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Abstract

The central question of systems biology is to understand how individual components of
abiological system such as genes or proteins cooperate in emerging phenotypes result-
ing in the evolution of diseases. As living cells are open systems in quasi-steady state
type equilibrium in continuous exchange with their environment, computational tech-
niques that have been successfully applied in statistical thermodynamics to describe
phase transitions may provide new insights to the emerging behavior of biological
systems. Here we systematically evaluate the translation of computational techniques
from solid-state physics to network models that closely resemble biological networks
and develop specific translational rules to tackle problems unique to living systems.
We focus on logic models exhibiting only two states in each network node. Motivated
by the apparent asymmetry between biological states where an entity exhibits boolean
states i.e. is active or inactive, we present an adaptation of symmetric Ising model
towards an asymmetric one fitting to living systems here referred to as the modified
Ising model with gene-type spins. We analyze phase transitions by Monte Carlo sim-
ulations and propose a mean-field solution of a modified Ising model of a network
type that closely resembles a real-world network, the Barabasi—Albert model of scale-
free networks. We show that asymmetric Ising models show similarities to symmetric
Ising models with the external field and undergoes a discontinuous phase transition
of the first-order and exhibits hysteresis. The simulation setup presented herein can
be directly used for any biological network connectivity dataset and is also applicable
for other networks that exhibit similar states of activity. The method proposed here is
a general statistical method to deal with non-linear large scale models arising in the
context of biological systems and is scalable to any network size.
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List of symbols

Ajj Adjacency matrix
h Critical magnetic field
B Inverse of temperature
J Coupling constant
y Scale-free exponent
0,1 Modified Ising spins
heft Effective magnetic field
h Magnetic field
H Hamiltonian
Hyr Mean-field hamiltonian
kp Boltzmann constant
k Node degree
M Order parameter
k Mean degree
m Number of preferentially attached links
—1,1 Classical spins
N Network size
Dij Probability that new node is linked to existing node
T Temperature

Partition function

1 Introduction

Biological networks are multi-dimensional complex systems whose collective inter-
action in response to perturbations may lead to critical transitions from one stable
state to another. Acute asthma attacks, clinical depression, diabetes mellitus, inflam-
mation, and epileptic seizures, among many others, are examples of such sudden shifts
in the state of the system, from healthy to diseased states (Trefois et al. 2015; Wolf
et al. 2018). Such “phase transitions” are common in other complex systems such
as ecological systems (for example, spontaneous extinction of species in response to
gradual changes in external conditions) (Capitan and Cuesta 2010) or the evolution
of human language (for example, the formation of Zipfian properties) (DeGiuli 2019;
Vera et al. 2020). However, the idea that a system consisting of simple interacting units
may exhibit phase transition was initially motivated by a seminal model of magnetic
systems called the Ising model.

The Ising model is one of the simplest and most frequently studied models of
cooperative phenomena in statistical mechanics (Ising 1925). The classical Ising model
is a discrete, pairwise interacting two-state system proposed to explain the structure
and properties of ferromagnetic materials and has been solved exactly for one- and
two-dimensional lattices (Onsager 1994). In the Ising model of a two-dimensional
lattice, each site carries a spin which may be up or down, and neighboring spins prefer
to be parallel to each other. The external field prefers to orient the spins in the direction
of the field. The spins align in the same direction at low temperature, and the system
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exhibits spontaneous magnetization. At high temperatures, the spins align randomly,
and the system is paramagnetic.

Since then, Ising models have been extended to study phase transitions occurring
in more complicated topologies such as random, small-world and scale-free networks
(Albert and Barabasi 2002; Bianconi 2002; Barrat and Weigt 2000; Dorogovtsev et al.
2002; Ferreira et al. 2010; Gitterman 2000; Herrero 2002, 2008; Lopes et al. 2004;
Pekalski 2001). For example, Ising models of networks can explain how the opinion of
the individual is influenced by their contacts on opinions of people on a given subject
(Aleksiejuk et al. 2002; Bartolozzi et al. 2006; Castellano et al. 2009; Contucci 2007,
Redner 2017). Further real-world applications of Ising models of networks include
socioeconomic problems such as racial segregation in the US, group herding, human
culture (Stauffer and Hohnisch 2006); phase transitions in neural networks (Aldana
and Larralde 2004); communication in the World Wide Web (Kumar et al. 2000); and
systems biology (May and Lloyd 2001; Pastor-Satorras et al. 2015; Pastor-Satorras
and Vespignani 2001).

In this regard, the analogy between phase transitions occurring in living systems
(such as normal to diseased state transition) and physical systems (such as condensation
of water) has been well-motivated (Davies et al. 2011; Holstein et al. 2013; Trefois et al.
2015; Smith 2010). The normal state to cancer state transition has been described as a
process similar to the first-order irreversible discontinuous phase transition occurring
in physical systems (Facciotti 2013; Jin et al. 2017; Liu et al. 2013; Mojtahedi et al.
2016; Torquato 2010). The central idea is that living systems are open systems in quasi-
steady state type equilibrium in continuous exchange with their environment wherein
cells behave like a network in heat bath under external perturbations (Pastor-Satorras
etal. 2015; Scheffer et al. 2012). They survive by exporting entropy to the environment
in exchange for structural order. When a control parameter increases entropy, it causes
collective flipping of states, which drives the system to an unstable critical state (or
diseased state), thereby leading to phase transitions in living systems. In an Ising model,
an analog for such a control parameter could be temperature or magnetic field, which,
after a particular critical value, may cause the system to undergo a phase transition
(discussed in detail in Sect. 2).

An integral part of such living systems is the biological networks that they are com-
posed of—for example, the gene regulatory networks, protein interaction networks,
among many others. A gene regulatory network represents a network of genes that can
activate or suppress each other’s expression levels owing to the interaction between the
genes or due to the influence of agents external to the cell. One of the widely accepted
method and a powerful tool for qualitative analysis of dynamics in gene networks is
the Boolean dynamic modeling method. In a Boolean model of a network, nodes may
be gene or protein and may either take on or off, indicating their expression levels,
concentration, or activity. The relationships between the states of nodes are updated by
logical functions or truth tables such as AND, OR, or NOT. Though this is a powerful
tool, it requires that all possible states of the system i.e. 2 (where N is the network
size) be explicitly calculated for the time evolution of the network.

Further, most complex step scales as O (N 2) in the update schemes, and to our
knowledge, the model is usually applied to networks whose sizes are of the order of
hundred nodes (Campbell and Albert 2014; Wang et al. 2012; Zhang et al. 2008).
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This is because building such state transition graphs gets computationally expensive
as network size increases due to the exponential dependence of the size of state space
on network size, thereby making it challenging to analyze large-scale interconnected
biological networks such as, for example, the complete human genome. As a conse-
quence of this, when Boolean models are used for constructing signaling pathways
on large and dense networks, the number of optimal solutions explodes, which neces-
sitates alternative techniques from statistical physics and graph theory (Alexppoulos
et al. 2010; Mitsos et al. 2009).

For large scale simulations, a simpler model that considers gene network as a system
in continuous fluctuation that takes into account the current state of the nodes; and
does not depend very much on the microscopic details or specific genomic features
and is scalable to large sizes would be appropriate. In the method we propose, we
overcome the issue with the scale by changing the way we update the state of nodes
in response to external perturbations (such as temperature or magnetic field). Firstly,
we consider the gene regulatory network as a system that exists in a quasi-steady
state in thermal equilibrium with the environment, which aims to conserve energy as
a whole whenever it changes its configuration. We establish an initial configuration
for all nodes in the network, which may be all zeros or all ones or a combination
of zeros and ones based on prior information. Then we perform a random walk over
the configuration space. Specifically, this means that we randomly pick a node and
calculate the energy cost for the system if this node were to change its state. The
walker then hops from the initial configuration to this new configuration only if the
transition probability is energetically favorable for the whole system, else the system
retains its initial configuration ((Metropolis et al. 1953) summarized in “Appendix”).
Such “clever moves” are repeated multiple times to obtain averages to get the behavior
of the system to the external perturbation. The behavior of the system is characterized
by the mean of the summed states of the system, referred to as magnetization in the
context of the classical Ising model.

