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Abstract

We introduce a Metropolis-Hastings Markov chain for Boltzmann distributions of clas-
sical spin systems. It relies on approximate tensor network contractions to propose
correlated collective updates at each step of the evolution. We present benchmark com-
putations for a wide variety of instances of the two-dimensional Ising model, including
ferromagnetic, antiferromagnetic, (fully) frustrated and Edwards-Anderson spin glass in-
stances, and we show that, with modest computational effort, our Markov chain achieves
sizeable acceptance rates, even in the vicinity of critical points. In each of the situations
we have considered, the Markov chain compares well with other Monte Carlo schemes
such as the Metropolis or Wolff’s algorithm: equilibration times appear to be reduced by
a factor that varies between 40 and 2000, depending on the model and the observable
being monitored. We also present an extension to three spatial dimensions, and demon-
strate that it exhibits fast equilibration for finite ferro- and antiferromagnetic instances.
Additionally, and although it is originally designed for a square lattice of finite degrees
of freedom with open boundary conditions, the proposed scheme can be used as such, or
with slight modifications, to study triangular lattices, systems with continuous degrees
of freedom, matrix models, a confined gas of hard spheres, or to deal with arbitrary
boundary conditions.
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1 Introduction

Markov Chain Monte Carlo is central to our understanding of strongly correlated systems [1].
When the number of degrees of freedom is too large for exact computations, and perturbative
methods are ineffective, Monte Carlo sampling often emerges as the method of choice for
numerical investigation. Markov chain Monte Carlo has contributed significantly to the current
state-of-the-art in fields like e.g. high temperature superconductivity [2], ab initio quantum
chemistry [3], or (lattice) quantum chromodynamics [4].

In statistical physics, Monte Carlo sampling has made it possible to chart phase diagrams
of several paradigmatic spin systems [5, 6]. The fundamental problem in this context is to
sample according to the Boltzmann distribution. To achieve this goal, Markov chain Monte
Carlo methods produce a sample by subjecting an initial configuration to a carefully designed
stochastic evolution in the space of configurations. Well-known examples are the Metropolis
algorithm and heat bath dynamics Markov chains where at most one spin is modified at each
step [6], or the Wolff algorithm, where clusters of spins are flipped at once [7, 8]. The ap-
plications of these algorithms are countless, but there are important circumstances, such as
geometric frustration or disorder, where their limitations become apparent [6, 5].

Over the last two decades, a second notion has been gradually recognised as crucial to
our understanding of strongly correlated systems: tensor networks states [9]. In the realm
of many-body quantum mechanics, the (simple) entanglement patterns, present in collections
of identical particles in short range interaction, enables a description that conceptually tran-
scends mean field approximations, but does not demand the exponential cost of exact diago-
nalisation [10, 11]. Tensor networks are also used in many-body classical physics. The first
applications were proposed by Nishino in [12, 13, 14], and significant developments have
been made possible by the advancements in tensor network algorithms. It was shown in [15]
that partition functions of all spin systems in nearest neighbour interaction, including inho-
mogeneous and finite ones, could be represented as a tensor network. While the exact con-
traction of the tensor network is in general computationally intractable [16, 17], this idea
has been used in practice to address many physical problems via an approximate contraction
[12,18,19, 20, 21, 22, 23, 24, 25]. Tensor network methods have been successfully applied to
a variety of classical and quantum two dimensional problems (e.g [20, 26, 27, 28]) including
continuous variables [29, 30, 31, 32], and three dimensional classical models [21, 33, 34].


https://scipost.org
https://scipost.org/SciPostPhys.14.5.123

Scil SciPost Phys. 14, 123 (2023)

Besides solving concrete problems to very good precision, these contributions have been
insightful: we have for example learnt that the notion of bipartition Schmidt weights, ordinary
in quantum information theory, is also relevant to classical statistical physics. However, unless
an implausible collapse of complexity classes is found, both tensor network and Monte Carlo
methods are bound to be ultimately limited, since there exist instances of the Ising model for
which the evaluation of the partition function is #P, even in multiplicative approximation
[35, 36]. The downside of these fundamental obstructions is that a complete understanding
of these systems will (very) likely always be out of reach. The upside is a sustained interest in
developing new methods to continually push the boundary of what we can learn about these
systems.

Earlier works have looked into particular connections between Monte Carlo and tensor
network methods. One perspective has been using Monte Carlo sampling to approximate
tensor network contractions, either to contract or optimize a quantum state [37, 38, 39], or
to approximate classical partition functions represented by a TN [24]. For the latter task,
focusing on the square lattice O(2) model, a thorough comparison between TN-based and
Markov Chin Monte Carlo techniques was presented in [40, 41]. A different angle has been
the construction of statistical mixtures of pure tensor network states to represent the thermal
ensemble of a quantum system [42, 43, 44]. In the context of classical systems, yet another
possibility has been proposed in [45, 46], namely the static sampling from a tensor network
as a way to obtain relevant spin configurations of a given Hamiltonian at some temperature.

In this work, we present and explore a novel connection between tensor networks and
Monte Carlo methods that goes beyond previous studies. Our primary concern here will be
sampling configurations representative of the Boltzmann distribution of classical nearest neigh-
bour Hamiltonians at finite temperature. To achieve this goal, we introduce a Tensor Network
Metropolis-Hastings (TNMH) Markov chain [1, 47], where the asymmetric prior, i.e. the dis-
tribution from which the new candidate configuration is drawn at each step, is an approxi-
mation to the target distribution, obtained via an inexpensive tensor network renormalisation
contraction. Our approach does not oppose but genuinely combines TN and Markov Chain
Monte Carlo ideas. In this way, it features concrete advantages with respect to each strategy.
The salient properties of the scheme introduced here are the following.

(i) Tt is universal. That is, it works identically for all instances of a given model. This is
in contrast to other Monte Carlo algorithms where a powerful prior choice can only be
built by relying on a deep insight about the target distribution, and thus has limited
applicability beyond the model for which it has specifically been tailored. That is for
instance the case of Wolff’s algorithm, which performs extremely well for ferromagnetic
Ising models, but rather poorly for antiferromagnets or frustrated instances. In turn, we
will show that our method fares consistently well for a variety of models that are all very
different from one another.

(ii) The scheme produces collective updates. That is, the state of each degree freedom of
the considered system is susceptible to change at each Monte Carlo step. We have found
that the computational effort scales mildly with increasing acceptance rates in a broad
variety of instances. Presumably as a consequence, we have found that the number of
Monte Carlo steps necessary to reach convergence is between ~ 10! and ~ 103 shorter
than those of other well-established Monte Carlo algorithms for several instances of two
and three dimensional models of the Ising type.

(iii) As compared to algorithms that purely rely on a tensor network renormalisation of the
partition function, the shift to sampling results in the substitution of systematic errors
with statistical errors, since our TNMH scheme satisfies the classical sufficient conditions
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for convergence (see next section). Thus, modest tensor network contraction schemes,
too inaccurate for a direct evaluation of a chosen observable, can be successfully used
in our method, as they still enable collective updates with sufficiently high acceptance
rates.

(iv) The scheme is versatile. As we shall see, a Markov chain designed for Ising models on
a square lattice with open boundary conditions is useful as such to study other systems,
such as the A¢* model or gases of hard spheres, other interaction graphs such as trian-
gular lattices, and arbitrary boundary conditions.

We have tested our Markov chain systematically in a variety of instances of the Ising model
defined on finite square lattices: ferro- and antiferromagnetic, frustrated, disordered, in two
and three spatial dimensions. One may anticipate that for systems with large (or even di-
verging) correlation length, our scheme will perform increasingly poorly if the bond dimen-
sion (parameter that controls the cost and accuracy of the tensor network renormalisation) is
fixed. Our findings are consistent with this expectation, with drops in acceptance rates actually
signaling phase transitions. But we have also observed that for ferro- and antiferromagnetic
instances, acceptance rates remain fairly high for systems of considerable size across a phase
transition, even with a bond dimension as low as D = 2. Equilibration and decorrelation
times in our TNMH scheme have been found to be systematically lower than for the Metropo-
lis and Wolff’s algorithms. As expected, frustrated and spin-glass instances have turned out to
be challenging, not only for fundamental complexity-theoretic reasons, but also because their
study is complicated by ill-conditioning issues [48]. However, even in such cases, and without
any optimization of our renormalisation procedure, we have observed that acceptance rates
stay high enough to be usable down to temperatures that can be considered low by nowadays
state-of-the-art standards.

The rest of this paper is organised as follows. The new algorithm is described in section 2
in general terms. In section 3 we explore its performance for two dimensional models. In
particular, for a broad variety of instances of Ising models, we explore the role of the bond
dimension in the acceptance rates, also in relation to the presence of critical temperatures. We
further analyze equilibration and autocorrelation times, and demonstrate how the method can
be used to obtain physical observables and chart phase diagrams. In section 4, we demonstrate
how the algorithm is also useful for three dimensional systems, and illustrate it for ferromag-
netic and antiferromagnetic instances of the Ising model in cubic lattices of up to 16° sites.
Section 5 is a discussion of situations where our findings could find further applications, and
can be skipped on a first reading; there we discuss triangular lattices, models with continuous
variables and systems of hard spheres. An outlook is provided in section 6.

2 Markov chains and tensor network renormalisation

In this section, we present a collective Monte Carlo update where, given a current configu-
ration, tensor network renormalisation is used to propose a candidate and to decide whether
it should be accepted or not. For the sake of concreteness, and with a view to the example
computations that will be considered in the next two sections, we will focus on the Ising model
on a square lattice. Generalisation to other nearest neighbour interactions, such as the Potts
model, is immediate.

We start by fixing some notation. A lattice will be denoted as A = (V, E), where V stands for
its vertices, and E for its edges. We will focus on systems made of two-state particles (classical
spins) residing on the vertices. That is, the sample space will be Q@ = {—1,+1}/VI. A spin at
location j € V will be denoted by o;.
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The Ising Hamiltonian associated with a spin configuration w is defined as

H(w)z—Zhiai— Z Jijoi0;. (1)

iev (i.7)<E

Our aim is to sample according to the Boltzmann distribution
nP(w)=ePH)/Z(B), Vweaq, )

where 3 denotes the inverse temperature, and

Z(B)= Y e PH®), 3)

Pen

is the partition function.

A Markov chain is a sequence of configurations w(0), w(1),... where the probability that
the t-th element of this sequence is in some state w only depends on the state of the previous
element w(t — 1), and on some random numbers. That is, a Markov chain is an evolution
with short memory. If the process used to determine the state at each time step satisfies some
general requirements reminded below, lim,_, o, w(t) is a state drawn according to the target
probability distribution (2). A very simple Markov chain is the celebrated Metropolis algo-
rithm, where at most one spin is flipped at each time step.

A powerful class of Markov chain is that introduced by Hastings in [47]. In the context of
Statistical Physics, this class can be described as follows. Given a current spin configuration
w, a candidate configuration w’ is proposed according to some prior distribution g/#)(w’|w),
from which we are able to draw. This candidate is next accepted as the new current state with
probability

4)

B / B (o’
Pacc(wew’)zmin{lg (wIw)Xn (co)}.

? g(ﬂ)(a)’|0)) 71'(/3)(0))

As will be shown shortly, this acceptance rule allows to satisfy reversibility (a.k.a. detailed
balance), Eq.(8), one of the conditions which when met guarantees convergence to the target
probability distribution. If the prior g(#) is symmetric in its arguments, the acceptance proba-
bility (4) reduces to the celebrated Metropolis algorithm formula. But in some situations, the
generalisation proposed by Hastings allows encoding some information about the target dis-
tribution in the possibly asymmetric prior g®®)(w’|w), in a beneficial way. It can for example
result in a boosted exploration of the sample space along the iterations of the Markov chain.
The Swendsen-Wang and the Wolff cluster algorithms are examples of Metropolis-Hastings
construction [7, 8]. Actually, an ideal prior is one where g(ﬂ)(co’ |w) = ("), that is, the
prior that consists in direct sampling according to the target probability distribution 7(#). Of
course, for generic instances of the Ising model, such an ideal prior is unavailable. But an
approximation () to this ideal prior might be good enough for Monte Carlo. We will be
concerned with such approximations that can be constructed through tensor network renor-
malization.

