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Abstract

We introduce a novel field theory representation for the Sum of Powers of Principal
Minors (SPPM), a mathematical construct with profound implications in quantum me-
chanics and statistical physics. We begin by establishing a Berezin integral formulation
of the SPPM problem, showcasing its versatility through various symmetries including
SU(n), its subgroups, and particle-hole symmetry. This representation not only facili-
tates new analytical approaches but also offers deeper insights into the symmetries of
complex quantum systems. For instance, it enables the representation of the Hubbard
model’s partition function in terms of the SPPM problem. We further develop three mean
field techniques to approximate SPPM, each providing unique perspectives and utilities:
the first method focuses on the evolution of symmetries post-mean field approximation,
the second, based on the bosonic representation, enhances our understanding of the
stability of mean field results, and the third employs a variational approach to establish
a lower bound for SPPM. These methods converge to identical consistency relations and
values for SPPM, illustrating their robustness. The practical applications of our theo-
retical advancements are demonstrated through two compelling case studies. First, we
exactly solve the SPPM problem for the Laplacian matrix of a chain, a symmetric tridi-
agonal matrix, allowing for precise benchmarking of mean-field theory results. Second,
we present the first analytical calculation of the Shannon-Rényi entropy for the trans-
verse field Ising chain, revealing critical insights into phase transitions and symmetry
breaking in the ferromagnetic phase. This work not only bridges theoretical gaps in un-
derstanding principal minors within quantum systems but also sets the stage for future
explorations in more complex quantum and statistical physics models.
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1 Introduction

Matrices find widespread applications in a variety of scientific fields, such as quantum me-
chanics and machine learning. In quantum mechanics, matrices serve as a representation of
physical observables and transformations in the Hilbert space, offering a potent mathematical
framework to describe and comprehend the behavior of quantum systems. In machine learn-
ing, matrices are commonly employed to represent datasets, linear models, and for matrix
factorization methods that facilitate feature extraction and dimensionality reduction. While
many properties of matrices, including determinant, trace, rank, eigenvalues, and eigenvec-
tors can be calculated in polynomial time, other quantities such as permanent [1], the sum of
powers of principal minors(SPPM) [2] and mixed discriminants [2], require exponential time
complexity making them relatively difficult to compute. The sum of powers of principal minors
has been found to be useful in a variety of interesting applications. For example, in theoretical
physics, it appears in the calculation of the Shannon-Rényi entropy of fermionic systems and
quantum spin chains [3]. In machine learning, the sum of powers of principal minors is used
in determinental point processes [4]. Additionally, the sum of powers of principal minors
plays a role in mixed discriminants [2], which are objects used in convex geometry to study
mixed volumes [5]. Additionally, we demonstrate in this paper that the partition function of
the renowned Hubbard model can be expressed as a SPPM problem.

So far, exact numerical calculations have been the only viable approach for computing the
Shannon-Rényi entropy of quantum chains, including the transverse field Ising (TFI) chain
and free fermions. Calculations of this kind are limited by the curse of exponential growth,
resulting in the largest matrix sizes being limited to around 42 [6,7]. Moreover, there is a
growing interest in the machine learning community to efficiently compute the sum of powers
of principal minors of symmetric matrices. With this in consideration, for the first time we
introduce a method that is analytically controllable and can be used to compute this quantity
for a broad spectrum of matrices perturbatively.

The primary focus of this paper is the introduction of a Berezin integral representation
for SPPM problem with integer powers n. This representation bears significant importance in
multiple aspects. It resembles a field theory representation and exhibits a range of intriguing
symmetries including SU(n) symmetry, its subgroups like U(1) and axial U(1), symmetric
group symmetry, and particle-hole symmetry. Furthermore, this representation facilitates the
creation of new representations, such as the bosonic integral representation, which can be
utilized for additional analytical computations.
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Following the introduction of various representations of SPPM involving Grassmann or
scalar variables, we introduce three mean field methods for approximating the sum. The ini-
tial approach in mean field methodology involves simplifying the interaction component of
the action within the Berezin-Grassmann framework by substituting it with quadratic terms
and then establishing the corresponding consistency relations. The use of the Berezin integral
representation sheds light on the examination of symmetries and their behavior post-mean
field, particularly regarding spontaneous symmetry breaking. The second method which is
based on the bosonic representation and the steepest-descent approximation is more appro-
priate for verifying the stability of mean field outcomes, rendering it a more viable option
for higher-order perturbation theory. The third mean field technique employs a variational
method, where Jensen’s inequality is utilized to derive a lower bound for the sum of powers of
principal minors. All three mean field approaches converge to identical consistency relations
and yield the same value for the SPPM. We conduct a thorough analysis of all techniques and
classify the majority of intriguing scenarios. Within the Berezin integral representation, we
contend that near the critical point, intriguing scaling relationships can emerge, akin to those
observed in critical phenomena.

We will examine two compelling examples in our study. The initial example is a symmetric
tridiagonal matrix known as the Laplacian matrix of a chain. All the principal minors of this
matrix are non-negative. This system is interpreted as the weighted partition function of rooted
spanning forests. A rooted spanning forest is a type of subgraph within the original graph,
encompassing all its vertices and forming a forest. Each tree within this forest has a specifically
designated root vertex at which it is rooted. We solve the SPPM problem for any value of the
power, which can be interpreted as the inverse temperature. We determine the free energy,
average energy, entropy, and the relevant principal minors exactly. Since we can solve this
problem exactly, we can use it to compare and evaluate the mean-field theory results in a
controlled manner.

