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The time-dependent numerical renormalization group (TDNRG) method [Anders et al., Phys. Rev. Lett. 95,
196801 (2005)] offers the prospect of investigating in a nonperturbative manner the time dependence of local
observables of interacting quantum impurity models at all time scales following a quantum quench. Here, we
present a generalization of this method to arbitrary finite temperature by making use of the full density matrix
approach [Weichselbaum et al., Phys. Rev. Lett. 99, 076402 (2007)]. We show that all terms in the projected
full density matrix o'~/ = p*+ 4+ p== + p*~ + p~* appearing in the time evolution of a local observable may
be evaluated in closed form at finite temperature, with p*~ = p~+ = 0. The expression for p~~ is shown to
be finite at finite temperature, becoming negligible only in the limit of vanishing temperatures. We prove that
this approach recovers the short-time limit for the expectation value of a local observable exactly at arbitrary
temperatures. In contrast, the corresponding long-time limit is recovered exactly only for a continuous bath, i.e.,
when the logarithmic discretization parameter A — 17. Since the numerical renormalization group approach
breaks down in this limit, and calculations have to be carried out at A > 1, the long-time behavior following an
arbitrary quantum quench has a finite error, which poses an obstacle for the method, e.g., in its application to the
scattering-states numerical renormalization group method for describing steady-state nonequilibrium transport
through correlated impurities [Anders, Phys. Rev. Lett. 101, 066804 (2008)]. We suggest a way to overcome
this problem by noting that the time dependence, in general, and the long-time limit, in particular, become
increasingly more accurate on reducing the size of the quantum quench. This suggests an improved generalized
TDNRG approach in which the system is time evolved between the initial and final states via a sequence of small
quantum quenches within a finite time interval instead of by a single large and instantaneous quantum quench.
The formalism for this is provided, thus generalizing the TDNRG method to multiple quantum quenches, periodic
switching, and general pulses. This formalism, like our finite-temperature generalization of the single-quench
case, rests on no other approximation than the NRG approximation. The results are illustrated numerically by

application to the Anderson impurity model.

DOL: 10.1103/PhysRevB.89.075118

I. INTRODUCTION

The numerical renormalization group (NRG) [1-4] has
proven to be one of the most powerful methods for dealing
with equilibrium properties of strongly correlated quantum
impurity systems [5], allowing the calculation at arbitrary tem-
peratures, and in a nonperturbative manner, of thermodynamic
[1-3,6-8], dynamic [9-16], and, linear transport properties
[17-19] of such systems. The method is also applicable, within
dynamical mean-field theory (DMFT) [20-23], to correlated
lattice models, such as the Kondo lattice [24,25], Anderson
lattice [26], or Hubbard [27,28] and Hubbard-Holstein models
[29]. The introduction of the correlation self-energy [12],
the reduced density matrix [13], the complete basis set of
eliminated states [14], novel non-Abelian symmetries [30,31],
and new discretization schemes [32-35] have significantly im-
proved NRG calculations, particularly for dynamic [15,16,36]
and transport properties of single- and multichannel models
[19,35,37,38].

A further application of the method, based on the complete
basis set, in combination with the reduced density matrix, is
to the time-dependent transient response of quantum impurity
systems following a quantum quench [14]. The use of the
complete basis set is particularly important here, as it resolves
the problem of summing up multiple shell contributions to
transient quantities encountered in a previous related approach
[39]. This time-dependent numerical renormalization group
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(TDNRG) method has been used to study the transient dy-
namics of a number of quantum impurity models, including the
Anderson, Kondo, interacting resonant level, and spin-boson
models [14,40—44]. In addition, within the scattering-states
NRG approach [45,46], the TDNRG approach offers the
prospect of investigating another important class of problems,
namely, truly nonequilibrium steady-state transport through
correlated nanostructures, such as through correlated quantum
dots at finite bias voltage far from the linear response regime.
Here, the use of the TDNRG to evolve the density matrix to
long times, a key ingredient in the approach of Ref. [45], is
hampered by difficulties in obtaining the correct long-time
limit of observables, including that of the density matrix, e.g.,
for the Anderson impurity model [14,40,47]. In addition, there
is significant noise at intermediate to long times [14,40,47].
It has been argued that the logarithmically discretized Wilson
chain, whose heat capacity is nonextensive for discretization
parameters A > 1, prohibits thermalization to the correct
long-time limit and possibly affects also the short-time limit
[48]. This would pose a severe limitation on the TDNRG
and its application to steady-state nonequilibrium situations.
Reflections, associated with the nonconstant hoppings along

'In fact, we show in this paper that the short-time limit is always
recovered exactly by the TDNRG.
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the Wilson chain, have also been argued to affect the long-time
limit [49,50]. This has led to the formulation of hybrid
methods [50,51] which combine the merits of the TDNRG
method at short times, with, for example, methods, such
as the time-dependent density matrix renormalization group
(DMRG) method [52-55] on tight-binding chains, to extract
the evolution on longer time scales.

In this paper, we reexamine the TDNRG method, gener-
alizing it to arbitrary finite temperature, for a general initial
state ensemble, within the full density matrix (FDM) approach
[16]. We prove a number of exact results, including the
exactness of the short-time limit of local observables following
a quantum quench and a trace-conserving property of the
projected full density matrix. These prove useful in testing
the finite-temperature formalism. By applying this approach
to the prototype model of strongly correlated electron systems,
the Anderson impurity model, we analyze in detail, and shed
further light on, the origin of noise in the TDNRG method and
give a detailed description of errors in the local occupation
and double occupancy in the long-time limit, identifying
trends in switching protocols, bath discretization, and quench
size that minimize these errors. The results suggest that the
short-, intermediate-, and particularly the long-time behavior
can be improved by replacing a large quantum quench by a
sequence of smaller quantum quenches, while retaining the
standard Wilson chain for the bath. With this motivation, the
formalism for such multiple quenches is derived and shown
to rest solely on the NRG approximation [Eq. (10)], as in our
finite-temperature generalization of the single-quench case.
This formalism is important since (a) it points a way to
an overall improved time dependence within a generalized
multiple-quench TDNRG approach, (b) it allows a general
pulse (appropriately discretized, if continuous) to be treated,
and (c) it includes periodic switching as a special case.
The last, (c), for square pulses, has also been considered
in Ref. [50], where, however, additional approximations,
beyond the NRG approximation, were made, and without
use of the FDM (for a discussion of this, see the end of
Sec. VI).

Besides the NRG, alarge number of other methods are being
used to investigate real-time and nonequilibrium dynamics
of correlated systems. These include analytic approaches,
such as the functional renormalization group [56], real-time
renormalization group [57], perturbative scaling approach
[58], Keldysh perturbation theory [59], real-time [60] and
renormalized perturbation theory [61], and flow-equation [62—
64], dual-fermion [65], slave-boson [66], and 1/N-expansion
techniques [67,68]. Applications of these to a number of
quantum impurity models have been made, including to the
anisotropic Kondo and spin-boson models [69,70], to the
interacting resonant level model [71-74], and to the Anderson
impurity model [60,61,68,75-81]. One advantage of these
analytic approaches over the TDNRG, and other numerical
approaches is their ability to deal with a continuous bath. On
the other hand, most of these approaches are perturbative, and
they may have difficulty accessing the low-temperature strong-
coupling limit. Numerical methods include the aforementioned
DMRG method [54,55], also at finite temperature [8§2—84], and
several quantum Monte Carlo approaches [85—89]. The former
is limited, as compared to TDNRG, to finite-size systems and is
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not applicable to exponentially long times,” whereas the latter
become computationally expensive for strong interactions or
low temperatures. Indeed, the main motivation for developing
the TDNRG approach is, on the one hand, its inherently
nonperturbative nature, allowing strongly correlated systems
to be treated accurately at moderate computational cost, with,
on the other hand, its ability to describe arbitrarily low energy
scales and temperatures. The latter, in principle, gives the
prospect of addressing accurately the time dependence of such
systems at arbitrarily long times. These advantages, however,
come at the expense of using a logarithmically discretized
bath, which incurs errors that we shall address in this paper.
Finally, we mention that most of the above techniques are,
in principle, also of use in the description of nonequilibrium
DMFT for correlated lattice models [90-92].

The present work is also motivated by the increasing
number of experiments probing time-dependent properties of
correlated systems, including time-dependent spectroscopies
of correlated electron systems, such as pump-probe investiga-
tions of Mott insulators [93,94], quasiparticle lifetime effects
in surface states [95], coherent control and relaxation times in
solid-state qubits [96,97], determination of relaxation rates of
excited spin states of atoms on surfaces via voltage pulses [98],
and nonequilibrium effects in cold atom systems [99-102].

The paper is organized as follows. In Sec. II, we provide
required background information (Secs. Il A-IIC), discuss
limiting cases and exact results (Sec. IID), and state the
problem that has to be overcome in generalizing the existing
TDNRG approach of Refs. [14,40] to finite temperature within
the FDM formalism (Sec. IIE). This generalization requires
calculating all terms appearing in a projected density matrix,
which is accomplished in Sec. III. In Sec. IV we derive
recursion relations for these terms, which allow them to
be calculated in a numerically efficient manner. We then
apply this finite-temperature generalization of the TDNRG
approach to the Anderson impurity model in Sec. V, providing
detailed numerical results for local observables on all time and
temperature scales. In particular we discuss the accuracy of this
approach for the occupation number and double occupancy
at different temperature and time scales. In Sec. VI, we
generalize the TDNRG approach from a single instantaneous
quantum quench to a sequence of multiple quantum quenches
over a finite time interval. The primary motivation for this
generalization was stated above, namely, to obtain an overall
improvement in the accuracy of the TDNRG method at longer
times. However, in the process we generalize the approach
to other cases of great interest in their own right, such as
to periodic switching/driving and to general pulses (suitably
discretized, if continuous). A summary and outlook on future
prospects and applications of our formalism are presented in
Sec. VII. The trace-conserving property of the projected full
density matrix is shown in Appendix A, and Appendix B gives
a detailed proof that the short-time limit of observables is exact
within the TDNRG. Appendix C gives explicit expressions for

>The Kondo model, for example, exhibits interesting physics at
exponentially long times t > h/ Tk, where Tx ~ /JNpe 1//NF is
the exponentially small Kondo scale, with J the exchange constant
and N the density of states.
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recursion relations for the projected density matrix for the case
of SU(2) spin symmetry. We used this symmetry in obtaining
the numerical results for the Anderson impurity model in
Sec. V. Additional numerical results for the Anderson model
are given in Appendix D, while further details of the TDNRG
derivation for multiple quenches are given in Appendix E.

II. PRELIMINARIES

The NRG and its extension to time-dependent problems
apply generally to any quantum impurity model. For the
purposes of this section, we outline these, together with the
generic quantum quench of interest in Sec. II A, postponing a
detailed description of the specific model that we shall use later
in the numerical calculations (the Anderson impurity model)
and the specific quench protocols to Sec. V. Some general
aspects of the NRG together with the complete basis formalism
[14,40] and the FDM [16] are introduced in Sec. IIB. We
recapitulate the use of the complete basis set to derive a formal
expression for the time dependence of a local observable
following a quantum quench in Sec. II C. Limiting cases and
exact results that hold generally within the time-dependent
NRG are given in Sec. II D. Finally, Sec. II E states the problem
to be overcome in generalizing the approach of Refs. [14,40]
to finite temperature, using the FDM [16], the main aim of the
present paper.