Let n = |V| represent the system size, and let {1,2,...,n} denote a certain sequential
labelling of the vertices (see e.g. figure 19 in App. A). Using Bayes formula, the Boltzmann
distribution can be expressed as

n
1P(w) =Pl [ [P (orloy ..o, (5)
k=2
where n(lﬁ ) stands for the marginal distribution of the first spin, and Tt(kﬁ )('|<T1 ...0_1) denotes

the conditional distribution for the kth spin when the spins 1 through k —1 are fixed to values
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8
1

01,...0k_1- The marginal distribution for the first spin 75" ’(0 ;) can be expressed as the ratio

of two partition functions: n(lﬂ )(01) =Z(Blo1)/Z(B), where Z(f|o,) represents the partition
function for a system with the same nearest neighbour Hamiltonian as in Z(3) but where the
first spin has been fixed to the value o;. As mentioned in the introduction, the partition func-
tion (3) of any nearest neighbour Hamiltonian can be expressed exactly as a tensor network
(TN), whose bond dimension is equal to the number of states accessible by each local degree
of freedom. For the Ising model, this number is equal to two. In general, neither Z(f|o)
nor Z(f3) can be evaluated exactly. But a TN renormalisation scheme yields approximations
Z(Blo), and Z() for each of these quantities (see Appendix A). With them, one can construct
an approximation ffgﬁ )(01) = Z(B|o1)/Z(P) to the true marginal distribution for the first spin.
This Bernoulli distribution is next sampled. Let s; the outcome obtained. With this fixed value
for the first spin, one can compute an approximation Z(f|s;, o) of the partition function for
each value o, for the second spin. These approximations are then used to construct an approx-
imation ﬁ(zﬁ )(02|51) =Z(p Is1,09)/ Z(p |s1) to the distribution for the second spin, conditioned
on the value s; for the first spin. This second Bernoulli distribution is then sampled. And
so on. For all other sites k > 2, the conditional probability distribution n(kﬁ )(Uklsl e Sk1)
can be expressed as the ratio of two TN contractions Z(f|s;...5x_10)/Z(Bls; ...Sk—1), and
a TN renormalisation scheme provides approximations Z(f|s; ...sc_1) and Z(Bls; ...Sx_10%)
to Z(Bls;...sk—1) and Z(B|s; ...sx_;0) respectively. These approximations are in turn used
to compute an approximation ﬁ(kﬁ)(aklsl ...Sk_1) to n(kﬁ)(aklsl ...Sx_1), which is sampled and
yields an outcome s;. Fig. 1 illustrates the first two steps of this sequential sampling. The

configuration (sq,...,s,) obtained after the whole lattice is swept will have been drawn with
probability
n
AP os) = 7)) [ |7 Gelsy - ose0), 6)
k=2

which the identity (5) shows to be an approximation to 7¥)(s;,...,s,). We will be interested
in schemes where the Metropolis-Hastings probability to select a candidate w’ reads:

g’ |w) = TP (). 7)

As explained in Appendix A, the approximate probability 7(#)(w) can be evaluated for any
configuration w, and the update rule (4) can be implemented. Our construction is summarized
in Algorithm 1.1

Properties of the TNMH Markov chain

(i) The construction is universal in the sense that it is independent of the magnetic fields
and couplings that define the Ising instance being considered. Yet, it is adaptive in that
the details of the Hamiltonian are taken into account when the tensors are constructed.

(i) The constitution of the candidate is independent of the current configuration.

(iii) The update (7) is collective and correlated: in principle all spins of the system could be
refreshed in a single Monte Carlo step, and the spin values proposed at different sites are
conditioned by the correlations present in the tensor network. We believe this feature is
the principal cause for the high acceptance rates and fast equilibration reported in the
next section. Whereas a local update rule could have a hard time overcoming energy

! After completion of our work, we were made aware that a similar sampling scheme, based on Bayes’ chain
rule, has been proposed to directly sample an approximation to the Gibbs distribution [45]. But no study on how
to use it in a Metropolis-Hastings Markov chain was made in that work.
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81 S1 $2

Z(B) Z(Bs1) Z(B|s1,52)

Figure 1: Pictorial illustration of the first two steps of the TNMH sequential sampling.
White dots refer to sites where the spin value has been fixed.

barriers, we expect our algorithm to be more capable of hopping between distant regions
of the configuration space and escape local minima in a single iteration of the Markov
chain.

(iv) The transition matrix, i.e. the set of probabilities to transition from a configuration w to

a configuration «’, T (w — ') = #P)(w’) x P,..(w — ), is reversible (i.e. it satisfies
detailed balanced):

B (w) T(w = o) = 1P (w) T(w - ). (8)

That is, the expression

ﬂ(ﬁ)(w)ﬁ(ﬁ)(w’)min{l 7P(w) ”(ﬁ)(w/)}

X

is manifestly symmetric in w and «’.

Furthermore, when numerical errors are small enough that all the conditioned partition
functions Z(B|o ...o}) are strictly positive (see Appendix A), the Markov chain is also
irreducible:

T(w—w)>0, Vo, €.

B) .

Thus, even if the distributions {r,”" : k € V} turned out to be poorly approximated by

the TN renormalisation scheme used, it is still possible to guarantee that the Markov chain
will eventually converge to the target probability distribution [49]. This last point will be
illustrated with three-dimensional Ising models.

Algorithm 1 TNMH Markov chain

0N UubhWN =

: Compute the tensors associated with the distribution (2).
: Set t =0, and draw some initial configuration «w(0) according to any distribution over €.
: If t >t 8O to 8.
: Use the tensor network to draw a candidate configuration w’ according to Eq.(7).
: Evaluate the probabilities ) (ew(t)) and 7P (w”).
: Accept the change w(t) « «’ with probability mm{ , % X %}
:t<—t+1. Goto 3.
End.
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Figure 2: Distribution of the couplings on the J'—J model. Black lines indicate bonds
with a coupling of J/, while red and blue bonds have couplings —J and J, respectively.

Before turning to applications of Algorithm 1, there are two points we would like to stress.
(i) Although the construction of a candidate at each iteration of the Markov chain is actually
independent from its current configuration, the decision to accept this candidate does depend
on the current state. That is, the transition probability 7(w — ') is not independent of w.
This can be seen explicitly:

7P (w) y nP(w”)

oY = 2B Y i
T(w—-o')="7 (co)mm{l,&(ﬁ)(w/) (@)

Notice that a similar sampling scheme, based on Bayes’ chain rule, has been proposed to di-
rectly sample an approximation to the Gibbs distribution [45]. In constrast, TNMH is not an
approximate Gibbs sampler: the decision to accept or reject the candidate, depending on the
Metropolis-Hastings ratio, marks an essential difference. (ii) Even though the tensor network
contractions used in TNMH are (inevitably) approximate, the reversibility condition is exactly
satisfied. This ensures the asymptotic convergence to the Gibbs distribution.?

3 Two-dimensional Ising models

In order to assess the potential of the construction presented in the previous section, we have
run tests on instances of the two-dimensional Ising models chosen to cover a broad range of
cases (L x L square lattice):

* Ferromagnetic: J;; =1V (i, ), h; =0 Vi.
* Antiferromagnetic: J;; =—1V (i, ), h; constant across the whole lattice.

» J'—J model: In this model h; = 0 Vi, and couplings alternate between even and odd
rows or columns (see Fig.2):

J2j—1,k:~]/, sz,kZJ,
Jk,2j—1:J/, Jk,zj:—J, j=1,...,L/2.

The point J = J’, known as the fully frustrated square lattice Ising model (or Villain
model), is characterised by extensive ground state degeneracy and maximal frustration.

* Edwards-Anderson spin glass: this disordered model is such that h; = 0 Vi, and J;;
are random couplings sampled from a Gaussian distribution with zero mean and unit
variance [50].

2We are grateful to our anonymous referees for discussions that convinced us these two points should be em-
phasised.
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We will be interested in the following observables: the energy per spin,

_ 1 —BH(w)
= oizge) 2 e,

the magnetisation density,

1 - w

wef |ieV

the staggered magnetisation density;’

mg = m Z Z sign(i) o; | e PH@)

weN |ieV

where sign(i) is equal to 1 in a checkerboard manner. Finally, we will consider also the
magnetic susceptibility, defined for a system with a uniform magnetic field as

x =0m/dh.

Unless stated otherwise, we will be considering open boundary conditions.

Role of the bond dimension

A crucial ingredient of the algorithm described in the previous section is the substitution of
exact partition functions Z(f|07 ...0_;) with approximations Z(8|o ...0_;) obtained by
tensor network renormalisation. Amongst all availables methods for this renormalisation, we
have used the matrix product state (MPS) renormalisation scheme described in [15] (see also
Appendix A). It is a choice of simplicity, which turned out to be sufficient for our purposes.
We however would like to stress that the analogous TNMH Markov chain can be defined using
any other contraction scheme, and some might yield better results than those presented here.
In MPS renormalisation, both the accuracy of the approximation and the computational effort
increase with an integer parameter, the bond dimension, commonly denoted D. We thus expect
the total variation distance between the target and the prior distribution,

=& — 7B = % > |2 w) - 7P ()|, %)

weN

to decrease with increasing values of D. As a result, Monte Carlo rejection rates should de-
crease as the bond dimension grows large.

To characterize the behaviour of our method, we have explored the interplay between the
bond dimension, the temperature and the rejection rate for the four different models men-
tioned above (Fig. 3). In all cases, we have verified that the rejection rate decreases with
increasing bond dimension, and even modest values of the bond dimension may yield virtu-
ally rejection-free updates. At the same time, for a fixed D, rejection rates increase in the
vicinity of critical points. This can be understood considering that, presumably, the distance
|| B — 7(B)|| 1, for fixed D will increase with the true correlation length.

Fig. 3a demonstrates these features for the ferromagnetic case. This model exhibits, in the
limit of large system sizes, a second-order phase transition at T, = 2/log(1++/2) ~ 2.269 from

3When the external magnetic field is uniformly naught, averaging over Monte Carlo samples would result in
zero (staggered) magnetisation even at temperatures where the system is known to exhibit a finite spontaneous
magnetization. The absolute values appearing in our definition of the (staggered) magnetisation are meant to
counter this artefact.
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Figure 3: TNMH rejection rates as a function of the temperature for four different
instances of the Ising model at a fixed system size: (a) Ferromagnetic, (b) Antiferro-
magnetic with a constant magnetic field h = 2, (c¢) Fully frustrated, (d) Gaussian spin
glass. The geometry is that of a 32 x 32 square lattice with open boundary conditions
in all four cases. For each model, the rejection rate was obtained by averaging over
40 independent chains, each run for a model-dependent number of steps. For the
fully frustrated and spin glass cases, the points at temperatures where we believe our
method starts to suffer from ill-conditioning issues are indicated by empty markers.
For the ferro- and antiferromagnetic instances, the vertical lines indicate criticality in
the thermodynamic limit.

a magnetically ordered to a paramagnetic phase [52]. Still, for the system size considered,
32 x 32, rejection rates remain remarkably low (below 0.4) across the whole temperature
range that surrounds the critical temperature. Actually, even a bond dimension as low as
D = 2 appears to already be sufficient to achieve our goal of producing collective updates
frequently. More details regarding the vicinity of the critical point are provided on Fig. 4a,
where we have plotted the rejection rate as a function of the system size for different bond
dimensions. Even for systems as large as 256 x 256, acceptance rates of about 0.4 can be
obtained using only a bond dimension D = 4. As can be appreciated from the inset of this
figure, our data suggest that the bond dimension only needs to grow logarithmically with the
system size in order to maintain the acceptance rate above a threshold value. Our observations
for the antiferromagnetic case (Fig. 3b) are similar.

For the fully frustrated case of the J' —J model (Fig. 3c) we obtain lower acceptance
rates, as compared to the two previous cases, but still high enough that the Markov chain is
usable down to T = O(107!). As expected, the rejection rate increases when approaching
the T = O critical point. Still, the minimal cost curve D = 2 is sufficient to obtain decent
acceptance rates down to at least T = 0.2, and increasing the bond dimension again suppresses
rejection events. At very low temperatures, acceptance rates drop dramatically and numerical
instabilities typical of frustrated systems pointed out in [48] set in. Some strategies exist to
mitigate these effects, but their discussion is beyond the scope of the present work, and will be

10
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Figure 4: (a) TNMH rejection rates near the ferromagnetic Ising phase transition
(T ~ 2.27) as a function of the system size for different bond dimensions. Dashed
lines are simply a guide to the eye. Inset: Bond dimension needed to maintain a fixed
rejection rate (in this case 0.25, although the behaviour seems to be independent of
the value chosen) as a function of the system size. The fit shows that the increase in
the bond dimension seems to be only logarithmic. (b) TNMH rejection rates for the
fully frustrated Ising model at T = 0.4 as a function of the system size for different
bond dimensions.

the subject of a separate study [53]. Again, we have looked at the rejection rate as a function of
the system size for different bond dimensions (see Fig. 4b). Even though this instance is more
challenging, the example in the figure demonstrates that at T = 0.4 perfectly usable acceptance
rates of about 0.2 or higher can be obtained for systems of size up to 128 x 128 using a bond
dimension, D = 6, for which computations are not too demanding. Fig. 5 provides additional
data regarding the J’—J model, beyond the fully frustrated point J = J’. It is remarkable that
the observed maxima of rejection rates are consistent with the predicted critical lines of this
model.