Our second example involves calculating the Shannon-Rényi entropy of the TFI chain. The
corresponding matrix in this case is a dense antisymmetric matrix, and an exact solution may
not be possible. However, we have managed to calculate this quantity analytically at the mean
field level for the first time. Our analytical results demonstrate the phase transition at h =1
and reveal both the universal and non-universal contributions to the Rényi entropy, which
were previously obtained solely through numerical methods. Additionally, our Berezin integral
representation provides a fresh perspective on the scaling relations around the critical point of
the TFI chain. Furthermore, we demonstrate that some symmetries are spontaneously broken
in the ferromagnetic phase. We should emphasize that the Shannon-Rényi entropy differs from
the von Neumann-Rényi entanglement entropy, which can be efficiently computed here using
the correlation matrix method, see [8,9]. Simply put, the Shannon-Rényi entropy concerns the
diagonal elements of the density matrix, while the von Neumann Rényi entropy focuses on the
eigenvalues of the density matrix. From an experimental perspective, Shannon-Rényi entropy
is a more practical quantity because it only requires projective measurements in a local basis,
like the spins at different sites. This is a standard procedure with today’s technology.

The structure of the paper is as follows: The upcoming section initially defines the main
problem and then highlights several significant physical problems that are analogous to the
SPPM problem. Specifically, it demonstrates how the Hubbard model’s partition function can
be related to the SPPM. Section 3 outlines the paper’s key findings. Section 4 begins with a field
theory formulation of the SPPM problem and then introduces various new ways to represent
the SPPM. It notably discusses the potential application of Sourlas duality for approximating
the sum. Section 5 categorizes the symmetries in the field theory representation for both gen-
eral and specific (symmetric and antisymmetric) matrices. Section 6 focuses on the mean-field
approximation of the SPPM, presenting three different mean-field methods. The first method
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is particularly useful in understanding the symmetries of the problem, the second aids in grasp-
ing the stability of mean-field results, and the third offers a lower bound for the SPPM. These
methods are analyzed in both original and dual spaces. Section 7 provides an exact solution
for the SPPM problem for arbitrary powers in the Laplacian of a chain, which is then used to
validate the mean-field theory results. Section 8 is dedicated to examining the Shannon-Rényi
entropy of the ground state of the TFI chain, including the first analytical calculation of this
entropy using the mean-field techniques. It especially highlights how transitioning to the dual
space yields highly accurate results in the ferromagnetic domain. The paper concludes in sec-
tion 9 with discussions and prospects for future research. Numerous appendices accompany
the paper, detailing the calculations of the results discussed in the main text.

2 Definitions and motivations

In this section we first introduce the problem of sum of the powers of the principal minors
(SPPM) of a matrix, and then discuss the main motivations and applications. Consider
A= (ai,j)i,j=1 as an [ x [ square matrix. First we define [1] = {1,2,...,1}, and the sets I,J C [1].
Then the sets I and J¢ can be defined as the complements of I and J in [I]. We then define
the matrix A; ; as a submatrix of A corresponding to the rows I and the columns J, all kept in
their original order. From now on we also use the notation A; = A;;. The quantity of interest
is M (A) defined as the summation of nth power of all the principal minors (SPPM) of A, i.e.

M™(A) = Z [detA]", (1)
1

where )., represents the summation over all possible subsets I (sometimes called all config-
urations in this paper). In this work we mostly consider integer ns. The number of principal
minors is 2. The SPPM for n = 1 is simply related to the characteristic polynomial. In the rest
of this section we discuss briefly a few problems that can be mapped to the SPPM problem.

2.1 Rényi entropy of eigenstates of quadratic fermionic systems

Consider a free fermionic system described by a quadratic Hamiltonian
; 1, .+ 1 - 1
Hgee =c¢'Mc+ Ec'Nc + ECN c— ETrM, (2)

where ¢ = (¢1,¢y,...,¢;) is a vector made of the fermionic annihilation operators and c' is
defined similarly by the creation operators. The M and N are in general Hermitian and an-
tisymmetric matrices, respectively. In this paper however we work with real Hamiltonians.
The correlation matrix G for an eigenstate is defined using two Jordan fermionic operators
Yi=¢; +cj and y; =1 (cj cl) as follows:

iGi =Tr[oi774] &)

where p; is the (reduced) density matrix corresponding to the (sub)system. Formation prob-
abilities are defined as the probability of finding a particular configuration of fermions in the
(sub)system. These probabilities for the subsystem can be calculated as follows: one first
writes the reduced density matrix of the eigenstate (usually the ground state) in fermionic
coherent basis as follows [9]:

p1(§,8) =< &lp1E" >

= det [1(1 - G)e%(é—g’)TF(€+g’)] , 4)
2

5
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where we defined ¢;|§ >= £;|& >, Tis the identity matrix and

F=(I+G)I-G)'. (5)

Then one can calculate the formation probability of an arbitrary configuration C by putting
&; = 0 when there is no fermion at site j and integrate over remaining & variables. This
procedure leads to the following general formula for formation probabilities [3]:

P«D:da[%a—Gﬂda&“ )

where F. is the submatrix of F corresponding to the configuration C. It is the submatrix of F
with all rows and columns in J = { j: c]' IC) = 0} remained intact. Note that the summation

over all principal minors of F is det(I+F), guaranteeing that »,. P(C) = 1. Although we
found the above relation for a subsystem with mixed state it can be also applied for the full
system as far as the F matrix exists.

