion in metals, particularly Pd, and Breratral. focus on pattern formation across a range
of length scales. The examples discussed include craclagetion and crystal growth.
The range of materials science applications that can bekatiavith the newest genera-
tion of HPC machines was unthinkable in 1987, and there wveiltballenging problems
with important applications for years to come.
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The influence of solutes and twin planes on the plastic bebawif nanocrystalline (nc) metals
is studied by means of large-scale molecular dynamics siiouak. First, the role of Au-solute
atoms on the deformation behaviour of nc-Pd is investigatée results reveal the importance
of segregation effects in grain boundary areas even forfdilis miscible material. Secondly,
we study the role of as-prepared twin planes on the defoom#&t@haviour. While Cu samples
show the expected strengthening, the presence of twins-Rdreamples leads to a softening
effect, which is explained by the occurrence of twinnindatiations.

1 Introduction

One of the key issues in materials engineering is the cheniaation, control and opti-

mization of mechanical properties. Depending on the dexpq@ication parameters like
the materials strength and ductility need to be adjusted;iwtequires a detailed under-
standing of the deformation processes on the atomic scale.

In nanocrystalline materials the mechanical propertiasoeome very different com-
pared to coarse-grained polycrystalline materials. Headet of research has focused on
this material class since Gleiter published his landmagepa 1989 and various possible
applications of nanocrystalline materials were proposettié past Plastic deformation
in general is considered to change from intra-granular terigranular or from bulk to
interface mechanisms, when the grain size is decreased lzet@rtain limitd.>. This
makes the identification of the active mechanisms of platformation on the nanoscale
one of the key issues to ensure that structural requirenaeatgustworthy fulfilled also
by nc-materials. When grain size is decreased, hardnesgialddstress of the material
typically increase, which is known as the Hall-Petch efféctThis effect is, for example,
not observed in the nanometer regfimét turns out that for the smallest grain sizes, the
flow stress even levels off and decredsegbich is known as reverse Hall-Petch effett

Since experimental approaches for sample generation arattiordingn situ or post-
experimental analysis to study plasticity in various logdconditions are complicated
by different factors (e.g. porosit}) computer simulations such as molecular dynamics
are the method of choice for obtaining a detailed understgraf mechanisms operating
on the atomic scale. In the past computer simulations redeahexpected mechanisms,
such as grain boundary sliding and intra-granular slip lving dislocation emission and
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absorption at grain boundartés'® These deformation modes are somehow similar to
thermally activated super-plasticity, but grain bounddiging in nanomaterials takes place
also at low temperatures. The precise nature of these slghamésms, however, is the
subject of considerable deb&tand it is assumed, that the amount of slip not only depends
on grain size, but also on the grain boundary tfpe

While in the past there has been a strong focus on modellingargistalline fcc-metals,
like Ni, Al and Pd, there are few studies on the deformatiomavéur of nanocrystalline
alloys. Introducing miscible solutes, however, offers an addiiadegree of freedom to
the system. This leads to modified mechanical propertieoapared to the pure met-
als, since alloying of nanocrystalline metals can stabittze micostructure if the solute
segregates to the boundary, modify the elastic propemiestee stacking-fault energies.

In the first part of this contribution, we present results arompletely soluble model
system (PdAu) where fully three dimensional samples arstoocted and alloyed with a
hybrid MD-MC method in the semi-grand canonical ensefftbiefore deformation be-
haviour is studied.

Another route to further modify the properties of nanocaliste metals is by intro-
ducing additional twin planes in the as-prepared samplese® experimental studies for
Cu have revealed that twins with spacings in the nanometde significantly increase
hardness and yield strength without loss of ductility octieal conductivity’—2°.

The widely accepted hypothesis for the strengthening effiethe twins found in both
experimental and simulation work on copper is the fact tvirig are effective barriers to
slip transfer and therefore hinder plastic deformation thalislocation mediated. How-
ever, it is also possible that twins act as nucleation sivesflditional dislocatiorfs 2%
Furthermore it is also possible that twins migrate during deformation process con-
tributing to plasticity?. The interplay among these various effects of the twin baved
is studied in the second part of this paper by comparingtesiiCu and Pd .

2 Methods

Samples consisting of 54 grains with an average grain sizémin (alloyed nc) and 20nm
(twinned nc) were generated using a Voronoi tessellatitierse. The grain orientations
were chosen to be completely random with a unimodal graia digtribution. We first
relaxed the as-created nanostructure at T=300K and p=0b&0ps. Uniaxial deforma-
tion was performed under standard strain controlled terisgt conditions with the tensile
direction along the:-axis of our sample. Periodic boundary conditions were useal
directions, with the periodicity alongcontrolled to give a strain rate @6%s~*. The sim-
ulations were carried out using the open source MD-code LAMM. For data analysis
and visualization the software tool OVITO is used, which waseloped in our grouf.
In order to distinguish the topology of atomic sites the canmext neighbour analy$is
scheme as implemented in OVITO was applied. For calculabogic forces, we use
interatomic potentials of the embedded-atom type (EAM)Gaf®, P’ and A8, The
Pd-Au potential is a cross-parameterization following ¢bhacentration-dependent EAM
schemé’.

For the alloyed samples, initial relaxation and alloyingswi@ne for 1 ns at 600 K by
a parallel-efficient MC-MD hybrid simulatidfi that generates an equilibrium distribution
of the solutes within grain interiors and grain boundaries.
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3 Pd-Au Nanocrystals

Pd-Au is a solid solution that forms intermetallic phasekattemperatures. By equili-
brating the composition of the material for a given chemjztential difference between
the constituents using the hybrid MD-MC scheme the occaopaif lattice sites with Pd
and Au was adjusted at 600 K and averaged over 25000 MC stegete¢omine the lo-
cal concentration. Figure 1 shows the variation of localocemtration for a representative
slice of a sample containing 30% gold. While the concertres homogeneous within the
grains, preferential segregation of either Pd or Au can b@ddn grain boundary areas.
Averaging the local concentration over all atoms which haeeperfect fcc surrounding
shows, that the Au concentration in the GBs is lower thanated average. Grain bound-
ary enrichment in segregating systems was observed in demgimulatiod* and experi-
ments before. But grain boundary depletion in nanocrystihiscible systems has to our
knowledge not been reported. By comparing microstructafesfferent grain size, we
additionally find an increasing Au depletion of the grain bdary areas with increasing
grain size.

Figure 1. Concentration distribution in a Pd-Au nanoctystetaining in average 30% gold. The colour scheme
shows the deviation from the average concentration (Blu®% , red< -10 %).
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Figure 2. Stress-strain behaviour of Pd-Au nanocrystals5oim with different Au concentrations calculated
with a constant strain rate ab8s—1.

Comparing the stress-strain behaviour under normal stoesamples with different
Au content reveals another interesting feature. The goldtentration leads to an elas-
tic hardening of the material which is reflected by the déferslopes of the stress-strain
curves in the elastic regime of Figure 2. While elastic modfithe homogeneous bulk
crystal have maxima at 50% Au concentration, the stressasturve of the nanocrys-
talline sample with 30% Au yields the maximum flow stress.sldan be attributed to the
fact that for 50% Au concentration partial dislocationséavarger dissociation width be-
cause of a lower stacking-fault energy, which in turn reggilower stresses for dislocation
nucleation.

Our results reveal that the effect of alloying on the defdiomebehaviour of nanocrys-
tals can (even in the case of a fully miscible system) not birbp described by concentra-
tion dependent material properties, but requires a deltaifalysis of segregation effects
in the grain boundary area, where local constraints leagpdetion or enrichment of the
solute.

4 Twinned Nanocrystals

The extremely high strength and hardness of nanocrystattiaterials relative to their
coarse-grained counterparts may give rise to unique aits for these materials. In
particular, twins with spacings in the nanometer scale lh@en observed to significantly
increase hardness and yield strength in Cu. The nano-s@ates@nd twins also produce
particular strain hardening and strain rate sensitivitiggy®our. Twins are ubiquitous to
many nanocrystalline fcc metals, suggesting that twinimsng major deformation mech-
anism when the grain sizes reach nanometer range. Twins pp@aaas a result of an-
nealing and may include multi-fold twins. In this sectiore wresent results that help to
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Figure 3. Stress-strain curves of nanocrystalline Cu andviid 20nm average grain size. Twinned samples
contain a pair of twin planes in 5nm distance.

understand the precise mechanism of the strengtheningwelosse Cu and address the im-
portant question, if strengthening by twins is a generalifiegfor fcc metals. We compare
nanocrystals consisting of Cu and Pd. While Cu has a low stgdult energy that results

in a dissociation width of partial dislocations correspiogdo the grain diameter, Pd can
be understood as a material where only full dislocationgaesent, which suggests that
cross-slip of dislocations through twin planes might bélitated.

For our simulations, we have generated nanocrystals of 2Qram size with a pair of
twin planes in every grain (twin distance: 5nm). The samplesprepared in a way that
maintains the same relative orientation between all gramis the non-twinned sample.
For comparing Cu and Pd identical but rescaled atomic cordimguns are used, which
makes all calculations fully comparable.

In Figure 3 the calculated stress—strain curves are pregerh the case of copper
the twinned sample clearly shows a higher flow stress thamahetwinned counterpart.
This is in line with the experimental finding and supports eure of twins acting as
dislocation barriers. Most interestingly, however, theasgite effect is found for Pd. Here,
the twins soften the material leading to a lowering of the fiiress.

The reason for this can be revealed by close inspection @fttimic configurations. In
Cu dislocation propagation through twin-planes is widaigvented, although we observe
rare cases of transmission of partials through the twineplafigure 4 a,b shows that the
sample containing twin pairs has a smaller total area okstgdaults, which suggests
that partial dislocations emitted from grain boundariesd contribute to slip transfer. If
partials are blocked by twins the flow stress increasesesaddlitional dislocations need
to be nucleated, which explains the observed stress-$tediaviour.

In Pd we observe that twin planes also act as barriers fooaiibns emitted from
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Figure 4. Structure of nanocrystalline Pd at 5% strain. Sesnponsisted of single-crystalline grains before
deformation (non-twinned) or loaded with a twin pair befdeformation (twinned). Shown are all atoms that are
not in a perfect fcc-environment. Grey atoms are located@mgooundaries, blue atoms belong to twin planes
(including deformation twins), red atoms are part of stagiaults.

grain boundaries, which despite of the small splittingatise cannot cross slip. This,
however, would suggest that a strengthening effect sirntdla@u is operational. Indeed,
what finally causes the observed softening effect, is themence of a large number of
twinning dislocations in Pd that move on top of the twin pkuaéd result in twin plane
motion which provides the necessary slip transfer. Thistmexplained by the fact that
the nucleation barrier for the formation of twinning dishitions is smaller than that for
lattice dislocations in Pd, while the opposite is true for Cu

Therefore, we can conclude that strengthening due to tteepoe of nanotwins is not
a universal feature of all fcc metals, but depends on thergéped twinning and stacking-
fault energy of the respective material.
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Summary

In this contribution, we have presented molecular dynasiiosilations of uniaxial plastic
deformation of nanocrystalline metals and alloys. Ourltesaveal insights into deforma-
tion mechanisms on time and lengths scales that are notsiloieelsy experimental meth-
ods. Specifically, we have shown how the presence of solutesavostructural defects,
like twin planes, affects the deformation behaviour of ragstalline metals.
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We present two examples of low-dimensional magnetic systehere effects of the magnetic
anisotropy lead to important consequences for the staloifithe magnetic structure. In ultra-
thin films and atomic wires we can identify spin-orbit conglieffects to be the major source of
the magnetic anisotropy and it further gives rise to the Dsfanskii-Moriya interaction with
important consequences for the magnetic structure. Wi thit the systematic investigation
of relativistic effects in magnetic nanostructures by fpshciples methods is crucial for the
understanding of these materials and its use in spintrgptcations.

1 Introduction

The miniaturization of magnetic structures that can be dsedpintronic applications
brings new challenges for the stability of these structwiésrespect to external perturba-
tions, e.g. caused by temperature or external magnetisfighk fact, that it is possible to
stabilize (at least locally) magnetic order can only be axy@d by the fact that the mate-
rial properties change fundamentally when the dimensiynaithe system is reduced. As
compared to a macroscopic bulk sample, the magnetic irtenadn a nanostructure can
be considerably enhanced or, even more fundamental, nevaattons can get important
that have been forbidden by symmetry in an extended, thireertsional system.

A quantitative description of the interactions of a spinhwits environment can only be
obtained on the basis of relativistic quantum-mechanaaldations. In our institute IFF-1
and IAS-1 we have developed a computational method to apjglytteory to materials that
are actually used in experimental setups, which enablaesexpiain and predict properties
that can be verified by highly advanced measurement toolseaspiin-polarized scanning
tunneling microscope or spin- and angle resolved photagaris To this end, also on
our, i.e. the computational side the most advanced equipimecessary to make these
collaborations a success. In this respect, only the clobaboration between the Jilich
Supercomputing Centre (JSC) and the IFF, joined in the IAB®Research Centre Jilich,
made it possible to perform material science on the higlesgst.|

The present contribution will briefly outline the employeshgputational methods and
parallelization strategies. Then, as an example, we shewfthcts of magnetic anisotropy
in iron nanostructures on an iridium and a tungsten sulestmatl end with a discussion
of magnetic domain walls in this system. We demonstrate, themsity functional theory
(DFT) calculations in conjunction with other models (herelassical Heisenberg model
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and a micromagnetic model) can be used to extrapolate thiigésto regimes that are
difficult to access with in DFT, e.qg. to finite temperaturesoovery extended length scales.

2 Method & Computational Scheme

Density functional theory is aeffectiveone-particle theory, i.e. the output quantities
(charge density, total energy) can be described in termsxifiary single-particle wave-
functions that are solutions of a Schrodinger-type eguatihe Kohn-Sham (KS) equa-
tion. It contains — in addition to the usual kinetic and pdtdrenergy terms — a potential
in which the many-particle interactions are embedded. Fagmatic systems, this frame-
work can be extended to use explicitly spinor wavefunctigns= (7, !), to extract
also spin-dependent quantities like the magnetizatiositdefrom the KS equation. Still,
this Hamiltonian is rotationally invariant in spin-space, we can transform the solutions
by a rotation of all spins without changing the density oak@nergy of the system. This
means, in particular, that the magnetizatibrectionof an e.g. ferromagnetic film cannot
be predicted. But for any magnetic application the knowtedfthis quantity is, besides
the magnetic moments and the magnetic order, of crucialitapoe.

In this theory the spin-space and real-space directiorde@upled, i.e. the orientation
of the magnetic moments is independent of the spatial @tiemt of the crystal lattice. To
introduce a coupling between real space and spin space weadeonsider the relativistic
motion of the electron, that carries the spin, in the posgofithe (screened) atomic nuclei.
In the moving rest-frame of the electron, the potential grat] i.e. an electric field, is
Lorentz-transformed into a magnetic fielB, that can couple to the electron’s spim)(
This leads in the Dirac theory of the electron to a term in tlaenfftonian that has the form

Lo (B(r) x p) 1
wherep is the momentum of the electron apg = Qi’jc is the Bohr magneton. Already

from this formula it is obvious, that the effects we can exjaee small (note the velocity of
light, ¢, in the denominator), and calculations of the relativisffects resulting from this
term are challenging. Despite its smallness, this so calp@d-orbit coupling (SOC) term
(Eq. 1) is responsible for a large class of important progerlike the magnetic anisotropy
that determines the magnetization orientation, or thespmimetric exchange interaction
we will encounter later. (One has to add here, that SOC isganstcontribution to the
magnetic anisotropy, other sources, like the dipole-dipaieraction, can get important,
too. However, in the low-dimensional systems studied heire-arbit coupling effects are
found to dominate).

In an atomic systenkl in Eqg. 1 is radially symmetric and the SOC operator can be
written aséo - L, whereLL = r x p is the orbital momentum operatog. includes the
gradient of the atomic potential and scales approximatétly the square of the nuclear
number,Z, of the atom. For heavy elements like Bismuth spin-orbi¢ef can induce
level-splittings in the order of eV for the free atom. But in a solid the crystal field can
overcome spin-orbit effects and quenches the orbital mumenRelated quantities like
the magnetic anisotropy are reduced to a fe¥ in the bulk. This is mainly due to the
fact that changes due to a perturbation given by Eq. 1 car&ito the energy only in
second order perturbation theory when we compare two magtieh directions as e.g.
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Figure 1. Two different magnetization directions of an demagnetically ordered thin film on a substrate. The
energy difference between these configurations is typigalthe order ofl meV, requiring very well converged
calculations.

shown in Figure 1. This means, that only states near the Hekmli can contribute via
hybridization to a (direction dependent) de-quenchinghef orbital moment that gives
rise to a magnetization direction dependence of the totatgyn To capture this effect
even qualitatively a very fine sampling of the reciprocalcgpis necessary which makes
this kind of calculations ideal candidates for massive lpgization. How this is actually
implemented is described in another volume of this séries

While the magnetic anisotropy described above can be seeloaasl, atomic quantity,
spin-orbit coupling can also modify the interaction of spam neighbouring atoms. While
usually the coupling between two spir$; andS;, can be described by a Heisenberg-
type term,J;;(S; - S;), in the presence of SOC an interaction of the spins of the form
D;; - (S; x S;) can come into play. The appearance of this so-called Dzlyaiskii-
Moriya interaction (DMI) is coupled to certain symmetry clitions which are seldom met
in bulk metals but are always present at surfaces. Thergforaagnetic nanostructures
DMl is not an exotic phenomenon but it has been mainly ovdedadn the last decades.
Our recent findings on ultrathin magnetic films clearly supfus view? 3.

A hallmark of the Dzyaloshinskii-Moriya interaction is tleecurrence of homochiral
spiral spin-structures. Spin-spirals are structures e/tiex local magnetization turns from
atom to atom along a certain directiap by a fixed angle (characterized by||q||). While
such long-ranged spin-structures can be also a consequéncalarinteractions of the
form J;;(S;-S;), these interactions will not fix the sense of rotation (leftright-handed).
But the DMI, that contains theectorproduct of two spins$; x S;, can be responsible for
the occurrence of only one sense of rotation, a so-callecbkbiral structure.

The calculation of spin-spirals, that can sometimes extared many chemical unit
cells, within DFT is a challenging task. In absence of spibitocoupling this can be
achieved exploiting the symmetry of the problem, a featwié lmto our computer code
FLEUR*, which is tuned to the calculation of complex magnetic strees in low dimen-
sions. Only recently we succeeded to extend this formalism to-spirals in the presence
of SOC which allow a calculation of thB;; vectors from first principlés For a reliable
calculation of these tiny — but crucial — relativistic effein huge magnetic structures the
use of massively parallel supercomputers is indispensable

3 Applications

In the following, we will illustrate the effects of spin-atlcoupling on the magnetic proper-
ties of iron double-chains and ultrathin Fe films on subsgatith a large nuclear number,
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Z. These materials are often chosen to enhance SOC effettssa systems to stabilize
magnetic order at finite temperatures by an increase of ntiag@sotropy. But, as will
be demonstrated below, SOC can lead not only to larger anjses, it can even influence
the magnetic order on the atomic scale.

3.1 Magnetic Chains on Noble Metal Substrates: Fe on Ir(001)

As a first example to demonstrate the interplay of exchangeantions and relativistic
effects in a low-dimensional magnetic system we chose Fastmn Ir(001). Regular
growth of monoatomic or diatomic chains can be accomplighedsing either vicinal
surfaces where the chains grow on step-efigeseconstructed surfaces where the atoms
arrange in pre-formed trenches of the substrate. One exdfimpihe latter is thé5 x 1)
reconstructed Ir(001) surface where the growth of Fe chanil be accomplished exper-
imentally’. From the application point of view, such well-ordered cisaare promising
since they provide well separated magnetic entities whieldansely packed on a surface.
The magnetic structure of these double-chains, howevstili:iot completely clear and
spin-polarized scanning tunneling microscopy (SP-STMyjlits hint at a dependence of
the magnetic order on the structural details of the cains

These experiments suggest the formation of ladder-likeires as shown in Figure 2.
DFT calculations can single out two energetically favolgaructures, the so-called C1-
type, shown on the left of Figure 2 with a small distance (2§$5etween the two strands,
and the C4-type with a larger chain separation (4°X.Ztht of Figure 2). These structures
differ by less than 10 meV/Fe atom, i.e. depending on thetkimef growth it is possible
that both types are observed. From these calculations hwhére performed assuming
both ferromagnetic and antiferromagnetic order along tiars, it can also be deduced
that the magnetic order is ferromagnetic for the C1-typeamtderromagnetic for the C4
chain'®. But not only the magnetic order is different in the two casdso the magneti-
zation direction depends sensitively on the intrachairasgn: while in the C1 chain
the magnetization prefers to align perpendicular to thesate surface, in the C4 case an
in-plane easy axis is found, oriented along the chain doect

Comparing the energies for different magnetization dioes, we see that the two
in-plane orientations are energetically very unfavougabithe C1-type (Figure 2 a), lead-
ing to an uniaxial anisotropy in this case. The C4-type, andther hand, shows very
little anisotropy in thex, z)-plane, the energy needed to rotate the magnetization fiem i
plane to out-of-plane in this case is just 0.2 meV/Fe atomguiE 2 b). This has not only
significant impacts on the thermal stability of the magregtan in both cases (tempera-
ture can easily excite fluctuations of the magnetizatiomét, z)-plane in the C4-type,
while the spins are rather confined to thalirection in the C1 chain), it can also allow
for more complex spin-structures in the C4 chains. That imwaved spin-structures can
occur in these systems is also supported by a comparisomtéehfilms on Ir(111): in
monolayer Fe films on the hexagonal Ir(111) surface a comgpé@x-structure including
at least 15 atoms in the magnetic unit cell was obsétvett still has to be explored,
whether higher-order spin interactions or the above maatidzyaloshinskii-Moriya in-
teraction are strong enough to overcome the collinear geraent of spins that is favoured
by Heisenberg-type exchange and the magnetic anisotrdyy.irfivolves relativistic, non-
collinear calculations of large supercells which are stilhllenging on state-of-the-art su-
percomputers. But in any case it is clear that spin-spiredsnaore likely to occur in
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Figure 2. Structure and magnetic anisotropy of two typesiatomic Fe chains on & x 1) reconstructed
Ir(001) surface. The bottom Figures show the structure @f#@ chains of C1 and C4-type in the left and right
panel, respectively. The chains extend periodically:idirection, the separation in direction is large enough
to avoid interaction between the chains. From the calandf it is seen that the two Fe strands are coupled
ferromagnetically, along the-direction the magnetic order is ferromagnetic in the Qietsind antiferromagnetic
in the C4-type. The upper panels show the energy landscapéuastion of the magnetization direction for the
C1-type (a) and the C4-type (b).

C4-type chains than in the C1-type, be it as ground statesaitagon. That long-ranged
spin-spiral structures can be stabilized by relativistiects has been demonstrated in the
last year$ ®*2and a related example will be shown in the next section.

3.2 Magnetic Domain Walls: Fe on W(110)

From the above discussion it can be seen that anisotropyaihege interactions de-
termine to a large extent the magnetic properties of low dsianal magnetic systems.
A nice example, where the interplay of these interactiomslwa studied, is a magnetic
domain wall, i.e. the region between two adjacent magne&tnains where the magneti-
zation changes orientation. E.g. in a ferromagnetic systémout-of-plane anisotropy it
changes from up to down. Magnetic domains are formed eitheital long-range dipolar
interactions which favour an antiferromagnetic alignmehtiomains or due to external
magnetic fields that are used to write domain patterns in @naét For a high storage
density of a magnetic data storage medium of course narrovaghowalls are preferable.
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In a simple model, the domain wall width is essentially detieed by a compromise
between the spin-stiffnesd, that characterizes the energy cost to tilt two neighbaurin
spins by an infinitesimally small angle and the magneticarigy, K, that describes the
energy cost to rotate a spin away from the easy axis. Themahmin wall widthw, is
given byw = 2,/J/K, i.e. while the spin-stiffness favours wide domain wallsenénthe
magnetization changes only slightly from one atom to the,née magnetic anisotropy
favours sharp walls where most of the local magnetic momametgligned along the easy
axis. It should be noted, that in this model the magnetipattiates from the easy-axis
via the medium-axis, i.e. it stays in the plane of lowest gn€in Figure 2 (a) this is the
(z,y)-plane, while in Figure 2 (b) it is thér, z)-plane).

The effect of different magnetic anisotropies can be cjesekn in the model system
of Fe on W(110), where single monolayers show sharp domdis,weéhile a double layer
Fe on this substrate shows a wide (about 7 nm) domain wallc&8laulations demonstrate
that this is mainly due to the differences in anisotropy: 1 F&/W(110) has an in-plane
easy axis, but the energy to rotate the magnetization t@Bptane or the other in-plane
direction is large (about 2.5 meV). On the other hand, fordbeble layer the easy axis
is out-of-plane, but the energy needed to orient the mazgtein in an in-plane direction
is rather small (about 0.5 meV). This, together with a ratraall spin-stiffness in the
monolayer system explains the observed difference in theagtowall widtht3,

Another interesting aspect in domain walls is its orieotatif two domains have to be
formed, will they be separated by a wall that runs along aageih-plane direction and,
if yes, which one? Here, the directional dependence of thesfifness comes into play.
Taking the 2 ML Fe/W(110) system with its out-of-plane aiigpy as example, it might
be easier to tilt two neighbouring spins in the y)-plane than in théz, x)-plane ¢ andy
again indicate the two different in-plane directions). Eximentally, a clear preference for
domain walls running along th@10] directions was observed. But since this preference
was not found in the calculations of the spin-stiffnesseothteractions that can account
for this behaviour have to be included in the model.

The simple model introduced above treats the domain waicéffely as a non-
collinear structure that locally resembles a spin-spinal adds the effect of the magnetic
anisotropy for all atoms in this spin-structure indeperilyeThis has the advantage that
the parameters entering this model can be calculated indep#y from spin-spiral cal-
culations and from relativistic calculations of a ferromatc film. Of course, such a
model can not include effects arising from the relativisteatment of spin-spirals, i.e.
the Dzyaloshinskii-Moriya interaction. As outlined in §ea 2, this is a computationally
demanding task and up to now was avoided in most calculationgortunately, for the
present problem this is no longer possible and the DMI hasetddiermined for these
surfaces.

The consequences of the DMI for magnetic domain walls are dquindamental: First,
it can determine the type of the domain wall. Suppose in ativalmagnetization changes
from up to down (w.r.t. the-direction) as we move along thedirection. Then the mag-
netization can rotate either in the, «)- or in the (z, y)-plane. The first case is called
Néel-type wall, the second Bloch-wall. Secondly, the DMhaletermine the sense of
rotation in these planes, clockwise or anticlockwise. Rerdymmetry of the studied prob-
lem this is only possible in Néel-type walls. Finally, snDMI prefers Néel-type walls
with a certain sense of rotation, the magnetic anisotromoig indirectly coupled to the
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Figure 3. (a) Magnetic domain of a thin film bounded by two Ngpe domain walls of the same chirality.
(b) If an magnetic field is applied, the domain with oppositeemtation to theB-field shrinks and the domain
walls move towards each other. Nevertheless, there is nmetiagorque in the centre of the domain that could
destabilize this magnetic entity. (c) The same situatioim §a), but now with domain walls of opposite chirality.
(d) If an magnetic field is applied, a torque acts throughbatdomain and it will finally disappear, annihilating
the (+) and(—) domain wall.

direction of the domain wall and the DMI can also influences thrioperty. As it turns out,
in the case of Fe double-layers on W(110) this is indeed tlse ead the experimental
findings can be explained from relativistic, non-collinB4T calculation$’.

As a consequence of this mechanism all domain walls havetairceotational sense
(sometimes called chirality) in this system as indicateBigure 3 (a). Note, that this has
also important implications for the stability of these damaalls with respect to external
perturbations, e.g. an applied magnetic field. As fBifield increases, some domains
will expand and some will shrink, causing a movement of theadio walls. The energy
in the shrinking wall rises, as the structure gets incredginon-collinear (Figure 3 b).
In a continuum model we would say that energy piles up wheniltedomain walls
are squeezed together, in this way protecting the middleadtofrom annihilation. On the
other hand, if the domain walls are of opposite chiralityta®an in Figure 3 (¢) an applied
magnetic field will be able to shrink and finally eliminate thygpositely oriented domain
without this huge energy barrier (Figure 3 d). Interestingkperiments on the Fe/W(110)
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system using SP-STM reported the existence of residual ohsned a few nanometers
that were found to be stable in magnetic fiéfdswith our calculations we can identify
the source of the homochirality of domain walls in this mierthat leads to a kind of
topological protection of domains in external fields.
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We report on recent results for elastically influenced plasesition and pattern formation pro-
cesses. A characteristic requirement for the modelingesfdtphenomena is to handle moving
boundaries, which affect the solutions in a nonlocal andinear manner. In order to avoid the
tracking of the interfaces, where boundary conditions hale applied, we use the phase field
method. The arising partial differential equations aresedlwith parallel methods, and we
demonstrate applications to crack propagation, solittbdtansformations, melting processes
and polycrystal formation.

1 Introduction

Phase transitions and their dynamics are essential irggresdfor many features in na-
ture, and their understanding is important to develop nmagkrials with superior proper-
ties. The mechanical behaviour of steels depends signiifjcan the transformation and
cooling kinetics, with strong influence e.g. on dendriterfation and other solidification
patterns. Elastic effects can become particularly impartiairing solid-state transforma-
tions, which can occur with velocities up to values closehi® $sound speed, but also in
diffusion-controlled processes. Often, deformations lsacome so severe that material
failure through cracks happens, but also the formation aiihgboundaries and crystallo-
graphic defects is essential for the hardening of the nadseri

A thorough understanding therefore demands a descriptiantuge range of length-
and timescales, which is only feasible with the help of hygtdirallelized supercomput-
ers, using up to several thousand processors. In thiseartielpresent recent results for
elastically influenced macroscopic processes, with aléetaiodeling of diffusion-limited
solidification, solid-state transformations and fractanethe mesoscale, with an outlook
to new approaches down to a continuum modeling of individieé¢cts with atomic reso-
lution on the nanoscale.

2 Methods

The phase field method is nowadays one of the most importelmigues to tackle prob-
lems with moving boundaries. It has the advantage that benyrmbnditions between the
different components and phases of the system are autaihafiglfilled, and therefore

a complicated tracking of the advancing boundaries as irpsinéerface methods is not

183



2.5e+09 T T
o
—_
Q
D L i
172]
[0}
Q i et
o \
st

~9_' 2e+09— =
Q

N
o - - -

* »—= fixed total size (strong scaling)
8_ | =—a fixed strip width (weak scaling)| |
[0}

e
[2]

1 5e+09 | | | | | |
' 0 2048 4096 6144 8192

number of processors

Figure 1. Scaling behaviour of the parallelized phase-fiette. Anideal speedup would correspond to a constant
horizontal line. One can see that the parallelization iseemely efficient.

required. Also, the undesired effect of lattice anisotespian be well suppressed. Our
programs go beyond the standard phase field models thatwravadable in the literature
in the sense that they are derived variationally from théoadnstead of free energies,
thereby successfully also capturing the effect of inertia.

Phase field methods are computationally demanding, asfaparthe physical length-
scales also the interface thickness has to be resolved. Waidaextraction of the sharp
interface limit (for comparison with analytical resultsdamther numerical methods as well
as experiments, if the system is “mesoscopic”), the adplstiaterface thickness has to
be significantly smaller then the physical scales, whicluireg large-scale simulations.
Fortunately, the phase field equations themselves areaipgptial differential equations,
which can be parallelized with a very high efficiency usinglM#r the numerical realiza-
tion, we employ explicit representations of both the eldgt@mic equations and the phase
field dynamics, where the elastic displacements are definedstaggered grid. Depend-
ing on the problem, we run our simulations on 20-2000 pramssslthough for special
applications concerning crack coarsening we go to evenehighocessor numbéts If
we increase the system size with the number of processoek(saaling), the speedup is
about 98%. In the case of strong scaling, where the same datignal domain is handled
by an increasing number of processors, the speedup isrstitkeellent 92% if we use up
to 8192 cpus. The benchmark results can be seen in Figure 1.

Additionally, we use eigenmode expansion methods, whieteairemely efficient and
precise for specific problems, but not as flexible as the pfielsemethod. Since usually
the solution of the elastic problem is the critical steps leiads to a major simplification,
although the solution of the moving boundary problem séithains a nonlinear and non-
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Figure 2. Unstable crack growth in a brittle medium for higividg force. The colour coding visualizes the
elastic birefringence.

local problem that we solve by different minimization tehues.

Meanwhile, we developed also new codes for continuum mieg@&lith atomistic res-
olution, based on phase field crystal and density functidaatriptions. These codes are
strongly accelerated using pseudospectral methods. Alloaghes, together with ana-
lytical and finite element methods, serve as a powerful basisolving many pattern
formation problems in solid-state physics.

3 Crack Growth in Brittle and Viscoelastic Media

The understanding of crack growth is highly important foitenials science and engineer-
ing applications, but it still lacks convincing descript®owhich predict generic features
that are often observed in very different types of materialg hardly understood. Dur-
ing the past years, we contributed to this field by a seriesubfipations which propose
a macroscopic description of fracture, based on pattemdtion processes. Here, one of
the central questions is related to the selection of a cipckdius, because it is known that
in a simple linear elastostatic description, an infinitdtai crack tip should be the most
favourable state, also known as the finite time cusp singytaiithe Asaro-Tiller-Grinfeld
instability. We have demonstrated, that this theory candiarally regularized by the in-
clusion of inertial effects, using theoretical argumémntsultipole expansion methotiand
fully dynamical phase field method§ see Figure 2.

Recently, we also included another important effect, wiéchulk dissipation due to
viscosity. In the immediate vicinity of the crack tip, stresses argédaand can generate
additional heat apart from the dissipation directly at tteek front (see Figure 3). The clue
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Figure 3. Left: Shape of a mode IIl crack in the steady staggnre. The total incoming elastic energy flux
is converted into surface energy, surface dissipation @wbus bulk dissipation, which is localized around the
crack tip (visualized by the colour coding). The crack scals selected (together with the entire shape and the
crack speed) self-consistently. Right: Distribution oérgy consumption versus the crack extension force. The
fraction above the solid curve is the relative contributidrsurface energy generation, the part below the dashed
line the viscous dissipation (shown here for two differesinixtures of mode | loading; for 15% mode | also for
the unstable branch). The remaining part between the cighs surface dissipation, which obvioulsy plays an
important role.

is that the viscosity introduces a new timescale to the praband therefore full selection
becomes possible also in the low velocity regime. In paldicwe investigated steady state
crack propagation in viscoelastic media; this was done nbt for pure tensile loading
(mode | loading), but also additional shear stresses (mbdedding), and shed light
on the important geometry dependence of fracture. We sdhisccomplicated moving
boundary problem by multipole expansion methods, which éapged to include also the
new source of dissipation.

It turns out that mode | and mode Il situations exhibit strily different behaviours:
In particular, mode Il shows a pronounced transition tagaunnstable crack growth at
higher driving forces, and the behaviour close to the Griffibint is determined entirely
through crack surface dissipation, whereas in mode | thara energy is renormalized
due to a remaining finite viscous dissipation (see Figur&Bi panel).

Intermediate mixed-mode scenarios allow steady staté graevth with higher veloc-
ities, leading to the conjecture that mode | cracks can b&ableswith respect to a rotation
of the crack front line. The results show that bulk dissipais important for many crack
processes and can significantly influence the behaviour.

4 Elastic Effects on Diffusion-Limited Solid-State Transbrmation

Transformations between melt, crystalline and amorphtates in nanovolumes at sur-
faces are basic processes during heterogeneous nuclaatiogrowth. Due to the den-
sity differences between the phases, transformationsifired volumes are accompanied
by internal stresses, which can be even increased by stalittansformations or hetero-
geneities in the system. We investigated the growth regimergvelastic effects naturally
appear due to lattice strain.

Here we investigate the influence of elastic strain on déodgrowth in solids con-
trolled by heat diffusion, using Green’s function methoaisdither the thermal and elastic
fields. By these means, we derive, as in the classical dendribwth theory, a single
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Figure 4. Steady state growth ®f a symmetrical finger anhl) a parity-broken dendrite.

integro-differential equation for the shape of the inteefavhich takes into account elastic
effects. We consider two examples of dilatational and straasformations in an infinite
system. It turns out that in the case of a pure dilatationgthstic effects lead only to a
trivial shift of the transition temperature for the free gith. In contrast, for the growth in
a channel, which is modeled by the phase field method, steath solutions do exist in
this casé®.

However, for the case of a mixture of dilatation and sheansitaons in an infinite sys-
tem, we find dendritic patterns even without anisotropy afeme energy, in contrast to
classical dendritic growth theory. In this sense, the mladfects serve as a new selec-
tion mechanism. Moreover, we find that the growth velocitgdraes large, due to elastic
effects, for small values of the undercooling, while in thessical dendritic growth, the
velocity is always small, being controlled by tiny anisqyeffects. We performed numer-
ical simulations for both the free growth in an infinite systé€Green’s function method)
and in a channel or narrow strip (phase field approach). Wetphase field simulations,
we are able to investigate this process also in a channeletegrand to look also at tran-
sient behaviours. Snapshots of different final growth pagteconsisting of symmetrical,
asymmetrical and bicrystal patterns, are shown in Figure 4.

5 Kinetics of Dendritic Melting

In many heterogeneous systems several kinetic mecharogether determine the growth
of microstructures. Whereas bulk diffusion within solidggles is typically slow, diffu-

sion along grain boundaries or heterogeneities can be mooh efficient at ambient tem-
peratures. Although dendrite propagation, also alongngsaundaries, is possible if no
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Figure 5. Schematic representation of symmetric meltingcgires. a) with only one melting front; b) with only
one melting front during the growth along a grain boundajycambined motion of the melting front along the
grain boundary and the solidification frofi8/ L via the LFM mechanism.

component diffusion is required, the simultaneous motibtwo-phase boundaries can
be kinetically more efficient for example in peritectic ontectic systems, if driven by
coherency strains.

In our recent work we considered liquid film migration durthg partial melting along
a grain boundary (Figure 5b) . We have developed and analyzreddel for the melting
kinetics along grain boundaries in alloys. The presenceefriple junction plays a central
role in controlling the velocity of this process, since ingeates a very strong perturbation
of the solid-liquid interface. The anisotropy of surfacadien is not important in such
processe$'2

We solved this problem in lubrication approximation whidlows to reduce the origi-
nally nonlocal problem to a local and even analytically taate problem. The nucleation
of the melt takes place at the grain boundaries of the mothigr ghase. Then the thin
liquid layer extends along the grain boundary.

The process with only one melting front (see Figure 5a) wdndctontrolled by the
very slow diffusion in the solid phase. In this case the ghovetlocity scales as in classical
dendritic growth. If the nucleation of the melt takes platéha triple point where three
grains meet together, the process proceeds as shown ireFgur

6 Continuum Modeling on the Nanoscale

Phase field descriptions are specifically designed to modelegses on the mesoscale,
with solidification being the most prominent example. Theaduction of the phase field
interface thickness appears here traditionally as a neailétool” to avoid the complicated
tracking of the interface motion in a sharp interface pietutis important to mention that
true interface thicknesses, i.e. the lengthscale overtwtrigstalline ordering decays at a
solid-liquid interface, is even for rough surfaces only ba hanometer scale; in contrast,
the phase field interface thicknesses used for typical gieldesimulations is rather on the
scale ofum.

From a physical point of view the proximity of interfaces daad to new phenomena,
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Figure 6. Growth of-Fe nuclei in liquid iron below the melting point. When thectai meet, they form grain
boundaries. For small misorientations, they consist dated dislocations.

because the “overlap” of the profiles leads to changes ofrteegetic situation. In particu-
lar, if two grains, which were previously separated by a widt layer, come close to each
other, they form a grain boundary, which consist of dislmret and therefore provoke ad-
ditional long-range elastic deformations. This can leaphitenomena like grain boundary
premelting, i.e. nanometric melting at the grain bound#gealy below the melting point,
which is attributed to repulsive interactions between thigbouring grains.

In order to go beyond the concept of phenomenological detsanis, we developed a
Ginzburg-Landau theory for interface interaction, thatasived either from the phase field
crystal model or density functional thedfy*4 This theory, and the corresponding phase
field crystal models, are strongly related to descriptioinslack copolymer melts. It de-
scribes the complex amplitudes of the density waves, wipgear here as fundamentally
new entities, in contrast to conventional phase field mod&tlss model allows then to
study e.g. polycrystalline solidification with atomic r&g@on. In contrast to molecular
dynamics simulations, it operates on diffusive timescates$ therefore allows to simulate
the entire pattern formation process.

7 Summary

Many problems in physics and materials science are relatetving boundaries, and we
presented results of numerical and analytical calculationapplications in this field. By
the development of suitable methods, based on sharp iotéediad phase field concepts,
it is nowadays possible to model phenomena on a wide rangengtiscales and long
timescales, which are currently not accessible to atooistideling approaching.
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We develop a first-principles approach to calculate thérife of adsorbate vibrations on semi-
conductor or insulator surfaces. In the vibrational refaxaof adsorbates, quantum mechani-
cal aspects are very important, since dissipation of thetidmal energy to smaller vibrational
quanta and substrate phonons is the dominant relaxatiohanisen. Numerically, the vibra-
tional lifetime is determined by highly accurate calcidas of vibrational energies and forces
on coupled oscillators. With the help of high computer poviee energies and forces are
mapped for realistic vibrational systems which are digectimparable to experiments. As ex-
amples, we study the relaxation of the stretching vibratiofCO on Si(100) and H on Ge(100),
where lifetimes are in the range of nanoseconds.

1 Introduction

The damping of adsorbate vibrations is a subject of fundaah@mterest, since it epito-
mizes the intricacies of dissipation in open quantum systdmt also plays an important
role in technology: Looking at surface passivation and titmagraphy, “hot” chemistry
at surface§ or nanoscale frictioh one realizes that, on the atomic scale, all these phenom-
ena are governed by vibrational relaxation. For exampliesear-induced “hot” chemistry,
itis crucial to understand the dissipation of energy fromdhantized modes of adsorbates
to the continuum of surface excitations in order to know fowhong the energy pumped
into a specific adsorbate vibration by the laser is avail&nea chemical reaction. Fur-
thermore, isotopic effects on vibrational damping are ingoat as well: The passivation
of surfaces and defects in silicon-based semiconductaceeusing deuterium rather than
light hydrogen for more efficient vibrational damping (arehbe more persistent passiva-
tion) is an example of a technological applicafion

In recent studies®, we devised a first-prinicples approach to calculate theatitnal
lifetime of adsorbates with high accuracy. While quantussitiation, at least in principle,
requires an open system with inifinitely many degrees ofdoee, only a few degrees
of freedom, namely the local modes of the adsorbate, goverroverall rate of energy
decay of a specific adsorbate vibration into the phonon sysfEhese relevant degrees
of freedom are identified by means of total-energy calcoitetiusing density functional
theory (DFT) for a finite system in a slab geometry. Sincetedeic excitations could be
ruled out experimentally®, ground-state DFT is suitable for the problem at hand. The
coupling of the local modes to the phonon modes is describidj@ model Hamiltonian
whose parameters are determined from the DFT calculations.

H=Y A +V( ) 1)
v le ax? 1,42,
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The z; are the Cartesian coordinates of the atoms moving on thebaiiaBorn-
Oppenheimer surfacé, which is (in principle) accessible through DFT calculato We
transform this problem to a normal-mode representatiogrethy introducing a system-
bath decompositiof.

H = H,it(8/9q;,q;) + Hpn(0/0Qi, Qi) + Hx (g5, Qi) ()

Here, H,;, is the system Hamiltonian depending on trmonic amplitudesf local vi-
brationsg; (j = 1,...N). These are related to small displacements of the adscabate
possibly few substrate atoms to which it is bonded. The anbaicity and couplings be-
tween the number of local modes, to be treated at a high level of accuracy using DFT,
must be selected for each system according to physicaldenagions. The&); are normal
mode coordinates of the phonon system which will be treatiglsirwharmonic approxi-
mation using a classic potential. The coupling betweenl leibaations and phonons is
considered weak, and obtained from a Taylor expansion iof the phonon coordinate
0011

Z an Qz + = Z 8Qzl anQ Qn sz T (3)

Finally, rates for the transitions between the full normaldes mediated by emission or
absorption of one phonon are calculated using Fermi's GoRlde. The lifetime of mode
n is inversely proportional to the sum of the rates over allsfiae relaxation channets.

T = Zrm => 2%|<m|ﬁﬁ|n>|2/dﬂ 8(em — en — hQY) (4)

To link this approach to DFT calculations, the anharmonigpting within the adsor-
bate vibrationgm|H|n) must be accurately known, and therefore DFT calculations fo
the potential energy surface (PESfor these local vibrational modeg;§ must be carried
out. For highly accurate PES calculations, a data set on g@fidenust be constructed. In
general, the number of data points depends both on the nushbesh points per mode,
¢, and on the number of local modes considered, ¢2.DFT calculations are required.
For example, CO/Si(100) requiré8® DFT calculations when we pick 10 mesh points for
each of the six modes. This numerical effort requires imraemsnputer power; however,
combining physical intuition and the power of supercompiemables us to calculate the
PES for systems sufficiently large and complex so as to glasatch experiment. In this
contribution, we will demonstrate the calculations of aitional lifetime of CO stretching
on Si(100) and H(D) on Ge(100) surfaces.

2 Numerical Details

The DFT calculations for slab models of the semiconductdases were carried out using
the software VASF?, employing the GGA-PBE function&land the projector augmented-
wave method. The Si and Ge substrates are modeled by slabs of ten layarsuid
separated by 14 vacuum. The four uppermost Si and Ge layers are fully relaaad
the dangling bonds at the lower surface of the slab are satlvéth hydrogen atoms. The
calculations have been done using a plane wave basis sethpéaaergy cutoff of 400 eV
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for CO/Si(100) and 300 eV for H/Ge(100). For the Si(100) ardXB0) surface;(4 x 2)
andp(2 x 1) unit cells are selected withdax 8 and4 x 4 k-point grids, respectively. After
full relaxation including adsorbates, the dynamical nxaftor the vibrations is calculated
through the finite difference method.

In the golden-rule expression for the transition rate, thenmn density of state enters.
Therefore we require a highly resolved phonon density déstaas well as the phonon
eigenvectors for Si and Ge surfaces. The phonon propertesta#ained from valence
force field calculations using the General Utility LatticeoBram (GULPY® with bond
order potentials of the Terséffor Brennet” 18type.

3 Results

We are interested in calculating the lifetime of vibratibstaetching modes of adsorbates
typically lying far above the phonon continuum of the susigtbulk material. The domi-
nant decay channel of the large quantum of the stretchingtiin will be the decay into a
few other energetically high-lying quanta, notably thedgred translational or rotational
modes of the adsorbate. Due to overall energy conservdtierremainder of the vibra-
tional energynotaccommodated in local modes must be transferred to a stéptranon,
or likewise a substrate phonon (always present at finite ¢éeatpre) may be absorbed to
allow for the transition from the stretching mode into alstlg higher combination of other
local modes. In the regime where a perturbative treatmeapdicable, one would tend
to believe that processes involving as few quanta as pesddrhinate the rate; however,
a detailed treatment shows that the availability of suégiiionon modes and the size of
transition matrix elements are important factors, too.

3.1 Damping of CO Stretching on Si(100)

We calculate the harmonic frequencies of CO on Si(100) byatializing the Hessian ma-
trix. We find that the hindered translations parallel to theace correspond to low-lying
modes & 50 cm~1). Since their quanta are very small, these modes are notrgléor
the relaxation of the CO stretch vibration. The higherdymodes have been classified
according to the magnitude of the displacement at the C and®@sa The four important
vibrational modes of CO identified in this way are illustichte Figure 1a. The C-O stretch-
ing mode is found at 2006 cm, and the C-Si stretching (=shift) mode is at 507 ¢m
Bending modes are in the plane of the Si dimer, or out-of@laiith harmonic frequencies
of 429 and 441 cm', respectively. We use displacements Y . «;u; obtained from lin-
ear combinations of the eigenvectarsof the dynamical matrix to map out the PES. From
the PES, the local potentia(q) is determined in DFT accuracy. In Figure 1b, selected cuts
through the multi-dimensional potentialq) are plotted. Deviations of the contour lines
from perfect ellipses indicate an anharmonic coupling leetwthe corresponding modes.
The system Hamiltoniall,;, = — V2 + v(q) is constructed for low quantum numbers
and diagonalised. From the eigenvalues of the system Handh, the anharmonic fre-
quencies of the stretching and the shift mode are obtaind®28 cnt ! and 494 cm'!,
respectively. Thus, the stretching frequency obtaineld thié¢ DFT-PBE functional is about
100 cnT ! smaller, and the shift mode frequency is 80cnfarger than the corresponding
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Figure 1. (a) lllustration of four selected vibrational nesdof CO onc(4 x 2)Si(100) with a CO coverage of
0.25. (b) Selected two-dimensional cuts through the piatieghergy surface of CO on Si(100) for the vibrational
modes. The contour spacing is 0.1 eV.

experimental values. From the DFT-PBE calculations, thstrfavourable decay chan-
nels yield three shift/bending quanta plus one optical pmofT he lifetimer,,;;, of the CO
stretch mode is calculated to be 0.55 ns at 0 K and 0.50 ns aK18@hough harmonic
frequencies in DFT-PBE have limited accuracy, as mentiateae, the lifetime calcu-
lated in this way is already in qualitative agreement with &xperiment, but about four
times shorter than the measured value of 2.3 ns at 100 Recause the phonon energy
for the dominant transition channels is large, inducedsitaons due to thermally excited
phonons are unimportant, and the temperature dependerice bfietime is found to be
small.

To remedy the inaccuracy of DFT-PBE in calculating vibrasibfrequencies, we con-
sider alternative schemes where the system Hamiltoniagtigsusing improved values
for the vibrational frequencies through rescaling the PH8e best results are associated
with anharmonic stretching and shift frequencies of 2075 tand 411 cm?, yielding a
lifetime of 2.40 ns at 100 K. Employing this adjustment, welfandominant decay channel
into three shift quanta and one in-plane bending quantuas, @lphonon of 53 meV. The
transition time for this decay channel is 3.44 ns at 0 K. Ab82 % of all excited CO
molecules decay via this channel.

3.2 Damping of H/D Stretching on Ge(100)

A Ge(100):H surface saturated in the monohydride phase sp(®vx 1) symmetry as
Ge dimers form parallel to the surface, and each Ge atom igpied by one hydrogen
atom. We have calculated harmonic vibrational eigenmodddr@quencies from a Hes-
sian matrix that involves the hydrogen atoms and the fountogt Ge layers. The leading
interaction couples the vibrations of hydrogen atoms oneafi@nd right sides of the same
Ge surface dimer;_ g, as depicted in Figure 2a. As a result, the degeneracy ishrok
and symmetric and antisymmetric Ge-H stretching modes ra@ated. For H, the asym-
metric mode is found 13 cm lower in energy than the symmetric mode. As mentioned in
Section 3.1, to avoid the misrepresentation of phonon é®rge introduce an empirical
adjustment of the potential energy surface that yields awed vibrational frequencies. In
Table 1, adjusted vibrational frequencies of adsorbatethédimers saturated using pure
H, pure D and isotopic mixture of H and D are listed. Using ti@ational modes, the
PESs for the H saturated, D saturated and isotope mixtuneasedl dimers are mapped
out.
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Figure 2. lllustration of vibrational excitations of adbates within a dimer on Ge(100). The weak coupling

[100]

vy, r between localized hydrogen stretch modés, (| x)) is indicated in (a). Stretching.¢), in-plane bending
(w®) and out-of-plane bendingst’) are depicted in (b) and (c).