Our findings for the Edwards-Anderson spin glass, Fig. 3d, are qualitatively similar to those
for the fully frustrated case, presumably because this spin glass is also critical at T = 0 [50].

Improved approximations of the contraction will generally result in a higher acceptance
rate. But actually, as far as this acceptance rate does not vanish and scales well with the system
size, the TNMH scheme should be applicable.

Equilibration and decorrelation

Equilibration and auto-correlation times are the two crucial time scales in Monte Carlo sim-
ulations. The former controls the number of steps needed by the Markov chain to decouple
from the initial distribution (that is, the distribution from which the first configuration of the
chain is sampled) and reach the desired equilibrium distribution. The latter determines the
minimal time between two consecutive sample extractions in order to guarantee statistical in-
dependence. Since these times are typically difficult to bound, let alone calculate, rigorously,
heuristic diagonostics are commonly used to estimate them. We have used two such heuristics
to provide evidence that these two time scales are relatively short for the TNMH scheme of
Section 2.

A standard technique to decide that equilibration has occurred is to monitor an observable
from its value at the beginning of the Markov chain until it appears to plateau at an equilibrium
value around which it fluctuates [55]. Fig. 6a illustrates the evolution of the expectation value
for the magnetisation of a ferromagnet, and independent Markov chains evolved according to
either the TNMH algorithm 1 (blue), a simple spin flip Metropolis algorithm (green) or Wolff’s
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1072

Figure 5: TNMH rejection rate for the J’ —J model as a function of the temperature
and the value of one of the couplings (the other has been set to unity). Computations
made with a bond dimension D = 4. Rejection rates obtained as averages over 40
independent Markov chains, each run for 200 steps. Lattice dimensions: 32 x 32.
The phase separatrix predicted in [54] is shown in black.

cluster algorithm (orange) — which is known to perform best for ferromagnetic instances. We
see in this numerical experiment that the number of time steps required for TNMH to equili-
brate is about 1/80 to 1/40 the number of steps required for Wolff algorithm, and about 1/10°
the number of sweeps required by the single spin flip Metropolis algorithm.

More sophisticated equilibration diagnostics can be devised for specific problems. In par-
ticular, for the Edwards-Anderson spin glass, we have run the following test, discussed in
[56, 57]. Let (X) stand for the thermal average of an observable X, and [x],, denote the
disorder average of a quantity x that might depend on the coupling constants {J;;}. We have
considered the disorder averaged energy.

JH dJab —J2 /2 ZJij<GiGj> . (10)
(ij)

At equilibrium, integrating by parts allows to prove that

A= )+ 7B | 1E1= Y (0107)D | =0, an
VI (i)

where Z (i) J (o0 ) l.v is @ quantity known as the link overlap. Starting configurations of
Markov chains, drawn according to an easy distribution, typically have high energy and small
link overlap. As a result, A typically has a non-zero value when the Markov chain is started.
As Monte Carlo steps are taken, this value decreases in magnitude. It is a common heuristic
to decide equilibration has occurred when A is below a given threshold value.

We have implemented this heuristic test of convergence with 10* disorder realisations,
using the TNMH Markov chain. We have observed that after a few time steps, A drops drasti-
cally from its initial value before stagnating at a small but finite value. For the vast majority
of disorder realisations, the Markov chain behaved well. That is, it shows frequent jumps be-
tween different configurations from one time step to the next. However, for some disorder
realizations, a few Markov chains (typically less than a sixth of the chains we simulate for
a given disorder realization) remained stuck in their original configurations. This inertia is
what causes A to stagnate. Increasing the bond dimension did not help. Actually, we believe
the issue is rather related to an ill-conditioning of the tensor network contraction, induced by
frustration, an effect previously reported in Ref. [48]. As a result, the approximate probability
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Table 1: First row: target value of A, as defined by Eq.(11). Next rows: each entry
represents the number of lattice sweeps necessary to decrease A below the value
indicated in the same column for the given algorithm. An entry of the form > a’
indicates that more than a iterations are needed to reach the desired value of A. The
system considered is the same as in Fig. 6.

A 0.25 0.15 0.05 0.025
Metropolis > 10° > 10° > 10° > 10°
PT > 10° > 10° >10° >10°
PT + ICM 1.1-10% | 1.6-10% | 3.2-10% | 4.3-10°
TNMH > 102 > 102 > 102 > 102
TNMH + Metropolis 3 3 5 5

weights can be off their true value by orders of magnitude.* As can be seen from Eq.(4), this
mismatch affects the acceptance rates. That is, when the Markov chain hits a configuration
such that 7 (w)/nP)(w) < 1, it may remain stuck for a long time, as we have observed.

Various strategies are possible to mitigate the effect of ill-conditioning. One is to work with
greater machine precision, using for example the techniques described in Ref. [58]. Another is
to consider a variation of the TNMH Algorithm 1. A very simple such variation consists in inter-
spersing spin flip Metropolis sweeps in between TNMH moves. We have tested this possibility.
Our findings are reported on Fig. 6b and on Table 1, where we compare our times with state-of-
the-art methods: parallel tempering (PT) and parallel tempering combined with isoenergetic
cluster moves (PT + ICM) [56, 57]. This comparison clearly shows that the combination of
TNMH with single flip MC sweeps allows us to outperform these methods by orders of magni-
tude. This result is interesting: whereas both TNMH and the Metropolis algorithm show poor
performance individually (for different reasons; ill-conditioning in the case of TNMH, locality
in the case of single flip updates), their alternating use is drastically more efficient than either
of them.

So far, we have counted equilibration times in steps of the Markov chain, which has con-
ceptual relevance. From a practical point of view though, it is also interesting to know how the
TNMH compares to other methods when looking at program execution times. To make such a
comparison fairly is a delicate issue because we have not sought to optimise our code at all: a
detailed comparison with e.g. Metropolis sweeps, which is simpler to optimise is a project in
itself. We can however provide indicative times related to the data presented on Table 1. With
our setup, the times to get to A < 0.025 are > 3.93 x 107 sec, 1.76 x 10° sec, and 6.75 x 10 sec
for the parallel tempering method, the parallel tempering method supplemented with isoen-
ergetic cluster moves, and TNMH respectively. We believe that these estimates credibly signal
the practical potential of the TNMH Markov chain introduced here.

We next move to autocorrelation times, that is, after equilibration is reached, the time
needed between two sample extractions to guarantee (sufficient) independence. Given an
observable X, we study the time correlation function

(X ()X (to + 1)) — (X (o)) (X (to + )
(X2(to)) — (X(to))? ’

where t is assumed larger than the equilibration time. As discussed in [55], at large t, we
expect Cx(t) to decay exponentially, with a time scale set by the decorrelation time. As the

Cx(t)= (12)

“Interestingly, it is not clear that such configurations actually correspond to local minima or maxima of the
energy.
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Figure 6: (a) Absolute value of the magnetization per site along different chains at
T = 1.5, for three algorithms, D = 4 TNMH (blue), Wolff’s algorithm (orange) and
a simple spin flip (green) for a ferromagnetic 64 x 64 lattice. Each line represents
an independent run. Time t is measured in Markov chain iterations for TNMH, in
sweeps for the simple spin flip Metropolis, and in cluster updates for the Wolff algo-
rithm. (b) Difference between the (disordered averaged) energy per spin computed
from the Hamiltonian and computed from the link overlap, Eq. (11), as a function
of the number of iterations for three algorithms: TNMH + Metropolis (blue), (PT
+ ICM) (orange) and PT (green). Bond dimension for the TNMH moves: D = 16.
Lattice dimensions: 32 x 32 (open boundary conditions). The symbol t represents
the number of iterations for TNMH, and the number of lattice sweeps for PT and
PT+ICM. The error bars, smaller than the symbols, have been computed by estimat-
ing the variance of the disorder. The number of Markov chains used for the thermal
average is 30 in all cases, the number of different instances used for the disordered
average is 10% and the temperature has been set to T = 0.212. (b)

exponential tail has a fixed amount of noise, controlled by the number of samples, a useful
measure to determine that time scale is the integrated correlation time

t
() =142 ) Ce(t). (13)

t’'=1

It can also be shown that it is approximately the factor that enhances the variance when aver-
aging over samples that are not sufficiently decorrelated [55]. The two quantities are plotted
on Fig. 7a for the magnetization of a Fully Frustrated Ising model on a 32 x 32 latticeat T = 1.
The motivation for choosing this observable is that often the energy is a poor choice to mea-
sure the decorrelation of samples in a Markov chain. At low temperatures, it is impossible
to distinguish global changes in a configuration of a Markov chain from local motion around
a local minima just by tracking the energy. In this particular case, choosing an observable
that breaks the global spin flip symmetry of the model in consideration allows to assess the
ergodicity of the scheme, since for any configuration with energy E and magnetization m there
exists another with magnetization —m and same energy. The data shown in Fig. 7a shows that
TNMH outperforms a local algorithm by almost two orders of magnitude. Furthermore, we
expect that the difference in performance can only increase as the temperatures are lowered
or the system size is increased.

To further illustrate sample-to-sample decorrelation in our algorithm, we have considered
the fully frustrated Ising model and represented in Fig. 7b snapshots at different times for
TNMH and for Metropolis sweeps starting from a same configuration. The difference between
both techniques is striking: while the configurations appearing in our technique seem to bear
no resemblance to one another from one acceptance to the next, memory of the initial config-
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Figure 7: (a) Integrated correlation time (13) and (inset) decay of the autocorre-
lation function (12) of the magnetization as a function of time, for different bond
dimensions on a Fully Frustrated Ising model on a 32 x 32 lattice with open bound-
ary conditions at T = 1. The error bars have been computed by estimating the
variance of the observables using the same samples. (b) Snapshots of the evolution
of two different Markov chains starting from the same configuration, for the fully
frustrated Ising model on a 64 x 64 lattice at T = 0.5. The top plots display the con-
figuration obtained after three consecutive steps of the TNMH method (with bond
dimension D = 8), while those below show configurations after Metropolis sweeps
at times t =0, 1, 10.

uration can still be appreciated visually after ten Metropolis sweeps.

Observables

We now turn to the estimation of observables from the samples output by the TNMH Markov
chain. We have focused on the ferromagnetic case and the antiferromagnetic one with an ex-
ternal field. The absolute value of the magnetisation for the ferromagnetic case is plotted on
Fig. 8a (inset) and is in good agreement with the theory [52]. Fig. 8a also shows estimates for
the fourth order Binder cumulant [6], g = (3 — (m*)/(m?)2)/2. One can appreciate that the
phase transition point is correctly signalled by the locus where all data sets meet, as expected.
On Fig. 8b, we have represented the staggered susceptibility as a function of the tempera-
ture and the external magnetic field for an antiferromagnet. Our findings seem to be in good
agreement with previous studies of this model [59, 60]. When the external field is naught,
the ferromagnetic phase transition around T, = 2/In(1 + +/2) is recovered, as expected, since
for a square lattice, a local change of variables allows a mapping between antiferro and fer-
romagnetic instances of the Ising model. As the field increases, the temperature at which the
phase transition takes place decreases. The intuition for this fact is as follows: at h = 0 and
below the critical temperature one has antiferromagnetic order. In the large h limit at the same
temperature all spins would align with the external field and one would have ferromagnetic
order. Thus, some phase boundary must be encountered when going from one to the other.

4 Three-dimensional Ising models
Just as for planar systems, the partition function of a three-dimensional Ising model can be

expressed as a tensor network. As a consequence, our TNMH algorithm immediately extends to
three dimensions. The approximate contraction of a three-dimensional TN is however a more
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Figure 8: (a) Binder ratio as a function of temperature for the two dimensional fer-
romagnetic Ising model obtained through TNMH with a bond dimension D = 6. The
data approximately cross at one point, signalling a phase transition, in great concor-
dance with the theoretical result T ~ 2.269. Inset: Magnetisation of the ferromag-
netic Ising model on a square 64 x 64 lattice with open boundary conditions. The
error bars have been computed via a jackknife analysis for the Binder cumulant and
by estimating the variance for the magnetization, and are smaller than the symbols.
(b) Susceptibility y for an antiferromagnetic Ising model with an external field, on a
64 x 64 square lattice obtained through TNMH with a bond dimension D = 6. Black:
theoretical prediction of the critical line in the thermodynamical limit.

demanding problem than its two-dimensional analogue. Still, TN renormalisation schemes
can be applied to find an approximation to the contraction [21, 33, 34]. We have chosen an
unsophisticated renormalisation scheme involving projected entangled pair states (PEPS). Two
cutoff parameters now govern the effort put in the TNMH for this implementation: a boundary
PEPS bond dimension D, and a boundary MPS bond dimension y (see Appendix A for details).
We have considered two instances of the Ising model: ferromagnetic, and antiferromagnetic
with an external magnetic field. The upshot is that our TNMH performs very well, even with
rather low values for D and y.