The Shannon-Rényi entropy of the (sub)system is defined as

1

R,() = -

anP(C)" ) 7)
C

where n is the Rényi index. Note that in the limit n — 1 we recover the well-known Shannon
entropy, i.e. Ri(l) = —>,-P(C)InP(C). Using Eq. 6, one can express the Shannon-Rényi
entropy of the fermionic system in terms of SPPM as:

1

—n

R40=1fnm@{%a—cﬂ+l

InM™(F). ®)

Note that the above arguments are also valid for quantum spin chains that can be mapped to
free fermions via Jordan-Wigner transformation such as the TFI chain.

We emphasize once again that the Shannon-Rényi entropy concerns the diagonal ele-
ments of the density matrix in the computational basis. On the other hand, the so called
von-Neumann-Rényi entropy is defined as

1
1—n

S,(D= In (trp?). )]
For free fermions, the latter entropy can be efficiently computed in polynomial time using the
correlation matrix method and has been extensively studied, see [8,9].

The Shannon-Rényi entropy of the ground state of a quantum chain normally shows a
volume-law behavior and presents some information about the phase transition and its uni-
versality class [6,10-14].

Instead of calculating the Shannon-Rényi entropy of the full system one can also use
marginal probabilities and calculate the entropy for the subsystems. These entropies as their
full system counterparts also show a volume law behavior, however, at the phase transition
point there is a logarithmic subleading term the coefficient of which shows an interesting uni-
versal behavior. Significantly, for specific values of the Rényi index, the coefficient associated
with the logarithm is influenced by the central charge, a key parameter in two-dimensional
conformal field theories [3, 7, 15-22]. The formation probabilities have also been studied
in depth for subsystems of certain free fermions [3,23-27]. For results on the full system
see [11,28]. These probabilities have been also investigated in experiments [29, 30].

Most notably, the Shannon-Rényi entropy of quantum critical spin chains, such as the XXZ
and TFI chains, has recently been measured experimentally in various bases for critical systems
using the IBM quantum computer [30]. Furthermore, for the first time, the central charge of

6
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the underlying conformal field theory (CFT) was successfully estimated using the Shannon-
Rényi entropy in the same experiment [30].

Although one can calculate analytically certain formation probabilities in the thermody-
namic limit, the results for the Shannon-Rényi entropy has been entirely numerical. Our pa-
per is the first step to tackle this problem analytically using various mean field schemes for the
ground state of the TFI chain.

2.2 Shannon-Rényi entropy of finite temperature quadratic fermionic systems

Consider the free fermionic system in a finite temperature . Then the density matrix of the
system is:

e_/jHﬁ'ee (10)
Pp =
Zp
The normalization factor is Zg = det[I+ T]% where
B (M NY|_(Ty Ty
T= exp|: B (-N -M)] = (Tm T, ) 1D

Because of the Wick’s theorem one can again write all the correlation functions with respect
to the correlation matrix iG? = Tr [ PpY ‘yk]. After finding the correlation matrix one can write
jk J

back the density matrix in the coherent basis with respect to the G matrix as the Eq. 4. This
shows that the Shannon-Rényi entropy of finite temperature density matrix of free fermions
is an SPPM problem. A more direct approach is to write the density matrix (10) in coherent
bases. This can be done first by using the Balian-Brezin decomposition formula to decompose
the exponential to three seperate exponentials and then using the well-known formulas of
fermionic coherent states [31]. This procedure leads to a formula similar to Eq. 4, i.e.

1
P(C) = ——detFh, (12)
Zp

with the F? matrix that can be derived from the following equation:
FP =T 5(Tyy) 7t + T, . (13)

This method gives the same result as the one based on first finding the G® matrix and then
writing the density matrix with respect to this matrix.

Having found F? one can calculate the Shannon-Rényi entropy by following the same pro-
cedure as the previous section:

n 1
1DZ/5 +

R =—1 In M™(EP), (14)

—n 1—n

relating the Shannon-Rényi entropy of finite temperature density matrix of free fermions to an
SPPM problem.

2.3 Determinantal point processes

Determinantal Point Processes (DPP) are a family of probabilistic models that have a repulsive
behavior [32], and are useful in machine learning where returning a diverse set of objects
is important [4]. DPP has many applications in random matrix theory [33] and also many
other areas of pure and applied mathematics [34]. For a list of examples of DPP such as
descents in random sequences, non-intersecting random walks, edges in random spanning
trees, eigenvalues of random matrices, Aztec diamond tilings and relevant references see [4].
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DPP can be defined easily using the concept of formation probabilities for quadratic
fermionic Hamiltonians. Without loosing any generality consider the set C = {1,2,...,1} and
the probability measure P on the 2C subsets of the set C. Here the probability of having subset
C is given by

P(C:C):detFC$ (15)
where F and F are defined in accordance with Egs. 5 and 6. In general, one can start with
positive semi-definite matrix F and define the above probability distribution which in DPP
community is called an L-ensemble [35].