Adsorbates Vibrational frequencies (ch)

H+H Mode wlsf Wiy wlbf wa{_ wlb{/"' wa{,_
Adjusted PES 1991 1978 533 523 522 519
Experiment 199¥21 1978920 53219

D+D Mode wff wh w]bD+ w]bD_ w]bj"' w]bD_
Adjusted PES 1433 1423 384 377 376 374
Experiment 143821 1422921 388°

H+D Mode wip w¥ w¥ wi) Wb WY
Adjusted PES 1986 526 523 1431 379 377
Experiment 1987 1433

Table 1. The vibrational frequencies of H(D)-Ge on the sagd Ge(100) surface from the calculated PES after
frequency adjustment. With X, D}, w$ denotes the X-Ge stretching mode aygg andwé’é represent in-plane
and out-of-plane bending modes, respectivalyand — signs represent symmetric and antisymmetric modes.

The vibrational excitations calculated by diagonalisihg system Hamiltonian are
demonstrated in Figure 3a. As shown in the mid pannel of Ei@a, the vibrational
energies of D are/2 times smaller than of H excitations (upper pannel), becatiseass
scaling. Interestingly, we find that the Ge-H stretching mo¢} (1986 cnt') in a het-
erogeneously saturated dimer has a different relaxatioense than in the homogeneously
saturated cases, as depicted in the lower panel of FigurdBa.combination of Ge-H
and Ge-D vibrations results in a multitude of eigenstatestsied on the energy scale. In
conclusion, we find that the relaxation scheme of vibratienargy is substantially altered
with replacing an adsorbate by another isotope.

In the relaxation of the symmetric hydrogen stretelj;() on a purely H saturated
dimer, the largest contribution comes from the transitionthe state forming the lower
shoulder of thetw? peak, which requires absorption of a (thermally excited)rgim of
122 cnt!'. This phonon belongs to the Ge dimer rocking modes (113'9f4, thus it
couples to the adsorbate vibrations strongly. We note tf@transition by absorbing a
rocking mode phonon is energetically possible only becidigidual states forming the
4w, peak are split over some energy range. This splitting is duke coupling between
the H bending modes at the left and right side of the Ge dirasulting in energetically dif-
ferent symmetric and antisymmetric modes. AlternativeditionsI'®)! from the stretch
mode into3w}; are found to make only minor contributions to the overaléyatecause
two phonons need to be created in this process. The calculaimve that the lifetime of
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Figure 3. (a) Calculated relaxation scheme of the hydrogetch on Ge(100). (b) Contributions of each re-
laxation channel of thesf; mode. (c) The relaxation rates for the decay of the hydrogeching 'y for

the relaxation of tha;i“';r mode of pure H saturated dimer afigh /, for the relaxation of theuy; mode of the

heterogeneously saturated dimer with H and D) and for theydetthe deuterium stretch modff;r (I'p) on
Ge(100).

thew;;” mode is 1.58 ns at 400 K, in excellent agreement with the éxgets yielding
1.56 n$.

In the case of the symmetric deuterium stretefi’(), the transition to thew}, states
(M7 in the mid panel of Figure 3a) requires absorption of phoriotise range from 77
to 121 cnt!. Hence, the energy is smaller than in the case of the hydrsigeich. Thus,
there are several transitions 40? states for which the remaining energy difference can
be matched by adsorbing a rocking mode phonon. These foanssére highly efficient.
Mostly for this reason, the transition rate for D is highearitfor H, leading to a shorter
lifetime for D compared to H. The alternative transitionsite, states, thereby emitting
an optical phonon in the range from 279 to 312dmmake only minor contributions of
around 25 % of the total rate at 300 K. The calculated lifetohéhe D stretch vibration
at 300 K is 0.43 ns. Thus, the relaxation at room temperasypesidicted to be four times
faster for D as compared to H.

When the dimer is heterogeneously saturated it is clearsthadral types of interme-
diate states for they;; decay are available that can be reached by various phonosis. A
the main relaxation channel of thg; mode we identify a group of transitions (labeled
T's) that involves absorption of a small acoustic phonon witleaergy of about 7 cm'.
Despite the low density of states of low-frequency acoystionons, the transitiorisg
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dominate due to their large matrix eIements(mﬂan) (see Figure 3b). The major part
of the energy of theyf; mode ends up in the bending modes of the light hydrogen isptop
while the remainder is transferred to deuterium bendinghtpiaAll relaxation channels
together lead to a lifetime of the H stretching vibration @#®ns in the heterogeneously
saturated Ge dimers, a factor of 2.5 shorter than for pureddrage at an assumed sample
temperature of 400 K. Such a strong effect of the chemical@nment on the lifetime of
adsorbate vibration may seem surprising, but is actuallsoborated by the experimental
findings.

Figure 3c compares the relaxation rates obtained from yraawt experimefitfor both
the pure H and the isotope-mixed adsorbates. For homogsiyesaturated Ge(100):H,
guantitative agreement between theory and experimentoowede range of temperatures
could be reached. Moreover, in both theory and experimtr@sjibrational relaxation rate
of the hydrogen stretch is considerably enhanced for hgéereously saturated Ge(100)
compared to pure Ge(100):H. The calculations enable usetatifg the change in the
main relaxation channel, as explained above, as the reasdhi$ strong sensitivity of
the relaxation rate to the chemical environment. HoweVvepty and experiment find a
different temperature dependence of the relaxation ratthtoheterogeneously saturated
dimer. One possible reason for the discrepancy could beiffieutty to accurately predict
the small energy of the acoustic phonon involved in the damitransitions.

4 Conclusions

We presented a theoretical description of the vibrationakrgy relaxation of adsorbates
on semiconductor surfaces. This theory, based on firstiptes calculations of coupling
matrix elements, while allowing for an empirical fine-tugiof vibrational frequencies,
guantitatively accounts for the observed lifetimes as iokthfrom pump-probe experi-
ments. The theoretical analysis shows that vibrationatitifes may depend in a subtle
way on the quantized intermediate states involved in theatitnal relaxation, and on the
number as well as the energy of the phonons required to reach tWith the help of our
calculations, we can also trace back the remarkable findisgangly different lifetimes in
different chemical environments to the different intermagelstates in the relaxation which
become accessible due to symmetry breaking by mixed-is@dporption.
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Large scale density functional calculations are employedetermine the nuclear and elec-
tronic structure of 1) sodium cluster anions Nan the size range = 20 — 40, 1) the nonamer
palladium cluster on a thin magnesia film supported by silRud/MgO(001)/Ag(001) and
1) the doped thiol protected gold tetracosamer clustekuxy (SR) s with X=Pd, Ag and Cd.
Photoelectron spectra of gasphase clusters are used etsisth@nd electronic fingerprints to
verify that in 1) the correct structures are found. As suppord prediction for future experi-
ments STM images of the supported palladium cluster andéle&renic density of states of the
ligand protected gold-alloy cluster are analyzed.

1 Introduction

Properties of clusters and nanoparticles can differ sanbatly from the corresponding
bulk material. This makes them very attractive objects otlapplications and for funda-
mental research. An indispensable prerequisite for anrstadeding of their properties is
the knowledge of their exact geometric structure. Theesfiorthe recent years substantial
efforts have been invested into the structure determinatfaclusters. Meanwhile, gas-
phase cluster structures are known for many materialsyadginin most cases this knowl-
edge is restricted to small clusters with up to roughly 20retor for larger particles with
several hundred atorhsThe situation is less fortunate for clusters in contachwitpport-
ing surfaces or with protecting ligand shells. Here, litilelittle structural knowledge has
been collected over the past years.

This article reports the structure determination for thdiferent cluster systems vary-
ing in the respective cluster material (Na, Pd, Au) and ingheironment (vacuum, sup-
porting surface, passivating ligand shell). It will be deraated that large scale gradient
corrected density functional theory (DFT) calculationstba Julich massively parallel
platforms can be successfully used to infer the structurmetallic clusters of various
complexity ranging from gasphase clusters of simple métatisansition metal clusters in
contact with other materials.

Small metal clusters exhibit unique size-dependent ptigsedue to their large frac-
tion of surface atoms as well as their distinct electroniacttiré. Reducing the atom
count below a few hundred, the bulk band structure breaksidma discrete energy levels
separated by gaps emerge. These quantization effects paetgresponsible for the high
catalytic activity of small metal particles as well as forariety of optical and electronic
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phenomena. In spite of this, electron quantization is diffito access experimentally. So
far, the most comprehensive picture has been deduced froto plectron spectroscopy
on size-selected clusters in the gas-pRabesection 3, we present results based on pho-
toelectron spectra (PES) of sodium clusters Nar an intermediate size range=20-40.
This study completes our previous investigations of the INater anions in the size range
from 4 to 19 atomsand from 39 to 350 atomsnaking gasphase sodium clusters the first
system for which structural information is available frolne tetramer to the nanoparticle
size regime.

Such PES experiments cannot account for substrate effadiseocluster electronic
structure, which might, however, decisively influence theperties of particle-support
systems. The scanning tunnelling microscope (STM) praval@owerful alternative to
study the interplay between geometric and electronic ptmgseof metal clusters at the
local scale. Magnesia supported palladium clusters arengstdhe most popular model
catalysts for the investigation of prototypical cataly@ctions, such as the oxidation of
carbon monoxide Determining their structure is an important preliminaoy &n under-
standing of their catalytic activity. In section 4, we pretdixperimental STM images of a
Pd, cluster adsorbed on a thin MgO(001) film supported by Ag(001)

The considerable scientific and technological interestigahd protected (LP) metal
clusters is driven by the fact that these clusters can bénegizted in macroscopic quan-
tities as well as by their pronounced stability in differemvironments and over a broad
temperature range. Prominent representatives are thjghasphine protected gold clus-
ters. Recently, it has been suggested to substitute sorhe atdms in the LP gold cluster
by more reactive transition metal atomsThis could be a versatile route to tailor their
catalytic, magnetic, electronic or optical properties.wdwger, for the time being it is not
evident at all, that LP gold alloy clusters obey the sameilstabon mechanism and ex-
hibit the same structure as pure Au clusters. In section Siepert an explorative DFT
study of a thiol protected gold alloy clusfer

2 Methods

In order to find the structural ground states of the sodiursteltanions in section 3, density
functional theory in the framework of the gradient corre@tiocal spin density approxi-
mation for the description of the electronic ground statenrBOppenheimer (BO) surface
is employed. The Kohn-Sham equations are solved for theuso8 valence electrons
using the BO-molecular dynamics metAbavith a plane wave basis (10 Ry cutoff) and
nonlocal pseudopotentidls The BO surfaces of the clusters are scanned for the global
minimum employing a modified single-parent genetic aldponi. For the structures with
the lowest energy, photoelectron spectra were then sietulay shifting the calculated
elctronic density of states (DOS) so that the highest mddeaubital (HOMO) eigenvalue
coincides with the calculated vertical detachment endfgythe determination of delocal-
ized electron angular quantum numbers the overlap of thek&tam orbitals with cluster
centred spherical harmonics has been calculated.

The other DFT calculations are performed with the grid-ectpr-augmented-wave
method (GPAWA3 1 using the same GGA as for the Na clusfers 0.2 A grid-spacing
was used for the representation of the smooth wave-furgtibine STM images are simu-
lated with the Tersoff-Hamann formalisfn
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Figure 1. Ground state structures ofdyaso and the comparison of the corresponding calculated DOS (red
line) and the measured PES (thick black line). Two perperalicviews of the clusters are provided except for
Nag1_23 where two quasi degenerate isomers are depicted. For tiresedizes, the DOS of the second lowest
isomer is plotted with a blue line. Atoms added to the doutdsahedron basic unit (outer atoms: blue, central
atom: white) are coloured in yellow. For Ba_40, atoms of the Ng,-core are coloured in red.

3 Photoelectron Spectra of Gasphase Sodium Cluster Anions

In two recent publications we have presented a combinedriexpetal and theoretical
study of the structure of sodium cluster anions;Niathe size range = 4—19 atomd and

n = 39 — 350 atoms. Here we show results for the intermediate range 20 — 40. Ex-
perimental photoelectron spectra are displayed in Figutgke the spectra of the smaller
or larger clusters published earliérthey are strongly structured, indicating a highly dis-
cretized DOS. An electron shell structure is directly Visitor some sizes. Within a model
of delocalized electrons in a spherical container sheBwiles occur at electron numbers
20, 34, 40 and 58. This explains the appearance of a new sitiethvextra single electron
at the clusters with an additional electron, that is afNa\a;, , Na,, and Ng;. For these
and neighbouring sizes the angular momentum of the delmch&lectrons have been as-
signed to the peaks visible in the calculated DOS. The geawesatf the lowest energy
structures from DFT are indicated in Figure 1. The DOS of thecsures is shown as red
and blue lines in the plots of the photoelectron spectrahA€$XOS is very sensitive to the
nuclear structure of the cluster, a good agreement betweebD®S of the lowest energy
isomer and the experimental spectrum gives strong eviditatehe correct structure has
been found.

For almost all of the clusters shown in Figure 1 the basicding block is a 19-atom
double icosahedron, with the remaining atoms forming araeial belt around the waist
of this core. The core double icosahedron does not neclysst@y intact in this build-up
sequence; in many cases one or two of its tip atoms (the emdsabd its central linear
tetramer) are transferred to the equatorial ring, whichnoiges the average atom coor-
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dination number and changes the overall cluster spheriity the same reason in some
cases an atom out of one or two of the outer five-membered oty core is transferred
to the waist position.

This growth pattern starts at size 20. While for the eledtalty closed shell Ng, the
prolate double icosahedron structure is energeticallgpwmired, the lowest energy struc-
ture found for Ng, is exactly this double icosahedron with one capping atoathéd to
its side. For Ng our calculations revealed two quasi degenerate grounel stiaictures
with an energy difference of onlx £ = 20 meV (left and right structure in Figure 1). The
experimental spectrum can be well reproduced by a weightpdrposition of the DOS
of both isomers. The situation is similar for Naand Ng,. One isomer of Ng, is a
triply capped double icosahedron, while the other one égirtar. For N&; both isomers
are capped double icosahedra; in the lower energy strutter®ur additional atoms and
one of the tip atoms of the 19 atom core are placed onto the,weldle for the second
isomer two core atoms (the tip atom and an adjoining atom fadiime-membered ring)
are transferred to the waist. Note that the resulting edaatrdensities of states exhibit
significant differences, although the two structures didfiely by the displacement of two
atoms. As the DOS of the second isomer exhibits a peak at 1. @lgfe the experimen-
tal spectrum shows a minimum, one can directly concludeithapite of the calculated
guasi-degeneracy the relative abundance of the seconetismnst be small. For most
of the following cluster sizes up to Nathe good to very good agreement between the
experimental and theoretical spectra provides strongeewie for the correct determina-
tion of the ground state structures. The growth scheme ig siemple: the structure of
a cluster Ng in most cases is just the one of the previous cluste]_Navith one atom
added. Only occasionally a rearrangement of a few othersatmours. A geometric shell
closing is reached at size 34, which hHag,-symmetry and consists of the 19 atom double
icosahedron decorated by three five membered rings. Moadslean be found in Ref. 16.

4 STM Images of Palladium Clusters on Thin Silver Supported
Magnesia Films

In this section, we present simulations of STM images of ¢ldsters on thin MgO films.
The substrate with metal support is modeled by two MgO layenrgistry with three
Ag(001) planes of 4.14 lattice constant (Figure 2). Except for the two bottom Agdes,
all atoms are relaxed. Simulated STM images are shown inr&igu At negative bias
(probing the occupied states), the brightest signal (he. highest occurrence of the re-
quired density) comes from the region of the highest Pd atdiiis is what can naively be
expected and in nice agreement with the result of a previalesilation without the sup-
porting Ag(001%’. At positive bias, however, the long axis of the,RtLister and hence the
highest atoms do not contribute as much as the side regichs ishort cluster direction.
Even more, there appears a “valley” in the constant eledensity contour exactly on the
axis of the highest atoms. This on a first glance rather counttétive result shows that
(similar to the case of gold)) for supported Pd-clusters the STM images do not provide
pictures of the nuclei, but map the properties of the el@dtravave functions.

To get more insight in the reasons for the different behavaduhe electronic states
below and above the Fermi energy, we examine the atom-pedjéacal density of elec-
tronic states (LDOS), which is shown in Figure 2e. We coneeathere on the Pd derived
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Figure 2. Simulated STM pictures for RdThe circles indicate the positions of the Pd atoms. (paaels d)
structure of the cluster on the MgO(001)/Ag(001) supporshews the local density of electronic states (LDOS)
relative to Fermi Energy (marked by the vertical dashedline

states as these are the states responsible for the STM inHyestates below the Fermi
energy are derived from Pd(atomic orbitals mainly. The&-orbitals are local on the Pd
atoms and hence the STM picture shows the atomic positiomefyative bias. In contrast,
we find the states above Fermi energy to be mainly derived fd) and Pdp) atomic
orbitals and therefore have a much more delocalized chaardlttis character leads to the
nodal structure on the longest and at the same time higheseclaxis. At bias 0.6 V, the
state at 0.5 eV is displayed in the STM picture shown in Fidirelncreasing the bias to
1.2 V leads to a contribution of other delocalized statesdb&iously do not possess this
node. Therefore the node is filled again as shown in Figure 2c.

5 Ligand Protected Gold Alloy Clusters

There has been a remarkable progress in the last years irlthefiigand protected (LP)

clusters both experimentally as well as theoretically. étkpentally the crystal structure
of two thiol-protected species that waited structural abterization for a long time was
determined® 2% Theoretically it was demonstrated that the traditionaparated fields

of thiol- and phosphine-protected gold clusters can besgimder a unified view and that
the magic stability of these clusters can be explained bydddized electron shell closings
(DESC) suggesting a super-atom picture for the cluétessll the magic clusters satisfy

the simple counting rule

Nget =M — q=ns , 1)

where Ny, is the number of delocalized electrond, the number of electron localizing
ligands,q the cluster charge and, the DESC number (2, 8, 18, 34, .3.)

In this section we concentrate on replacing one Au atom imtbléstudied thiol pro-
tected gold cluster (Au4(SR)5)~. This compound was shown to be exceptionally stable
and even survived an excess thiol environment. Only regémdl structure of this cluster
was elucidatetf. There is experimental evidence that a similar cluster trétgo be stable
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Figure 3. Structure and DOS of (XAy(SCHs)1:)(?) (X=Pd, Ag, Cd,q = 1,0, —1). On the left: the structure
of Augs5(SR) 5. The R groups are omitted for clarity. The purple atoms iadi¢che replacement positions for the
substitutional metal atoms (X=Pd, Ag and Cd) resulting ettiree different XAu4(SR);s isomersC, V andU.

Au atoms are drawn in orange or purple and S in yellow. On titerithe globaly;,,, projected density of states
(PDOS) for the core region of Ag(SCHs) g, Au24Cd(SCH;) 13, Au24Ag(SCHs) g and AwaPd(SCH) -
The energy axis is defined relative to Fermi energy and the®%.3 broadened by Gaussians of 0.03 eV width.

if one Au atom is substituted by a Pdin the following the stability of XAu,(SCH;)1s
with X=Pd, Ag and Cd will be investigated. The idea behind #tudy is that the substitu-
tional atoms Pd, Ag and Cd contribute with 0, 1 and 2 deloedliglectrons respectively,
hence modifying the super-atom nature of the cluster sobatly.

The structure of the Ai3(SR)s cluster is shown in Figure 3. It comprises a 13 Au
atom core and 6 SR-Au-SR-Au-SR units. The;Awore itself consists of a 12 atom
cage around a central atom, where the cage atoms are alliily egaivalent icosahedral
positions, each of them connecting to a sulfur atom fromitharsits. The units are placed
in nearly octahedral symmetry only slightly distorted bg #symmetric direction of the
CHs ligand molecules (not shown). There are three distincttjpos for a replacement of
a single Au by another metal atom resulting in three diffeigmmers C, V andU). InC
the central atom is replaced,Yhone of the 12 vertex atoms andlhone of the Au atoms
from the thiol-gold units.

According to this scheme, we have replaced one gold atom efithsahedral
Auy5(SCHs) 1 and relaxed the (XAw(SCHs)15)@ (X=Pd, Ag, Cd,q = 1,0,—1) to
the next local minimum. The lowest energy isomer (grountestasS) is found to be inde-
pendent of; in all cases and is well separated from the higher lying igsile the case of
Cd and Ag, the GS i¥ whereas the Pd atom prefers isoreas GS.

Significant HOMO-LUMO gaps of 1.23 eV, 1.18 eV and 1.18 eV arnerfd for X=Pd,
Ag, Cd in the cluster charge states= —2, —1,0 respectively. These values compare
very well to the 1.2 eV gap of Al3(SCH;);32%. To study the electronic properties, we
will concentrate on the GS and the charge states with thesaldOMO-LUMO gap, i.e.
isomersC, V, V and charge states—= —2, —1, 0 for X=Pd, Ag and Cd respectively, in the
following.

204



The angular momentum projected DOS of all three compounidsi(& 3) resemble
the rare-gas super-atom picture known from$CH;); also shown in the figure. The
LUMO is of D and the HOMO ofP symmetry showing again a DESC with = 8 and
explaining the large HOMO-LUMO gaps. The splitting seenhe D shell is a conse-
guence of the octahedral symmetry of the SR(AuSR)its around the cage. In the case
of Auy5(SCH); 5 or X=Pd, where the Pd atom is located in the cluster centeePtshell
shows a single peak only. This is not the case anymore for XadjX=Cd since here
the alloy atom is located on a vertex leading to symmetrykinggand hence to the small
splitting of theP-shell.

The DESC for the different charge states shown in Figure 3beannderstood by a
simples-electron counting as given in Eq. (1): Cd donates two, AgameePd no electron
to the number of delocalized electrons in the cluster, héwigg = 12,13, 14 in the case
of X=Pd, Ag, Cd respectively. All clusters contald = 6 electron localizing units and
therefore a charge af = —2, —1, 0 is needed to fulfil the 8 electron shell closing for Pd,
Ag, Cd respectively.

6 Conclusions

In conclusion, we have shown for the sodium cluster anioseation 3 that DFT calcula-

tions in combination with state of the art experimental lssare the ideal combination to
obtain a deeper understanding of the structure of gasphasters. For the supported Pd
nonamer cluster in section 4 and the the thiol protected dlépetetracosamer cluster in

section 5 we have trusted in the predictive power of DFT satioihs in order to suggest
possible future experiments and explain their possibleaut.
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We presenab initio calculations of structural, electronic and magnetic prige of particular
metal-semiconductor hybrid systems. They consist of Cdilaygrs on (111), as well as Co
or Ni multilayers on (001) diamond surfaces. These systemalmost ideally lattice-matched.
Our calculations for coverages of one up to six Co monolagkosv that strong CeC bonds
are established across the interface giving rise to a langaahing of the magnetic moment at
the Co interface layer. Yet, the spin polarisation at therfréevel remains significantly large
amounting to abou50 %. This is a prerequisite for spintronic applications. In trast, Ni
adlayers on C(001) exhibit only a very small spin polar@atit the interface.

1 Introduction

Magnetism is a fascinating phenomenon that plays an impiortée in technological ap-
plications, as well as in basic research. The formation @fmeéism in matter is a collective
guantum mechanical effect. Generally speaking, the sfitisecelectrons align with re-
spect to each other thus minimizing the total energy of ttstesy. In case of parallel spin
alignment the system becomes ferromagnetic.

Interestingly, magnetic properties of matter can stromglynfluenced by reduced di-
mensions. Based on this fact, drastic improvements in in&bion storage devices have
been achieved recently by utilizing artificially structdnmagnetic materials®. Further
substantial developments in computer technology seem aadxssible exploiting the fact
that the carriers of electric currents have beside theirgghalso the spin as an additional
degree of freedom. One example of so called spintronic devi the spin field-effect
transistor as proposed by Datta and Daghis device uses the ability of ferromagnetic
metals to generate spin-polarized currents which arefeeesl into the gate via ballistic
transport. The role of the gate is to generate an effectivgnmigc field causing the spin
to precess. By changing the voltage at the gate one can natgghe orientation of the
spins which can be detected at the ferromagnetic drain

The gate is usually made of a semiconducting material. Aothhgih understanding of
metal-semiconductor hybrid systems is of paramount ingpae, therefore. Of the multi-
tude of conceivable hybrid systefns’ only very few are suitable for the aforementioned
purposes. As has been shown previously, a useful hybridmsyistrequired to have a good
structural compatibility because a large lattice mismagetus to diffusive transport pro-
cessel These quickly destroy the magnetization of the currerdsided by the source.
A further prerequisite of a useful hybrid system is an engcgeparation of the spin-up
and spin-down states close to the Fermi level. Here, we sisspecific hybrid systems,
namely Co and Ni adlayers on diamond surfaces, which arer¢dilto these particular
needs and appear to be very promising, therefore.
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Nowadays, there are powerful computational methods atigdiér theoreticahb initio
investigation& of such systems on high-performance computers. Usinggcdiebmputer
time at the John von Neumann Institute for Computing (NIC)heee performed such
studies of structural, electronic and magnetic propedidsese systems.

After a brief overview of the employed computational methodSection 2 we present
some of our results for varying numbers of Co adlayers ini®&e@&. We conclude our
discussion with a brief summary in Section 4.

2 Calculational Method

Our calculations are carried out in the framework of spingily functional theory em-
ploying the generalized gradient approximafidar exchange and correlation. We use
separable pseudopotentidid'and include non-linear core-correctidfifor a proper rep-
resentation of structural and magnetic properties. Sesface simulated within the stan-
dard supercell approach using slabs containing six C sateskayers and up to six Co
adlayers. Neighbouring supercells are decoupled by a vaaegion of at least 1A.
Structure optimizations are carried out employing Hellm&gynman, as well as Pulay
forces.

The wave functions are expanded in a basis set of atom-ceGtessian orbitals of
s,p,d and s* symmetry. Since the d-component of the Co and Ni pseudopal®iis
strongly localized, rapidly decaying Gaussian orbitalsvedl as a fine real-space mesh
with up to one million points for an appropriate descriptadithe investigated systems are
used.

Integrations over the Brillouin zone are performed usingcsal k-point sets. To de-
scribe the spin polarization and magnetization properlyexipe sampling of the Fermi
surface is mandatory. Here, we us@(ax 20 x 1 k-point grid together with a Gaussian
broadening of the density of states &y meV. For everyk-point a generalized eigenvalue
problem has to be solved which is the most time consuminggbaine calculations. Since
the diagonalizations for differektpoints are independent of each other this step can how-
ever be massively parallelized.

Further very elaborate parts of our method are the calowmadf the potential matrix
elements and the charge density due to the fine real-spate frtesse evaluations are per-
formed with very efficient algorithms, as suggested by Wiateet all*. For the charge
density the procedure consists in first setting up the densittrix and subsequently eval-
uating the Gaussian basis functions on the mesh. In botk #temecessary calculations
are independent for each pair of atoms. Building up the pialematrix elements also
breaks up into independent calculations for atom pairs.lllnases a very high level of
parallelization has been achieved leading to a very highath&cale-up of the program.

3 Results

3.1 Structural Properties

Cobalt is a ferromagnetic metal crystallizing in hcp andsitacture depending on temper-
ature and pressure. Under normal conditions the hcp stauistthe standard modification.
The fcc modification, on the other hand, can be stabilizedrbwing Cay 92Fe.os alloyst®

208



(a) Co on C(111) (b) Co on C(001)
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Figure 1. (a) Top and side view of one and two hcp Co adlayetthe@rC(111) surface. Large filled red circles
mark Co atoms on the first and large open circles mark Co atontbeosecond adlayer. Small blue circles
indicate C substrate atoms. Full lines represent covaightor pd bonds parallel to the drawing plane while
dashed lines represest® bonds that form an angle with the drawing plane or meteliidonds. In the top view
only dd bonds between Co atoms on the first adlayer are indicateddheddines. (b) Top and side view of one
and two fcc Co adlayers on the C(001) surface.

and is furthermore the standard modification even at roonpégature in Co nanoparti-
cless.

The experimental lattice constants of Co are 3.54A for the fcc structure and
a=2.51A and ¢=4.07A for the hcp structure. These lattice constants show an al-
most perfect matching with the surface lattice constantsf 3.57A for C(001) and
ahex=afcc/\/§= 2.52A for C(111). The lattice mismatch amounts to less than 1%oih b
cases. Therefore, the constituents of the metal-semiabodhybrid system are highly
compatible.

In the following, we discuss the structural propertiesno€o layers adsorbed on a
C(111) substrate surface, which will be referred to as naCbt1). Starting with one Co
adlayer, the energetically most favourable adsorptiofigoration is shown in Figure 1a.
The Co adatoms are located above surface layer C atoms top positions. Thus, all
substrate dangling bonds become saturated by the forn@dtmme strong covalent CeC
bond per unit cell. This strong bond gives rise to a large ibip@nergy of 1.9 eV per Co
atom.

Since there is only a very small lattice mismatch betweemdiad and hcp cobalt, Co
atoms of further adlayers adsorb in hcp bulk Co sites chariatt for a Co(0001) surface
(large open circles in Figure 1(a)). The relaxed structshesv some interesting trends in
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the interlayer distances between neighbouring layerst &fiall, the interlayer distances of
the carbon layers show very little dependence on the nunfli@o adlayers. This implies
a negligible impact of the Co layers on the structural progsof the substrate surface. In
contrast, the Co layers in the slab show small contractioespansions of their distances
in an oscillatory manner, as compared to hcp bulk Co. Thisbielr is in good agreement
with the clean Co(0001) surface where similar oscillatioosur. For thicker Co adlayers
the interlayer distance in the middle of the adlayer corsgtgward the Co bulk interlayer
distance, as one would expect. In total, we observe a faseffective decoupling of all
but the interface layer from the substrate.

The second kind of hybrid system investigated contaidayers of Co adsorbed on
a C(001) substrate. For one Co adlayer the most stable dusogite is a symmetric
bridge site between neighbouring C surface atoms, as indicatejimé-1b. In this case,
the Co atoms reside in positions of an ideal diamond lattit¢he first layer above the
C(001) surface. They form two strong €€ bonds which saturate all dangling bonds of
the substrate surface. As a consequence, the binding eoktigg Co adlayer is as large
as 3.3eV per unit cell.

Our structure optimization shows that Co atoms of furthéayets adsorb in fcc bulk
Co sites (large open circles in Figure 1(b)). As in the cageamdn C(111), we observe an
inward relaxation of the topmost Co adlayer together witloseillatory behaviour of the
interlayer spacings, as compared to the ideal fcc Co(00fae The general behaviour
of the structural properties is very similar to that disagsabove for Co adlayers on the
C(111) surface.

A metal-diamond hybrid system with a small lattice mismatah also be realized by
replacing the Co atoms in the aforementioned structuresi laydwhs. Bulk Ni has a lattice
constant = 3.52A which is very close to that of fcc bulk Co. Our calculatiom®® that
the additionatl electron per Ni atom has only a minor influence on the stratpnoperties
of nickel-diamond hybrid systems. The binding energy of atllayer is again very large
with a value of 3.4eV and the relaxations at the surface angpeoable to those in the
cobalt case.

3.2 Electronic and Magnetic Properties

The strong Ce-C bonds at the interface, mentioned in the last section, &daee impact
on the electronic structure for both systems. We start wilisaussion of one Co adlayer
on C(111). As noted above, tlom top configuration of one Co monolayer on C(111) is
characterized by the formation of one strong-@bond per unit cell. Figure 2 shows
the spin-resolved band structures and densities of stA@S) in the energy region near
the Fermi level. We find seven bands in the projected band daghwesult from the
partially hybridized Cals, Co3d and C2p states leading to a metallic surface. The spin-
dependence of the bands is only very weak and does hardlgelaeir dispersion. Based
on a Mulliken analysis, we have marked the bands origindtioign both Cods,>_,> as
well as Cp, states by thick lines in Figure 2. These orbitals give ristheoformation of
an occupied bonding ban@ and a mostly unoccupied antibonding bagtl

To further illustrate the character of these (anti-)bogdiands, Figure 3 shows charge
density contours for th& and B* states at the high-symmetry poikitof the surface Bril-
louin zone. The bonding stateé shows a large accumulation of charge density between
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Figure 2. Band structures for (a) spin-up and (b) spin-dolectens and spin-resolved densities of states for
one Co layer on the C(111) surface. The red shaded areaseaptke projected band structure of bulk diamond.
The band energies are referredig- as the zero energy.The band sections highlighted by thigs loriginate
from Cod states that have strong admixtures gf §tates which are mainly localized at the atoms of the topmost
C layer.
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and C atom at the interface.

the Co adlayer and C substrate top layer atom. In contrastlarge density of the unoc-
cupied stateB* has a nodal plane between the Co and C atom emphasizingilieraiing
character.

Adding further Co adlayers to the system rapidly leads tanareiase in the number of
bands near the Fermi level so that the band structure beogmesongested. However, for
allinvestigated hybrid systems with more than one adlayey &lso turn out to be metallic.
Furthermore we find the characterisiBcand B* bands near -3 and +1 eV originating from
the Co-C interface bonds.

Layer-resolved magnetic moments are presented in Tablgethter with the respective
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Figure 4. Band structures for (a) spin-up and (b) spin-dolectens and spin-resolved densities of states for
one Co adlayer on the C(001) surface.

spin polarizations at’r for varying numbers of adlayers. Some interesting featares
to be noted. First of all, the formation of local magnetic nemts is largely limited to
the Co layers whereas the C layers remain essentially unetiagd. Second, we observe
that for each case the magnetic moment at the interface sdmmably smaller than the
respective value of a free-standing Co monolayerX.88u5). This fact can be traced
back to the formation of th& and B* bands whose occupation is almost the same for both
spin directions. As a result, the magnetic moment is draltfiquenched at the interface,
as compared to the free Co monolayer for which the occupatidhe states in the flat
region of theB* band largely differs for the two spin directions. For morarttone Co
adlayer the local magnetic moments increase monotonousygoing from the interface
to the surface. At the topmost adlayer the magnetic momenCpeatom is close to that
on a Co(0001) surface layer.

Another interesting quantity with regard to possible aggiions of these hybrid sys-
tems as part of a spintronic device is the relative spin jmadéon. It is defined via the spin
resolved density of states as

_ N(E)-N'(E)
~ NI(E)+ NY(E)

and measures the surplus of spin-up states with respecirtalepn states at a certain
energy. In Table 1 we show the relative spin polarisationthatFermi energy for an
increasing number of Co adlayers. A striking feature of #mults is the substantial spin
polarisation at the Co interface layer. The spin polargatin the topmost C layer, on the
other hand, is rather small and varies strongly for systeitisdifferent adlayer number.

For fcc cobalt layers on the C(001) surface the electromicciire becomes slightly
more intricate since there are two €6 bonds at the interface in this case. The band
structure for one cobalt adlayer is presented in Figuresndiadd. The system is also
metallic and the bands for spin-up and spin-down electroesgain rather similar. Yet
the spin polarization at the Fermi level on the Co adlayebisua 50% also in this case.
The interaction between the Co adlayer and the C(001) saibstow leads to two bonding
(B; and Bs) and two antibonding®; and B3) bands since there are two €€ interface
bonds per unit cell.

In Figure 5 we present associated charge densities at/fth@oint. The Co and C

((E) 1)
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Figure 5. Charge densities at tfié point of
the surface Brillouin zone for the bondingp(
and B2) and antibonding B} and B3) states
of one Co layer on C(001). The charge den-
sities are plotted in the [100]-[001] plane con-
taining the Co and the two C atoms at the in-
terface.

Figure 6. Layer-resolved densities of states
for spin-up (black lines) and spin-down (green
lines) electrons on the first three layers of
systems containing four Co adlayers (upper
panels) or four Ni adlayers (lower panels) on
C(001), respectively.

orbitals form strong covalent bonds giving rise to consatidy different spatial charge
distributions for theB; and B, states. The double bonding leads to the large binding
energy of 3.3eV. The corresponding unoccupied antibonsiates, on the other hand,
exhibit a reduced screening in the spatial regions betweegb and C atoms.

Adding further layers of Co yields respectively more compdand structures. Here
we only address layer-resolved densities of states (LD®8)efore. As an example, we
show in the upper three panels of Figure 6 the LDOS on the firstet Co layers of a
4—Co0:C(001) system. One can immediately see that the spin-down LDOSensetbond
and third layer is shifted up by about 2 eV with respect to ffie-sip LDOS near the Fermi
level. This effect is strongly reduced for the first layertsd interface. On the first C layer
at the interface, there is an appreciable LDOS within the eyagrgy region (not shown
here), while on lower C layers the insulating behaviour ahadnd is restored.

The two Coe-C bonds per unit cell have significant consequences for thgneti
properties. The magnetic moment at the interface is 0rlgu 5 and remains small for an
increasing number of adlayers since the respediveB, and By, B3 bands show almost
no spin splitting. For more than one Co adlayer the magnetiment of the top layer
quickly converges to the value of the clean Co(001) surface.

The corresponding layer densities of states on the firsetlageers of at —Ni: C (001)
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system are shown in the three lower panels of Figure 6. Inrgériee Co and Ni densities
of states show a close resemblance. However, the spinraplist drastically reduced for
Ni as compared to the case of cobalt. This results from thaiadél d electron of each Ni

atom occupying the spin-down states and shifting the reisjedcDOS to lower energies,
therefore.

4 Concluding Remarks

In this article we have presented structural, electront magnetic properties of Co ad-
layers on C(111) and Co and Ni adlayers on C(001) as resulimg calculations in the
framework of spin-density functional theory. The inveatid systems are distinguished
by an almost perfect matching of the lattice constants af t@nstituents. In all cases
the strong covalent bonds established between adlayer antisirate atoms give rise to a
strong reduction of the local magnetic moment at the intexfaret, for the systems with
Co adlayers we find a high spin polarisation at the Fermi leveh at the interface which
is a prerequisite for spintronic applications. Ni adlayersthe contrary, show only a very
small spin polarisation at the interface.
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While the elementary building blocks of condensed mattstesyis are very well known,
namely atoms with their nuclei and electrons, they offer aiasyof phenomena due to
the complex collective states into which a macroscopic remobdegrees of freedom can
arrange. The understanding of such phenomena, a prettedoisthe prediction of new
ones, may need full account of the quantum mechanical nafutee constituents, or in
some limits, they can be understood within the realms ofsatas physics. In most of
the problems in condensed matter systems, the interaatiomg the building blocks are
determined by nature, as the Coulomb interaction for sstfide systems. However, in
the new field of ultra-cold atoms, the interactions can blerad by means of so-called
Feshbach resonances, giving rise in some cases to thrgeriierhctions, and hence, to
new physics, beyond the frame known from solid-state systéfowever, in contrast to
elementary particle physics, where the nature of some didisi interactions are still de-
bated, the starting point of the theory of condensed mattgeifectly well defined, since
the microscopic bare interactions are prefectly known. déeim principle, any phenom-
ena in condensed matter could be theoretically undersfomaei were able to solve the
many-body Schrodinger equation of electrons and nuatéi@cting with just the appro-
priate microscopic potentials) and use this solution astitgpthe formalism of (quantum)
statistical mechanics.

In spite of the impressive increase in speed and memory opaters in the last years,
as exemplified e.g. by latest generations of Petaflop comgutevill in general be impos-
sible to solve the many-body Schrodinger equation duedeiponential increase of the
number of states (the Hilbert space) with the number of cestts. Therefore, in parallel
to the progess in hardware, an equally strong advance inegiffialgorithms is necessary,
in order to achieve significant progress in this field.

The articles that will follow in this section give an accoufitsuch developments in
various areas in the field. Of course, these articles caitstiinly a small selection of
problems in the science of condensed matter that are studiad the resources of NIC;
in addition, we note that many articles that appear in thé@eson chemistry, materials
science, polymers and soft matter also deal with condens¢tgmof course.

As a first example of algorithmic development along the lidissussed above is given
by the article by F. B. Anders, where a numerical renormébregroup (NRG) approach
is presented to describe the steady-state transport piegpef a nano-device with finite
bias, i.e. transport out of equilibrium. Nano-devices (guan dots) are at the above men-
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tioned deep quantum limit, where the quantization of theted® charge dominates the
charge transport through them. Furthermore, the spin degfeeedom of the electrons in
the device may play a crucial role in the Coulomb-blockadgne, leading to correlated
states, as in the Kondo-effect. This effect arises, wherintieeplay between the electron
in the quantum dot and the conduction electrons in the leadgs$them into a correlated
state forming a many-body resonance (the Kondo resonahaeppens a new transport
channel at low temperatures. The new algorithm implemeriisoWs ideas for a numeri-
cal renormalization group extended to take into accourttestag states that comply with
the boundary conditions for a current carrying state. A elization of the algorithm
is implemented that allows to efficiently perform the diaglration of the Hamiltonian,
that accounts typically for 35.000 to 40.000 states. Therélym allows to calculate the
conductance of the nano-device for arbitrary temperatudenaagnetic field.

Staying in the area of quantum dots, the article by Lakal. deals with their imple-
mentation for semiconductor lasers. A many-body treatrisenécessary in order to take
properly into account the consequences of quantum confineamel carrier interactions.
The electronic excitations and optical properties are milesd using the single-particle
density matrix, where the equations of motions for its eletsidave to be solved. This
becomes a demanding task due to the couplings among theediffeatrix elements as
a consequence of interaction processes and the preseniggnef brder correlation func-
tions. Approximations are necessary in order to deal withdarrier-carrier and carrier-
phonon correlations. They are treated 1. Born and random phase approximation, re-
spectively. With the inclusion of many-body effects due mu®mb interaction and the
interaction with phonons, the calculation of the dynamitgterband transition ampli-
tudes were obtained by solving a set of coupled integraudfitial equations, where high-
dimensional scattering integrals with non-Markovian citmitions and the requirement of
self-consistency render the calculation very costly. Sadteavy calculation load could
only be solved by resorting to supercomputer resources. résdts revealed the major
limitations for quantum dots as laser sources as well astipgirout possible routes to
improve their performance.

Still in the deep quantum limit but in the area of ultra-cotdras, Bonnes and Wes-
sel deal with strongly correlated polar molecules with ¢hbedy interactions. While
Coulomb interactions are the ones determining the pragseofi solid-state and most other
condensed matter systems, ultra-cold atoms allow for eeging new types of interac-
tions that can be controlled by appropriate electric andmatgfields. Specifically, polar
molecules, i.e. molecules with a large dipole moment, galyedue to a heteronuclear
pair, can develop in the presence of an electric field andedrlyy a microwave field,
strong three-body interactions. This opens the posgitbfiradically new states of mat-
ter, that are here studied in the case of bosonic moleculdisikAo solid-state physics is
established by considering the system in an optical lattiea results from the standing
waves of counterpropagating laser beams. The possible-thashyground-states were ob-
tained by performing quantum Monte Carlo simulations basethe generalized directed
loop algorithm within the stochastic series expansion (S8pgresentation. Hence, apart
from stochastic uncertainties, the results are exact. Mewé¢he systems studied show
the tendency to form large superstructures, such that lotacarrelation times were ob-
served. This is remedied by implementing quantum paratajptering, in particular close
to quantum phase transitions between different valencd boystals. A fairly rich phase
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diagram was obtained, where beyond a superfluid phase,ceal®ond crystals at differ-
ent fractional filling were obtained. Such crystals are ahtarized not by particles sitting
at the lattice sites but by particles resonating on the bamgsirely quantum mechanical
phenomenon.

Leaving the ground of models and entering the area of re&alisany-body calcula-
tions, the article by Laziét al. discusses the development of new functionals in the frame
of density functional theory (DFT), that allow to treat thenvder Waals interaction. Van
der Waals interactions are ubiquitous in biological systenith energy scales much lower
than those typical of chemical bonding. However, their haeal microscopic nature could
not be properly taken into account B initio calculations based on the local density ap-
proximation (LDA), or extensions of it. Recent developngefar non-local functionals
allowed to deal with the van der Waals interaction. The augthieveloped a massively
parallel implementation of one such non-local functioniterestingly, such an imple-
mentation is also able to deal efficiently with systems thateapreviously treated with
extensions (generalized gradient expansion) of LDA, leguth results better in agreement
with experiments for chemisorbed (small) molecules on leeféhe major merit, however,
is the possibility of dealing with the adsorbtion of largeustures as graphene or large or-
ganic molecules on metal surfaces, as described in théeartit such cases, qualitative
differences are obtained, making clear the advances aghiev

Finally, crossing over from the microscopic to the macrgscevorld, it may be ex-
pected that quantum effects become less essential. Onhbelwnd, at the meso-scale,
microscopic details may be important. Such a case is pregémthe article by Magiera
and Wolf, where magnetic friction is simulated. In this gaa system with large spin
is considered, they can be treated classically, while taiilem into account individually
gives access to situations relevant for processes at tt@metar scale. While dissipation
can be easily described in a macroscopic system, as dondéngraduate physics courses,
its understanding at the microscopic level is much more daeling. The present article
shows how, with phenomenological inputs, magnetic frictian be described dealing with
the equations of motion of the individual spins in a cladsacésotropic Heisenberg model.
The microscopic treatment allows to determine the tempegatependence of the friction
coefficient as well as the influence of anisotropy and sutestréckness. With such simu-
lations of driven open systems we close the circle, whergrness both in the classical as
well as in the quantum world paves the pace towards estaiishe grounds of a statisti-
cal theory of systems out of equilibrium with the tools ofnjgerformance computing.
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Scattering states fulfil the correct boundary conditiona ofirrent-carrying open quantum sys-
tem. Discretizing the energy continuum of these statesvallthe application of Wilson’s
numerical renormalization group approach to open quantstesis. We employ the time-
dependent numerical renormalization group to evolve tlmviknsteady-state density operator
for a noninteracting junction into the density operator o fully interacting nanodevice at
finite bias. The steady-state nonequilibrium Green funstiare obtained by a recently devel-
oped algorithm. We calculate the currdnas a function of bias and gate voltage for arbitrary
temperature and magnetic field.

1 Introduction

Quantum-dots and single-molecular junctions have beeridered as possible building
blocks for nano-electronics and for quantum informatiofihe quantization of the elec-
tric charge dominates the charge transport of such devidesvaemperatures leading to
Coulomb-blockade physics: for voltages smaller than trergihg energyy/ = ¢2/2C,
transport can only occur via tunneling of single electforiis blockade of charge trans-
port is lifted in certain parameter regimes due to the Korftex€. Even when real charge
fluctuations are suppressed, the remaining spin degree@efidm on a quantum-dot or
a molecule with odd number of electrons can fluctuate duertaalispin-flip transitions
mediating charge transfer between the leads. As a consegjuepinned many-body res-
onance at the chemical potential opens a new transport ehbelow a characteristic tem-
peraturel’x which is exponentially dependent on the charging energy.

The investigation of such devices is of fundamental impuantafor our understand-
ing of open quantum systems out of equilibrium. Quantum intpunodels are used in
the theory of quantum transport on the molecular level. By,rtbe properties of such
nano-devices are well understood at zero bias in the cressegime from high to low
temperatures using non-perturbative approaches suchlssn@inumerical renormaliza-
tion group (NRGJ. Over the past 40 years, the Keldysh technfgugs proven to be the
most successful approach to nonequilibrium dynamics ashighes a perturbative expan-
sion for correlation functions. It is applicable to probkemaving a well defined ground
state in equilibrium such as in semi-conductor quantunceptivhere the band gaps act
as a cutoff for any divergency in perturbation theory. Quamimpurity models, however,
often exhibit infrared divergencigsand therefore, perturbation theory fails in equilibrium.
Furthermore, the Keldysh diagrammatic approaches areapgiicable in certain param-
eter regimes usually at high temperature, large bias or \Wweeakactions. In these regimes,

219



the infrared divergencies are cut off by temperature oragat both causing decoherence
and a finite memory time. The combination of non-crossing@gdmation and Keldysh
techniques has been a standard approach to calculate quansport in strongly corre-
lated systems with ballistic leads.

Recently, a large number of different meth6d$have been developed to tackle this
difficult class of problems. In this paper, we report on thel@ation of a scattering-
states approaéi? 3 14to quantum-transport through a single-electron transistdhe
scattering-state numerical renormalization gréuiSNRG) extends the NRG to current
carrying ensembles of open quantum systems. The recentblaped time-dependent
NRG! 17 was used to evolve a non-interacting current carrying sy$teo to a fully in-
teracting system at finite bias. The non-equilibrium sggdtmctions® of the device de-
termine thel (V') characteristics at arbitrary temperature, voltage andd@ali repulsion.

Single-particle scattering states provide the exact goidor the Lippman-Schwinger
equation for a non-interacting model. The states consishadépendent left and right
movers. The total currentis given by the imbalance betwkertirrent flowing to the left
and to the right due to a finite bias. Switching on a finite Cowldnteraction introduces
backscattering: the scattering states are not eigenstiates system, and the classification
of a left and a right mover does not hold any more. This makestimerical treatment of
such a complicated many-body problem very costly. The NR&@msally is a two-channel
problem with a lack of flavour conservation. For each renmgjrguantum number large
matrices need to be diagonalized independently. Calagj#itie diagonalization efficiently
was only possible with a large RAM and large number CPUs agiged by the NIC in
Julich.

2 The Scattering-States Numerical Renormalization Group$NRG)

2.1 Model and Scattering States

Quantum impurity models (QIM) are used to describe quantanmsport on the molecular
leveP 8. Their Hamiltoniar = H;pmp, + Hpatn + Hy consists of three parts: an impurity
partH;,, modelling the interacting device with a finite number of e of freedom,
one or several Bosonic or Fermionic baftig,:, and the coupling of these subsystems by
‘H ;. Examples of such quantum impurities are a simple two-lgystem, a localized spin,

a superconducting qubit, a molecule or a quantum.dblie leads provide two fermionic
baths at different chemical potentials. We restrict omeslto a junction with a single
spinful orbital coupled to a left (L) and a right (R) lead

H = Z /dE (5 - Ma) CZ,Uac€a<7a + Z

ca=L,R o=%+1

2
U X _ _
+g <Zg: nd — 1) + ; Vw/de VPal€) (df ceva + clrads) - (1)

Herend = df d, measures the orbital occupanéy,denotes the external magnetic field
andU the local charging energy if the quantum dot level is douldigupied. The Hartree
term has been partially absorbed into the single-particlr@®y E; — Eq + U/2. The
different chemical potentialg,, in both leads appear as a shift of the band centres and

U o d
|:Ed+§—§H:| Ng
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Figure 1. Thel,. orbitals serves as start for a separate Wilson chain for eextera = L, R. The Coulomb
repulsion violates flavour conservation and introduces$eattering between left and right-movers.

are functions of the external voltagé = ©r — pr,. We assume for both leads the same
structureless density of state&) characterized by the band widfh.

In the absence of the local Coulomb repulsiip = ¥ (3, 7¢ — 1), the Hamil-
tonian in Eq. (1) is diagonalized exactly in the continuumiliby scattering staté$*°,
To avoid any contribution from bound states, we will imglicassume a wide-band limit:
D > maxX{|eq|,T,|V|,|H|}, wherel', = 7V2p(0) andl’ = T';, + T'r. R =T/Tr
measures the asymmetry of the junction couplings.

Hershfield® has shown that the density operator for such a non-integctirrent-

carrying quantum system retains its Boltzmannian form

. e—ﬁ(H(i)—Yo) . _
pO j| b YO = Z:uot/de ’720’0{760’(1 (2)

T [e—ﬁma—%)

even for finite biass/_,, creates a scattering state with enetggpino and direction,
andHi = H — Hy. TheY, operator accounts for the occupation of the left- and right-
moving scattering states, apg for the different chemical potentials of the leads. Using
this density-operatgi, in the calculation of the current expectation vaftreproduces the
standard resuft© for non-interacting devices. The knowledge of the anadytiorm of
po, however, makes this steady-state model accessible toRIG 1.

The impurity operatord! is expanded into left- and right-mover contributions
di =rrd! 5 +r1d] . These two new operatdfsare defined as

di, =7 / dex/ oG (O Plva 3)

whereGy,, (¢) denotes the non-interacting retarded single-particle@fenction.