A. Quantum impurity models and quantum quenches

The Hamiltonian of a quantum impurity system is given by
H = Himp + Hine + Hpam, (1)

where Hin, represents the impurity, a small quantum mechan-
ical system with a few degrees of freedom and local many-
body interactions, Hpan represents a quasicontinuous bath of
noninteracting particles, and Hjy, is the interaction between the
two. Typical examples include the Anderson impurity model
(Sec. V A), the anisotropic Kondo model, or the spin-boson
model of two-level systems coupled to an environment [103—
105]. We are interested in the dynamics of a local observable
O following a quantum quench in which one or more system
parameters of H change suddenly at ¢+ = 0. Thus, the time
dependence of H is described by H(t) = 0(—t)H' + 0(H/,
with H' and H/ being time-independent initial- (¢ < 0)
and final-state (+ > 0) Hamiltonians, respectively. The time
evolution of O at t > 0 is then given by O(t) = Tr[,o(t)é]
where p(t) = e’ pelf’" is the time-evolved density matrix
and p = e #H' /Tr[p] is the density matrix of the initial state
at inverse temperature .

B. NRG, complete basis set, and full density matrix

Since the initial- and final-state Hamiltonians H’ and H/
are time independent they can be iteratively diagonalized in
the usual way within the NRG method. In brief, this approach,
described in detail in Refs. [1-4], yields the eigenstates
and eigenvalues of a sequence of truncated Hamiltonians
H/",m = 1,2, ..., which approximate the spectra of H//,
on successively decreasing energy scales w,, ~ A~"/%. The
discretization parameter A > 1 is required to achieve a
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separation of energy scales in H'//, such that an iterative
diagonalization scheme can be successfully carried out. This
procedure is performed up to a maximum iteration m = N
(“the longest Wilson chain”). At each m, the states generated,
denoted |gm), are partitioned into the lowest-energy retained
states, denoted |km), and the high-energy eliminated (or
discarded) states, |/m). In order to avoid an exponential
increase in the dimension of the Hilbert space, only the former
are used to set up and diagonalize the Hamiltonian for the next
iteration m + 1. The eliminated states, while not used in the
iterative NRG procedure, are nevertheless crucial as they are
used to set up a complete basis set with which the expressions
for the time-dependent dynamics are evaluated [14]. This
complete basis set is defined by the product states |lem) =
|Im)le), m = my,...,N, where mg is the first iteration at
which truncation occurs, and |e) = |&+1)|@m+2) - - - |y) are
environment states at iteration m such that the product states
|lem), for each m = my,mo + 1, ...,N, reside in the same
Fock space (that of the largest system diagonalized, m = N).
The «,, represent the configurations of site m in a linear
chain representation of the quantum impurity system (e.g.,
the four states O, 1, |, and 1 at site m for a single-channel
Anderson model) and “e” in |lem) denotes the collection ¢ =
{otm+1 - - - an}. These states satisfy the completeness relation
[14,40]

N
>0 liem)ilem| =1, Q)

m=mg le

where for m = N all states are counted as discarded (i.e., there
are no kept states at iteration m = N). We shall also use the
following representations of this relation [14,40]:

1=1; +1%, 3)

1, = i Y oWwemyl'em], 4)

m'=mqy l'e

N
b= Z Z [e'mY{l'em'| = Z |kem){kem|. (5)

m'=m+1 l'e’ ke

By using the complete basis set, we can construct an initial-
state density matrix which is valid at any temperature, the FDM
[16,106],

N
P = Z wmﬁmv (6)

m=m

—BE}"

ﬁm = Z |lem)i eZ

le

i(lem], @)

m

which takes into account the discarded states of H! from
all shells. For later use, we note that (a) Tr[g,,] = Tr[p] =
1 implies that >V w, =1, and (b) Tr[p,] =1 im-

m=m
lies that 1 = Y, ot = 3", dV ") = gN-mZu wh
pliesthat1 =), 7 =Y, 7 = 7+, where

Zn =Y ,ePE e, Z, =d""Z,,andd is the degeneracy
of the Wilson site «,, [16,38].
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C. Time dependence

With the above definitions, we can write for the time evolution of a local observable O

o) = Tr[e—””” ' 0]
— Z > pitemle™ ' pel T Olem) ; Z > pllemle™ H pe M\ e'm'y f p(1'e'm|Ollem) ¢ 8)
m=my le mm’'=m lel'e’
Here, and in the remainder of the paper, A;,; denotes an expression in the basis of initial/final states. Using ), |kem)(kem| =
Z,[Z,:mﬂ Yoy l'em'y({I'e'm’| [i.e., the second equality in Eq. (5)], we can express Eq. (8) as [14,40]
N .
o) = Z Z Z 7 (sem|e_’H/’pe’H/’|rem)f s{rem|O|sem)
m=mgrs¢KK' e
N s s
~ Z Z Z r(sem|e ™ Hnt peltint|rem) o (rem|O|sem)
m=mors¢KK' e
N
Yy (Zf<sem|p|rem>f)
m=mgrs¢KK' e
Y Y ey, ®

m=mg rs¢KK'

in which r and s may not both be kept states, O,; =
f(lem|0|rem> ¢ are the final-state matrix elements of 0
which are independent of e, the NRG approximation

HY |rem) ~ H|rem) = E"|rem) (10)
is adopted [in the second line of Eq. (9)], and pé?f (m) =
> . risem|p|lrem); represents the reduced density matrix
of the initial state projected onto the basis of final states

(henceforth simply called the projected density matrix).

D. Limiting cases and exact results

A number of limiting cases and exact results follow
generally from the above formalism. First, it is clear from
Eq. (9) that in the absence of a quench, H I = H' onerecovers
for O(t) the time-independent equilibrium thermodynamic

average
Oot)=0; = Of (11)

Second, in the special case that O is the identity operator, we
have from Eq. (9) upon using O}, = §,, that

Z Zp;f’ (m),

m=m

12)

i.e., the trace of the projected density matrix over the
eliminated states is conserved (see Appendix A). The above
two results will serve as useful checks on the correctness of our
finite-temperature generalization of the time-dependent NRG
as well as on the precision of the numerical calculations in
Sec. V.

Third, it has been noted previously that the TDNRG yields
very accurate results for the short-time limit of observables,
i.e., to a very good approximation O(t — 07) ~ O; where

(

0; =Tr[p 0] is the thermodynamic value in the initial state
[40]. In fact, we can show that the short-time limit is exact, i.e.,
O(t — 0T) = 0;. An explicit proof of this, starting from the
expression for O(t — 01), is given in Appendix B. One can
also see this from the following argument: The time evolution
in Eq. (9) involves approximate NRG eigenvalues via the factor
e/ EF'=EDt The NRG approximation for the eigenvalues is
therefore not operative for # — 0% and Eq. (9) is as exact as
Eq. (8) in this limit (the latter yielding O; = Tr[p 01); hence
we have the exact result?

ot — 0h) = Z > pizfmor

m=mgy rs¢ KK’

=0, (13

This will also be verified numerically in Sec. V.

In contrast, as soon as ¢ is finite, we expect that the time
evolution in Eq. (9) will differ from that in Eq. (8), and this
will, in part, be due to the appearance of approximate NRG
eigenvalues in the former, resulting in errors and noise in
the time evolution, which we shall analyze numerically in
Sec. VC. We thus also expect, and find, that the long-time
limit of O(¢), given by

0@t — o0) = Z D P ey Of (14)
m=mqy rseDD’
i—f

Z Zp,, (m)Oyy., (15)

m=myg

3By exact we mean the equality stated in Eq. (13). The actual
value evaluated with the NRG may deviate by a small amount from
exact analytic results, e.g., from Bethe ansatz results; however, this
difference has been shown to be negligible [8,107].
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is not exact. The deviation of this from its expected thermody-
namic value in the final state, O s, will be extensively analyzed
in Sec. VE.

E. Generalizing the time-dependent NRG to finite temperature

We now return to the formal expression for O(¢) in Eq. (9)
and consider its explicit evaluation. The matrix elements O in
Eq. (9) may be calculated recursively at each shell in the usual
way within the NRG [2,4]. Calculating the projected density
matrix pﬁ?f (m) requires more effort and is the main problem
in generalizing the TDNRG to finite temperatures. In order to
see this more clearly, we use a modification of Egs. (3)—(5) for
the decomposition of unity as in Ref. [40],

l=ZT'H+1T,

—Zmem iilgem| + Z dolemylem’l, (16)

m'=mg l'e

in which the label ¢ includes both retained and eliminated
states at iteration m, and break p, el (m) into four terms:

o (m) = Zf (sem|(Z} +I,)p(Z} +I,)lrem);
= psﬁ(m) + pf = (m) + p,F(m) 4 p, " (m), (17)
with p2P (m) = >, f(sem|I,ﬁpI,’,’, lrem); and p,p’ = =+.

Calculating p;*(m) is straightforward, since it includes only
overlap matrix elements between initial and final states at
the same shell, ; (gem|rem) ;. But for p}~(m), p;,*(m), and
p5, (m)this is manifestly not the case, requiring overlap matrix
elements between initial and final states at different shells,
i(l'e'm'|rem) r withm' < m.

In previous work [40], the problem of evaluating p}~(m),
P, (m), and p;,~(m) for general situations, was avoided by
choosing a special form for the initial-state density matrix,

J

oy (m) =

m'=mg 4

in which the overlap matrix elements ; (ge'm|rem); = S o
of, the environment degrees of freedom. Then

Z ZSW,Z (gem|wy pulq'em); Sy, =

m'=mg qq’

Py (m) =

Singe Zq |gem)
equivalent to

pitHm) = Z W

m'=m+1 kk'

Using the definition of the full reduced density matrix [38]
RILy( K

Z Z (kem|le'm’)

m'=m+1 ele

m’

Hlem'|k'em); (19)

Z ZSQ"M Z (gem|le'm’y;w,y —

m'=my qq’ ele

=Y, llem)+ )", |kem), (I'eé’'m’|lem); = 8p8ceSym, and ; {le'm’|kem); = 0 as m

S],f—l— Z Z A/kz kem|lem}wm/ez
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namely,

—ﬁEW

p=Y IN)*

l

i(IN], (18)

with Zy = 3", ¢ PE" in which only the discarded states of
the last NRG iteration enter, while discarded states at m < N
are neglected. This simplifies the projected density matrix
to py 7 (m) = p(m) as pt~(m) = p;*(m) = pg~(m) =0
for all m < N for this special choice of p. However, this
limits the calculations to T ~ Ty where Ty ~ wy is the
characteristic scale of H},. Calculations at higher temperature,
T > Ty, within this approach would require choosing a shorter
chain of length M < N such that T = T);, which introduces
additional errors due to the shorter chain. Hence, a formulation
that uses the FDM of the initial state [Eq. (6)], which
encodes all discarded states from all shells m < N, would
be advantageous, since it would be valid at all temperatures
T > Ty automatically, while a fixed chain of length N is used
for all T. In the next section, we show that this is possible,
hence allowing the calculation of the time dependence at an
arbitrary finite temperature starting from a general initial state.
We shall thus use the FDM in Eq. (6), which takes into account
the discarded states from all shells, and present the calculation
of each of the four terms appearing in piff (m), especially
Py (m), pyy*(m), and py,~(m).