Determinantal point processes are usually defined for symmetric F’s by considering
marginal probabilities; we say that a random subset C is drawn according to a DPP if for
every A C C we have

P(AC C) =detK,. (16)

Here K =I—(I+F)~! and A is the set of rows and columns that should be kept. Equation (16)
with symmetric K is the starting point of DPP studies. Note that the definition given by Eq. 16
is more general than that of Eq. 15. Moreover, the marginal probabilities P(A C C) need not
sum to 1.

SPPM and its generalizations are useful in the study of the Hellinger distance between
two DPPs [4] and also in normalization of some deformed DPPs when one is interested in
distributions that are more peaked around high-quality, diverse sets than the corresponding
DPPs [36,37].

2.4 Partition function of the Hubbard model

Another interesting problem that can be mapped to SPPM is the Hubbard model. For simplic-
ity we take the one dimensional case. The model is described by the following many-body
Hamiltonian

L
Hyyp = —t Z ¢ 5Cio T UZ NipN | (17)
1

<ij>,o i=

where clT ., and ¢; , are fermionic creation and annihilation operators respectively with spin o

at site i and n; , = c;"aci’(, is the corresponding number operator. t and U are the hopping
energy and Coulomb on-site interaction energy, respectively. The partition function of this
system is as follows:

ZHub(L) — Tr[e—ﬁ(HHub—MNF)] , (18)

where Np = ) . n;, is the fermion number operator. To relate this to a minor problem, we
use the standard Berezin integral representation of fermoinic partition function [38]. We write
the partition function as a functional integral over Grassmann variables using the identity

ZHub(r) = Jim ZHb (L) (19a)
= Nlim Tr[(e_e(H“ub_“NF))N] , (19b)

where € = %, and N is the number of imaginary time slices. Considering Grassmann variables

at each site i and time slice k by zﬁik,a and v ., one can show that [38]

201 = f exp[ =51 (4,19)] .
Y
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Hub (.7 . . . . . e L N .
where S™ (1/;,1/)) is given in Eq. C.2. Using the notation v, = {{wik!g}i=1}k—1 the size of

which is I = LN, and also ¥ = (gﬁ) (and the same for W) after the dual transformation

l
(Sec. 4.2 for details) we have

ZE“b(L) =(1+m?) {det (AHub T— 11) M® (ml— (AHub + LI) ) ) @D

m? + m2+1

where m? =—1+ 1/%[]6, and Ay, is a t- and u-dependent matrix given by Eq. C.8, and I is an
identity matrix, the dimension of both being NL x NL.

3 Summary of the main results

In this section we briefly review some of the main contributions of this paper. As we mentioned
in the previous section some interesting physical and applied mathematics problems can be
mapped to the SPPM problem. It was already realized in [3] that the Shannon-Rényi entropy
of the ground states of free fermionic Hamiltonians is related to the SPPM problem. The
application of the same problem in machine learning community was already appreciated
in [4]. To our knowledge, the mapping of the partition function of certain interacting fermionic
systems such as the Hubbard model to the SPPM has not been noticed before. The most
important contribution of this paper is writing a Berezin integral representation, i.e. Eq 23 for
the SPPM problem for generic matrices in Sec. 4. This representation is useful to explicitly
map the problem of the partition function of the Hubbard model to the SPPM using the Sourlas
duality [39] which we slightly generalize in Sec. 4. In addition one can apply Hubbard-
Stratonovich kind of transformations to this Grassmann representation to find other formulas
that might be useful for tackling the SPPM problem for certain matrices.

The Berezin integral representation, which resembles a path integral, shows some remark-
able symmetries such as SU(n) symmetry and its subgroups such as, U(1) and axial U(1), the
symmetric group symmetry, particle-hole symmetry and a few more that we discuss in depth
in Sec. 5. Most of these symmetries exist for generic matrices and are responsible for many
identities for the two point functions. In the case of symmetric and anti-symmetric matrices
there are extra symmetries that we also classify in the same section.

The SPPM for generic matrices is an NP hard problem and one needs to tackle the prob-
lem using approximate methods. For n = 2 we develop three mean field (MF) methods to
get an estimate for the SPPM in Sec. 6. The first method is based on directly writing the
interaction term of the Grassmann representation with respect to quadratic terms. We find
the consistency relations and discuss how the symmetries discussed in Sec. 5 can be broken
in various circumstances. These are summarized in Tables 3, 4 and 5. We also discuss how
one can verify the stability of the solutions using a bosonic version of the SPPM and saddle
point approximation. We improve the MF results by going to the dual space (from now on we
call the space resulting from the Sourlas transformation as “dual space”). The third method is
based on Jensen inequality which proves that the MF results give a lower bound to the SPPM.
This method can be also considered as a variational method and can be a starting point of
application of numerical optimization methods in estimating SPPM.