Fig. 9 shows the interplay between the two parameters D and y, the temperature, and
the rejection rate. Again, the peak in the rejection rate signals the presence of a critical point
(displaced due to finite size effects). As this critical point is approached, rejection rates increase
much faster than in two dimensions, and putting in more computational effort by increasing D
and y now produces milder drops in rejection rates. We attribute this situation to an increase
of correlations in the system due to a higher coordination number for each spin. Still, these
preliminary results are very encouraging, since using a non-optimized contraction scheme, and
modest values for the parameters D and y, usable acceptance rates (> 0.12 and > 0.05 for the
ferro- and antiferromagnetic case respectively) have been found across the whole temperature
range considered, for systems as large as 16> = 4096 spins.

Analogous to Fig. 6a, which explored equilibration in the two dimensional case, we show
the energy of a 16> ferromagnetic Ising model as a function of time on Fig. 10, both for the
TNMH Markov chain and for the three-dimensional Wolff algorithm. As in two dimensions,
the former appears to necessitate a lower number of steps than the latter. The magnetisation
of the ferromagnetic Ising model has also been plotted in Fig. 11 and shows good agreement
with previous studies [61, 62, 63].

Since observables can also be expressed as a TN, it is possible to estimate them using a
direct contraction [15], and one might then wonder if the sampling procedure, which in itself
requires a TN contraction, provides an advantage with respect to such a direct calculation. But,
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Figure 9: TNMH rejection rates for the three-dimensional Ising model as a function of
the temperature. Plot (a) corresponds to a uniform ferromagnet and (b) to a uniform
antiferromagnet in a field h = 3. D denotes the PEPS bond dimension, while y stands
for the boundary bond dimension used when compressing the PEPS associated to a
plane of the lattice. A lattice of size 16 x 16 x 16 was used, with open boundary
conditions, and for each bond dimension and temperature, 50 chains were run for
150 steps each. The critical temperature is T, ~ 4.512 [61] for the ferromagnetic
Ising model, and T, ~ 4 [63] for the antiferromagnetic with this field (We attribute
the offset with respect to this value to finite size effects.).
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Figure 10: Single site magnetization along different Markov chains at T = 3 for two
algorithms, Wolff’s (orange) and TNMH (blue) (D = 2, y = 2) for a ferromagnetic
16 x 16 x 16 lattice. t represents the number of cluster moves in the former case and
the number of TNMH iterations in the latter.

while the TNMH algorithm can succeed with a very undemanding approximate TN contraction
(i.e. using very low bond dimensions), achieving a result of comparable quality by direct con-
traction generally requires more computational effort. To make this point more concrete, we
have compared the value of the average energy in the three-dimensional ferromagnetic case,
as obtained with the TNMH scheme and with direct TN contractions with different values of
the bond dimensions (Fig. 12). We observe that, at temperatures where the direct contraction
with up to (D, y) = (8,16) was not sufficient to obtain an accurate estimate of the energy,
the TNMH with (D, y) = (2, 2) was successful, since it produced decent acceptance rates, and
eventually provided good samples thanks to irreducibility and reversibility.
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Figure 11: Magnetisation (blue) and energy (orange) per spin of the ferromagnetic
Ising model (a) and staggered magnetisation and energy per spin of the antiferro-
magnetic Ising model in an external field (b) on a cubic 16 x 16 x 16 lattice with open
boundary conditions. The error bars are smaller than the symbols. The largest bond
dimensions used to obtain the curves were D =4, y = 8.

5 Other models

In the previous sections we have presented the TNMH algorithm in detail and benchmarked it
for the Ising model on two- and three-dimensional square lattices. However, the scheme offers
great versatility. In this section, we summarize a number of possibilities to apply and extend
the algorithm for more general problems, which will be explored in further detail elsewhere.
We show how to deal with arbitrary boundary conditions in Appendix B. The reader interested
only in the basic algorithm can safely jump to section 6.
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Figure 12: Relative error € in the average energy per spin computed via differ-
ent techniques for different temperatures (near the phase transition) for the three-
dimensional ferromagnetic Ising model. The reference values are obtained using
Wolff’s algorithm, purple rhombi are obtained using samples from our algorithm
with (D, y) = (2,2), and the other results are obtained taking derivatives of the log-
arithm of the approximate contraction of the TN representing the partition function.
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The XY model

In absence of a vector potential, the XY model describes a lattice of planar spins, interacting
through the Hamiltonian

Hyy =—Zcos(9i—9j)v, (14)

(i.j)

where the local variables are the angles {0 < 6; < 27 : i € V}. Although these variables
are continuous, this model can be mapped into a system that allows to use a variation of
the sampling method used for the Ising model. First, a duality transformation establishes an
equivalence between (14) and a system of integer variables residing on the (oriented) links of
the lattice involved in four-body interactions [64, 65, 66, 67]. That is, the partition function

takes the form
(OING)

N
Z(B)= Nli)n;o l_[( Z I, (ﬂ)) l_[F:(f):é) ) (15)

leE 1=—N iev

where n(li), n(zi), ngi), ngf) are the values for the links meeting at site i. I, () are the modified

Bessel functions of the first kind, and

21

do .

ng,Ng __ 10(ny+ny—nz—ny) _

Fnl,nz_f ot (A=) = G (ny +ny —ng —ny),
0

where 6 denotes the Kronecker delta function.

At fixed 8, I, () decays fast and truncating the sum in Eq. (15) is a sensible approxima-
tion. The partition function of the XY model can thus be approximated by a tensor network
where the degree of freedom at each bond takes value in a finite set. In the language of
Appendix A, the tensor at each site i would now be

4 1/2
) _ ns,n
A”lzn4n1ns o (l_l I”k(ﬂ)) an,n; ’
k=1

and the contraction of the TN made up of these tensors would give an approximation Z(f3) to
the partition function Z(3). Similarly, the marginal probability density of the spin at a site i,
7(P)(6,), can be approximated by replacing the tensor at site i with

4
A(niz)n4n1n3(9i) = (l_[ Ink (ﬂ)

k=1

B

1/2 eiG(n1+n2—n3—n4)
) 2m
and normalizing the contraction to the approximate partition function previously obtained.
Using renormalisation to approximately contract tensor networks, and the inverse sampling
method, a candidate configuration w’ = {6/ : i € V} can be drawn and accepted or rejected,
as we did for Ising models with Algorithm 1. A vector potential could be included [65, 66],
and other continuous variable systems admit a similar construction [68].

On top of the bond dimension used for the renormalisation, the number of terms kept in
the series expansion of the transfer matrix in Eq. (15) is another parameter that governs the
accuracy of the contraction. As for the 3D Ising model discussed above, a tensor network with
a low value for this parameter may be accurate enough to sample from and propose moves for
a Markov chain, but not precise enough to compute the observables with a single contraction.

A detailed study of the XY model is beyond the scope of this paper. But we have made
preliminary computations that show acceptance rates comparable to those of the ferromag-
netic Ising model. In order to see how correlated the proposed collective moves are, we have
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Figure 13: Mutual information in bits between the updates at different sites,
that is, in the changes of the angles after a sweep of the Markov chain,
1(6;(t + 1) — 6;(¢) = 0;(t + 1) — 6;(t)) for two schemes. Left: a local algorithm
(a Metropolis single spin flip where the proposed local updates were chosen from
U(0,2m)). Right: TNMH. The numerical experiment was conducted on a homoge-
neous XY model with no external field on a 16 x 16 lattice at a temperature of T = 0.5.
The bond dimension used in TNMH was D = 20, and the number of terms kept in
the series of Eq. (15) was N = 4, which gave a TN with a local dimension d = 9.

computed the mutual information between the updates at different sites of the TNMH algo-
rithm and compared it to that obtained from a local algorithm, Figure 13. The instance chosen
for the comparison is the zero-field uniform XY model on a 16 x 16 lattice at a temperature
T = 0.5. The difference in the results is noteworthy, and demonstrates that the TNMH algo-
rithm is indeed capable of producing global correlated updates.

Drawing configuration differences

We now show that a TNMH scheme for the Ising model can be extended to deal with other
nearest neighbour hamiltonians. For the sake of concreteness, we will focus on the A¢* model,
defined on a two-dimensional square lattice A = (V, E) by the energy function

HUSN= 3 (6= + 2 Gmod?+ 260,

(i,j)€E iev

where each local variable ¢; takes value in R. (See also Refs. [32, 69] for the use of tensor
networks in lattice field theories.) As usual, we are interested in sampling according to the
Boltzmann distribution for some fixed value 3. We will use the following simple lemma.

Lemma 1 Any real function of two binary variables, B, can be expressed as an Ising model energy
plus some constant:
B(o,0)=Joo’ +ho+h o' +K. (16)

Proof: (16) defines a system of four linear equations for the four unknowns J, h,h’, K, one for
each assignment (o, 0’). The determinant of the matrix of this system of equations does not
vanish but is equal to 16; a solution to (16) therefore exists for any 4-uple {B(c,c’)} and is
unique.

Let w = {¢; : i € Q} denote the current configuration. A Markov chain with collective
updates can be constructed using the TNMH presented for the Ising model in Section 2 if we
draw configuration changes. We proceed as follows. An integer m is drawn uniformly and
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randomly in {0, 1,...,my..}, where m_,, is equal to 9, say. Vi € V, we draw y; according to
a Gaussian distribution with zero mean and variance equal to 107™. With ' = {y; : i € V}, we
construct the function:

H({oo.T)= > Wi(oilenr)—(0)ld; 1))

(i,j)€E
1 A
+5 20,70 + 2 D bilodn 1),
iev tiev
where 1 14
—O'. o'.
Yi(oilei, )= 5 ~p; + 5 (¢ +71),

with o; € {—1,+1} Vi € V. By lemma 1, H;({0;}|w, T) can be expressed as an Ising Hamilto-
nian for the variables {o;} (plus some irrelevant global constant):

H({o}lo, 1) ==> h(w,T o~ > J(T)o0;.
iev (i,j)er
The Boltzmann distribution of the Ising model H;,
e PHi({o:}{6:}.1)

D e—BHI({o;}{6;}.1)
{Uj}

P (o }16),T) =

can generically not be sampled directly. But we can construct a tensor network approxima-
tion ) (-|w,T) for it, as described in Section 2. Given T as defined above, let us define
7(T') = {—y, : i € V}. The sequence of instructions listed in Algorithm 2 defines an irreducible
and reversible Metropolis-Hastings Markov chain that achieves collective updates for the A¢*
model.

Algorithm 2 Configuration difference collective update

1: Draw an integer m u.a.r. in {0,... My}
2: Draw V| i.i.d. Gaussians with zero mean and variance equal to 107™: T ={y; :i € V}.
3: Draw {0, : i € V} according to 7)(-|w,T).

1+0;

4: Accept the move {¢; : i € V} — {¢; + —*v;} with probability

. Ao Hw, ) 1P(w)
miny 1, = * TP (w) [
7" ({o;}w’, (1))

The idea of making configuration difference updates appeared in the study of the ferro-
magnetic XY model, for which the Wolff algorithm for the ferromagnetic Ising model can be
recycled [6]. In principle, Algorithm 2 could be applied to frustrated systems.

A class of systems for which we believe it could be useful to draw differences of configura-
tions as described here are matrix models, such as SU(d) lattice gauge theories [70]. The aux-
iliary Hamiltonian representing the possible choices for a move would no longer be two-body
Ising. Still, it is not difficult to construct a tensor network representation for its Boltzmann
distribution, as we have done when studying the XY model.

Triangular lattices

We now show how the construction presented in Section 2, specific to square lattices, can be
used as such to deal with a triangular lattice. Let us assume that we are interested in some

21


https://scipost.org
https://scipost.org/SciPostPhys.14.5.123

Scil SciPost Phys. 14, 123 (2023)

CAAANS

OO
O

e
N ¢ W W e

Figure 14: Left: Interaction graph of a triangular lattice system. Centre: Same inter-
action graph decorated with extra degrees of freedom located on the diagonals (grey
dots). Right: Square lattice on which a Hamiltonian H associated with the original
system is defined.

particular observable X. That is, we wish to estimate

—pH(w)
(X) = Z(ﬁ) wza:lx(w) e

To this end, we construct an extended model, obtained by decorating the original lattice
with extra spins living on each diagonal link as shown on Fig. 14 (a) and (b). With each
particle of the original model, we will associate the new extra spin located south east to it. Let
p : V — V., denote the function that realises this association, where V,,.,, denotes the set of
new vertices. The Hamiltonian of the extended model reads

Hext(wexth/) =H(a))_YZGjUp(j); a7

jev
for y > 0, where wey € Qoyy = {—1, +1}VWV0ewl - Z__ (B]y) will denote its partition function.