III. FINITE-TEMPERATURE PROJECTED
DENSITY MATRIX
In this section we evaluate the four terms contributing to
pw el (m) in Eq. (17) starting from the FDM of the initial state
p = Z,]Z —mg Wi Pm- Substituting the latter into the first term of
Pér_)f(m) in Eq. (17), we have

N N
Z Wy Zf(semtzyjﬁm’zntvem)f = Z Zf(sem|qe'm)i i(qe/m|wm/ﬁm/|q'e/’m),~ i(q'e/'m|rem)f,

m'=mg eqe’

q/e//

f5ee' between initial and final states are diagonal in, and independent

eiﬁE;n/

/ / / m
i(le'm’|q em)iSqi/rf.

N

m'

m, the above equation is

7ﬂE1m,

; (le’m/|k'em),~S’?rf

ele m

(

and Z,, = d¥-"Z,, from Sec. II, we have

Pyt (m)

_ E m
- S‘Yfl,- W ——
l

,ﬁ 1
S, ' +stk R",(k,K)S! . (20)
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In the other terms with Z_,, we notice that [38]
e NP itm < m,
Ly bw = b1, = {0 otherwise;

then

o (m) = Z Wy Zf (sem|Z} pwT, |rem) ¢

m'=m
m—1
= D ww ) slsemlge'm)iige'm|pulrem)
m'=my eqe’
m—1
= Y > sisemlge'm); i(ge'mlle m)iwyy
m'=mg eqe’
le”
e PE

X =
m

i{le"m'|rem) .

’

This term equals zero since ;{(ge'm|le”"m’); = 0 with m’ < m
(i.e., discarded states |le”m') at iteration m’ < m have no
overlap with states |ge’m) of later iterations). Similarly,
poT(m) = 0. ‘

Finally, the last term contributing to o,/ (m) is given by

Py (m) = Z Wy Z pisem|Z,, Bu T, |rem) ¢

m'=myg

m—1
= Z Zf(semﬂe’m’)iwm

m'=my e,le

m'

i{le'm'|rem) .

m’

Inserting 1 = 1, + 1, from Eq. (3) into the overlap matrix
elements appearing above, we have that

risem|le'm'); = p(sem|(1}, + 1 )|le'm'),;
= Z risemlke'm’) s s (ke'm'|le'm);

k

+ Z Zf (sem|l'e"m") ; ;(l'e"m"|le'm’),;

m"=mg l'e”

= ssemlke'm’) 1S, 1)
k

since ¢(sem|l’e"m"); = 0 for m” < m; then

m—1
P (m) = Z Z r(sem|ke'm')

m'=mg ee'kk’

m’ e—ﬁE,’” ’
X ZS,% wer— lk, rlk'e'm'|rem) .
I m

(22)
In general, we proved that p;.~(m) = p;,*(m) = 0 and
il m) = pltm) + p,~(m), (23)

without the restriction of using a density matrix defined for the
last iteration; therefore the calculation of O(¢) is possible at
arbitrary temperatures for a general initial state. Furthermore,
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in Eq. (22), p,,~(m) is no longer expressed in terms of overlap
matrix elements (S-matrix elements) between initial and final
states belonging to different shells, but instead involves only
shell-diagonal matrix elements. This simplifies the calculation
of p;,~(m) making it as simple as the calculation of R, (k; ,k})
[16]; notice the structural similarities between Eq. (19) and
Eq. (22). The R}, are obtained efficiently by tracing out shell
degrees of freedom backwards starting from N in a recursive
manner. Similarly, the p~~(m) can be obtained recursively
by a forward iteration procedure starting from m = m. This
forward recursive procedure, described in the next section,
makes the calculation of p~~ (m) as efficient as that for R},.

IV. RECURSION RELATIONS FOR THE PROJECTED
DENSITY MATRIX

As shown in the last section, the projected density matrix
is simplified into two contributions [Eq. (23)]. In this section,
we show how to calculate them recursively. For convenience,
we rewrite Eq. (23) as

po (m) = pitm) + p(m) + o " (m),  (24)

where

m
ka,'

kk'

o
~3 s, (wm Z )s;;;f. 6)

I

Bt (m) = Rk K)SE, . (25)

Py (m)

p° (m) can be calculated easily at each shell once we have all
the eigenvalues and overlap matrix elements. ﬁ;*(m) can also
be calculated at each shell, once R}, (k;,k;) has been calculated
recursively. Here, we present the recursive calculation for
Pgr (m), with the calculation for R7,(k; ,k}) being similar
[16,36].

Using the above definition of p? (m) and % = %d N=m'
we have that Eq. (22) is equivalent to ! "

Py (m)
m—1 1
= Z prE Zf(sem|ke’m’)fp,?k/(m’)f(k’e’m’|rem)f.
m'=mg ee

kk'

We note that p;,~(mg) = 0, and

> pisetmo + Dlke'mo) s p(mo) s

ee’
kk'

P o+ 1) =

X (k/e/m0|re(m0 + 1)y

Z Aamnﬂjfpl({)k/(mO)Aamoﬂ (27)

ot,,,0+1kk

since f(k'e'mo|re(mo + 1)) ;=8,cApr®™ with ¢'={e, 11},
and ), =d"¥"™*D In the above we used the no-
tation of Ref. [16] for the transformation matrix
A relating eigenstates |r(mo+ 1)) of Hy,y1 to the
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product basis |k'mg)|oty,+1), 1.€.,
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rmo+ D) = Y A" [K'mo) etmy1)- (28)
K oty 41
Similarly, we have that
_ o2t 1 o2t o1y o
Py (mo+2) = Z Aa o Pi?k/(mo + 1)Aa " d_2 Z Aa "A :kf]+ll Ok (mO)A: IS’H a' UH'
Olmo+2 Umg+2%mo+1
kK kK kK
Using the definition of p_,~(mo + 1) in Eq. (27) we obtain
—_— m, T m
Py (mo+2) = Z A" [l (mo + 1) + pg (mo + D] AL
Olm0+2
Kk’
Consequently, we have the recursion relation
0 if m = my,
Py (m) =1 L5~ A% [p0.0m — 1)+ pgr(m — D]AS  otherwise (29)

kk'

In this relation, psr_(m) is no longer expressed in terms of all the earlier shells as in Eq. (22), but just in terms of one earlier shell
(m — 1). The recursion relation for the reduced full density matrices in Eq. (19) may be derived in a similar way, leading to the

expression

Ry K') =

Olm+llf

_ggm+l
~ ) 1k’

Zl()[erl aer] (wm+1 Zpt

in which R],
(m+1).
Summarizing, one can use Eq. (29) to determine p,,~ (m)
recursively in a single forward run, while Eq. (30) may
be used to determine R!%,(k,k’) [and hence p;"(m) from
Eq. (20)] recursively in a backward run. While the p*(m)
is the contribution to the projected density matrix at iteration
m arising from lower-energy states, at subsequent iterations
m' > m, p;,”(m) is the contribution to the projected density
matrix at iteration m arising from higher-energy states at
earlier iterations m’ < m [see Eq. (22)]. The former is
finite in the equilibrium limit H/ = H', yielding the correct
Boltzmann factors in thermodynamic averages, while the latter
is finite only for nonequilibrium H/ # H' [as can be seen
from Eq. (22)]. Finally, the modifications to the recursive
expressions Eq. (29) and Eq. (30) in the case where SU(2)

symmetry is used are given in Appendix C.

(k,k’) depends only on terms of one later shell

V. NUMERICAL RESULTS

In this section, we apply the finite-temperature TDNRG
approach to the Anderson impurity model, a prototype model
of strong electronic correlations. Section V A describes the
model and the switching protocols that we shall consider.
Section V B tests the trace-conservation property [Eq. (12)]
of the projected density matrix o'~/ This is both a useful test
of the correctness of our expression for p'~/ as calculated
from the recursion relations in Egs. (24)-(30), and also
indicates the relative importance of the various contributions
to this quantity at different temperatures. The time dependence
of observables is presented in Sec. V C, where we attempt to
identify which contributions result in noise in the long-time

Ayl pm+1 / Ayt T
+ 2 kkiams: Ay Reed (ki kDA

ifm=N,
, 30
otherwise (30)

(

dynamics and how this noise is affected by averaging over
discretizations of the band. Sections V D-V E present results
for the short- (+ — 07) and long-time (¢ — +o00) limits of
local observables, such as the impurity occupation and double
occupation, discussing in particular how different switching
protocols, the order of switchings, and quench strengths affect
the accuracy of the long-time limit. A comparison between
results within the present TDNRG approach and that of Anders
and Schiller in Refs. [14,40] is also presented (Fig. 3 and
Fig. 8).

A. Anderson impurity model

We illustrate the finite-temperature TDNRG method by
applying it to the Anderson impurity model. This is defined by
Eq. (1) with

Hinp = ) _ a(t)ag + U(Dnarnay. 31
Hyah = Y €ClyCro (32)

ko
Hin = Y V(0)(clyds + dciy), (33)

ko

where n,, is the number operator for electrons with spin ¢ in
a local level with energy €4(¢), U(t) is the Coulomb repulsion
between electrons in this level, V(¢) is the hybridization matrix
element of the local d state with the conduction states, and ¢
is the kinetic energy of the conduction electrons with wave
number k. For simplicity, we shall consider only quenches in
which the d-level energy or Coulomb repulsion (or both) are
changed atr = O while V (t) = V is kept constant. Specifically,
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we consider (a) switching the d-orbital energy ¢4 = 0(—1)e; +
0(t)ey while keeping U(t) = U; = Uy constant, and (b)
switching the Coulomb interaction U(t) = 0(—1)U; + 6(1)Uy
with simultaneous change of €,4(¢) = 6(—1t)g; + 6(t)e . In the
former, the interest is in switching between different regimes
of the Anderson model, e.g., from the mixed-valence regime
with g; = 0 to the Kondo regime with ey = —U/2, and vice
versa (or between two Kondo regimes with differing level
energies), while in the latter it is of interest to investigate
switching between an uncorrelated (U; = 0) and a correlated
system (U > 0), or vice versa.

The Anderson model has several bare energy scales, such
as g4, U, and the hybridization strength I' = mpV?, where
p = 1/W is the density of states per spin for a flatband of
width W = 2D = 2, where D =1 is the half-bandwidth. In
the case of strong correlations U > 7T and —e4 >> T it also
develops a renormalized low-energy scale, the Kondo scale
Tx = /UL [2e7¢E+ /2T Since g, will often be varied
below, whenever Tx appears in the numerical calculations
below, it will denote the symmetric Kondo scale with U =
max(U;,U ). We shall mainly focus on the expectation value of
the local level occupation (n,4(¢)) and of the double occupancy
(ngs(t)ng (1)). In the results reported below, we shall express
temperature and time dependences in terms of 7/Tx and
tT", respectively. Short, intermediate, and long times will
correspond to tI" < 1,¢tI" ~ 1, and tI" > 1, respectively. The
short-time (r — 0%) and long-time (r — +00) limits of the
TDNRG will be tested against the exactly known results (ob-
tained, for example, from thermodynamic calculations for the
initial-/final-state Hamiltonians). This allows the accuracy of
the TDNRG approach to be benchmarked at finite temperature.