This method is an abstraction of the gene network and, therefore, only requires
the initial configuration of all nodes of the network and network connectivity. It can
calculate large scale response features, interpret gene expression of cells in large
repositories, and is scalable to network size. This is a qualitative method that can give
insights into overall organizing principles in the network and is capable of predicting
coherently working clusters in the network. However, it is important to note that,
in essence, the model we propose and the Boolean network model are not directly
comparable since the former is a thermodynamic model, and the latter is a logical
model. They are merely different ways to look at the same system. In the following
Sect. 2, we introduce the modified Ising model and motivate the biological analogs of
the Ising model by drawing parallels between physical and biological systems.

2 Model description and biological motivation
To describe phase transition in a system, we need to take into account interactions

between its parts (Goldenfeld 1992; Kardar 2007). Since systems exhibit universal
behavior near the critical point (Torabi and Davidsen 2019; Torabi and Rezaei 2016),
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a variety of statistical mechanical systems can be simulated by Ising-like models
provided that the symmetry properties of the system, the pattern of interaction, and
the dimensionality of the system is considered (Landau and Lifshitz 1980).

Given that the Ising model is simple and can predict cooperative behavior wherein
each element has two states where the energy of each element depends on its state and
that of its neighbors, it has found itself wide applications in addressing complexity in
biology in the last century. The central aspect of these studies is that usually, the control
parameters and physical properties of the Ising model are amenable to a biological
interpretation depending on the target biological system being modeled.

In protein science, for example, a relatively popular adaptation of the Ising model,
specifically the one-dimensional variant, is the homozipper, which is used as a simpli-
fied statistical thermodynamic model for protein folding. The homozipper is a sequence
of multiple repeat proteins where each element of a repeat protein is an identical and
independently folding unit that interacts with each other in a nearest-neighbor pair-
wise manner. The sequence can then be pulled apart like a zipper by mechanical force
modeled by temperature. The folding is then a process constrained by the number of
identical repeats, the energy of the repeated unit, and the interaction energy between
the folded units given by the Hamiltonian of the Ising model (Aksel and Barrick 2009;
Millership et al. 2016). This proposition of the Ising model to study order-disorder
transitions in protein science extended from one-dimensions to higher dimensions for
studying helix to coil transitions, beta-hairpin formation, hydrophobicity in protein
chains and downhill folding (Garcia-Mira et al. 2002; Kubelka et al. 2004; Kubelka
and Kubelka 2014; Lai et al. 2015; Naganathan and Munoz 2014; Munoz et al. 1997,
Irback et al. 1996; Irback and Sandelin 2000; Lobanov and Galzitskaya 2011; Zimm
and Bragg 1959).

In immunology, an Ising spin-model equivalent of the idiotypic-anti-idiotypic
immunological networks has been shown to exhibit self-organization i.e. formation of
large homogeneous domains at high temperatures. In such a system, each spin inter-
acts with its mirror-image spin and the neighbors of the image. In the Ising model of
such a system, spin up is synonymous to a proliferation of lymphocytes in an ocean
of virgin states while spin-down represents a challenge to the immune system. Thus
at low temperatures where there are few challenges and low noise, the system exhibits
order. While at high-temperature i.e. lots of diseases, a disordered system is formed
wherein the net magnetization synonymous to the activity level of lymphocytes is
close to zero (Sahimi and Stauffer 1993).

The applications of the Ising model to study genome organization is not new.
Ignoring the unique attributes of individual genes, (Baran and Ko 2006) has shown
that transcription polarity in a bacterial chromosome i.e. the preference of genes to
be coded in the leading strand of replication and their nature to form co-organized
clusters can be modeled by a one-dimensional Ising model. Like the magnetic forces
that align adjacent spins when the external magnetic field is applied, one could imagine
adhesive pseudo-forces such as nearest-neighbor interaction that cause transcription
orientation. The chromosome is then simply a series of spin-like indicator variables
like that of the 2V configurations that of the one-dimensional Ising lattice. Each gene
is oriented negative or positive, depending on the sign of the open reading frame from
which it is transcribed. Such models also allow themselves to be analytically tractable
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for the study of the effects of gene insertion and deletion. A one-dimensional long-
range Ising model has been shown to be a rather robust description of long-range
correlations in DNA sequences (Colliva et al. 2014).

Ising models have been used to analyze genetic data from affected sib-pair (ASP)
where a data point can be represented as +1 corresponding to an allele being shared
or not by a sib-pair. The nearest neighbor interaction between adjacent dipoles is
analogous to the interaction between adjacent genetic markers on a chromosome.
The effect of an applied magnetic field i.e. a point field acting on a given particle
is analogous to the effect of a disease gene, causing an increase in allele sharing
at nearby locations. For example, in the ASP analysis, the coupling constant and
magnetic field are interpreted as the strength of genetic linkage between markers and
the effect of disease locus in distorting allele sharing in response to random genetic
and environmental effects (Majewski et al. 2001).

Furthermore, Ising-and Potts-based models have been proposed for studying phase
transitions occurring in more complicated topologies e.g., conformational restructur-
ing affected by temperature. Here a single DNA strand is modeled as a system if
interacting bases with short- and long-range interactions. Further, a set of such DNA
strands live on a Cayley tree, which is a tree-like graph where each node has an equal
number of branches. The edges of this graph may then take multiple spin values say,
+1, 0 where the former shows the existence of a Holliday junction, and zero means
vacant or no edge. The response of the system to temperature is then analyzed based on
a Translation Invariant Gibbs Measure (TIGM) (Rozikov 2017, 2018). To our knowl-
edge, these studies do not find any direct mapping between the Ising parameters such
as the temperature, magnetic field, or Boltzmann constant to genetic parameters. For
an excellent review of similarities between physical and biological systems, we point
the interested reader to (Davies et al. 2011).

More examples of applications of Ising models to biological systems include, but
is not limited to, a four-dimensional cellular automaton-like Ising model in which
cells transition between normal, proliferative, hypoxic and necrotic states has been
used to model the tumorigenesis process which involves a transition between these
pre-malignant and malignant cell states (Durrett 2013; Torquato 2010); estimating
information transfer between spins occurring in human connectome (Marinazzo et al.
2014); the transition of B-DNA to S-DNA (Ahsan et al. 1998); estimation of differ-
entially expressed genes in cancer patients (Xumeng et al. 2011); and approximation
of join expression profiles of genes using a small number of observations (Santhanam
et al. 2009).

However, to our knowledge, these models do not take into account two aspects
of modeling phase transitions in biological networks that we address in this study.
Firstly, the discovery of almost scale-free topologies of biological networks in the
last couple of decades (Albert and Barabasi 2002). Secondly, the asymmetric i.e. 0, 1
states of activity that has provided a reasonable approximation of the reality of states
in single cells (Cesar-Razquin et al. 2018; Wang et al. 2012). In this study, we address
these aspects by proposing a modified Ising model for scale-free networks with gene-
type spins. The modified Ising model is an arrangement of genes or proteins in a cell
where the interaction between the units could be short-range or long-range given by
the connectivity matrix of the network. Each unit can interact with their connections
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in a pairwise manner. These units may activate or suppress each other, given by the
binary state variable. A cell can survive in a healthy state if the majority of the units
are in an active state, and if it gains energy from the external environment. However,
external perturbations may slowly switch the cell to diseased states where the majority
of the units may be inactive. Cell survival is, therefore, dependent on conserving
energy and changing configurations only if it has a low cost. The Ising analogs for
these external variables—energy and entropy are magnetic field and temperature,
respectively. Broadly, these control parameters drive the phase transitions process
occurring in the living systems.