To show that the MF approximation is useful we discuss two examples. The first example
is the discrete Laplacian in one dimension which we use as a benchmark. We first solve the
SPPM for arbitrary ns exactly and discuss the statistical mechanics of the rooted spanning
forests on a chain. Then we tackle the problem using MF approximation and show that the
MF gives a good approximation of the SPPM especially in the dual space. The second example
which is our main example is the Shannon-Rényi entropy of the ground state of the Ising

9
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chain. This problem has been studied previously using numerical calculations in [40]. We
apply the MF approximation and find the solution for the consistency relations. Remarkably
we find that the consistency relations have a trivial solution in the paramagnetic phase and
non-trivial solutions appear just below the critical magnetic field. We show that the MF gives
a very good approximation of the Shannon-Rényi entropy in the entire phase diagram. Most
importantly, the MF approximation not only is able to detect the phase transition point exactly
it also provides very good estimates of the universal quantities. Our MF formula is apparently
the first analytic result for the Shannon-Rényi entropy in the fermionic systems.

4 A Berezin-Grassmann integral representation

In this section we present a Berezin-Grassmann representation for the sum of principal minors
of an arbitrary matrix, for a summary of useful Berezin integrals over Grassmann variables
and notations see Appendix (A). We start with n = 1. Using the Grassmann representation of
determinant one can easily check that

MO@a)=>" f (]_[;zixi)wif)(z,x) (222)
I Jx.x

iel
[
= J w7 )exp | D (7525) (22b)
P =1
=det[I+A], (22¢)

where {¥;, Xi}$:1 are independent Grassmann variables with the property y; xi + xx ¥; = 0 and
2 = 0 (the same holds for y;) for all j,k =1,...,1, y is an [-vector (x1, ¥2,---, ¥;) (the same

for i), wi )(x X) =exp [Z}k 1 Xja kak] and iy = f (1_[1 1dxldxl) is a Berezin integral
of Grassmann variables. The second line is easily understood by expanding the exponential
term and using the properties of Berezin integrals of Grassmann variables. The generalization

of the above formula to n > 1 needs considering n copies/replicas of Grassmann variables,
n

ie. {{ )(J(r), x(r)} 1} with a generalized integrand. The generalization of this equation is
r=1

expressed as follows

M™(A) =J w71} (23)
X

where the definitions are generalized to

[ n
f EJ (l_“_[dif)d%(r)) and "= (W, 2, ... 2")
X

j=1r=1

(note that each ¥ is an I-vector ( x%r), xér),. . xl(r)) all definitions applies also for ),

and
w {7, 2} = (70, D) wd (72, @) (70, ™)

l n (24)
X exp %Z(Z 7" (r)) : 2

j=1

10
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One can cast this equation into the following more compact and appropriate form

w7,y = w7, 1)} =exp | FAnx + — Z(Z 7" (r)) : (25)

where we have defined an (nl) x (nl) block-diagonal matrix
A, =diag,{AA,...,A}. (26)

We note that the only non-vanishing contribution to the second term in the exponential of

Eq. 25 is
1 Z _ l_[
n! ( J(r)xl(r)) Xl(r)xj(r)’ 27)

r=1
then, by expanding the exponential term and using the well-known Berezin integrals (Ap-
pendix A) one can easily prove the equation.

Putting another way, we are dealing with a system with a partition function given by an
effective action Slg") {Z,x}= logw(") {x,x}, ie

S xY = Thnx + = Z(Z 7" (r)) : (28)

We call the space of copies as the replica space, which is n-dimensional, while j = 1,...,1
enumerates the matrix elements, which we call matrix space. The above analogy is especially
true if A, is a semi-positive definite matrix. It is worth mentioning that, using the change of
variables x]m — i )ZJ@ and )Z]m — i ij one can easily show that for arbitrary n we have

MM™AT) = M™M(A). (29)

Also for even n values, using x ) x(r) and X(r) ngr) one finds

MM (—A) = MM (A), (30)

which is rather expected from the basic properties of principal minors.

4.1 Sum of the squares of the principal minors

In this subsection we summarize some results regarding sum of the squares of the principal
minors, i.e. M®®)(A). This is the case which we comprehensively investigate using the mean
field technique. For n = 2 we have

M®(a) = f exp|SP {7, 1}]
ix
(31)

=f exp | 7Ag + 2 Z( @, 4 7@, @Y |
XX j 1

_(A o) _(x¥ o= (7D 52 :
where A = (0 A)’ X = (X(z) ,and jy = (;{ X ) Note that the second term in the ex-
ponential can be also written as Z =1 X(l) x(l) )((2) X(Z) which is reminiscent of the interaction
term in the Hubbard model (see the followmgs)
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Using the discrete Hubbard-Stratanovich (HS) trick one can write (31) as:

MP(A) = %Z[detAs]z, (32)
S

where Ag = A+ S in which S is a diagonal matrix with the non-zero elements {sq,s,, ...,s;} and
s; = £1. The above formula can be easily generalized to the Z, case as follows:

1
MP(A) = p > [detAg detAg. ], (33)
S
27ipj
where now s; =e ¢ with p; €{1,2,...,q}.
A randomized version of the above formula exits, see [2], in which one can assume that
s;’s are independent symmetric random variables with first moment equal to zero, and second

moment equal to 1. Then we have

M@ (A) = E[(detAs)?], (34)

where E is the expectation value. The above formulas can be useful in numerical calculations
for certain matrices. Note that if instead of discrete HS one uses the continuous version then

we will have
o

1 [
M®(A) = (‘/%_n_) J [ Jdsje 22k [der(ag)1?, (35)
oo i1

which is a especial case of Eq. (34). The above version of HS trick is a good starting point for
tackling the problem of SPPM using the saddle point approximation.