B. Trace of pi;”/

Since the projected density matrix is the most important
quantity in our formulation of the finite-temperature TDNRG,
we consider Tr[p'~ /] vs temperature first. Appendix A shows
that Tr[p'~/] = 1 is an exact result, obtained for the special
case of time evolution in Eq. (9) when O = 1. This result is
useful as a test of the numerical accuracy of the calculations
as well as a way of estimating the relative contributions of
p**, po, and p~~ to p'~/ and hence their importance for the
time dependence. Figure 1 shows that the trace is conserved
to within an error less than 107'° at all temperatures. The
same accuracy holds also for any choice of ¢4, U, and A.
The trace of each contribution to p'~7, ie., 57, p° and
o~ ", is also shown in Fig. 1. We see that Tr[p* "] has its
main contribution at low to intermediate temperatures, while
the main contribution of Tr[,oO] is at intermediate to high
temperatures. The contribution of Tr[p~ "] can be as large
as 20% at intermediate temperatures, but vanishes only at
T <« Tx and T > Tk. These results exhibit the numerical
precision of the calculation, and also show the correctness
of generalizing the TDNRG at finite temperature, which
essentially depends on p~~.

C. Time-dependence

Figure 2(a) shows the time dependence of the occu-
pation number n,(¢) after switching the system from the

PHYSICAL REVIEW B 89, 075118 (2014)

1 T T T T T T T T T
08 I I'
i—f ‘
506 g++ g
= 0 I ’
= P I'
04 P '
//
02t

FIG. 1. (Color online) Tr{p'~/] and its contributions vs temper-
ature. The system is switched from ¢; = 0 (mixed-valence regime)
to ey = —6I" (symmetric Kondo regime). The other parameters are
U=U;=U=12T and ' = 107°D. Tx ~ 2.0 x 107°D is the
Kondo temperature in the final state. The calculations are for A = 2,
no z averaging, and keeping 660 states per NRG iteration.

mixed-valence regime to the symmetric Kondo regime at three
representative temperatures 7 = 0.1Tx, T = 100Tx ~ 2T,
and T = 103Tx ~ W. The results at lower temperatures T <
Tk, are qualitatively similar to those in the lowest-temperature

FIG. 2. (Color online) Time dependence of occupation number
nq(t) at different temperatures with switching as in Fig. 1 (i.e., from
the mixed-valence to the symmetric Kondo regime with U = U; =
Uy = 12I'). (a) Calculation for A = 2, no z averaging, and keeping
660 states per NRG iteration. The upper and lower insets, respectively,
represent the contributions of the kept states and discarded states to
the occupation number in the range 1 < tI" < 10%. (b) Calculation
as in (a), but with z averaging, using N, = 32. Insets as in (a) show
contributions from kept (upper) and discarded (lower) states.
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case (T =0.1Tx) shown in Fig. 2, namely, starting from
the thermodynamic value of the initial state at t = 0, ny(?)
varies smoothly at short (1{I' < 1) and intermediate I" ~ 1
time scales, and develops noise at longer times " 2 1. At
higher temperature 7 = 1007k ~ 2I", n4(t) evolves from a
higher initial value at t = 0, as expected from the behavior of
the occupation number with temperature in the mixed-valence
regime [17,38] and exhibits less noise at long times than the
low-temperature curve. Since the final state is particle-hole
symmetric, one expects that ny(t — 400) =1 in the final
state. Instead, we see that, for the above temperatures, the
long-time limit of n,4(¢) deviates from the exact value by
2%-3%. This will be analyzed in more detail in Sec. VE.
Finally, we see that at very high temperature T = 10°Tx ~ W,
the occupation number n,4(¢) is almost independent of time and
and lies very close to its expected thermodynamic value. The
noise is also seen to be negligible in this limit. The main
panel of Fig. 2(b) shows the effect of z averaging [32,33] with
N, = 32 on the above results. We see that z averaging reduces
the noise at long times, but does not improve on the expected
long-time limit for ny (i.e., the error for the low-temperature
results remains 2%-3%).

Since Y-, xx = D rsexp T Xrsenx T Xrsepps We de-
compose O(t) in Eq. (9) as follows: O(t) = OKP(t) +
OPK(t) + 0PP'(r). OKP(t) + OPX(t) represents the con-
tribution from the kept states, while OPP'(r) represents
the contribution from just the discarded states. These two
contributions to the total time evolution without and with the z
averaging are respectively shown in the insets to Figs. 2(a) and
2(b) in the time range ¢I" > 1. The upper inset to Fig. 2(a)
shows the contribution of kept states, nX2(t) + nPX (1) =
23N P i (m) cos[(EY — E)tnli. This contri-
bution, evolving in time as cos[(E}' — E;")t], exhibits sig-
nificant noise at long times. The features in the noise from
this contribution are reflected in the total. We do not observe
such large noise in the remaining contribution n2?'(t), which
evolves in time as cos[(E;" — E;')t] (lower inset). The insets
in Fig. 2(b) also show the contributions of kept and discarded
states to the total time evolution, calculated with Nz = 32. The
z averaging also reduces the noise appearing in the kept-state
contribution, but has a small effect on the discarded-state
contribution. On the other hand, nX P (¢) + n?X (¢) equilibrates
to zero in the long-time limit, whereas n?”'(t) makes up all
the contribution in this limit (as expected, since the long-time
limit consists of selecting states with E/" = E'", implying that
they are both discarded states). This implies that the noise is
mainly coming from the eigenvalues of the kept states, or more
generally, the NRG approximation, as the low-energy kept
states at each iteration are the ones most affected by the NRG
truncation procedure. On the other hand, the observed error in
the long-time limit is likely not due to the NRG approximation,
since this approximation generally has a smaller effect on the
high-energy (discarded) states, which are also the only ones
contributing to this limit.

It is of interest to compare the present TDNRG calculations
with those from previous work [14,40]. As mentioned in
Sec. II, previous TDNRG calculations at finite temperature 7'
were carried out by choosing a shorter chain of length M < N,
such that T =~ Ty, = wy, where w), is the characteristic
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FIG. 3. (Color online) Time dependence of the occupation num-
ber ny(t) calculated within the present TDNRG (full line) and the
Anders-Schiller approach (AS). Switching as in Fig. 1 with the
same parameters (mixed-valence to symmetric Kondo state). The
calculation is at T = 10*Tx with A =2 and z averaging with
N, = 32, and keeps 660 states per NRG iteration. The inset represents
the results with no z averaging.

energy scale of the Wilson chain of length M. In this approach,
the initial-state density matrix includes only the contribution
from all the states of shell M [i.e., it uses Eq. (18) with
N = M]. Figure 3 shows n,(t) calculated within the present
TDNRG and in the previous approach of Anders and Schiller
(AS) in Refs. [14,40] at T = 10°Tx, with z averaging. The
two calculations give very similar results at short times, while
there is a clear difference at long times. The long-time limit
of the occupation number in the present work is closer to the
expected value than in the AS approach. We also see that
the time evolution in the AS approach exhibits more noise
than in the present one, both with and without z averaging
(see the inset to Fig. 3). These differences show that at finite
temperature 7 =~ Ty, the use of a short chain of length M
in the approach of AS does not capture the time evolution of
local observables as accurately as within our approach based
on using a FDM for the initial state. On the other hand, at low
temperatures (T < Tx), the chain of length M corresponding
to T is sufficiently long that the two approaches give very
similar results.

D. Short-time limit

In the short-time limit # — 07, the NRG approximation is
not operative in Eq. (9), and, as indicated in Sec. II, O(t = 0)
exactly equals O;, the thermodynamic value in the initial state,
calculated within the FDM approach [38,107]. In Fig. 4, we
show the short-time limit of the occupation number as well
as the initial-state thermodynamic value in a wide range of
temperatures. The system is switched from the asymmetric
to the symmetric Kondo model. We can see that n,(t = 0)
within the TDNRG agrees perfectly with the thermodynamic
value at all temperatures and for any initial-state preparation,
the absolute error being less than 107!, We have the same
precision with other sets of parameters, i.e., &4, U, and A, or
other local observables, e.g., double occupancy. This provides
a check on our generalization to arbitrary temperatures, on the
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FIG. 4. (Color online) Local level occupation number n,(¢) in
the short-time limit vs temperature for different initial &; keeping the
finale; = —6I'and U; = Uy = U = 12T fixed (i.e., switching from
the asymmetric model to the symmetric Kondo regime). I' = 107D,
and Tx ~ 2.0 x 107D is the symmetric Kondo temperature of the
final state. The symbols represent results with the TDNRG; the lines
are the thermodynamic values in the initial state. The calculations are
for A = 2, no z averaging, and keeping 660 states per NRG iteration.

expression for p'~/ entering the calculation of O(t — 01),
and on the accuracy of the numerical calculations.

We have also tested the short-time limit within the AS
approach for the same system and switching parameters as in
Fig. 4. In this case, the short-time limit for n,4(¢) corresponds
exactly to the thermodynamic value in the initial state, cal-
culated within the conventional approach to thermodynamics
via the NRG [6,8]. As shown in Ref. [107], the FDM and
conventional approaches to thermodynamics give essentially
the same results, so we conclude that the short-time limit of
the AS approach is also numerically exact.

E. Long-time limit and thermalization

In the long-time limit t — +o00, we already clarified in the
previous section that the NRG approximation is not the main
source of error. However, there is another source of error, the
logarithmic discretization of the band. In order to estimate
the accuracy of the long-time limit, we define the following
percentage relative error:

Ot — 400) — Oy
Oy

80(t — 400) = 100 x , 34)
in which Oy is the thermodynamic value in the final state
calculated within the FDM approach to thermodynamics [107].
The closeness of the long-time limit to Oy indicates either the
extent to which the system thermalizes at long times, or the
extent of the errors arising from the discretization (the two
may also be related [48]).

Figure 5 shows the relative error in ny(t — +00) upon
switching from the asymmetric to the symmetric model
[Fig. 5(a)], and vice versa [Fig. 5(b)]. We can see two trends.
The first one is that the larger the quench, measured by the
difference Ae; between ¢; and & in this case, the larger
the error in the long-time limit in both Figs. 5(a) and 5(b). The
error in the former lies below 4% in all cases and in the latter
below 10%. The error vanishes for Ae; — 0 and one recovers
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FIG. 5. (Color online) The (percentage) relative error of the local
level occupation number in the long-time limit vs temperature.
U =U;=U=12T and I' = 1073D. (a) Switching is from the
asymmetric model to the symmetric Kondo regime, as in Fig. 4.
(b) Reverse switching, from the symmetric Kondo regime to the
asymmetric model [the & are indicated and are the same as the ¢; in
(@)]. Tx A~ 2.0 x 107> D is the Kondo temperature of the symmetric
model and calculations are for A = 1.6, no z averaging, and keeping
660 states per NRG iteration.

the exact equilibrium results. The error exhibits an extremum
at a temperature 7 =~ 3007k =~ 6" = U/2 in both Figs. 5(a)
and 5(b). In addition, a second extremum is visible for large
quenches in Fig. 5(b) at T ~ 7Tk = 0.14T". Signatures of
this, as shoulders, are present also in Fig. 5(a) for the largest
quenches. The second trend is the strong dependence of the
error on the magnitude of the largest incoherent excitation in
the final state, denoted by £"2* and defined by

mc

e = max(les|,|lef + U|,T). (35)

We see that 73 = 6I" for all final states of Fig. 5(a), but
increases from 7I" to 12T" for the corresponding final states
of Fig. 5(b), with the error increasing monotonically with
increasing e{na~.