The scattering-states continuum is discretized logaiithHy in the usual way as in
the standard NR& Then, the discretized version of the non-interacting Hiamian 7 is
mapped onto a semi-finite Wilson chain whose tight bindingrinalements,,,, decay
exponentiallyt, .. o A~"/2. We usel,, definedin Eq. (3) as starting vectfif,o = doa
for the Householder transformatiorThe two Wilson chains are schematically depicted in
Figure 1.

In order to include Coulomb interactiol;;, the local density operatar? = did,
must be expanded in the new orbitdls,. It consists of two contributions: a density term
and a backscattering terif = 70 + 0%k wherend = S r2d!  d,. and the backscat-

o oo

tering term is defined a9%** = r 1y (ledaL + dLLdUR) . The local Coulomb inter-
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action term leads to a mixing of left- and right-movers siﬁlgéCk does not commute with
Y.

2.2 Time-Dependent Numerical Renormalization Group (TD-NRG) Approach

The dynamics of a non-interacting model obtained via HaReek or LDA approxima-
tion can be solved exactly: all information is encoded in demsity operatd?f: 4 p,

Eqg. (2). We are interested in calculating the IV charadiessor an interacting device
with finite charging energy/, for which the steady-state density operator is not explic-
itly known. We have developed a novel approach for calaudgsi faithful representation
of 5(U,V,t — oo) on a Wilson chain using the time-dependent NRG methét We
assume that the system approaches a steady state whiclyi® wamd independent of the
initial conditions. We consider a sudden quench of the systiter switching on the local
Coulomb interactio/. Then, the time average of the density operator

1 T
oo = lim — dtp(t 4
poo = lim - /0 p(t) 4
projects out the steady-state contributions to the dengperator p(t) =
exp(—iH t) po exp(iHt) even in a finite size system: only the energy diagonal
terms contribute in accordance with the conditjgfy, j.] = 0. Even thoughj., remains
analytically unknown, we can construct it systematicaiing the TD-NRG8: 17,

The I(V) curve is calculated using the bias-dependent specof the retarded Green
functionp, (w, V)

1) = L5 [ () = S = AT V) )

wheref (w) denotes the Fermi function, aith = (e?/h)4I . T'z/T2. This expressiolf is
valid for an interacting quantum-dot but requires the sgestdte non-equilibrium spectral
function p, (w, V') at finite bias. As part of our new approach, a numerical chgliey
algorithm'® can extract these spectral functions using the projeateetéiveraged steady-
state density operatgr,, defined in Eq. (4).

2.3 Computational Effort

The iterative diagonalization of the Hamiltonian in the NR& be performed in parallel
for the independent block matrices of each set of conseruadtgm numbers. Further-
more, two almost independent runs are needed for the TD-MR&NRG run constructs
the initial density matrixp, the other run constructs the eigenstateg#fneeded for
obtainingp~., which can run in parallel. Since the local Coulomb repulsittroduces
additional backscattering, the flavour conservation df defd right movers is lost. The
NRG calculation is essentially a two-channel calculatidrere only the total number of
electrons and thez-component of the spin are used as quantum numbers. Therefor
the block matrices of each Hamiltonian subblock labelledil§§, S.) are very large. At
each iteration the Hamiltonian matrices are typically sphby 35000-40000 many-body
states, the program typically needs 20 GB of RAM at run timaictv goes up to 80 GB if
parallel z-averaging is us&'’.
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Figure 2. Nonequilibrium spectral functioi¥sfor (a) a symmetric junctiorR = 1 and different value of the
biasV/, and (b) for a strongly asymmetric junctidd = 1000. The charging energy is set {6/T" = 8 and the
single-particle level af; = —U/2 andT — 0. The insets show the evolution of the Kondo resonance.

3 Results

All energies as well as the bias voltage are measured in afite single-particle charge
fluctuation scalé’. For simplicity, we used symmetric structureless leadsadtarized by
aconstant DO, = 1/(2D) on the interva[—D : D] whereD/T" = 20 is chosen.

The non-equilibrium spectral functions obtained with tHéR& and diagrammatic
Keldysh approaches are identical for small valueg/¢f" < 12°, The major contribu-
tion stems from the Hartree-term which causes a singleetalével shift. The line shape
remains almost identical to thé = 0 solution: the additional scattering introduced by
the finite value ofU is much smaller than the resonant level widithThe diagrammatic
approaches predict a slightly larger dephasing than theGMRding to a stronger de-
crease of the spectral function around= 0. Nevertheless, the overall agreement of the
all approaches is remarkable. This provides a reliablelim@ack for the SNRG.

The spectral functions look quite different for larger \@dwfU. A temperature de-
pendent many-body resonance.at= 0 emerges when lowering the temperature below
a characteristic low-energy scalg depending exponentiaflyon the charging energy.

In addition, the single-particle resonance is replacedrbpdened atomic peaks with frac-
tal weights atF; and E; + U. Results for the bias dependence of the spectral functions
for U/T = 8 in the quantum-point contact regim& (= 1) and in the tunneling regime

(R = 1000 > 1) are depicted in Figure 2. The spectral function changeasfgigntly
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Figure 3. Current versus voltage for the point contaBt & 1) and the tunneling junction { = 1000)
calculated using the spectral functions of Figure 2. Notat tthe current has been normalized to
Go = (e2/h)(4T T r/T?) = (e2/h)4R/(1 + R)?. The blue curve indicates the Hartree-Fock solution.

with V' in the point-contact junction: the many-body resonance at 0 decreases with
increasing voltage on the scale Bf,. An onset of a splitting of the resonance is also
observed fofV| > T'. As expected for the tunneling regime, the spectrum renaimest
unaltered as shown in Figure 2(b): a Kondo effect develog foom the interaction of
the quantum-dot with the lead which is strongly coupled,levtiie weakly coupled lead
serves as a probe.

The IV characteristic was calculated f@yI" = 8 by inserting the spectra of Figure 2
into Eq. (5). The normalized currents are shownffoe= 1 and R = 1000 in comparison
with the Hartree-Fock results in Figure 3. The normalizatdthe current eliminates the
trivial current suppression by the prefactgg. In the quantum-point contact regime, the
many-body resonance is destroyed with increasing voltages spectral weight is trans-
fered to higher frequencies. As a consequence, the nomdatiarrent is initially lower
than in the tunneling regime. The spectral weight loss acdat®es at intermediate fre-
guencies in the vicinity of the original atomic charge pea#snce, the currentis enhanced
once the voltage approaches the charging en€rgyhe normalized current will saturate
at2r for very large voltages independent(éf At zero bias and odd-integer fillings of the
guantum-dot, the differential conductance is alway giverdlues close ta+, for 7' — 0
due to the formation of a local Fermi-liquid. For larger Gamub interactiori/, however,
the currentincreases with bias significantly slower thadjmoted by the Hartree-Fock so-
lution. Therefore, effective single-particle theorieslsas Hartree-Fock are unsuitable to
describe interacting nano-devices and molecular junstiorthe coherent regime at low
temperature. They predict incorrect IV curves in parameggimes governed by strong
correlations as can be seen in Figure 3.

The numerically obtained differential conductadégdV is shown for different values
of R in Figure 4(a). We also addetf /dV curves for finite magnetic field. Figure 4(b)
depicts the differential conductance for the point-conttagime and three different values
of the external magnetic fielf. The zero-bias maximum in the /dV curves split into
two peaks separated roughly by twice the Zeemann energy.p&ak height decreases
with increasing magnetic field due to the destruction of trenyabody resonance with
increasing field and bias voltage.
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Figure 4. The differential conductancé= dI/dV as a function of the bias voltage (a) for different asymmetry
factorsR and H = 0, (b) for different magnetic field = 0,0.1,0.2,0.4 andR = 1.

4 Conclusion

A novel non-perturbative approach to quantum-transpastiie®en used to calculate the
IV characteristics of a quantum-dot out of equilibrium.dtan extension of Wilson’s nu-
merical renormalization group to open quantum systemscltdes the crossover from
the Coulomb-blockade regime at high temperature to cohér@msport at temperatures
smaller tharil'x. Our approach uses a scattering-state description foritigéesparticle
state to include the correct boundary condition for a curoamrying open quantum sys-
tem. Knowing the analytical form of the steady-state dgrgierator for a non-interacting
device at arbitrary bid8, makes it possible to employ Wilson’s numerical renornalan

to steady-state problems. The time-dependent TD-NRG gesvall information on the
steady-state density matrix of the interacting system ee¢al calculated the steady-state
spectral function at finite bias for arbitrary temperatures
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In the past few decades, in many branches of the naturalcgsieim geology, materials science
and even engineering, the density-functional theory (D&&veloped to the tool of choice to
determine the ground-state and excited state propertie®lgfcules, clusters, solids, materials,
and material systems from the basic laws of quantum mechargcab initio. However, until
recently there existed a large class of systems, those ichvthe van der Waals interaction is
important, that were poorly if not falsely described by therent approximations to the DFT.
The reason lies in the origin of such an interaction, whichénon-local electron correlation,
that was not included in the local or semi-local functiorthlst were used so far. Recently, the
firstab initio non-local functional appeared that opened new vistas far. e have developed
a massively parallel implementation of the new functiottedf was made available to the public,
and we have shown that such a functional did not only bringdemwaals systems within the
grasp of DFT applications, but made a major improvement ireg.

1 Introduction

Many biological systems and processes are fundamentallgrdby the van der Waals
(vdW) interaction. Even though it results in attraction &irttds two objects together, it has
a great advantage in the living world as compared to cherbmadiing. The van der Waals
interaction is frequently of the same energy scale as thegnat room temperature giving
rise of the soft matter behaviour of these systems. Furtiverpbjects bonded together by
vdW forces are easily separated into their original unieg;duse no chemical bond was
formed. A gecké and some other animals are examples that make use of thisamisgh
by being able to climb on flat and even smooth surfaces enaioyd\W forces that occur
between their feet and a surface. Even though in this exathelgecko is a macroscopic
object, vdW forces have a microscopic, i.e. atomic or mdkoorigin. The origin of the
vdW interaction is a charge-charge correlation, which ogatia charge fluctuation and
polarization of electronic charges at distances. Thus,iiitrinsically a non-local electron
correlation phenomenon. Van der Waals forces and the Qasffact are two names for
the same phenomena, only that in the description of van dats/fect the speed of light
is considered to be infinite. The same type of attractionusiat when studying organic
crystals, polymers or the adsorption of organic molecutesetal surfaces, the latter of
which are a promising set-up towards nanotechnologicdiGins. Also in the case
of graphene, another very promising nanoelectronic nedte¢hie vdW interaction plays a
major role when sheets of graphene bind between themselueiniy graphite or when
graphene sheets bind on metal surfaces.

Although in the past few decades, density-functional théDiFT) in the local density
(LDA) or in semi-local approximations such as the geneealigradient approximations
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(GGA) to the exchange and correlation energy developedaastindard model to deter-
mine the properties of molecules, clusters, solids, mate@nd material systems from the
basic laws of quantum mechanics, . initio, the van der Waals interaction was poorly
if not falsely described. This was an important road bloakthe expansion of the DFT
into a huge class of interesting systems. The advent of thi&frinitio non-local density
functional, called vdW-DF?®, in which the electron correlation treated by the local dtgns
approximation is replaced by a non-local one, together itstfirst applications to realis-
tic systems which showed results of unprecedented acguraeg pushed the doors wide
open for the exploration of van der Waals systems fedminitio.

Besides DFT as a computational tool, there are some othéoaethat naturally take
non-local electron correlation into account, e.g. the leigltlesset perturbation theory of
second order (MP2)nd the random-phase approximation (RPBecause of their wave-
function nature, the computational scaling with the sizéhefstudied system is quite un-
favourable, limiting their applicability only to the sma#it systems. On the other hand
density-functional theory relies only on the electron dignasnd shows thus a much bet-
ter scaling. Until the appearance of the non-local vdW-DiicfionaP—=>, practically only
the local LDA or semi-local GGA functionals were in use, sattthe calculation of the
energy scaled linearly with the number of grid points, at which the charge density is
given. The evaluation of non-local functionals requirdsimsically a double-space inte-
gral which implies anV? scaling. Even with such a quadratic scaling, the evaluatfcn
non-local energy functional is still much faster than the afwavefunction based meth-
ods. Indeed, exploiting the excellent parallelizationgaies of that space integral, we
were able to implement a massively parallel program, narmétbl 02 °, which enables
us to treat systems of the same size as in the local or semlidpproaches.

For systems with well-separated identifiable subunitsi¢aifor vdW systems), it is
well justified, rather practical and accurate to replacectileulation of the van der Waals
forces using theb initio approach by a semi-empirical substitifte However, theab
initio non-local functional has the great advantage that it issddrin a seamless fashion.
That means it is applicable as a general functional sulistityreviously used local or
semi-local ones at all ranges of electron density. We haweodstrated the importance
of this property by applying the functional to a famous yetasolved DFT problem in
surface science, known as the CO-puzzle probtertt summarizes the observation that
ab initio calculations employing the local or semi-local approximato the DFT give the
wrong prediction for the adsorption site preference of a Gflecule on various transition-
metal surfaces, in particular on Pt(111). We could show if R2 that this problem is
essentially resolved by employing the vdW-DF functional &irat the non-local correlation
has a significant influence on the energetics even at lengthssat which the semi-local
functionals (GGA) were expected to work well.

The paper is organized as follows: In the next section wedhice our implementation
of the vdW-DF functional for DFT calculations together withme basics foundations of
it. In section 3 we show results for the adsorption of a CO ke organic molecules and
graphene on metallic surfaces pointing out significanedéhces introduced by non-local
correlations as compared to the (semi-)local ones. In gteskction we give conclusions.

228



2 JuNoLoO - A Massively Parallel Program to Calculate Non-Local
Correlations

The UNoL o progran® is written in Fortran F90 and is specially tailored to run druae
number of CPUs (tested up to 65536 CPUs on a Blue Gene/L systdéra main purpose
of the program is to calculate the non-local correlationrgpas given by the vdW-DF
functional from the given electron density presented i seace. Thus, the program is
used as a post-processing tool having the advantage to béargensities obtained from
the user’s preferred DFT code. The main task the progranopesfis the evaluation
of a six-dimensional, i.e. double-space integral, whidlofes from the vdW-DF theory
which we explain briefly. The origin of the vdW interactioreisharge-charge correlation
which occurs via charge fluctuation and polarization. Reilhg the adiabatic-connection
formula, Dionet al2 have derived an expression for the non-local correlati@engnbased
on the electron density only. The key assumption of the vdR\#igory is that the response
of the electron density can be described within a plasmdea-gpproximation. Besides
this mathematical approximation for the response functioa functional itself is free of
any empirical parameter and is of trab initio nature. Even though the initial intention
of the authors of the vdW-DF functional was mostly to make vay¥tems treatable in
DFT, as the name of the functional suggests, they have takento construct it in a
seamless fashion so that in principle one can legitimateBttany given system with this
new functional. Regarding this, one should keep in mind ¢ettron correlation is only
one part of the electron-electron interaction beyond therkla approximation, the other
part being the exchange. Since the exchange in DFT wasdrsaai-locally until now, the
guestion of a suitable new exchange functional to accompganydW-DF correlation is
under debate with an answer probably provided by a very tqxagrer of Coopé?. Here
we will not discuss the issue of the exchange functional amthér. With details given
in the original paper, the vdW-DF functional is applied asostgprocessing procedure,
expressing the total energy with non-local correlation dglacing the correlation energy
obtained in standard DFT calculation (GGA),

By = Eggi ™ = BEON + (B + BXY) (1)

by the new termEN given by the double-space integral:

BNt = %//dgrd?’r’n(r)¢(r7r’)n(r’). ()

This integral reduces to a double sum on a discrete reakspad on which the charge
densityn(r) is given:

B = 237 S nlm)ot (). ©

The execution of the double summation is the main task of ti¢al o program. Subtle
details of the parallelization are given in the program nadriu The parallelization is
carried out efficiently as long as each processor used in dlwilation has more grid
points than some critical number at which the calculatiometbecomes comparable to
communication time. The efficiency of the parallelizatisrshown in Figure 1.
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Figure 1. Speedup curves for theNoL o program. Full line represents the ideal speedup, linedrdmtimber
of CPUs used. Shortest time is the duration of the calculatiben the largest number of CPUs is used, i.e. at
the last point of the corresponding curve.

3 Applications of the JuNoLo Code

Efficient parallelization of the code and availability of duB Gene class supercomputer
made it possible to treat systems that are considered hugeieverms of the currently
most popular semi-local DFT implementations. To our sggmot only even a small
molecule strongly chemisorbed on a metal surface provee tadich better described by
the vdW-DF functional that was originally designed to trigaical van der Waals systems.
Therefore, we show here as a first example a solution to a l@mgling DFT problem,
known asCO puzzlé'. In a second subsection, we show a few of the largest cailcosat
that were performed with our code, that would have takencslfyi 10,000 CPU days
(around 30 CPU years) on a single 1 GHz CPU.

3.1 Small Molecules on a Surface - CO Puzzle

The CO puzzle ascribes a DFT problem of correctly predidfivg-CC adsorption site as
energetically favourable as compared to the TOP site ont{ié P) surface (and few other
metals). It is common belief that a better, more appropgathange functional is crucial
for the solution of this problem. After applying the vdW-Difnfctionaf—> to this problem
we have shown that in fact (non-local) correlation is deeigor a proper description of
this strongly chemisorbed system. Details of the solutimgven in Ref. 12, but the
essence of the problem can be described briefly. Using seral-GGA functionals (like
PBE) for strongly chemisorbed systems gives reasonable or geed agreement with
experiment, but almost always one gets too large adsorgtiergies. The same is true for
the CO puzzle problem, which additionally suffers from amgaite preference prediction
and because of this, it was considered to be a qualitativelgmroof the GGA functional
with complicated explanations regarding the HOMO-LUMO HapOur solution to this
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Figure 2. Overbinding PBE correlation energy. DifferendeP8E and vdW-DF correlation binding energy
density is shown. Red colour shows PBE overbinding while ldolours show underbinding compared to vdW-
DF. TOP and FCC adsorption sites are shown.

puzzle lies in the observation that a (semi-)local and alooal functional exhibit a very
different behaviour in the spatial distribution of the @ation binding energy with respect
to the coordination number of the atoms (see Figure 2). 8palty comparing the spatial
distribution of correlation binding energy density betwd@®P and FCC site adsorption,
we notice that for the case of the TOP site there is only oniemeég which binding energy
appears (where the chemical bond is formed) while in the F@Ctlsere are three such
regions. Knowing that semi-local functionals overbindsitlear how the FCC site tends
to be preferred in such situations.

3.2 Large Molecules on a Surface

For larger molecules adsorbed on metal surfaces we disethagr interesting competition
between different parts of the molecule trying to bind tdace. The bonds in the molecule
itself are usually rather strong and molecules cannot leécsied easily, which leads to a
trade-off between chemical and van der Waals bonding. Assinuictive example we

show in Figure 3 the adsorption of a graphene layer on thellt)surface. Since the

lattice constants of these two structures do not matchrtjssible that every carbon atom
adsorbs on the mostideal position of the surface. Thus oatmns that are on favourable
positions for adsorption (on top of Ir atoms) are attractasards the surface tending to
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dz (A)
3.40

Figure 3. Calculated adsorption of ax400 graphene unit cell that matches a®Ir (111) surface unit cell.
Distance of carbon atoms from Ir surface is shown in colour ba

make a chemical bond pulling by means of strong chemical ®treineighbouring carbon
atoms also towards the surface, but those atoms approastrfiaee at unfavourable sites.
Due to Pauli repulsion these atom remain at higher positatrtee same time disabling the
atom at TOP position to go close enough to form a strong chaiénd. The result is that
the graphene sheet comes close to the metal surface due tievalvaals interaction and
is corrugated strongly due to the mismatch of the latticameters of the two structures.
Using semi-local (GGA) functionals, this system shows nudbig at all. Inclusion of
the vdW interaction gives binding<(L65 meV/C atom) resulting in a corrugation of the
graphene sheet.

cz (A)

-0.255 -0.150 -0.0533 00,0320

Figure 4. Adsorption of the cobalt phthalocyanine (CoPcletue on the FeW (110) surface. Transparent, flat
green surface shows the adsorbed position of the molecties anly a semi-local (PBE) functional is used. Balls
and sticks model shows state of the art result with vdW ictéya included. Colour bar shows the difference of
those two solutions regarding the distance from the uniheylifeW (110) surface (not shown).

232



Figure 5. Non-local correlation binding energy for copplethalocyanine (CuPc) adsorption on Cu(110) surface.
Blue regions correspond to small binding values while rgibres correspond to larger ones.

An analogous mechanism is at work for large molecules. Orb siample is the
cobalt phthalocyanine (CoPc) molecule adsorbed on an FeredWV(110) surface. Using
GGA, the molecules remain flat and weakly bonded to the serf8ut with the proper
description with the non-local correlation, due to vdW &sdt comes closer to the sur-
face and bonds strongly. The energy trade-off of chemicatidormation, Pauli repulsion
and van der Waals attraction governs such a complicated@dsogeometry as depicted
in Figure 4. This was noticed also for some smaller molecatas it was named vdwW
triggered chemisorptidd. This mechanism can be visualized by showing the non-local
correlation binding energy, see Figure 5, which shows thatet is some binding energy
dispersed all around the molecule and it is of typically vdilgio (hence the namaisper-
sive force}, but there are some specific places where this contribigioruch more con-
centrated indicating the formation of the chemical bored,accurrence of charge transfer.

4 Conclusions

We have carried out large-scalb initio calculations based on the density-functional the-
ory for the adsorption of large molecules on metal surfackeglwincluded the van der
Waals interaction by treating electron correlation not by tommonly used local func-
tional of the density but by a non-local functional as introed by Dioret al3. Compared
to the interest in these molecules, relatively few such mdes on metal surfaces had
been studied from first principles, a consequence of theatagerrors introduced by the
neglect of a significant amount of interaction energy confiilngh vdW interaction, which
was not included in the commonly used approximation to th&.[25 we have shown, the
scenario of the adsorption of large molecules is governatitee main elements: (i) Dis-
persive vdW forces always appear and they tend to bind a mieléxa surface. (ii) Within
a molecule, some atoms (or regions) tend to form chemical$uwiith the surface and by
doing so, they pull neighbouring atoms closer to the surfdt@ Some of those atoms
are pulled into regions that are not energetically favolgiaibe. locations where Pauli re-
pulsion takes place. The interplay of these three effedisraénes the final adsorption
of the molecule that results in specific adsorption sitesafteh in a deformation of the
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adsorbed molecule. Without treatment of the vdW interactibe proper description of
such a complicated scenario of adsorption is impossibleaiticular as GGA functionals
simply yield no adsorption — in clear contradiction to expemt. In summary, we have
shown that the inclusion of non-local electron correlatioBFT calculations did not only
allow a consistent study of new and interesting van der Waeatems that were not acces-
sible before, but also a significantly improved treatmersystems that were believed to be
describable by proper semi-local correlation functionials not developed so far. The new
vdW-DF functional is the first of its kind and even if it suffsirom some shortcomings, it
outlines a route for all future functionals to follow pavitige path to the theoretical design
of nanodevices.
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Presently semiconductor quantum dots (QDs) are inteysatatlied for scientific interest and
as key elements for the next generation of optoelectroniele. The much debated question is
whether the actual extent of potential advantages will exadly lead to QD lasers with overall
performance significantly better than what is achievablén wie presently used mature tech-
nology based on quantum wells (QWSs). Our investigationgesidthis question by examining
intrinsic behaviour and underlying physics: quantum canfient and carrier interactions in
reduced dimensions. We show that inhomogeneous broaddomgo growth fluctuations of
current QDs is the main obstacle. The improved thresholdWetr is confronted with a larger
sensitivity to saturation effects.

1 Introduction

Semiconductor lasers are central components of optichhtdogies, most prominently
used in optical data storage on CDs, DVDs, or BDs and in the-blhsed optical com-
munication underlying the internet. Moreover, semicortidutasers entered almost any
branch of or daily life: from laser printers to laser bar-eadanners. The success of semi-
conductor lasers was driven by an increasing performancesioratio, realized by several
seminal developments. The heterostructure design preaidefficient confinement of the
pumped charge carriers to the active region and the douldedstructure design, inde-
pendently proposed by Kroemer as well as Alferov and Kapatinyields an additional
confinement of the optical mode. The integration of QWs aiw@chateriat increased
the carrier confinement with the possibility of bandgap eegring. The main results are
improved emission properties and a larger range of availablission frequencies. The
use of microcavity resonatcrepens a new level of miniaturization and allows a better
coupling to fiber optics.

The implementation of QDs as active mateyifapromises even greater benefits. It
is generally agreed that advantages of QDs are linked toitloeete nature of an energy
spectrum associated with localized carrier states. Thisldé to predictions of further
increased efficiency for laser applications, which are taseless temperature-dependent
operational parametésfurther reduced threshold currents and higher diffeadigirt,
higher modulation bandwid®and reduced anti-guiding effeétas well as a reduced sen-
sitivity to material defects. Lasing from QD microcavitiess been demonstrat@d'and
the combination of a three-dimensional photon confinefédwith QDs opens novel
applications in quantum information technologies.
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Will QDs become the active media of choice for future semétartor lasers? The
answer impacts on the research direction for the next ggorraf semiconductor lasers
and is of interest for scientific understanding. Crucialtie tliscussion of QD advan-
tages is knowledge of the intrinsic QD behaviour and insigtutthe physical mechanisms
involved. Extracting the information experimentally isatlenging because sample in-
homogeneities make the separation of intrinsic from esitiproperties difficult. While
it is presently possible to produce QW lasers with perforceadetermined by intrinsic
properties, the early developmental stage of QD growthrtelctyy is such that QD laser
performance will, for the foreseeable future, remain lediby inhomogeneous broadening
from QD dimension or composition variations.

Attempts to circumvent the sample imperfection problem déking an answer theo-
retically had been hindered by the lack of a predictive,(ingthout free or fitting param-
eters) QD gain theory. Essential to any predictive gainmhéoa rigorous description of
scattering leading to dephasing. Polarization dephashegtty influences the magnitude
and spectral broadening of absorption and gain in all semdigctor lasers. In more gen-
eral context, it plays a decisive role in limiting all cohetend quantum entanglement
processes. A serious weakness of typical semiconductaraggddéulations is the use of
phenomenological descriptions of scattering effects. didy is the predictive capability
severely compromised by having the dephasing rate as adreengter, but experimental
spectral shapes and excitation dependences are not atguegtroduced. Differences be-
tween the scattering processes in QD and QW active matshialdd be taken into account
precisely in the comparison.

Primary sources for dephasing are carrier-carrier andecgghonon scattering. The
manner they act, and how they need to be described, diffedigorete and continuous
states. As a result one has to carefully choose a treatmenistisufficiently general to
encompass both situations. Successful many-body apmedeve been established, that
are based on the"®order Born approximation for carrier-carrier scatterangl the ran-
dom phase approximation for the carrier-phonon scatté&titty For bulk and QW gain
structures, a perturbative evaluation (which can be imgdowsing a quasi-particle ap-
proximation) in combination with a Markov approximatiore@tribing energy-conserving
scattering processes) accurately predict experimenimlspactra over wide ranges of ex-
perimental conditions and material systéfnglowever, the same approach when applied
to QDs leads to inconsistencies. In particular, the pedtiob theory resulted in the predic-
tion of strongly inhibited carrier longitudinal-optical@) phonon scattering, which in turn
gave rise to the belief that QD device performance would biessly degraded because
of a phonon bottleneck problér Such a bottleneck is not observed in laser experiments.

The solution came from a nonperturbative treatment withi polaron picture for
carrier-LO-phonon scatterif?r?®. This development together with a non-Markovian treat-
ment of polarization dephasing due to carrier-carriertedag within a QD system al-
low the completion of a truly predictive theory for QD opticasponsé'. The resulting
formalism contains detailed accounting of electronicdtite effects and a microscopi-
cally consistent treatment of the many-body interactiohe Tany-body effects include
the renormalizations (band-gap shrinkage and Coulombremmaent) which contribute
to shifts and amplitude modifications of absorption and sioisresonances, as well as
polarization dephasing, which is responsible for the isid (homogeneous) broadening
of these resonances and additional energy shifts. With aunltroscopic theory one can
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progress beyond generalities when debating the relativésyté QD versus QW lasers.
The ability to calculate intrinsic optical response makeargitative projection of ultimate
laser performance possible.

2 Many-Body Theory for the Optical Properties of Quantum Dots

The starting point for the theory development are the shpgleicle states for a QW layer
containing QDs and a wetting layer. The determination o$¢hgtates needs to consider
material-specific effects like band-mixing or strain aslhaslthe quantum confinement in
the heterostructure design. In a second step interactidrixeements for the dipole-
coupling to the optical field, the Coulomb interaction betwexcited electrons and holes
as well as the carrier-phonon interaction need to be detexhior the single-particle states.
Dipole-selection rules provide information about possiloiterband transitions between
the single-particle states. However, electronic exdteiin the system are coupled by the
Coulomb-interaction, and only the interacting states @ibhe in optical experiments.

To describe electronic excitations and optical propeniethe systems, the single-
particle density-matrix elements can be used, which corite occupation probabilities
feh of the single particle statesfor electrons and holes, respectively, as well as interband
transition amplitudes.,,,, between the states andm with the single-particle energies
enm. EQuations of motion for the density-matrix elements arepted by various inter-
action processes among themselves and to higher-ordetatoon functions. Methods of
many-body theory are used to obtain closed equalfotfs

The optical properties of the system can be determined fr@emicroscopic interband
transition amplitudes. Their equations of motion have thecsure®:2!

dzzl% = _iwnmpnm - ZQnm(fen + fhm - 1) + Syc”_nc + wa_np (1)
Here the renormalized transition and Rabi frequencigs,, and €2,,,, contain the
single-particle transition frequengy,, + <,,) // and the Rabi energy of the optical field
unm E /R, respectively, as well as Hartree-Fock Coulomb-intecaotiontributions. Addi-
tionally, S&;.¢, S¢,,P describe the complex carrier-carrier and carrier-phorwretations,
respectively. Similar to QW and bulk calculations, the earcarrier and carrier-phonon
interaction remains treated in the 2nd-order Born and rangloase approximation, respec-
tively. However, because of the discrete energy levels i3, @o factors make numerical
calculations rather demanding. First, it is now more im@oatto properly evaluate the
scattering integrals by using self-consistently renoizedl energies rather than the more
readily available single-particle ones. Second, memdaces are non-negligible, so that
the Markov approximation should no longer be used. Of paldicimportance is a non-
perturbative approach based on the polaron picture fordhgec-LO phonon scattering.
The extra effort involves solving for the time dependentpoh Green'’s function, in ad-
dition to keeping track of memory effects and energy rendimagions, as in the Coulomb
correlation case.

With the many-body contributions the set of equations (kgs$athe form of integro-
differential equations. The high-dimensional scatteritggrals are additionally compli-
cated by non-Markovian contributions and the requiremésétf-consistency. Numerical
solutions of microscopic models on this level are only palssivith the resources provided
at the John von Neumann Institute for Computing.
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3 Optical Spectra of the Quantum-Dot Active Material

For studying the optical properties of the highly-excited &ctive material, we consider
the linear optical response to a weak laser probe fiel@his allows to determine absorp-
tion and gain spectfa which directly influence the laser performance. The catouta
also provide access to derived quantities and effects likentodulational response, re-
fractive index changes, the anti-guiding factor or linelvignhancement effeéés Near
the threshold of a laser device, the occupation probaslivf excited carriergs” are to

a good approximation Fermi-Dirac functions which are dataed by the total density of
excited carriers.

The solution of Eq. (1) provides the intrinsic QD gain. Iniig 1 calculated gain spec-
tra (negative absorption) are shown, which include maryylmorrelations due to carrier-
carrier scattering, and interaction with LO-phonons, bathluated with self-consistently
renormalized single-particle energies. As in the resuldigphasing due to Coulomb in-
teraction, we obtain the bleaching and red-shift of themasces due to many-body inter-
actions and also the saturation of the QD gain.
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Figure 1. Imaginary part of the optical susceptibility, alnidetermines the optical absorption (jn>0) and
gain (Imx <0), for the combined QD-WL system including interactiohiced dephasing and line shifts due to
Coulomb interaction and carrier-phonon interaction. Témults are displayed for various total carrier densities
in the system at room temperature. The inset shows a scaletiup QD resonances. From Ref. 21.
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The influence of the QD confinement potential and inhomogesbooadening on the
peak gain is demonstrated in Figure 2. Calculations areopadd for I 3Ga 7As and
InAs QDs. In each case, the QDs are embedded in GaAs QWs ardtted QD shape
is approximated by a disk. For theglpGay 7As QDs, a2nm height andl8nm diameter
are chosen to give a simple electronic structure, congistilonly one localized electronic
state and one localized hole state. For the InAs QDs, théhnhaigd diameter o$nm and
20nm, respectively, are chosen to obtain a ground-state emisgéwelength at around
1.5um, which is interesting for optical fiber communication. Tia® structures enable
us to examine the two very different scenarios of shallowdeep quantum confinement.
The computed QD spectral resonances for both structurabierbticeable increase in
linewidth with increasing carrier density, indicatingstg dephasing rate dependence on
excitation. Additionally, energy renormalizations givserto red shifts of the QD reso-
nances and refractive index spectra, not predicted by an-ke theory.
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T I BT
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Figure 2. Peak gain versus carrier density for differenbmbgeneous broadeningy;,,;, due to QD size and
composition fluctuations. The left picture is for a shallo® @ith one confined s-shell. In the right picture, a
deeper QD with confined s- and p-shells is considered. Froim2Re

Gain saturation is of critical importance for laser apgimas, because it limits the
useful range of excitation densities. As in QW and bulk gtrees a contribution to gain
saturation is the limitation of state filling according tetRauli principle. However, for
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QDs, there is an additional contribution from the appreeiaicrease in the dephasing rate

with excitation.
As a standard quantity to characterize semiconductordasiee a-factor describes
both, the linewidth enhancement as well as antiguidingcesfelue to the interplay of
excitation-induced refractive-index and gain charkgeés an example, large values for
|a| lead to declining beam quality of edge emitters. For the altiscussed QD model
systems, calculations of thefactor have been performed. In the range of small optical
gain we find small values of the-factor, while in the regime of gain saturatigda| in-
creases drastically. An advantage over QW lasers is onlgagd near the laser threshold.
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Figure 3. a-factor versus peak gain for deep and shallow dot and (apwitinhomogeneous broadening (b) with

inhomogeneous broadening of 8 meV. From Ref. 22.

In summary, the developed microscopic theory and its etialuavith supercomputers
allows to explore the interplay of intrinsic QD physics andrimsic effects due to sam-
ple imperfections. A microscopic theory with a quantumeltiatreatment of scattering is
necessary because little is known quantitatively about#phasing rates. The QD active
material shows a large sensitivity to saturation effectdarye QD density and improve-
ments in the reduction of the inhomogeneous broadeningd@®tfluctuations in present

samples are necessary to obtain superior performance iparisan to QW lasefé.
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Simulation of Magnetic Friction
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In this project, the occurence and phenomenology of magfietition is studied, using the
classical anisotropic Heisenberg model. We consider a stagtip, moved parallel to a sur-
face of atomistic spins, analogous to a magnetic force reompe tip scanning a surface or the
reading head of a hard disk. The system is simulated dynéynizg solving the stochastic
Landau-Lifhsitz-Gilbert equation (LLG). Benchmark tedlisstrate the excellent scaling be-
haviour of our code. Results from supercomputer simulatfmovide deeper understanding of
the temperature dependence of magnetic friction.

1 Motivation

The physics of friction is one of the oldest scientific probtestudied. Dissipative pro-
cesses are omnipresent and responsible for important prearea While on the macro-
scopic scale their phenomenology is well known, still acgiadies on the micron and
nanometer scale yield interesting new aspec®n the other hand magnetic materials
which nowadays can be controlled down to the nanometer desleme more and more
important. Improvements in magnetism are usually diremplylicable (e.g. the giant mag-
neto resistance effect in the data storage industry), hgroggess in this field is addition-
ally stimulated by economy. The trend towards smaller andllemdevices makes them
sensitive to thermal influences, e.g. heating of magnetimong devices leads to data loss.
Because friction is usually connected with heat generafigstion in magnetic materials
will gain importance.

However, for a long time dissipative processes in magnetiterials have been ne-
glected, they attract interest only receftfy For this reason, experimental studies are
rare. An energy dissipation effect has been measured tgdniViesendangérusing
exchange force microscopyhere forces between an oscillating tip and antiferronséign
surface atoms are measured in an atomistic resolution.hBulissipative effect could not
be quantified and its origin has not been clarified yet, heniteary is not established.
One possible explanation assumes the generation of spasvesicited by the tip motion.
To clarify such assumptions, computer simulations are ssarg. In recent studies dissi-
pation has been detected in Ising solids with relative nmo#imng a contact pladgand
for special cases it has been analytically sofvéithe authors found a fluctuation-induced
friction force, which does not depend on the velocity (likeutbmb friction) and vanishes
at zero temperature.

As the Ising model is treated by Monte-Carlo simulationsoiésl not contain intrinsic
dynamics — flip events are caused by thermal fluctuations, dinly strongly anisotropic
materials can be modelled that way. In order to study the lyealisotropic case, we con-
sider in this paper the atomistic Heisenberg model, whichves in time by the stochastic
Landau-Lifshitz-Gilbert equation (LLG®) and thus possesses intrinsic dynamics. Besides,
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as the Ising model can be regarded as the strong anisotiojtiay case of the Heisenberg
model, a comparative study is desirable. To get a setup whigkproducible by experi-
mentalists, we model a tip which is moved parallel to theds®burface, analogous to the
scanning tip of a magnetic force microscope or the readiagl loé a hard disk drive.

2 Simulation Model

Basically the studied system consists of two parts; thetsatiesand the tip, moved paral-
lel to the substrate. The substrate is modeled by magnetiments (normalized “spins”
Si=mu;/ s, 1ts denoting the saturation magnetization) on a latfige« L, x L, with lattice
constanta. They are allowed to change their orientation in any of thredtspin dimen-
sions, but not their position. The atomistic character fiitdha change of the length of the
spins. The substrate spins underly the nearest neighbohaege coupling, expressed by
the Heisenberg Hamiltonian

ch:_JZSi'Sjv (1)
(4,3

where the angular brackets represent a summation oversteaighbours and the ex-

change constant (for ferromagnets 0, for antiferromagnetd <0). An anisotropy term

is necessary due to the solid’s crystalline structure. Tin@lest one can be expressed by

Hani:_dwzszz_dzzszza (2)

where the magnetization prefers eitheremsy axisf the corresponding anisotropy con-
stantd,, . is positive, or areasy planef it is negative. Parallel to the substrate surface, in
this work two lattice constants above the surface, the tgp&tioned and moved parallel
to the substrate with scanning velocity(cf. Figure 2). Itis modeled by a magnetic dipole
momentS;;, with a fixed magnetization, chosen about 1000 times larger the substrate
spins. It interacts with each substrate spin by long-ramg@etdipole interaction

N
3 Szez Si - €y —Si-Si
Htip:_wz ( )( tr}%?) ) tp’ (3)
i=1 g

whereR; = |R,;| denotes the norm of the distance ved®r= r; — ryip, ande; its unit
vectore; = R;/R;. r; andry;, are the position vectors of the substrate spins and the
tip respectively.w quantifies the dipole-dipole-coupling between the subssispins and
the tip, and is set tav=0.01.J in this work. The total Hamiltoniaf{ consists of the sum
of these three contributions. While the tip magnetizat®fixed, each substrate spin is
evolved in time with respect to local fields, defined below, due to the LLG equation

9 Y

:5i = ———5—[Si x Iy Si x (S; x hy)], 4

515 = oy (S X Bt aSix (8i x ) (4)
wherey=1.76 x 10*(Ts)~! is the absolute value of the gyromagnetic ratio. The first
cross product in Eq. (4) describes the spin precession (Urgmecession”), which can be
derived from Heisenberg’s equation of motion in the clasddinit. The second product
represents the relaxation of the moments towards theil fagds (“Gilbert damping”)
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weightened by the phenomenlogical damping constamthich denotes the coupling to a
heat bath. The local fields are definedlby= — 0H/0S; + ¢;(t) and include the coupling
of each substrate spin to a heat bath through the stochastior¢, (¢). It represents white
noise with average and correlator

(¢:(t)) =0 and 5)
(€O = 2“55 kpTdi 10, 20(t — 1), (6)

whereT is the temperaturé, ; means the absence of correlation between lattice sites and
dx,» among different coordinates. This nonlinear stochasffemintial equation can be
solved using the Heun integration schém@ friction force can be calculated from en-
ergy dissipation rates by =v—1dEg;ss/dt=v"1Pqiss. Accordingly we deal with energy
rates (power$P) in the following. From time derivatives dff two powers can be dis-
tinguished®. The pumpingpower term represents the energy pumped by the tip motion
into the substrate, and can be calculated from the der&/®iv,.,=v - 9Hyip/Oryip. The
second term represents the dissipation of energy insideutherate, i.e. the transfer to the
heatbath. Thiglissipated poweis given by

N
Pdiss 1+OLQ ; S Xh (7)

for T=0. This term cannot be used to calculate the friction forcelfor0, because its

extension has severe numerical drawbacks, as explaineefirl® We present this term
to stress that the occurence of energy dissipation is ale@ysected with a misalignment
between the substrate spins and their local fields, in otleedswthe continuously driving

of spins out of equilibrium. Equilibrium is reached whenleapin points in the direction

of its local field and thus freezes. Such a scenario cannatr@gc@ driven system.

3 Computational Details and Performance

In the past we have shown that neglecting internal longeantgractions, namely the
stray field energy, is justified for our tasks. Accordingly were able to implement a very
efficientdomain decompositioparallelization (DDC), where only the domains’ borders
are communicated between nearest neighbours. This taghieqds to a linear scaling
at JSC supercomputers (cf. Figure 1). To keep simulatioa tima reasonable range, we
additionally implemented a “conveyor belt” technique (filmtails see Ref. 10). However,
the greatest bottleneck of the task is caused by the impletiem of thermal effects for
several reasons. On one hand, the calculation of the Gaudistaibuted random numbers
consumes more tha#0% of computing time, although we use optimized techniquess lik
the Marsenne twist generator and the Ziggurat metha@n the other hand stochastic sim-
ulations require several statistically independent satioih runs to get proper statistics. To
reduce simulation time, we developed taadom number sharinRNS) technique. When
a parameter set of e.g. several velocities is simulateth, @awlation run may use the same
random numbers without loss of statistics. Cashing of ramdombers is not possible be-
cause a large amount of them is required (each timéstg@V whenN is the total number
of spins). Using RNS, several parameter sets are startegémdlently. Every®® timestep
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Figure 1. Scaling tests for the random number sharing tgalen(RNS) and the domain decomposition technique
(DDC). The lowest dotted straight represents linear sgakbove superlinear scaling is present.

each of thep processors calculatésrandom numbers which are communicated globally.
In a naive ansatz we assume that each processor needstadikye for generation of the
random numberg ., is the effort to generatenerandom number),com (p — 1)k/p for
receiving,t.omk/p for sending and....k for all the rest of the calculations. Comparing
the serialp=1 case (witht.,,,=0) to the parallel case, thes cancel out and the resulting
speedup is

tgcn + teale P—:>OO tgcn + tealc —va. (8)

SU =p
Lgen + tcom + tcalc tcom + tcalc

p
Accordingly, the RNS technique is suitable if the generatibrandom numbers accounts
for the major part of computing time arg,, is short compared t.,,. Then a superlinear
speedup with a constant-1 is conceivable. In fact scaling tests verify such a behaviou
with a~1.6 at JuRoPAand aCRAY XT5(cf. Figure 1). In other words: When many
CPUs are used for the simulations, less net computing tirasdd than in the serial case.
In practice we use hybrid types of RNS and DDC to make simaratiof large systems
accessible, where additionally memory access times gaoiitance.

4 Magnetic Friction: From Thin Films to Slabs

Ouir first studies of magnetic friction dealt with monolayefsspins 60x30x 1), repre-
senting thin magnetic films. By studying these systems, wedcdevelop a model for
energy dissipatio. Both, simulations af’=0 and simulations af’>0 yield a viscous
friction force for velocitiesy<0.227¢, i.e. friction raises linearly with the velocity. While
atT=0 the corresponding friction coefficient is a linear functifrthe damping constant
a, atT>0 it has a more complicated behaviour (cf. Figure 3). From tbheehit is known
that the viscosity is caused by each substrate spin adtaligtiollowing its local field (cf.
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Figure 2. System stup: The magnetic tip is moved parallelrteagnetic substrate, here a monolayer. The sub-
strate spins align due to the local fields, whose main caritdhs come from the dipolar tip-field. Dissipation is
caused by the lagging of the substrate spins behind theit fietds, illustrated in the magnification. Transparent
objects denote orientations in the past.

Figure 2). It can be shown that the dissipated energy is ptigpal to the lagging of the
substrate spins behind their local fields. How fast the satesspins can follow depends
on relaxation times. While af=0 the only relaxation time is given bﬁf}—a at7>0 an
additional thermal relaxation time exists, resulting imferature dependent friction coef-
ficientd?. The limiting case is the so-called high temperature regineere friction does
not depend omx anymore. In our previous wotk the characterics of the decrease with
rising temperature could not be clarified. Therefore, werdtour research to systems

with the same width and length{x 30), but different thicknesses and anisotropies.

4.1 Dependence on the Anisotropy for Monolayers

The thermal properties of magnetic materials are influebgezhisotropy, especially when
a thin film, i.e. a quasi-two-dimensional structure, is ¢desed. While a two-dimensional
Heisenberg ferromagnet with an easy axis possesses a @hgfmindstate and therefore
long-range order — and undergoes a ferro-/paramagnetseghensition at the Curie tem-
perature (which depends on the anisotropy constant) —ateojsic pendant possesses an
infinitely degenerated groundstate without long-rangeoathd therefore no ordered phase
(Mermin-Wagner theorem). The two-dimensional Heisentdergpmagnet with strong
easy plane anisotropy undergoes a Kosterlitz-Thoulessitian, and therefore does not
possess a ferromagnetic groundstate either. Becausettiiesecases of anisotropy de-
scribe very different physical systems, it is astonishimat tall of them yield the same
friction coefficients in the high temperature regime as ghawFigure 3. The “transi-
tion temperatures” were identified with the maximum positid the specific heat, and are
aboutk g Ty~0.7J for all anisotropies.

All systems have the paramagnetic phase in common. The rsaivieehaviour for
T'>1Ty is comprehensible, when the tip is treated as a perturbatithe paramagnet, which
has forgotten about its anisotropy. To make this more clearewrite the local field term:

hi — Ci (t) - aSi,Hex - asiHani - asthip- (9)

In the paramagnetic regime, the exchange term vanishethdfomore, it is intuitive that
for high temperatures the large amplitude of the thermatl fiets the anisotropy term
become negligible. Then only the tip term can locally indaoder into the paramagriét
giving rise to magnetic friction. The higher the temperattine less order can be induced.
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Figure 3. a) Friction coefficients for three different tymd#sanisotropy (easy:-axis with d,=0.1.J, easyz/y-
plane withd,=—0.1J and no anisotropy/=0) for a monolayer. While for low temperatures the anisotropy
impact on the friction coefficient is high, in the high temgteire regime universal behaviour is present.

b) Lines: Specific heat, calculated from aniosotropic Heiseg systemsvithout a tipwith the size162x L.
(solid) and from the substrate-tip-systems (dashed),iptietf by a constant (the same for &ll.) and normalized

by substrate thickness in a logarithmic scale. The pealqtaenthe ferro-/paramagnetic transition temperature,
is shifted to higher temperatures for thicker systems. ®piRriction coefficients, normalized by the substrate
thickness. In the low temperature regime the coefficiengede nearly linearly on the substrate thickness. In the
high temperature regim&(¢>1y) they decrease as power laws of temperatureLfgra independent of_ ..

The specific decay of friction coefficients vs. temperatuile lve discussed in the next
chapter. The ordering by the tip is the origin of the univktrsensition temperature. The tip
induces well defined groundstates for the isotropic and-p&sye systems, which would
possess an infinite degeneracy and no ordered phase otheriigs remains even true
irrespective of spin anisotropy in the transition regiomc® a global spin configuration is
stabilized, the friction mechanism is a different one. Tipehtis to perform work against
the magnetization. The anisotropy can promote this pro@gs easy plane anisotropy
anda=0.5) and lower the resulting friction force, or inhibit it (e.gasy axis anisotropy)
and enhance the friction force. In the following we assuine—0.1J anda=0.5.

4.2 Dependence on the Substrate Thickness

As an indicator for the transition into the paramagnetitestthe specific heat can be stud-
ied, which peaks at the transition temperature. Thus waukzkd the specific heat from
the energy for both, a substrate-tip system and a substititeuw a tip. For the tipless
system we chose the sizé6a)?>x L,. The specific heat for both systems has the same
characteristics: The transition temperature is slightijted to a higher temperature for the
substrate-tip systems, and the high temperature slopesideiexactly (cf. Figure 3b)).
When the substrate thickness is increased, the transgiopdrature approaches the known
critical bulk temperaturézT.=1.44J — a direct consequence of the rising impact of the
exchange term in Eq. (9) due to the increasing amount of tfédg interacting neigh-
bours. First the characteristics of the friction coeffitienthe high temperature phase are
discussed. In Figure 3 b) the friction coefficients are pldthormalized by the substrate
thickness. They collapse to one universal curve for highpenatures. The coefficients
decrease with power laws abo¥g. The corresponding exponents equal intriguingly the
exponent, which describes the decrease of the specific in¢lat iparamagnetic regime.
The coincidence of these completely independently medsyuantities leads to the con-
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transition velocity v/(1 anp) uf/( ya)

12345678910
substrate thickness L /a

Figure 4. Phase diagram and two states observed in the siomslgfor 50 x 30 x L ,-systems). For a strong tip
field, low velocities or thin systems, the (blue) cylindtiggsymmetric state is adopted, due to the large impact
of the dipole interaction. When the tip field is smaller or shibstrate thickness is increased, as well as when
velocity is raised, the “strained” (red) ferromagnet istga. This state leads to friction coefficients, which are
at least one order of magnitude weaker than those in thedridadly symmetric state.

clusion that magnetic friction in the paramagnet, whichfisetuation induced dissipation,
is directly connected with the specific heat.

In the low-temperature regime, the friction coefficients&ase approximately linearly
with the thickness, resulting in collapsing curves in Feg8b). This rise in the friction
force is plausible, because the thicker the system is, thee smins are exposed to the tip
field and the more spins contribute to friction force. At=16a two steady states can be
distinguished, which are explained in the following. Whika system consists of only one
monolayer, the dominant interaction is the (cylindricajynmetric) dipole-dipole interac-
tion. Accordingly the system adopts a cylindrically symrizestate, as shown in Figure 4.
When the tip magnetization is lowered towards zero, the ahpéthe dipole field de-
creases until the system switches into #teined ferromagnet stateZero field would
lead to a ferromagnetic state (due to the open boundarietharstrongly confined size we
have even for.,=a a pseudo-longrange-order), while a small tip field distuhesferro-
magnet, which is thestrained When the tip field is strong, but the scanning velocity is so
high that the system can not align in the dipole field any miwestrained state is adopted
as well. The transition velocity is proportional to the tipgmetization. Now let us assume
that the system thickness is enhanced: The exchange itibergains more importance
(this is a direct consequence of the larger amount of neaegghbours), so the transition
velocity gets lower. This effect can be observed in the phasgramm in Figure 4. For the
simulated velocities (usualbyg().ﬁu—{f’) the transition becomes apparent for a thickness of
L,=16a. Because in the strained ferromagnet the influence of the spongly localized,
the friction coefficients are at least one order of magnitodesr. In Figure 3b) the tran-
sition becomes apparent through the existence of twodnatbefficient branches, where
the stronger one is measured at small velocities and theaxeale at higher velocities. In
the paramagnetic regime, the exchange termin Eq. (9) beseffextively zero, hence the
strained ferromagnet state disappearf-afl.