Another variant can be derived by first change of variables on the Grassmann variables and
then use a generalized version of the HS trick. However, in this case one needs to introduce
12 variables. The usefulness of different versions depends on the matrix and application.

4.2 Strong-weak coupling duality

Consider y,%,¢ and ¢ as two-component Grassmann variables with the components 5™,
2@ and ¢, ¢ respectively, with the same definition for the fields with bar (from now on
all variables on the left of expression with “bar” contain also a transpose). Using properties
of Berezin integration over Grassmann variables (Appendix A and B) one can show that (see
Eq. B.14) [39]:

J _exp {Z ik + %Z (;Zj)(j)z} :l_[ [(uj + m?)_l] det [A’] (36)
XX jk j j
X L; , exp {Z ¢ Njppp + %Zu]‘ (43j¢j)2} ,
, j

jk
where u; and m; are some arbitrary numbers that are related by the relations

uj

Ny =m;6 Ay Ay = A+ 5 —
e =mydy—[(a07] i = Ajkt O3,

jk 2 2
J j+m;
Note that the above relation is more general than the one introduced in Ref [39]. When all the

m; and u;’s are equal we recover the result in [39]. Using the above duality one can show

M(z)(A):l_[[(uj+m?)_1]det[A’]J_ exp Z(ﬁijk¢k+%Zuj(d;j¢j)2 , (38)
¢.9 jk

J J

12
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which serves as the weak-strong duality transformation. To see this, note that A is the inverse
of u in the large u limit. Using Eq. B.14, we see that

MP(A) = gMP(N), (39)

where M 1.(12) and ¢; are given by Eq. B.14, and N is given by Eq. 37. Here we have defined

N=L,—(A+D) ", (40)

where
!
D, = diag{ ™) } and I,= diag{m }l 41
u= 2 . u= i5j=1>
uj+ m; i1 J
so that
N O
w1 2) o

It is also worth mentioning that we may start with the positive semi-definite matrix A, however,
in dual space the matrix N may not be a positive semi-definite matrix.

The above duality might be useful when one deals with a problem with large A val-
ues, and the equation helps to transform it to a problem with small interaction coupling to
be treated perturbatively. The especial case of the duality is when m = 0 and u = 1, i.e.
M@ (A) = (detA)* x M@ (A1) which can be derived also out of the relation between the
principal minors of the inverse of a matrix with the principal minors of the matrix itself. It
can be also proved easily using the Hubbard-Stratonovich trick. For A = 1 which is an SPPM
problem, we have m; = £,/ ,/u; —u;, or equivalently u, = %—mz 4/ % —m?2, see Appendix B
for details. Note that in the dual space mean field theory results are the most effective when
we take negative branch m; = —,/,/u; —u;.

Equation 38 can be exploited to expand Eq. 31 for weak couplings u;. By expanding the
interacting part of the exponential term one finds up to O(u®)

-1
MP(A) = (]_[ [(uj + mjz) ]) det[A'] (det [N]+ Z uy, det [Nlil 3 ]
J ky
+ Z ukl ukz det |:NI£1J<2J’$1J<2:| + )

ki>k,

= (l_[ [(uj + m?)_l}) det [A/] det[N] (1 + Zule(l) {k1}

ky

+ Z uklusz(z) {kl,kz} +) ,

ky>k,

(43)

where Iy =[11\{k; Yiog iy, = [N\ {k;}}_, are sets [I] minus {k;}:_, (for both copies),
and I° and J¢ are their complements. The second line of this relation contains summation over
s-point functions defined as

O (e} = T
G {kl}lzl - det [Nl{ki}‘;=l ’J{ki}?=l ]

2
oo )
{kitizy kYo 44

2

= Z(Sgn(o)ﬁg(l)(ki,ko(i))) i

OES; i=1

13
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where S, is the set of all permutations, sgn(c) is + (—) for even (odd) permutations,
(K, k') = (N_T)k’k,, and GM(k) = GW(k, k). This relation is a Wick expansion. Using
this, we can design a diagramatic interpretation for Eq. 43 as follows: To each term in rth
level we attribute a graph composed of r nodes, and corresponding to each GV(k,,, k,,) we
make an edge connecting the nodes k,, and k,,. Each G(k,,, k,,,) is a local loop at the node m.
Suppose that a given diagram i is composed of several connected components C;, for which
there are n; identical copies, leading a symmetry factor n;!. The contribution of such a term

ny

. . . G
in the diagram is -, so that Eq. 43 becomes

oo Cni

M@ (A) = ¢; (detN) X
l l_[;: n;! (45)

= ¢ (detN) eXi G = ¢ FPA)

This relation shows that for the free energy F®(A), the summation is over connected com-
ponents. This result is a consequence of the linked cluster expansion theorem [41]. One
should use this perturbative expansion with caution since the principal minors of N and the
combinatorial number of terms involved in each level grows exponentially with the level of
expansion.