We consider a different switching protocol in order to
check that the above two trends persist. We switch both
the Coulomb interaction U(t) = 6(—t)U; 4+ 0(¢)Uy, and the
level energy e4(¢) such that e4(¢) + U(¢)/2 = 0, thereby
maintaining particle-hole symmetry in both the initial and
final states. By doing so, we are considering switching from
a strongly correlated system to a less correlated one (or
vice versa). Since g4(t) + U(t)/2 = 0, the occupation number
equals 1 in both initial and final states, and we find numerically

thatn,(¢) = 1 with negligible error. Therefore, we present here
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FIG. 6. (Color online) The (percentage) relative error of the
double occupation number in the long-time limit vs temperature.
I' =1073D, and switching is applied maintaining the particle-
hole symmetry, i.e., ,(t) + U(¢)/2 = 0. (a) Switching from a less
correlated system to a more correlated one (U; > Uj;). (b) Reverse
switching, from a more correlated to a less correlated system
(Uy < U;). The Uy are indicated and are the same as the U; in (a).
Tx ~ 2.0 x 107D is the Kondo temperature of the most correlated
system and calculations are for A = 1.6, no z averaging, and keeping
660 states per NRG iteration.

the results of the double occupancy in the long-time limit.
Figure 6(a) shows the relative error in the long-time limit upon
switching from a less correlated to a more correlated system
and Fig. 6(b) shows the same error but with the switching
reversed. We see that both cases follow the trend that the
larger the quench AU = |Uy — U;|, the bigger the error, with
a small violation of this trend only for the case of switching
to an uncorrelated system with U = 0 in Fig. 6(b) where the
error is almost the same as for the next most correlated system
with Uy = 2I". We also note that the extrema in the error for the
double occupancy are qualitatively similar to those found for
the occupation number in Figs. 5(a) and 5(b) above. Comparing
now the same size of quench, in both Figs. 6(a) and 6(b), we
see that the error is larger in Fig. 6(a) with &2* constant at
6I", than in Fig. 6(b) with gp2* smaller and ranging from I to
5T. We note also that the errors in the long-time limit of the
double occupancy are larger than the corresponding ones in the
occupation discussed above, reaching values as large as 25%
for highly correlated final states. This is due to the fact that
the double occupancy can become very small in a correlated
system; hence while the absolute errors in the long-time limit
for different observables are actually found to be comparable,
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the relative error for the double occupancy can become large
for highly correlated final states.

Combining the observations from Fig. 6 with those of
Fig. 5, we conclude that the error in the long-time limit of
a local observable depends strongly on (a) the size of the
quantum quench, and (b) the magnitude of the highest-energy
incoherent excitation in the final state. A possible reason for
(b) is that the logarithmic discretization scheme used in the
TDNRG calculations does not capture accurately enough the
high-energy excitations (see the next paragraph for supporting
results). Further discussion of the long-time limit, supporting
the above conclusions, is presented in Appendix D, where we
show results for additional switching protocols.

In order to support the point made above concerning the
logarithmic discretization, we consider observables in the
long-time limit, calculated with different discretization pa-
rameters A and at T = 10~#T (essentially zero temperature).
The system considered is that in Fig. 2(a), with switching being
from the mixed-valence to the symmetric Kondo regime. The
expected value of the occupation number in the long-time
limit is 1. Figure 7 shows the shell-accumulated value for
ny(t — +00), i.e., the quantity Y '™ n,(m) where nq(m)
is the contribution to the long-time limit from shell m. We
observe that the final result for mg,; = N, with contributions
from all shells included, n,(t — 400), is closer to the expected
value of 1 when A is closer to 1, the continuum limit. A
smaller A resolves the spectrum better at high energies and
could account for the observation (b) above. The trend with
decreasing A suggests that the exact result can be obtained in
the limit A — 17,

It is worth commenting on whether the results for the total
occupation number ny(t — 00) = Z;];Lmo ng(m) shown in
Fig. 7 (symbols) are indeed converged with respect to the chain
length N = N(A) used in the calculations. For each A we
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FIG. 7. (Color online) A dependence of the shell-accumulated
local level occupation number in the long-time limit at 7 = 10™#T
(symbols). Switching is from the mixed-valence (¢; = 0) to the
symmetric Kondo regime (¢y = —6I') with U = U; = Uy = 12I.
The Kondo scale in the final state is Tx ~ 2.0 x 107°D. The
calculations are done with no z averaging and keeping 660 states
per NRG iteration. The solid lines indicate the effect of increasing
the Wilson chains above by six additional sites, maintaining the same
T. The total n,(t — o0) = ZN,:N% n4(m) is unchanged, indicating

m=m
converged results (see the text for further discussion).
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choose N such that A=V=1/2 &~ 10~#Tx which is sufficiently
long to carry out calculations for all temperatures down to
the smallest scale accessible, i.e., down to T &~ 10~*Tx, the
temperature used in Fig. 7. Nevertheless, in order to show that
the above results are indeed converged, and that the observed
trend that n,(t — 00) comes closer to the exact value with
decreasing A is correct, we carried out calculations also for
longer Wilson chains and showed that n,(t — o0) remained
unchanged. This is illustrated by the solid lines in Fig. 7,
which show the shell-accumulated occupation numbers for a
Wilson chain of length N’ = N + 6 with T = 10~*Tx fixed.
The final value of ny(t — 00) at shell N’ is unchanged, but the
approach of the shell-accumulated occupation to this value is
modified. The upturn in the contribution to an observable from
shells close to m = Ny where A~N7=D/2 &~ T is a feature of
multiple-shell calculations [16], but does not imply that the
cumulative sum over all shells is not converged.

Finally, we compare the long-time limit of the present
TDNRG with previous work in Refs. [14,40]. Figure 8
exhibits the relative error of the occupation number in the
long-time limit with (a) switching from the mixed-valence

0 . T T s

(a) &= 0T, g=-6T"

i &

-1 i
2t J
~ || present |
:
-4 i
-5} 4

8 e N
6 L 4
4t i
2 L N
0 - . . - . S

10% 10° 102 10" 10° 10" 102 10° 10* 10°

FIG. 8. (Color online) The (percentage) relative error of the local
level occupation number in the long-time limit calculated with
the present TDNRG (full line) and the approach of Refs. [14,40]
(AS) at all temperatures. (a) The system is switched from the
mixed-valence regime with ¢; = 0 to the symmetric Kondo regime
withe; = —6I"keepingU; = U; = U = 12T fixedand " = 1073D.
The calculation is for A = 1.6 and N, = 32, and keeps 660 states per
NRG iteration. (b) As in (a), but with the reverse switching from
the symmetric Kondo (¢; = —6I") to the mixed-valence (¢, = 0I')
regime. Other parameters are as in (a) and Tx ~ 2.0 x 107 D denotes
the symmetric Kondo scale.
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to the symmetric Kondo regime, and (b) vice versa. This
figure illustrates further details of the comparison discussed
in Sec. V C that at low temperatures T < Tk the two schemes
give essentially the same results, while a significant difference
arises in the temperature range Tx < T < 10*Tk, with the
present TDNRG calculations showing improved accuracy for
both Figs. 8(a) and 8(b).

VI. MULTIPLE QUENCHES AND GENERAL PULSES

From the results in Sec. V we see that the TDNRG
approach becomes increasingly more accurate at long times
with decreasing size of the quantum quench, while in the short-
time limit # — 07 it is always exact [see Eq. (13) and Fig. 4].
We can also show that the TDNRG calculation remains more
accurate at short to intermediate times with decreasing quench
size. To show this, we require a comparison to exact results at
finite time. These are available for the noninteracting limit of
the Anderson model U; = Uy = U = 0, i.e., for the resonant
level model [40]. In Fig. 9 we show the (percentage) relative
error 6ny(t) in ny(t) from TDNRG calculations, using the
analytic result for the resonant level model as reference. The
error is shown for several quantum quenches, corresponding
to varying &; keeping & ; = 2T  fixed, i.e., the quench sizes are
Aeg =&y — ¢ =T',2T',3I',4I". From Fig. 9 we see that for
sufficiently small quantum quenches Ag; < I, the relative
error in n,4(¢) remains below 1% for times exceeding tI" ~ 1,
whereas for larger quenches the error exceeds 1% at tI" ~ 0.5.
This is further illustrated in the inset to Fig. 9, which shows
n4(t) for the largest and smallest quenches. The analytic results
in both quenches saturate to the same value, lying on top
of each other at long times (since the final-state energy ¢
is fixed for all quenches), whereas we see that the TDNRG
result in the case of the smaller quench fits very well the
analytic one in the whole time interval, while, in the case

20

g=2I ——

dny(t)

FIG. 9. (Color online) Percentage relative error in the occupation
number calculated with the TDNRG applied to the resonant level
model, using the exact analytic results for reference. Calculations are
with varying &; and fixed e, =2I'. D = 10°T, T = 107*I', A = 2,
and N, = 32. The inset shows the time evolution of the occupation
number calculated within TDNRG (dots) and the analytic expressions
(solid lines) in the cases that the quenches are the biggest and smallest
in the main figure.
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H = H

HQ"T"

HQIT] |
Hi= 5% %‘ \
bevenes \ -

0 T H (N t

FIG. 10. A system driven from an initial to a final state via
a sequence of quantum quenches at times % = 0,%;,...,%, with
evolution according to H 9» in the time interval £, >t > T,_1.Sucha
sequence of multiple quantum quenches could also be used to describe
periodic switching or to approximate any general continuous pulse
(smooth solid line).

of the larger quench, the TDNRG result fits the analytic one
only up to I" <2, and deviates from this at longer times.

J

_iHCpH (4—% _iH2p
p(t):e’H (t rp)e iH%PT, .

efiHer]
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In summary, then, the TDNRG is a controlled method
for short times and sufficiently small quantum quenches.
This suggests a way to improve the long-time limit within
a TDNRG approach, by replacing a large quantum quench by
a sequence of smaller quantum quenches over a short time
scale 7,. The time evolution from the initial state at ¢t < O to
the final state at ¢ > ¥, is achieved by applying the TDNRG
to the sequence i = 1, ...,n of small quantum quenches in
the intervals &; < ¢ < %y with =0and £, = >\, 7; (see
Fig. 10). For sufficiently small intervals, this should then allow
the TDNRG to access longer times more accurately than would
be possible with a single large quantum quench.

In this section we show how the above idea of using multiple
quenches to improve the long-time limit may be accomplished
within the formalism presented in Secs. III and IV. As
illustrated schematically in Fig. 10, such an approach would
also allow the treatment of general continuous pulses acting
in a finite time interval %,, since a sequence of small quantum
quenches acts as a discrete approximation for a continuous
pulse. Such pulses, acting over a finite time interval, also
correspond more closely to the actual situation in experiments.
As a special case of the general multiple quench that we shall
treat, we mention the case of periodic switching between two
states (i.e., a train of square pulses) [50].

For a system driven through a set of quenches, as in Fig. 10,
the time-evolved density matrix at a general time in the interval
Tpy1 >t = T, is given by

i HC1 i HOp iHCr+ (1—%
,oe‘H T "'€[H rpezH (t rp)’ (36)

in which H?», p =1, ... ,n, are intermediate quench Hamiltonians, acting during time intervals of length 7,,p =1, ... ,n, that

determine the time evolution at intermediate times, and H <0 =

respectively (see Fig. 10).