Finally we want to stress the importance of supercomputingtese results. To get
the presented signal-noise ratio for thie-T,, data of thel.,=8a system, we occupied one
JUMP node for 20 days in SMP mode (30 seeds, corresponding to@&BUh). Results
obtained from 20 different seeds were not sufficient to ebtae presented power law,
accordingly we can conclude that the application of supaputing was crucial to gain
the relationship between specific heat and friction force.
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5 Conclusion

In this work we reported the successful parallelization of code. Thanks to the use
of supercomputers, we could present measurements of niadnetion for different
anisotropies in two-dimensional systems. We have shownftittion in the paramag-
net is independent of the anisotropy. Second, measureroétgsmperature dependent
friction coefficients in three-dimensional systems haverbghown. Besides a rise in the
transition temperature we found an explanation for the attaristics and origin of fric-
tion in the paramagnet. The coefficient drops with the sanpereant as the specific heat.
Enhancing the thickness of the substrate stabilizes a reagistate for higher velocities,
which minimizes the exchange energy.
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We employ large-scale quantum Monte Carlo simulationsudysthe properties of ultra-cold
bosonic polar molecules on a two-dimensional opticaldattf hexagonal symmetry. Follow-
ing a recent proposal by Bichler et. al. [Nat. Ph§s726 (2007)], such a system is described
by an extended Bose-Hubbard model of hard-core bosonsinitiaties both extended two-
and three-body repulsions. Using quantum Monte-Carlo lsitions, exact finite cluster calcu-
lations and the tensor network renormalization group, weoeg the rich phase diagram of this
system, resulting from the strongly competing nature ofttinee-body repulsions on the hon-
eycomb lattice. We develop effective descriptions of theous phases in terms of emerging
valence bond crystal states and quantum dimer models.

1 Three-Body Repulsions on Optical Lattices

Competing interactions together with quantum fluctuatiares known to allow for ex-
otic phases to emerge in strongly correlated quantum sgstdimis route towards novel
phases of matter has been explored in recent years, alse @ottiext of ultra-cold quan-
tum gases on optical lattices, where one gains a high dedmntrol of the interaction
strength. The dominant inter-particle potentials in such systeresofien well described
by two-body interaction and exchange terms. It is, howeatsq fascinating to explore
realistic set-ups of many-body quantum systems that ardrdaed — via engineered in-
teraction potentials — by multi-body interaction terms a@f. éhree-particle type. Recently,
polar molecules have been proposed as promising candidatesds realizing such many-
body systems. Driven by significant progress towards priodudegenerate gases of po-
lar molecule$™®, various proposals have been put forward, how to drive aitdd polar
molecules into regimes of strong many-body interactiora@f~1% In a recent work by
Buchler et. alk? an effective interaction potential was derived for polad@cales on an
optical lattice in the presence of static electric and mieee fields. It was found, that
upon appropriately tuning the external fields, the intéoastbetween the polar molecules
become characterized by extended strong two- as well as-tody interactions.

In a parameter regime, where the leading first-order canttah to the two-body terms
has been tuned to zero, the residual interactions take thre fo

1 1
Ve = B Zj Vijning + 6 z}; Wijkninn, (1)
[ 3

whereV;; = V/rf; andWij, = W/(r};r%, + perm.), andi¥ andV can be tuned to be of
similar strength} > W1°. Here,r;; denotes the spatial separation between particles on
lattice sites andj, andn; the local density at site
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Figure 1. Top row: Leading three-body repulsion terms amif ttelative strengths on the honeycomb lattice.
Bottom row: lllustration of the nearest neighbour hoppiagn, and the relative strengths of the leading two-
body repulsion terms on the honeycomb lattice.

R

In the following, we consider in particular the case of basgyolar molecules. In
this case, the suppressed tunneling of a particle to andglreecupied site needs to be
accounted for by a hard-core constraint on the bosonic @tmns°. Since the extended
interactions decay rapidly with the inter-particle sepiares (c.f. Figure 1), we truncate
the interactions after the leading terms, resulting thuiextended Bose-Hubbard model
with two- and three-body nearest neighbour interactiorg on

H——tZ(bTb —|—hc)+VannJ+Wannjnk—uZm (2)

(i4) (ijk)

Here,b; andbj denote boson annihilation and creation operators resedctand the local
density operaton,; = bjbi has eigenvalue§ and1 in the hard-core limit. Furthermore,
t denotes the nearest-neighbour hopping matrix elementuasda chemical potential,
allowing to control the filling (i.e. the density) of the sgst betweem = 0 (empty) and
n =1 (full).

In previous works, models of hard-core bosons with exterteled and three-body in-
teractions as effective models of ultra-cold polar molesukere studied for the case of
a one-dimensional optical lattiteand the two-dimensional square lattice geoniétrin
the one-dimensional case, an incompressible phase atng filli= 2/3 was established
for dominant three-body interactions, stabilizing botlarhe-density wave (CDW) and
bond-order wave (BOW) long-ranged correlations, aparhfomnventional CDW phases
appearing at half-filling# = 1/2) in the presence of two-body interactions. On the square
lattice, several solid phases at fractional fillings as waslisupersolid phases were found
in a semi-classical approximation, some of which could &leoverified by full numeri-
cal simulations. Here, we extend such systematic exptoratio the case of the honey-
comb lattice, where nearest-neighbour three-body regnddiead to characteristic effects
of strong frustrations.

2 Quantum Monte Carlo

In order to explore the physics of this system, we used a aoatibin of quantum Monte
Carlo (QMC) simulations based on the generalized direadeg lalgorithm within the
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stochastic series expansion (SSE) representdtiSnas well as exact finite cluster calcu-
lations and the tensor network renormalization group agghd for the classical{ = 0)
limit of the above Hamiltonian. In the following, we discub® results of our calculations
on the ground-state phase diagram in the absence of twotbidgctions (i.e. foi” = 0),
thus focusing on the main aspects of three-body repulsinries@honeycomb lattice. We
observe states with large degeneracies in the classidgldind the emergence of complex
valence bond crystal (VBC) phases, to be described in detiolv.

In order to perform the SSE QMC simulations for the currentielpwe employed a
cluster decomposition of the Hamiltonian in terms of trisyef nearest-neighbour sites,
such that each cluster carries one of the three-body iritereterms. In the SSE directed
loop construction, we thus used a doubly-linked list of §+tertices. While the algorithm
performed well for large values of the hoppihgwve were not able to reach significantly
belowt/W = 0.1 due to the dynamical freezing in the Monte Carlo configuratjmnce
the competing diagonal interaction terms dominate the Hanian (which is a general
issue of the SSE for Hamiltonians dominated by large diagmmms). In terms of the
simulation temperatur#, we find that an inverse temperatyte= 1/7 = 20 — 50W
(kp = 1) provided an optimal trade-off between the finite temperitucoherence and the
algorithmic performance (the SSE algorithmic cost scatesatly in 5). Furthermore, in
order to be commensurate with all superstructures ideaiifi¢he incompressible phases,
the linear system sizkis required to be an integer multiple ©@{the total number of lattice
sites beingV = 2L2, as the honeycomb lattice contains two sites per unit aelining the
two sublatticesd and B). Within the above temperature regime, we were able to sitaul
systems up td, = 24, in some cases up tb = 36 in linear extent.

In phases with large superstructures — described below —naetat the autocorrela-
tion times of the bosonic structures increase such thatifogitom is not able to describe
tunnelling between different realizations of the ordenpagtern even within severab®
QMC sweeps, but resides in one particular sector of the gratimte manifold (which
however varies upon performing independent runs with ifierandom-number streams
for a given set of model parameters). During a first stageefliermalization process, we
annealed the system in a cyclic way by heating it up and cgdidown slowly such that
it is able to relax globally into one of the equivalent grotstdtes. A fixed temperature
thermalization was then performed in the second stage dh#renalization process. This
annealing approach yields better performance than phtetigoering over an extended
temperature range, since we are mainly interested in thengrstate phase diagram of the
system, wherg is large.

We furthermore employed quantum parallel tempé¥itig 1. or t) at fixed low temper-
atures in certain regions of the phase diagram, in partiéularder to study the quantum
phase transitions between neighbouring VBC phases.

3 The Valence Bond Crystal at Filling 9/16

The ground state phase diagram in Figure 2 summarizes thksré®m our analysis. It
exhibits at low values of /T a variety of incompressible phases of different (unconven-
tional) fillingsn = 9/16,5/8 (= 10/16),2/3 and3/4 (= 12/16). Due to the incompress-
ible nature of these incompressible phases, they lead telfirextended plateaus in the
u-dependence of the density as shown e.g. for fixet/ W = 0.3 in the inset of Figure 2.
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Figure 2. Ground-state phase diagram of hard-core bosotiedoneycomb lattice fdr = 0 in terms ofu/W
andt/W. The incompressible phases at fillings= 9/16, 5/8, 2/3 and3/4 are labeled by: and underlayed

by different colours. Uncertainties on the estimated phasedaries are indicated by error bars. The inset shows
the densityn as a function of the chemical potentja) W for fixedt/W = 0.3, linear system sizé& = 12 and

an inverse temperature Gf= 20W.

For larger values of/WW > 0.4, the system is eventually driven by its kinetic energy
from these solid phases via first-order quantum meltingsitams into a uniform super-
fluid phase with a finite superfluid density. In the QMC simulations, the superfluid
density is obtained as, = (w?)/(5t) from measuring the bosonic winding numher
fluctuations in the standard w&y(here,3 = 1/T (kg = 1) denotes the inverse temper-
ature). The first-order nature of the melting transitionfofes from pronounced jumps
that are observed upon crossing the transition lines in th@ttdensity and the superfluid
density.

In the following, we only discuss the nature of the= 9/16 phase in more detail.
The first density plateau that is encountered upon fillinddttee has a density = 9/16
and extends betwedh < p/W < 2 in the classical limit(¢ = 0). It has an potential

energy per lattice site (equal to the internal energyt fer 0) of Eﬁ{w) = —9/16u, and
corresponds to the closest packing of hard-core bosonseomatieycomb lattice without
introducing any three-body repulsions. From geometricalsderations in the classical
limit, this bosonic structure is obtained by covering thitide with equilateral triangles
with side lengthdv/2a (wherea is the distance between two lattice sites), each covering
16 lattice sites. These triangles are filled by nine bosore staggered (checkerboard)
arrangement in order to obtain the overall filliagl6. Neighbouring triangles differ in
the placement of the checkerboard pattern. This leads t@itowalls along the edges of
the triangles, where pairs of bosons reside. For 0, this does, however, not lead to a
potential energy penalty. For an illustration of this stune, see the left panel of Figure 3.
This structure allows for a denser packing of the particde®l(thus a higher filling) than
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Figure 3. lllustration of the classical configuration in the= 9/16 plateau (left panel). The bosons are shown
in two different colours, in order to underline the differ@meckerboard patterns within neighbouring triangles.
The green hexagons illustrate those plaquettes, whereofanb are allowed to change positions as illustrated in
the right panel, without changing the potential energy. fifote hoppingt > 0, this leads to resonances within
these hexagonal plaquettes (right panel).

the overall checkerboard state of filling = 1/2, without introducing any three-body
energy terms. On every forth hexagon (such as the hexagditaiad in the left panel
of Figure 3), six triangles share a common corner. In thesataslimit, the energy of the
system remains unchanged, if two particles change theitigos along such a hexagon
by an angle o27/6, as indicated in Figure 3. This local move results in a ctadgjiround
state degenerady’, that scales linearly with the system si%&, < N. Thus, the ground
state entropy is not extensive, and the entropy perite (InT)/N vanishes in the
thermodynamic limit.

For finite values of, the local moves allowed in the classical configurationd lea
resonances on the hexagonal plaquettes, correspondiagdnd-order hopping processes
of the bosons, effectively rotating a hexagon by an angg8, as illustrated in the right
panel of Figure 3. In this way the system is able to gain kinetiergy from these tunneling
processes. Such resonances also provide the dominantquéinttuations on this den-
sity plateau, and stabilize a VBC phase with a superstreaficheckerboarded triangles,
linked by the resonating hexagons. We can indeed identégelpeculiar features of the
9/16 plateau phase from the QMC simulations. In Figure 4, we sh@acal density
(n;), along with the kinetic energy density per bofId;;), whereK,; = bjb]— + b}bi and
sitesi andj belong to a nearest neighbour bond on the honeycomb ldftica,represen-
tative point within then = 9/16 phase. We find the local density is closgtq) = 1 and
0, thus exhibiting only few fluctuations, in a staggered (&aelboard) pattern within trian-
gular structures. On the other hand, the density around seswolf the hexagons — those,
where the triangular checkerboard patterns meet — is withimtermediate range, and it
is along the bonds of these hexagons, where the kinetic giengainly located. Both ob-
servations indicate a residual density dynamics in thisrimgressible phase, located along
these hexagons. The resonant nature of the correspondapgnigoevents is reflected in
the bond-bond correlation functiolf(;; K;), shown in Figure 5. We identify the main
contribution from the hexagonal resonances, which leade@hhanced bond-bond corre-
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Figure 4. QMC data of the local densityn;) (shading) and the kinetic energy density along the nearest-
neighbour bondgK;;) (line thickness and shading) for bosons on the honeycontibdan then = 9/16
VBC phase al/ = 0,¢/W = 0.2, u/W = 1, and a system witll. = 12 at 3 = 20. For clarity, the equilateral
triangles, together forming the unit cell of the VBC supersture, are indicated as well.

1.50

Figure 5. QMC data for the bond-bond correlations in thetitrenergy(K; ; K;) along the nearest-neighbour
bonds for bosons on the honeycomb lattice insthe 9/16 VBC phase at/ = 0, t/W = 0.2, u/W =1, and
a system with, = 12 at 3 = 20. The reference bong ;) is indicated by the red ellipse.
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lation between the reference bond (marked by an ellipsejrenblonds atop and below the
reference bond in Figure 5. Furthermore, correlations @fsiime strength are visible be-
tween the reference bond and its next-nearest neighboudistiorthe left and right. These
result from residual quantum fluctuations that lead to thieefkinetic energy distribution
inside the checkerboarded triangular structures in Figuie do not observe long ranged
bond-bond correlations, thus the hexagonal resonancésassentially independently of
each other.

4 Conclusions

We studied a model of hard-core bosons with strong threg-begulsions on the hon-
eycomb lattice using quantum Monte Carlo simulations. Tystesn’s ground state phase
diagram exhibits besides a superfluid region several convplence bond crystal phases at
fractional fillings9/16, 5/8, 3/2 and3/4. We presented details on the nature of ié6
phase, here. The quantum phase transitions between neigihdpealence bond crystal
phases are furthermore consistent with first-order trmst(not shown here). With re-
gard to a possible experimental realization based on cditt pwlecules in appropriately
tuned external electric and microwave fields, we also inetuoh addition to the three-
body repulsions also nearest neighbour two-body inteyastiwhich in a realistic set-up
are at least of the same strength as the three-body int@mactiConsidering the compe-
tition between the different interaction terms, we theragi®d a cascade of intermediate
incompressible plateaus as the two-body interaction gtheincreases.

A further step towards modeling cold polar molecules on thedycomb lattice would
be to take into account the full long-ranged nature of bothttiree-body and two-body
interaction&®. Treating the longer ranged contributions appropriatplyears to require
the use of different calculational techniques, since dlyethe leading contributions to
both interaction sectors provided a challenge for the quarilonte Carlo approach.
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Soft Matter is the generic term for all complex materials,ichhhave elastic constants
much smaller than conventional (crystalline) materialsictsmall elastic constants go
in hand with characteristically small cohesive energy dgrad/or characteristic meso-
scopic length scales. Thus typical examples of soft mateb@logical and synthetic
polymers and membranes but also colloidal suspensionscidracteristic energy scale is
the thermal energysT and thus energetic and entropic contributions typicallytdbute
roughly equally to most macroscopic properties. To obtaghgroperties conformational
and morphological fluctuations have to be considered phpp&ue to the complicated
chemical structure of most soft materials (colloidal systecan be different under cer-
tain circumstances) analytic theory is only able to tretiternidealized limiting cases and
computer simulations often are the only satisfactory liekneen theory and experiment.
Theoretically it is extremely difficult to account for theraplicated correlations originat-
ing from the macromolecular character of the systems begentdin limiting cases (i.e.
small concentrations) and experimentally it is almost isglole to provide systems so
well defined and controlled that a direct comparison witlotiiés possible. In this context
computer simulations on a variety of levels of detail arediisly crucial and an extensive
supply of CPU power is a most important precondition. Fas the CPU time and support
provided by the John von Neumann Institute for Computingngrumental for many re-
searchers in Germany and beyond. In most cases mid sizersykts/e to be followed by
means of simulations for a long time. There, computers ofIth&P class are the tool of
choice. However, for certain applications, where signiftdmite size effects are faced and
the system itself is not too complicated on a local scale Blse Gene like architectures
are excellent sources of CPU power. In the following we wilbtfexamples for both kinds
of problems.

The first contribution deals with the statistical mechamit$®ottle-brush polymers
by Binder and co-workers. Bottle-brush polymers are cotadly rather simple models
of branched polymeric systems, however, already displayge lsomplexity in behaviour.
Since it became possible to synthesize this kind of systamsprovide perfect test cases
and model systems also for applications. The reason foighhat their conformational
properties depend very sensitively on e.g. solvent prasewhich makes them ideal test
candidates for molecular based nano-actuators. In theprssnulation studies systems
on a rather generic level are investigated. The back boneessithe side chains which
are grafted to the backbone in order to achieve a typicdihbtush configuration are mod-
eled by either simple lattice or bead spring chains. Thisicédn is however needed in
order to be able to investigate in a satisfactory way théssil properties of such bottle-
brush polymers. As a function of grafting density and solwgrality the conformational
properties are investigated in detail and predictions kpeeiments are given in terms of
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the competition of side chain and backbone properties. &iapexample is the limiting
case of a rigid backbone in marginal and poor solvent. Thdbighmight look a bit arti-
ficial at the beginning such systems are relatively closepacal polymers employed in
organic electronics where aliphatic side chains are neededler to make these systems
processable at all. The conformational properties of thegstems and the characteristic
pearl-necklace like structure might give valuable hint& lloese objects can arrange as a
function of solvent quality.

In a second contribution by Daoulas and Mullef@iblock Copolymers on Patterned
Surfacesan even coarser model to simulate polymers is chosen in todber able to treat
almost macroscopic systems. Basis for their study is a Gaubgad spring model for
polymer chains which contain a block of A-beads and a blocB-&feads. In order to
account for the interaction of these beads with the surrimgrnthe average concentration
of beads of other chains is accounted for by a backgroundtgdnaction. By this the
complicated many chain interactions are reduced to a sigé problem resulting in a
very efficient and highly parallel single chain simulatid®y matching the characteristic
block length and densities they are able to map their paemsiento typical experimental
systems. In this context the authors study the kinetics lbfassembly on a surface and
in particular the competition between order due to charmtie length scales of the un-
derlying surface patterning and the intrinsic length ssaliethe typical block copolymer
morphology. The examples are symmetric diblock copolymérigh in bulk would form
nice lamellar structures. Due to the pattern of a substratrevthe interaction of the sub-
strate is different for the two different blocks, the conifi@t of the different length scales
can lead to rather new morphologies and functionalitiek@astirface. In extension of this
methodology first studies on rheological properties hase been performed leading the
way to a rather extensive surface characterization of cexiplbck copolymer systems at
patterned surfaces.

Another class of very important soft matter systems areogiohl membranes. In the
contribution of West and Schmid diembrane-Protein Interactions in Lipid Bilayers
the two authors study the situation between a simplified ouwée picture and the typical
elastic continuum theories. Bio-membranes are very ist@rg structures which result
from a physical self-assembly process. Embedded in theslimvensional liquid struc-
tures are membrane proteins and their function is contttdi@ certain extent by the lateral
organization of these proteins in the membrane. This malasery interesting problem
for physicists. It allows for studies on a rather generi@len order to understand basic
principles which govern the spatial order of embedded pistdreated as simple mem-
brane inclusions. One important aspect of this is the sledadlydrophobic mismatch,
which occurs when the hydrophilic and the hydrophobic pafthie membrane proteins
do not match the hydrophilic and hydrophobic parts of the twame. This leads to an
elastic distortion of the membrane which mediates long @antgractions between these
proteins. Such long range interactions are best studiedebgric coarse grained lipid
models such as the one developed in the group of F. Schmide 8ie essential properties
of the lipid molecules which form the membrane are still tak#o accounts characteristic
deviations of protein-protein interactions compared totcmum elastic theories can be
studied and analyzed in detail. Such simulation approatttess can be used to couple
long range effects to more specific investigations on a logaécular basis.
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So far, three different contributions have been introdwekith make best use of mod-
erately parallel computers containing fairly powerful quute cores.

The last contribution of this chapter by Gompper et al. rezgimuch larger systems
while the typical interactions are fairly simple. This is @ptimal kind of problem to be
dealt with by massively parallel computers such as the JUBSENJUlich. The study of
the dynamics of semi-dilute polymer solutions under strong sher, where full hydro-
dynamic interactions have to be taken into account, is oossible if systems are treated
where the overall box size is significantly larger than thig/faxtended polymer chains.
That means that we typically have to deal with system sizesooriwo orders of magni-
tude larger than for conventional polymer simulations. present contribution employs a
multi-particle collision dynamics method to study the hgdlynamic interactions of semi-
dilute polymer solutions under high shear rates. With thésgtretching process of origi-
nally overlapping chains has been studied in detail as weh@characteristic mean the tilt
angle of the extended polymer with respect to the shear.@ajiwvarying the Weissenberg
number for the simulation the authors could show that thanrahsystems size to study
experimentally realistic effects definitely require the w$ massively parallel computing
resources. This however opens the way to a direct compawisexperiment and theory
via extended computer simulations for complex flow problarhih so far was far beyond
any computer simulation possibility.

All presented simulations provide significant new insigitbiimportant problems of
current soft matter science. The first two chapters on bbtilsh polymers in solution and
block copolymers on patterned surfaces show a level of ntytwhich already allows a
direct comparison with experiment. They are able to proindeght and guidance for fur-
ther experimental studies and in certain cases even fontéagically relevant problems.
The latter two studies on interactions of membrane protghish can be characterized by
a hydrophobic mismatch and the dynamics of semi-dilutempelysolutions under strong
shear flow are still at an earlier stage. They point towardsctions of simulation research
in soft matter, where also experiments are much less dexelapd a precise material char-
acterization is quite difficult. In all cases the support g NIC was instrumental for the
success of the investigations.
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As an example for the interplay of structure, dynamics, amalsp behaviour of macromolec-
ular systems, this article focuses on the problem of bottlesh polymers with either rigid or
flexible backbones. On a polymer with chain lengtl, side-chains with chain lengtly are
endgrafted with grafting density. Due to the multitude of characteristic length scales and
the size of these polymers (typically these cylindrical mawlecules contain of the order of
10000 effective monomeric units) understanding of thectine is a challenge for experiment.
But due to excessively large relaxation times (particylarder poor solvent conditions) such
macromolecules also are a challenge for simulation studigsulation strategies to deal with
this challenge, both using Monte Carlo and Molecular Dyreanhilethods, will be briefly dis-
cussed, and typical results will be used to illustrate tiségimt that can be gained.

1 Introduction

The so-called “bottle-brush polymers” consist of a long mawlecule serving as a “back-
bone” on which many flexible side chains are densely grafte&ince the chemical syn-
thesis of such complex polymeric structures has becomelpesthese molecular bottle-
brushes have found much interest for various possible @gins: the structure reacts
very sensitively to changes of solvent quality (due to cleaofgtemperature of the solu-
tion, pH value, etc.), enabling the use of these moleculesensors or actuators on the
nanoscalg*. For some conditions these bottle-brush molecules beliestiff cylindri-
cal rods, and hence they can serve as building blocks of suglegular aggregates, or
show orientational order in solution as nematic liquid asdo. On the other hand, these
molecular bottle-brushes are also very “soft”, i.e, thegvglonly very small resistance to
shear deformation; bottle-brush molecules of biologicajin such as aggrecan which oc-
curs in the cartilage of mammalian (including human!) jeiate indeed held responsible
for the excellent lubrication properties (reducing fretal forces) in such joints

However, for being able to control the function of these ctaxpnacromolecules one
must be able to control their structure, i.e. one must undedshow the structure depends
on various parameters of the problem: chain lengihof the “backbone”, chain lengthy
of the side chains, grafting densiyof the side chains along the backbone, solvent quality,
just to name the most important ones of these parametersisTihie reason why computer
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Figure 1. Snapshot pictures of simulated bottle-brushmelg with a flexible backbone containing, = 131
effective monomers. At each backbone monomer one side chagrafted (grafting density = 1) and side
chain lengths ar&V = 6 (a), N = 12 (b), N = 24 (c) andN = 48 (d). The chains are described by the bond
fluctuation model on the simple cubic lattice (see Sectioar®) the only interaction considered is the excluded
volume interaction between effective monomers.

(d

simulations are needed in order to understand such batikghbs: even in the case of a
good solvent, the structure of these objects is very comigitas the snapshot picturés
(Figure 1) of the simulated models show, and there occur ditodg of characteristic
length scales (Figure 2 that are needed to describe the structure; it is very difficul
extract this information from experiment, and hence sirtiofes are valuable here as they
can yield a far more detailed picture.

Of course, the large size of these bottle-brush polymeen(éve coarse-grained mod-
els described in the following sections contain of the ormfeseveral thousand or even
more than 10000 effective monomers per polymer) is a sebssacle for simulation,
too; in fact, developing efficient models and methods fordineulation of macromolecu-
lar systems is a longstanding and important pro§iénwe hence shall address this issue
of proper choice of both suitable models and efficient athars in the next sections.

2 Bottle-Brush Polymers with Rigid Backbones in Good Solveis

If one assumes the backbone of the bottle-brush to be coefpkiiff, the problem is re-
duced to grafting side chains of length to a straight line. Although this limiting case
seems somewhat artificial, from the point of view that onénessto model real systems, it
is a very useful test case: there is no reason to assume firaxapations that already fail
in this rather simple limit become accurate for the more darated case of flexible back-
bones; moreover, this case is rather simple to simulatettendnalysis of the simulation
data is relatively straightforward.
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Figure 2. Multiple length scales are needed for the strattiraracterization of a bottle-brush polymer: a coarse-
grained view describes this object as a flexible spheradgtirof lengthL.. and cross-sectional radiugs,
which is locally straight over a length, (“persistence length”). A further length scale of interissthe end-

to-end distanca‘?e,bb of the backbone chain. This coarse-grained view is expetiatig obtained by atomic
force microscopy imaging of bottle-brush polymer adsorbadsubstrates, for instance. A “microscope” with
resolution on the scale of atoms would see the monomers dfatidbone chains (connected by backbone bond
vectorsfb) and monomers of the side chains (connected by bond ve&ﬁxr% mesoscopic length of interest
then is the end-to-end distané& of the side chains.

For the study of this case, polymers were simply represeagestandard self-avoiding
walks on the simple-cubic lattice (i.e. beads of the chaiesoacupied lattice sites, con-
nected by nearest-neighbour links on the lattice, and plaltccupancy of sites is forbid-
derf9).

As a simulation method, pruned-enriched Rosenbluth met{®ERM} ! were
used?. In the Rosenbluth method, all side chains are grown simetiasly step by step,
choosing only from sites which are not yet occupied, and titistical weight of the poly-
mer configuration is computed recursively. In the PERM athar, one does not grow
a single polymer at a time, but a large “population” of eqléwa chains is grown simul-
taneously. From time to time configurations with very lowtistacal weight are killed,
and configurations with large statistical weight are “cldh@go with the winners” strat-
egy’?). The advantage is that (unlike dynamic Monte Carlo alhan# 9 this method
does not suffer from “critical slowing down” wheN gets large, and data for aN (up
to the maximum value studied) are obtained in a single sitiomdsee Ref. 11 for more
details).

Now one hypothesis popular in most experimental studigs (Ref. 13, 14) is the
factorization approximatiofi for the structure factof(q) (that describes the small angle
scattering intensity of neutrons, X-rays or light from ddwsolutions of bottle-brushes
polymers) into a contribution due to the backbofé{)) and a contribution due to the side
chains(Ss(q))

S(q) = Sp(q)Ss(q) ~ Sp(q)Ses(q) 1)
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Figure 3. a) Log-log plot of the normalized scattering fimctof the backboneSy, (q)/ Ly, Ly, being the back-
bone lengthL, = Nya wherea(= 1) is the lattice spacing. Three choiceslof are shown. b) Log-log plot of
the scattering from all the side chain monomers,Xor= 50, and two choices of the grafting density c) Log-log
plot of the scattering due to interference contributiomsrfrmonomers in side chains and the backbone (for the
same parameters as in b). d) Log-log ploigéis(¢) vs. ¢ in the ranged.01 < ¢ < 1, comparing the actual
scattering due to the side chains with the prediction regpftom Eq. (2), using(r) as actually recorded in the
simulatiori2.

wheregq is the absolute value of the scattering wave vector. In tsesiep the side chain
scattering was approximated Iy;(¢). This cross sectional scattering is in turn approx-
imated related to the radial densjty;(r) perpendicular to the cylinder axis at which the
side chains are grafted as (the constagmsures proper normalizatitsh

Seale) = 1 / @7 pes(r) exp(id- P)[?). @)

Obviously, Eq. (1) neglects interference effects due tostations between the monomer
positions in the side chains and in the backbone. Writing db&ttering due to the
monomers in the side chains as the average of a square, Egn{@ps correlations in
the occupation probability in the-direction along the bottle-brush axis. All such correla-
tions do contribute to the actual structure factor, of cepvghen it is computed from its
definition,

NCOC NCOC
Sq) = Ni D D eli)e()) sinlalmi — 1)/ (al = 751) (3)
ot =1 j=1

Herec(7;) is an occupation variable(7;) = 1 if the sitei is occupied by a bead, and
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Figure 4. Structure factaf(q) of a bottle-brush polymer obtained from the scattering ermnt-® mapped to
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Figure 5. Log-log plot of the density profile.s(r) vs. r, for the systems shown in Figure 4. For fitting the
experimental data, a Gaussian form fg (r) was assuméd.

zero otherwise, and the sums extend oveNall; monomers (in the side chains and in the

backbone).

In the simulation, one can go beyond experiment by not ordgnding the total scatter-
ing S(q), but also the contributionS;,(q), Ss(¢) andSes(¢) individually (Figure 3). One
can see that the approximatidiiq) ~ S,(¢)Ss(¢) leads to a relative error of the order
of a few % only (cf. the difference in ordinate scales betwparis b) and c), while the
assumptionSs(q) ~ Ses(q) [with Eq. (2)] leads to appreciable errors at laigésee part
d)). Therefore the use of Egs. (1), (2) to analyze experigxean lead to appreciable errors,
when one wishes to prediétthe radial density distributiop(r).
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Figure 6. Schematic diagram of states of a bottle-brushnpetywith a rigid backbone under poor solvent condi-
tions in the plane of variables = N'/2¢ andy = N1/2(1 — T'/6), as proposed by Scheiko et'dl. The lines
indicate (smooth) crossovers between the different sfategich we have characterized by snapshots from our
simulationg®. For further explanations see text.

3 Bottle-Brushes with Flexible Backbones in Good Solvents

In the case of flexible backbones, the PERM algorithm no lopgevides an efficient
sampling of configuration space; there “dynamic” Monte Galgorithms are used, but
with “unphysical moves” allowing chain intersections aacjle configurational changes in
a single step, as achieved by the Pivot algorfitfmUsing the bond fluctuation modé],
the “L26 algorithm™® was used for local moves allowing bond intersection and never-
theless respecting excluded volume. In this way well-éo@ited data for systems with up
to N, = 259 monomers at the backbone and upXo= 48 monomers in the side chains
could be studied (fos = 1). Examples of snapshot pictures have already been given in
Figure 1.

Adjusting the physical meaning of the lattice spacing taegpond to 0.263 nm, the
structure factor of the simulated model matches almoseptyfan experimental restitt
(for slightly different numbers of chemical monomeh§;*” = 400, NP = 62; this dif-
ference is irrelevant, since there is no one-to-one cooredpnce between covalent bonds
and the “effective bonds” of the model), see Figufe Brom the simulation one can di-
rectly extract the cross-sectional density profilg(r) and compare ftto the approximate
experimental result (Figure 5), which was obtained froninfittS(q) to Egs. (1), (2%°.
One sees that the analysis of the experiment could predightg correctly the distance
on which the profileo.s(r) decays to zero, but does not account for its precise furetion
form. A further interesting finding*’is the result that the persistence lenggH(cf. Fig-
ure 2) depends strondlyn N, (at least if one uses the textbook definiti&fisand hence
is not a useful measure of local chain stiffness.
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Figure 7. Log-log plot of wavelength (dimensionless by normalization with) versus grafting density (di-
mensionless by normalization with the radius of gyratiothefside chainsR,). The wavelength was extracted
either from thez-dependence of a normalized correlation function at ratl&hncer ~ 3 Lennard-Jones units
o (stars) or extracted from the peak position of its FouriangformS(q) (squares) [inset]. All data refer to
temperaturd’ = 1.5 (in Lennard Jones units). Blue and red symbols refe¥te- 35, orange and green ones to
N = 50. Inset showsS(q) vs. g for N = 35 and grafting densities > 0.38.

4 Bottle-Brushes in Poor Solvents

While isolated single chains in dilute solution collapselémse globulé§ when the tem-
peraturel’ is lowered below the Theta temperatdrte= 6, for a bottle-brush the constraint
of the chains being grafted to a backbone leads to an iniegedingram of states, consid-
eringl —T'/6 ando as variables (Figure 8. NearT = # ando N'/? — 0 the side chains
collapse to dense globules whait/2(1 — T/6) > 1. ForT ~ 6 andN'/?5 >> 1 one
has a cylindrical structure (as in the previous sectionsgivbollapses to a dense cylinder
whenN'/2(1 — T/6) > 1. However, interestingly at intermediate grafting deesitand
N'/2(1—T/6) > 1 alaterally inhomogeneous “pear| necklace-structure”praslicted®.

This problem can neither be studied efficiently by the PERMhoeé nor by the bond
fluctuation algorithm of Section 3 - both methods get venyfficient for dense polymer
configurations. Thus, instead Molecular Dynamics simatatiof the standard Grest-
Kremer-type bead-spring modéel were carried odf. Figure 7 show® characteristic
wavelength) plotted vs. grafting density. One finds that for smal a trivial peri-
odicity given by1/c occurs, while forsR, > 0.2 (R, = (R2)!/?) the periodicity is
essentially independent of given by about thah ~ 8R,. Of course, mapping out the
phase behaviour precisely for a wide rangé\qfo andT is a formidable problem, due to
very long relaxation times of the collapsed states in Figure
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5 Concluding Remarks

The above examples have illustrated that polymers with ¢exngrchitecture pose chal-
lenging problems with respect to their structure and thelynamics. Investigation of their
relaxation behaviour is another interesting problem, ttelokled in the future. The above
examples have also illustrated the need to carefully abptstthe model and the algorithm
to the problems one wants to deal with.
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1 Introduction

Copolymer materials self-assemble into periodic micrgelsavith a characteristic length
scale of tens of nanometers. The periodicity is dicated bgtiu-to-end distand®,,, of the
amphiphilic molecules and can be tuned by their moleculaghie Since the free-energy
differences between different morphologies or the freergycosts of defects in soft ma-
terials are small, the self-assembly of diblock copolynmadten results in morphologies
that contain many defects and the equilibration times atengfrotracted. Sometimes it
may even be difficult to reach equilibrium on the largest targgale considered.

One strategy to avoid defects and fabricate surface patigth defect-free, long-range
order consists in guiding the self-assembly by a lithogieadly prepared surface pattern,
which perfectly matches the bulk morphology of the diblookalymer in symmetry and
length scalé In this report, we describe a soft, coarse-grained modelysdf structure
formation in these fascinating materials, and highliglet thlation between the dynamics
of individual molecules and the kinetics of structure fotimia.

2 Soft, Coarse-Grained Model for Multi-Component Polymer Melts

Being interested in the universal behaviour of multi-comgrat polymer melts, we restrict
ourselves to a bead-spring model, which is a computatiprediicient representation of
a Gaussian polymer chain. Generalizations to more comptdgaular architectures are
straightforward. In our minimal, soft, coarse-grained mldthe bonded interactions are
given by the Edwards Hamiltonian:

N-1

% = Z 3(2%_21) [ri(s) — (s + 1)]?, (1)

s=1

where N denotes the number of effective interaction centres peecuté andr;(s) the
coordinate of tha'" segment of chain. The non-bonded interactions take the form

Hoslbnson) = pobT [ @ (2 [basdn 1] =% [0a-0]") @
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where the microscopic density Q’I—segmentsﬁA(r) depends on their explicit positions
{r~(s)} and in the case of a diblock copolymer melt is formally given b

n NFf

Z Z O(r —rq(s )
po a=1s=1

where f is the asymmetry of the diblock defined via the number of tliecéife interac-
tion centres in thed block Ny asf = Na/N. The normalization is chosen such that
(1/V) [dr ¢5A(r) equals the average composition = f of the system. Her&, n,
andp, denote the volume, the number 4B copolymers, and the segment number den-
sity, respectively. A similar definition holds for the misapic density of thé-segments
¢B(r).

In order to advance, one has to introduce a microscopicftuEither one regularizes
thed-function that appears in Eq. (3) by a smoothing functionmitdisupport or one em-
ploys a collocation grid with spacing L to assign to it the local densities. The former
method leads to soft, DPD-like models and, since the intienag are translationally in-
variant, one can easily calculate the pressure and perfionaiagions with variable sizes
and shapes of the simulation cell. The latter techniqueghvew is chosen in the following
because it significantly speeds up the calculation of namdbd interactions. Lat denote
a point of the collocation grid, we define

n Nf

dalc) = Azs /d3r I(r, ) r) = ALS S5 Hra(s 4)
a=1s=1

II(r,c) denotes the assignment function onto the lattice. Oftenineat assign-

ment of the segment position onto the pointc of the collocation grid is usedi.e.

II(r, c) = w(ry — cz)w(ry — cz)w(r, —c;) with w(d) = 1 — M for |d] < AL and

zero otherwise. Hered denotes the distance between the gr|d point and the segment

position along a Cartesian direction. Similar schemes aeal dor particle-in-cell tech-

niques in plasma physi¢®r particle-mesh methods in electrostatizsorder to assign a

particle-based density/charge distribution onto a lattithe spatial integrals in Eq. (2) are

evaluated via the collocation grid.

The discretized Edwards-Hamiltonian in Eq. (1) and the honded, pair-wise inter-
actions in Eq. (2) completely specify a soft, coarse-gmjimparticle-based model for a
multi-component polymer systeém 8. It is characterized by four coarse-grained param-
etersReo, XolN, ko N andN = (poRco?’/N)2 which set the molecular length scale, the
strength of the relevant interactions, and density. Theseegrained parametgy’ is de-
noted as invariant degree of polymerization and it contitedsstrength of fluctuation ef-
fects. It dictates a multitude of important properties iaggrom the correlation hole of
the intermolecular pair-correlation function and the aamiant long-range corrections to
the Gaussian chain conformations in a melt, to the capilieatye broadening of interfaces,
or the effect of fluctuations on phase transitions. Withegbrting to any approximation,
one can study the equilibrium properties of this coarséagrh particle-based model by
a variety of Monte-Carlo simulation techniques, which carefither chosen to faithfully
represent the single-chain dynanfics to explore the configuration space of the model
most efficiently.
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Unlike the pair-wise interactions of coarse-grained msdath harsh excluded-volume
interactions, the potentials in this coarse-grained madesoft|.e. effective segments can
strongly overlap. This is quite a natural property becauseh esegment represents the
centre of mass of a group of chemical repeat units. By the $ake@ the liquid of coarse-
grained segments does not exhibit pronounced densityitdermsrelations i.e. packing
effects).

A significant advantage of soft, coarse-grained modelsistanis their ability to study
systems with an experimentally relevant value of the irar@rdegree of polymerization:
The increase of the molecular densijty/N is much more efficient in achieving exper-
imentally relevant, high invariant degrees of polymeiimat\” than the increase of the
chain discretizatiorlV. Consider for example that one wants to describe a smalhydtc
the lamellar phase with cubic geomet®y = 5R.,)3, which is comprised of 3 lamellar
sheets of a symmetric diblock copolymer with= 10 000. In a particle-based model with
hard-core repulsion the segment density is limitechbty? < 1, whereb = R, /v N — 1
denotes the statistical segment length. For higher dessilte liquid of segments freezes
into a crystal or it arrests in a glassy structure. Sinée= (p,b*)2N, the only way to
achieveN' = 10000 is to consider chains comprised &f = 10* beads. The total num-
ber of interaction centres in a box of si@R.,)? isn = NVN(L/Re)? = 1.25 - 108,
Since these molecules in a dense melt reptate, the singie axation time scales like
T =T1,N? = 7,102, wherer, is a microscopic time scale that characterizes the motion of
an individual segment. The total number of segment motiordpagate the system by
one single-chain relaxation timesis-/7, ~ 10?°. In a soft, coarse-grained model without
harsh repulsion between segments, one can use a chairtidesive of N = 32 in order
to faithfully represent the Gaussian chain architectursingp,b®> = /A'/N ~ 19 one
achieves the valud’ = 10*. The system of sizé& R, )? is only comprised of. = 4 - 10°
segments. More importantly, since the single-chain dyoamibeys Rouse behaviour, only
7/70 = N? segment movements are required to relax a chain conformatiws the total
effort to simulate the system amounts4te 10 segment motions which is more than 10
orders of magnitude less than for models like the bond fldicimanodel or Lennard-Jones
bead-spring models.

3 Kinetics of Self-Assembly

Using nearly symmetric PS-PMMA diblock copolymers, the lgayroup observed that
ordering on a stripe-pattern with a periodicity bf = 48nm occurs in6 hours. At 3
hours, however, one observes on the top surface of the filrtterpaf spots that align with
the stripe-pattern. Earlier simulations have revealetttiemmorphology at intermediate
times signals the breaking up of the initial ordering dunivitich the stripe-morphology is
established at the chemically patterned, bottom surfaddtennegative pattern is created
at the non-preferential, top surface. Thus, the stripeepatit the top surface is displaced
by half a period with respect to the bottom morphology. Thertmrphology is eliminated
not by lateral motion of defects but, rather, by “pushing ¢l misaligned domains at the
top surface. The breaking-up of the misaligned stripeseatdp surface gives rise to the
lines of spots in the experimént

In order to match the time scale of the simulation and the éxysnt, we use the
longest single-chain relaxation timee. the time it takes a molecule in the disordered
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phase to diffuse a distandg,. There are significant uncertainties in this assignment be-
cause (i) the self-diffusion coefficient of the two block&eli and we assume that the time
scale of structure formation is dictated by the slowest comept and (i) the confinement
into a thin film may affect the dynamics even in the disordgriedsej.e. the glass transi-
tion temperature of the components depends on the film tegkrNotwithstanding these
caveats, such a mapping results in the estimate4ih&tonte-Carlo steps of a random-
local-displacementalgorithm corresponds to roughly bedceal time. In the simulations
of the soft, coarse-grained model, perfect ordering onehgth scale of several lamellae
occurs int = 0.857, wherer denotes the time it takes a molecule to diffuse a distdtige
in the disordered bulk. This corresponds to roughiyinutes in the experiment, which is
about a factod5 too fast.

In addition to the caveats mentioned above, an additioaabmefor the too fast dynam-
ics in the simulation consists in the crossability of the ecaoles in the course of the sim-
ulation. By virtue of the soft, non-bonded interactions émel unconstraint bond lengths,
the single-chain motion corresponds to Rouse-dynamigdifout the first 10 Monte Carlo
steps. In the experiment, however, the single-chain maifdong macromolecules in a
melt is strongly affected by the non-crossability of the emiles, which gives rise to a
slithering motion along the molecular contour (reptatiofhe single-chain motion in a
disordered and a lamellar phase will be differently affddig the crossability constraint
because, in the latter system, the reptation motion displtie junction point between the
two blocks from theA B interface — a process which is enthalpically unfavourable.

In a soft, coarse-grained model non-crossability cannariferced by a combination
of finite bond length and excluded volufmeEither this constraint has to be explicitly
incorporated in the simulation algoritfnwhich is feasible but prohibitively expensive, or
it has to be included in an effective way.

An effective description of the effect of topological caénts consists in “tethering”
the chain contour to the primitive path. This method has essftlly been employed by
Schiebet and Likhtmar®to describe the dynamics of homogeneous melts of lineanshai
and it is also used for the description of polymer networks.older to restrict motion
perpendicular to the primitive path, each moleciis tethered viaVy slip-links to its
primitive path. Thet! slip-link on polymeri is anchored in space at positian(t). Its
other end is harmonically attached to segmeg(it) and it is free to “slip” along the chain
contour by hoping from segmes(¢) to a neighbouring one. In our model, two slip-links
must not be attached to the same segment.

Within this framework, one considers an expanded configamagpace that is com-
prised of chain conformatiors;(s)}, anchor pointg a; ()} and segment indicess; (¢)},
to which thet'" anchor on thé*" molecule is attached to. The energy due to the slip-links
is given by

Halri(s), ait),si(®)] _ BN —=1) <2, o o
kT - 2(aaReo)2 ; [al(t) rl(sl(t)] +t tZZI In [1 581‘,(t1),8¢(t2)]
)
where the first term describes the harmonic interactionetveegments and slip-links and

the last factor guarantees the self-avoidance of sligsladkng a molecule. The parameter
a, characterizes the strength of the tether or the width ofube.t
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The partition function is obtained by integrating over thipanded configuration space.

Z o —H/ P[] 3 / dPay(t) e ©®)

t=1s;(t)=

The probability distribution of chain conformatioyr;(s)] is obtained after averaging
over the degrees of freedo#m, (¢)} and{s;(¢)}, associated with the slip-links

1 Hb+Hnb+Hsl>> 1 & Hb[r<>]+ﬁnb[¢A 35
P r;(s)] & — ( €xX - - - _
rso] o oy {oxp (-2 el

(7)
and one recovers the Boltzmann distribution for the chaifamnationsj.e. equilibrium
properties are not affected by the presence of slip-links.

To sample the expanded configuration space by Monte-Carlalation, we move
polymer segments with the local SMC-algorithm, where theddncludes contributions
from bonded and non-bonded interactions as well as slisliAdditionally, we give slip-
links the chance to move to a neighbouring segment alonghhim.c The trial moves of
slip-links are accepted by a Metropolis criterion. Sindg-Bhks represent the topological
constraints between two chain portions, they occur in p&irsilar to Likhtman’s modéP,
spatial correlations between pairs of slip-links are igmbif one slip-link is located at an
end-segment and the trial move makes it leave the chain egiten the slip-link and its
partner are eliminated, and we create a new pair of slipsliee choose one end-segment
and an arbitrary segment along the same chain and attachetwslip-links. Ifr;(s;(t))
is the position of the bead to which th&" slip-link is attached, then the position of the
corresponding anchor poiat(t) will be chosen according to

3N —1) & )
P(ai(t)[ri(si(t))) oc exp “NauR)? ; [a;(t) —ri(si(t)]” | - (8)
This process mimics the disentanglement (tube renewddgattain ends and the concomi-
tant constraint release. We define a Monte-Carlo step (MEg8)etime during which each
polymer segment and each slip-link had the change to by mowee on average.

The slip-link model introduces three new paramet¥Ls «, and the relative mobil-
ity of slip-links with respect to the dynamics of polymer sgents. While none of these
parameters alters the equilibrium properties, they docatfee details of the dynamics.
Using a very similar model, Likhtman presented a carefuéstigation of the role of the
different parameters and their correlation for a homogasgmlymer mel. Our choice
N/Ngy = 4 anda, = 1is a compromise. If we decreas@d,;/N further or increased
ag, the tube would become “tight” and the Rouse-like motioridaghe tube could not
be observed. In this limit, the dynamics approaches thbeslitg-snake dynamics. In
the opposite limit, the chains would only be weakly entadgded the dynamics would
resemble the local, unconstrained dynamics. Likewisegfittempt frequency of the slip-
link moves tended to zero, the chains would become localizegace. With our choice,
the dynamics of the slip-links is comparable to the chainadyits, which is a plausible
choice because in a melt the topological constraints argeanleby identical molecules in
the surrounding. In the following, we adopt the rather praicpoint of view that the
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Figure 1. Mean-square displacements of segments) and mean-square displacements of the centre of mass
g3(t) as a function of time in the lamellar phase,(V = 80) for local, unconstrained dynamics (a,left) and slip-
link dynamics (b, right). Parallel and perpendicular ciggiments are shown and the results of the disordered
phase. “Time” is measured in units of the Rouse timé&rom Ref. 7.

slip-link algorithm in conjunction with SMC-moves giveseito a microscopic dynamics.
Using the single-chain dynamics on large time scales, weatiiethe parameters of the
tube model and investigate to what extent the dynamics oflemtiane and length scales
agrees with the predictions of the tube model.

A limiting case of the slip-link model is the slithering sra&lgorithm, where one tries
to remove a segment at a randomly chosen end of a moleculeoamdattach it at the
opposite end. This algorithm corresponds to the idealiei that the tube is extremely
tight and there is no constraint release.

4 Results

In the following we useV' = 128% and N = 128. In Figure 1 we show the mean-square
displacement of segmengs and of the centre-of-magg in a lamellar phase using the
local SMC-algorithm (a) and the slip-link model (b). Thed&MC-algorithm gives rise
to Rouse-dynamics in the disordered system and we obsetwnthdynamics parallel and
perpendicular to the interfaces decouples. The motionlpht@athe interfaces is identical
to the dynamics in the disordered system, which is includetié graph for comparison.
Only the dynamics perpendicular to the interfaces is slos@un. At intermediate times,
the mean-square displacement exhibits a plateau, whicbaites the localization of the
macromolecules inside a lamella. At very long-times, onseotes flip-flops between
neighbouring lamellae which give rise to a very slow diffiesmotion perpendicular to the
interface at very long times.

Figure 2 depicts different stages of the structure fornmatba symmetric diblock
copolymer on a patterned surface. The simulations emplmgad SMC-moves, the slip-
link algorithm and slithering-snake motion of the chainBinie” is indicated in units of the
Rouse-timer = REOQ/D in the disordered bulk. One observes that the ordering paxe
via similar morphologies indicating that the morphologglisefly determined by the free-
energy landscape. The ordering time, however, increasesfagtor1.3 andg&.8 for the
weakly entangled slip-link model and the slithering-sndjeamics. Thus the simulations
confirm that non-crossability slows down the dynamics inlémeellar phase compared to
the behaviour in the disordered system.
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Figure 2. Structure formation of a symmetric diblock coposr (xo/N = 80) on a stripe-patterned surface.
The three columns correspond to local SMC-moves (a, ldifpyliak simulations (b, middle), and the slithering-
snake algorithm. The three images depict morphologiés3att/3 and the time, at which defect-free ordering
is observed. The ordering timeis given in units of the bulk relaxation time and the number of attempted
displacements per segment.