An interesting application of the duality is when one uses the mean field method in the
dual space. Two examples will be discussed later in the context of the Laplacian matrix and
the Rényi entropy of the TFI chain. We see that for both examples there are values of u which
the mean field is more stable in the dual space than the original space. The duality with the
free parameters {u;}’s provide remarkable possibilities to look for the best value of them in
which the mean field approximation is most effective.

5 Symmetries of the system

In this section we explore various symmetries of the system. In particular, we study the impli-
cations of these symmetries on the two point functions. We define the “expectation value” of
an “observable” O {¥, y } as follows:

_o{z, 3w {7, 1)
<0{;z,x}>zf” PO X 46)
wi (7,1}

XX
An example is the following 2d-point functions, which can be exactly written with respect to

the minors as: 4
[17727) = i (deta, ;)" (dera))" “7)

res

where S is a subset of {1,2,...,n} with d elements. In this relation the sum is over all subsets
I, and A; is the matrix A with removed rows and columns corresponding to I, and A, ; is the
same with an additional removed jth row and column. Generally, the properties of (O {j, x})
depend on the symmetries of A. In the following subsections we summarize some symmetry-
related properties of the system.

14
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5.1 U(n) symmetry

Consider the following unitary transformation

Mo o 70 70
e e 7@ 7@

Su,| ., N (48)
X&n) Xin) iin) iin)

where U, is a n X n unitary matrix, and U}, is its complex conjugate. It is straightforward to
demonstrate the invariance of the effective action given by Eq. 28 under this transformation.
To illustrate this, we observe that U,, exclusively acts within the “replica space” and behaves as
a unit matrix in the “matrix space”, resulting in the commutation of A with U,,. Additionally,
anzl 7™ » ™ remains unchanged under this transformation.

To grasp the implications of this transformation, we begin by considering the especial case
of n = 2 and then return to the general n values. In this specific case, the representation of U,

is as follows:
_ iy @ b
U2 € (_b* a*) 5 (49)

where y is a U(1) parameter, and a and b are some complex parameters with an extra condition
la|? +|b|?> = 1 (showing the SU(2) part), leaving totally four independent parameters in the
transformations. This symmetry transformation gives rise to the strong restrictions for two
point functions. As an example we have

(17207) 7)o (A7)~ )

+Xa (72 53 (170", 50

where X; = |b|?, X, = a*b and X3 are independent variables. Given that there are three
independent parameters for the SU(2) part, one finds that the three last coefficients should be
zero, implying that

(7"0")=(27%). Gl
(72) = {"n) =o. 10

A subgroup of U(2) is obtained when we choose y = %(al +a,),a= e%("‘l_al’), b = 0 giving
rise to

Uy — U(1) @ U(1) = (e‘gl el.oaz) _ (52)

This symmetry implies that (the same for y’s)

(42) = 4004 = (122i%) 0 =

The SU(2) subgroup (y = 0) which rotates the replica can be represented in terms of the
new parameters in the form R,(¢, 1) = Uy(¢, 11,y = 0), where

Ry(¢, 1) =exp [—i ﬁ.&} =]Icos%—iﬁ.5 sin%. (54)
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Here ¢ is a real parameter and 7 = (n,, ny, n,) is a real unit vector, and o;’s (i = x,y,z) are
Pauli matrices. Using this, one can easily show that

Re[a] = cosf, Im[a] =—n, sini,
2 5 i (55)
Re[b]z—nysina, Im[b]z—nxsina.
For example, in the case n, = n, =0, we have
iy e_i% 0
R2(¢: n, = 1) = e_liaz = .9 | (56)
0 €2
under which < )Z]Q) X,EZ)> — el? < )Z](l) )(152)>. This transformation, which is called the axial U(1)
implies that < ;Z](.l) X}EZ)> = 0 (for all j and k values). Note also that the transformations
R,(3m,n, =1)=io,, (57a)
R,(3m, n, = 1= ioy , (57b)

interchange the replica. Both imply < ;z]@ x£1)> — < ;ZJ(Z) x£2)>, and also

-(1),(2) -(2), (1)
<Zj Xk >‘_’i<751 Xk >
where in the latter +(—) stands for R,(37,n,, = 1) (R,(3, n, = 1)), in agreement with Eq. 51.
The above results can be directly generalized to all n values as follows:

<Z§r)x£r)> = <Z§r )X;Er )> , forall r,r’,j,k, (58a)
<f§r)x£r)>=<f;r)x£r)>=0, forallr #1',j,k, (58b)
<x]§r)x£r)>=<gzy);zlgr)>zo, forallr,r’,j, k. (58¢)

We will derive them using some especial subgroups of the U(n) group.

5.2 U™(1) symmetry

A subgroup of U(n) is the generalization of Eq. 52, i.e. U"(1)=U(1)®U(1)®...9 U(1), which
is arguably the most obvious symmetry of SXO. It means x}(r) — el ij, ;ZJ@ — e )Z;r),

r =1,...,n, where a,’s are arbitrary real numbers. A direct consequence of this symmetry is
(172) =o, (59)

for r # r’. It is worth exploring the properties of some subgroups of the group U"(1) and the
resulting identities for the two-point functions in the following subsections.