H' and H2+' = H/ are the initial- and final-state Hamiltonians,

The time evolution of a local observable at T, .| > t > £, is expressed in terms of the complete basis set of H Opt1 a5

A ) ~ . .
00)::§:Qm40aﬂpu)oﬂem)Qﬁ]::E:QMJUanMﬂHIHW—W)”.eﬂH&npéH&ﬂ.”

e

S Cpil (= ) A
ot pHL(¢ T”)0|lem)Qp+], (37)

.Inserting 197+t =Y~ |lem)g, . o,., (lem|, the identity belonging to H<»+!, in front of the

i Cp iEm_pmy\(p_z
~e’H r,,lsem)QpHe i(E—E])(t r[,)og

mie mie
in which we used ), for fo:mn
operator O in the above equation, and using D e lkem) (kem| = Zfz:m 41 e 'e'm’)(I'e'm'|, we have
¢KK’
o) = Z 01 (rem|e™ MO .. 7 HE T

mrse

¢KK'

= Z p;:Q"“ (m’fp)e—i(ET—E.L")(t—fp)0;};’

mrs

with

i—Q - —iH?
Prs p+l(m’_[p) = Z Qp+] (rem|e iH IR

e

(38)

—iH%7, _ iH%7 iHC%rT
e pe -.-e P|sem)g, .,

Evidently, this projected density matrix can recover its counterpart for a single quench since p'91(m,%)) =
> . o0/ (rem|plsem) o, = 0! 21(m). Substituting the FDM of the initial state into the above projected density matrix, we have

my

—ﬁE,
i-Q, - —iH%1, —iH® ' i HO iHOr 1,
prs - m,T,) = Z 0,.. (rem|e” T T L e my ) jwy, = i(lieymy|e™ T sem) g L (39)
mlllele mi
i—>Qpt ~ Nt
We decompose 0, (m,%,) into three terms,
i—>Q) ~ 4 ~ 0 ~ —— ~
prs - Hm,T,) = g (m,E,) + p(m,E,) + oy (m,Ey), (40)
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corresponding to the m; > m, m; = m, and m; < m contributions in Eq. (39) [compare with Eq. (24) for the single-quench

case]. Explicitly written out, these are given by

B (m, %))

N —BE]"
—iH%T —iH% T ‘ iH 7 iH T,
= E E 0, (remle re..e lieimy)iwy, —=——i({lieim|e t.eee "|sem)g,,,
mi=m+11lee mi
N !
—iH%7 —iH 7 (qi+ i— i+ i—\ ,iH% iH% T,
= E E 0, (remle P...e l(lm —Hm)|llelm1)[wmlZ—'(11€1m1|(1m +1, )6 teeve r|lsem)o, .,
mi=m+1liee mi
. (P
= § 0, (remle”" N N ) § § (ke'm|lyeymy)iwy,, —=— {lieym |K'e"m);
kk'ee'e” my=m+1 lie, m
% i (kK'e"m| iH%7 | iHQl’rpl ) (41)
i(k'e"mle e sem)g,.,
0 0 —PEI 0 0
0 ~ —iH®rt —iH"1t iH% T iH%rPt
p(m,T,) = E 0, (remle [ "leim);wy, i(leym|e L...e "|sem)g, ., 42)
lee, m
and
1 e_ﬁEm,
— ~ —iH%7, —iH%t iHC17 iHt
Pry (m,Tp) = E E 0, (remle reeve "Nheymy)iwy, ———i{lheym|e toeve "|sem)g, .,
my=my lje|e mi
Q +1+ Op+1—\ —iH% T, —iH%
= E E 0, rem|(Lu/™"" + 1" e Peece "lieimy);
my=my lyee
e 0 0pr, (1 Qpiit | 10
iH¥lT iH*rt p+1 p+1 7
X Wy, —= i(lieymyle ...e ”(1mf + 1 )|sem)Qp+]
my
m—1 7/3Em1
’ ’ —iH% 1 —iH% 7 € 8
= E E E Qp+l(rem|keml)QpHQM(ke mile P.o..e heimy)iwy, —=
kk'ee’e” my=mq I e, i
iH? 1 iHCP T, 1.0 1 ’on
X i(lijeymq|e l...e r|k'e ml)QWQpH(ke m1|sem)Qp+l, 43)
[
. . [ — 1 m = 7 1
in which we used 1|l eym;); =0 for my > m, with S’Q,,mf(_tp) being decomposed into three terms
Op+1— — + —
L™ lsem)g,, =0  for my<m, and L= R = S CE) S (-7
> ie lkem)(kem|. Noting that the matrix element rop St TP ro,. p o, s\ TP
_iH% _iHO .
0,y (rem|e 0 o= HHTT 5¢/m); appears in all three ST (—E,). (46)
terms above, we denote this matrix element by "Cp+1? P
- _iH%p _iH? Th rms ar rmin he followin ions:
m (e, —F) = g, (remle” T Lo HOT sy, ese terms are determined by the following equations
70,4 Si ) p+1
m++ o~ — m —iE,'fr,, m = 4
44) er_Hsi( Ip) ropi1kop kasi( Tp71)7 47
and call it the generalized overlap matrix element.* We can
. . . —iEM'T, ~
prove (see Appendix E) that these generalized overlap matrix ,Q s () = ro,.1lop© P Sig,s (ZTp-1)s (48)
. . . . P P
elements are diagonal in the environment variables, l
m = 8" _= m——
Ser_Hs,» (6’ Tp) Q ( Tp)(see” (45) SrQ +]SI( )
rx”T (m—1)0 (m— 1)—— au
_E EA’S (—,,)+S (r,,)] '
_iH9p i . . . ‘m !
“The factor e H% ™ ...e=H%'n is the time evolution om Kk
operator at time %,=Y /7 following p intermediate with S:"Q"** (=1, = (49)
quantum  quenches described by H¢',...,HY. Hence,
: Op . . . . . . .
0,41 (remle™" @ ... e=iH% T |s¢'m), is the matrix element  In the above, and in subsequent equations, indices such as

of this operator between the initial states of H' and the states of the
quench Hamiltonian H 2»+1,

kg, k; appearing in full within summands are abbreviated to
kk' in summation subscripts (as in ) _,,, above). The recursion
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relations given by Eqs. (45)—(49) allow the generalized overlap
matrix elements in Eq. (45) to be calculated at an arbitrary time
step £, > ;. While S”"*+ and " depend on the generalized
overlap matrix element at one earlier time step, S~ ~ depends
on the 0 and —— components of these matrix elements at
the same time step, but at one earlier shell. For a detailed
proof of the above equations as well as the closed form of the
generalized overlap matrix elements at ¥; we refer the reader
to Appendix E.

Returning to the terms in the projected density matrix in
Egs. (41)-(43), we substitute the generalized overlap matrix
element, which is diagonal in the environment variable, into
each term as follows:

pLm ) =) 8

kk’

S™
Z TQpt1

I

& (= Tp)Rred(kvk/)S]lz’{lSQpH(fp)v (50)

,ﬂEm

prim,Tp) = ,[(—f,me — Sl (). 5D

Py (m. )

m—1
= Z Z Z Opti (remlkelml>Qp+18[?z;]p+]lu(_fl’)

kk'e mi=my lie;

X wm],.,—
mi

m—1
1
0 ~
= Z Z ZQW(remUcelml)Qp+1 e P (m1,Tp)

kk'e my=mg e

m |

S
lik,

~ /
" (t[’)QpH <k ejmg |Sem)Qp+l

X Q,,H (K'emi|sem)o, .,

_ = Z AamT pkk/(m —1L%,)+ p (m — 1 ‘L'p)} am
kk’

with o, " (mo,%,) =0, (52)

in which S;"YQ (%)) = [S;’; (k,k") is defined

as in Eq. (19), and the recursion relation for p ;" (m,%,) in
Eq. (52) is derived as for p,,~(m) in Sec. IV. The above
equations determine the projected density matrix of Eq. (40)
at an arbitrary time step T; > ;.

One can use the scheme in previous works [14,40] to calcu-
late the projected densny matrix for multiple quenches, which
yields a simplified ,0” - Qo (m,%,) = ,0”, (m,tp) + ,ors(m,tp)
since o, (m,%,) = 0 can be neglected at any time step. If
one also neglects the term S oot (f,) of the generalized
overlap matrix element, presented above, then S,’"AQ (Tp) ~
S;”j(’z (%) + S;"?Q (%p). Using the definitions in Eqs. 47)
and (48), we have

A (=TI R

red

prs O (m, %)

~ § —I(E(;"—E;"r)fppi*Qp(m 7 ])Sm
rQn+ q0p aq’' PP 0,50, "

This equation is similar to Eqs. (56) and (57) in the recent
work of Ref. [50], which investigates time evolution due to

periodic switching. However, S;”X;_ (f,) equals zero only at
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m = my. Omitting this term leads to an accumulated error
after each time step due to the causality in Egs. (45)-(49),
where generalized overlap matrix elements at a given time
step are shown to depend on those at one earlier time step.
This omission may be equivalent to the approximation in the
mentioned work, where an accumulated error is observed in
the time evolution.

In general, by following the procedure for calculating the
projected density matrix for the single-quench case in Sec. 111,
and especially the term p~(m) in Sec. IV, we explicitly
formulated all the terms of the projected density matrix in
Egs. (50)—(52) for the multiple-quench case. Substituting this
projected density matrix into Eq. (38), one can estimate the
time evolution of a local observable at an arbitrary time ¢ > 7.
For 0 = %y < t < 7, one recovers the TDNRG with a single
quench as in Secs. II-IV. The entire procedure of generalizing
the TDNRG to an arbitrary number of quenches, presented
here, adopts no further approximation than does the TDNRG
with a single quench. Therefore, by ensuring sufficiently small
quantum quenches, one can expect, by the arguments presented
in the introduction to this section, to obtain high accuracy
for the time evolution even in the limit of long times. The
numerical implementation of this lies outside the scope of
the present paper and will be reported elsewhere; however, a
few remarks about the computational cost of such an approach
are in order. In comparison to the single-quench case, the main

increase in computational cost comes from (a) the requirement

to calculate the projected density matrix p;, Q”“(m,rp) for

p =1,...,n,ie., for n quenches instead of one quench,5 and

(b) the requirement to calculate the generalized overlap matrix

elements S;’; 5 (—1%,) also for n quenches, using an algorithm
p+171

which resembles that used for the calculation of reduced
density matrices. Since the latter are implemented highly
efficiently, we estimate the computational cost to be approxi-
mately linear in the number of quenches and therefore feasible.

VII. CONCLUSIONS AND OUTLOOK

In this paper, we generalized the TDNRG method for
describing the time evolution of a local observable following a
single quantum quench to arbitrary finite temperature, starting
from the full density matrix of the initial state. In this gener-
alization, we made no further approximation than the original
NRG approximation [Eq. (10)]. The generalization relies on
determining the projected density matrix, which is made up of
three parts 5+, p~—, and p°, for which explicit expressions,
and recursion relations for their evaluation, were obtained. The
trace-conserving property of the projected density matrix was
proven and was used to check the numerical precision of the
calculations. We find that the contribution from p~~, absent in
previous approaches [14,45], is significant at finite temperature
and cannot be neglected. The short-time limit of local observ-
ables was shown to be exactly equal to the thermodynamic
value in the initial state, both analytically and numerically

SFor times t > %,. At shorter times, Tpp1 >t = T,, with p < n,one
needs to calculate only the first p projected density matrices, so the
computational cost becomes less for shorter times.
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(Sec. VD). Furthermore, we clarified that the NRG approxi-
mation is the main source of noise in local observables at long
times (Sec. V C), whereas it appears not responsible for the
error in the long-time limit. The latter is found to be reduced
either by reducing A (i.e., approaching the continuum limit
A — 17), as noted previously [40], or by reducing the size of
the quantum quench (Sec. V E). Also, the short-time behavior
is improved with decreasing quench size; see Fig. 9.