5 Concluding Remarks

The simulations highlighted the role of the single-chainawyics on the collective kinet-
ics of structure formation. The specific example illustdatee role of non-crossability and
explored a simple yet computationally efficient way to inmmate the effect of entangle-
ments in a soft, coarse-grained model. The slip-link modekdot predict entanglements
but it only incorporates their effects including consttaiglease. The strength of the en-
tanglement effects is set by the number and strength of ijhdirsks. The question arises
how to chose these parameters for a specific experimentahsy$Ve suggest to employ

the empirical relation between the packing lengtind the plateau modullﬁ§3“1~12

(0) 226k 5T /p? v v
Gy _ 000226k5T/p* o0 N %szTi\g ©)
Go  kpTNVN/Re® N N fieo

which has be corroborated by experiments and simulatiomsthieé parameters of the slip-

0
link model, we roughly find%(—fj)) ~ 0.14(5), which leads to the relatioN ~ 62N. We
emphasize that this is a purely dynamic relation becausdéoequilibrium properties the
chain discretizationV is immaterial. Thus, in order to simultaneously describeilds
rium fluctuations and entangled dynamics Aér= 14 883, we have to increase the chain
discretization taV = 240.
Alternatively, one can try to apply a primitive-path anadyto the multi-chain con-

figurations and identify entanglements from the staticcitne. This procedure has the
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advantage that it can predict the spatial variation of tiareglements as the chain confor-
mations adapt to their spatially inhomogeneous envirorinTére combination of slip-link
model and primitive-path analysis will lead to a self-catesnt description of the dynamics
of inhomogeneous, multi-component polymer systems.
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Many processes in life are controlled by membrane proteM& study generic interaction

mechanisms between such proteins by simulations of highiplgied coarse-grained models.
Specifically, we focus on a type of interaction that has bagmsely discussed in the literature,
the “hydrophobic mismatch” interaction. We analyze it ditatively in detail and compare our

results with the predictions of a popular continuum thethg, elastic model.

1 Introduction

Biomembranes are central components of all living matteneyTdelimitate cells, they
structure them by separating different compartments fraghether, they play an im-
portant role in controlling the transport of molecules anfimation within the cell and
between celfs

Remarkably, these vitally important structures are matidyresult of a physical self-
assembly process. Their main constituent is a bilayer @fdipvhich aggregate into sheets
because this is the most efficient way for the hydrophilicenale parts (“head groups”) to
shield the hydrophobic molecule parts (hydrocarbon “tafi®m the water environment
while remaining themselves immersed in water. The sheetmtolarge amounts of pro-
teins and other macromolecules, which are the biochemiaative components and have
a variety of functions: transport, enzyme activity, sigtrahsmission, cell connection,
cell-cell recognition etc.

The function of the proteins is to a large extent controllgdteir lateral organiza-
tion, which in turn depends on their mutual interactiongefactions between membrane
proteins are therefore a topic of great interest. Apart foliwmious direct interactions, the
membrane environment also plays an important role in omjjagproteins. For example,
in recent times the so-called “raft hypothesis” has beeoudised intensely, according to
which proteins are sorted and transported by mobile smifflidstmains (“rafts”) in the
membranes, which supposedly result from a demixing prooesgeen membrane lipids
of different type. Even simple one-component membranesadir mediate substantial
interactions between membrane proteins. This has beegnizea and investigated the-
oretically for decades, but only recently have computeobee powerful enough that it
can also be studied at a molecular level by computer sinougf 292224

Theories of membrane-mediated protein interactions ofssomake assumptions. For
example, analytical approaches often model the membraoaa®lastic sheet, or two
coupled sheets with certain elastic properties. Suchtield®ories” become questionable
on length scales which are comparable to the membrane #8sknNevertheless, they
make predictions on precisely these length scales. Siionfabffer a way to test such
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g{lm mm

Figure 1. Sketch of hydrophobic mismatch. The hydrophdiizkhess of the inclusion (red part) does not match
the membrane thickness. Left: positive mismatch, Righgdtige mismatch.

predictions and thus give insight into the validity of thastic model and its interpretation
of the interaction mechanisms.

In the present paper, we describe a comparative study odlsedc'hydrophobic mis-
match” interactions in an elastic model and in moleculansations. Hydrophobic mis-
match is encountered if the hydrophobic portion of a membaotein does not fit per-
fectly into a membrane.e. the membrane is locally distorted by the protein (see Figre
Two mismatched proteins interact with each otiaithese local distortions. This has been
one of the first membrane-mediated interaction mechanigmeaa protein discussed in
the literaturé” 1816 it has been established experimentally (at a qualitagivelt® " 6and
discussed theoretically for many decades (see Ref. 24 foebdverview).

2 Model and Method

In our molecular simulations, we use a “generic” coarseéngiclipid modef! where lipids
are represented by chains of tail beads of diametevith one slightly larger head bead,
and the solvent is a fluid of single beads. Tail beads attract ®ther, all other beads
are purely repulsive, and solvent beads do not interact atithl each other (to make the
model computationally efficient). The details of the mode! described elsewheré! 2%
We carry out Monte Carlo simulations at constant pressuaesimulation box of varying
volume and shape (boundary conditions). The membranesms®hless.

At the temperature used here, the lipids self-assembletapeously into a stable
fluid bilayer. The ratio of area per lipid and bilayer thicksgsquared) roughly corre-
sponds to that of dimetylphosphatidylcholine (DPPC), ohthe most common lipids in
biomembranes. The thickness can be used to assign “reaihi®&-to our model length
unit o, (1 o ~ 6A). Both our model membranes and DPPC bilayers undergo aedark
phase transition to a more ordered “gel” phase at lower teatpes?. By matching the
transition temperatures of this “main transition”, we césoadentify our energy scale.

The “protein” model is even simpler. They are modeled amdgis with diameters
corresponding to that of &-helix, with a central hydrophobic section of length They
have translational freedom in all spatial directions, Iniiit orientation is confined to the
z-direction. Tiltis forbidden, because the “proteins” i thlastic theory, which we use for
comparison, are also untilted cylinders with a given hytialgc length. This gives us two
parameters to play with: The hydrophobic lendttand the hydrophobic strength of the
proteinse,, (which is, in our case, the strength of the attractive foreeveen the protein
and the tail beads).

We compare with an elastic theory for hydrophobic mismattthbractions originally
developed by Aranda-Espinoea al', which has recently been extended by Brannigan
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| Parameter | Ourmodel | All-Atom | Experiment] Unit |

Bending rigidity
ke 22402 4 5-20 107207
Compressibility
parametek 4 /d3 3.6+0.9 1.1 6 10~20 J/nnt
Monolayer curvature
Co —0.08+0.03 | -0.05... -0.04 -0.04 nm—!

Table 1. Elastic constants (selection) of our model menméeanobtained from a fit of the fluctuation spectra to
the elastic theory, and from the pressure profiles, compareglues from all-atom simulations of DPEZ4and
experiments on DPPC bilayéfs

and Browrt. This theory is chosen here, because it fits the fluctuatiectsp of pure
membranes in an excellent widyand also works reasonably well for single proteins (see
below). We have also compared the simulation data with anredtive, similarly popular
Landau-type type theory, but the results were much worseshalil not be shown heté

In the elastic theory, the membranes are described as twaerbelastic monolayer sheets
with fixed volume, which can be compressed and bent and habeeefavourite curvature.
The elastic parameters (compressibility, bending rigidipontaneous curvature etc.) can
be extracted from the fluctuation fits and the pressure psofilable 1). Considering the
simplicity of our model, they are in remarkably close agreatwith the actual values for
DPPC.

3 Membrane-Protein Interactions

We first discuss the interactions between a single proteihta@ membrane. Figure 2
illustrates the membrane distortion in the vicinity of mios with different hydrophobic
thicknessL and hydrophobic strengi),. Proteins with hydrophobic thickneds= 6o,
are hydrophobically matched, = 8o, corresponds to positive mismatch (too thick), and
L = 40, to negative mismatch (too thin). At low hydrophobic stréngj;, the membrane
thickness is reduced in the vicinity of the protein in allabrcases: The protein merely
repels the lipids. In order to pin the hydrophobic membréinekhess to the valué at the
protein, the hydrophobic strength must exceed a certairev@); ~ 4 — 5 in our units).
This “critical” hydrophobic strength can be directly raldtto the free energy needed
for inserting the protein into the membrane from solutioheTatter has been determined
by a thermodynamic integration method, where the intesactirength between protein
and lipids was gradually turned &% The result for a hydrophobically matched protein is
shown in Figure 3. Itis positive for weakly hydrophobic miois and negative for strongly
hydrophobic proteins, and crosses zero roughly at the pdiete the protein starts to pin
the membrane. Hence proteins that are effectively atdntehe membrane also pin it.
The solid lines in Figure 2 show the fits of the profiles to thastét theory. They
are very good. It should, however, be noted that in order ¢talpece such good fits, we
had to modify the theory such that the boundary conditiori@aprotein surface became
adjustablé. One of the boundary conditions is the bilayer distortionthat protein, the
other one is related to the monolayer spontaneous curvaiuwhich is known (Table 1).
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Figure 2. Radial profiles of bilayer thickness around pretewith different hydrophobic streng#: and hy-
drophobic thicknesd. as indicated. Symbols: simulation data. Lines: Fits to thstie theory (see text for
explanation).

However, using the values of Table 1, we could not produceraagonable fit. We had

to “renormalize”cy. One can rationalize such a renormalization by assumirtgritransic
membrane propertieg .. the hydrophobic density or the local nematic order pararpete
change in the vicinity of the surface, which results in aret’e boundary conditic.
The thus modified elastic theory works very well and even antofor details of the
profiles such as their slightly oscillatory shape.

2008

100
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-100

Figure 3. Free energ\ F' of inserting a single hydrophobically matching protein fie thembrane versus hy-
drophobic strength,,; of the protein.
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Figure 4. Effective interaction between two proteins fdfeslent hydrophobic strengtty,: and/or hydrophobic
thicknessL as indicated.

We are now ready to look at the effective interactions bebwt®e proteins (deter-
mined using an appropriate umbrella sampling techniquéeyTare shown in Figure 4
and compared to the prediction of the elastic theory in Fdur At first sight, the most
pronounced feature is a strongly oscillatory shape, wharhdefinitely not be explained
by elastic interactions. It results from local rearrangeta®f the lipids. These “packing
interactions” have also been discussed in the liter&trand they represent a source of
effective membrane-mediated interactions not mentioadalrs On top of them, hydropho-
bically mismatched proteins experience an additionahetitre force which is absent for
hydrophobically matched proteins. The sign of this forcesioot depend on the sign of the
mismatch. When comparing this smoother contribution wihelastic theory (Figure 5),
we find that the elastic theory seems to fail. At small distsndt predicts attraction, in
accordance with the simulations. At larger distances, kewdt predicts a broad peak at
and a repulsive regime, which has no counterpartin the sitionl data.
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Figure 5. Effective interaction between two proteins fdfedent thicknessl according to the elastic theory.
Light grey line shows simulation data from Figuree4{ = 6) for comparison.

To analyze this discrepancy, we inspect the thickness psofil the two-dimensional
membrane plane close to the two proteins. The most prondutiference between theory
and simulation is observed for distances where the theatdtiteraction potential crosses
zero. Here, the theory predicts a thickness overshoot leshtlee two proteins, whereas
in the simulations, the thickness relaxes towards its uopeed value (Figure 6). This
finding hints at a possible reason for the failure of the thetimssumes that the boundary
conditions at the protein (the membrane distortion and #ffettive curvature”) are fixed.
They are constant everywhere on the surface of the protaitinaependent of the distance
between the proteins. On the other hand, we have already tiwethe boundary condi-
tions, most notably the effective curvature, are renorzedliby structural changes of the
membrane in the vicinity of the proteins. One would expeesthchanges to be affected
by the presence of a second protein, and to depend on thaakstéthe two proteins.

4.5

Figure 6. Thickness profiles in the vicinity of two proteingttwpositive hydrophobic mismatch,( = 8c¢)
according to simulation (left) and theory (right).

284



4 Summary and Outlook

We have studied the hydrophobic mismatch interaction betvpgoteins and lipid bilay-
ers, with a focus on comparing molecular simulation dath aiit established elastic theory.
Over all, the elastic theory performs well, if one accountsthe fact that local structural
membrane changes affect the effective boundary conditibtiee surface of the proteins.
Membrane distortions around single proteins can be fitteg mieely. The prediction for
the effective interactions between two proteins is not gésgactory, but this can probably
be remedied with a more sophisticated Ansatz for the boynztarditions. At this point,

it is somewhat discouraging that new fit parameters have tatbeduced at every level
of complexity (going from the pure membrane to membranels wite inclusion to mem-
branes with two inclusions), and tipeedictivepower of the elastic theory of hydrophobic
mismatch interactions has yet to be established. Nevesbglt seems likely that the elas-
tic model does capture the essential physics of the hydtmpmaismatch interaction.

We have studied interaction mechanisms in one-componemtmases as a first step.
As mentioned in the introduction, the heterogeneity of mathponent membranes is be-
lieved to play an essential role for the lateral organizatibmembrane proteins. This will
be the focus of our future work.
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Semidilute Polymer Solutions under Shear Flow
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A newly developed massively parallel hybrid simulation gnam, MP2C, combining molec-
ular dynamics simulations and the multiparticle collisidynamics approach, is exploited to
study the structural and dynamical properties of semiglijpglymer solutions under shear flow.
Results are presented for the density and shear-rate dapendf the polymer conformations,
orientations, and orientation-angle distributions.

1 Introduction

The dynamical behaviour of dilute and semidilute polyméutsons is strongly affected or
even dominated by hydrodynamic interactibisFrom a theoretical point of view, scaling
relations predicted by the Zimm model at infinite dilutiorg.ethe dependence of dynam-
ical quantities on the length of the polymer, are, in generatepted and confirméd>
However, we are far from a similar understanding of the dyicaraf semidilute polymer
solutions under equilibrium or non-equilibrium condit®ninsight into the behaviour of
such systems is of fundamental importance in a wide speotfusgstems ranging from
biological cells, where transport appears in dense enmigatis, to turbulent drag reduc-
tion in fluid flow. Moreover, in semidilute solutions of longlymers, viscoelastic effects
play an important role. Due to the long structural relaxatime, the internal degrees of
freedom of a polymer cannot relax sufficiently fast under-egnilibrium conditions and
an elastic restoring force tries to push the system tow#sdsiginal state.

Recent advances in experimental single-molecule tecksiguovide insight into the
dynamics of individual polymers under equilibrium and resuilibrium condition& 7, and
raise the need for a quantitative theoretical descriptiaorder to determine molecular pa-
rameters such as diffusion coefficients and relaxationgdimihe complex molecular in-
teractions in semidilute solutions hamper an analytieadtment, but a theoretical under-
standing can be achieved by computer simulations. The larggh- and time-scale gap
between the solvent and macromolecular degrees of freedquires a mesoscale simu-
lation approach in order to assess their structural, dycalyand rheological properties
Here, we apply a hybrid simulation approach, combining mmuakr dynamics simulations
(MD) for the polymers with the multiparticle collision dymacs (MPC) method describing
the solvent?®,

Experiment& 7 theoretical studiés and simulation¥ ! of individual polymers under
shear flow conditions exhibit large deformations and a strlignment of the polymers.
Moreover, a large overlap is present in semidilute solutibiong polymers. A typical
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simulation require30® — 10 monomer and 0” — 102 fluid particles. Hence, despite the
adopted mesoscale approach, large systems can only bedstudia massively parallel
computer architecture.

Here, we present results of large-scale simulations ofdiérte polymer solutions un-
der shear. The simulations were performed with our prograPA®/(massively parallel
multiparticle collision dynamics), which exhibits exaait scaling behaviour on the mas-
sively parallel architecture of the IBM Blue Gene/P comptfte

2 Simulation Method and Polymer Model

Within the multiparticle collision dynamics approach, tted is represented by point
particles of mass:, which interact with each other by a stochastic process.algmithm
consists of alternating streaming and collision steig% In the streaming step, thé, fluid
particles move ballistically and their positions changeoading to

7i(t) = 7i(t = h) + htiy(t — h), 1)

i =1,..., Ny in the time intervalh, which we denote as collision time. In the collision
step particles are sorted into cubic cells of side lerngémd their relative velocities, with

respect to the centre-of-mass velocity of every cell, at@ed around a randomly oriented
axis by a fixed anglev. This imposed stochastic process represents the effecanym
real collisions. In a collision step mass, momentum, andg@nare conserved, which

leads to the build up of correlations between the partichesgives rise to hydrodynamic

interactions. Hence, the velocity of a particle changesatinog to

Uit +h) = 0;(t) + (R(a) = E) (T(t) = Tem (?)), @)
where v;(t) is the velocity before the collisionR(«) is the rotation matrix,

Ven, = Z;V:CI ¥; /N, is the centre-of-mass velocity of the particles contairmrethie cell
of particle:, and .V, is the total number of fluid particles in that cell. is the unit matrix.
To insure Galilean invariance, a random shift of the lata€eollision cells is performed
at every collision steyp.

A polymer chain is introduced into the system by addi¥g point particles each of

massM, which are connected linearly by bonds with the potential

Np,—1
K . q
UB=§ Z (|Figr — 75 = 1)°, 3)
i=1
wherel is the bond length To account for excluded-volume interactions, the monesmer
interact via the repulsive, truncated Lennard-Jones piaten

g\12 _ (g\6 6
URLJ:{ALE{(?) (%) }+6’T<\/§-U' (4)
0, otherwise

The dynamics of the chain monomers is determined by Newteqisgations of motion
between the collisions with the solvent. These equatioadrdgegrated by the velocity
Verlet algorithm with time step,,.

The monomer dynamics can easily be coupled to that of theesblyy incorporat-
ing them in the collision stép'* For a collision cell withN,. fluid particles andV¢,
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monomers, which may belong to different polymers, the enfrmass velocity is given
by

N. Ng,
Ve (t) = | > mui(t) + Y > Mw{(t)| /[mN.+ MN,]. (5)
i=1 v k

Here, v and k& denote those polymers and monomers, which are within thsidered
collision cell. This results in an exchange of momentum leetwthe solvent and polymer
degrees of freedom. The new monomer velocities are thenassiedtial conditions for the
MD simulation of the polymers.

A shear flow is imposed by the opposite movement of two cordimialls. The walls
are parallel to the:y-plane and periodic boundary conditions are applied inthandy-
directions. The equations of motion of the fluid particles tien modified by the wall in-
teraction$®. We will assume no-slip boundary conditions, which we by the bounce-
back rule, i.e. the velocity of a fluid particle is revertedemht hits a wall ¢; — —,).
The same rule is applied for the monomers when colliding wittalf.

The program MPC is implemented in module-oriented Fortrat@Message passing
between processors is realized with the MPI standard. Thallpkalgorithm is based
on a three-dimensional domain-decomposition approackraevparticles are sorted onto
processors according to their spatial coordinates. Theepteversion of the program is
implemented on &"-subdivision of processors, where every processor is respie for a
sub voluméeVp = V/N,,, whereV = a® 1., na andn, is the number of collision cells in
each Cartesian directione {z,y, z}. Volumes and boundaries of spatial domains are not
altered during a simulation. The domains are chosen sutthéaatio of surface/volume
is minimized.

The following simulation parameters are adopted. The stiani box size is
L, =450a, L, = L, = 75a, with an average ofN.) = 10 particles in a collision
cell. The rotation angle is set i@ = 130°. Length and time are scaled according to
753 = rg/a andt = t\/kpT/(ma?), which corresponds to the choiég” = 1, m = 1,
anda = 1, whereT is the temperature anklz the Boltzmann constant. The collision
time ish = 0.1 and the MD time stefh, = 2 x 103, These values yield the viscosity
n = 8.7(mkpT/a*)*/?. The polymer parameters ate= a, 0 = a, ¢/kpT = 1, and
k = 5 x 103. Results are presented for the chain lendth = 250 and the number of
polymers)N, = 50, 100, and3000. The segmental concentration for the largest polymer
number is significantly above the overlap concentration.

3 Results

The conformational and dynamical properties of polymepsed to a shear flow strongly
depend on the applied shear rgteas illustrated in Figure 1. A convenient quantity to
characterize the conformational changes is the averagdigyitensor, which is defined as

N,
. 1 &
Gap() = 5~ D (riarip), (6)
mo=1

wherer; , is the position of monomeirelative to the centre-of-mass of the polymer.
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&

Figure 1. Snapshots of a system with, = 800 polymers for the Weissenberg numb&W& = 11 (top, bottom
left) and Wi = 340 (middle, bottom right). For illustration, some of the chaire highlighted in blue. The
bottom images show closeup views.

The diagonal components, ., are shown in Figure 2 as a function of the Weissenberg
number Wi= 47, with 7 the longest relaxation time, for various polymer concerure.
The polymer radius of gyration has been predittedshrink in semidilute solutions ac-
cording tor2(c) = (r®)?(c/c*)2»=1/(1=3v) ‘when the segment densityexceeds the
value at the overlap concentratioh = 3N,, /(47 (r)?). The radius of gyration at zero
concentration is approximately given W;’)Q = [2N?" /6. Based on results of previous
simulations of (shorter) polymers in dilute and semidilséutions, we find a scaling ex-
ponent ofv ~ 0.64 for our chain modél Taking this estimate of the radius of gyration,
we scale the component,., by G2, (¢) = r2(c)/3. The density dependence of the ra-
dius of gyration of our polymer system needs to be confirméidchwrequires equilibrium
simulations. Similar, the longest relaxation times neeldaletermined from such equi-
librium simulations. The simulations of shorter polymerglilute solutions show that an
estimate of the relaxation time is obtained from the retétio = 0.32511> N3 /(kpT).
The relaxation time also depends on the polymer conceairatin Ref. 16 the relation
7(c) = 7(c/c*)3=/Bv=1) — 7/(¢) is provided in the very high overlap regime. Since
we are in a moderate overlap regime only, it is agdriori evident that the relation fqu
applies to our systems. We therefore adjusuch that we achieve a scaling behaviour for
G .. and the alignment angle, which is displayed in Figure 3.

The gyration tensor component in the flow direction increasith increasing shear
rate, whereas the components in the gradient and vortigiégtibns decrease. The simu-
lations of polymers for various concentrations in the diltetgime yield the same values of
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Figure 2. Normalized components of the average gyratiosotealong the flow (top), gradient (bottom), and
vorticity (middle) directions, respectively. The blackusges M) are for a dilute system, the red squarll (
are for a semidilute solution with/c* ~ 13.5, i.e., u(c) = 9, which corresponds to 3000 polymers in the
simulation box.
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Figure 3. Shear rate dependence of the orientation anglénéonumber of polymergv, = 50 (green),100
(black), and3000 (red) corresponding to/c* = 0.23, 0.45, 13.5, respectively. The dashed line illustrates the
dependence Wi'/3. The inset displays the same data without the concentreiprendent factof.

G ., for all considered shear rates. Similar, the polymer de&tion along the flow direc-
tion seems to be independent of the concentration. Howthweitransverse components
Gy, andG . exhibit a smaller shrinkage at higher concentrations. Thidd be related
to the fact that the polymers are already more compact aehigincentrations, and there-
fore their relative compression is smaller. Interestinglighout the scale factgi(c), the
componentsy,,, andG. . are very similar for the various concentrations.

The alignment of the polymers is characterized by the aat@nt angley, which is the
angle between the eigenvector of the gyration tensor withidlgest eigenvalue and the
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flow direction. It is obtained from the components of the uadif gyration tensor via
tan(2x) = 2G4y /(Gaz — Gyy)- @)

Figure 3 shows that systems of low and high polymer concgots follow a univer-
sal curve. The orientation obeys the theoretical prediétian(2y) ~ Wi~%/3 valid for
Wi > 1, which has been also found in single chain simulatténat small Weissenberg
numbers, the dependence Wj with v =~ 1/2, is consistent with experiments and sim-
ulationg®. There is a pronounced dependence of the alignment on theectration as
illustrated by the inset of Figure 3, when the Weissenbergler in dilute solution is con-
sidered only. This dependence, however, is related to taegghin the polymer relaxation
time. From our fitted valug: = (c¢/c*)” ~ 9, with ¢/c* ~ 13.5 we obtain a scaling
exponent’ ~ 0.85. This value is smaller than the theoretical vafue = 1.17. The rea-
son could be that we have not yet reached the asymptoticflamihe applicability of the
scaling law, which is valid for large overlap concentraoffhis aspect deserves further
considerations.

Further insight into the orientational behaviour of an vndiial polymer is obtained
by the distribution function$(#) and P(¢), wheref is the angle between the end-to-end
vector and its projection onto the flow-gradient plane arisl the angle between this pro-
jection and the flow directich’. As shown in Figure 4, the distribution function for the
angle¢ displays a significant shear rate dependence. At zero sieangle is preferréd
With increasing shear rate, a peak develops at finiitwhich shifts to smaller values with
increasingy. Atthe same time, the width of the distribution decreaségoretical calcula-
tions’ show that the angle at the maximum of the distribution ecir@sngley presented
in Figure 3. The probability distributioR(¢) depends on the polymer concentration. The
inset of Figure 4 displays the distribution functions forilat solution and a concentrated
solution for approximately the same product of shear raterafaxation time. Evidently,
the distribution of the more concentrated system is brqaéithe maxima of the distribu-
tions appear at the same angle, which is consistent withcdileng presented in Figure 3.
We like to emphasize that the distribution function at thigdst concentration was smaller
and the maximum was shifted, if the facfaic) would be left out and systems of the same
Weissenberg number were compared.

The probability distributions of the angbeare displayed in Figure 5 for various Weis-
senberg numbers. Theoretical calculatfopedict a cross-over from a Gaussian shape of
the distribution function to a power-law decay according@) ~ 6~2,within a certain
range of angles, with increasing shear rate, which is cosfirimy the simulations. We
find a gradual change in the dependence of the distributioctiions on the concentration.
At low shear rates, the distribution functions for low andihiconcentrations are differ-
ent. However, for the two large$Vi, we find that they agree well with each other. This
behaviour is strongly related to the deformation of the pays. For lower Weissenberg
numbers, the polymers at higher concentrations are manegdyrdeformed along the flow
direction than those in a dilute solution. Hence, they eixl@marrower distribution in
0. In the high shear-rate regime of our simulations, the pelgrexhibit approximately
the same deformation independent of concentration, wiicéfiected in the similarity of
the distributions. This seems not to apply to the distritnu®(¢), as is evident from the
difference in the alignment angle (cf. Figure 3).
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Figure 4. Probability distributions of the anghbetween the projection of the polymer end-to-end vectar tre
shear plane and the flow direction for the Weissenberg nusifer= 34 (black), Wi= 114 (blue), Wi = 340
(magenta), and Wi= 3400 (red) of the system withlV,, = 3000 polymers. The inset compares the distribution
function of a dilute system (Wr 1140 (black)) with that of a concentrated systemv;( = 3000) with a
comparable product of shear rate and relaxation time:(Wi~ 1025 (red)).
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Figure 5. Probability distributions for the angléoetween the end-to-end vector and its projection onto the flo
gradient plane for the Weissenberg numbersW11 (blue), Wi= 34 (magenta), Wi= 340 (red), Wi= 1100
(green), and Wi= 3400 (black) of a dilute system (dashed lines) and A&gy = 3000 (solid lines). The dashed-
dotted line is a Gaussian function with non-zero mean fitbettiet distribution function for Wi= 11. The straight
solid line has a slope of 2.

4 Conclusions

We have presented results for the conformational and stralgbroperties of semidilute
polymer solutions in a shear flow. The asymptotic (scalirglime of polymers under
shear is only reached for large Weissenberg numbers, wbithsponds to long polymers
and large overlap concentrations. Thus, the simulatiorel@vant polymer sizes under
shear flow are only possible on massively parallel computers
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Earth and Environment can best be understood as one irgdg@gstem. Numerous stud-
ies are clearly revealing this message. Climatic changgshaee been triggered not only
by influences from the exterior, for example by the sun. Fsses deep in the Earth’s
body can lead to intense phases of volcanism and such caosg sBhpacts on the Earth’s
atmosphere. The Earth has a magnetic field and this proteetgainst particle bombard-
ment and radiation from the sun and from space. VariatiotisarEarth’s magnetic field
can change the conditions. The term Space Weather is by nmmnoaly used. Not the
fluctuations in temperature, air pressure, etc. in the Baatmosphere are meant. Instead
Space Weather describes the fluctuation in Space, due tgesansolar radiation, leading
to changes in the solar wind, a flux of charged particles oatyng from the Sun. When
Space Weather reaches Earth it runs into the Earth’s magfifeltd and the outcome is a
result of complex interactions between the flux, as emittechfthe Sun and the magnetic
field, as generated in the Earth’s core. In fact, the Eartt@gmetic field is generated by
a dynamo process, deep in the molten Outer core of the Eadldapth of more than
3000 km. | find it important to realize that the conditions ethive meet on the Earth are
the result of the interaction of processes on the Sun anceidé¢lep Interior of the Earth.
In my view this perfectly underlines the interconnectedrdprocesses which is anything
but clear at a first glance. Understanding of Earth and Enuient depends critically on
an understanding of the individual processes and theivaataénteractions.

An approach, well-balanced between data and models, sedmshe most promising
strategy to understand the structure and evolution of EarthEnvironment. In each of
the contributions to the Earth and Environment section isffHC- Symposium, different
weight is given to either data or models. The work of SchuH.etiens at determining the
Earth’s gravity field from satellite measurements (GOCEsian). While the foundation
of that type of analysis goes back to the times of Gauss, theteehnologies allow to
collect data, which need sophisticated processing teaksidn order to retrieve the essen-
tial information. In this case, two different sources ofajate considered: One is the low
frequency part of the gravity field as being measured by catiweal Satellite to Satellite
Tracking (SST), the other one is a new method, employing timeiple of Satellite Grav-
ity Gradiometry (SGG), in order to measure the high freqyemmponents of the gravity
fields. Combining the two sources poses a high dimensionalfiteng problem, facing
irregularly distributed data. Well designed algorithms agnificant computer power is
needed to solve this problem. Such an analysis will allowaf@recise determination of
mass anomalies within - and - on the surface of the Earth alidhwuis allow a sharper
picture of the planets structure and even its dynamics.
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Prediction lies at the heart of the work as presented by Eleeal. In the atmospheric
sciences, predictive power is usually gained from forwamtleling, i.e. from integrat-
ing the partial differential equations governing the etioln of momentum, temperature,
pressure and chemical constituents, in space and time.rrbiatstic models, however,
suffer from uncertainties in the initial conditions, andrfr poor data quality. Thus the
principally well posed initial value problem becomes, ungalistic conditions, a severely
underdetermined problem. Additional information, eitfrem observations or often from
the model itself has to be taken into account. Here the indtion can be of statistical
character, or can be based on knowledge about the physibe afystem and thus be of
dynamical nature. After all, the whole task, to determireegtate of the atmosphere form
an inverse problem, in which temperature, pressure and k#yequantities are estimated
from observed data and from model results. In a novel apprdabern et al. employ
methods from variational calculus to develop new methodsatd assimilation and pow-
erful inversion techniques.

At a first glance, the contribution by Stellmach and Hansealsdwith a purely funda-
mental problem: The dynamics of a vigorously convectingiflsuibject to strong rotation.
This study is motivated by the wish to better understand yimanchics of the Earth’s core.
The Earth’s core is essentially a body of liquid metal, whosgion is strongly influenced
by the planet’s rotation. Up to now, it was not clear underahifdircumstances the rotation
dominates over turbulent convection or vice versa. Sirmdahe dynamics of the Earth’s
core under realistic condition seems even today an elusiak §till it is possible with the
power of today’s supercomputers to unravel at least ceatspects of the dynamics. The
present study shows that the boundary layer behaviour aftem seems to determine its
state, rather than a global force balance. Applied to théhEare, one would expect the
flow within the core dominated by rotation, however, mucls iggn estimated in previous
studies. Further extrapolated, a core, being at the borterden rotation-dominated and
turbulence-dominated might temporarily be within the onehe other regime, and this
basically could explain sudden changes in the dynamicseatdine. If this has any bearing
on the reversals of the Earth’s magnetic field, can not be areshby now and remains a
speculative but likewise tantalizing issue.
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Today, it is widely recognised that the present changesdretirth’s environment challenges
our ability to detect and understand the various atmosplpedacesses and to assess the result-
ing impacts. The urgently needed knowledge about the presatie of the atmosphere as part
of the earth system, its atmospheric trace gas and aerodgktsuand their future variability
requires reliable analyses, resting on information frosesbations of the governing processes.
Even increasingly accurate and comprehensive measureim@gtprovide sparse snapshots of
the instantaneous state of the system. Numerical modedsipeccomplete space-time data sets
based on our present yet incomplete knowledge of the uridgryrocesses. Hence, the results
of pure model calculations are of limited and, more impdiyaften unknown validity. Im-
proved conclusions must be inferred from processing puesq that are able to combine ob-
servational data with models in a consistent and synetgiséinner. The requested techniques
can only be provided by advanced spatio-temporal data dagen and inversion methods.
The mission, objective, and work program of IMACCO are adidrio this basic principle. A
key technique adopted here is the variational calculugngesn the tangent-linear and adjoint
model derivatives.

1 Introduction

The combined task to analyse and predict the atmosphermichecomposition — given
such diverse, yet error affected information sources likedninistic models, emission
inventoriesjn situ observations and space borne remote sensing data — reguirethod-
ological shift beyond traditional simulations by numetlicdegration of partial diffential
equations. For a proper system understanding, we need totkieocchemical system state
depending on observability and predictability. Obserligbencompasses the available
extent of observing network with respect to known constsaby chemical laws, while
predictability involves sensitivity to parameter modifioas compared with our precision
of knowledge. The virtual institute IMACCO seeks to addréesse issues by develop-
ing and operating a wide range of novel inverse modellingrsibns, which supplement
the forecast system. Here, advanced spatio-temporal daimitation and inverse mod-
elling techniques deal with observability while targetdxdervation techniques cope with
predictability. In IMACCO regional tropospheric air quslinverse modelling as well as
global middle atmospheric data assimilation is addresisedll applications, the tangent-
linear and adjoint model versions play crucial roles andtbdzk developped. The compu-
tational problems include meteorological and chemistpgport model integrations and
optimisation procedures with a degree of freedom of ok@ér0”). Consequently, the
algorithms applied are computationally extremely demagdiSeveral novel algorithmic
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techniques had to be implemented to render these taskblfasihe access to the NIC
JSC compute platforms is prerequisite to achieve this task.

2 Tropospheric Inverse Modelling

The core of all tropospheric inverse modelling techniquescdbed in this chapter is the
EURAD-IM (EURopean Air pollution and Disperation - Inversodelling) chemistry-
transport model (CTM). It simulates the evolution of troplsric trace gases and aerosols
in time and space by taking into account transport, diffasamemical transformation, wet
and dry deposition, and sedimentation.

2.1 Optimisation of Initial Values and Emission Factors forGas-Phase Chemistry

Chemical weather forecasting in the troposphere is goddmpseveral physical and chem-
ical processes and controlled by parameters which are motrkmith sufficient precision.
4-dimensional data assimilation (4D-var) admits for thérofsation of further parameters
than initial values only. Generally, those parameters khba optimised that are poorly
known and to which the system’s evolution in time is very g@res In tropospheric chem-
ical data assimilation initial values and emission ratesasuitable set of optimisation
parameters.

The basic idea of 4D-var is to minimise a scalar cost-fumctig that measures the
distance between a CTM model run and the observations wathgredefined time-span
(also referred to as assimilation interval) on the one hand,an appropriate background
field on the other:

T (0x(to), de) :%(5x(t0))TB_15x(to) + % /tF(ée)TK_l5edt+
. N (1)
% / (d(t) — H(t)ox(t))" R™1(d(t) — H(t)ox(t))dt

Hereox(t) = x(t) — x, andde(t) = e(t) — e(t) are the deviation of the background
chemical state, and the emission inventory,(¢), whereas, is usually obtained from a
preceeding forecast or assimilation rdt{z) := y(t) —H(t)x;(t) is the observation minus
model discrepancy at time(y(t) is the vector of available observatiod¥(¢) calculates
the model equivalent to each observation). The error camaé matrices grant a proper
weighting of the reliability of information and are denotsifollows:B € RY*N with N
the number of model variables for the first guess or backgtaatues K € R”* ¥ with
E the number of emitting grid points times emitted speciedtieremission factors and
R € RM®>XM®) with M (t) the number of available observations at tinier observation
errors. For a more detailed description see for examplerksigal., 1997 and 2007.

The gradient of7 with respect to the joint chemical state and emission ratiavie
z = (6x(ty),de)T has to be determined for minimisation. The adjoint modelratue,
formally integrating from timetp backward in time to the initial time, is needed for
this purpose. The optimisation problem can be solved by aighN@wton minimisation
procedure, e.g. the limited memory BFGS
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A both crucial and critical part of data assimilation is tlengration of the background
error covariance matriB as introduced in Eq. (1). A costly but very accurate way to
generatdB is to set up an ensemble with perturbed emissions or initihles so thaB
can be derived via

1 K
n=1

whereB;; is the background error covariance between baéxewlj, K is the number of

ensemblesxl") the model state of a species of ensemble membargrid cell l andz;
the ensemble mean of a species.

A key problem in applying algorithms with the whole matiiis, that excessively high
storage capacities are needed. To circumvent the neceésiiyringB in Eq. (1) Weaver
and Courtiet proposed a generalised diffusion operator to repRoghile granting the
statistical properties of covariance matrices, say pasiefiniteness and symmetry. The
fundamental solution)(z, t) of the diffusion equation at location and for timet, for
clarity reading in one-dimensional form, reads

oY 0% B
E — K W =0, (3)
which is given by the convolution af(z, 0) with a Gaussian
_ 1 (Z - Zl)2 / /
Y(2,t) = Vi /GXP <—T ¥(2',0) dz’. (4)
After normalization a valid correlation function can be defi with
2kt =: L* (5)

acting as the square of a correlation length-scale. Un@exshumption of the model acting
Gaussian and taking into account tiigf; can be determined for two grid cells via Eq. (2)
andr being the distance between the centres of these cells, orgetiae

B0 B0 () « - (@(E0) @

wherer is expressed in scales of grid-cell spacing &) = 3 (B;; +B;;). Only
adjacent cells are being considered resulting ia 1. Thex derived via Eqg. (5) (one
for each direction North, East, Top) are then stored instédd, resulting in a memory
demand of the orde?(n) instead ofO(n?).

As an example of the outcome of the described techniquesntbect of emission rate
optimisation is demonstrated in Figure 1. It shows, SO0, NO,, and xylene emission
factors over the integration domain of a 2 km grid. Since iBed a large urban island
within a rural environment, sulfur emissions are confinethiéogreater metropolitan area.
The upper left panel of Figure 1 clearly indicates a nearlgrall reduced emission rate
over the densely populated area. In the case of CO similactsftan only be claimed for
the area of east Berlin. The effects vary moderately for, Nihile xylene appears to be
underestimated by the emission inventory, with an amptibcaactor of about.2. In all
exhibited cases, the inversion results remain well withim érror limits of the inventory.
Emission rate optimisation of SGnd CO is mainly based on concentration observations
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Figure 1. S@, CO, NGO, and xylene optimisation factors over the integration dioned the finest grid (2 km
resolution) over the greater Berlin area for the surfacerlagoloured squares indicate the impact areas of the
individual nests, ranging from 54 km to 2 km resolution, iwag 4 nest levels.

of these species. In the case of other emissions, which ely @bserved, inference can
only rest on measured product constituents, most proniinentne.

2.2 Aerosol Assimilation

The aerosol component of the EURAD-IM model system includesganic and secondary
organic aerosol modules. The Modal Aerosol Dynamics maateEfirope (MADE) has
been developed for the EURAD-IM model to allow for a detatiehtment of aerosol ef-
fects. Due to its complexity no full adjoint is available y&herefore, a 3D—var algorithm
has been implemented, which, in contrast to 4D—var, onlglis the adjoint of the ob-
servation operatd, i.e. only a spatial assimilation is accomplished at sévames and
no emission factors are optimised

Aerosols play a very important role in atmospheric chemisiodelling. They have
directimpact on the global radiative transfer balance #mgs, on climate as well as on lo-
cal air quality and weather. Since aerosols are not, as lgasespecies, simply part of the
ambient air, but instead a rather arbitrary agglomeratiosuspended particles like soot
or mineral dust and/or an aqueous solution of SONO; and NHf mainly. The sources
of these particles often are non-periodic events like wilesfi volcanic eruptions or dust
outbreaks which are difficult to predict. Furthermore, imttast to gas-phase species
measurements, aerosol observations are generally givetegrated units, like PM (in-
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tegrated particulate matter with a diameter of less thapr0n [%D or, as from several
satellite instruments or retrieval algorithms, as aerogtical thickness (AOT). Figure 2
(upper left panel) shows predicted Rivtoncentrations for July 14, 2003 11:00 UTC that
are rather moderate to low. The image in the bottom row dysglasitu measurements
(diamonds) and SYNAER P retrievals (ashlars) at the same time, showing much higher
values from the Iberian Peninsula to the North Sea deriviogfvast wild fires in Spain
and Portugal in that period. The upper rightimage showsriaé/ais based on all available
measurements and the background field after assimilation.
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Figure 2. PM, concentrations jg/m3] on July 14, 2003, 11:00 UTC, as forecasted without assiimilgupper
left), assimilation results based on all observations éupmht) and available observations, bathsitu and
SYNAER retrievals (bottom row).

2.3 Targeted Observations

Adaptive observations taken in well defined targeted araasreduce the initial condi-
tion uncertainty and decrease forecast errors. Reasotzabkt areas are unstable system
modes, which can be detected by means of singular vectoessimgular vectors of a nu-
merical model identify the directions of fastest pertubiatrowth over a finite time inter-
val and are therefore associated with dynamically seessfpgtem states. Within IMACCO
the main attention is paid to targeted observations of cb@&species. Here, not only the
identification of sensitive regions is of special interésit, furthermore the specification of
sensitive species. Since this problem is concerned witrahéing the evolution of initial
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errors, the ratio between perturbation magnitudes at fima&l#tz and initial timet; is used
to define a measure of error growth

_ 1etr)l%,
[oe(tn)[3,

with  dc(t) denoting the uncertainties of chemical species at timheand

loc(t)|la;, =< dc(t), Ar/rdc(t) > defining an inner product by a positive defi-
nite matrix A; and a semipositive matriA . Assuming the initial uncertainty to evolve
linearly, the final uncertaintyc(¢ ) can be expressed in terms of the initial uncertainty:

Lt oc(tr)lf,  0c(tn) Ly in” AR Lty 1p 0c(ts)

E(6c(ty)) = ||5C(t1)|‘?41 - de(tr) TAyde(ty) . (8)

€ (de(tr)) (7)

The operatorsCy, +,, and Et,,tFT are denoted as the tangent linear and adjoint model
respectively. The vectors that maximize the rdfi@re the singular vectors (¢;) with
largest singular values?:

ﬁtthTAF ‘Ctl-,tF Si(t]) = 01’2 AI Si(t]). (9)

The solutionss;(¢;) depend on the selection of the-norm. Using different matriceA
allows local and chemical projection as well as scaling Ipydgl concentrations to gain a
relative error growth.

The forward (tangent linear) and backward (adjoint) evolubf the chemical uncer-
tainties in space and time is calculated with the EURAD-IMd®isystem, which provides
transport, diffusion, and gas-phase transformation agdiat and adjoint model. The tan-
gent linear model for each process has been developed. g&evelue problem in Eq. (9)
can be solved efficiently using the software package PARPACK
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Figure 3. 15¢ projected singular vector (Qand NG, entries in altitude range from 8.8 to 10 km).

Figure 3 shows the initial fractions of;@nd NG, (in altitude range from 8.8 to 10 km)
of the directions of largest relative error growth. The Kdimulation started on October 10,
2008, 8.00 UTC, with initial projection on all species andifiprojection on Q. No local
projection was applied. Since the directions of largegirggrowth are dimensionless, the
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vectors were set to unit length. The singular vectors caitdédrmation for each species on
each grid point, they demonstrate how sensitive each lmtatid each species is. Figure 3
points out that for the given configuration, @ more sensitive than NCn altitude range
from 8.8 to 10 km and that both species are more sensitiveeipaist than in the west.

3 Stratospheric Data Assimilation with SACADA

SACADA is a 4D-Var assimilation system for stratospheract gas observatiohhich
makes use of the diffusion approach (see Section 2.1). The&eWeather Service’s
global forecast model GMEis integrated in the system in order to compute the meteo-
rological fields at the same temporal and spatial locatioheresthey are needed by the
chemistry module. Storing the meteorological states fehdane step and recoverage
for forward and adjoint integration of the chemistry modal®ids temporal and spatial
interpolation errors of meteorological parameters. GME Ib@en selected because of its
icosahedral grid design (Figure 4), which provides a nelaoijmogeneous distribution of
grid points over the globe, avoiding singularities at théep@and crowding of grid points
due to meridional convergence at high latitudes. Given #oe that most computational
burden is associated with the solution of the stiff ordindifferential equations of chem-
istry at each grid point, a high numerical efficiency is readi by this grid design. To
obtain rectangular data structures, two adjacent icosahtidngles are combined to form
a diamond, partitioning the grid into ten logically rectatay sub-grid domains as marked
by the bold lines in Figure 4. The model setup is parallelizgidg a diamond-wise domain
decomposition. Each processor works on one portion of eachahd. This is a simple yet
effective strategy to achieve a good load balancing betwesressors. Each domain has a
halo of two rows and columns of grid points that have to be argled among processors
twice each time-step using the Message Passing Interfae @tandard.

Within IMACCO, the region of the upper troposphere/loweatisphere is of special
interest. It is characterized by a strong spatial and teaipa@riability of the dynamic

GME Grid, ni = 48 GME domain decomposition for 6 processors

Figure 4. Left hand side: Icosahedral grid with a resolutbt47 km. Right hand side: Domain decomposition
for six processors. Each colour indicates a region thatsigasd to one processor.
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structures. This variability spreads by transport andsfi@immation processes to the trace
gas distribution in this region. For this reason the grichefassimilation system SACADA
was refined. The horizontal grid point distance was reducech 250 km to 147 km
and the vertical distance of the model layers up to a heiglt2okm has become less
than 1 km. According to the specific tropospheric chemidtey $tratospheric chemical
mechanism of the SACADA assimilation system was extendédantains additional 12
photolysis, 25 gasphase and 3 heterogeneous reactionse Thanges gave way to the
proper assimilation of small-scale aircraft measuremeh@RISTA-NF.
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Convectively driven, rotating turbulence is ubiquitoug#o- and astrophysical systems. Here,
we investigate the rotating Rayleigh-Bénard system bynsed direct numerical simulations.
Our simulation results allow us to establish scaling refathips for the heat transport which
can be readily applied to a broad class of geophysical amdpdmtsical systems. In particu-
lar, we identify two different dynamical regimes: one in wafhirotation dominates and where
the Nusselt numbeNw scales approximately a¥u ~ RaS/®, and one in which the heat
transfer is not affected by rotation and where hard-turiméebehaviour withVu, ~ Ra2/7

is observed. We further hypothesize that the transitiomftioe rotation dominated regime to
the hard turbulence regime is tied to boundary layer dyngniicsharp contrast to widely used
global force balance arguments.

1 Introduction

Turbulent convective flows under the influence of strong @imforces occur in many geo-
physical and astrophysical bodies. They are important@nand atmosphere dynamics
and they drive the strong turbulence observable in the dayers of the sun and of the
gas giants Jupiter, Saturn and Neptune. Rotating convealsm occurs deep in planetary
interiors where the resulting flows of electrically condngtfluids are thought to generate
planetary magnetic fields.

The ubiquity of rotating convection in geo- and astrophgissiystems poses challeng-
ing problems for a thorough understanding of these syst&misexample, an exact esti-
mation of the heat transfer resulting from highly turbuleativective motions is crucial
for typical thermal evolution models. Other applicatiorguire a detailed knowledge of
the flow characteristics. The large scale magnetic fieldeigged by planets and stars for
example are believed to be a consequence of certain spadia&amporal flow correlations
deep in their convective interidrsThese correlations are thought to be induced by Corio-
lis forces, and it is important to predict how strong the lgackind rotation needs to be in
order to organize the flow accordingly.

In this paper, we consider the special case of rotating RgylBénard convection,
a system that has received considerable attention durandptit years*. While being
geometrically simple, this configuration retains most efilasic ingredients characteristic
for a broad class of geophysical and astrophysical flows.

2 Model Description

The model consists of a rapidly rotating fluid layer that i®jeat to a uniform verti-
cal gravity field. A constant temperature difference betw® bottom and top bound-
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aries causes local density variations which drive conveatiotions. In the Boussinesg-
Approximation, the system behaviour is governed by the &ojus

) P
a—‘; — Prv?u + frez xu=—VP+ PrRaTe, — (V x u) x u, (1)
or
E VT = —u.VT 2
o~V u- VT, 2)
Vou=0 |, 3)

whereu, P andT" denote the dimensionless velocity, modified pressure angdeature.
e, is the vertical unit vector. The layer heighthas been used as the fundamental length
scale and time has been scaled by the thermal diffusion fifne, wherex denotes the
thermal diffusivity. The temperature differendd” between the top and the bottom bound-
ary has been used to scale temperature. The three arisirgsiiomless similarity param-
eters
a AT goL? v v

Ra = o , E_2QL2’ PT—H 4)
are the Rayleigh numbeRa, the Ekman numbeE and the Prandtl numbdpr. Here,
« denotes the thermal expansion coefficignt,is the acceleration due to gravity, is
kinematic viscosity and2 denotes angular velocity. We use fixed temperature boundary
conditionsT'(z = 0) = 1,7(z = 1) = 0 and focus on no slip boundary conditions for the
velocity field,u(z =0) = u(z =1) = 0.

For the numerical solution, the above equations are exgadaaserms of toroidal and
poloidal scalars. The resulting coupled system of partifiérntial equations is then
solved by a pseudo-spectral method. All unknowns are exgghirdo Fourier series in
the horizontal direction. In the vertical direction, a Chislhev expansion on a Gauss-
Lobatto grid is used. Fast transform algorithms can thenpgmpdied to switch between
physical and transform space. A semi-implicit multisteptmoel is employed for time
integration. All linear terms, including the Coriolis farcare treated implicitly by a second
order Backward-Differencing scheme, while a second ord#ams-Bashforth scheme is
applied to the nonlinear terms. An implicit treatment ofatainal forces is beneficial at
small E' since it prevents the time step size from being restrictethbyharacteristic time
scale of inertial waves. A thorough description of the nuoaralgorithm can be found
elsewhere

Our simulation code uses a purpose-build transpose-baseligh FFT algorithm, fol-
lowing an approach which had perviously been shown to yielddgperformance on the
Blue Gene architectufe As an example, Figure 1 shows the speedup for fixed problem
sizes as a function of the number of tasks. Even for moderatagm sizes o256 grid
points, much smaller than those typically used in highlyhesd simulations, the code
scales up t@)(10*) processors.

3 Investigated Parameter Space
The parameter values have been chosen in order to cover amfaparameter space as

large as possible. Figure 2 gives a graphical sketch of testigated parameter space.
Six Ekman numbersF = oo, 1072,1073,10~4,10~° and10~% have been considered,
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Figure 1. Scaling of our model on the Blue Gene. Here, theafleetstrong scalingproperties are shown. For
fixed problem sizes ranging froir63 to 2562, the speedup is shown as a function of the number of MPI tasks.
Since for high resolution the local memory is insufficienttio the code on a single CPU, the speedup results
were obtained by assuming an ideal speedup for the lowesthp@sumber of CPUs.

This plot contains results for the Blue Gene/L system, witizh operate in two modes, thetual node(VN)
mode and theommunication coprocess¢€0) mode. Both CPUs can be used for computation in VN mode,
whereas one CPU is dedicated exclusively to communicati@Q mode. The plot shows that the differences in
speedup are small. This is also the case for the total exectithe, which means that our code is able to exploit
both processors of each node efficiently. On the Blue Genefhime, a DMA engine has been introduced which
frees the cores from managing data communications. This leaa slightly better scaling on the Blue Gene/P
supercomputer.
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Figure 2. The parameter space covered by this study. Taanmghrk numerical simulations. Typically, for each
combination( E, Ra), computations where performed & = 1, Pr = 7 andPr = 100, adding up to roughly
120 simulations in total. Also shown are the critical Rayleigimbers for the onset of convective instability as
well as lines corresponding to unity convective Rossby remfidr the threePr values considered.
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covering non-rotating as well as rapidly rotating casess & well known result of linear
stability theory that rotation inhibits the onset of coniee instability, with the critical
Rayleigh numbeRa, scaling ask—*/3 for small Ekman number. For each of the Ekman
number values given above, we increased the Rayleigh nuimdmweakly supercritical
values to the point where it becomes impossible to resolrsdfution at reasonable com-
putational cost. We further varied the Prandtl number ireotd investigate in how far
the molecular diffusivities influence the dynamics. Threandtl numbers withPr = 1,
typical for a gas like airPr = 7, typical for water at room temperature afd = 100,
typical for viscous silicon oils, have been considered.