In this paper, we establish a numerical and theoretical framework on a simulated
scale-free network whose nodes exhibit binary states of activity. We show the condi-
tions under which this network of gene-type spins undergoes phase transition due to the
influence of temperature and magnetic field. This framework serves as a benchmark
for future studies that aim to test dynamics of the Ising model of biological networks
with gene-type spins from public databases. We refer to the model that comes out of
this as the modified Ising model; a comparison of this model to the classical Ising
model (Ising 1925) is summarized in Table 1.

Concretely, the Hamiltonian of the Ising model of such a network reads,

N N
1
HZ_EE IJijS,'Sj—hE]Si J,’j:JAij (1)
1,]= 1=

where J is the coupling constant specifying the strength of interactions; A;; is the adja-
cency matrix; & indicates the constant external field; A;;s;s; is the coupling energy
arising due to the interaction between nodes and shows the effect of cooperative behav-
ior; h ) _; s; is the energy arising due to the effect of magnetic field. The Hamiltonian
so formed from these two terms is the total energy of the system. If J > 0, neigh-
boring spins prefer to take the same values (referred to as ferromagnetic exchange
interaction in a classical Ising model); when J < 0, neighboring spins prefer to take
opposite values (referred to as anti-ferromagnetic exchange interaction in a classical
Ising model). Spins, s;, s; can take values £1 in the classical Ising model; and 0 and
1 in the modified Ising model.

In contrast, in the modified Ising model, the system is a cell containing interacting
genes with a scale-free network topology. It is an open system receiving energy from
the environment. The first term in the Hamiltonian (Eq. 3), is the two-body interaction
term exhibiting pair-wise interaction between genes. Spin values can take O or 1
representing the state of gene sitting on a node in the Barabasi—Albert network. If the
geneis active, ittakes value 1, otherwise their contribution in interacting Hamiltonian is
zero. Therefore, only if both genes in a pair-wise connection are active, they contribute
to this term. Considering that spin values in the biological model are dimensionless
Boolean values, this would be the interacting energy between genes at nodes i and
Jj. The second term in the Hamiltonian is a one-body interaction term exhibiting the
interaction of genes with the environment. The critical point in living systems, as open
systems, is their interactions with the environment. Therefore, % in the modified Ising
model represent this interaction and is the interaction energy between genes and the
environment.
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The higher £ it is, the higher the interaction of the cell with the environment.
This parameter (which corresponds to the magnetic field in the ferromagnetic Ising
model) tries to retain active genes based on its interactions outside the cell. Minimizing
energy in Eq. 3 corresponds to having active genes or healthy state as a result of those
mentioned above pair-wise and environmental interactions. The temperature, on the
other hand, induces fluctuation that results in randomness in the state of genes. The
order parameter is then defined as the number of active genes in the cell,

1 n
M= N;si 2
i=

In the next sections, we will see how this system experiences a first-order phase
transition due to the change in the parameter 4 whose critical value influence on the
properties of the connectivity structure of the genes in the cell. Though the modified
Ising model is proposed here with an eye on gene and protein interaction networks,
the observations made here, in principle, hold for other similar real-world networks as
well. Preliminary results of this work have been presented in the form of a poster and
talk (Krishnan et al. 2018, 2019; Krishnan 2019). The paper is organized as follows:
Sect. 2 provides a short overview of the Ising model and terminologies used in the
subsequent sections of the paper along with biological motivation; in Sect. 3 we show
the conditions under which the modified Ising model can undergo phase transitions
for different initial configurations of the system (for positive and negative coupling
constants) using Monte Carlo simulations; Sect. 4 presents the mean-field solutions
and shows a mapping between classical Ising model of scale-free networks and the
modified Ising model.

3 Numerical simulations

As motivated in Sect. 1 the focus of this paper is to study the system in Eq. 3 for
modified Ising spins of the Barabdsi—Albert network. Such a network is constructed
based on two main properties of a real-world network - linear growth and preferential
attachment (Albert and Barabasi 2002). The network is initialized with mq nodes that
are not connected. Subsequently, new nodes with m edges are added by an iterative
growth process to the existing m( nodes. The resultant network has a power-law degree
distribution and is characterized by a degree exponent, 2 < y < 3 that resembles real-
world biological networks.

We now put modified Ising spins on nodes of a Barabasi—Albert network of size,
N = 5 x 10% and preferentially attached links, m = 5. We choose this network size
since it lies in a similar order of magnitude (= 103), such as that of gene regulatory
network of standardized datasets such as S. cerevisiae or E. coli (Balaji et al. 2006;
Gama-Castro et al. 2008). The number of links attached to grow the Barabdsi—Albert
network is a free parameter and cannot, to our knowledge, be directly compared to
real-world networks. Nevertheless we show the effect of the Barabdsi—Albert model
parameters on the modified Ising model in the subsequent sections (cf. Fig. 8).
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Fig. 1 Monte Carlo simulations of the modified Ising model of a Barabdsi—Albert network at magnetic
field, » = 0. Figure shows evolution of order parameter, M as a function of Temperature, 7. Top panel:
modified Ising model of Barabdsi—Albert network with positive coupling constant, J (indicated by black
dots). Bottom panel: modified Ising model of Barabdsi—Albert network with negative coupling constant,
—J (indicated by black stars). Simulation parameters: network size, N = 5 x 103, preferentially-attached
links to construct Barabdsi—Albert network m = 5, magnitude of coupling constant, |J| = 1

Then with the standard heat bath Monte Carlo algorithm, we do a spin search for
thermal equilibrium at temperature 7 (cf. algorithm in “Appendix”). The number of
equilibration and sampling steps is proportional to the size of the network and has
been chosen such that the system has had sufficient time to evolve from its initial
configuration and reach a steady state. In other words, the system has visited different
states in the phase space and can now generate states that are consistent with the
parameters controlling the system. This can be verified by plotting properties of the
system, such as magnetization, until it plateaus at a fixed value. We equilibrate the
system for 2 x 10* MC steps and after this temporary period, we simulate for 3 x
10* MC steps. This allows for an average 10 spin flips per spin. We then sample at
the end of every step and perform simulations for both ferromagnetically and anti-
ferromagnetically coupled networks, under the influence and absence of the magnetic
field.

Under no influence of the magnetic field and ferromagnetic exchange interaction, all
nodes in the network start at an active state where the order parameter, M = 1. AtT <
1, the system favors order as seen in the top panel of Fig. 1. As the thermal fluctuations
in the system increases, the disorder in the system increases. The order parameter
reaches % asymptotically as T — oo. Similarly, when the system is initialized with an
anti-ferromagnetic exchange interaction, the order parameter asymptotically reaches
% as thermal fluctuations increases (as can be seen in the bottom panel of Fig. 1 at
T <1).