Proposition 1

— ﬁHext(wexth/)
0= Jim, 757y 2K (e

whenever 3 and |V| are both finite.

NONTNON

Proof: The extended configuration space ., can be decomposed as Qey; = Qoyr U Qoyr U

u QELKD, where Q(ext) denotes the subset of all configurations such that there are exactly m sites
Jj € V where o # 0,j). This decomposition induces another for the partition function of the

extended model as
14!

Zew(BIY) = D e ﬁH(”)+ﬁV|V|+Z§ (B(VI-2m)

weN

where the coefficients {,,, are all finite and independent of y. Similarly, the sum appearing in
the r.h.s. of (18) can be expressed as

S X (w)e PHEIIV Z £ oBrVi-2m)

weN

where the coefficients &, are also finite and independent of y. Finally, it is obvious that the
ratio

S X (w)e PH@AYIVI Z',,lel £ ePrVi=2m

weN

S e PH@BrIVI 4 SV ¢ epr(Ivi-2m)

weN
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tends to (X) in the limit where y tends to infinity.
A similar argument provides the following identity between the Boltzmann weight for a
configuration of the extended space w,,, and the Boltzmann weight of its restriction to £, w:

—PBHexe(Wexe|7) —BH(w)
e e

lim ox(o, ) ————. (19)
y—00 Zext (ljl'}/) !e_vl K J p(]) Z(ﬂ)
The contribution of any site j of the original lattice A to the numerator of the r.h.s. of (19)
reads

ox(0},0p(j)) exp( B (hjaj + Z ijajak)), (20)
keN(j)

where N(j) denotes the neighbourhood of j. Because of the Kronecker delta, for any bipar-
tition of this neighbourhood N(j) = N’(j) U N”(j), (20) remains invariant if the sum in the
exponential is substituted with

Z ijo-p(j)o-k + Z ijO'jO'k. 2D

keN’(j) keN"(j)

Assuming w.l.0.g. the boundary conditions represented on Fig. 14-left, we choose, for every
site j, N’(j) to consist in the sites located east, south, and south east of j, Vj € A. (Edge
and corner sites might require different choices of subsets N’(j), depending on the boundary
conditions.) This choice results in a square lattice hamiltonian H; whose couplings are shown
on Fig. 15, and whose interaction graph is displayed on Fig. 14(c).

Let 75 denote a probability distribution approximating the Boltzmann distribution associ-
ated with Hy through tensor network renormalisation. To deal with a triangular lattice using
a TNMH code for a square lattice, a possibility is a Markov chain where, at each step, a candi-
date configuration w,_ is drawn according to 7, and the move from the current configuration
Weyx; to this candidate is accepted with Metropolis-Hastings probability:

nin {1 e PR ﬁu(wext)}
e PH) T fin(wee) )

where w (resp. w’) denotes the restriction of w.y, (resp. wext) to Q.

This mapping from a triangular lattice to a square lattice doubles the number of sites but
we stress that the bond dimension of the (square) tensor network associated is unchanged
and equal to that of the local degrees of freedom (d = 2 for the Ising model). It would be
very interesting to see whether the argument can be extended to three dimensions, and for
example map a body centred cubic lattice model to a simple cubic lattice model.

A quantum analogue of the mapping exists: square PEPS can be used for a tri-
angular quantum spin Hamiltonian. The extended Hamiltonian (operator) now reads
Hew =H—7 ey 0307 ;) Proposition 1 still holds true if Yo, X(0) e PHex(@exl) is sub-

stituted with Tr Xe PHex. Expressing the trace in the basis of eigenstates of {O‘?} operators,
an analogue of the substitutions (20,21) holds true too. If for example, one wants a TNS
approximation of the ground state, one could alternate Trotter steps with applications of the
projector |00)(00|, +|11)(11|, on each particle of the original lattice and its partner. Actually,
a further reduction can be made: one readily checks that the interaction graph transformation
shown on Fig. 14 produces a hexagonal lattice when applied to a square lattice. Therefore, in
principle, it should even be possible to study triangular lattices with hexagonal PEPS.
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Figure 15: Couplings in and around a plaquette in the original and extended models

(left and right respectively). The new couplings produce a square lattice rotated by
a 1/4 angle with respect to the original lattice.

Figure 16: Example of a configuration of hard disks in a discretised volume. (Periodic
boundary conditions assumed.)

Hard spheres

To close this section, we show how tensor network contractions can also be used to implement
collective Monte Carlo updates for systems of hard spheres (or disks in two dimensions) [5].
We will combine three ideas for that purpose. The first is a discretisation of the domain that
contains the spheres. The second is a shift of perspective where a configuration will not so
much be regarded as a collection of locations for the spheres, but rather as the specification
for the state of each cell of the volume that contains them (occupied or empty). The third is
to use a tensor network to encode possible changes for each cell.

We consider a system of N hard disks in two dimensions confined in a square area discre-
tised with a square lattice (M cells). Although this is not essential, we will assume periodic
boundary conditions in order to keep the presentation simple. N is fixed, as well as the lattice
spacing e. All disks have identical radius. A configuration is said to be valid if (i) the centre
of each disk is pinned on the intersection of a vertical and a horizontal line of the lattice, (ii)
no cell contains bits of matter belonging to different disks. Fig. 16 is an example of a valid
configuration.

Our goal is to sample uniformly amongst all valid configurations. For that, we will design
a Markov chain of collective updates where each disk either stands still or is moved vertically
or horizontally by one lattice spacing. A configuration change must comply with the following
rules:

1. A disk cannot be split.
2. A disk cannot be compressed.
3. Disks cannot overlap, not even completely (conservation of particle number).

We will assume the disks are distinguishable and we will associate a label {1,2,...,N} to
each of them, which is why each disk appears with a different colour in the illustration of
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Figure 17: Diagrammatic representation of the PEPS tensor associated with each cell
j of the lattice.

Fig. 16. We will denote S, the set of empty cells, and S, the set of cells occupied by disk a,
1<a<N.

Given a valid configuration w, we associate a tensor P; with each cell j of the lattice, see
Fig. 17. The index o of this tensor encodes the move that a bit of matter located at cell j
would undergo: M = {0,—1,+1,—2,+2} for {stillness, displacement to the left, displacement
to the right, downwards displacement, upwards displacement} respectively. The role of the
w,e,n,s degrees of freedom of P; is to communicate the chosen move at j to its neighbour
cells; the indices w’,e’,n’,s’ provide the information about the moves made in neighbouring
cells to cell j. We want to assign values to these tensors {P;} that guarantee moves can only
occur between valid configurations.

A. Initialisation. For each cell j, Pj(a)xjéf;,’;l’sl =1Vo,w,e’,n’,s’,w,e,n,s € M.

B. Empty cells. Vj € Sj, since there is no matter to be moved, we decree that
Pj(a)mléf;”;/’s/ =0, Yw',e’,n’,s’,w,e,n,s if c # 0 (holes do not move).

C. Faithful move communication. V7, Pj(o)%éf;;”;/’sl =Qunlessw=e=n=s=o0.

D. Rigidity. Let j, k denote two neighbouring cells covered by a same disk S,, a # 0. Let

7o
us assume, say, that j is located left to k. We impose that Pj(a)méf,;”sl S =0 if e #w'. Similar
constraints are imposed on all other pairs of cells j, k covered by a same disk and such that
lj—kl=1.

E. Prevention of collisions. By definition, a collision has occurred between two disks a
and o if and only if two bits of matter belonging to a and a’ respectively are found in a same
cell. Therefore, it is necessary and sufficient to forbid all such events in order to prevent a
collision. If there is a collision, either one disk is immobile, say a, and ' moves by one cell to
overlap with a (case A), or both a and a’ move to cause the overlap (case B).

Case A occurs if and only if there are pairs of adjacent cells ¢ and ¢’ in S, and S, respectively
which content will occupy a same cell. To prevent the collision, it is sufficient to impose that
for each such pair (c, ¢’), the bit of matter contained in ¢’ cannot hop in c. There are four such
moves to prohibit; they are represented by the four leftmost drawings of Fig. 18.

In case B, a and a’ either move along a same direction (case BI) or along perpendicular
directions (case BII). Case BI occurs if and only if there are pairs of cells ¢ and ¢’, separated
by one cell, in S, and S, respectively, which contents are moved closer to each other along a
common line. It is thus enough to prevent the events represented by the rightmost drawings of
Fig. 18. Case BII is dealt with similarly, and results in the prohibition of the events represented
by the four remaining diagrams of Fig. 18.

Collisions where a bit of matter contained in a cell k € S, moves to its left, and lands
in a cell j € S, already occupied by a bit of matter that does not change its position, can be
prevented by imposing P]-(O)O_Ol(’)%/’n/’s/ = 0 Ve',n’,s’. The other A prohibitions admit similar
translations into constraints on the tensors, and the six B prohibitions can be enforced like-
wise. For example the prohibition of the move depicted on the diagram located rightmost

top of Fig. 18 translates into Pj(a)jvle’;%;”/’sl = 0 Vw,e,n,s,n’,s’ whenever the left and right
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Figure 18: Forbidden moves in the discretised hard disks model. An asterisk in a
cell indicate presence of matter, the rhombus symbol stands for a cell that can either
be empty or filled. A dot on the side of a cell indicates no move, whereas an arrow
indicates a move by one lattice spacing and its direction.

neighbours of cell j are occupied by different disks.

The exact contraction of all tensors yields a function Q(o 4, . .., 0;|w), which value is equal
to 0 if the move {01, ..., 0y} is forbidden from configuration w, and 1 otherwise. We note that
for a fixed assignment {01,...,0y}, Q(01,...,0|w) can be evaluated exactly. Ideally, we
would construct a Metropolis-Hastings Markov chain where the moves are sampled according
to the prior
Q(oq,...,0y|w)

Z{T}Q(Tla'--)Tle) .

As we don’t expect this to be possible, we propose to approximate ;4 through tensor network
renormalisation, as we did for Ising models. At fixed volume M, the computational cost for
constructing the tensors scales as 1/e2. The bond dimension of the tensor network is indepen-
dent of €. As for Ising models, acceptance rates should increase with the bond dimension used
in the tensor network renormalisation. If necessary, a complementary strategy to increase ac-
ceptance rates is to select a region at each Markov step, and impose that all disks outside of
it or touching its boundary remain fixed; such a region would vary from one time step to the
next and may even be disconnected.

In two dimensions, the hard sphere model is known to exhibit a fluid-solid phase transition
for a filling fraction n = ma?N /A ~ 0.7, where a is the radius of the disks, and A denotes the
area of the domain that contains them [5] (A = Me? here). It would be very interesting to
see how a finite value of € affects this phase transition. Actually, because of the discretisation,
the model considered here is, strictly speaking, not the hard sphere model discussed in [5],
for which the disks could in principle occupy any position in Euclidean space. It might be
that the phase transition in the limit € — 0 does not correspond to the transition point of the
hard sphere model defined in Euclidean space. But it just might if a different lattice geometry
is used. A similar phenomenon occurs in the study of fluids with cellular automata: square
lattices do not relate to the Navier-Stokes equation whereas triangular lattices do [71].

A construction similar to Fig. 17 should hold for hard spheres in three dimensions, and
we believe that an analogue also exists for dimer (and dimer-monomer) models. In this latter
case, the possibility to rotate dimers by a 7/2 angle produces additional constraints on the
tensors.

Tcid(o.la . 'JO-le) =

26


https://scipost.org
https://scipost.org/SciPostPhys.14.5.123

Scil SciPost Phys. 14, 123 (2023)

6 Discussion

The interplay between Monte Carlo and tensor network methods is a rich and vastly unex-
plored subject. While various previous works have reported on using Monte Carlo sampling
for tensor network contractions, we have here presented an analysis of the converse: a new
class of Markov chain Monte Carlo algorithms for many-body classical systems based on ten-
sor network renormalisation. This class belongs in the family of Metropolis-Hastings schemes.
Our construction produces collective updates. It is also irreducible and reversible; as such,
asymptotic convergence towards the target probability distribution is guaranteed. We empha-
size its universal nature: it works the same for any nearest neighbour Hamiltonian with finite
local degrees of freedom.