Care has been taken to guarantee that the assumed horipentadicity does not
overly constrain the dynamics. It is important in this comite choose a sufficiently large
aspect ratid", defined as the ratio of the maximum allowed horizontal wewgth to the
layer depth. We usell = 4 for the non-rotating case. At lower Ekman number, smaller
aspect ratios suffice since the dominant spatial scalesasexvith increasing rotation. All
simulations were started from a static state- 0, with a small random perturbation in the
temperature field. After an initial transient, the systemtieginto a statistically stationary
state, from which well defined averages can be obtained.

4 Results

Convective flows are traditionally classified by the velltiezat flux caused by the fluid mo-
tions. A convenient non-dimensional measure of heat teargdficiency can be obtained
by normalizing the total heat transport by the heat trartsrwould occur in a solid body
with the same thermal properties. The resulting ratio iedahe Nusselt numbeYw, and
in generalNw is a function ofRa, Pr and E.

The time averaged heat transport computed from our sinoulats shown in Figure 3.
For non-rotating flow$E = oo), we find that for all investigated Prandtl numbers the Nus-
selt number finally approaches a power law scaling of the fynmn~ Ra®. The exponent
« is close t02/7, consistent with the so-called “hard” turbulence regimearfivectior.

If the system rotates, the onset of convection is delayedeyattion of Coriolis forces.
When convective instabilities finally set iiju increases much more rapidly wifku than
in the non-rotating case. The simulations in this regimeagssgya scaling exponeatthat
considerably exceeds one, roughly consistent With ~ Ra%/°, a scaling law that had
been suggested recently for convection in rotating spakstwell$:°.

The different scaling behaviour found in both regimes rédléiferences in the spatial
structure of the flow field. Figure 4 illustrates this by meahsisualizations of the tem-
perature field, showing both a typical non-rotating casearapidly rotating example in
which the flow is strongly influenced by Coriolis forces. Iethystem is not rotating, the
flow field exhibits a disordered cellular structure, with Kueetic energy being distributed
among a broad range of spatial and temporal scales. In sbngteong rotation tends to
organizes the flow field into narrow columnar vortices cotingdoth boundaries. Most
of the heat transport occurs within these so-called Taydarrans.

For strong enough thermal forcing, the constraining inflgeof rotation finally van-
ishes, leading to similar behaviour in both rotating and-natating cases. This is reflected
in Figure 3 by the fact that the heat transport for the rotatiases finally approaches the
non-rotating hard turbulence scaling. The same effect genked in laboratory experi-
ments of Rayleigh-Bénard convection where heat transpeasurements are possible at
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Figure 3. Functional dependence of the Nusselt number Nh@Rayleigh number for three different Prandtl
and five different Ekman numbers. For moderately supeicatiRayleigh numbers, Nu increases steeply with
Ra. At high enough thermal forcing, all curves finally apmfoghe classical hard-turbulence scaling law
Nu o Ra?/7.

Rayleigh numbers higher than those achievable in simuigiioNote that before rotating
and non-rotating cases finally exhibit similar heat tramspecaling laws, an intermediate
regime is observed where rotation can effectivialyreasethe heat transport as compared
to non-rotating flows. This effect can be explained by steddkman pumpint, i.e. by
secondary flows driven by the mechanical boundary layers.

From a geophysical or astrophysical perspective, we aegdsted in predicting the
importance of rotation for specific natural systems, i.egfeen sets of control parameters.
We may define the transition point between rotation domuhatel essentially non-rotating
convection by the point of intersection between their reipe scalings. Equating the two,
we find that the above results suggest a transitional RayrignberRa, ~ E~7/* and a
transitional Nusselt numbé¥u; ~ E~/2. WhenRa < Ra,, heat transport is affected by
rotation, while forRa > Rayz, the heat transfer scaling is similar to the non-rotatirgeca

It is interesting to compare this result with previously [istiteda priori estimates of
the dynamical effects of rotational forces in convectiverid A frequently used argument
is based on the force balance in the interior of the convecégion. The Rossby number
Ro = EPr—'U, whereU denotes a typical dimensionless flow velocity, is a dimemsio
less measure of the importance of inertial forces relatvEdriolis forces. If we assume
that inertia scales with buoyancy and employ the free-fguanptionV ~ v/ RaPr, the
Rossby number becomes the so-catiedvective Rossby numbgo,. = \/RaFE?/Pr. If
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Figure 4. Visualization snapshots from two simulationssilfating characteristic features of turbulent non-
rotating and rapidly rotating convectioa) Temperature field in a numerical simulation of turbulent-notating

(E = o) convection atRa = 2.1 x 107, Pr = 1lin a4 x 4 x 1 computational box. The flow field has
a disordered cellular structure, with the turbulent kin@mnergy distributed among a broad spectrum of spatial
scales.b) lllustration of the temperature field in rapidly rotatingnvection atRa = 7 x 10°, Pr = 100 and

E =10"%inal x 1 x 1 computational box. This time, the temperature anonfaly (T') is shown, where
(...) denotes the horizontal average. The flow field consists abwaihighly vortical columnar structures with
preferred horizontal length scales of ordét/3. Note that the simulation domain in this case covers a hotigo
area that is sixteen times smaller than that showay) iout nevertheless hosts a multitude of convection cells.
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Figure 5. Influence of boundary layers on heat transfer mgdtr 1073 < E < 10~°. The red symbols
show the Nusselt numbeYw, normalized by the respective non-rotating scaling Isiw = 0.16Ra2/7. The
black symbols represent the relative thickness of therméEkman boundary layeréy /d . Note that the heat
transfer data crosses unity approximately where the teikmatio also crosses unity, supporting the hypothesis
that the relative boundary layer thickness controls thé theasfer transition.

the global ratio of inertial to Coriolis forces controls tin@nsition from rotation dominated
to non-rotating heat transport, we would expect it to oc¢uR@ = 1, corresponding to
a transitional Rayleigh numbéta; ~ E~2. This differs from the scalinfta ~ E~7/4
derived from our numerical results, thus suggesting tragtbbal force balance argument
does not adequately describe the dynamics.

A detailed analysis of our simulation data and a careful canspn with laboratory
data seems to suggest another hypothesis based on boumgrglynamic¥. In the bulk
of the convective domain, molecular diffusion typicallgp$ only a minor role in the con-
vection dynamics. It, however, becomes important in thgiaes close to the boundaries,
called the boundary layers, where the interior flow adjusthé applied boundary condi-
tions. In the rapidly rotating case, the important viscomgrimlary layer is the Ekman layer,
with a characteristic thicknesg;, ~ E'/2. The temperature field adjusts to the boundary
conditions in a thin thermal boundary layer, whose thicknesually depends on the Nus-
selt Numberg; ~ Nu~!. If we hypothesize that the transition occursigt~ J;, we
would expectNu; ~ E~1/2, exactly as found from our data.

To test the above hypothesis, we computed the respectivedaoy layer thicknesses
from the simulation output. We define the Ekman boundaryrldélyiekness as the dis-
tance from the boundaries at which the maximum horizontad-noean-square velocity
occurs. The thermal layer depth is defined by using the maxivaiue of the tempera-
ture variance. Figure 5 shows the Nusselt number, norntatigehe non-rotating scaling,
as a function of Ra. The ratiér /0y of the boundary layer thicknesses is also shown
against Ra in this plot. The heat transfer transition fohegkman number occurs where
Nu/Nunon_rotatmgcrosses unity. Figure 5 shows that this happens exactly whére-
comes smaller thafiz, thus supporting our boundary layer argument for a broage ar
E andPr.
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5 Conclusions

The scaling laws found in our study alloavpriori predictions of the dynamical impor-
tance of Coriolis forces for a given system. Applicationtie Earth’s core for example
suggests that it is controlled by rotation, but much closé¢he transition point than previ-
ously expectetf. Future studies, incorporating additional dynamical&#esuch as fluid
compressibility, low Prandtl number, magnetic fields anderammplicated geometries are
necessary to account for the individual characteristicgetific natural systems.
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Long years of highly intensive research allowed for theizatibn of the satellite mission
GOCE (Gravity Field and Steady-state Ocean Circulationld®p), which in 1999 became
the first mission to be adopted within the new Living Plan@gPamme by the European Space
Agency (ESA). The primary goal of this mission is the recogdof the static component of
the Earth’s gravity field with an unprecedented global a@cyiiand resolution of at lea8tcm

for the geoid at a global scale of at ledsl0 km. With these results other geoscientific core
goals will be realized. On the one hand, the Earth system aliitits interacting geophysical
and oceanographic processes may be modeled with much héeiadility by means of a high-
precision GOCE gravity field. On the other hand, a high-gieoi geoid will finally enable
geodesists to unify and connect the heterogeneous natieigdit reference systems. The goal
of this article is to describe an situ approach to determine a global Earth gravity model and
its variance/covariance information on the basis of catidnt measurements from the GOCE
mission. As the main characteristics of this procedureGB<E data are processeusitu via
development of the functionals at the actual location amehtation of the gradiometer. This
high-dimensional data fitting problem (spherical harmamialysis) with irregularly distributed
data can only be managed on a massive parallel computensystieg tailored algorithms.
The PCGMA (preconditioned conjugate gradient multipleiatinent) algorithm consists of an
iterative variance component estimation to handle hetregus data groups, a conjugate gra-
dient solver supported by an efficient preconditioning prhge to find the optimal solution of
the huge, dense, overdetermined linear system, and aethifme-whitening procedure based
on digital filters to decorrelate the densely sampled measents.

1 Introduction

1.1 Overview over the Satellite Mission GOCE

The GOCE satellite (see Figure 1) was launched on 17. Mar®9 2@ter decades of
scientific researctt and technological development as the first core mission &f<E®&w
Living Planet Programnfe The main goal of this mission is the determination of thésta
part of the gravitational field of the Earth, which is inhomneogous due to mass anomalies
in the Earth’s interior, with the very high accuracy of atdeacm for geoid heights and
1mgal (510*58%) for gravity anomalies at a global resolution f0 km®. The GOCE
spacecraft is orbiting planet Earth at a very low altitudeabdut255 km and with an
inclination of96.5° (Figure 2). The orbit is sun-synchronous to minimize thesfastic
disturbances at shadow crossings and to guarantee sufficeer supply throughout the
at least one year long mission.

The main idea for reaching the unprecedented level of acgumnaglobal gravity field
determination is the fusion of different sensors. The GOG&Sion combines in particular
two distinct measurement concepts, which are sensitivegdaw-frequency part of the
gravity field, on the one hand, and the high-frequency parthe other hand. The low-
frequency part is captured via the tracking of the low-oshitellite using the Global Po-
sitioning System (GPS) by precisely measuring the saglldrbit disturbanceés, known
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Figure 1. Two illustrations of the GOCE Satellite. Left: GB&king of GOCE. Right: A look at the various
instruments inside the satellite, the gradiometer as tha mstrument can can be seen in the cen@ESA

Figure 2. Ground track of the GOCE satellite after the firgt iest week and first month in orbit.

as Satellite-to-Satellite Tracking (SST), see Figure t).18te high-frequency part of the
gravity field signal is determined by means of the innovativeasurement principle of
Satellite Gravity Gradiomet®y (SGG). The main instrument is the gradiometer (see Fig-
ure 1 right), which measures second derivatiVgsof the Earth’s gravitational potenti&
in situ. These measurements are derived from accelerations $egyiineg the first deriva-
tives of the gravitational potential), which are measurngdik accelerometers, placed some
distance 25 cm) apart the centre (of mass) of the satellite, aligned albnegt orthogonal
axes (along-track, across-track and Earth-pointing) hEBacelerometer has two extremely
sensitive axes. The accelerometer measurements alongueatHirection are differenti-
ated, resulting in the desired along-track, across-tradkearth pointing component of the
gravity tensorV;;. In addition, due to alignment of the sensitive axes of theerome-
ters, also the mixed along-track and Earth-pointing corepbof the gravity tensor can be
determined with high accuracy. It is essential to avoid goawvitational nuisance acceler-
ations such as atmospheric pressure, the satellite is anaéctin a compensated drag-free
fall via a feedback loop between the accelerometers anathéaruster

Now, in order to compute a gravity field solution from SST ar@Gmeasurements,
these two independent data groups must be merged in a contatmtical model. We
will, however, not focus on the SST data in this report, as theantity and numerical
characteristics are not a serious computational challengentrast to the SGG data; we
obtained the SST data in an appropriately preprocessedlinpder project partner. On
the other hand, the modeling of SGG data is highly challejpdime to various reasons: (1)
The operational mission period of 12 months, where we usgthel three most accurate
gradientcomponentd,,, V,, andV.), sampled at 1 Hz, will result in a huge number of
as many as 100 million observations. (2) The SGG data witheeso each of these three
components are highly auto-correlatédhe accommodation of which would be based on
a full variance/covariance matrix with required memory ppeoximately8 000 Terabyte.
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Figure 3. Functionals of the gravity field with maximum achigle resolution of GOCE (sh df&70). Left:
potential (n?/s2). Centre: geoid heights:»). Left: gravity anomaliesr/s2).

A further challenge arises from the fact that the SST/SG@ dambination problem is
ill-posed due to data gaps over the polar regtdfsf. Figure 2) and the attenuation of the
gravity field signal at the satellites altitude. This prableecessitates the regularization of
the statistical model by introducing stochastic prior imfi@tion, which may be viewed as
a third independent data group (REG). Thus, the deternoimafithe gravity field requires
the solution of a highly over-determined, dense equatitesy with a huge dimension.
For this task we developed a tailored iterative solutioatsgly based on the method of
conjugate gradients (C&)

1.2 Modeling of the Earth’s Gravity Field

Before we explain the solution method for determining thevdy field from GOCE obser-
vations, we will outline the mathematical parameterizatié global gravity field models
used in our approach. The basic idea is to describe the Eantéwitational potential as a
spherical harmonic expansion up to a certain maximal degndeorder (d/0Jmax. Then
such a potential may be written, for some evaluation pin, \) in an Earth fixed and
centred coordinate system®@as

Lo !
GM X raNitt ,
il 3 (;) E,O (Cim cos (MA) + sy sin (mA)) Py, (cosf), (1)

V(r,0,\) =

a

wherel andm denote the spherical harmonic degree and orglgrands;,,, the unknown
coefficients of the spherical harmonic expansiothe equatorial radius of the Earth ref-
erence ellipsoidP;,, (-) the fully normalized associated Legendre functions, @id the
geocentric gravitational constant. Thus, this model casegm = (Inax + 1)2 unknown
coefficients, which may in turn be used to express relatethgérical and physical func-
tionals of the Earth’s gravity field such as geoid heights ({ihe metric distances between
the geoid as the zero equipotential surface and an apprtrignellipsoid) and gravity
anomalies (i.e. the local variation of the gravity acceierawith respect to an idealized
reference ellipsoid)(see Figure 3). Using this spherical harmonics approatkpaffi-
cients belonging to a particular degrierefer to a unique spatial resolution or frequency.
To determine the unknown gravity field parametars ands;,,, from the GOCE ob-
servations (SST, SGG and REG) they are estimated by appdylimpar Gauss-Markov
modeP. In this model, each observatidp affected by an observation erray, is written
as a (linear) functiom; .x of the gravity field parameters (denoted ) This results
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in observation equation§ + v; = A,;.x, whereA,; . denotes theth row of the de-
sign matrixA. The stochastic behaviour of the measurement errors idlyisnadeled

by a variance/covariance matr®, which contains the variances of the observations as
well as the covariances between them. Minimizing the weidisquared sum of residuals
vI'E~1v leads to the linear normal equation syst&rhX " 'Ax = AT "'¢ or Nx = n.
Heref comprises the three independently distributed obsenvafioups SST, SGG and
REG, thus their corresponding normal equations may be ctedmeparately and added
up subsequently. This basic property establishes the mmattieal foundation for the data
combination in our approach. The weighted least squaresiaolis then obtained as the
solution of the normal equatio®$x = n.

The SST data group is made available to us by our projectgartiirectly in the form
of preprocessed normal equatidigs;andngsg. As these SST data have a relatively low
resolution of d/o 90, they are related to only a small subsei (00) of the total parameter
vector. Thus, they are easily handled by our solution allyori The processing of the reg-
ularization data (REG) does not pose a great computatibiadienge either as the underly-
ing functional model is quite simple. This can be explaingdhe fact that the parameters
are treated as directly observed unknowns with values aquagro, the corresponding
design matrix is given by the unity matrix. Furthermore,sthg@seudo-observations are
uncorrelated and have variances according to Kaula’s rfutaumb, represented by the
diagonal weight matris eg.

The processing of the SGG data is, however, more intricaiebegin with, the func-
tional model in Eqg. (1) is written in the Earth-fixed frame,iathis transformed into the
gradiometer reference frame via the application of a roettiking into account the Earth’s
rotation, the satellite’s orientation in space and the igraéter’'s orientation within the
satellite. This rotated functional model is then differated twice, yielding the desired
SGG observation equatiogsgg + visgg = A1,:,sggX. From simulations we know that
these SGG data will be highly autocorrelated. Due to the hugeber of observations,
these correlations cannot be stored within a variancef@wse matrix. The only feasible
way to take these correlations into account is to remove fin@m the SGG data by means
of pre-whitening filters. For this purpose, we use a sequehbéh-order autoregressive
moving-average (ARMA) filters. The thus decorrelated SG&eotation equations read

bsgq+ Vsgg = Asggx. ()
Now, the combined normal equations are established by ctngpthe sum of the three
individual normal equations, each weighted by unknowndiesct, :

(wsggAg;;gAsgg + wsstNsst+ WregPreg) X = wsggAg;;gzsgg + Wsstsst + Wreghreg: (3)

2 PCGMA Algorithm

To solve the equation system (3) for the unknown spherigahbaic coefficients, we make
use of a tailored version of the conjugate gradient (CG)ritlym denoted as PCGMA
(preconditioned conjugate gradient multiple adjustment)js algorithm extends the stan-
dard CG algorithm with (a) a data-adaptive preconditiorstep, (b) the combination
of the various (independent) GOCE data types (given asreithgervation equations or
normal equations respectively) and (c) determination efwkeightsw; = 0_—12 via vari-

0
ance component estimation (VCE&)sing Monte Carlo methods. To give some insight
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into this computational scherherecall that the CG algorithm is based on the residuals
r® = Nx) — n of a symmetric equation systeNix*) = n which are used as a search
direction for finding the minimunis-norm solution.

Substituting the combined GOCE normal equation system amg snitial parameter
valuesx () leads to initial residuals

r® = Nx(® —n
= (nggAgggAsgg + wssNsst + wregPreg) X(O) - (wsggt&gggzsgg'i‘ Wsstsst + wregnreg)
Wsgg (Aggg (ASQQX(O) - zSggl)) + Wsst (Nsstx(o) - nsst) + Wwreg (Pregx(o) - nreg)

= Wsgg (ASngvégé) + Wsst (Nsstx(o) - nsst) + Wreg (Pregx(o) - nreg)

= Wsggl" égé + Wsslrg(s)t) + Wregl Sgg;

This iterative CG approach has the great benefit that it avaidhputation of the joint nor-
mal equation matri®N, and especially of the high-dimensional prodiNet,g = ASngAsggjn

view of the facts that (alsgg could be of dimensiofi0 000 x 100 000 000 or larger and (b)
this matrix-matrix product is replaced by two far less exgiem matrix-vector multiplica-

tionsvigy = Asggx(®) — Esggandrlly = AL vig). Based on these initial residuals Eq. (3)
is solved using the standard preconditioned CG algorithsmgN, as the data-adaptive
preconditioning matrix (cf. Sect. 3¥.

PCGMA has been implemented on a computer cluster to distrifne computational
workload. As already mentioned above, it is crucial to daliak the processing of the
huge number of SGG data. This is done by distributed row-agsembling of the design
matrix Asgg  Then the individual parts of the design matrix and the olzgén vector
are transformed by means of digital ARMA filters in order tomve the autocorrelations
present in each SGG component. Subsequently, the SGG atssidy are computed in
parallel, whereas the remaining CG operations are computgetial mode on the master
node, after an append-receive operation of the distribrgsidiuals. The residuals with
respect to the REG and SST groups are computed in serial msBggis only a diagonal
matrix andNgg; contains only a relatively small block of non-zero elemdpfssize less
than10000 x 10000). The serial CG operations have been implemented basedsbn fa
level 3 BLAS routines.

3 Computational Aspects

The two parts of the whole PCGMA algorithm of main computaéibinterest are (a) the
design of the preconditioner and (b) the assembling andifijeof the SGG observation
equations for the purpose of their decorrelation. In thistgbution we will concentrate
on the choice of a tailored data-adaptive preconditionettfe GOCE observations. The
preconditioning matrix serves as an approximation of tlre jpormal equation matrix for
the purpose of accelerating the convergence of the CG #igoand of stabilizing the
numerical procedure.

To obtain the dominant structure of the combined normal gosN (3) as a sparse,
and thus easy-to-handle, approximation, one exploits tbpgsties of the spherical har-
monic base functions. These functions satisfy certainoghality relation® Conse-
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Figure 4. Resulting structure of normal equations for déffe scenarios of data coverage.

quently, if the data are globally distributed on the spheith equidistance along the paral-
lels, only coefficients of the same order are correlated ead o non-zero elements in the
normal equations. If such parallels are even symmetric veiipect to the equator, then
also the coefficients with odd degrees within each orderrategendent from the corre-
sponding even coefficients. If the coefficients are thenngied or numbered order-wise
within the parameter vectaot, the normal equation matrix takes a block-diagonal struc-
ture as shown in Figure 4 (left). If some sufficiently densd global data distribution on
symmetric parallels is disturbed by slightly shifting tleeations, then the resulting nor-
mal equation matrix remains nearly block-diagonal (Figlireentre). This matrix loses
its block-diagonal structure and becomes increasingly fubpulated the more the data
coverage differs from a regular distribution (Figure 4 tjgh

In GOCE data processing, the task is to choose a numberimgrechoncerning the
parameters such that it allows for a sparse approximatiothéocombined normal equa-
tion matrix. Analyzing the structures of the individual nwl equations with respect to
the three observation groups, we find three key proper#sti{e SGG data are regularly
distributed over the sphere except for the polar region#h @h order-wise numbering, the
resulting SGG normal equations are then nearly block-diadherefore, a sparse pre-
conditioning matrix should preserve this property. (b) REEG normal equation matrix is
a diagonal matrix, which is naturally sparse and may thusrbplg added to the precondi-
tioning matrix. (c) The SST normal equation matrix shouldilded to the preconditioner
as a whole and without using an approximation. Its numbaringt be chosen such that
the entire populated block remains as coherent as pos3ibése three desired properties
hold when the free kite numbering scheéfiés applied. To understand this kite scheme it
is useful to represent the spherical harmonic coefficieptsands;,,, as a triangle in the
following way (Figure 5, left): The ordinate is defined by ttiegreel, which increases
from top to bottom, and the abscissa by the ordewith the cosine coefficients,,, to the
left and the sine coefficients,, to the right.

We may now classify the parameters according to the threeszBULL (modeling the
full correlations in the sparse preconditioner), INDEPHERNDI (parameters where only
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Figure 5. Coefficient triangle with the correlation zones tfte free kite numbering scheme and the resulting
structure of the sparse preconditioner.

the order-wise correlations are modeled) and SEMI (all taeameters of ordem for
which some degrees are present in the FULL zone). Then, tilkgfarameters first within
the INDEPENDENT, then within the SEMI, and finally within tR&JLL zone, are num-
bered order-wise. From this numbering scheme follows tir¢lee population scheme of
the desired preconditioning matrix (Figure 5 right). Sucimatrix has the great advan-
tage, that no fill-in values arise when it is reduced via Cslojés algorithn?, used in the
preconditioning step within PCGMA for solvinygp = r. As far as the SGG data are
concerned, all the elemerég, ; ; = Ag;giﬁAsgg;,j are computed rigorously according
to determined populations scheme. The normal equatiorigeattoncerning the SST and
REG groups are then simply added to the malix using weightsy;.

The free kite numbering scheme has some interesting additwoperties. The more
parameters are assigned to the FULL zone, the faster the PC&dbrithm converges
but the larger the size of the preconditioning matrix becem€&he size of the precon-
ditioner used in a typical GOCE simulation is abdud — 2.0G' B, which constitutes a
good compromise between a fast convergence rate and mesguirements. The fact
that the spectral radius 0.1 demonstrates the efficiency of this preconditioner. Thus
the PCGMA algorithm converges withizd — 30 iterations, allowing for a very efficient
solution of the dense normal equation system Wwitlh00 unknowns. In addition, the SGG
part of the preconditioner may be computed in parallel, wiich node processing parts
of the SGG data (in which case the preconditioning matrixtrbesstored in memory of
each of these nodes). The individual parts are collected gkbal reduce operation on
the master node.

4 Summary and Outlook

The spherical harmonic analysis is a standard proceduretéordine the gravitational po-
tential from gravity data. In the context of the GOCE applma, the processing of a high-
resolution gravity field from the huge number of highly ctated, heterogeneous GOCE
measurements, requires both a huge computational effdtaage amount of memory. For
this purpose, a tailored solution strategy was developéitiwcan handle heterogeneous
data, avoid the expensive computation of the normal equsitadlow for a sequential pro-
cessing of highly correlated measurements, and which usekastic trace estimators to
overcome the computational burden of VCE. After two decardessearch PCGMA has
finally been implemented in fully operational mode and usedumerous simulations on
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the JUMP cluster (128—-256 processors) at Forschungszreiilich. Currently, the re-
search community awaits the GOCE real data, expected todikale at the beginning
of October 2009. The results derived from the GOCE real diasdyais are expected to
revolutionize the understanding of dynamic processesnitie Earth system.
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Computer science aspects and numerical simulation on mdaleye scale parallel hard-
ware platforms are discussed in the following section. Hee put the emphasis on the
numerical simulation of certain aspects of quantum conmguitie. thresholds for the errors
in quantum error correction, on the performance-analgsis$calasca and its properties
to diagnose problems in large-scale parallel applications.g. up to 294.912 cores of the
full IBM Blue Gene/P system JUGENE, and on an heuristic ojid@tion algorithm for a
variant of a multidisperse packing problem, namely the herark task of packing circles
into a circle.

In their contributionThreshold Determination for Reliable Quantum Error Cottien,
B. Trieu, R. Kennedy and M. Richter deal with a fundamentaltion in quantum comput-
ing: Quantum operations suffer in praxis from operationgliiecisions and real quantum
computation devices are subject to decoherence. Thustugaasrror correction (QEC)
schemes must be employed to overcome these problems. Bl¢ &®rrection circuits
themselves are prone to errors, it must be ensured thatdheir probability is below a
specific threshold in order not to spoil the correction psscd-or this reason, the knowl-
edge of this threshold value is absolutely essential forrafigble QEC. However, it can
not be derived theoretically but must be determined via migaksimulations. The authors
evaluated the threshold for reliable quantum error coiwadioth in the case of decoher-
ence and in the case of operational errors by large-scalpe@msimulations. They found
that the threshold i5.2 - 10~ for decoherence errors add - 102 for operational errors.
At present, such thresholds can clearly not be reached Isyirexiquantum computation
devices. Nevertheless, since there is in principle no glaydimitation that prohibits to
achive such thresholds, these results show the way for Welajeers of future quantum
computation devices. Furthermore, on the JUGENE systelitiiJBlue Gene), up to 40
qubits could be simulated by the authors using 49.152 psocs@nd 24 TB of memory.
This is the world-wide largest system size that has beewtijrsimulated so far.

In their contributionPerformance Tuning in the Petascale Efa Wolf, D. Bohme,
M. Geimer, M. Hermanns, B. Mohr, Z. Szebenyi and B. Wylie dibscthe research ac-
tivities of their Helmholtz University Young InvestigagGroupPerformance Analysis of
Parallel Programsat the Julich Supercomputing Centre (JSC). Since modgrersam-
puting applications must exploit a high degree of paratalio satisfy the growing demand
for computing power, the writing of code which runs efficigran large numbers of pro-
cessors remains a significant challenge. Furthermoreising number of cores in modern
and future computer architectures imposes scalabilityeaets not only on applications but
also on the software tools needed for their developmenthisend, the group developed,
in cooperation with the JSC Divisiofipplication Supportthe performance-analysis tool
Scalasca. It has been designed for large-scale systemdlawd the automatic identifi-
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cation of harmful wait states in applications running onstef thousands of processors.
The authors give an overview of Scalasca and highlight teeareh accomplishments of
their group during the past two years with a focus on the amalgf wait states and of
time-dependent behaviour. These two examples addressadlabgity of Scalasca with
respect to both the number of processes and the length afittxetimes.

In his contributiorOptimization of Packing Problems with Heuristic Algorithi®uited
for Parallel EnablementJd. Schneider reports on his recent approach for packinl-pro
lems which combines global and local optimization methdtsvolves the well-known
simulated annealing technique and its deterministic tiolelsaccepting variant where an
optimum is obtained by an artificial cooling process from witidal configuration created
randomly at high temperature. There, a new configuratiouégessively accepted or
rejected with a certain Metropolis probability. The resgtsolution is then further im-
proved by a local optimization method. The overall methggasallelized using OpenMP
and MPI. The author considers an academic variant of a nepgdse packing problem,
i.e. the benchmark problem of packing circles into a cirdlbere, the task is to find the
densest closed packing &f disks with radiir; = 4,7 = 1,..., N in a circle with radius
R such thatR is minimized. In an international contest on that probleng proposed
approach showed excellent results.
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We study the threshold for reliable quantum error corredtioth in the case of decoherence and
operational errors. By large-scale computer simulatiassfind that the threshold &2-10—6
for decoherence errors add3 - 10~2 for operational errors.

1 Introduction

During the last two decades it has been demonstrated thatuquacomputers can solve
certain types of problems much more efficiently than cladstomputers under the as-
sumption that all quantum operations are faultless and th@tsjare protected against
uncontrolled interaction with their environment. In réglguantum operations suffer from
operational imprecisions and quantum computation dewacessubject to decoherence.
Therefore, the question arises if quantum error corred@BC) schemés? can be em-
ployed to overcome these inherent problems. Since theat@mecircuits themselves are
prone to errors one has to ensure that the error probalslispfficiently small in order
not to spoil the correction process. But what does suffiyiesthall mean? One could
guess that there might be a threshold for the error prolyabidyond which QEC works
well. Theexistencef such a threshold has mathematically been prBvérone operates
below threshold, fault tolerant error correction works vald everything is under con-
trol. Above threshold more and more errors are introducetthéyerror correction scheme
itself — in this case QEC is no help at all. For this reasonktimvledge of the exact nu-
merical threshold value is absolutely essential for rééidEC. Unfortunately, a precise
theoretical prediction as well as an experimental deteation of the numerical value for
the threshold are still far out of reach. We used large-soateputer simulations to de-
termine a precise prediction for the threshold value in cdd®th operational errors and
decoherence for a realistic number of qubits.

2 The Error Model

Based on a simulation package, that simulates an ideal-e®mquantum computer at
the gate levél we have included an error model that considers decohemneeell as

aThe combination of QEC with fault-tolerant state recovéaylt-tolerant encoding of quantum logic operations
and the principle of concatenation of QEC codes culminatehé accuracy threshold theorémit states that
arbitrarily long quantum calculations are possible if theke qubit error rate is below a certain threshold.
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imperfect quantum operations and stays within the gatd rrilation framework. The
newJUMPIQCSpackagQ incorporates various QEC schemes, i.e. the 5-qubit coderavh
one logical qubit is encoded into five physical ohedteane’s 7-qubit codeand Shor’s 9-
qubit codé. Details are given in a previous publication this article we focus on a brief
summary of the error model.

2.1 Decoherence

The loss of quantum coherence, i.e. the transition from gunastates to classical states,
is called decoherence. It occurs whenever a system insenaitt additional external de-
grees of freedom, and this is the main obstacle in the cartgiruof large-scale quantum
computers. Therefore, realistic simulations that invaleeoherence are essential for the
verification and optimization of real quantum computatienides.

We implemented the so-called depolarizing chahasla suitable error model for the
simulation of decoherence. In this model general errorglaseribed as linear combina-
tions of basic errors, given by the Pauli matriees o, ando.. A o -error,o, = (94),
can be identified as a bit flip, @ -error,o, = (5 ,01), as a phase flip andio, = 0,0,
can be characterized as a combined bit and phase flip. Théadiepay channel assumes
an equal probability op/3 for the occurrence of each error and an error-free evolution
with probability1l — p. The occurring errors are locally and sequentially indeleen. In
order to implement the depolarizing channel error modelti®duce a timescale defined
by the single qubit operation tim& and let the decoherence operation affect each qubit
after each timestefy.

Since decoherence results in mixed states, and our simdkdés with pure states only,
we have to sample many runs using statistically indeper@detom number sequences.
The random numbers are drawn from a uniform distributiongishe GNU Scientific Li-
brary with the Mersenne Twister MT19937 algorithm. The feisuan ensemble of pure
states weighted by their corresponding probabilities @fuoence. The use of stochas-
tically independent error locations is justified by the alagon that the behaviour of a
guantum network can be represented as a mixed sum of netwittkBnear error opera-
tors placed at each error location. This approach is alswhras error expansién

2.2 Operational Imprecisions

Every experiment in the lab will suffer from operational irepisions, as quantum super-
positions deal with continuous variables and one cannarabguantum operations with
infinite accuracy and precision. We implemented a model perational imprecisions that
includes unitary over-rotatiofiso resemble the errors occurring in the lab. Itis not specific
to a certain realization of a quantum computation deviceitbparameters can be adapted
to a range of experimental setups.

For our simulations we chose a model that considers plaagions around thg-axis
and thez-axis only, i.e. each single-qubit quantum operation cacdmstructed from plane

bjuelich Massively Parallel Ideal Quantum Computer Sinarlat
C\We use the term over-rotation in the sense of imperfectiostdor both over- and under-rotations.
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rotations in ther-z-plane,

~( cos(0) —sin(0)
R(6) = (sin(b‘) cos(6) > ’ (1)

and phase shifts
P = (g ) @

This is a restriction of generality, but it is still sufficieto generate every possible rotation
on the Bloch sphere. The Hadamard operation for exampleeaed&omposed into

H_%G_ll)_RG)P(w). 3)

This decomposition allows to introduce erreris the rotation angles:
0 =0+ e, 4)
¢ =d+ep (5)

These angle and phase erreexe generated from a Gaussian distribuiomith mean
1 and standard deviatiosn

1 2 2
_ —(e=m)?/(20%) 6
€) = e .
ple) =~ Nor (6)
The Gaussian distribution is generated by the GNU Scieniifiary, which uses the Box-
Muller algorithm, with the previously mentioned random rhengenerator as an underly-
ing source of randomness. This gives uncorrelated stacleasors.

2.3 Stochastic Error Model

Our simulations including the noise model rely on statatidistributions of single gate
errors, so due to the statistical description our readoubisa single shot readout, but av-
eraged over many experiments. All calculations were madsdring with a well-defined
pure state vector. The behaviour to noise is then determigedinning the algorithm
many times with a sample of statistically independent raméoror events and evaluating
the averaged final state. Thus, the fidelity we are measwsigiyen by

_1 S 2
F = m;|<wc|wz>|, Y
wherem is the number of experiments, each starting with a diffeneitinl seed for the

random number generatdt;) is the correct output state vector in the error-free case and
|1;) are the single output state vectors of each statistical run.

3 Threshold for Fault-Tolerant Quantum Error Correction
JUMPIQCS has been used to assess the power of QEC schenastithedy correct errors.

We focus on the determination of the threshold value fortftalerant QEC using Steane’s
7-qubit codé.
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Figure 1. (a) The ratio between the fidelities with and withQ&C is plotted against the single-qubit error rate
p. Each point corresponds to a numerical simulation run ofdR&-experiment withk = 100 (red),k = 1000
(green), and: = 10000 (blue). The threshold for fault-tolerant quantum comgatais (5.24-0.2)-10~% (black
bullet). Apparently, the benefit from QEC grows with incliegsalgorithm length. (bBlue curves: single-qubit
operations.Gain by using QEC to correct for operational imprecisionsafeequence of 100 (red) and a sequence
of 1000 (green)d 2-iterations depending on the error parameteBlack curve: two-qubit operationgnstead of
Hadamard gates a sequence of ZD¥ OT?2 operations has been used. The threshold véuge+ 0.2) - 102
(black bullet) is of the same order of magnitude as in theleiagbit case (blue bullet).

3.1 H?k-and C NOT?*-Algorithm

The algorithms that we are examining are sequences of Hadaparations for the single-
qubit case and controlled-NOT(NOT’) operations for the two-qubit case. These opera-
tions are involutions, i.e. the repeated application ofjperations gives the identity for an
even number of repetitiong! o H = 1andCNOT o CNOT = 1. In the error-free case
the repeated application @f2 or CNOT? does not change the state vector at all. Under
the influence of errors, however, the fidelity will decrease.

3.2 Correction of Decoherence Errors

Figure 1(a) summarizes the result of the threshold detextioim for decoherence errors.
The gaing, defined as the ratio between the fidelities with and withoBCQis plotted
against the single-qubit decoherence pat€his plot contains the results of three different
lengths of thel7 2*-algorithm,k € {100, 1000, 100000}. The gain is a direct indicator for
the range of parameters, where there is benefit from using. QE€ intersection of the
curves with they = 1 axis locates the threshold for fault-tolerant quantum cotafon.
In this plot, the interesting part is contained on the ledftesof the plot, where the gain
becomes larger than 1. {fis large, the use of QEC is useless, because a non-encoded
system will always perform better. In this case, QEC intietumore errors than it can
correct, even if done fault-tolerantly. The lines in Figd(@) are fits through all points of
each fixedc H?*-iteration run.

Please note that each point is the result of many statistezations and especially for
low values ofp the computational effort can increase dramatically to gagufficiently
high statistics. The computational effort for increasifgpaithm length rises linearly for
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this simple algorithm. That is why the error bars for the ruith £ = 100000 iterations
are large, because the computational costs prohibit thexadation of very high statistics.
A conservative estimate for the threshold of fault-tol¢iQEC is

pir = (5.240.2) - 107, (8)

If we want to give a safe lower bound for the threshold we cateswith confidence that
the threshold i$.0 - 10—, so that for any single-qubit error rate less than this valaean
assure that fault-tolerant QEC will improve the relialyilif the quantum computer.

From the results of thél 2*-experiment, we see that the gain is marginal for algorithm
lengths ofk = 1000 and increases for longer algorithrﬁs'[his shows that long algorithms
will especially profit from QEC, while for rather short algthms QEC does work, but
the gain is rather marginal. QEC is especially well suitedtii@ protection of quantum
memory over large periods of time.

3.3 Correction of Operational Errors

For the analysis of the single-qubit case, we use a sequéréertadamard operations as
test algorithm. These operations involve unitary oveations as described in section 2.2.
With the assumption that fault-tolerant QEC will also leadhn effective decrease of op-
erational errors according @ = co?, we can again look at the gaip i.e. the ratio
of the fidelity of the encoded case to the fidelity of the unelecbcase, witlr being the
standard deviation of the Gaussian distributed overimtat Figure 1(b) shows the result
of this evaluation. The threshold for operational eraprs = 1/c can be derived from the
fit parameter. The numerical simulations give the result

ot = 0.0431 £ 0.0002. 9)

If o is larger thanoy, there is no possibility to get an improvement by using QEC. A
Gaussian width ofry,y = 0.0431 £ 0.0002 corresponds to an over-rotation Py°, which

is a rather large value. For comparison, ion trap quantumpctation has to deal with
pulse area errors (and therefore operational over-raistiaf aboud.007 + 0.003.

Figure 1(b) clearly shows the benefit from QEC for the coroecbf Gaussian dis-
tributed unitary operational imprecisions. For all poiat®ve one, running the algorithm
with QEC performs better than using unencoded qubits. Ewerefatively short algorithm
lengths the gain that comes from using QEC is high. In the catgo-qubitCNOT op-
erations, the resulting threshold is similar to that of timglke-qubit Hadamard operations.

3.4 Correction of Decoherence and Operational Errors

For algorithms of the same length the gain from the corractiboperational errors is
much higher than the gain from the correction of decohereme@s. That means that
QEC is especially well suited for the correction of openadiberrors. In other words: If
operations on qubits have to be done with a previously uinattée precision, it is possible
to use logical operations on encoded states to achievetieffiycmore precise quantum
operations than the physical apparatus is able to delivea fingle qubit. QEC is also

dThe maximum gain is 2 for a single qubit, since the fidelity oiaximally noisy state is 0.5.
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Figure 2. QEC of decoherence err@sd operational errors in the case of Steane’s 7-qubit QEC-cdde
gain for 100 H 2-operations is plotted against the single-qubit decolmrgmobabilityp and the decoherence
parameter. The green region marks the parameter space in which fdetatt QEC gives a benefit.

well suited for the protection of quantum memory, but thedfigris only large for the
protection over long periods of time.

With the JUMPIQCS simulation package we are able to qualttiéyeffect of fault-
tolerant QEC for any parameter range. Thus, we can for exaquantify optimal working
points in the presence of both decoherence and operatimoas e In this case, one can
benefit from using QEC, although the single-qubit decoheg@mror rate might be above
threshold. The improvement from the protection againstamal errors can outweigh
the loss caused by decoherence errors for a certain ranggapters. With numerical
simulations we can determine a combined threshold and aptiorking ranges.

4 Computational Resources

Using a complete description of the quantum mechanicaérysequires exponential re-
sources. Thus a parallel version for large-scale superatarphas been developed and
optimized for performance and scalability. In this work, deal with pure states, so that
the state vector contains the complete information abaugttantum state. Since the state
vector grows exponentially with the number of qubits, thenmoey requirements pose a
hard limit on possible simulations. A system witlgubits has a state vector witfi = 2"
complex-valued amplitudes. Using double precision numbg8 bytes length for each the
real and the imaginary part, the memory requirement foirsgathe state vector i8"+4
bytes.

JUMPIQCS has been tested on different computer archiestsuch as the IBM Re-
gatta P690+, the IBM Blue Gene/lL, and the IBM Blue Gene/P.ak been run on the
JUMP supercomputer (Julich Multi Processor) with a maximsystem size of 37 simu-
lated qubits using 1024 processors and 3 TB of memory. OnWBENE system (Julich
Blue Gene), the simulation included up to 40 qubits usings29drocessors and 24 TB of
memory. To our knowledge, this is currently the largestesyssize that has been simulated
without using approximate methods.
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On computer systems with distributed memory, the stateovésdistributed over dif-
ferent memory locations and each processor has access loctigart of the memory
only. Message passing is required to gain access to speaifeq the state vector. In this
case the™ complex-valued amplitudes of the state vector are digiitbto local memory
parts, each containirg) amplitudes, so that we deal with= 2" /2™ MPI processes.

As described in section 2 our simulations are based ontitatlg independent error
locations. We have to make sure to gather sufficiently highistics. “Sufficiently high”
depends on the single qubit error probabifitythe length of the algorithm, the number of
qubits, the complexity of the algorithm, i.e. the phase spafdhe system, and of course
on the required accuracy of the result. As an example, rgnthia H2*-algorithm with
the parameter sdét = 1000, p = 10~ and fully fault-tolerant Steane encoding requires
at leastm = 10000 statistical iterations to yield a result with a relativeafrof less than
10~2 in the final fidelity. Running this system on a single proces$the JUMP (Power4)
system requires about two days of computation timerior 10000 iterations.

5 Conclusion

We have determined a threshold for fault-tolerant quantwmputation which is
pr = (5.2 £0.2) - 1075, At present, an error rate &f - 10-% is beyond the scope of
existing quantum computation devices and for the near éltwill be an ambitious goal
to endeavor, but in principle there is no physical limitatthat prohibits to achieve this
threshold. Assuming that one can reach the threshold,-taleitant QEC is especially
well suited for the protection of quantum bits over long pds of time, e.g. in quantum
memory. For the protection over a short timefrantel(000 gate operations) we cannot
recommend using QEC without reservation, because the beoet not justify the cost,
although using fault-tolerant QEC does not degrade theitfidefl the protected qubit. In
this particular case, the improvement by using QEC is onlyginal. The simulation
results suggest that QEC is especially well suited for thieection of operational impre-
cisions. There is also a fault-tolerant threshold for thigllof error, that we can quantify
asomr = (4.31 +0.02) - 10~2. Although we have only analyzed a limited set of algo-
rithms using JUMPIQCS, we have developed a simulation pgekiaat can, in principle,
be used to make statements about requirements of futuréuqunaoemputer architectures,
to calculate limits and thresholds and that can be appliedhirary quantum algorithms
to determine optimal working points for QEC. Since futureum computing devices
will most probably incorporate some sort of QEC, JUMPIQCS also be used as a tool
for the assessment of future quantum computing architestur
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Our aim is to develop a universal high performance genenglgae optimization algorithm for
packing problems. We focus on established benchmark prabfier which no exact algorithms
exist, such that only best-so-far solutions or upper anétdwunds are known for these prob-
lems. For a specific multidisperse packing problem, we wieeady able to match and to beat
all world records established in an international contest.

1 Introduction

In our daily lives, we deal with packing problems of variousds, especially when we
have to fit large amounts of goods, which we just bought at ssupermarkets, into the
rear trunks of our cars. These goods exhibit various sirepes, and weights. Often such
packing problems inherit constraints, e.g. fruit must n@shjuashed while being packed
into the trunk.

Packing problems also occur in various industrial sectis,in transport business,
where various goods have to be packed optimally in trucksitile, wood, and metal-
working industry, where the amount of offcuts has to be miréd. Also in physics, the
packing of hard particles (usually disks or spheres) isisthdvhen considering granu-
lar matter, colloidal systems, or molecular crystals. @#éso here additional constraints
have to be considered, like a confined geometry or externeé$o Mostly, multidisperse
packing problems with many items differing in their sizdsages, volumes, and weights
occur in logistics and in industrial applications. Ofteesh problems are simplified by
using containers with normalized sizes and shapes, in wthis$e items are packed, thus
reducing the complexity of the optimization problem, bistcadjiving up the aim of finding
the densest packing. Also in physics and mathematics, lysardy systems with one type
of particles or two types of particles are considered, witreAd B-particles differing in
their sizes and/or interactions. Some of these problens been studied very intensively,
e.g. the problem opacking circles in a circle here the task is to find the densest closed
packing of N disks with radiir; = 4,4 = 1,..., N in a circular environment within a
circumcircle, such that the radius of this circumcircle is minimal. There are related
benchmark problems, likgacking circles in a squargacking circles in a trianglepack-
ing squares in a circleand so on, in which als®y items of the same size and shape have to
be packed in a container of a given shape, the size of whichohas minimized. Mathe-
maticians put a great effort in proving the optimality of dusimn for some system siz¥.

For most packing problems, exact computer algorithms cénaeatermine the optimum
solution for very small values a¥, as the computing time increases mostly exponentially

331



N | contest record my value | record N | contest record my value | record
5 9.0013977| 9.0013977| matched 28 94.5499865| 94.5265365| beaten
6 11.0570404| 11.0570404| matched 29 99.5123179| 99.4831116| beaten
7 13.4621107| 13.4621107| matched 30 | 104.5785550| 104.5411690| beaten
8 16.2217467| 16.2217467| matched 31 | 109.7719469| 109.6824564| beaten
9 19.2331939| 19.2331939| matched 32 | 114.8654383| 114.8409490| beaten
10 22.0001930| 22.0001930| matched 33 | 120.2169571| 120.0658465| beaten
11 24.9606343| 24.9606343| matched 34 | 125.4335018| 125.3669392| beaten
12 28.3713894| 28.3713894| matched 35 | 131.1563546| 130.9176279| beaten
13 31.5458670| 31.5458670| matched 36 | 136.5349008| 136.4922446| beaten
14 35.0956471| 35.0956471| matched 37 | 142.1749805| 142.0513754| beaten
15 38.8379955| 38.8379955| matched 38 | 147.8576914| 147.4568453| beaten
16 42.4581164| 42.4581164| matched 39 | 153.5553012| 153.3800827| beaten
17 46.2913421| 46.2913421| matched 40 | 159.4890249| 159.1824078| beaten
18 50.1197626| 50.1197626| matched 41 | 165.2919097| 165.0369006| beaten
19 54.2402936| 54.2402936| matched 42 | 170.9257616| 170.8953274| beaten
20 58.4005675| 58.4005675| matched 43 | 177.0743401| 177.0513747| beaten
21 62.5588771| 62.5588771| matched 44 | 183.1760616| 183.0992248| beaten
22 66.7602862| 66.7602862| matched 45 | 189.6354391| 189.2029320| beaten
23 71.1994616| 71.1994616| matched 46 | 195.9107634| 195.5264351| beaten
24 75.7527041| 75.7491426| beaten 47 | 202.1856117| 201.7279256| beaten
25 80.2858644| 80.2858644| matched 48 | 208.6359467| 208.0901593| beaten
26 85.0764012| 84.9899391| beaten 49 | 214.6619520| 214.2954475| beaten
27 89.7921816| 89.7509627| beaten 50 | 221.0897526| 220.6004187| beaten

Table 1. Comparison of the best results foundFo< N < 50 during the benchmark contest, in which 155
groups from 32 countries took part, with my results.

with N. Sometimes it is possible to determine the optimum solufiwrsome specific
larger values ofV. But mostly heuristic algorithms have to be used which ptexgood
but not necessarily optimum solutions. The qualities o$éheeuristics are often compared
by their results for well-defined benchmark problems, foicklsometimes even contests
are organized.

Recently, a multidisperse variant packing circles in a circlevas introduced in an
international contest, which was organized by Sam Byrdn-I&zarles Meyrignac, and
Al Zimmermann. The task was to find the densest closed packiny afisks with radii
r; =14, =1,..., N inacircular environment in the way that the radid®f the circum-
circle is minimized. This problem can be trivially solved fy < 4. In the contest, the
system size®V = 5,6, ..., 50 were considered. 155 groups from 32 countries took part in
the contest, some of which have worked on packing problensefeeral years already. As
shown in Table 1, | was able to match and to beat all world esestablished during the
contest with our new packing algorithm, which is suited fargllel enablement. Figure 1
shows the best results | found for the problem instances With 30 and N = 40 disks.
This result gained a lot of attention by various journali3tse packing algorithm was rated
to be one of the 50 most important inventions of the year 200&® Time Magazine. Re-
ports about this work were shown on TV (German TV channels ARDF, and SWR),
published in online journals (Spiegel Online, New Scidr@isline), and printed in various
newspapers (e.g. Frankfurter Rundschau, FrankfurteeAilgjne Zeitung).

332



N=40

Figure 1. Best solutions found for the multidisperse paglmblems withV = 30 disks andN = 40 disks:
the numbers within the larger disks denote their radii.

2 The Packing Algorithm

The packing algorithm we developed is based on a combinafiglobal optimization al-
gorithms from statistical physics and local optimizatitgoaithms from computer science.