Under the influence of magnetic field, the system behavior changes as seen in Figs. 2
and 3. Consider the ferromagnetically coupled modified Ising model of Barabasi—
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(b) 107 s, h=10"

Order parameter, M
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Temperature, T

Fig.2 Monte Carlo simulations of the modified Ising model of a Barabasi—Albert network in the presence
of a positive magnetic field, # > 0 of different magnitudes. Figure shows evolution of order parameter, M
as a function of Temperature, T for n = 20 realizations of the Barabasi—Albert network. (a) modified Ising
model of Barabdsi—Albert network with positive coupling constant, J (indicated by dots). (b) modified Ising
model of Barabdsi—Albert network with negative coupling constant, —J (indicated by stars). Simulation
parameters: network size, N = 5 x 103, preferentially-attached links to construct Barabdsi—Albert network,
m = 5 and magnitude of coupling constant, |J| = 1

Albert network influenced by positive magnetic field (Fig. 2a). The field term in the
Hamiltonian is effectively a constant holding the network above the mean of two
states at % As the magnitude of the magnetic field increases, the network takes longer
to reach the asymptotic state. For an anti-ferromagnetically coupled modified Ising
model of Barabasi—Albert network, it can be observed for that for small magnitudes
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Order parameter, M
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=
~

Order parameter, M
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Temperature, T

Fig.3 Monte Carlo simulations of the modified Ising model of a Barabdsi—Albert network in the presence
of a negative magnetic field, 27 < 0 of different magnitudes. Figure shows evolution of order parameter, M
as a function of Temperature, 7 for n = 20 realizations of the Barabasi—Albert network. (a) modified Ising
model of Barabdsi—Albert network with positive coupling constant, J (indicated by dots). (b) modified Ising
model of Barabdsi—Albert network with negative coupling constant, —J (indicated by stars). Simulation
parameters: network size, N = 5 x 103, preferentially-attached links to construct Barabdsi—Albert network
m = 5, magnitude of coupling constant, |J| = 1

of the positive magnetic field (2 << 1), the asymptotic property of order parameter
vanishes as in the case of a ferromagnetically-coupled system [Fig. 2b].

However, for higher magnitudes of the magnetic field, it can be seen that the field
term can trigger activity in the network i.e. switchfrom M =0toM =1at0 < T <
1 and subsequently follow the dynamics of a ferromagnetically-coupled system. A

@ Springer



A modified Ising model of Barabasi—Albert network with... 781

1.0 m
0.8 4
=
4:TJ_):OG *
s |
5 #
5 0.4 4 :
= ¢ *
o
0.2 4
*
°
* o J=1
0.0 | GO x J_1

-10.0 —-75 =50 -25 0.0 2.5 5.0 7.5 10.0
Magnetic field, h
Fig.4 The modified Ising model of a Barabasi—Albert network exhibits phase transition under the influence
of magnetic field at a fixed Temperature, 7 = 0.1 for n = 20 realizations of the Barabdsi—Albert network.
Black dots indicate the order parameter trend for a modified Ising model of Barabési—Albert network with

positive coupling constant, / = 1. Black stars indicate the order parameter trend for a modified Ising model
of Barabasi—Albert network with negative coupling constant, J = —1

negative magnetic field, on the other hand, inverts the dynamics of a ferromagnetically-
coupled modified Ising model instead. As can be seen in Fig. 3a, at —2.5 < h < 0
there is an abrupt drop in the order parameter to 0 and for lower values the network
remains inactive (as can be verified from our observations in Figs. 2 and 3). An anti-
ferromagnetically coupled network has order parameter M = O ath = 0. Lower values
of the magnetic field keep the network in the inactive state. For a positive magnetic field,
the network undergoes a relatively smooth (almost abrupt) phase transition to the active
state. Owing to this, unlike in a ferromagnetically coupled network, it can be observed
that intermediate values of order parameter and M — 1 as h increases, confirming
our observations in Figs. 2 and 3. Thus it can be inferred that the modified Ising model
of a Barabdsi—Albert network undergoes phase transition due to the magnetic field as
shown in Fig. 4.

It can be observed that the transition has a discontinuity in order parameter, and
hence this may be a first-order phase transition. Hysteresis loops characterize systems
that undergo a first-order phase transition. It implies that the network may show more
than one value of order parameter for a given magnetic field, 4. The hysteresis loop
shows the dependence of the state of the system on its history, and it is this phenomenon
that forms memory in a hard disk drive.

The procedure to investigate the existence of hysteresis has been well-established,
particularly in the context of magnetic materials. We apply the same method for the
modified Ising model of a Barabdsi—Albert network summarized shortly here. Starting
with a high negative magnetic field, %, and a stable configuration of the system, we
increase the magnitude of the magnetic field slowly. For some value of /, the local field
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Order parameter, M

—10 -5 0 5 10
Magnetic Field, h
Fig.5 The modified Ising model of a Barabasi—Albert network exhibits hysteresis: ferromagnetically cou-
pled, J = 2 (indicated by dots). Simulation parameters: N = 5 X 10? and preferentially attached links,

m = 5. The gray curve indicates order parameter as the system is driven forward from 2o = 10to h,, = —10
and the black curve as the system is driven backward from hg = —10 to i, = 10

for anode flips. This causes changes in the effective field of the nodes connected to this
node, thereby causing them to flip. Once the flipping in the system has thermalized,
the order parameter of the system is measured. Subsequently, the magnetic field is
increased slightly, and the process repeated until the order parameter attains a stable
state. This way, one can obtain one half of the hysteresis loop (for 4 from —oo to
00). The other half of the hysteresis loop is obtained when the magnetic field, & is
decreased (for 2 from oo to —o0).

A typical hysteresis loop takes the form of a sigmoid; however, in the case of a
ferromagnetically coupled modified Ising model the loop is almost a rectangle, as
can be seen in Fig. 5a. We will analyze these observations and discuss the asymptotic
behavior in detail using analytical approaches in Sect. 4.

4 Analytical methods
4.1 Mean field approximation

One of the most important analytical tool to study disordered systems is represented
by mean-field theories. Mean field theory is frequently used due to its conceptual
simplicity, as a useful tool, especially when there is no exact solution for the problem.
This approximation is used to reduce an interacting problem to a non-interacting one
which is easier to solve.
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Theorem 1 The critical magnetic field of the modified Ising model of a Barabdsi—
Albert network scales linearly with coupling constant and preferentially attached
links used to construct the network.

Proof Let us consider the modified Ising model of a Barabdsi—Albert network treated
numerically in Sect. 3. Rewriting the Hamiltonian of the ferromagnetically-coupled
system with gene-type spins O, 1,

N N

1
Ho'lz_z.zljijﬁsj_hi;s’. si=0,1 J>0 3)
ij= i=

where J;; = JA;j. Since the adjacency matrix A;; is symmetric, the factor % is
included so as not to count any pairs twice. We can write the interactions between
neighboring spins in terms of their deviations from the average spin M as,

sisj =[(si = M)+ M][(s; — M) + M]
= (si — M)(sj — M) + M(s; — M) + M(s; — M) + M* )

where M = # ZlN: 1 Si is the order parameter. Assuming that the fluctuations around
the mean spin is small, the Hamiltonian can be rewritten as,

N N
1
Hyr = -3 'Zl Jij[M(sj — M)+ M(s; — M) + M*] — h _X]jsi
L= i=

Im LY ImM? &
R METED N MRS WH RS o
i=1 j=1 i=1 j=I i,j=1

&)

Consider the second term in the right hand side of Eq. 5. This can be written as
i—j):

N B Iy NN
TZZA/iSi = TZZAUS/ (6)
i=1 j=1 i=1 j=1
since A;; = Aj;, A is symmetric. Therefore from Egs. 5 and 6,

JM2 N N N
HMFZT / _Aij_JMZAijSi_hZSi (7)
]
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This is the mean-field Hamiltonian for a chosen realization of the network. So the
ensemble average of the Hamiltonian of the system is,

i & N N
(Hyp) = == 3 (Aij) = IM Y (Aij)si —h ) s ®)
ij ij i=1
For a Barabasi—Albert network,
1
(Aij) = pij = 5 kik; C))

where k; is the number of links of the ith node of the network Bianconi (2002) (cf.