We have benchmarked our scheme for a variety of instances of the two-dimensional Ising
model defined on a square lattice. For ferromagnets and antiferromagnets, very high accep-
tance rates have been observed for larger systems, even with modest values of the bond di-
mension. Besides, drops in acceptance rates have been shown to signal criticality. Looking at
equilibration and decorrelation times, the scheme compares extremely well with single spin
flip updates and Wolff algorithm. As expected, the scheme’s performance is lower for frus-
trated and disordered instances than for the ferro- and antiferromagnets. Still, our results are
very encouraging. In particular, for disordered instances, equilibration appears to be occurring
orders of magnitude faster than for state-of-the-art techniques such as parallel tempering sup-
plemented with isoenergetic cluster moves, both when time is counted in Monte Carlo steps
and in seconds.

We have also demonstrated the potential of the method for three dimensional systems,
by testing it on ferromagnetic and antiferromagnetic instances. Also in this case, we have
observed faster equilibration as compared to Wolff algorithm and, remarkably, even with a
simple contraction strategy and small bond dimension, the scheme can be shown to remain
usable at near critical temperatures, whereas a much more costly direct TN contraction results
in considerable errors.

We have used simple procedures to implement tensor network renormalisation, and we
have made no particular effort to write an efficient code. For these reasons, we believe the
results presented here could be substantially improved. It would also be very interesting to
study what can be gained by using other renormalisation schemes for approximate contractions
of tensor networks [19]. For example, schemes involving disentanglers would be a natural
option in this regard [22]. Also for future work is the study of how TNMH Markov chains
combine with parallel tempering [72].

A major advantage of our construction is its versatility. We have seen that with little extra
effort, a code valid for the Ising model on a square lattice can be used as such to construct a
collective update Markov chain in other settings such as the XY model, or a triangular lattice,
and that TNMH could also be used to study gases of hard spheres. In principle lattice systems
with long range interactions could also be considered. For instance, given an Ising Hamilto-
nian H where the interactions decay with the distance as a power law, one can associate an
auxiliary Hamiltonian H, where all interactions within some range o are identical to H, and
all interactions beyond p have been truncated. One can next construct a tensor network prior
from this Hamiltonian H,. Two parameters would now govern the Markov chain: the bond
dimension and the range p. We have also restricted ourselves to scalar degrees of freedom in
this work. But the discussion held in Section 5 shows that TNMH sampling should also apply
to matrix models, in particular lattice gauge theories.

A natural variation of our work would be to depart from tensor network representations
and use a quantum device to prepare Gibbs states and estimate the probability to draw a
given configuration [73, 74]. Such a device would be called as an external subroutine in
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(classical) Metropolis-Hastings iterations. Just as our 3D computations have revealed that
inaccurate contraction schemes could still be useful for sampling, it would be very interesting
to investigate how much computational power such quantum devices retain when imperfect.
These ideas will be studied elsewhere.

Finally, it would be instructive to develop a mathematical perspective on the schemes pre-
sented here. In particular, we believe it would be meaningful to identify a non-trivial model
for which the mixing time associated with our TNMH scheme could be upper bounded, e.g.
using a log-Sobolev inequality [75]. It would be insightful to establish the dependence of the
log Sobolev constant with the bond dimension.
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A MPS renormalisation

We here review the relation between tensor networks and partition function [13, 14, 15, 19,
21]. The setup is a slight generalization of that of Section 2. That is, we consider a nearest
neighbour classical Hamiltonian

H(w)= ) ¢;(0;,07),
(i.j)
on a lattice A = (V, E), where the local variables o; now take value in any finite set, which
size we are going to denote d. For the sake of simplicity, and without loss of generality, we
will again only consider squares lattices, and first limit ourselves to two-dimensional systems
for now. At fixed inverse temperature f3, the partition function can be expressed as

zB)=>. [ wiyoiop, A1)
w€eN (i,j)€E

where W;; is a d x d matrix, whose entries represent all possible contributions of the bond

(i, j) to the Boltzmann weight of the model, i.e. W;;(o, o) = e P09 Agan example, for
the Ising model without external magnetic field, the energy associated with a given bond (i, j)
reads SOij(G,cr’) = —Ji]-ocr’, and the 2 x 2 matrix W;; is

ePJii e BJij

We will use the diagrammatical notation in which a tensor is represented by a vertex or a
small shape, with as many legs sticking out as there are indices; and where joining two lines
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represents a contraction of the corresponding indices. For example, a matrix W;; is represented

as follows,

Z(f3) can be expressed as a tensor network if we shift from a description in terms of matrices
associated with the bonds of the lattice (A.1) to a description in terms of tensors associated
with its vertices. Let us consider some vertex i with four neighbours and let e(i) denote the
vertex to its right. We decompose W; ;) as:

d
W iy(o,0") = Z Li(0, WR(i)(u, o).

u=1
Graphically,
This can be achieved e.g. through a singular value decomposition
(SVD) Wi o1y = U et Bie(i) X Vi"e(i), and by setting L; = U; o(;)vV'Zic(i)> Rty = \/fi,e(i)‘/ije(i)~

Similarly, if n(i), w(i),s(i) denote vertices located above, to the left, and below i respectively,
three additional SVD provide the decompositions

d
WW(i),i(o-a O-/) = Z LW(i)(O-) 1))}{i(/‘a OJ) >
r=1
d
Vvi,n(i)(o-’ U/) = Z Bi (0-7 p)Tn(l)(P: O-/) )
p=1

d
Wypy,i(o,0") = ZBs(i)(U,T)Ti(T,U/)-

=1

We associate a 4-index tensor AY)(0") with each site i having four neighbours and each spin
value o, whose components are

d
AD =" Li(o,wR(7,0)B;(0,p)T(7,0). (A3)
o=1

In diagrammatic notation, Eq. A.3 reads

For a system with open boundary conditions, vertices with only three or two neighbours are
dealt with likewise. With these tensors, the partition function can be expressed as

2(p)=c{A")), (A.4)

where C({AV}) denotes the contraction of all the tensors associated with all sites. The entire
process from (A.1) to (A.4) is illustrated on Figure 19 for a 4 x 4 lattice.
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Figure 19: Graphical depiction of the construction of the TN associated with the par-
tition function of a nearest neighbour classical Hamiltonian (4 x 4 lattice in this illus-
tration). (a) We start with a labelling of the vertices of the lattice in consideration.
(b) Diagrammatic representation of the Boltzmann weights (red circles) associated
with each edge; their contraction yields the partition function. (c) and (d) Singular
value decomposition of each W matrix, and regrouping into tensors associated with
each vertex of the lattice.

Similarly, one can construct a TN representation of the partition function with some fixed
value s for the degree of freedom at site i, Z(f3|o; =s). It is for instance sufficient that for each

neighbour of i, j, we replace W; ;(o,0") with V\/l.(js)(o, 0') = 6,,W; j(0,0"). The ratio of the

two quantities, Z(f|o; = s)/Z(f), would exactly be the marginal probability ngﬁ )(s) of that
spin being in state black s, that is, a ratio of two TN contractions. Similarly, one can express
any conditional probability niﬁ )(O'k|51 ...Sx_1) as a ratio of two TN contractions:

Z(Blsy---S5k—10%)
Z(Blsy---Sk-1)

As explained in Section 2, if one were able to evaluate TN contractions exactly, one would
have a means to sample according to the Boltzmann distribution exactly. In general, it is
only possible to compute approximations to the contractions appearing in the ratio (A.5) and
as a result, get an approximation ﬁiﬁ ) to ﬁg{ﬁ ). Instead of using these approximations for
direct sampling with systematic errors, one can use them as a prior for a reversible Metropolis-
Hastings Markov chain. The impossiblity to carry out exact TN contraction then translates into
more controllable statistical errors.

For the approximate contraction of an L x L lattice, we have used one of the simplest

schemes available [15, 10]. We define [top) to be the tensor resulting from contracting all

niﬁ)(aklsl...sk_l) = (A.5)
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= TMj|partial *~1)
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Figure 20: Graphical depiction of the process of contracting a two-dimensional lat-
tice. (a) Approximation to the contraction of the k — 1 top most rows, |partial(k_1)).
(b) The approximation to |partia|(k)) is constructed by applying the MPO associated
with row k, TMy, on the MPS obtained by approximate contraction of the k —1 first
rows, |pa rtial(k_l)). The result of that MPO-MPS multiplication is a MPS with a larger
bond dimension. (c) Using standard MPS techniques, the product can be approxi-
mated by a MPS with lower bond dimension.

the top row tensors along horizontal edges; the remaining free indices after this contraction
are legs pointing downward. Similarly, we will call transfer matrix the tensor resulting from
a contraction of the tensors along a horizontal bulk row; the transfer matrix resulting from
contracting the tensors of row k will be denoted TMy, 2 < k < L. Finally, in analogy to |top),
we will denote |bot) the contraction of bottommost tensors. With these notations, the partition
function can be expressed as

Z(B) = (bot|TM,_; ... TM,|top). (A.6)

Both |top) and (bot| are matrix product states (MPS), whereas the transfer matrices TM, are
matrix product operators (MPO), all with a bond dimension and a ‘physical’ dimension equal
to d; their length is equal to L. Our approximation of Z(f3) is obtained by estimating the rhs
of (A.6) sequentially. We initialise |partial®) = |top), and for k € {2...L — 1}, we define
|partial(k)) to be an MPS approximation to TM;|pa rtial(k_l)) obtained by matrix product state
renormalisation, see Fig. 20. Z(f3) is finally approximated with (bot|pa rtialE~Y ). The cutoff
parameter D sets the accuracy of the approximation. There are many methods available for the
renormalisation. Throughout this work, we have mostly used the scheme based on successive
SVD [11]. Two-site variational compression has been used to explore equilibration of the two
dimensional Ising model with Gaussian disorder [11].

The same method allows to approximate the partition function of a system where some
spins have been set to definite values, Z(8|o;...0). The only difference is that for such a
site i with spin value o;, the tensor (A.3) is replaced with

Li(o;,uR;(v,0:)B;(0, p)Ti(7,0;). (A.7)

As claimed in section 2, an approximate Boltzmann weight 77(«w) can be evaluated since, using
Bayes theorem, this probability can be expressed as

ZBloy) | Z(Blor...on)
Z(p) Z(ploy ...0,-1)
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Q—C—Q

F——+—+C

Figure 21: Renormalisation of a black column of a PEPS. For the truncation of the
bond dimension of a given a column, its tensors are singled out. The physical bond
dimension and the bond dimension that connects these tensors to other columns,
drawn in red in this diagram, are treated as the physical dimension of an auxiliary
MPS. The bond dimension of that MPS is reduced using a standard truncation algo-
rithm. The resulting tensors of the obtained MPS with lower bond dimension are
inserted back in the PEPS. While this procedure has no guarantee of optimality, it is
computationally cheap and works well in practice.

TMkaartak)% _) % _) % o

Figure 22: Renormalisation of a PEPS used to apply the TNMH algorithm to three-
dimensional systems. The bond dimension is first reduced along horizontal bonds,
next along vertical bonds.

Two remarks are in order. First, if the tensors A% are well conditioned and if D is high
enough, the approximations to partition functions we construct will be strictly positive. So
will then be the approximated probabilities (7), and the TNMH is irreducible. Second, if the
tensors {A®}, the MPS |top), |bot) and the transfer matrices TM, are stored, a TNMH update
of the whole lattice can be performed at a computational cost that scales linearly with the
lattice size.

Plaquette interactions can be dealt with similarly. Using singular value decomposition for
the Boltzmann weights and regrouping all the matrices relating to a given site, one obtains a
(7/4 rotated) square lattice for the partition function. Bayes formula can thus again be used
for sampling.

We have dealt with three-dimensional models in a similar fashion. Assuming an L x L x L
lattice, the identity (A.4) can again be obtained after sequence of SVD; A®) is now a six-leg
tensor (for a bulk spin). (A.6) is also still valid, but |top), |bot) are now projected entangled
pair states (PEPS) instead of MPS, and the transfer matrices TM; projected entangled pair
operators (PEPOs) instead of MPOs. Just as in two dimensions, without any cutoff, the bond
dimension of TM;_; ... TM,|top) would generically grow exponentially with L, and renor-
malisation is in order. There exists a plethora of methods to contract three dimensional tensor
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$

Figure 23: Cylindrical boundary conditions obtained by identification from a rect-
angle. L and R denote lines of spins alternating frozen in order to be able to use a
sampling scheme designed for open boundary conditions.

networks [76, 21]. We have not aimed at optimality and have opted for simplicity. Again,
denoting |partial,) the approximate contraction of the first k layers of the TN, the core of the
renormalisation consists in constructing a PEPS approximation |partial; ;) for the contraction
TMj,1|partial,). When a PEPO is superimposed on a PEPS, the resulting state is a PEPS with
a larger bond dimension.