2.1 Global Optimization

In a first step, we ussimulated annealingSA)? and its deterministic variarthreshold
accepting(TA)®. Here the problem to be optimized is mapped on a physicatsysThe
cost function or objective function of the optimization ptem is interpreted as an energy
function’H of the physical system, which is to be minimized. This goadhkieved by an
artificial cooling process during a computer simulatiorserabling cooling processes in
nature: SA and TA start off with a randomly created configoraat a high temperature.
Then they subject the system to a cooling schedule, in whielidmperature is gradually
decreased. This decrease can be performed e.g. in th&Way= f7°'4, with f < 1, e.g,

f =10.99. In each temperature step, the system is altered sevees bignso-called moves,
changing the configuration slightly. Such a small changenfttee current configuratios;

to a tentative new configuratian_; can be performed by shifting the midpoift;, ;)

of some randomly chosen digkslightly, by letting the disk jump to a completely new
position, and by exchanging two disks with different ratlle found that the quality of the
results strongly depends on the parameters of these mogeshe maximum offset iz-
andy-direction, by which a disk is shiftédLet AH = H(o;11) — H(o;) be the energy or
quality difference between the current configuratigand the tentative new configuration
oi4+1. Then each move is accepted according to the Metropolipéanee probability

1 ifAH <0
W = - 1
(=7 {exp(—AH/T) otherwise @)
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in case of SA (i.e., the move is always accepted if it lead s tiogprovement and only with
some probability if it leads to a deterioration, the profigbdepending on the amount of
deterioratior) or with

W —71)= {1 IfAHS.T (2
0 otherwise

in case of TR (i.e., the move is always accepted if it leads to an improveraad also
always for small deteriorations up to some siZe If the acceptance criterion is fulfilled,
the system performs the mowe — 0,1, in case of rejection, one sets,; := o;. Thus,
accepting a move can be seen as making a step forward in sodseé&pe, while rejecting
it means remaining on the current spot. After the acceptanogjection of a move, a new
move is performed, in which again some randomly chosen diskifted to some randomly
chosen new location or two randomly chosen disks are ex@thng

For the multidisperse packing problem, the objective fiomcto be minimized is given
by the radiusR of the circumcircle. If we consider the midpoint of the cinecircle to be
located at the originR can be written as

R = max; (m +1/z? + yf) (3)

with the maximum taken over all diskswith radii »;, whose midpoints are located at the
coordinateg:;; andy; and whose outermost points have the distance . /xf + yf to the
origin. Furthermore, there is the constraint that the wegidisks must not overlap. Thus,
for each pair(i, j) of disks, the condition

Pi,j) = ri + 15— (@i — ;) + (i — )2 <0, (4)

i.e., the condition that the sum of their radii is not lardeart the distance between their
midpoints, must be fulfilled. There are various ways of deglvith such a constraint, e.g.
by generating only feasible solutidhsHowever, for this problem, it is advantageous to
make use of penalty functions, which are added to the enargyibn if the corresponding
constraints are violated:

H =R+ \P(i,j)O(P(i, 7)) (5)

A is a Lagrange multiplier weighing the constraints with exsgo the radius. It has to be
chosen large enough, such that no overlaps remain at thef éimel optimization run, and
small enough, in order to allow the system to walk in the deapace from an island com-
prised of feasible solutions to another such island, on h gamsisting of configurations
exhibiting at least one overlap. We found that for our prable= 1 seems to be optinfal
O(z) denotes the Heaviside function

@(I)_{l ifz>0 ©)

0 otherwise

ensuring that the penalty is only added if the correspondamgtraint is violated.
Summarizing, this global optimization approach subjeletsgystem to be optimized

to a cooling process, thus transferring it from a high-epeegime at high temperatures

to a low-energy configuration at low temperatures. WhenguSif, the mean value of the
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energy values occurring at temperatiireecreases linearly with' at high temperaturés
The prefactor of this decrease depends only on the numbéskaf,ahot on their sizes.

2.2 Local Optimization

The resulting solutions we get sometimes still contain semall overlaps of the order
10~2 — 10~°. In order to resolve these overlaps and furthermore to ingoair solutions,

we use a local optimization technique as afterburner. (Lgt) be a pair of overlapping
disks. Then an overlap vectdy; can be defined by

gy +rj - \/(wi —z;)” + (i — 5)° ((zj) B (xz)) . @)

\/(‘”i — ;)% + (i —y;)? Yi vi

If there is no overlap, them;; = 0. For each disk, the sum of these overlap vectors is
added to the location of the midpoint of the disk:

T new . old 1
(%) :(%) +§zj:vﬁ (8)

The update of the midpoints is performed in parallel. Thigtiree ensures that if there is
only one overlap then it is resolved. But by resolving it,,ilgy shifting two disks away
from each other until they only touch each other, new overiaght occur with other
disks. Furthermore, the various overlap vectors mightidte shift a disk in opposite
directions. Thus, this resolving routine has to be repeat@d no significant overlap
remains. (Due to the finite numerical precision, overlapgeforder10—® might remain.)

This process of resolving remaining small overlaps can Imebitoed with a local ap-
proach for improving the solution. This is simply done byfshg the outermost disk
slightly towards the center of the circumcircle. By doing soe might create overlaps
with neighbouring disks which have to be resolved as desdrédbove. This approach of
shifting the outermost disk slightly towards the origin afdesolving the occurring over-
laps afterwards is repeated for decreasing values for tiggHeof the shift vector until no
further improvement can be found.

3 Parallelization of the Algorithm

Both our global and our local packing algorithm, which werglemented in Fortran 77
with Fortran 8.x extensions, are suited for parallel enalelet. For the global optimization
approach, the largest amount of computing time has to be fasge determination of
the overlaps of the shifted disk or the two exchanged dislis all other disks. This de-
termination can be performed in parallel. Here it is advgetas to make use of OpenMP.
Furthermore, the radius of the tentative new configuratasith be determined. We always
store the number of the outermost disk, which determinesatieis of the circumcircle.
If this disk is not selected in the move for shifting it, mogiit, or exchanging it, we have
only to check whether the shifted/moved/exchanged digkgdrtially or in whole outside
the circumcircle. However, if this disk is selected, thenals® have to go through all disks
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for determining the outermost one. Analogously, this loegrdhe disks can be performed
in parallel with OpenMP.

In order to determine the behaviour of physical observahlése cooling process, it is
necessary to perform a huge number of optimization runsrggavith different seeds for
the random number generator in parallel. In order to geaéhatpicture of the specific heat
in Ref. 4, we had to perform hundreds of optimization rungravhich we had to take the
average, as the data points achieved in the various runshbggiag over a large number of
measurements still fluctuated strongly. For this parakeion, we used MPI. Additionally,
in thousands of optimization runs, we produced a huge nuoflagrasi optimum solutions,
which allowed us to determine their common properties aadlifierences between them,
which led e.g. to the result that the subspace of quasi optilcanfigurations exhibits the
property of ultrametricity.

Partially, we also used parallel tempering instead of satma annealing. This method
works like simulated annealing with a unique constant tenatpiee valuel; on a single
node: of a parallel computer, but from time to time the configunasi@re exchanged
between the various nodes, in order to allow for treatingthéother temperature values.

Also the local optimization method is suited for parallehblement. In each step, a
loop over all disks has to be performed for the determinatibtihe new outermost disk.
Additionally, the overlaps between all pairs of disks havdé calculated. Again these
loops can be performed in parallel by making use of OpenMP.

Furthermore, by randomizing the strength with which theeoubst disk is hammered
towards the center of the circumcircle, which is the mostieduparameter of the local
optimization method, the local optimization method canrbprioved by performing it in
parallel with MPI and making use of an evolutionary algarith We start off with the
best configurations achieved by the global optimizationhoés, which are subjected to
the iterative method described above. After some iteratitime best configurations are
cloned, while the worst configurations are discarded. Tpfg@ach is repeated until no
significant improvement can be found for some iterations.

Summarizing, these descriptions show that we made variges af the supercomput-
ing resources at the John von Neumann Institute for Comgutin

4 Results for the Multidisperse Packing Problem

4.1 Optimum and Average Results

When plotting the best radius valuBsve achieved vs. the corresponding system sives
as shown in the left graphic of Figure 2, we find that the radiuscales as? o N*°.
This result can be easily explained by reconsidering thasthe of the circumdisk must
be at least as large as the sum of the sizes of the various disk#?r > SN 127 =
ZN(N + 1)(2N 4+ 1) > ZN3. Analogously, upper bounds for the radifiscan be
constructed, which also depict\a'-®> power law scaling function.

While this result is certainly interesting, we have to sthiat it does not help us to
prove whether our results are optimal or at least close tonght However, there exists
an interesting hypothesis for a different type of completirojzation problems called spin
glass models, which was also found to hold also for other lprob, like the traveling
salesman problefn This Grest hypothesis allows to estimate the exact optinaalme
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Figure 2. Left: radiusR of the best configurations found for various system sixesRight: average quality
(H)+ of results achieved after calculation tirhéor the instance withV = 50 disks vs. inverse of the logarithm
of that calculation time.
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Figure 3. Left: probability with which a disk with radiug = i touches a disk with radius; = j. Right:
average distance between disks with radindy.

from average results achieved with SA for various calcatatimes: the deviation of the
average qualityH), of results achieved after an amount of calculation tinfeom the
ground state energit, decreases slowly with increasing calculation titreccording to
(H)¢ — Ho ~ 1/ log(t)¢ with ¢ ~ 1. The right diagram in Figure 2 shows for the problem
with N = 50 disks how the ground state energy can be very well estimaitbdive Grest
hypothesis, if comparing the resultsf220.6 to the value in Table 1.

4.2 Neighbourhood Relations of Disks in Quasi Optimum Solubns

Besides the new world record configurations | achieved, weagauge number of quasi

optimum solutions, several of which were better than thddvacords established during
the benchmark contest. We had a closer look at roughly 1000@te best solutions we

achieved for the problem comprised df = 50 disks and compared them for common
properties. Contrarily to our intuition, disks being adjatto each other in one solution
are not necessarily adjacent to each other in other sokjtasshown in the left diagram
of Figure 3. There is only a tendency that the larger disksdjacent to each other more
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often. Furthermore, disks with radij ~ 15 seem to like to be close to the largest disks.
One often finds that two of the largest disks, which lie adjat@ each other and touch the
circumcircle, form a hole between them and the circumcivdiéch can be ideally filled
by such a smaller disk.

That the largest disks tend to stay close to each other canbalseen in the right
diagram of Figure 3, which shows the average distance bettieanidpoints of the disks
with radii r; = ¢ andr; = j, from which the sum of these radii is subtracted.

5 Concluding Remarks

From the taxpayers’ point of view, one might argue whethesais really worth to spend a
lot of computing time for the investigation of an academiotgem, which does not seem
to have any practical impact at first sight. However, wheimtryo develop a new computer
algorithm, which is intended to be superior to other aldwnis, which is intended to be a
general purpose algorithm for the solution of any packingpfem, and which is indeed
intended to be applied not only to academic but also to ialpkoblems, it is always

advantageous to start out with some widely studied bendhimablems, to which the

algorithm can first be applied and for which it can afterwardguned. Then one is not
only able to solve this specific benchmark problem but alsgetoa feeling for packing

problems in general, thus enabling oneself to improve ooels algorithm even more.

The benefit of this work is thus not only glory, but also a deegarstanding of packing

problems, which finally helps to develop a packing algorifonreal-world problems. We

are very grateful to the John von Neumann Institute at the&es Centre Julich for the
large grant of computing time we got. Without this grant, weawd not have been able to
achieve any of the results presented here.

References

1. http://lwww.azspcs.net

2. S. Kirkpatrick, C. D. Gelatt Jr., and M. P. VeccBiptimization by Simulated Anneal-
ing, Science220, 671-680, 1983.

3. G. Dueck and T. Scheu€eFhreshold Accepting: A General Purpose Optimization
Algorithm Appearing Superior to Simulated AnnealidgComp. Phys90, 161-175,
1990.

4. A. Muller, J. J. Schneider, and E. Schonfeacking a multidisperse system of hard
discs in a circular environmenPhys. Rev. 9, 021102, 2009.

5. N. Metropolis, A. W. Rosenbluth, M. N. Rosenbluth, A. H.llég and E. Teller,
Equation of State Calculations for fast Computing MachjnesChem. Phys21,
1087-1092, 1953.

6. J. J. Schneider and S. Kirkpatridkochastic Optimizatio(Springer, Berlin, Heidel-
berg, New York, 2006).

7. J. J. Schneider, A. Muller, and E. Schomgltrametricity property of energy land-
scapes of multidisperse packing problebys. Rev. &9, 031122, 2009.

338



Performance Tuning in the Petascale Era

Felix Wolf1-2, David Bohme'2, Markus Geimer!, Marc-Andr & Hermanns,
Bernd Mohr !, Zoltan Szebenyl-2, and Brian J. N. Wylie!

1 Forschungszentrum Julich, Julich Supercomputing @entr
52425 Jilich, Germany
E-mail: {f.wolf, d.boehme, m.geimer, m.a.hermanns, b.mohr, z2syelb.wyli¢ @fz-juelich.de

2 RWTH Aachen University, Graduate School AICES
52056 Aachen, Germany

Driven by application requirements and accelerated byeoaitrends in microprocessor design,
the number of processor cores on modern supercomputers fn@w generation to generation.
As a consequence, supercomputing applications are relguirbarness much higher degrees
of parallelism in order to satisfy their growing demand fongputing power. However, writing
code that runs efficiently on large numbers of processorsirara significant challenge. The
situation is exacerbated by the fact that the rising numbeores imposes scalability demands
not only on applications but also on the software tools neéddetheir development.

To address this challenge, the Helmholtz University Youmgestigators Grouperformance
Analysis of Parallel Programat Julich Supercomputing Centre (JSC) in cooperation thi¢h
JSC DivisionApplication Supportreates software technologies aimed at improving the perfo
mance of applications running on leadership-class systénthe centre of our activities lies
the development of Scalasca, a performance-analysistabhes been specifically designed
for large-scale systems and that allows the automaticiféeion of harmful wait states in ap-
plications running on tens of thousands of processors.isretticle, we highlight the research
activities of our group during the past two years and givewtiook on future work.

1 Introduction

Supercomputing is a key technology pillar of modern scieara# engineering, indispens-
able to solve critical problems of high complexity. The eien of the ESFRI road map
to include a European supercomputer infrastructure in ¢oation with the creation of the
PRACE consortium acknowledges that the requirements of/ro@tical applications can
only be met by the most advanced custom-built large-scatgpoter systems. However,
as a prerequisite for their productive use, the HPC commungieds powerful and robust
development tools. These would not only help improve théabdity characteristics of
scientific codes and thus expand their potential, but alsvalomain scientists to concen-
trate on the underlying models rather than to spend a maetién of their time tuning
their application for a particular machine.

As the current trend in microprocessor development coasinthis need will become
even stronger in the future. Facing increasing power dagigip and little instruction-level
parallelism left to exploit, computer architects are raalj further performance gains by
using larger numbers of moderately fast processor corber#han by further increas-
ing the speed of uni-processors. As a consequence, supautamapplications are being
required to harness much higher degrees of parallelismderdo satisfy their growing
demand for computing power. With an exponentially risingniner of cores, the often
substantial gap between peak performance and the perfoetarel actually sustained by
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production codes is expected to widen even further. Finalbreased concurrency levels
place higher scalability demands not only on applicatiomsadiso on parallel program-

ming tools. When applied to larger numbers of cores, famibals often cease to work

in a satisfactory manner (e.g. due to escalating memonyin@gents, failing displays, or

limited 1/0 performance).

To overcome this challenge, the Helmholtz University Yolmgestigators Grouper-
formance Analysis of Parallel Progranas Julich Supercomputing Centre (JSC) in coop-
eration with the JSC DivisioApplication Supportreates software technologies aimed at
improving the performance of applications running on leskip-class systems with tens
of thousands of cores. At the centre of our activities liesdbavelopment of Scalasca
performance-analysis tool that has been specifically desidor large-scale systems and
that allows the automatic identification of harmful waittetin applications running on
very large processor configurations.

In this article, we give an overview of Scalasca and highlighearch accomplishments
of our group during the past two years, focusing on the arsmbfsvait states and of time-
dependent behaviour, as these two examples address thbikigabf Scalasca regarding
both the number of processes and the length of executiqrectsgely.

2 Scalasca Overview

The current version of Scalasca supports measurement atgssnof MPI applications
written in C, C++ and Fortran on a wide range of current HPGfpiens. Hybrid codes
making use of basic OpenMP features in addition to passirgsages are supported as
well. Figure 1 shows the basic analysis workflow supporte&tglasca. Before any per-
formance data can be collected, the target application brisistrumented and linked to
the measurement library. When running the instrumented oadhe parallel machine, the
user can choose between generating a summary report (g3)ofiith aggregate perfor-
mance metrics for individual function call paths and/or gfating event traces recording
individual runtime events from which a profile or time-liniswalization can later be pro-
duced. Summarization is particularly useful to obtain arreiew of the performance
behaviour and for local metrics such as those derived franivere counters. Since traces
tend to rapidly become very lar§@ptimizing the instrumentation and measurement based
on the summary report is usually recommended. When trasimegabled, each process
generates a trace file containing records for its process-kvents. After program ter-
mination, Scalasca loads the trace files into main memoryaaadl/zes them in parallel
using as many processors as have been used for the targeatipplitself. During the
analysis, Scalasca searches for wait states and relatBarpance properties, classifies
detected instances by category, and quantifies their signife. The result is a wait-state
report similar in structure to the summary report but erecclvith higher-level commu-
nication and synchronization inefficiency metrics. Botimsoary and wait-state reports
contain performance metrics for every function call pattl process/thread which can be
interactively examined in the provided analysis reporiesqs.
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3 Scalable Wait-State Analysis
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Figure 1. Schematic overview of the performance data flowcal&&ca. Grey rectangles denote programs and
white rectangles with the upper right corner turned dowrotiefiles. Stacked symbols denote multiple instances
of programs or files running or being processed in paralldhe GUI shows the distribution of performance

metrics (left pane) across the call tree (middle pane) aagtbcess topology (right pane).

In message-passing applications, processes often remuaiess to data provided by remote
processes, making the progress of a receiving process depeanpon the progress of
a sending process. Collective synchronization is simitathat its completion requires
each participating process to have reached a certain ggrd.consequence, a significant
fraction of the communication and synchronization time oéten be attributed to wait
states, for example, as a result of an unevenly distributattlead. Especially when trying
to scale communication-intensive applications to largeess counts, such wait states can
present severe challenges to achieving good performance.
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Figure 2. Scalability of wait-state search for the benchnaguplication SWEEP3D on the full JUGENE system.
The graph charts wall-clock execution times for the unimsgnted application and the analyses of trace files
generated by instrumented versions with a range of proagsbers. The figure shows the total time needed for
the parallel analysis including loading the traces andatialy the results and the time needed for the replay in
isolation. It can be seen that the total analysis takes less400 seconds and — for this particular example — is
still faster than the application itself.

3.1 Scalability

After the target application has terminated and the tra¢a dave been flushed to disk,
the trace analyzer is launched with one analysis proceséarget) application process
and loads the entire trace data into its distributed memddyess space. Future versions
of Scalasca may exploit persistent memory segments alaitabsystem such as Blue
Gene/P to pass the trace data to the analysis stage with@ltiimg any file 1/0. While
traversing the traces in parallel, the analyzer perforneptay of the application’s original
communication behaviotir During the replay, the analyzer identifies wait states im<o
munication operations by measuring temporal differene¢éwéen local and remote events
after their timestamps have been exchanged using an apeddtsimilar type. Since trace
processing capabilities (i.e. processors and memory) growortionally with the number
of application processes, we can achieve good scalabilppyexiously intractable scales.
Recent scalability improvements allowed us to completeetanalyses of runs with up to
294,912 cores on the full IBM Blue Gene/P system JUGENE (f€@).

3.2 Delay Analysis

In general, the temporal or spatial distance between caxssyamptom of a performance
problem constitutes a major difficulty in deriving helpfudrclusions from performance
data. So just knowing the locations of wait states in the @oygis often insufficient to
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understand the reason for their occurrence. Building ofieeawork by Meira, Jr. et
al#, we are currently extending our replay-based wait-stasdyais in such a way that it
attributes the waiting times to their root causes. The raose, which we call delay; is
an interval during which a process performs some additiac@lity not performed by its
peers, for example as a result of insufficiently balanciregidiad.

3.3 Evaluation of Optimization Hypotheses

Excess workload identified as root cause of wait states lystehnot simply be removed.
To achieve a better balance, optimization hypotheses dfesam a delay analysis typi-
cally propose the redistribution of the excess load to offtecesses instead. However,
redistributing workloads in complex message-passingiegpins can have intricate side-
effects that may compromise the expected reduction ofmgaitines. Given that balancing
the load statically or even introducing a dynamic load-beilag scheme constitute major
code changes, they should ideally be performed only if thepective performance gain
is likely to materialize. Our goal is therefore to automallig predict the effects of redis-
tributing a given delay without altering the applicatioseilf and to determine the savings
we can realistically hope for. Since the effects of such gearare hard to quantify analyt-
ically, we simulate these changes via a real-time replayeiffigtraces after they have been
modified to reflect the redistributed loafl

4 Analysis of Time-Dependent Behaviour

As scientific parallel applications simulate the temporabletion of a system, their
progress occurs via discrete points in time. Accordindig, ¢ore of such an application
is typically a loop that advances the simulated time stepteg.sHowever, the perfor-
mance behaviour may vary between individual iterationsef@mple, due to periodically
re-occurring extra activitiésor when the state of the computation adjusts to new condition
in so-called adaptive cod&s

4.1 Observing Individual Iterations

To study the time-dependent behaviour, Scalasca was esflipith iteration instrumenta-
tion capabilities corresponding to dynamic timers in PAtiat allow the distinction of in-
dividual iterations both in runtime summaries and in eveattés. Moreover, to simplify the
understanding of the resulting temporal data, we impleateseveral display tools includ-
ing iteration graphs with minimum, median, and maximum espntation (Figure 3(a)) as
well as heat maps to cover the full (process, iteration) spaca given performance metric
(Figure 3(b)).

With this new toolbox at our disposal, we evaluated the perémce behaviour of
the SPEC MPI12007 benchmark suite on the IBM SP p690 clusteiR]dbserving a large
variety of complex temporal characteristics ranging fraadyial changes and sudden tran-
sitions of the base-line behaviour to both periodically anegularly occurring peaks, in-
cluding possible nois€. Moreover, problems with several benchmarks that limitesirt
scalability (sometimes to only 128 processes) were idedtifiuch as distributing initial-
ization data via broadcasts in 113.GemsFDTD and insuffilgi¢arge data sets for several
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Figure 3. Gradual development of a performance problengaloB00 timesteps of PEPC on 1,024 processors.

others. Even those codes that apparently scaled well catt@ionsiderable quantities of
waiting time, indicating possible opportunities for perfance and scalability improve-
ment through more effective work distributions or bindimfgrocesses to processors.
Another real-world code with a substantially time-varyiegecution profile is the
PEPC! particle simulation code developed at Jillich Supercomg@entre and subject to
an application liaison between our group and the PEPC deeeteam. The MPI code em-
ploys a parallel tree algorithm to efficiently calculate theces the particles exert on each
other and also includes a load-balancing mechanism thatriedtes the computational
load by shifting particles between processes. Howeveraoatysid? revealed a severe
and gradually increasing communication imbalance (Fi@(ag). We found evidence that
the imbalance was caused by a small group of processes mighdependent constituency
that sent large numbers of messages to all remaining presésgure 3(b)) in rank order,
introducing Late Sender waiting times at processes withdriganks (Figure 3(c)). Inter-
estingly, the communication imbalance correlated veryt wéh the number of particles
“owned” by a process (Figure 3(d)), suggesting that the-loaldncing scheme smoothes
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the computational load at the expense of communicatioradisps. Since the number
of particles also influences the memory requirements of aga®y we further conclude
that the current behaviour of concentrating particles anallssubset of processes may
adversely affect scalability under different configuratio Work with the application de-

velopers to revise the load-balancing scheme and imprevedmmunication efficiency is

in progress.

4.2 Space-Efficient Time-Series Call-Path Profiling

While call-path profiling is an established method of linkia performance problem to
the context in which it occurs, generating call-path prsfiseparately for thousands of
iterations may exceed the available buffer space — espewiaken the call tree is large
and more than one metric is collected. We therefore devdlapantime approach for the
semantic compression of call-path profifelsased on incremental clustering of a series of
single-iteration profiles that scales in terms of the nunabéerations without sacrificing
important performance details. Our approach offers lowinue overhead by using only a
condensed version of the profile data when calculatingmistsand accounts for process-
dependent variations by making all clustering decisionally.

5 Outlook

Besides further scalability improvements in view of upcogsystems in the range of sev-
eral petaflops, we plan to extend Scalasca towards emergigggmming models such as
partitioned global address space languages and genemgeuGPU programming, which
we expect to play a bigger role in the future. Moreover, teoénhanced functionality and
share development costs, we will integrate Scalasca clegkrrelated tools including
Periscop&, TAU®, and Vampit®.
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Due to the power of ongoing computer systems there are manyiging attempts for
the numerical simulations of turbulent flows with additibpalifficult and challenging
features, e.g. flows through scramjets in aerodynamicssflovmeteorology, global cir-
culation and climate models, flows in astrophysics, fororatf planets, flows with phase
transitions, rain formation in clouds, flows in combustiorgmes and turbo-machinery
and the transport of impurities. The main difficulties foesle problems consist in the
modeling and resolution of turbulence, complex geomet8Bs highly nonlinear effects,
reactive flows, particle transport in turbulent flows anddeenand for high accuracy and
high efficiency. The main tools for treating these problenadéghly resolved grids, higher
order discretizations in space and time (DNS), adaptiwesgthe parallelization on super-
computers, i.e. on a considerable amount of processors yamahdcal load-balancing.
Some of the above mentioned problems are studied in thesioigpcontributions.

The main subject of the first contribution (by A. Bosco and Birfartz) is the simula-
tion of the flow through the first part of a scramjet, i.e. a hrgpeaic air-breathing engine,
which compresses the incoming flow without a rotary commeaad achieves a super-
sonic combustion. The underlying mathematical model fes¢hcomputations consists
of the compressible Navier-Stokes system and differeufence modeling procedures,
based on the Reynolds averaged Navier-Stokes equatioaslidretization has been done
within the QUADFLOW software tool. The grid consists of upi® million grid points.
The convective terms are dicretized by AUSMDV Riemann sshaand for the time inte-
gration Runge-Kultta fifth-order explicit schemes and a brster implicit Euler schemes
have been used. Grid adaptation is based on a multiscalgseahd data compression,
which is the main features of the QUADFLOW package. The csdearallelized on 64
and 128 processors, including dynamical load-balancimga preliminary study a two
dimensional hypersonic double ramp has been conductechamddcond step a three di-
mensional situation with the same conditions as appliecfoexperimental campaign at
the DLR. The main features of the flow fields are presented.

In a second part of this paper, the unsteady, quasi incosiptesinviscid flow in the
wake of an airplane has been studied. In this case the fluidiflal®scribed by the Euler
equations, which are solved again with QUAFLOW. BecausemradlsMach numbers a
preconditioning, based on a dual-time framework, is applie

In the second contribution (by H. Homann, J. Bec and R. Gjatersimulations of
particles with diameters larger than the Kolmogorov scaléspended in a turbulent flow,
are considered. The applications range from the formatigtemets in astrophysics to the
rain formation in clouds in geophysics. The focus lies onraainumerical simulation,
in particular on the calculation of single particle trajgags and statistical quantities like
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the variance of acceleration or the rotation rate. The dgnsithe particles is assumed
to be the same as that one of the surrounding fluid. The uridgnigathematical model
consists of the incompressible Navier-Stokes equatiarmiticular the vorticity transport
equation in a cubic volume. Periodic boundary conditioesiaposed on the boundary of
the cubic volume and suitable boundary conditions on thiasef the sphere. The latter
ones are realized by a pseudo penalization method. Dueitmeboundary conditions a
standard pseudo-spectral method is used. The grid spacingdh smaller than the parti-
cles. The time-discretization is given by a strongly stalde storage Runge-Kutta third
order method and the code is parallelized by MPI. One aimisfwlork is the compari-
son of the statistical properties of particles, realizeddnl spheres with those of simple
point-particle methods. It is shown that the observed atatbn variance of the particles
follows a scaling law in agreement with theoretical predits.

The paper of N. Peters, L. Wang, J.-P. Mellado, J. H. GobberGauding, P. Schafer,
M. Gampert concerns a new approach to understand the sral@listouctures of turbulence
by decomposing the entire flow field into relatively simpleogeetrical units, so called
dissipation elements. Starting from any point in the corapabhal domain, its gradient
trajectory can be determined by tracing along the descgralid ascending directions
which are normal to the iso-surfaces of the given scalail extremal points have been
reached. The ensembles of material points, with whichdtajees share the same pair of
minimal and maximal points, define the spatial regions, rhdigsipation elements. This
decompositionis deterministic, non-arbitrary and spitieg. It turns out that this method
can be used to determine the not well-found semi-empirwetficients of the widely used
k — ¢ equations in CFD codes for engineering simulations. Thestyithg mathematical
model consists of the incompressible Navier-Stokes egusin 3D space. They are solved
by direct numerical simulations on a grid with up to eighlibil nodes by FFT on a domain
with periodic boundary conditions. The corresponding dedieplemented on the basis of
an optimized MPI-parallelized FFT library on a system withta 16000 CPUSs. In order
to reconstruct the statistics of the flow field a correspoggimbability density function is
analyzed.

The impact of phase changes and latent heat release on Ithiéeture and vice versa
for moist thermal convection are studied in the paper of Tid&er, C. Junghans, O.
Pauluis, M. Putz, J. Schumacher. This is a challenginglpmiadue to the complex non-
linear thermodynamics of phase changes in addition to theikent motion. The mathe-
matical model of this flow consists of the incompressibleiba$tokes equations and two
transport-diffusion equations for the variations of thg dnd moist buoyancy fields. The
momentum equation is completed by a source term which is &neamn function of the
variations of the dry and moist buoyancy fields. The equatmfmotion are solved by a
parallelized pseudospectral scheme with volumetric fastier transforms (FFT). Time-
stepping is done by a second-order Runge-Kutta schemelyRina code is used to study
the stability properties for different choices of the drydahe moist Rayleigh numbers in
the case of equilibrium initial data with a small perturbatiwhich evolves into a fully
developed turbulent state. This is applied to the evolubiociouds.
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The development and improvement of the in-house code QUADKLfor the study of com-
pressible and quasi-incompressible flows is the main aimuofresearch group. In the past
two years our work has mainly focused on the investigatioa bf/personic scramjet intake,
on the study of wake vortices behind the wing of a commerdiatatt and on the general im-
provement of numerical methods. The complex geometry reddor the simulations and the
desire to investigate three-dimensional configuratiorth widequate grid resolution makes it
necessary to parallelize the code on a considerable nurhpesaessors.

1 Introduction

The QUADFLOW solver was developed at RWTH Aachen Univeragypart of the Col-
laborative Research Centre SFB 401 and is continuouslyteg@ad improved. Currently
two main aspects of the code are of central importance: ttrifence models and the
adaptive module. The presence of different types of turlmdenodels allows the study of
a wide range of flow fields varying from subsonic flow up to hygoeric flow as illustrated
in the following sections. In addition, an adaptive proaedcan be applied in order to
better capture the flow field structures thus minimizing thtaltamount of cells needed.
As illustrated below, we see that this gives good resultgjquaarly in configurations with
a large far field such as aircraft wings.

2 QUADFLOW Solver

QUADFLOW solves the Euler and Navier-Stokes equationsrad@momplex aerodynamic
configurations. It uses a cell-centred finite volume methodooally refined grids. The
grid adaptation is based on a multiscale analysis and datprassion similar to techniques
used for image compression. This is a new strategy indepemderror indicators and
error estimators. The fundamental idea is to rewrite aryasfaell averages by which the
flow field at hand is characterized into a new data format thawa for data compression.
This data set consist of cell averages and details. Thelsletn be interpreted as the
difference in the solution between two time steps and thepime negligible in the regions
where the solution is sufficiently smooth. If, on the confrdhe details are larger than
a user-defined threshold, the corresponding cell is refirfagther information on this
strategy and its analysis as well as computational aspactsefound in Bramkamp et &l.
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The computational grids are represented by block-stradtparametric B-spline patches.
In addition, simulation on structured grids can also beqrened. For the computation of
the convective flux, the flux-difference splitting AUSMDVdann Solveris chosen.

As far as the computation of the viscous fluxes is concermedgtadients of the vari-
ables at the cell interfaces are determined using the divesytheorem. The numerical
methods employed for the time integration are a Runge-Hifttaorder explicit scheme
and a first order implicit Euler. Different turbulence maglen be chosen in the QUAD-
FLOW solver. These are all RANS (Reynolds-averaged Nawigkes equations) models.
The well-known 1- and 2-equation turbulence models suctpatag Allmara$ or SST k-

w Menter are available as well as a newly implemented 7-equation &dgrstress model.

3 Hypersonic Scramjet Intake

A scramjet (supersonic combustion ramijet) is a ramjet ataraed by supersonic com-
bustion. A ramjet is a hypersonic air-breathing engine Whises forward motion through
the air to compress the incoming flow, without a rotary corapoe. In order to achieve a
supersonic combustion the scramjet has a minimal fundtgpeed, which is within the
range of hypersonic velocities.

A scramjetis an highly integrated system: the forebody heafterbody are integrated
with the combustion chamber. No moving parts are necessary $cramjet and thus the
mechanical complexity of the system is low.

Propulsion-airframe integrated scramjet

Farakad
COMPrEssion

Shock boundary s Afibody
leyer interactions =7 EXDIENSION
Heal loss
Drag T—
nﬂ".._ Thrust
T = e
Wehicle o -
baw-ahack |solator shock train g T
Fual injection stages
Inlet Izolator Combustar Maozzle

Figure 1. Main features of a scramjet (C.Rogers NASA).

A scramijet consists of four main components as illustratdeigure 1:

e inlet: This consists of a (double) ramp that provides homogenleighspressure flow
to the engine through a series of oblique shock waves.

e isolator: This isolates the pressure-sensitive inlet and allows ki¢ adapted to the
back pressure of the combustor using a shock train.
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e combustor. This is the area where supersonic combustion takes placshoulld
provide efficient mixing.

e nozzle Thisis the area where the gas expands and exits the vehidaging positive
thrust.

In our project we focus our attention on the computation efitthet and isolator, which
together form the so-called scramjet intake. A prelimirtany-dimensional study was con-
ducted on a hypersonic double rafnpn a second step, a three-dimensional configuration
was studied using the same conditions applied for an expaiimhcampaign at DLR in
Cologné. The inflow conditions are shown in Table 1.

free stream Mach numbér , [-] 7
free stream pressuge,, [Pa] 163
free stream temperatuig,, [K] 46
free stream density,, [km/m?] 0.012
unit Reynolds numbeRe., [-] 4.0-10°
wall temperature (simulatior?),, K] 300

Table 1. Inflow conditions for scramjet intake.

The geometry under study is constituted by a double ramgeéntath a ramp inclina-
tion of 9 and 11 degrees, respectively, a rounded leading add cowl and side walls to
increase the compression of the incoming flow.

A fine grid is required near the solid walls to correctly détbe boundary layer fea-
tures. For this reason, the computational grid used fortésiscase containis 5.5 million
points. The numerical simulation was run using a Reynoldssstmodel. This model is
known to give better results in flows characterized by higis@nopy, such as the flow
under study, due to the 7 turbulent equations that are saluedg the computation. The
size of the computational grid combined with the high nuntdifezquations to be solved
(5 for the Navier-Stokes equations and 7 for the turbulencdet) make it necessary to
parallelize the computation on 64 or 128 processors andittheicomputation for at least
100000 iterations in order to obtain good convergence.

The results of the numerical simulation are shown in Figuveh2re the value of the
Mach number is presented along the different planes.

In Figure 2 the main features of our flow field can be identifid& see the first ramp
shock revealed by a jump in the Mach number along the ho@qténes. At the kink
between the two ramps a blue region, characterized by a loehMamber, indicates a
boundary layer separation with a recirculation bubblettrerrdownstream, the flow enters
the isolator and a second boundary layer separation is keoMay the impingement of the
cowl shock on the lower isolator wall.

4 \Wake Vortices

A first assessment is presented to validate the ability of QBEOW to simulate the be-
haviour of the wake of an aircraft. The present study comsjdeon-stationary, quasi-
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Figure 2. Mach number distribution along a 3-dimensionglka configuration.

incompressible, inviscid fluid flow described by the Euleua&tpns. A velocity field
based on the experimental measurements is prescribed amddvy condition in the in-
flow plane. The circumferential part of the velocity distriton ve (1) is described by a
Lamb-Oseen vortex according to Eq. 1:
I —()2

vo(r) = o (1 e W) )
The axial velocity component in the inflow direction is sethe constant inflow velocity
of the water tunnel. The two parameters of the Lamb-Osedexairculation” and core
radiusd, are chosen in such a way that the model fits the measured tyel@tdl of the
wing tip vortex as closely as possible. The radiuis the distance from the centre of a
boundary face in the inflow plane to the vortex core.

Instead of water, which is used as the fluid in the experimbatcomputation relies on
air as fluid. The inflow velocity in the x-directiom,, is computed to fulfil the condition
that the Reynolds number in the computational test caseisame as in the experiment.
The experimental conditions are a flow velocity, = 1.1~* and a Reynolds number
Re,, = 1.9-10°. With the conditionRe,;. = Re,, the inflow velocity in the x-direction
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was computed as., = 16.21 +. For reasons of consistency, the circumferential velocity
vg Was also multiplied by the factée=. The velocity of the initial solution is set to parallel,
uniform flow ug = s, v9 = wg = 0.0.

The computational domain matches the experimental sethjghvextendd = 6 m
in the x-directionb = 1.5m in the y-direction anch = 1.1m in the z-direction. The
boundaries parallel to the x-direction were modelled asrsginy walls. This domain
is discretized by a coarse grid with 40 cells in the flow-dit, and 14 cells in the y-
direction and 10 cells in the z-direction, respectivelye lumber of refinement levels was
set toL = 6. With this setting, the vortex can be resolved on the fineslley about 80
points in the y-z-plane.

Figure 3. Initial computational grid.

Since QUADFLOW solves the compressible Euler equationsgagmditioning has to
be applied for low Mach numbers. This preconditioning islegabin a dual-time frame-
work where only the dual time-derivatives are precondiiand used for the purposes of
numerical discretization and iterative solution, cfr. R&fThe spatial discretization of the
convective fluxes is based on the AUSMDV(P) flux vector splitmethod. The implicit
midpoint rule is applied for time integration. The unsteaesidual of the Newton itera-
tions is reduced by about three orders of magnitude in eawh step. The physical time
step is set ta\t = 5 - 10~° s, which corresponds to a maximum CFL-number of about
CF L. = 28.0in the domain. The grid is adapted after each time step. Asftery
100th time step load balancing is repeated.

To guarantee a sufficiently fine grid to resolve the vortexpprty at the start of the
computation, the grid on the in-flow plane is refined to the imasn level, see Figure 3.
Due to this procedure the first grid contains 384000 cells.ektihe information at the
inlet has travelled through the first cell layer, the forcedpmtation of the cells at the in-
let is no longer necessary. The grid is subsequently onlptadadue to the adaptation
criterion based on the multiscale analysis. After 5466 tateps, which corresponds to a
computed real time of = 0.27 s, the grid contains 787000 cells in total. Figure 4 shows
six cross sections of the mesh, which are equally spacecir-tlirection with distances
Axz = 1.0 m. Also presented is the isosurface of thecriterion with the value\, = —3.
The )\, criterion was proposed in Ref. 8 to detect vortices. A negatalue of)\; identifies
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Figure 4. Slices of the computational grid after 5466 tinepstat six different positions and the distribution of
Ao = —3.

a vortex, whereas the smallest of these negative valuessitteglcore of the vortex. As can
be seen from Figure 4, the vortex is transported through ¢inepatational domain. The
locally adapted grid only exhibits a high level of refinemienthe vicinity of the vortex.

5 Conclusion

The computation of flows characterized by a high number ad goints and complex
dynamics was achieved by using the QUADFLOW solver. In paldir, we focused on hy-
personic flows where the thick boundary layer requires a gighresolution and the study
of wake vortices, which needs a large computational domainbined with grid adapta-
tion. It follows that the use of a considerable number of pesors on high performing
machines is an indispensable requirement for our work.
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We report on direct numerical simulations (DNS) of neuyrdilioyant particles suspended
in a fully developed turbulent flow. The particles are coesidl as spheres with a diameter
larger than the small scale fluctuations that is the Kolmogacale. We adapted a pseudo-
penalization technique to this case of moving, non-triiaindary conditions. This method on
the one hand allows for controlling the parameter of theutigrit flow and on the other hand for
imposing accurately complex boundary conditions on a eeguid. The underlying method
will be presented in detail as well as first results on finize-®ffects and comparisons will be
drawn to solutions from existing point-particle models.

1 Introduction

Particles suspended in a turbulent flow appear in many emviemtal and engineering
situations. These range from astrophysical problems ssi¢heaformation of planets to
geophysical questions such as rain formation in cloudsddiitian, industrial settings such
as material processing involve the transport of impuritigsurbulent flows. Inertial par-
ticles, having for example a density different from the aembifluid do not follow exactly
the flow but lead to concentrations of particles, called gneitial concentrations. If the
diameter is much smaller than the Kolmogorov scale thedéces can be considered as
points and the flow around a sphere is assumed to be a Stokesé@ewigure 1).

Most of the models rely on this property and a lot of work hasrbdone to explore
the dynamical features of small but heavy spheres in tunoele®. In many cases these

e
e
= ——
v
v
=

Figure 1. Left: Stokes flow around a particle with diametercmemaller than the Kolmogorov scale. Right:
particle that is largerr{ = 20n) than the small scale fluctuations in a fully developed tlebuflow (R = 73).
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particles are assumed to be passive thus do not react bacthentarrier flow. Models for
situations where the diameter is of the order of the Kolmogacale or larger are often
limited to empirical laws for particles in a laminar flow geatng a turbulent wake but do
not consider the interaction with a fully developed turlmtilffow. For the latter case the
flow structure is much more complex and cannot anymore asstioniee of Stokes type
(see Figure 1).

In this paper we will present DNS of finite-size spheres inrbggnamic turbulent
flows. The focus hereby lies on single particle trajectoaigsvell as statistical quantities
such as the variance of acceleration or the rotation rate.

This paper is organized as follows: In the next section thmerical scheme will be
presented. Afterwards results will be discussed which dital time-series of single par-
ticles as well as statistical quantities such as probgthignsity functions (PDFs). The last
section presents conclusions and perspectives for futarkswy

2 The Numerical Scheme

In this section we present in detail the strategy we applpteesthe dynamical motion of

a finite-size sphere in a turbulent flow. The flow is considagtede incompressible and
described by the Navier-Stokes equations with appropbi@tmdary conditions in a cubic
volume with a physical extension @fr in each direction. These hydrodynamic equations
read

QDG =V XixD+pAd+F, V-7=0, 1)

i denoting the velocity field, related to the vorticity By= V x i, F is an external force
andy is the kinematic viscosity. The right equation of Eq. (1)pbsishes the condition of
incompressibility. The complete boundary of the flow cotss@f the domain boundaries
which are set periodic and of the surface of the sphere.

The periodicity of the domain allows for a standard pseugeesal method to solve
the Navier-Stokes equations: The underlying equationtr@ated in Fourier space, while
convolutions arising from non-linear terms are computeckal space. In the used code
(called LaTu) a Fast-Fourier-Transformation (FFT) is usedwitch between these two
spaces. The aliasing errors are limited by using a high+esptial cut-off-> which sets
less modes to zero than the classic 2/3-rule. The time scliemetrongly stable, low
storage Runge-Kutta of third order. All simulations weraéavith single floating-point
precision.

In order to maintain a statistically steady state we foresflibw by prescribing the en-
ergy content of the Fourier vectors with moduli 1 and 2. Thergncontent of each of these
two shells is kept constant while the individual amplitudesl phases are evolved piece-
wise linearly in time between several random configurategsarated by a tim&0 77..
The advantages of such a forcing are two-fold: it allows anedhieve a statistically
isotropic large-scale flow and limits the fluctuations toyoapproximativelyl0% of the
mean.

The interprocess communication uses the Message Passnigube (MPI1). More than
half of the computational time is spend on the FFTs. Theegfan efficient implementa-
tion deserves attention. TheaLu-code is able to use different implementations for the
FFT-algorithm. First, it can use the MPI-parallel, por&aBIFTW library (version 2.1.5
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(http://www.fftw.org )) which decomposes the entire domain via slab-geometry,
depicted in the left part of Figure 2; every CPU processesarmable of 2D-slices. This
FFT parallelizes very efficiently on mid-size computergfwip to several hundred CPUs.
However, the number of used CPUs is limited to the number idfgmints in each direc-
tion. To overcome this restriction, thesl u-code employs the San-Diego P3DFFT library
(http://www.sdsc.edu/us/resources/p3dfft ) which is a parallel interface

to 1D-FFT routines. For these one can use for example the BiB&ilry or the FFTW3
library. The P3DFFT permits a 2D-decomposition of the cotafjanal domain, depicted

in the right part of Figure 2. Hence, the limiting restricticoncerning the number of CPUs

is weakened.

Figure 2. Partitioning of the domain for four processest:Lghb-geometry (FFTW). Right: 2D-decomposition
(P3DFFT).

Now we turn to the numerical scheme for implementing the loawy conditions of
a sphere inside the simulation volume. The sphere is suggoske much larger than
the grid-spacing and to react back on the flow thus posing adrny condition to the
Navier-Stokes equations (1). For this we make use of a pspadalization methdd

Q
QA0 it —i i+l _ R v\ l —it+1—q
— 4 VAT +Vp'Tt = (1—x) ((u Vi)' + = ;aqu ) , 2)
where thea,, depend on the time-scheme. The functipulescribes the position of the
sphere vigy = 0 for |Z| > r elsex = 1. Herer denotes the radius of the sphere.

As the considered spheres are allowed to move in the turbildenit is appropriate to
smooth the functiory. For this we use a volume-fraction scheme which in 1D avergge
over two grid cells thus

G

X=57 xdz. (3)
2h Ji—iyn
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The equation for the particle acceleration is given by Nevgtequations

mp)? = / V. -TdV = / Tds, T = —pls + g (Vi +vil), 4)
s as

T denoting the stress-tensor. The force
o= [ T=F4 R (5)

oS

from the stress-tensor can be split up into a force
f=- [ vias ®)
as

due to pressure differences over the surface of the sphdra fmce
fo=vieo, [(a+ a0 @)

due to viscosity and shear at the surface of the sphere. We #u¢ appearing surface
integrals by numerical summation over a homogeneous grjzbofts on the surface of

the sphere (see Figure 3). The grid-spacing is chosen tévesdee Kolmogorov scale.

As in general the points of the surface grid do not lie on theicgrid their value has to

be interpolated from the latter. For this we use a tri-cubleesne which on the one hand
provides a high degree of accurd@nd on the other hand parallelizes efficiently.

0.16

S R E—
0.14
012
01
- /
0.08 /L
2 0.06 /
o 0.04 /
0.02 /
L/
2 0 2 4 6 g8 10 12

distance/dx
Figure 3. Left: homogeneous grids of points at the surfadet@yvand slightly above (black) together with the

velocity field (arrows) and pressure (colour) in the equatglane of the sphere. Right: Rms-velocity in the
vicinity of the surface of the sphere.

The spheres are allowed to rotate and the rotation ratdisatis
2 - .
—mRQ = nx (T-dS)=t, (8)
5 a8

where the torqué, is given by

t, = vR20, / (7 x @)dSQ. 9)
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Ry  Umms € v ot n T L T, N3

32 0.17 45-100% 3-107% 8-10°3 5-1072 0.8 1.2 6.5 512°

50 04 5.1072 3-107% 1-1072 28-1072 025 1.3 3.3 128°
8

73 013 1-1073 -107* 15-1072 2.7-1072 09 22 17 256°

Table 1. Parameters of the numerical simulations?\, = +/15urmsL/v: Taylor-Reynolds number,
urms. root-mean-square velocity;; mean kinetic energy dissipation rate; kinematic viscosity,dt: time

step, n = (v /e)'/*: Kolmogorov dissipation length scale;;, = (v/e)'/2: Kolmogorov time scale,
L = (2/3E)3/? /e: integral scale], = L/urms: large-eddy turnover timey: number of collocation points.

The derivatives in Eq. (7) and (9) are computed by means of@skemesh located at
one grid-spacing distance of the surface (see left partgafréi3) which is inside the linear
viscous sub-layer (see right part of Figure 3).

3 Results

In this section we are going to present results from diffegémulations. The aim is a
better understanding of the dynamics of spheres with dientesiger than the Kolmogorov
scale in fully developed turbulence. As we want to avoidriatéons between different
particles each simulation contains only one sphere of anggize. All particles are neu-
trally buoyant, i.e. the mass density of the partjgleequals the mass density of the fluid
pr. The main parameters of the simulations are given in Table 1.

We begin with time-series of dynamical quantities of thetipls. In the left part of
Figure 4 the rms-acceleration is given for two differenésizBoth functions show a chaotic
behaviour as expected in a turbulent flow. The smaller sptesa larger acceleration than
the bigger sphere, which is on the one hand due to the differiasses and on the other
hand due to the finite correlation length of pressure andcitylol he right part of Figure 4
shows time-series of the rotation rate from the same simonlsit The rotation rate of the
smaller particles is larger than that of the bigger partiTlee explanation of these findings
is analogous to that of the acceleration.

12

0.8 r

0.4

0.2

0 5 10 15 20 25 30 0 5 10 15 20 25 30
Uyt Uyt

Figure 4. Time-series of particles with different sizé&,(= 50). Left: rms-acceleration. Right: rms-rotation-
rate.
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The next quantities we are going to consider are of staistiature. It is clear that one
needs long runs in order to gather enough data to extraabtelstatistical informations.
Depending on the resolution and size of the particle we peréd simulations up to 400
large-eddy-turnover times (LET) per simulation. Here wgibavith acceleration proba-
bility density functions (PDFs) corresponding to the tisaies discussed in the previous
paragraph. The left part of Figure 5 shows these PDFs fordifi@rent particle sizes. The
smaller the size the larger are the characteristic tailge®ormalized to unit-variance we
obtain a collapse of the PDFs as observed in experirhents

"D=5.2n" | D=5.2n
D=10.4n % D=10.4n
D=20.8n @@ D=20.8n
10t T D=41.6n F: *jﬂ% D=41.6n
ol %T" 107 ”ug ‘%?‘
b B Ed )
8 0 e % o) e 3
o 10 £ * i u§ o q’sa-; a3
o B . *a e
ST ol . : D
5 10 Ox %8 0P ok
1 + K X DDDD E::%";jﬂ]nﬁ,g* S *g&* ;;u
10 P > - b
+ E’:‘HD‘ m
% 1073 Fo b
10—2 L L L L L n
-0.3 0.2 0.1 0.1 0.2 0.3 6 4 2 0 2 4 6
a alo,

Figure 5. PDF of acceleration of particles with differenardieter £, = 73). Left: not-normalized. Right:
normalized to unit variance.

Because itis computationally demanding to directly saheeltoundary layer and there-
fore the dynamics of a finite-size sphere, it is worth lookiogmodels. Simple models
neglect the back-reaction of the particles onto the flow apdd integrate the particle
trajectory from local values of the flow (usually at the cerdf the particle).

One of the aims of this work is to compare the statistical progs of real spheres with
those of a simple point-particle model. Newton’s equatmnttie most simple model reads

dv. Du 3v,
- (@ —

@Dl

v denoting the particle velocity and its radius. It only takes into account the fluid-
acceleration (first term right hand side) and the viscoasrdsecond term on right hand
side. We performed simulations where a statically stationany floseeded with particles
described by this equation. Furthermore simulations withsame flow-parameters were
done for spheres computed with the pseudo-penalizationadet

The left part of Figure 6 shows the normalized acceleratioariance
ag = ((dvf /dt)*)e=*/3n?/3 for both the model as well as for the real spheres. The
accuracy of the presented pseudo-penalization methoafgmmed by the approach of the
latter to the tracer value. The acceleration decreasessizi¢has was already discussed in
previous paragraphs. For diametérs 4n one observes an inertial-range behaviour with
ag X d;4/3. It is in agreement with the observation that pressurersgadi dominated by
sweeping at moderate Reynolds numBers

In contrast to the curve of the spheres the acceleratioaneeiof the model-particles
is approximately constant with a slight bump after= 12r. Therefore important features

V), (10)
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of the dynamics of finite-size spheres are not correctlyasgmted by the point-particles.
Further terms in Eq. (10) such as the Faxén-corrections ttabe taken into account. It
is questionable whether one can in general model the mofiarfinite size particle by a
point-model. The fluid velocity at the centre is generallyegingredient of such models,
which is not well defined for spheres larger than the Kolmogacale.