The above results suggested, since the limit A — 17 is
impractical in NRG calculations, a formulation in which a
large quench is replaced by multiple quenches over a finite
time interval as a means to improve the TDNRG at all
time scales, and particularly for longer times. We provided
this multiple-quench formulation (Sec. VI) and showed that,
as for the single-quench case, it rests solely on a single
approximation (the NRG approximation). The structure of
this theory, while formally similar to the single-quench case,
brings out more clearly the importance of including the
“——" terms, i.e., p~~ and 8"~ ~. Namely, neglecting S~
in the multiple-quench case leads to an accumulated error
after each time step ¥,, p =1, ...,n, due to the causality of
Egs. (45)—(49); hence, it will be particularly important not to
approximate this in a future numerical implementation of the
multiple-quench TDNRG. The latter, as discussed at the end
of the previous section, is feasible, scaling at most linearly
with the number of quenches, but lies beyond the scope of the
present paper and will be presented elsewhere. Our formalism
for the multiple-quench case also generalizes the TDNRG to
general pulses and periodic switching/driving. The latter has
been considered also in Ref. [50], within a hybrid TDNRG
DMRG approach, although several approximations in addition
to the NRG approximation were made (see the discussion in
Sec. VI).

We also compared our single-quench TDNRG approach to
the previous scheme [14,40], finding that the present one gives
results with less noise at long times, with the results being
closer to the expected long-time limit, particularly at finite
temperatures. This is due to the contribution of the full Wilson
chain in our TDNRG using the full density matrix of the initial
state, which at finite temperature always results in a finite
contribution from p~~, absent in the scheme of Refs. [14,40],
which uses a truncated Wilson chain for finite temperatures.

In future, it would be of interest, especially in the light of
time-resolved experiments, e.g., time-resolved photoemission
and scanning tunneling microscope spectroscopies [93,98],

J

N
SN o am)

Z Zf(lem|,0|lem)f

PHYSICAL REVIEW B 89, 075118 (2014)

to extend the formalism in this paper to the time evolution
of dynamical quantities following a quench/pulse, e.g., to
single-particle spectral functions A(w,t) [108,109], dynamical
spin susceptibilities [110],or optical conductivities [111]. This
would allow basic questions about the time dependence of
the Kondo effect in quantum dots to be addressed, e.g., the
time evolution of the Kondo resonance upon instantaneously
switching from the mixed-valence to the Kondo regime [112],
or the transient response of the current following a bias
voltage pulse of finite duration [113]. Given the common
matrix-product-state structure of the NRG and DMRG eigen-
states [114], some of the formalism developed in this paper
for general multiple quenches might find application also
within the time-dependent DMRG. Finally, improved TDNRG
approaches would be of interest in the development of methods
for studying steady-state nonequilibrium transport through
correlated systems, such as quantum dots [45].
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APPENDIX: TRACE OF THE PROJECTED DENSITY
MATRIX

Starting from the exact Eq. (8) and setting O = 1 results
in 1 = Tr[p], a tautology, since p is normalized. However, the
result we are interested in starts from Eq. (9), which in general
will be approximate due to the use of the NRG approximation.
Inserting O = 1 in the right-hand side (RHS) of this expression
and using O;; = §,, results in Eq. (12) which states that the
trace of the projected density matrix is preserved. The result is
exact, for the same reason that the short-time limit is exact (as
discussed in Sec. II D), namely, any error that would arise from
approximate NRG eigenvalues in Eq. (9) does not arise for
O = 1 because these eigenvalues drop out from the expression
(9) for this choice of operator. More explicitly, using the

definition of the FDM, p = Zf::zmo Wy, Om, from Sec. 1IB

and the completeness relation ZZ:W] > e llem)(lem| =1, we
have for the RHS of Eq. (12),

m=mqy [ m=mq [,e
N N
- Z Z ZZ (lem|l'e’ (l/e m'|lem) ¢
m=moy m'=m le U
N ﬁE{7
:Z Zw ZZ (I'e'm'|lem) ff(lemllem)
m=mqy m’'=m le I'e
o et —pE
= ; W /,-(l/e’m |'e'm’); 7 = ; Wy Z =1, (A1)
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where, in the last line, fo r—my W = Tr[p] = 1 was used. calculation of p'~/(m) is sufficient. This was the case, since
This verifies Eq. (12), which serves as a useful identity to ~ we found an error of less than 10~'" for all A and all
check that (a) the three terms contributing to p'~/(m) in system parameters used in the Anderson model (g4, U); see
Eq. (24) have been evaluated correctly, and (b) the numerical Fig. 1.

J
APPENDIX B: SHORT-TIME LIMIT

In this Appendix we show explicitly that the TDNRG expression for the expectation value of a local observable in the
short-time limit (¢ — O%) recovers the correct thermodynamic value in the initial state, i.e., that

N
ot —0H=>" > pi7/mon =0, (B1)

m=mors¢K K’

where O; = Tr[pé].

Similarly to the calculation of the trace of the projected density matrix in Eq. (A1), we substitute p = ZZ:mo Wy, Py IO
Eq. (B1), obtaining
N #KK'
ot — 0" = Z Z rl{rem|plsem) s f(sem|0|rem)f
m=mg rse
N #KK' N o—BEY
= Z Z Z Zf (rem|l'eé'm’) = i(l'e'm'|sem) f(sem|0|rem)f
m=mqy rse m'=mqg l'e m
Er N #KK'
= Z Zwm = Z Z lem|sem)ff(sem|0|rem)ff(remllem) . (B2)
m'=mg l'e m m=mgy rse

Decomposing |rem)  into kept, |kem) ¢, and discarded, |lem) r, states, we obtain for the part inside the curly brackets

Z > ille'm'\sem) s p(sem|Ollem) y(lem|l'e'm'); + Z > ile'm'|lem) s p(lem|Olkem) s ;(kem|l'e'm');

m=mg [se m=mg kle

N N
= Z Z Zzi(l’e’m/lllelml)‘f r{lieim;|Ollem) s r(lem|l'e'm’);

m=mymi=m le e

N N

+ Y Y D> e mllem) s pilem|Olleimy) s pilieymy|l'em');. (B3)
m=momy=m+1 lie; le

Replacing ZZ:mo folzm — Zf::l:mo > mem, in the first term and interchanging |lem) <> |l eym;) in the second one, we have

Eq. (B3) equal to

N m
Z Z Zzi(l’e’m’lllelml)f rlliesm;|Ollem) s (lem|l'e'm’);

my=mom=mqy le [e

N N
+ Z Z Zzi(l’e’m’lllelml)ff(llelml|0A|lem)ff(lem|l’e/m’),-

my=mym=m+1 le Ilje;

N N
= Z Z Zzi(l/e’m’ﬂlelml)f rlliesm|Ollem) f r(lem|l'e'm’);

my=mym=mqy le e
=, (l'em'|0|l'em');. (B4)
Substituting Eq. (B4) into Eq. (B2), we have

ot — 0) = ZZwm = ,(l ‘m'|O|l'e ZZw

m'=mgy l'e m m=my I

'
e ﬂE

Orr, (B5)
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which is the thermodynamic average of the observable in
the initial state, as calculated within the FDM approach.
This proves that O(r — 07) = O; is always true. We also
verified the latter numerically, for the Anderson impurity
model, finding that the calculated value of O(t — 07) lies
within 10710 of O; regardless of the parameter sets used and
regardless of the discretization parameter A.

APPENDIX C: RECURSION RELATIONS FOR SU(2)
SYMMETRY

In the actual calculations for the Anderson impurity model,
presented in this paper, SU(2) spin symmetry was used in
the numerical diagonalizations. Accordingly, the states were
classified according to their values of total charge Q, total
spin S, and z component of total spin S,[1]. Moreover, as the
eigenvalues are independent of S,, we need only write the
recursion relations in the (Q, S) subspace. The transformation
matrix A} in Eq. (29) is now denoted by U™ (ki,r) as in the
original work in Ref. [2], with the correspondence i <> «,,.
In detail, p;,~(m) is expressed in terms of the following four
terms, corresponding to i taking one of four values (d = 4):

Py (Q.S,m)

1
=1 2 Ug'sk1.9)0(Q + 1.S.m = DUG
k. k'

1 m _
5 UG 29p(0.5 = L — 1)

k. k'

(k'1,r)
Ul o(k'2,r)

1 m ~ mo
+7 > UG K3.5) i (Q.S + 1.m — 1)U o(K'3.r)

k.k'

+12U’”*(k4 Vorx (0 — 1,8,m — DHU™ (k'4,r)
4 Q.S 5S pk,k/ Q k] 7m Q'S 7r )
k,k

(CDH

with fi 1 (Q.8.m) = i 1,(Q.8.m) + oy (Q.S.m).
Similarly, the recursion relation for the reduced full density
matrices takes the form

[Rrea(Q: 9], 1

= Z Upti sk LR Q@ = 1.8)],  UptilsK'1.q")

2S+2 - .

4.4’
X UrQnJgi/z(k/z’ )

25 +1 Z U’Qnng—l/Z(k&Q)[R:ZdH(Q’S - %)]q,q’
x Ugg”1 »(K'3.9")

+ Z UG sk4. )[R (041, ], Ut (k'4,q).

Upiis

(€2
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with

[Rra(Q.9)]

[R1(Q.9)], 0 e 0
0 I 0
0 0 . w,, ’3;15 S,

and noting that Zq =Y+, and |gm) = |km) + |Im).

APPENDIX D: LONG-TIME LIMIT: ADDITIONAL
SWITCHING PROTOCOLS

In this Appendix, we present additional results for the long-
time limit of observables with different switching protocols to
support the conclusions in Sec. VE. In general, the results
show us the trend of quench size dependence as observed in
Fig. 5. Depending on the local observable, i.e., local level
occupation number or double occupancy, the results depend
on different parameters of the final state.