The bond dimension of TM,_|partial;) has been reduced by recycling the technique used
to compress the bond dimension of MPS. First, an index reshuffling allows us to regard each
column of the PEPS TM,|partial,) as an MPS, with an effective physical index at each site
given by lumping the original physical index of the PEPS with the horizontal virtual indices
at that site. The virtual bonds of that MPS are the vertical virtual bonds of the corresponding
column of the PEPO. These ‘thick’ bonds are compressed (or renormalised) as before. This
compression along columns is illustrated on Fig. 21. The resulting tensors from the compres-
sion are then inserted back into the PEPS, and the same compression is next performed on the
horizontal bonds of the PEPS. See Fig. 22 for a depiction of this PEPS renormalisation.Two
parameters now govern the accuracy of the approximation: the bond dimension of the PEPS
|partialy), D, and the cutoff for the approximate contraction of two rows of a PEPS, y [76].

B Arbitrary boundary conditions

Although we have focused on systems with open boundary conditions, the Markov chain (4)
allows us to deal with any topology that can be obtained from a rectangle by appropriate
identifications. Let us show how with the simple example of a cylinder. If we make an update
where we decide to leave a column of spins unchanged, e.g. the dashed column 'L’ of Fig. 23,
we will effectively be considering a model with open boundary conditions, where the spins
in the neighbourhood of the frozen line are subjected to a local extra magnetic field. Such a
model can be sampled as before. In order to make sure all spins are refreshed, the cut of frozen
spins alternates between the opposite lines depicted as 'L’ and 'R’ respectively. Alternatively,
the lines of spins where we choose to cut our system can be chosen randomly.

We have implemented this adaptation of an OBC TNMH code in order to study the equi-
libration of the two dimensional gaussian spin glass studied in the case of periodic boundary
conditions. This has allowed us to compare directly our results with the state-of-the-art results
of [56]. Our findings are summarized in Table 2.

As can be appreciated, this adaptation of Algorithm 1 yields equilibration in a number of
steps significantly lower than for PT or PT + ICM, as for the case of open boundary conditions
discussed in the main text. Notice that auxiliary Metropolis spin flips are now no longer needed
to help in the equilibration of some of the configurations of some of the disorder realizations.
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Table 2: First row: target value of A. Second and third row: each entry represents a
lower bound on the number of Monte Carlo sweeps necessary to decrease A below
the value indicated in the same column for parallel tempering (PT) and parallel tem-
pering plus isoenergetic cluster moves (PT + ICM) (data read off Fig. 2 of Ref. [56]).
Fourth row: Upper bounds on the number of TNMH iterations necessary for the same
purpose. The setting considered is identical to Ref. [56] (periodic boundary condi-

tions).
A 0.25 [ 0.15 | 0.05 | 0.025
PT 221 222 223 224
PT+ICM | - - 213 | 24
TNMH 14 21 40 56

The reason for this is that by freezing a different portion of the spins at each TNMH iteration,
one is now dealing with a different effective current configuration for a different effective
OBC hamiltonian, at each TNMH iteration. Even though an effective current configuration
may occasionally suffer from the ill-conditioning issue described in Section 3, it will not as
easily stall our Markov chain thanks to the selection of a different cut at each iteration.

References

[1] N. Metropolis, A. W. Rosenbluth, M. N. Rosenbluth, A. H. Teller and E. Teller, Equa-
tion of state calculations by fast computing machines, J. Chem. Phys. 21, 1087 (1953),
doi:10.1063/1.1699114.

[2] B.Edegger, V. N. Muthukumar and C. Gros, Gutzwiller-RVB theory of high-temperature su-
perconductivity: Results from renormalized mean-field theory and variational Monte Carlo
calculations, Adv. Phys. 56, 927 (2007), doi:10.1080/00018730701627707.

[3] B. L. Hammond, Monte Carlo methods in ab initio quantum chemistry, World Scientific,
Singapore, ISBN 9789810203214 (1994), doi:10.1142/1170.

[4] 1. Montvay and G. Miinster, Quantum fields on a lattice, Cambridge University Press,
Cambridge, UK, ISBN 9780511470783 (1994), doi:10.1017/CB09780511470783.

[5] W. Krauth, Statistical mechanics: Algorithms and computations, Oxford University Press,
Oxford, UK, ISBN 9780198515364 (2006).

[6] D. Landau and K. Binder, A guide to Monte Carlo simulations in statistical
physics, Cambridge University Press, Cambridge, UK, ISBN 9781139696463 (2005),
doi:10.1017/CB09781139696463.

[7] R. H. Swendsen and J.-S. Wang, Nonuniversal critical dynamics in Monte Carlo simula-
tions, Phys. Rev. Lett. 58, 86 (1987), doi:10.1103/PhysRevLett.58.86.

[8] U. Wolff, Collective Monte Carlo updating for spin systems, Phys. Rev. Lett. 62, 361 (1989),
doi:10.1103/PhysRevLett.62.361.

[9] N. Schuch, D. Pérez-Garcia and I. Cirac, Classifying quantum phases using matrix
product states and projected entangled pair states, Phys. Rev. B 84, 165139 (2011),
doi:10.1103/PhysRevB.84.165139.

34


https://scipost.org
https://scipost.org/SciPostPhys.14.5.123
https://doi.org/10.1063/1.1699114
https://doi.org/10.1080/00018730701627707
https://doi.org/10.1142/1170
https://doi.org/10.1017/CBO9780511470783
https://doi.org/10.1017/CBO9781139696463
https://doi.org/10.1103/PhysRevLett.58.86
https://doi.org/10.1103/PhysRevLett.62.361
https://doi.org/10.1103/PhysRevB.84.165139

Scil SciPost Phys. 14, 123 (2023)

[10] U. Schollwock, The density-matrix renormalization group in the age of matrix product
states, Ann. Phys. 326, 1 (2011), doi:10.1016/j.a0p.2010.09.012.

[11] R. Orus, A practical introduction to tensor networks: Matrix product states and projected
entangled pair states, Ann. Phys. 349, 117 (2011), doi:10.1016/j.a0p.2014.06.013.

[12] T. Nishino, Density matrix renormalization group method for 2D classical models, J. Phys.
Soc. Jpn. 64, 3598 (1995), doi:10.1143/JPSJ.64.3598.

[13] T. Nishino and K. Okunishi, Corner transfer matrix renormalization group method, J. Phys.
Soc. Jpn. 65, 891 (1996), doi:10.1143/JPSJ.65.891.

[14] T Nishino and K. Okunishi, Corner transfer matrix algorithm for classical renormalization
group, J. Phys. Soc. Jpn. 66, 3040 (1997), doi:10.1143/JPSJ.66.3040.

[15] V. Murg, E Verstraete and J. I. Cirac, Efficient evaluation of partition functions
of inhomogeneous many-body spin systems, Phys. Rev. Lett. 95, 057206 (2005),
doi:10.1103/physrevlett.95.057206.

[16] N. Schuch, M. M. Wolf, E Verstraete and J. 1. Cirac, Computational com-
plexity of projected entangled pair states, Phys. Rev. Lett. 98, 140506 (2007),
doi:10.1103/PhysRevLett.98.140506.

[17] 1. Arad and Z. Landau, Quantum computation and the evaluation of tensor networks, SIAM
J. Comput. 39, 3089 (2010), doi:10.1137/080739379.

[18] E Verstraete, M. M. Wolf, D. Perez-Garcia and J. I. Cirac, Criticality, the area law, and
the computational power of projected entangled pair states, Phys. Rev. Lett. 96, 220601
(2006), doi:10.1103/physrevlett.96.220601.

[19] M. Levin and C. P Nave, Tensor renormalization group approach to two-
dimensional classical lattice models, Phys. Rev. Lett. 99, 120601 (2007),
doi:10.1103/PhysRevLett.99.120601.

[20] Z. Y. Xie, H. C. Jiang, Q. N. Chen, Z. Y. Weng and T Xiang, Second
renormalization of tensor-network states, Phys. Rev. Lett. 103, 160601 (2009),
doi:10.1103/PhysRevLett.103.160601.

[21] Z. Y. Xie, J. Chen, M. P Qin, J. W. Zhu, L. P Yang and T. Xiang, Coarse-graining renor-
malization by higher-order singular value decomposition, Phys. Rev. B 86, 045139 (2012),
doi:10.1103/PhysRevB.86.045139.

[22] G. Evenbly and G. Vidal, Tensor network renormalization, Phys. Rev. Lett. 115, 180405
(2015), doi:10.1103/PhysRevLett.115.180405.

[23] S. Yang, Z.-C. Gu and X.-G. Wen, Loop optimization for tensor network renormalization,
Phys. Rev. Lett. 118, 110504 (2017), doi:10.1103/PhysRevLett.118.110504.

[24] A. J. Ferris, Unbiased Monte Carlo for the age of tensor networks, (arXiv preprint)
doi:10.48550/arXiv.1507.00767.

[25] FE Pan, P Zhou, S. Li and P Zhang, Contracting arbitrary tensor networks: General approx-
imate algorithm and applications in graphical models and quantum circuit simulations,
Phys. Rev. Lett. 125, 060503 (2020), doi:10.1103/PhysRevLett.125.060503.

35


https://scipost.org
https://scipost.org/SciPostPhys.14.5.123
https://doi.org/10.1016/j.aop.2010.09.012
https://doi.org/10.1016/j.aop.2014.06.013
https://doi.org/10.1143/JPSJ.64.3598
https://doi.org/10.1143/JPSJ.65.891
https://doi.org/10.1143/JPSJ.66.3040
https://doi.org/10.1103/physrevlett.95.057206
https://doi.org/10.1103/PhysRevLett.98.140506
https://doi.org/10.1137/080739379
https://doi.org/10.1103/physrevlett.96.220601
https://doi.org/10.1103/PhysRevLett.99.120601
https://doi.org/10.1103/PhysRevLett.103.160601
https://doi.org/10.1103/PhysRevB.86.045139
https://doi.org/10.1103/PhysRevLett.115.180405
https://doi.org/10.1103/PhysRevLett.118.110504
https://doi.org/10.48550/arXiv.1507.00767
https://doi.org/10.1103/PhysRevLett.125.060503

Scil SciPost Phys. 14, 123 (2023)

[26] Z.-C. Gu and X.-G. Wen, Tensor-entanglement-filtering renormalization approach
and symmetry-protected topological order, Phys. Rev. B 80, 155131 (2009),
doi:10.1103/PhysRevB.80.155131.

[27] Q. N. Chen, M. P Qin, J. Chen, Z. C. Wei, H. H. Zhao, B. Normand and T. Xiang, Partial
order and finite-temperature phase transitions in Potts models on irregular lattices, Phys.
Rev. Lett. 107, 165701 (2011), doi:10.1103/PhysRevLett.107.165701.

[28] Y. Shimizu and Y. Kuramashi, Critical behavior of the lattice Schwinger model with a topo-
logical term at 8 = 7 using the Grassmann tensor renormalization group, Phys. Rev. D 90,
074503 (2014), doi:10.1103/PhysRevD.90.074503.

[29] J. E Yu et al., Tensor renormalization group study of classical XY model on the square
lattice, Phys. Rev. E 89, 013308 (2014), doi:10.1103/PhysRevE.89.013308.

[30] Y. Shimzu, Tensor renormalization group approach to a lattice boson model, Mod. Phys.
Lett. A 27, 1250035 (2012), d0i:10.1142/S0217732312500356.

[31] J. E Unmuth-Yockey, Y. Meurice, J. Osborn and H. Zou, Tensor renormalization group
study of the 2d O(3) model, Proc. Sci. 214, 325 (2014), d0i:10.22323/1.214.0325.

[32] M. Campos, G. Sierra and E. Lopez, Tensor renormalization group in bosonic field theory,
Phys. Rev. B 100, 195106 (2019), doi:10.1103/PhysRevB.100.195106.

[33] S. Wang, Z.-Y. Xie, J. Chen, B. Normand and T. Xiang, Phase transitions of ferromag-
netic Potts models on the simple cubic lattice, Chin. Phys. Lett. 31, 070503 (2014),
doi:10.1088/0256-307x/31/7/070503.

[34] L. Vanderstraeten, B. Vanhecke and E Verstraete, Residual entropies for three-dimensional
frustrated spin systems with tensor networks, Phys. Rev. E 98, 042145 (2018),
doi:10.1103/physreve.98.042145.

[35] L. A. Goldberg and M. Jerrum, The complexity of ferromagnetic Ising with local fields,
Combinator. Probab. Comp. 16, 43 (2006), doi:10.1017/S096354830600767X.