“Appendix”). From Egs. 8 and 9, using the relation Z;N: 1 ki = Z;V:l ~ 2mN,
iM* 1 al
<HMF>=T‘Z2 Nkk J’"Zz Nkks,—thi
i,j=1 i,j=1 i=1
ImM? M al

JM? a N
= —— x2mN x2mN — JMZkis,- —th,-

4mN ; ; (10)
i=l1 i=1

= JM’mN — (h + Jmk;) s;
————
et
N
(Hyrp) = IM*mN =Y " hs;. n$™ = (h+ Jmk;)
i=1

Hence the modified Ising model of a Barabdsi—Albert network reduces to a system
of non-interacting spins in an effective local field, heff (h + Jmk;). The partition
function can be evaluated as,

Z—Ze (HmF)

config
Z Z [JMZmN ZNlheffA,]
=0,1 sy=0,1

= e_’g]Msz l_[ <Z e’gh?ffsi) (11
i 0,1

7 — o~ BIM*mN l—[ (1 + eﬂh,?ff)
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The mean spin, M can be calculated from the partition function using the following
relation:

M:%ZS,‘

i=1

1 9z (12)
" NB oh
From this, evaluating In Z,
InZ = —ﬂJM2mN+Zln[1 +eﬁ(h+1M’<f>] (13)

1

Therefore from Egs. 12 and 13,

1 N P+ Mk;)

M = N 1 + eP+TMEK) (14)
i=1

]

Therefore the central mean-field equation for ferromagnetically coupled Barabasi—
Albert network with asymmetric spins takes the implicit form,

N

1 1
M = N Z 1 + e BU+TMEK) (13)
i=1

Similarly for anti-ferromagnetically coupled Barabasi—Albert network (J/ — —J) the
central mean-field equation is,

. 1 .
=N L g e (16
i=l1

Note that the order parameter depends on the coupling constant, J and node degree, k;.
Let us first study the behavior of the system in the absence of magnetic field. The mean-
field equation for ferromagnetically coupled Barabdsi—Albert network with gene-type
spins and no external field is,

1Y 1

M= ﬁzl 1 + e=PIMK;

7)

=

where £ stands for ferromagnetically and anti-ferromagnetically coupling respec-
tively. From Eq. 17 we can investigate the asymptotic behavior for ferromagnetically
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and anti-ferromagnetically coupled modified Ising model of a network. For a fer-
romagnetically coupled Barabasi—Albert network when 77 — oo, BJ Mk; — 0, so
exp(—BJIMk;)) > 1 — M — %.As T — 0,8JMk; — oo,soexp(—BJMk;) —
0 == M — 1. These confirm the observations in the top panel in Fig. 1. Simi-
larly for an anti-ferromagnetically coupled modified Ising model of a Barabdsi—Albert
network we can verify the limit cases: as T — oo, BJMk; — 0, exp(BJ Mk;) —
1l — M — % On the other hand, as T — 0, exp(BJ Mk;) - co =— M — 0.
These validate the observations in the bottom panel of Fig. 1. In order to compare the
results of mean-field approximation with Monte Carlo simulations, we have plotted
the results using these two different approaches in Fig. 6 which also shows a slight
discrepancy between the numerical simulations and the mean-field ansatz. This arises
because we neglect the spin product term in the mean-field approximation with the
assumption that the fluctuations around the mean spin is small (Eq. 4).

For T >> 1, using Taylor expansion M can be approximated as, M ~ Hﬁﬁ We
can conclude that, for a fixed large T in ferromagnetically coupled systems, those with
larger J and M have larger M and vice versa. This investigation predicts the behavior
of the system presented in Fig. 7 and validates Monte Carlo simulations. The situation
is reversed for an anti-ferromagnetically coupled system due to the presence of plus
sign in the denominator. Egs. 15 and 16 indicates that at 7 >> 1,

1] 2+ph
M= 2[2:|:ﬂJm] (18)

However, in both cases, the asymptotic behavior of the system is preserved, for
T - oc0(or —> 0),M — % (cf. Eq. 18). In the case where T not tending to
00, the value of M depends on the magnitude and direction of magnetic field, 4. This
implies that for an anti-ferromagnetically coupled system, when 2 > Jm thenm > %;
however, for 1 < Jm we have m > % Similar conclusions can be made when /4 is
negative in a ferromagnetically coupled system. Therefore, the behavior of the system
changes at |h.| = Jm.

Getting back to our biological model, with J > 0, when the majority of the genes
are active above the critical i (h.), this represents a healthy state. On the other hand,
when the majority of cells are inactive below the critical & (k. ), this represents a disease
state. This different behaviour is also illustrated in Fig. 2.

In other words, consider the limit of small 7 where we can neglect fluctuations.
In this case, our biological system, have an order parameter 1 for A, > JM and 0
for h, < JM. Therefore, above critical parameter /., all the genes are active while
they suddenly become inactive below /. as a result of a first-order phase transition.
This critical external energy interaction depends on the strength of internal interaction
(coupling constant J in gene-gene interactions) as well as the parameter m of the
Barabdsi—Albert network.

This approximates the critical magnetic field, 4. =~ 5 for the choice of simulation
parameters, which is very close to our observations from numerical simulations as can
be verified in Figs. 2 and 3. Although the analytical results predict that the network
size does not influence phase transition in the modified Ising model of the Barabasi—
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Fig.6 Mean-field theory validates observations from numerical simulations for a modified Ising model of
a Barabdsi—Albert network in the absence of magnetic field. Figure shows evolution of order parameter, M
as a function of Temperature, 7': (a) for a modified Ising model of Barabdsi—Albert network with positive
coupling constant, J. Black dots indicate Monte Carlo sampling points for n = 20 realizations of the
Barabési—Albert network. Black curve indicates the trend predicted by the central mean-field equation.
(b) for a modified Ising model of Barabasi—Albert network with negative coupling constant, —J. Black
stars indicate Monte Carlo sampling points for n = 20 realizations of the Barabasi—Albert network. Black
curve indicates the trend predicted by the central mean-field equation. Simulation parameters: network size,
N =5 x 10, preferentially-attached links to construct Barabdsi—Albert network m = 5, magnitude of
coupling constant, |J| = 1
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Fig.7 Monte Carlo simulations of modified Ising model of a Barabési—Albert network of size, N = 5 x 103
at 1 = 0 and positive coupling constant, J for n = 20 realizations of the Barabdsi—Albert network. (a) for
coupling constants, J = 1 and J = 5 with m = 3. (b) for different choice of preferentially attached links,
m = 3 and m = 7 with J = 1. Simulation parameters: network size, N = 5 x 103, preferentially-attached
links to construct Barabdsi—Albert network m = 5, magnitude of coupling constant, |J| = 1

Albert network, the numerical results predict a weak dependence of 4. on network
size (Fig. 8c), which appears in systems with large network sizes. The dependence on
parameters J and m is over-estimated by the mean-field calculations as can be seen
in Fig. 7. In the next Sect. 4.1 we will derive the expression for the critical magnetic
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Fig. 8 Dependence of critical magnetic field, 4. on network parameters for a modified Ising model of a
Barabasi—Albert network of size N = 5 x 103 with positive coupling constant, J for n = 20 realizations
of the Barabdsi—Albert network. (a) Coupling constant, J with fixed m = 5. (b) Number of preferentially
attached links to construct Barabasi—Albert network, m with fixed J = 1. (¢) on network size, N with other
simulation parameters fixed to / = 1 and m = 5. Blue dots indicate results from Monte Carlo simulations
and black line indicates analytical results

field by mapping the modified Ising spin system to the classical spin system on a
Barabdsi—Albert network.