The right part of Figure 6 shows the rotation rate as a funaticthe particle diameter.
One observes a decrease of the variance of the rotatiomrtite hon-smooth scales of the
flow. The straight line indicates a quadratic decrease.

0.6

Wyms

04

0.2 |

2

_spheres —— 3
point mggﬁé """"" ) - 0.05

1 10 2 3 4 6 8 10 12 14
D/n D/n

Figure 6. R\ = 32) Left: Acceleration variance for spheres computed with gheudo-penalization method
and with a point model. Right: Variance of the rotation ratethe penalty-spheres.

4 Conclusions and Perspectives

In this paper we report on an application of a dynamical psquehalization technique
on the dynamics of finite-size spheres in fully developetulent flows. This method
provides the opportunity to control the turbulent flow angboee complex boundary con-
ditions given by moving particles. It shows good scalinggaties on massive parallel
computers and has been used on the Blue Gene/P system JUGESEN&C, Julich, Ger-
many. The penalization technique is shown to accuratelprkre the tracer dynamics in
the limit of small diameter. By means of well resolved direamerical simulations it is
observed that the acceleration variance of neutrally boiosigheres with radii larger than
four Kolmogorov scales follows a scaling law in agreemerthwlimensional predictions.
By means of this method a lot of important, unresolved proislean be tackled. We
mention the dynamics of particles with densities diffefeon the surrounding flow, the
influence of non-spherical shapes and particle-partitéaetions in turbulence.
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In order to extract small-scale statistical informationtarblulent flows from passive scalar
fields obtained by direct numerical simulation (DNS), a negtmod of analysis is introduced.
It consists of determining local minimum and maximum pooftthe fluctuating scalar field via
gradient trajectories starting from every grid point in ¢iections of ascending and descending
scalar gradients. The ensemble of grid cells from which #maespair of extremal points is
reached determines a spatial region which is called digsipalement. Dissipation elements
are highly convoluted and have on average an elongated.shiapie diameter is nearly constant
and of the order of a few Kolmogorov scales while the lengthighly variable and has a mean
of the Taylor length. Since dissipation elements are sghicgfiit is possible to reproduce
the overall statistics of the turbulent fields based on theparably simple statistics of the
elements.

1 Introduction

Due to their nonlinear and nonlocal nature turbulent flowes taghly complex systems.
In contrast to other subjects, there is a strong need to dtutyamental turbulence, of
which our understanding is still at an infancy stage. Altjlowan unresolved classical
problem in physics, turbulent flows occur in many applicasimot only in aerodynam-
ics, meteorology, geo- and astrophysics, but also in iatdtows in combustion engines
and turbo-machinery. Extensive research has been cautgdromore than one century,
nonetheless the understanding of turbulence is still famfbeing satisfactory and many
aspects remain to be explained.

Especially the behaviour of small scale structures of tieree is still not well under-
stood. Galilei realized in the 17th century, “I had less diffty in the discovery of the
motion of heavenly bodies in spite of their astonishingatises, than in the investigation
of the movement of flowing water before our very eyes.”

A new approach can help understand these small scale sgaaftiturbulence by de-
composing the entire flow field into relatively simple georiwa units, so called dissi-
pation elements (Figure 1). Understanding the behaviodrpaoperties of dissipation
elements leads to a better understanding of turbulende itse

One of the most important improvements for the researchrbiitance comes from
the use of Direct Numerical Simulation (DNS) on supercorammilike JUGENE, an IBM
Blue Gene/P system. Only the use of these supercomputessihpaxsible in recent years
to resolve the small scale structures of turbulence.
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Figure 1. Examples of dissipation elements interactindy witrtex tubes.

2 Direct Numerical Simulations

Direct Numerical Simulation (DNS) is of indispensable imjoce in the study of turbu-
lence. Compared with experiments, DNS has the advantagewfliing a complete set of
three-dimensional data with high spatial resolution.

Incompressible flows are described by the Navier-Stokeateims:
Continuity

V.U =0, (1)

Momentum

6—U+U-VU=—le+VV2U, )
ot p
whereU, p, p andv denote the velocity field, the fluid density, the pressurel féeid the
kinematic viscosity, respectively. By nondimensionalizithe Navier-Stokes equations
with a reference velocity/y and a reference length, one obtains the Reynolds number
Rey, defined afker, = U?/'L, as the only remaining parameter in Eqg. 2. Thus the Reynolds
numberRey,, which indicates the ratio of the inertial to the viscoust®s onl, is the most
fundamental nondimensional parameter to characterizaflIMathematically, the Navier-
Stokes equations with a given set of initial and boundarydd@ns are deterministic in
describing flows. However, there exists a critical valueh& Reynolds number, above
which the flow may transit from laminar to turbulent. Consewfly, completely new types
of motion and flow structures will appear in the whole flow fielthce the turbulent motion
is introduced, further descriptions such as statistichaesgled to investigate the dynamics
of the flow.

Turbulence is a multiscale phenomtfaThe integral scalé describes the size of the
largest structures and in contrast the Kolmogorov sgatehich is of the order of the size
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Figure 2. Direct Numerical Simulation (DNS) of a turbuleravil showing strain sheets and extremal points and
its data decomposition on a supercomputer with N*M processo

of the smallest structures of the flow. To fully resolve abhjperties of a turbulent flow;

must be proportional to the grid siZex in the calculation domain. Therefoé}eoc Rei/4

leads to the total number of grid points needed, whicN#sx Re%“.

Generally it is believed that the spatial resolution for DN&boutAz « O(n). Prac-
tically depending on different calculations, this critarican vary to some extent. To study
the overall flow parameters, like the mean kinetic energyemetgy dissipatiory is a
reasonable choice to determiter and therefore the grid resolutidinThese resolutions
are adequate to obtain first and second-order statisticereldre it is claimed that de-
mandingy to be resolved as the smallest scale is probably too strifigut to investigate
higher order derivatives or special properties, the abateria are too loose. More strictly,
Sreenivasaghpointed out that due to intermittency, scales which are namsaller tham
can locally occur in turbulence. To also resolve these Isealll scales, or spots of violent
events, in a strict sense, the grid size must be determing@dniare stringent way.

To analyze the structures of dissipation elements, théutso criterion is even more
stringent. As shown in Figure 1, the geometrical structdrdissipation elements is very
complicated in 3D space. The number of dissipation elemerats$low field is determined
by the number of extremal points. It has been found that dretpuently extremal points
will cluster together with a distance of the orderpfTo resolve extremal points in clusters
in a sufficient wayAxz must be smaller thamn.

3 Dissipation Element Analysis

“Is geometry ‘naturally’ identifiable in turbulent flo#®” In the past years many efforts
have been devoted to study flow geometries (i.e. vortex tabestical points). However,
due to the difficulty of clearly defining shapes and scalesiibulence, there was no suc-
cess to obtain a determined and complete partition of thieedtdw fields. One needs to
construct a suitable method, which can identify specifiogetical elements in turbulent
flows. Which method to choose is by no means evident. Dissipaiement analysis is
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Figure 3. Schematic sketch of a two-dimensional scalar fiieldding the trajectories from an initial point to the
minimum and maximum points. The solid lines are geodetieslibounding four repeating units corresponding
to dissipation elements, while the dashed lines are geobeyiond these units.

a new idea to decompose the entire flow fields into relativietpke geometrical units ac-
cording to the distribution of some predefined scdlafor any turbulent scalar variable
which is diffusion-controlled at small scales, in most past the flow field locally this
scalar varies monotonously, except for the regions aroena gradient points. Starting
from any grid point, its gradient trajectory can be detemdiiby tracing along the de-
scending and ascending directions which are normal to thstisfaces of the given scalar,
until extremal points have been reached (Figure 3). Themeblss of material points, with
which trajectories share the same pair of minimal and malqroits, define the spatial
regions named dissipation elements. This decompositialetisrministic, non-arbitrary
and space-filling. Some examples of dissipation elemeats frumerical simulations are
shown in Figure 1. In this figure the colouring shows the soalhue along trajectories, red
at the maximum point and blue at the minumum point. Dissipagilements can be char-
acterized by two parameters: the linear lengtietween maximum and minimum point
and the scalar differencA¢. It has been showr? that the mean length of dissipation
elements,, is of the order of the Taylor scale More details of the physical properties of
dissipation elements have been discussed in Ref. 1,2. Ron@e, the trajectories of the
gradient field are intrinsic coordinates which are imposethk flow field in contrast to an
arbitrary cartesian coordinate system. It is possible toutate statistics of the turbulent
field from dissipation element analysis, which exhibiten scaling over a large range of
scales. These statistics can be found and confirmed byssibulence theory.

An important result of dissipation element analysis is tietjprobability density func-
tion (PDF) of the linear lenghtand the scalar differenc&¢, depicted in Figure 4. This
function contains most of the information required to pecatively reconstruct the statis-
tics of the scalar field. Based on highly resolved direct nucaésimulations an equation
was derived and validatééh order to model the joint probability density function.
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Figure 4. A representative joint propability density fuoot(PDF) from direct numerical simulation (DNS).

4  Numerics

In order to reduce the numerical diffusion and resolve $tmesn, temporal and spatial
difference schemes with high-order accuracy are requitggectral methods using fast
fourier transformation (FFT) are applied due to their nugsraccuracy. To apply FFT,
the transformed Navier-Stokes equations need to be sofvadhioving coordinate with
periodic boundary conditions. For better numerical stigbiinder the control of mass
conservation, the skew-symmetric formulation of the catios term$ and a third-order
Runge-Kutta time discretization are used.

Most of the CPU time of our DNS code is consumed by the freduémioked FFT
subroutines. An optimised MPI-parallelized FFT libraryiry important to utilize the
hardware resource effectively. We have adopted the dub®B&PT, a library for large-
scale computer simulations in a wide range of sciences. Gdlatsility of P3DFFT with
the number of CPUs plays a key role in the overall performance

The real running of the DNS code, with a grid 2483=8 billion nodes, does show
that the iteration time is almost inversely proportionathe CPU number up to 16384
CPUs. The calculation consumes 1000 GByte memory and sreat®utput file for a
single timestep with the size of 400 GByte. The iterativeseptakes three minutes for
one cycle, which gives a total calculation wall-clock timfead least 10 days for the first
reasonable results.

5 Applications

In recent worR a new approach to partition shear layer flows has been deagloghich
is an important progess in understanding the geometrinadtsires in an unbiased way.
Based on our method of gradient trajectories, the turbldentturbulent interface can be
defined non-arbitrarily. Figure 5 shows the interactionaalar gradient trajectories with
a scalar isosurface in the interface zone.
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Figure 5. The interaction of a scalar isosurface with gretdi@jectories in shear layer flows.

Furthermore, the not well-founded semi-empirical coediits of the widely used
k-e-equation in CFD codes for engineering simulations couldgeenstructetiusing dis-
sipation element analysis.

As this model is widly used for industrial simulations it @es as an important link
between fundamental research and engineering applisatitime results of the currently
employed models are far from being satisfactory. Therefocembination of theory and
its testing in highly resolved DNS can help to improve maugkccuracy:.

6 Concluding Remarks

Fundamental theoretical research in turbulence helpswsderstand the physical basis of
this complex phenomenon. From an engineering view poirtipfence modeling serves as
the most important linkage between fundamental researtapplications. The available
turbulent models, for instance theckmodel and subgrid models of large eddy simulation
(LES), may work for specific cases, but generally are far fomimg satisfactory. However,
to construct a more accurate and wider valid model, bothréimal studies as well as nu-
merical simulations which are only realizable via superpating are of vital importance
for the investigation of the Reynolds number dependency.
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Convective turbulence with phase changes and latent eeleas important dynamical process
in the atmosphere of the Earth which causes, e.g. the favmati clouds. Here we study
moist convection in a simplified setting — shallow and nonjmigating moist Rayleigh-Bénard
convection with a piecewise linear thermodynamics on bimbssof the phase boundary. The
presented model is a first nontrivial extension of the ctadslry Rayleigh-Bénard convection.
The equations of motion and linear stability studies of Eopim are discussed and supercom-
putations of the fully developed turbulent dynamics in vitay Cartesian cells are presented.

1 Introduction

Moist thermal convection combines turbulent convectiothvghase changes and latent
heat release. It is ubiquitous throughout the atmosphetieeoEartl§. When a parcel of
air rises in convective motion, it expands adiabaticallg.a@dconsequence, its temperature
and pressure drop and at some point during its ascent theuaielpbecomes saturated.
The water condensation sets in and clouds are formed. The fange of temporal and
spatial scales in the convective turbulent motion causgwduiiations in the lifetime and
shape of clouds, such as shallow stratocumulus or isolatedilcis clouds, and thus in the
cloud cover and radiation budget. Cloud parametrizatiensain therefore one of the big
uncertainty factors for global circulation and climate rats#l

Despite its enormous importance, the small-scale stre@nd statistics of moist con-
vective turbulence has been studied relatively little canap to its dry convection counter-
part. The reason for this gap is that turbulent convectianaist air includes the complex
nonlinear thermodynamics of phase changes in additioreteutibulent motiof 4. Phase
changes lead to discontinuities of the partial derivatinebe equation of state at the sat-
uration point. The associated latent heat release in the bulk providesidlyahanging
local source of buoyant motion, in addition to the buoyarmryhgat) flux from the bottom
to the top planes as already present in dry convection. fRignt progress in understand-
ing the global and local mechanisms of turbulent heat tearisfdry convection has been
made in the last decade (for a comprehensive review see Ref. 1

In this work, we aim at transfering the numerical analysiaagpts from the well-
investigated dry convection cdse!! ?to the less-explored moist convection case. We
make a first step by considering moist Rayleigh-Bénard ectiwn with a linearized ther-
modynamics of phase chan§esThe model is a straightforward extension of the well-
known dry Rayleigh-Bénard convection case in the Boussjrapproximatiott:12 It is
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also an extension of a moist convection model which was dismioriginally by Brether-

ton™ for the onset of linear instability and weakly nonlinearireg. Here, we conduct

direct numerical simulations of the turbulent nonlineaigst of moist convection and dis-
cuss the computational challenges for studies in flatCells

2 Moist Boussinesq Model

2.1 Thermodynamic Equilibrium Approximation for a Shallow Layer

The buoyancys in atmospheric convection is givenby

_gp(& v, qz_,qz,p) P )

P
with ¢ being the gravity acceleratiom, a mean densityp the pressureS the entropy
and q,, ¢, ¢; the mixing ratios of water vapor, liquid water and ice. S#lethwarm
clouds result iny; = 0. If we assume local thermodynamic equilibrium, which mefans
example that precipitation is absent, the two remainingmgixatios are combined to the
total water mixing ratiogr = ¢, + ¢;- Thus dependencies are reduced®(@, S, gr). The
Boussinesq approximation considers pressure variationsta mean hydrostatic profile
and thus one is left with a functioB(S, ¢r, z). However, this functional dependence is
still highly nonlinear and contains the full thermodynasié phase changes. The next step
is to approximate3 as a piecewise linear function Sfandgr for both phases (vapor and
liquid) close to the phase boundary. This step preserves#tiie new physical ingredient,
the discontinuity of partial derivatives (e.g. the spedifeat) at the phase boundary, but
allows for an explicit determination of whether the air isddly saturated or not. Since
B becomes a linear function ¢f andgr, we can introduce two new prognostic buoyancy
fields, adry buoyancy field> and amoist buoyancy field/, which substituteS andgr.
Consequently, the buoyand(M, D, z) is a linear function of\/ and D and is given at
each space-time-point by

B =

B =max (M,D— NZz) , (2)

whereN; is the Brunt-Vaisala frequency. An air parcel at positkoait timet is unsaturated
if M(x,t) < D(x,t) — N2z;itis saturated if\/ (x,t) > D(x,t) — N2z.

2.2 Equations of Motion and Dimensionless Parameters of thiglodel

The dry and moist buoyancy fields can be decomposed in a Imean and variations
about the mean

D(x,t) = D(z) + D'(x,t) = Do + Mz + D'(x,t) (3)

H
My — My
H

The variations about the mean profiles of both fields havengstieatz: = 0 andH, which

imposes the boundary conditiom = 0 andM’ = 0. Eq. (2) can now be transformed into
B = M(z)+max (M',D' + D(z) — M(z) — N2z). Note that the first term on the right-
hand side is horizontally uniform. This implies that it cam lalanced by a horizontally

M(x,t) = M(z) + M'(x,t) = My + z+ M'(x,t). (4)
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Figure 1. Left: Completely unsaturated intital equilibriwondition withM (z) < D(z)— N2z. Both buoyancy
fields are linearly unstable for sufficiently high Rayleighnmbers. Right: Conditionally unstable equilibrium
case. The dry buoyancy field is linearly stable. The whole Elaaturated and (z) > D(z) — N2z. Do, Mo,
Dy and My are prescribed values of both fieldszat 0 and H.

uniform pressure field given by(z) = —Myz — [(Mg — My)/(2H)]22. We can thus
remove the mean contribution from the buoyancy field withent loss of generality.

A dimensionless version of the equations of motion is olet@diby defining the
characteristic quantities. These are the height of therldyge the free-fall velocity
Uy = /H(My — Mpg), the timeT; = H/Uy, the characteristic (kinematic) presstrg,
and the characteristic buoyancy differeddg — M. The Boussinesq equations are given
by

Ju Pr _,
E—i—(u.V)u——Vp—i—\/RaMV u-+ B(M,D,z)e, (5)
V-u=0 (6)
6D’ 1 RCLD
VD' = ——V?D' + —=u, 7
5 T V) Frias * Ryt (7)
oM’ 1
WIM = ——— 2\ . 8
o TV VPrRany T ®)

We identify three non-dimensional parameters: the Prandtiber,Pr, the dry and the
moist Rayleigh numbersap andRay,, which are defined as
v _ H*(Dy — D) H? (Mo — M)

Pr=—, Rap = ———=, Ray = ——m—=. (9)
K VK VKR

The kinematic viscosity is and the diffusivity of the buoyancy fields is Two more
parameters are hidden implicitly within the definition (2}fee buoyancy3 which is given
in dimensionless form by

B = max <M',D/—|—SSD—|— (1— RaD)z—CSAz) . (10)
RGM

The so-calledSurface Saturation Deficit'SD and theCondensation in Saturated Ascent
CS A are defined as

Dy — M, N2H
—_— CSA = —F"2—— .
My — My’ My — My
These two new non-dimensional parameters respectivelysumedow close the lower

boundary is to be saturated, and how much water can condétise the shallow layer.
WhenD, — M is positive, the air at the lower boundary is unsaturated,2n— M, is

SSD = (11)
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Run | iproc | jproc | Tpsprrr | Tpesprrr | Speedup
1 64 32 10910secs 10829secs| ~ 1%

2 64 64 7301 secs| 7127 secs 2%

3 128 64 6934 secs| 5585 secs 19%

Table 1. Runtime tests on Blue Gene/P for the full moist cotive code in production mode on2948 x
2048 x 513 grid. The number of MPI tasks is ipregproc. Integration was done for 300 time steps.

the amount of water vapor that must be added to an air pardeddome saturated. For
convection over the ocean, the lower boundary can just heaet, i.e.SSD = 0. In the
following we will consider a three-dimensional subspacthneffive-dimensional parameter
space only. We will restrict the present studyfte = 0.7 andSSD = 0.

2.3 Numerical Scheme and Computational Challenges

We solve the model equations in a flat Cartesian slab Wjth= L, = T'H with " > 1
being the aspect ratio. In the lateral direction we applyquic boundary conditions, in
the vertical direction free-slip boundary conditions. ¥lage given by

Ouy  Ouy
0z 0z
atz = 0, H. The equations of motion are solved by a pseudospectrafsziagth volu-
metric fast Fourier transformations (FFT) and 2/3 de-algsTime-stepping is done by a
second-order Runge-Kutta scheme. The smallest resolael iscthe Kolmogorov dissi-
pation length which limits the Rayleigh numbers of our DNSatues of~ 108. We use

B’ in the momentum Eq. (5) instead Bfsince the mean contribution i3(z) and can be
added to the kinematic pressure, idgp + B = 9,p + B’.

Convection in flat and highly resolved Cartesian cells witlid gpoint numbers
N, = N, > N, causes challenges for a parallel implementation of the.cOuethe one
hand, massively parallel computers are necessary to gateh problem at hand. On
the other hand, the geometry requires a two-dimensionallphration, i.e. the volume
V =T'H x I'H x H has to be decomposed into ipsojproc pencils each associated with
a MPI task®. The resulting volumetric FFTs have to be highly scalabke, increasing
the number of CPUs to solve the problem should also subatgndiecrease the time-to-
answer. Recall that three-dimensional FFTs require skgbsbhal communication steps
across the full processor grid. In our code, the FFTs in mabumed7% of the comput-
ing time. We compared here two code versions with three-diomal FFT packages, the
P3DFFT-package by D. PekurovsRyand an improved package PB3DFFT with a cache
blocking such that the data portions fit into the fast L2 caafttbe processors. This avoids
several reloadings into L2 during execution of the FFTs glitre three coordinate direc-
tions and causes a slight speed-up in some cases. In Tabéerépart a test series of runs
for ' = 4. Although the listed results look promising further effodf improvement are
under way, in particular for very flat cells with = 16 or 32. The MPI task mapping on
the 3d Torus in Blue Gene/P becomes then more and more edseénghould be stated
that cache blocking works significantly better on POWER-&teys where 8 times more
memory per core is available than on Blue Gene/P.

u, =D =M =0 and =0 (12)

376



cloudy | cleal
air air
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Figure 2. Left: Sketch of the configuration in a conditiopalhstable layer that can be solved analytically. Red
lines are the cloud boundaries where matching condition® ba be satisfied. The arrows indicate up- and
downwelling air. Right: Contours of the velocity stream étion which correspond with streamlines of the 2D
velocity field of a linearly unstable mode. The parameteesiag; = 3409, Rap = —955 and Pr = 0.7.
The periodicity length is\ — co. The growth rate i§2 = 0.2485, t = 0.1 andy = 2.8.

3 Linear Stability of a Shallow Moist Convection Layer

Case ofRap > 0 andRajs > 0: Starting point of our dynamical studies is an equilibrium
configuration which is infinitesimally perturbed and evaweto a fully developed turbu-
lent state. The equilibrium configuration for a convectiapdr is a fluid at resty = 0)
and linear profiles of both buoyancy fields(z) and M (z) as defined in Eq. (3) and (4).
In case that both Rayleigh numbers are positive, the linestability sets in at a critical
value, i.e. Rap and Ray; > Ra. = 277*/4 ~ 657.5. Under most circumstances,
the amount of water in the atmosphere decreases with héigig.implies that the moist
Rayleigh number should be larger than the dry Rayleigh nunthe,; > Rap (see Figure

1, left).

Case ofRap < 0 andRays > 0: In the atmosphere, another situation is often present. An
air parcel is unstable if it is saturated, but stable if it isaturated. In case of saturation
condensation sets in which is connected with a local relefkgent heat and an upward
motion of the parcel. We call this reginoenditional instability'®. In this case, the dry
Rayleigh numbeRap < 0, which is sketched in Figure 1 (right). The particular case
of M(z) = D(z) — N2z was discussed in a closely related model by Brethértoiie
was able to progress for the two-dimensional caseyfdependence of all fields) along
the same lines as a classical linear stability analysis pftdnvection. For the onset of
linear instability a periodic slab cloud configuration, &etshed in Figure 2 (left), will
be obtained. Moist cloudy air is rising up inside the slabudi® and clear air is falling
down outside. Sinca/(z) = D(z) — N2z, one needs to discuss one buoyancy field only,
M'. The partial derivatives are discontinuous at the cloudnidany and thus additional
matching conditions inc direction have to be satisfied. This prohibits a normal mode
ansatz inc. With the moist potentiall.(z, z,t) := [ M'(z, z,t)dz, Bretherton ended up
at a 6th-order ordinary differential equation

82 2 RCL]\,[ 4 8
—V2— |4/ PrRay | V= + V©
RaM@tQ ( Pr + TRCL]\[ ot +

with R = Rayy if M'(x, z,t) > 0andR = Rap otherwise. The free-slip boundary condi-
tions are given by, = 0%2L/02% = 0*L/0z* = 0 for z = 0, H. The matching conditions
in z resultin six relation®™ L /0x™ = 0 for z = +/2 wheren = 0, ..., 5. The separation
ansatzL(z, z,t) = exp(Qt)G(z) sin(nz/H) is now used wheré(x + n\) = G(z), as

32

L=R—
02

L, (13)
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Figure 3. Evolution of clouds from the initial equilibriunorfiguration to the fully developed turbulent state.
Times aret/Ty = 11.9 (top left), t/Ty = 41.6 (top right), t/T; = 64.0 (bottom left) andt/T; = 96.7
(bottom right). Isosurfaces of the cloud boundary and adimoensional contour slice af; are shown. Here,
CSA =0.35 Rap = 7.0 x 105, Raas = 1.4 x 10% andI’ = 8.

shown in Figure 2 (left). Solution& in dry and moist areas have to be matched at yet
not known cloud boundary positions= +-/2. Figure 2 (right) shows an example of the
flow field triggered by the linear instability for an isolatelbud with A — oo. The slab

of cloudy air tends to become narrower than the dry air reggnrounding it, as already
shown in a simple model by Bjerknes

4 Numerical Simulations of the Full Turbulent Regime

Case of Rap > 0 and Rajp; > 0: Our numerical computations of the fully devel-
oped turbulent regime were mostly focused so far on the cdssrenboth buoyancy
fields are linearly unstable. An initial equilibrium configtion is perturbed infinites-
imally. After a transient phase df/T; ~ 102, the convective flow is relaxed into a
statistically stationary state. This evolution is illetd by the four snapshots in Fig-
ure 3. An important aspect of the simulations is the evotutdd the cloud patterns.
Clouds are defined in our model as the space-time regionsaviigfuid water mixing ratio
q(x,t) = M(x,t) — (D(x,t) — N2z) > 0. Our parametric studies found that the size of
the cloud patterns depends on both, the paran@@ted and the two Rayleigh numbers
Rap andRays. The covering of the layer by clouds is decreased with irginggRayleigh
numbers. Furthermore, the largés A the more water can be condensed during an adia-
batic ascent. A decrease of this parameter allows to studhnaition from a closed cloud
layer to a broken one. Figure 4 shows an example with a snaidctovet®. Isolated
clouds are found in regions where air is rising up from theugb(red isosurfaces). The
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Figure 4. Snapshot of a turbulent shallow convection lajiére cell with an aspect ratio of 16 is resolved by
2048 x 2048 x 129 grid points. The simulation was run on one Blue Gene/P ra@R§MPI tasks) and took 10
days. The red isocontours show upwelling motion with > 0.23U. Right above this skeleton of upwelling
fluid, clouds are formed which are displayed as grey tramspasosurfaces.

Figure 5. Cloud base isosurface for moist convection in aitimmally unstable layer. The numbers here,
Rap = —1.0 x 10° and Raj; = 2.5 x 10°. Left: I' = 4. Right: I' = 16. Clouds fill the whole slab
above the isosurface.

perimeter-area analysis of vertically averaged cloudibigion gave a scaling dimension
of 1.27 which is close to 1.32 from large eddy simulationswhalus convection.

Case ofRap < 0 and Rayp; > 0: In the case of conditional instability, we applied a
finite perturbation to a configuration sketched in Figureighf) in order to overcome the
stabilizing effect of the dry buoyancy field. Note that thigial configuration differs from
the slab cloud ansatz (see Figure 2 (right)) in the linednilgyaanalysis of Bretherton. Our
first studies indicate that this regime is very sensitivéoaspect ratid' and the amplitude
of the perturbation (not shown here). This is illustrateigure 5 forl' = 4 andI" = 16.
The cloud basey = 0, is shown for snapshots of the turbulent states. Scatteredsthe
nearly unbroken cloud layer are cloud pieces that reach dovitimne bottom layer. They
reproduce the feature which was illustrated in Figure 2. & aso that their number
grows withI" since the system gains a bigger variability to compensateliipg moist air
by downwelling dry air.
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In summary, we have shown that the present model can displasra features of
moist convection. It is thus an appropriate base for thestigation of the impact of phase
changes and latent heat release on the turbulence and vi&® VvEhe model allows to
include further effects such as rotation of the plane or nfogortantly radiative cooling
at the top.
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The notation plasma was introduced by Langmuir, Tonks, &eit tollaborators in the
1920’s when they studied processes in electronic lampd filiegh ionized gases, i.e. low-
pressure discharges. Parallel to the developments in gasdectronics, basic plasma
physics evolved from astrophysics during the last centdannes Alfvén, Lyman Spitzer,
Jr., and Subrahmanyan Chandrasekhar may be named as négtiges of the originators
of basic plasma physics. Modern plasma physics emerged50'd9vhen the idea of
thermonuclear reactor was put forward. The tremendouseeirients of magnetic fu-
sion research during the last decades substantiated scane ago the decision to build
ITER as an international fusion test reactor which is gomg@roduce on earth reactions
similar to those powering the sun. On the other hand, brealtihs about 20 years ago
in laser technology also affected the development of plgsiyaics considerably. Laser
pulses up to powers of several Petawatt and pulse duratidemtoseconds can now rou-
tinely be produced. The combination of ultra-short pulseatian and the enormous peak
power achieved has opened up unique opportunities for thy stf fundamental physics
processes and for the development of major application®inptetely new regimes of
laser-matter-interaction. Laser-produced plasmas efelinique conditions for studies of
relativistic physics, sometimes called relativistic rinabr optics. As mentioned already,
the third area with persistent interest in fundamentalslasrpa physics is space physics
and astrophysics. Most of the matter in the universe ocautss plasma state. During the
last decades the improvements in observational technigdds snowballing amounts of
observed phenomena and collected data which call for irgtafions from plasma physics.

All three areas, magnetic fusion, laser-matter-intecactand plasma astrophysics, ne-
cessitate computational support at highest level to aetteir goals. In magnetic fusion,
the “numerical tokamak” is a great dream to better undedstaa complex processes in
bulky machines like tokamaks and stellarators. Shortepladser plasmas are inherently
nonlinear, difficult to diagnose experimentally, and neetgesive numerical simulations.
Practically most of the new regimes in electron and ion aedibn, X-ray sources, etc.
were proposed and supported by numerical modeling. Fidallywledge in space physics
and plasma astrophysics lives on modeling, which is nowsdsgcause of the complexity
of the systems, in most cases purely numerical.

According to the rich variety of plasmas and their differémte and space scales, the
theoretical models are multifaceted, e.g. classical, immechanical, non-relativistic,
or relativistic, respectively. They apply to high-tempera or low-temperature, weakly
or strongly coupled plasmas. Nonlinearities play the @mtle. Numerical approaches

381



encompass single particle dynamics, particle-in cell spkimetic, gyro-kinetic, hydrody-
namic (plasmadynamic), and magnetohydrodynamic (MHDttnents, just to name the
most popular ones.

Considering the abundance of models and methods, the falipiwo articles do ex-
emplary represent results from high-performance comgytPC) in important areas of
plasma physics. The summary of Gibbon et al. gives an owervier the state-of-art ki-
netic particle codes and their applications in laser-pkssand plasma-wall interaction, i.e.
for systems changing on small time scales. The interestipga here is, besides the phys-
ical results which can be found in the cited papers, the dson of mesh-free approaches
in comparison to, e.g., particle-in-cell codes. It seemas thesh-free techniques offer new
possibilities on present-day and future HPC systems. Hewyéwe parallel scalability still
has to be improved; this is a challenge for the next perio@. Sétond contribution gives a
taste how mesh-adaptive MHD-computations contribute th:bithe understanding of the
statistical properties of the interstellar medium and teeetbpment of (macroscopic) tur-
bulence theories. Grauer et al. developed the raccoon d,¢oglemented it on JUGENE,
and now publish results for supersonic, compressible MHDuience. The obtained ve-
locity power spectra on large space scales will be of intédogghe space physics commu-
nity. They are also important to discriminate between, astiéwo, theoretical models for
compressible MHD turbulence.

The two contributions being presented in this section osmaphysics are just ex-
amples of projects in plasma physics that are carried outR€ HThe impact of super-
computing on plasma physics in general is enormous andystiling. For example, in
magnetic fusion research, recently the European fusiomuamity put into operation in
Julich a powerful supercomputer, the European “High Rerémce Computer For Fusion”
(HPC-FF), entirely dedicated to analyze the behaviour ofiing plasmas and of the ma-
terials surrounding them in a fusion reactor. This is a @lgtiep to ensure the success of
ITER. Similar examples can be found in other sections ofmpeaphysics. The recently
established Plasma Physics Simulation Laboratory at J&@l&ce of national and interna-
tional importance to bring together scientists of diffargrecializations to exchange ideas,
develop new methods, and produce original results in thegammus area of computational
plasma physics.
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Recent work on plasma simulation with kinetic particle code¢ JSC is described. Special
attention is given to developments in mesh-free plasma Hnaglaising parallel tree codes,
covering algorithmic and performance issues, simulatafrisn acceleration by high intensity
lasers, and new applications of this technique to vorteddland edge-plasma modelling in
tokamaks.

1 Introduction

Kinetic simulation methods are an indispensible tool faaspha modelling over large
ranges of density and temperature. These techniques, vit@ahthe plasma as a 6-
dimensional (3 space, 3 momenta) phase-fluid, are more exrapld expensive than hy-
drodynamic or magnetohydrodynamic models. In the projgéi\M04, several comple-
mentary kinetic codes are being applied to model a variepfla$ma physical problems.
These include BOPS, a versatile, 1-dimensional partitieell (PIC) code capable of mod-
elling laser-solid interaction experiments; PSC, an opem-ce 3D PIC code from LMU
Munich; ILLUMINATION, a similar 3D code (with different waa-solvers) developed by
Queen’s University Belfast; and PEPC, a parallel, mese-free code developed by the
authors. The development and performance optimisatiotk with these codes forms a
major activity of the recently established Plasma Physicaiftion Laboratory at JSC.

In the present article we review recent applications anctld@ment work involving
these codes, which have played a central role in two separdtparty projects, and also
form the basis of several Diploma and Ph. D. theses.

2 Hard x-Ray Sources with Thin Foils

Recent experiments by the U. Duisburg-Essen group to optitmard x-ray line emission
from thin coating targets were analysed with the help of tBeP1C code BOPS. Hard
x-rays are generated when a short-pulse, high-intensigr s used to ionize a solid tar-
get, generating high-velocity electrons which proceed¢ai® inner-shell holes in nearby
atoms. The resulting hard x-ray pulse can be used for need-tmaging of rapid struc-
tural changes in solids or large molecules. It is found thatx-ray pulse efficiency for
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poor-contrast laser systems in which a large preplasmasigested can be enhanced by
using a near-normal incidence geometry even at high lasarsities. It can be shown that
independently of the laser contrast ratio, i.e. for a stegysily gradient or even in the pres-
ence of an extended density shelf, it is possible to contrdl@ptimise the I emission
from a femtosecond laser plasma by adjusting the prepulag dad/or angle of incidence
appropriately. Laser systems with poor contrast can beibetilised by using target con-
figurations with small incidence angles to optimise (resnabsorption. The use of large
incidence angles — such as the standard 45-degree geonmeaty be contributing to poor
K, conversion efficiencies recorded in many recent experisaehhigh-contrast system
can be optimised either by controlled prepulse or by goinarger incidence angles, ex-
ploiting the tendency for the density profile to be remoultdgdhe main pulse, allowing
better absorptioh?

3 Heating and lon Acceleration in Nanostructured Foils

Nanostructure surfaces are especially promising as hajtggprbing targets for high-peak-
power sub-picosecond laser-matter interaction. Effichartelectron, fast ion, and ther-
monuclear neutron production with moderate laser intgrigie already been reported,
but theoretical investigations on the use of porous tafgethese purposes are still scarce.
In a recent study using PEPC, a new phenomenon of Coulomplosionhas been identi-
fied®. The implosion effect is caused by hot electrons circutpitiside the shells, drawing
ions inwards, where they eventually meet in the centre —rEigu

Figure 1. Coulomb implosion of thin shells initially arratin a bcc foam matrix with ionized electrons confined
to the inner shell surfaces — a). Acceleration of ions offitireer surfaces leads to uniform convergence and
peaked ion temperatures (hot spots) at the shell centres — b)

Under the same irradiation conditions, a single shell sinydws apart, and does not
exhibit the symmetric collapse observed in the foam laticeulation here. In this case,
some hot electrons circulate inside the shell, but most@ggd outside, leading to a net
force on the ions directed radially outwards. (A fully sggal ion shell will, by Gauss’ Law,
have zero electric field inside). This implies that the ldseating is strongly modified by
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the regular lattice structure, which in turn radically edtéhe ion dynamics. These findings
have recently been corroborated by 2D PIC simulations irckvttie electron heating and

laser propagation is treated self-consistently with ayfellectromagnetic field solver —
Figure 2.
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Figure 2. 2D PIC simulation of foam array irradiated by higkensity pulse (incident from the bottom) with

similar parameters to those in the tree-code simulationsElectron density at a few fs, b) ion density after
100 fs.

Should this nano-implosion phenomenon scale to higheatividtic intensities, it
might also have potential as a compact neutron source. Atremnparison between
atomic clusters and aerog&lsuggests that the latter are capable of yielding 10 times as
many neutrons for the same laser energy because of the higtetic energy imparted
to deuterons contained within the aerogel lattice. Thegrestudy indicates that density
enhancements created by heatiagular porous lattice structures should result in even
higher neutron yields.
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4 Mass Limited lon Acceleration

One of the hot topics of laser-matter interactions is iorefeation. Current experiments
have made dramatic progress in producing multi-MeV beamgbf ions and protons
which may eventually be used in tumor therapy. Before thial gan be realised how-
ever, a number of challenges have to be overcome regardirigetim quality. Simulations
are essential here for exploring novel target configuratiororder to provide experimen-
tal guidance. Microstructured targets have been propaseetiuce the ion beam energy
bandwidth and emittance. Our simulations show that a puseprmicrodot target does
not by itself result in a quasimonoenergetic proton beanfadt such a beam can only be
produced with a very lightly doped target, in qualitativeesgment with one-dimensional
theory — Figure 3. The simulations suggest that beam quality inetirexperiments

a)"

Figure 3. Laser acceleration of proton microdot (centratifiee). Energy spread of the protons can be reduced
by decreasing the relative proton density — here 50% (a) &n¢b$ respectively.

could be dramatically improved by choosing microdot conijpmss with a 510 times lower
proton fraction. Further investigations have further difead these findings, setting lower
limits on the useful proton fraction, beyond which an en€fitigring scheme becomes
more effectivé.

5 Mesh-Free Modelling of Tokamak Edge Physics

The group “plasma edge simulations for fusion plasmas” i-#HProf. Reiter) develops
and applies 2- and 3-dimensional computer simulation cddesnterpretative and
predictive studies of physics close to the plasma contaivedt (vacuum chamber).
This domain is characterised by a complex interaction o§mpkchemical and turbulent
processes. The models contain both empirical and firstiples based modules. The
long term goal of model development s step by step replanéaféhead hocby ab initio
models, aided by increasing HPC resources based on thdepa@ahputing paradigm.
The self-consistent electrical field, obtained from theifms of charged test particles, or,

386



in fluid approximations, of charged fluid parcels, is one stmmponent.

The mesh-free method offered by the tree code PEPC-B dexelaipJSC is a promising
candidate either to provide self-consistent fields in tameléth existing modelling tools,
or as a stand-alone (radiation-free) code for fusion plasimalations. Currently this is
being jointly developed by JSC and IEF-4 to model plasma gdgmomena such as the
potentially catastrophic edge-localised modes (ELMS).

Figure 4. Example of a triangular mesh fitted in the vessel of the MARarhak.

In a first step interfaces have been developed to provide FEREh fusion relevant
magnetic fields. For this purpose equilibrium fields simitathose used in the transport
code EIRENE have been introduced. To define the external magnetic fieRIGPE as-
signs vector data according to a 2d triangular mesh (5) naisgutoroidal symmetry in the
tokamak. This feature in principle enables PEPC-B to ruhtfilklamak core simulations.
Next, the field data provided from external sources have tenbeothed and adjusted to
guaranteeiv(B) = 0.

A further addition is the inclusion of a collision module bdon the Monte-Carlo model
of Takizuka and Ab& This permits collisions between the injected tracer pkasiand the
plasma backroundto be taken into account. An example atjalitis the modelling of im-
purities such ag&’™ ions occurring in fusion plasmas after sputtering or ga§ gzenarios
in a realistic plasma environment. A current priority is tmglate gas puff experiments
recently performed on TEXTOR and to see how these findinge sodarger machines
such as ITER.

6 Darwin Model

A strategic goal with this project is to extend the fast suriomaalgorithm deployed in
PEPC to include self-generated magnetic fields. This “Dalher magnetoinductive ap-
proach has been pursued within the particle-in-cell parador some tim&. A mesh-free
Darwin model would open up a large range of new applicatidmsesh-free plasma sim-
ulation, not least in the tokamak modelling scenarios diesdrabove, and also in particle
beam transport in dense plasmas. The model incorporaigly slarying magnetic fields
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by neglecting the transversal part of displacement cumeAimpéres law. This transforms
the hyperbolic equation system into a set of elliptic equregj which can again by solved
by a fast summation algorithm

Gi(ri) = > —— — 1)
JFi " !
Bi(ri) =3 452 i 2)
q;v; qjV;j - Tij)Tij
1 _ ; J - Z ( 7Y " J) J (3)
ij i
Bi(r) = VxA; = 3 UUXTH @)
vy 10A; qjvj _ qJ'UJ r” Tij
Bi(r:) = c Ot S 2¢2 Z 22 Z ©®)

On the other hand, numerical difficulties arising from thpgeoximation have already
been reported by previous authors who implemented the Damgdel within PIC or
Vlasov codes. The standard scheme known from the fully rlewgnetic codes used
for the calculation of time derivative of the vector potahtiauses a violent numerical in-
stability destroying the whole run in a few time-steps. Ofihe possible solutions to this
problem is to express the quantities in terms of Hamiltogjaneralized variables, which
avoids the time derivative of the vector potential in theghj@ation of motion. Our magne-
toinductive model employs a multipole expansion of the Daffield equation, modified to
account for finite-sized particles and evaluated withinRE€ C tree algorithm framework.
First tests of this model have been made on charged pargelea lgvolution in vacuum.

7 Tree Code Scalability/Performance

The PEPC code is written in a generic fashion without the esdgxternal libraries. This
results in excellent portability. In the PRACE benchmagkiramework PEPC was run on
four different computer architectures, namely: IBM Bluen®# (jugene), IBM Power6
(huygens), Cray XT5 (louhi), Intel Nehalem (juropa). As attease we used - 107
particles and a cubic, homogeneous initial distributiohe Fcaling behaviour is shown in
Figure 5, where the time needed for one inner loop step is 8laaa function of the peak
performance of the used partition. As shown, PEPC is abléilimeuthe given partition
performance independently of the architecture. Only tiel Mehalem architecture shows
a significantly better performance. PEPC's overall scabebaviour is also impressive
for a tree code, although the current version is only ablesoup to approximately 8192
cores. But with these the code is capable of simulating maeit0® particles.
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Three different areas have been identified as challengdsrtber development of the
code: The inevitable need for global communication in BafHet tree codes, a strong
memory dependency of the number of cores and a reliable lalath@ing scheme. These
problems have to be well analysed in order to make resonaklefUPEPC on larger par-
titions. While the second topic is a question of data stmécand organisation the two
others focus on communication patterns and their impacherperformance. It is clear
that although the tree code is an intrinsically adaptivertgm which performs very well
even with very inhomogeneuous particle distributionsp@gformance relies strongly on a
sophisticated load balancing scheme, which is closelelirtk the domain decomposition
method. But even with a wisely chosen load balancing apjprttae need for non-local
communication is an inevitable consequence of the ellipgitire of the Poisson equation.
On the other hand, recent analyses of the communcatiorrpagecal that nearly every
communication instance is actually required at some poirthé force calculation. For
covering the span of necessary non-local communicatiomlanthnding memory require-
ments a physical separation of communication and computgtiocess may provide a
way to scale beyoni* cores.

PEPC performance
1000

.\-

1 10 100
partition performance [TF/s]

-
o

time in inner loop [s]

=—|BM BG/P - jugene =~ |ntel Nehalem - juropa
Cray XT5 - louhi IBM Power6 - huygens

Figure 5. Performance of PEPC on various HPC architectm@snalised to the theoretical peak performance
of a given multi-core partition.

8 Concluding Remarks

To summarize, we have reported on various activities camiegkinetic plasma modelling
at JSC. Most of this work involves application and furthevalepment of the mesh-free
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code PEPC, but recently we have also started using fullytrei@agnetic PIC codes to
model laser-plasma interaction processes. Future wotkngllde rigorous comparisons
between the PIC and mesh-free approaches, in order to neamdyddentify the advantages
of the latter. The mesh-free Darwin or magnetoinductiverapgh offers completely new
possibilities in many areas of plama physics from magneisioh to space physics. A
major challenge for the usage of the mesh-free techniquentemporary HPC systems
is to improve its parallel scalability. Efforts are undeywa improve the current limit of
8192 cores on BG/P to at least 64k cores.
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Compressible, supersonic, magnetohydrodynamic (MHjulence, as found in the interstel-
lar medium (ISM), is not very well understood. In a set of siations we want to address
the following questions: What is the correct scaling bebawvifor compressible, supersonic
MHD turbulence? What are the dominant structures? Whatesrthchanism, from which

a supersonic, turbulent MHD-flow becomes quasi-incomjiskesdut still shows compressive
qualities in the density? How do those properties changebn and superalfvenic flows? Are
Lagrangian statistics able to shed a brighter light on tloegss of star formation in the ISM?

1 Introduction

The interstellar medium (ISM) shows turbulent behavicamd is characterised by high
Mach number flow, fractal density distribution and a magngéld. The strength of the
magnetic field varies widely. The large scale galactic fislchther weak but in molecular
clouds equipartition of magnetic and kinetic energy hamhseserved Knowledge of
basic statistical properties of this turbulent, compiassind supersonic flow would ease
the understanding of many astrophysical processes in tlasyghke star formation or
transport phenomena (e.g. cosmic rays).

1941 Kolmogorov postulated the assumption of universéityncompressible hydro-
dynamical flows with high Reynolds numbers which lead to t@dusk—°/2 scaling
relation for the velocity power spectrum of fully developésbtropic and homogeneous
turbulencé. Since this scaling behaviour was experimentally confireesh under con-
ditions violating the basic assumptions, Kolmogorovs meenology became a working
hypothesis for all sorts of turbulent flows.

But unlike in incompressible Navier-Stokes turbulencer¢hare at least two models
for MHD flows: the Iroshnikov-Kraichnan (1K)°> model for homogeneous, isotropic tur-
bulence and the Goldreich-Shridar (E®)odel which assumes that MHD turbulence is
anisotropic. The former predicting a velocity power spectproportional tok—3/2, the
latter a Kolmogorov scaling perpendicular to the mean fie@5(3 ). Numerical find-
ings’@ revealed that, depending on the strength of the magnetit; fied spectrum of the
perpendicular velocity fluctuations changed from GS to IKtesfield increased. A pos-
sible solution to this incongruity could be the phenomegual approach of Boldyré\in
which he takes into account that by dynamically alignmenthefvelocity and the mag-
netic field the eddies become locally anisotropic in the rifggld perpendicular direction.
Thus, the turbulence is getting even more anistotropicithéime GS model and the scaling
formally coincides with the IK model. A hint towards the eaphtion may rise from the
geometry of the dissipative structures in the flow where/th&'2-scaling would reveal
current sheets while the GS model would correspond to filatilenstructures.
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Figure 1. Volume rendering of the density (MHD-simulatioithwa resolution ofl0243 grid-points).

We want to take those considerations as a guideline to iigedstcompressible turbu-
lence, for which the scientific community has just recen#gim to discuss which statisti-
cal measures are appropriate. Kritsuk et%axamined supersonic hydrodynamical (HD)
turbulence and suggested, based on the model of Blettle density weighted velocity
u = p'/3v as the measure of a natural extension of Kolmogorov phenology While
compressibility and density statistics depend strongltherMach number of the flow, the
spectra and structure functions of the new combined meagyear to be invariant. While
the universality of turbulence seems to be violated in casgible supersonic flodsthe
scaling of the mass-weighted velocity remains independgtite large scale properties.
And, similar to the incompressible case, in compressibleEMkk velocityy exhibits dif-
ferent scaling perpendicular and parallel to the mean ntagfidd, while the scaling of:
looks similar in all direction’s.
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In our own simulation of supersonic compressible MHD tuelmgle we came across
another peculiarity of this kind of flow. While the densitysttibution follows a log-
normal distribution as in highly compressible HD cd8¢4 the mean compressibility
C=<(divv)’> /<>, ., 3(duv;)* >remains, after a shorttransient phase, on a very
low i.e. incompressible level (Figure 2, bottom left). Thedacity power spectra (Figure 2,
top) and the fraction of the dissipation rate that depentidyson the solenoidal velocity
componentss/e = < |V x v|? >/(< |V xv|? > +4/3 < |V - v|?> >) (Figure 2, bot-
tom right) give clear evidence that the flow is basically imgwessible. And yet we get
an Kaplan-Yorke fractal dimension of the mass distributdé®;, = 2.77%°, not far away
from the value oR.6 given by Sanchez et. &f.for the ISM.
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Figure 2. Compressible MHD at high Mach number (M=6) shovoimpressible flow features.

2 The Numerical Scheme

racoon |17 is a framework for time-dependant mesh-adaptive compmutsin structured
grids, developed especially for the use on massively mm@dimputers. We use it here to
solve the conservative MHD-equations in direct numericalgations on a Cartesian grid
by a finite-volume discretisation. The numerical difficedtiwe have to deal with in su-
personic, compressible turbulence are, for instancep stieecks and intervalls where the
density is almost zero. To handle these conditions we user@malbthird order semidis-
crete central upwind scherdfavith CWENO reconstruction. The solenoidal constraint of
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Figure 3. The volume rendering of a thin slice of the voryiciéveals turbulent and intermittent properties (left).
Volume rendering of the denisty (yellow to red), isosuriaoé vorticity (grey) and current density (blue) show
sheet-like structures (right).

the magnetic field is ensured due a constrained transponioafét Time integration uses
a strongly stable and memory saving third order Runge-kateemé®.

The grid is divided into cubic blocks which are distributedepthe processors. Such
a block, along with its ghost cells, can then be calculatadrahically. Data exchange
between blocks is done by the Message Passing Interface (MiRry. To minimize the
communication between processors the blocks are distdhuia a 3-dimensional Hilbert-
curve-partitioning’, which is also used for the dynamical load balancing in thieeec
adpative mesh refinement technique (AMR) we will apply in tipgoming simulations
(Figure 4, left).

Figure 4, right, summarizes the scaling behaviowagbon Il on the JUGENE super-

mixed hard/weak scaling of driven compMHD3d
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Figure 4. Hilbert-curve-partitioning of the workload @lefind the resulting scaling sacoon Il on JUGENE
(right).
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computer. In this graph we took data from scaling tests asageirom production runs.
Hence, we used different basic blocksizes. Enlarging theksize means fewer but larger
messages. Thus larger blocksizes are bandwidth limitedeslsesmaller blocksizes are
latency limited.

Weak scaling (constant load per processor) is perfectiimgéo 131072 processors
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