[36] A. Galanis, D. Stefankovi¢ and E. Vigoda, Inapproximability of the partition function for
the antiferromagnetic Ising and hard-core models, Combinator. Probab. Comp. 25, 500
(2016), do0i:10.1017/s0963548315000401.

[37] A. W. Sandvik and G. Vidal, Variational quantum Monte Carlo simulations with tensor-
network states, Phys. Rev. Lett. 99, 220602 (2007), doi:10.1103/PhysRevLett.99.220602.

[38] N. Schuch, M. M. Wolf, E Verstraete and J. 1. Cirac, Simulation of quantum many-body
systems with strings of operators and Monte Carlo tensor contractions, Phys. Rev. Lett. 100,
040501 (2008), doi:10.1103/PhysRevLett.100.040501.

[39] A.J. Ferris and G. Vidal, Perfect sampling with unitary tensor networks, Phys. Rev. B 85,
165146 (2012), doi:10.1103 /PhysRevB.85.165146.

[40] Y. Meurice, Y. Liu, J. Unmuth-Yockey, L.-P Yang and H. Zou, Sampling versus blocking,
Proc. Sci. 214, 319 (2015), doi:10.22323/1.214.0319.

[41] L.-P Yang, Y. Liu, H. Zou, Z. Y. Xie and Y. Meurice, Fine structure of the
entanglement entropy in the O(2) model, Phys. Rev. E 93, 012138 (2016),
doi:10.1103/PhysRevE.93.012138.

36


https://scipost.org
https://scipost.org/SciPostPhys.14.5.123
https://doi.org/10.1103/PhysRevB.80.155131
https://doi.org/10.1103/PhysRevLett.107.165701
https://doi.org/10.1103/PhysRevD.90.074503
https://doi.org/10.1103/PhysRevE.89.013308
https://doi.org/10.1142/S0217732312500356
https://doi.org/10.22323/1.214.0325
https://doi.org/10.1103/PhysRevB.100.195106
https://doi.org/10.1088/0256-307x/31/7/070503
https://doi.org/10.1103/physreve.98.042145
https://doi.org/10.1017/S096354830600767X
https://doi.org/10.1017/s0963548315000401
https://doi.org/10.1103/PhysRevLett.99.220602
https://doi.org/10.1103/PhysRevLett.100.040501
https://doi.org/10.1103/PhysRevB.85.165146
https://doi.org/10.22323/1.214.0319
https://doi.org/10.1103/PhysRevE.93.012138

Scil SciPost Phys. 14, 123 (2023)

[42] S. R. White, Minimally entangled typical quantum states at finite temperature, Phys. Rev.
Lett. 102, 190601 (2009), doi:10.1103/PhysRevLett.102.190601.

[43] E. M. Stoudenmire and S. R. White, Minimally entangled typical thermal state algorithms,
New J. Phys. 12, 055026 (2010), doi:10.1088/1367-2630/12/5/055026.

[44] M. Berta, E G. S. L. Branddo, J. Haegeman, V. B. Scholz and E Verstraete, Thermal
states as convex combinations of matrix product states, Phys. Rev. B 98, 235154 (2018),
doi:10.1103/PhysRevB.98.235154.

[45] K. Ueda, R. Otani, Y. Nishio, A. Gendiar and T. Nishino, Snapshot observation for 2D
classical lattice models by corner transfer matrix renormalization group, J. Phys. Soc. Jpn.
74, 111 (2005), doi:10.1143/JPSJS.74S.111.

[46] M. M. Rams, M. Mohseni, D. Eppens, K. Jalowiecki and B. Gardas, Approximate opti-
mization, sampling, and spin-glass droplet discovery with tensor networks, Phys. Rev. E
104, 025308 (2021), doi:10.1103/PhysRevE.104.025308.

[47] W. K. Hastings, Monte Carlo sampling methods using Markov chains and their applications,
Biometrika 57, 97 (1970), doi:10.1093 /biomet/57.1.97.

[48] Z.Zhu and H. G. Katzgraber, Do tensor renormalization group methods work for frustrated
spin systems?, (arXiv preprint) doi:10.48550/arXiv.1903.07721.

[49] G. Bhanot, The Metropolis algorithm, Rep. Prog. Phys. 51, 429 (1988),
doi:10.1088,/0034-4885/51/3/003.

[50] K. Binder and A. P Young, Spin glasses: Experimental facts, theoretical concepts, and open
questions, Rev. Mod. Phys. 58, 801 (1986), doi:10.1103/RevModPhys.58.801.

[51] M. E. O'Neill, PCG: A family of simple fast space-efficient statistically good algorithms for
random number generation (2014), https://www.cs.hmc.edu/tr/hmc-cs-2014-0905.pdf.

[52] B. A. Cipra, An introduction to the Ising model, Am. Math. Mon. 94, 10 (1987),
doi:10.2307/2322600.

[53] M. Frias et al., In preparation.

[54] T Horiguchi, Fully frustrated Ising model on a square lattice, Prog. Theor. Phys. Suppl. 87,
33 (1986), doi:10.1143/PTPS.87.33.

[55] H. G. Katzgraber, Introduction to Monte Carlo methods, (arXiv preprint)
doi:10.48550/arXiv.0905.1629.

[56] Z. Zhu, A. J. Ochoa and H. G. Katzgraber, Efficient cluster algorithm for
spin glasses in any space dimension, Phys. Rev. Lett. 115, 077201 (2015),
doi:10.1103/PhysRevLett.115.077201.

[57] H. G. Katzgraber, M. Palassini and A. P Young, Monte Carlo simulations of spin glasses at
low temperatures, Phys. Rev. B 63, 184422 (2001), doi:10.1103/PhysRevB.63.184422.

[58] D. H. Bailey, Algorithm 719: Multiprecision translation and execution of FORTRAN pro-
grams, ACM Trans. Math. Softw. 19, 288 (1993), doi:10.1145/155743.155767.

[59] X.-Z. Wang and J. S, Kim, The critical line of an Ising antiferromagnet on square and
honeycomb lattices, Phys. Rev. Lett. 78, 413 (1997), doi:10.1103/physrevlett.78.413.

37


https://scipost.org
https://scipost.org/SciPostPhys.14.5.123
https://doi.org/10.1103/PhysRevLett.102.190601
https://doi.org/10.1088/1367-2630/12/5/055026
https://doi.org/10.1103/PhysRevB.98.235154
https://doi.org/10.1143/JPSJS.74S.111
https://doi.org/10.1103/PhysRevE.104.025308
https://doi.org/10.1093/biomet/57.1.97
https://doi.org/10.48550/arXiv.1903.07721
https://doi.org/10.1088/0034-4885/51/3/003
https://doi.org/10.1103/RevModPhys.58.801
https://www.cs.hmc.edu/tr/hmc-cs-2014-0905.pdf
https://doi.org/10.2307/2322600
https://doi.org/10.1143/PTPS.87.33
https://doi.org/10.48550/arXiv.0905.1629
https://doi.org/10.1103/PhysRevLett.115.077201
https://doi.org/10.1103/PhysRevB.63.184422
https://doi.org/10.1145/155743.155767
https://doi.org/10.1103/physrevlett.78.413

Scil SciPost Phys. 14, 123 (2023)

[60] H. W. J. Bléte and M. P M. den Nijs, Corrections to scaling at two-dimensional Ising tran-
sitions, Phys. Rev. B 37, 1766 (1988), doi:10.1103/PhysRevB.37.1766.

[61] A. M. Ferrenberg, J. Xu and D. P Landau, Pushing the limits of Monte Carlo sim-
ulations for the three-dimensional Ising model, Phys. Rev. E 97, 043301 (2018),
doi:10.1103/PhysRevE.97.043301.

[62] K. Binder, Statistical mechanics of finite three-dimensional Ising models, Physica 62, 508
(1972), d0i:10.1016/0031-8914(72)90237-6.

[63] C. Domb, M. S. Green, Phase transitions and critical phenomena: Series expansion for
lattice models, Academic Press, Cambridge, USA, ISBN 9780122203039 (1974).

[64] J. V. José, L. P Kadanoff, S. Kirkpatrick and D. R. Nelson, Renormalization, vortices, and
symmetry-breaking perturbations in the two-dimensional planar model, Phys. Rev. B 16,
1217 (1977), doi:10.1103/PhysRevB.16.1217.

[65] J.E Yu, Z.Y. Xie, Y. Meurice, Y. Liu, A. Denbleyker, H. Zou, M. P Qin, J. Chen and T. Xiang,
Tensor renormalization group study of classical XY model on the square lattice, Phys. Rev.
E 89, 013308 (2014), doi:10.1103/PhysRevE.89.013308.

[66] L.Vanderstraeten, B. Vanhecke, A. M. Liuchli and E Verstraete, Approaching the Kosterlitz-
Thouless transition for the classical XY model with tensor networks, Phys. Rev. E 100,
062136 (2019), do0i:10.1103/PhysRevE.100.062136.

[67] R. G. Jha, Critical analysis of two-dimensional classical XY model, J. Stat. Mech.: Theory
Exp. 083203 (2020), doi:10.1088/1742-5468/aba686.

[68] Y. Meurice, R. Sakai and J. Unmuth-Yockey, Tensor lattice field theory for
renormalization and quantum computing, Rev. Mod. Phys. 94, 025005 (2022),
doi:10.1103/RevModPhys.94.025005.

[69] B. Vanhecke, J. Haegeman, K. Van Acoleyen, L. Vanderstraeten, E Verstraete, Scal-
ing hypothesis for matrix product states, Phys. Rev. Lett. 123, 250604 (2019),
doi:10.1103/physrevlett.123.250604.

[70] J. B. Kogut, An introduction to lattice gauge theory and spin systems, Rev. Mod. Phys. 51,
659 (1979), doi:10.1103/RevModPhys.51.659.

[71] U. Frisch, B. Hasslacher and Y. Pomeau, Lattice-gas automata for the Navier-Stokes equa-
tion, Phys. Rev. Lett. 56, 1505 (1986), doi:10.1103/PhysRevLett.56.1505.

[72] K. Hukushima and K. Nemoto, Exchange Monte Carlo method and application to spin glass
simulations, J. Phys. Soc. Jpn. 65, 1604 (1996), doi:10.1143/JPSJ.65.1604.

[73] A.N. Chowdhury and R. D. Somma, Quantum algorithms for Gibbs sampling and hitting-
time estimation, Quantum Inf. Comput. 17, 0041 (2017), doi:10.26421/QIC17.1-2-3.

[74] M. Motta, C. Sun, A. T. K. Tan, M. J. O'Rourke, E. Ye, A. J. Minnich, E G. S. L. Brandio and
G. K.-L. Chan, Determining eigenstates and thermal states on a quantum computer using
quantum imaginary time evolution, Nat. Phys. 16, 205 (2019), doi:10.1038/s41567-019-
0704-4.

[75] E. Giné, G. R. Grimmett and L. Saloff-Coste, Lectures on probability theory and
statistics, Springer, Berlin, Heidelberg, Germany, ISBN 9783540631903 (1997),
doi:10.1007/BFb0092617.

38


https://scipost.org
https://scipost.org/SciPostPhys.14.5.123
https://doi.org/10.1103/PhysRevB.37.1766
https://doi.org/10.1103/PhysRevE.97.043301
https://doi.org/10.1016/0031-8914(72)90237-6
https://doi.org/10.1103/PhysRevB.16.1217
https://doi.org/10.1103/PhysRevE.89.013308
https://doi.org/10.1103/PhysRevE.100.062136
https://doi.org/10.1088/1742-5468/aba686
https://doi.org/10.1103/RevModPhys.94.025005
https://doi.org/10.1103/physrevlett.123.250604
https://doi.org/10.1103/RevModPhys.51.659
https://doi.org/10.1103/PhysRevLett.56.1505
https://doi.org/10.1143/JPSJ.65.1604
https://doi.org/10.26421/QIC17.1-2-3
https://doi.org/10.1038/s41567-019-0704-4
https://doi.org/10.1038/s41567-019-0704-4
https://doi.org/10.1007/BFb0092617

Scil SciPost Phys. 14, 123 (2023)

[76] M. Lubasch, J. I. Cirac and M.-C. Baiiuls, Algorithms for finite projected entangled pair
states, Phys. Rev. B 90, 064425 (2014), doi:10.1103/PhysRevB.90.064425.

39


https://scipost.org
https://scipost.org/SciPostPhys.14.5.123
https://doi.org/10.1103/PhysRevB.90.064425

	Introduction
	Markov chains and tensor network renormalisation
	Two-dimensional Ising models
	Three-dimensional Ising models
	Other models
	Discussion
	MPS renormalisation
	Arbitrary boundary conditions
	References