10 | (a) g=-6T

Sr &= ?F —a— )
e=-1T y 008060,
N s:=-21" - -0 - 0000007 ©ec0 So\
o giz-sr e -oo-oooo.ooococ..““ 2
0 ﬁgi=-4l—‘ - a- - pA%
g=-bI" - —- -
$ 5t
z
> " "
kel
%30 L (b) g=-6T i
£
“o5 | ]
&= or —=—
20 |g=-1T R
ef=-2l“ - -0 -
15 ||&=-3L ---e-- 1
=4l - - - e
10 |
oy
5t oo
0 "V 3 2 . 1 0 ] Ml 2 ;A‘ 4 '
104 102 102 10" 10° 10" 10® 10® 10* 10°
T/Tk

FIG. 11. (Color online) The (percentage) relative error of the
double occupation number in the long-time limit vs temperature. U; =
Uy =U = 12I'and T = 1073 D. (a) Switching from the asymmetric
to the symmetric Kondo system. (b) Reverse switching, from the
symmetric to the asymmetric Kondo system [the &, are indicated
and are the same as the ¢; in (a)]. Tx = 2.0 x 107> D is the Kondo
temperature of the symmetric model and calculations are for A = 1.6
and no z averaging.
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1. Double occupancy: Switching e, with U constant

In Fig. 11, we present the error in the double occupancy
upon switching the system between the asymmetric case and
the symmetric Kondo regime while keeping the Coulomb
interaction constant, i.e., £4(t) = &;0(—1) + £,0(t) with U =
U; = Uy. The analogous results for the occupation number
were presented in Fig. 5. As for the error in the occupation
number in Fig. 5, we observe for that the error in the double
occupancy exhibits extrema at approximately the same temper-
atures, namely, at T ~ 300Tx ~ U/2and T ~ 7Tx = 0.14T.
The error increases with increasing quench size for both the
switching from the asymmetric model to the symmetric Kondo
regime [Fig. 11(a)] and vice versa [Fig. 11(b)], supporting
the first trend discussed in Sec. V E. The highest incoherent
excitation in Fig. 11(a), defined by Eq. (36), is 6I", while in
Fig. 11(b), it varies from 7T" up to 12I'". For the same sized
quench in Figs. 11(a) and 11(b), we see that the error is always
larger for Fig. 11(b), thus supporting the conclusion that this
error depends on the magnitude of the highest incoherent
excitation in the final state.

2. Occupation number and double occupancy: Switching U
with &, constant

In Sec. V E we discussed the error in the long-time limit of
the double occupancy for the case where both U and ¢, were

6 —
(a) U121

5t

4 rosor——

9 U=2r

3 U=4l - -o -
U=6 o
U=8l --a--

0
+
T 0 " ”
e (b) U=12T
o 0
Uf=0r —a—
5 | U=2I
b Uf=4l" - -0 -
Uf=6r e
U=80 --a--
Uz10r -
10 F
-15 ” s .2 .1 s .1 .2 s .4
104 102 102 10" 10° 10" 10®2 10® 10* 10°

FIG. 12. (Color online) The (percentage) relative error of the
local level occupation number in the long-time limit vs temperature.
gi=¢;=—6land T = 1073 D. (a) Switching from the asymmetric
model to the symmetric Kondo regime. (b) Reverse switching, from
the symmetric Kondo regime to the asymmetric model [the &/ are
indicated and are the same as the ¢; in (a)]. Tx &~ 2.0 x 107D is the
Kondo temperature of the symmetric model and calculations are for
A = 1.6 and no z averaging.
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FIG. 13. (Color online) The (percentage) relative error of the
double occupancy in the long-time limit vs temperatures. Parameters
and switching in (a) and (b) are respectively the same as those in
Figs. 12(a) and 12(b).

switched at + = 0, while maintaining particle-hole symmetry,
i.e., for g4(t) + U(t)/2 = 0. Here, we consider relaxing the
last condition and consider changing the Coulomb interac-
tionU(t) = U;0(—t) + Us6(t) whilekeepinge; = ¢; = 5 =
—61I" constant in both initial and final states. We either choose
U; = 12T and switch Uy, or vice versa. Figure 12 shows the
error in the long-time limit of the occupation number and
Fig. 13 the corresponding error for the double occupancy. For
both quantities, the error increases with increasing size of the
quantum quench and the positions of the extrema in the error
are consistent with those seen in previous quenches. The trend
that the error increases with increasing value of the highest
incoherent excitation in the final state [Eq. (36)] cannot be
applied in this case as the value of this excitation is the same
(6I") for both switchings and all cases. However, Fig. 12 agrees
with the trend in Fig. 5 that switching from the symmetric to
the asymmetric model results in a larger error than vice versa,
and Fig. 13 agrees with the trend in Fig. 6 that a larger error
is expected upon switching from a less correlated to a more
correlated system than vice versa.

APPENDIX E: GENERALIZED OVERLAP
MATRIX ELEMENTS

In this Appendix, we prove that the generalized overlap
matrix elements at an arbitrary time step are diagonal in
the environment variables, and that they can be calculated
recursively. We start with the simplest case for the first time
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step 71,

- _iHC e
Sy (ee', —T) = o, (remle " T se'm); = Z o,(rem|lieymi) g, o, (lieymyle™ "' ™ |se'm);

milie

Decomposing the matrix element into three terms, corresponding to m; > m, m; = m, and m; < m, contributions, respectively,
we have

Sm (66/, - f1)8m++(€€/’ - f]) + S}’:”O (eela - fl) + Smii(ee/a - f])a

70, Si 70, Si 0,5i 0, Si
with each term shown to be diagonal in the environment variables as follows:

N
~ —_iH®?
Sitfee, =ty =Y Y o.(remlhieimi)g, o, (Lieymile™ ™ 7 |se'm);

70y Si
mi=m+1 le;

= Z 0,(remlkem), o, (kem|e™ ™' 7 |se'm); = Z Sro, ko, e BT Sk, s0ee = S H(—%1)8., (El)
k k

T, 70y i

8™ (ee', — %)) = Z 0, (reml|lem)g, Q,(lem|e”'HQ"‘|se’m),<

er Si
l

DS € TS e = S (=) (E2)
!

70, Si

m—1

— ~ —_iH?
S;ZZS‘. (ee', — 7)) = Z ZQZ(remﬂ]elml)Ql o, (heymyle T se'm);

my=my lie

m—1

= Y Y odreml (12 +127)lieim) g, 0, (hevmile™ 7 (108 4 i Y se'm);

mi=my le;
m—1
—iHC1
= Y > ofremlkeimi)g, Y o, (keymilliermi)o, o, (hermyle™ " " K eimy); i (K eim|se'm);
my=mo kk'e e} Iy

m—1
my —iE" 7 gm n Iy
E E Qz(r€m|k€1m1>Q2|: Stosio € " Sl.Qlk,f (K eymy|se’m);.
I

my=mg kk'e;
Using the definition of S;’;(:Si(—fl) in Eq. (E2), we have

m—1
__ N 0, =~
Sr”(i»zs,- (ee/, — %)) = E E 0,(remlkeim) o, [S,’{’;‘zk;(—rl)]i(k/elml|se’m)i.
my=mq kk'e,

Noticing that the structure of the above equation is similar to that of Eq. (22), we derive the recursion relation of Sf’;z‘; (ee, — 71)

following the procedure for p~~ in Sec. IV; thus we have

St e =) =3 AR[S ) + S T (- T] AR

am kK’
=S" (=)8e with S™T7(—%)=0. (E3)
0y 5i 0y Si

Since each term of the generalized overlap matrix element is diagonal in the environment variables, we define

S" (ee', — ) =8" (—F)8eewith S" (=%)) =S" (%) + 8" (=) +S" (—%). (E4)

er Si rQ2 Si er Si rQ2 Si ersf rQZSi
In a similar way, we consider the generalized overlap matrix element at the next time step 7,

—_iH22 —_iH
iH rze iH T‘Ise/m),-

Sross, (ee', — %) = g, (remle

—iH® —iH?
Z 0:(rem|beamy) o, o, (leamale ™ H722e ™ HE T 5e/ )

i

mzlzez
+ - 0 - — -
= SrW(’;)]S,‘ (ee/’ — %)+ 8;7;351(66/’ — )+ S;';Si (ee” — D). (ES)
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The three terms above correspond tom, > m,my = m,and m, < m,respectively, and are shown to be diagonal in the environment
variables as follows:

N
~ —_iH? —_jH®?
S,";+Y+(ee/, —h)= Z Z 0s(rem|beamy) g, o, (lheamale™ 72 2e ™ H T 5 m),

may=m+1 hLe,

Z o0, (remlkem) o, o, (kem|e_iHQ2f2.e_“L1Q1 Hsem);
k

= Z 0. (rem|kem) g, e F™ o (kem|e ' |se'm),;

Z Y o€ RS (— )8 = ST (—E2)8e0, (E6)
03 Qz

ko, si rQ4Si

- _iH®p —iH®
S:”QOY (e, — §) = Z o, (remllem)g, o,(lemle R n =T P T g0l ),

]
= 2:Q3(rem|lem)Q267"E’mT2 J(lem|e™ % M s m); Z roulo, € e ET o, (—T1)eer
] !

= 8" (=18, (E7)

rQs

m—1

- _iH% 7 —iHC
SrQ . (e, — B) = Z 2:Q3(rem|lze‘2m2)Q2 0,{hesmsle iHO20, —iH T se'm);

may=myg lye,

m—1

Q _ Q
>0 ) oylremlkeama)o, Y o, tkeamallaeams) g, g, (heamale™ 2T U K ehmy); (K €ymy|se'm);

ma=mg kk'e;e), 1)

—iE"?
D> o.iremlkesmy)o, Skouio, € oSk my, — 1) | i (K exmalsem);
may=m kk/ez 12 -

m—1

Z Z 0, {remlkeamz) g, [SZZ(L, (—%)]i (K eams|se'm),;.

may=myg kk'e;

Again, noticing that the structure of the last expression above is similar to that in Eq. (23), we derive the following recursion
relation:

Spos (ee', =) = DY Ayt S,((”’ k/l)o( B+ S,E’" k,‘"‘( #)]A
Ay kk'
= Sm__( :L:2)5ee' Wlth Smo ( ‘L’z) = (ES)

rQ Si

Since each term of the overlap matrix element at %, is also diagonal in the environment variables, we have

rQ s (ee - )= rQ g‘l( )8ee
with S (—%) = Spfr(- f2)+$:”Q°SI( 0) + Sy, (— ). (E9)

Consequently, the generalized overlap matrix elements at an arbitrary time step T,,; > %; can be decomposed as follows:

_iH? _iHQ
SrQ l5,(ee — %)) =g, (remle 2T e T T 56/ m),
P+

_iH® _iH?
Z o,nlremllye,mp) o, o, (Lye,mple HHErT =t HO T 50 ),

mplye,

0 ~ — ~
= Sm++ (ee/, —T,) + Sr";,,+,si(ee’, — %)+ S;’;lei (ec', — 7).

Again, the three terms above correspond to the m > m,, m = m,, and m < m, contributions, and satisfy the general rule

r,11k0p T,y

S’mQJrJr (66/, - f/’) = Sty eiiEFTpS/?;ps;(_fl’—l)geﬂ' - Sm++ (_fp)see’, (E10)
k
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m0 ’ ~ N m
SrQth" (86 ’ Tp) - SrQ/z+llQP

m—— - _ ant (m—1
SerHX"(ee ’ Tp) - Z Z Ark [Ska+l i
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e IS (—Tp)ber = Sy (—Tp)bee, (E11)

0, = D - .
Bty S A

Ay, kk
= S;’;:;S’_(—fp)aeg, with S,”;"p:]_si(—fp) =0. (E12)
Since each term of Sf}s,» (ee’, — T,) is diagonal in the environment variables, we have
/ ~ ~
S;%QPHSi (ee y Tp) = S:nQpHsi(_Tp)(See’
. m = _ Qm++ = m0 _ = m—— =
with SVQ,,_HS;'( %) = S’Q,;Mf( 7))+ S’Q,;Mf( 7))+ S,Qmsi( Tp). (E13)

In general, we showed that the generalized overlap matrix elements at an arbitrary time step are diagonal in the environment
variables. Moreover, one can use Eqgs. (E1)—(E3) to calculate each term of the generalized overlap matrix element at 7;, and

Eqgs. (E10)~(E12) to calculate those at T, > ;.
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