Theorem 2 There exists a transformation between a modified Ising model and the

classical Ising model.

Proof The numerical and analytical observations presented in Sects. 3 and 4 can be
validated by mapping the Hamiltonian of the modified Ising model of Barabasi—Albert
network Hp 1 to the well-established classical Ising spin system on Barabasi—Albert
network H_p ;. Rewriting the modified Ising model Eq. 3,

N N
1
Hy, = —EZJ,-jsisj —h;si 5i=0,1 (19)
i, =

@ Springer



790 J. Krishnan et al.

This can be mapped to the Hamiltonian of the classical spin system by introducing

new spin variables as,
, 1
§5; =218 — 5 (20)

Fors; =0 — s/ = —l and for 5; = 1 — s/ = 1. Substituting the spin variables in
the Hamiltonian Eq. 19 we make the Hp 1 — H_ | transformation,

N N
—1
HQ]ZTZJ,']‘S,'S]'—}IZSI' S,'=O,l
L] i=1
—1 sl s+ Nosi41
o= 5 () () D (F) =

N N N
R L N JAAuy PRy LA )
I N IRE IE TR DR
i,] i,j i,j i=1
(21)
Since J;; = Jji, Zl /(S —|—s ) = 221 Y s/, eq. 21 can be re-written as,
N N N N
1T, Tij Ji h<L, h
H_I’IZ_EZTS’S’_ZTSi_ §_§zsz—§
i,] i, i,j i=1
N N N N
1 Jij ‘o h Jij / Jij  h
=32 3ow-r [3+XF] -2+
i,j —~ i=l j=1 i,j
new coupling,J;j
new local magnetic field, h’ constant, Eq
(22)

So the problem of an Ising model with gene-type spin system is mapped on to a
problem of Ising model with classical spin system as,

N

N
1
Ho11=Eo— > Z Tijsisi — Zlhisz/ (23)
l,.[ L

Jij . Jij .
where constant Eg = — ZlN j - %, new coupling Jl.’j = - and new local magnetic

field, b’ = g + ZN Jij . The fact that even in the absence of magnetic field there is

an intrinsic local magnetic field, a Zl Y 2 in the system reflects the asymmetricity
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of the spins present in the problem. In principle, any physical quantity of the system
of modified Ising model of a interaction can therefore be derived from the system of
Ising spins,

Zoa(Jij. h) = "0 Z_y 1(J]; b)) (24)
However we are interested in the critical magnetic field as derived in Sect. 4.1. Note

that, the first term of the right hand of Eq. 23 is a constant and by redefinition of the
zero of energy we have,

N N
1
H = ) E Ji’jst{s} — E his! (25)
i i=1

This is the Hamiltonian for a chosen realization of the network. So the ensemble
average of the system Hamiltonian is,

N N
1 / / /
(Hur) = _E E (Jl'.,')sl's} - E (M)S,’ (26)
i i=1

where,
N
h J kik;
2”22 N 27)
h J
2 2

m}

Remark 1 From the above transformation to the classical Ising model, the average
critical field for the modified Ising model can be verified.

The average critical field for the system /. can be derived by,

|

J-
——=k=0 28
> (28)

where k; is approximated by the average number of links, k. Note that k =
% Zf\;l ki ~ % x 2mN = 2m, thus,

he = Jm (29)
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This validates our results presented in Sect. 4.1. Eq. 29 predicts that the critical mag-
netic field depends linearly on J and m. The numerical simulations confirms the
analytical predictions on critical magnetic field (Fig. 8a and b).

5 Conclusions

In living systems, collective flipping of coherently expressed genes is associated with
disease progression. This flipping causes the step by a step-change in the phenotype
of the cell, causing it to transition from normal phase to diseased phase. Similarly, in
magnetic systems, collective flipping of spins is associated with the loss of sponta-
neous magnetization. Therefore it is intuitive to consider gene networks as two-state
thermodynamic systems in a heat bath obeying Boltzmann statistics.

On the one hand, in the statistical physics community, there have been extensive
studies on phase transitions occurring in Ising models of scale-free networks with
classical spins (discussed in Sect. 1). These methods are analytically tractable and
applicable to very large sizes. On the other hand, in the systems biology community, a
wealth of literature exists that motivates the modeling of networks with binary states
for small to medium sizes (discussed in Sect. 2). This work on modified Ising model
lies at the intersection of statistical physics and network biology and is presented with
an intention to bring the two schools of thought together.

In this regard, we have proposed here an adaptation of a well-established model in
statistical mechanics that could be used to study phase transitions in living systems.
This model allows simplification of interactions in complex systems; can be stud-
ied analytically; and renders itself adaptable to the representation of complex genetic
systems, thereby allowing testing of the diverse hypothesis that may cause complex
disorders. The modified Ising model is an adaptation of the classical Ising model con-
structed for networks with a scale-free-like structure and whose activity is described
by a binary random variable. This is a general statistical method to deal with poorly
understood non-linear large scale models arising in the context of biological networks.

We have presented a basic numerical and theoretical framework to investigate
phase transitions using modified Ising model where the control parameters energy
and entropy are modeled by the magnetic field and temperature, respectively. Tak-
ing the Barabdsi—Albert model as the toy model, we have shown that such a system
undergoes phase transition owing to the influence of the critical magnetic field. This is
synonymous to a simple Mendelian disease where there is a strong field near the dis-
eased gene. In complex diseases, the influence of the magnetic field is spread among
different genes with different strengths.

The critical magnetic field of the system scales linearly as a function of the number
of preferentially attached links and coupling constant. Further, we have shown that
the modified Ising model can be mapped to a classical Ising model of a Barabasi—
Albert network. The simulation setup presented herein can be directly used for any
biological network connectivity dataset and is also applicable to other networks that
exhibit similar states of activity. The model can be adapted for directed or weighted
networks and could also take a continuum of activity states such as in a Potts model.
Additional interaction terms may be added to the Hamiltonian to model epistatic
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interactions between genes. Further, the modified Ising model is capable of predicting
the existence of structurally or functionally organized clusters in the network.

We have shown that a purely qualitative model such as the modified Ising model
is capable of predicting phase transitions given only the connectivity without logical
rules or kinetic parameter data. This indicates that dynamics on these networks may
depend more on structure than on the specific details of the processes. The modified
Ising model is capable of scaling to networks of sizes up to tens of thousands and can
potentially predict similarities between apparently unrelated complex systems.
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Appendix
A. Metropolis algorithm

e A random node in the network is picked.

e A trial flip of its spin, is performed and energy cost to the system to change its
configuration is then calculated.

o If energy difference is less than zero, it leads to a lower energy state, and hence
the network is updated to the new configuration.

e Else, if energy difference is greater than zero, a random number is generated.

e The system is allowed to move to a higher energy state only if the random number
is greater than the energy difference.

B. Approximation of ensemble average of adjacency matrix by network
parameters

Here we summarize the approach from Bianconi (2002) to reduce mean adjacency
matrix over many realization of Barabdsi—Albert network to network parameters. Let
us consider a Barabasi—Albert network of N nodes. Starting from a small number of
nodes ng and links mq (where ng, mo << N), the network is constructed iteratively by
the constant addition of nodes with m links. The new links are preferentially attached
to well connected nodes in such a way that at time #;, the probability p;; that the new
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node j is linked to node i with connectivity ; (¢;) is given by,

ki(t;)

] (30)
a=1 ka

pij =m

is proportional to the number of links k; at time #;, and number of preferentially
attached links m. The dynamic solution of connectivity at time ¢; is,

ki = \/Z a3
i =m i

From Egs. 30 and 31 we have,

t
m 7

k()

a=l1

pij=m (32)

If N is large we can approximate the total number of edges in the network at time
tj, given by the sum )7 _, kg as,

j
> ko =mo + 2mt; ~ 2m, (33)
a=1

because my << N. The factor 2 comes from the fact that as we create a link which
connects two nodes, the number of links of each of them increases by 1. Substituting
Eq. 33 in 32,

2 [t

MmN

Pij = —F——
2mtj

m 1 (34)
3 Vit

The adjacency elements of the network A;; are equal to 1 if there is a link between
node i and j and O otherwise. Consequently the mean over many copies of a Barabasi—
Albert network

1
tit;

| 3

(Aij) = pij = (35)
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From Eq. 31 we can re-write for t = N steps,

t
ki(t) = m\/;

N
ki(N) =m . (36)
1
m*N
and similarly,
2
m-N
J
From Egs. 36 and 37,
(A;) m 1
Y2 e [win
4 k§ (38)
1
= kik;
2mN

The average of the adjacency matrix over many realizations can be approximated
by the network parameters as,

(Aij) = kik (39)

2mN

References

Ahsan A, Rudnick J, Bruinsma R (1998) Elasticity theory of the B-DNA to S-DNA transition. Biophys J
74(1):132-137

Aksel T, Barrick D (2009) Analysis of repeat-protein folding using nearest-neighbor statistical mechanical
models. Methods Enzymol 455:95-125

Albert R, Barabasi A-L (2002) Statistical mechanics of complex networks Rev. Mod Phys 74:47

Aldana M, Larralde H (2004) Phase transitions in scale-free neural networks: departure from the standard
mean-field universality class. Phys Rev E 70:066130

Aleksiejuk A, Holyst JA, Stauffer D (2002) Ferromagnetic phase transition in Barabdsi-Albert networks.
Phys A 310:260-266

Alexppoulos LG, Melas IN, Chairakaki AD, Saez-Rodriguez J, Mitsos A (2010) Construction of signaling
pathways and identification of drug effects on the liver cancer cell HepG2. Conf Proc IEEE Eng Med
Biol Soc 2010(2010):6717-6720

Balaji S, Madan Babu M, Iyer L, Luscombe N, Aravind L (2006) Principles of combinatorial regulation in
the transcriptional regulatory network of yeast. J Mol Biol 360:213

@ Springer



796 J. Krishnan et al.

Baran RH, Ko H (2006) An Ising model of transcription polarity in bacterial chromosomes. Phys A Stat
Mecha Appl 362(2):403-422

Barrat A, Weigt M (2000) On the properties of small-world network models Eur. Phys J B 13:547

Bartolozzi M, Surungan T, Leinweber DB, Williams AG (2006) Spin-glass behavior of the antiferromagnetic
Ising model on a scale-free network. Phys Rev B Condens Matter Mater Phys 73:1-19

Bianconi G (2002) Mean field solution of the Ising model on a Barabdsi-Albert network. Phys Lett A
303:166-168

Campbell C, Albert R (2014) Stabilization of perturbed Boolean network attractors through compensatory
interactions BMC Systems Biology volume 8. Article number 53

Capitan JA, Cuesta JA (2010) Catastrophic regime shifts in model ecological communities are true phase
transitions

Castellano C, Fortunato S, Loreto V (2009) Statistical physics of social dynamics. Rev Mod Phys 81(2):591—
646

Cesar-Razquin A, Girardi E, Yang M, Brehme M, Saez-Rodriguez J, Superti-Furga G (2018) In silico
prioritization of transporter-drug relationships from drug sensitivity screens. Front Pharmacol 9:1101

Colliva A, Pellegrini R, Testori A, Caselle M (2014) Ising model description of long range correlations in
DNA sequences

Contucci P, Ghirlanda S (2007) Modeling society with statistical mechanics: an application to cultural
contact and immigration. Qual Quant 41:569-578

Davies P, Demetrius L, Tuszynski JA (2011) Cancer as a dynamical phase transition. Theor Biol Med Model
8:30

DeGiuli E (2019) Random language model. Phys Rev Lett 122:128301

Dorogovtsev SN, Godtsev AV, Mendes JFF (2002) Ising model on networks with an arbitrary distribution
of connections. Phys Rev E 66:016104

Dorogovtsev SN, Godtsev AV, Mendes JFF (2008) Critical phenomena in complex networks. Rev Mod
Phys 80:1275-1335

Durrett R (2013) Cancer modeling: a personal perspective. Not AMS 60:3

Facciotti MT (2013) Thermodynamically inspired classifier for molecular phenotypes of health and disease.
PNAS 110:48

Ferreira AL, Mendes JFF, Ostilli M (2010) First- and second-order phase transitions in Ising models on
small world networks, simulations and comparison with an effective field theory

Gama-Castro S, Jacinto VJ, Peralta-Gill M, Santos-Zavaleta A, Pealoza-Spindola MI, Contreras-Moreira
B, Segura-Salazar J, Muiz-Rascado L, Martinez-Flores I, Salgado H, Bonavides-Martinez C, Abreu-
Goodger C, Rodriguez-Penagos C, MirandaRios J, Morett E, Merino E, Huerta AM, Collado-Vides J
(2008) Regulondb (version 6.0): gene regulation model of escherichia coli k-12 beyond transcription,
active (experimental) annotated promoters and textpresso navigation. Nucleic Acids Research 36,
Database issue:D120—4

Garcia-Mira MM, Sadqi M, Fischer N, Sanchez-Ruiz JM, Munoz V (2002) Experimental identification of
downhill protein folding. Science 298(5601):2191-2195

Gitterman M (2000) Small-world phenomena in physics: the Ising model. J Phys A 33:8373

Goldenfeld N (1992) Lectures on phase transition and the renormalization group. Perseus Books, Mas-
sachusetts

Herrero CP (2002) Ising model in small-world networks. Phys Rev E 65:066110

Herrero CP (2008) Anti-ferromagnetic Ising model in small-world networks. Phys Rev E 77:041102

Holstein D, Goltsv AV, Mendes JFF (2013) Impact of noise and damage on collective dynamics of scale-free
neuronal networks. Phys Rev E 87:032717

Irback A, Sandelin E (2000) On hydrophobicity correlations in protein chains. Biophys J 79(5):2252-2258

Irback A, Peterson C, Potthast F (1996) Evidence for nonrandom hydrophobicity structures in protein
chains. Proc Natl Acad Sci 93(18):9533-9538

Ising E (1925) Beitrag zur Theorie des Ferromagnetisms. Z Phys 31:253

Jin B, Liu R, Hao S, Li Z, Zhu C, Zhou X (2017) Defining and characterizing the critical transition state
prior to the type 2 diabetes disease. PLoS One 12:e0180937

Kardar M (2007) Statistical physics of fields. Cambridge University Press, New York

Krishnan J (2019) Modeling and simulations of complex networks in systems biology Ph.D. thesis, RWTH
Aachen

Krishnan J, Torabi R, Di Napoli E, Schuppert A (2018) Simulations of phase transitions in living systems.
Systems Biology of Human Diseases LA, USA

@ Springer



A modified Ising model of Barabasi—Albert network with... 797

Krishnan J, Torabi R, Di Napoli E, Schuppert A (2019) A statistical mechanics perspective of phase tran-
sitions in living systems. SIAM Conference on Computational Science and Engineering (CSE) ,
Spokane, Washington, USA

Kubelka SG, Kubelka J (2014) Site-specific thermodynamic stability and unfolding of a de Novo designed
protein structural Motif Mapped by 13C isotopically edited IR spectroscopy. J Am Chem Soc
136(16):6037-6048

Kubelka J, Henry ER, Cellmer T, Hofrichter J, Eaton WA (2004) Chemical, physical, and theoretical kinetics
of an ultrafast folding protein. Proc Natl Acad Sci USA 105(48):18655-62

Kumar R, Raghavan P, Rajagopalan D, Sivakumar D, Tomkins A, Upfal E (2000) The Web as a
graph.Proceeding of the 9th ACM Symposium on Principles of Database Systems

Lai JK, Kubelka GS, Kubelka J (2015) Sequence, structure, and cooperativity in folding of elementary
protein structural motifs. PNAS 112(32):9890-9895

Landau LD, Lifshitz EM (1980) Statistical physics. Pergamon press, Oxford

Liu X, Liu R, Zhao XM, Chen L (2013) Detecting early-warning signals of type I diabetes and its leading
biomolecular networks by dynamical network biomarkers. BMC Med Genomics 6:1-10

Lobanov MY, Galzitskaya OV (2011) The Ising model for prediction of disordered residues from protein
sequence alone. Phys Biol 8(3):035004

LopesJV , Pogorelov YG, dos Santos JMBL (2004) Exact solution of Ising model on a small-world network.
cond-mat/0402138

Majewski J, Hao L, Ott J (2001) The Ising model in physics and statistical genetics. Am J Hum Genet
69(4):853-862

Marinazzo D, Pellicoro M, Wu G, Angelini L, Cortes JM, Stramaglia S (2014) Information transfer and
criticality in the Ising model on the human connectome. Plos One 9(4):93616

May RM, Lloyd AL (2001) Infection dynamics on scale-free networks. Phys Rev Lett E 64:066112

Metropolis N, Rosenbluth AW, Rosenbluth MN, Teller AH, Teller E (1953) Equation of state calculations
by fast computing machines. J Chem Phys 21:1087

Millership C, Philips JJ, Main ERG (2016) Ising model reprogramming of a repeat protein’s equilibrium
unfolding pathway. J Mol Biol 428(9):1804-1817

Mitsos A, Melas IN, Siminelakis P, Chairakaki AD, Saez-Rodriguez J, Alexopoulos LG (2009) Identifying
drug effects via pathway alterations using an integer linear programming optimization formulation on
phosphoproteomic data. PLOS Comp. Biol 5:¢1000591

Mojtahedi M, Skupin A, Zhou J, Castano IG, Leong-Quong YR, Chang H, Trachana K, Giuliani A, Huang
S (2016) Cell fate decision as high-dimensional critical state transition. PLoS Biol 14:e2000640

Munoz V, Eaton WA (1999) A simple model for calculating the kinetics of protein folding from three-
dimensional structures. Proc Natl Acad Sci 96(20):11311-6

Munoz V, Thompson PA, Hofrichter J, Eaton WA (1997) Folding dynamics and mechanism of S-hairpin
formation. Nature 390:196-199

Naganathan AN, Munoz V (2014) Thermodynamics of downhill folding: multi-probe analysis of PDD, a
protein that folds over a marginal free energy barrier. J Phys Chem B 118(30):8982-8994

Onsager L (1944) Crystal statistics. I. a two-dimensional model with an order-disorder transition. Phys Rev
65(3—4):117-149

Pastor-Satorras R, Vespignani A (2001) Epidemic spreading in scale-free networks. Phys Rev Lett E 86:3200

Pastor-Satorras R, Castellano C, Mieghem PV, Vespignani A (2015) Epidemic processes in complex net-
works. Rev Mod Phys 87:925-979

Pekalski A (2001) Ising model on a small-world network. Phys Rev E 64:057104

Redner S (2017) Dynamics of voter models on simple and complex networks

Rozikov UA (2017) Tree-hierarchy of DNA and distribution of holliday junctions. J Math Biol 75(6—
7):1715-1733

Rozikov UA (2018) Holliday junctions for the potts model of DNA algebra, complex analysis and pluripo-
tential theory. Springer Proc Math Stat 264:151-165

Sahimi M, Stauffer D (1993) Ising model above the upper critical dimension: an application to biology.
Phys Rev Lett 71(25):4271-4273

Santhanam N, Dingel J, Milenkovic O On modeling gene regulatory networks using Markov random fields.
2009 IEEE Information Theory Workshop on Networking and Information Theory

Scheffer M, Carpenter S, Foley JA, Folke C, Walker B (2001) Catastrophic shifts in ecosystems. Nature
413:591-596

@ Springer



798 J. Krishnan et al.

Scheffer M, Carpenter S, Timothy L, Bascompte J, Brock W, Dakos V, van de Koppel J, van de Leemput
IA, Levin SA, van Nes E, Pascual M, Vandermeer J (2012) Anticipating critical transitions. Science
338:344-348

Smith AS (2010) Physics challenged by cells nature. Physics 6:726-729

Stauffer D (2008) Social applications of two-dimensional Ising models Am. J Phys 76(2008):470

Stauffer D, Hohnisch M, Pittnauer S (2006) The impact of external events on the emergence of social
herding of economic sentiment. Phys A 370

Torabi R, Davidsen J (2019) Pattern formation in reaction-diffusion systems in the presence of non-
Markovian diffusion. Phys Rev E 100:052217

Torabi R, Rezaei Z (2016) Instability in reaction-superdiffusion systems. Phys Rev E 94:052202

Torquato S (2010) Toward an Ising model of cancer and beyond. arXiv:1010.6284v2 [g-bio.CB]

Trefois C, Antony PMA, Goncalves J, Skupin A, Balling R (2015) Critical transitions in chronic disease:
transferring concepts from ecology to systems medicine. Curr Opin Biotechnol 34:48-55

Vera J, Urbina F, Palma W (2020) Phase transitions in a decentralized graph-based approach to human
language

Wang RS, Saadatpour A, Albert R (2012) Boolean modeling in systems biology: an overview of method-
ology and applications. Phys Biol 9(5):055001

Wolf YI, Katsnelson MI, Koonin EV (2018) Physical foundations of biological complexity. PNAS 115:37

Xumeng L, Feltus FA, Sun X, Wang JZ, Luo F (2011) Identifying differentially expressed genes in cancer
patients using a non-parameter Ising model. Proteomics 11(19):3845-3852

Zhang R, Shah MV, Yang J, Nyland SB, Liu X, Yun JK, Albert R, Loughran TP (2008) Network model of
survival signaling in large granular lymphocyte leukemia. Proc Natl Acad Sci USA 105(42):16308—
16313

Zimm BH, Bragg JK (1959) Theory of the phase transition between Helix and Random Coil in polypeptide
chains. J Chem Phys 31:526

Publisher’s Note Springer Nature remains neutral with regard to jurisdictional claims in published maps
and institutional affiliations.

Affiliations

2 2.

Jeyashree Krishnan'2(® - Reza Torabi® - Andreas Schupper

Edoardo Di Napoli'*

B Jeyashree Krishnan
krishnan @aices.rwth-aachen.de

Reza Torabi
rezatorabi @aut.ac.ir

Andreas Schuppert
schuppert@aices.rwth-aachen.de

Edoardo Di Napoli

dinapoli @aices.rwth-aachen.de

Aachen Institute for Advanced Study in Computational Engineering Science (AICES) Graduate
School, RWTH Aachen University, Aachen, Germany

2 Joint Research Center for Computational Biomedicine (JRC-Combine), RWTH Aachen
University, Aachen, Germany

3 Department of Physics and Astronomy, University of Calgary, Calgary, AB, Canada

4

Jiilich Supercomputing Center, Forschungszentrum Jiilich, Jiilich, Germany

@ Springer