5.2.1 U(1) and axial U(1) symmetry

An important subgroup of U™(1), namely U(1) group, corresponds to the case where all a,’s
are identical, i.e. ( )Z](r), )(J(.r)) - (e‘i“ )Z]m, el® x}r)). A system with this symmetry is expected
to have the property / /
A7) = (027} g
forallr,r'=1,2,...,n.
Another subgroup of U"(1) is the so-called axial U(1) group, defined by the transfor-
mation Eq. 56 with a = —2¢ (in the case n = 2). More explicitly it transforms the pair

(;ZJ(.D, x}l)) - (e‘iafﬁl), ei"‘x;l)), and ()ZJ(Z), xj(.Z)) - (eiajfz), e_io‘x]@)). This transformation
in extended easily to any arbitrary n.
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5.2.2 The parity and sectorial parity (SP) symmetry

The parity symmetry 7,y — —j,—y implies that the expectation value for all strings (X) is
zero (X = a string of ys and js) if the total number of y’s and y’s in the string is odd.
We also define a sectorial parity (SP) transformation )Z](.r), ngr) — sgn(r) )Z]m ,sgn(r) ngr)’ where

sgn(r) = £1. It corresponds to U™(1) with a, = 7 or 27. To be more specific, consider the

transformation ()Z](r), x]m) — (—;Z}r),—)(;r)), and ()Z](r,), )(J(r/) — j}r/), )(]('J)), implying that for
r#r
(7727) =0, (61)
and also ) )
(5507} =) =0 @

5.3 The symmetric group (SG)

Equation 23 is invariant under symmetric group which is the permutations of all
copies/replicas. This symmetry implies that all multi-point functions are unchanged under
exchanging the replicas (upon interchanging r «— r’). In particular, it forces the two-point
functions to satisfy the following equations

(5707)=(5"0). (632)
(570°)=(5"0"). (63b)
(707) = (x7n). (630

for all r and r’ values. The last line specially implies that < x]m x](r/)> =0.

5.4 SU™(2) and chiral particle-hole (CPH) symmetry for symmetric matrices

7 (1) 2(r)
X QI
(x(”) - SUy (x(”) : (64)

where SZ/{(;) is given by Eq. 49, with ¥ = 0 and the new parameters which depend on r. Given
that A = diag {A, ..., A}, if A is symmetric, then one can easily show by a simple expansion that
;Z]@Ajk X}Er) is invariant under the transformation Eq. 64, and consequently SI(\n) is invariant.
Then, using the fact that this transformation is local in the replica space, the big symmetry

group is represented by

Consider the transformation

sut=su’ e suP e ..o SuL. (65)

To inspect the consequences of this symmetry group, we consider an especial element
Sug” =Ve..® Sug) ®...® I, where su(z” = Ry(¢,n, = 1). This element gives rise
to the transformations

<ngr)2£r’)> s emi%0+8,) <)Zfr))2,5r/)> i (66a)
<ngr)xlgr’)> EIRETCER I <X§r))(;£r/)> , (66b)
<)Z}r)xz£r,)> o305, <Z](r)xlgr’)> i (66¢)
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implying that

<)((r))(,£r/)> <)((r)x]£r )> 0, forallrr’, (67a)
<X(r))(,£r )> 0, forall r # 1. (67b)

On the other hand, by taking the Su(” U,(a =0, b = e'*), we find that

(570°) = (17x"). (68)

Another especial symmetry for the symmetric matrices is associated with the transformation
SUy = Ry(m,n, = 1), which implies 7; — —y; and y; — +j;. We call it chiral particle-hole
(CPH) symmetry. This implies that if A is a symmetric matrix, then we have

(7727) = (22"), (692)
(#27) -2l )
for all r and r’ values. The first line of this equation is just the same as the relation in the first
line of Eq. 63 obtained from the SG symmetry.
5.5 Particle-hole (PH) symmetry for antisymmetric matrices

We define the particle-hole (PH) transformation as the operation of exchanging particles
and holes, i.e. we exchange x(r) with )Z(r) for all values of r. Under this transfor-

mation the interaction term is invariant for even n, while the term )((r)AJ xk goes to

;(kr)A] ;(](r) x(r)( ) 2, showing that the effective action is invariant only for anti-
symmetric matrices. One finds for antisymmetric matrices

(7727) =0, (70a)

(770) =—(22"). (70b)

(2727) = (r"x7). (70¢)

It is worth mentioning that, the second line of this equation, when combined with the first line
for j =k in Eq. 63 (SG symmetry) for antisymmetric matrices gives rise to the relation

(177)=(5"07) = 0. 70

For odd values of n the following argument based on a sectorial PH transformation leads

< x(r) x(r) > = 0 for all r values. A sectorial PH transformation is defined as a PH transfor-

mation applied to all r replica except one (arbitrarily chosen) replica r’, so that )ZJ@ - x}w

and XJ@ — ;Z]@ forr € {1,...,r’—=1,r +1,...,n}, while )Z}r/) — ;Z](.r/) and xfr/) - X](r/). By
employing the same reasoning as presented earlier, it can be readily demonstrated that Eq. 70
holds true, this time for all r values except r’. By varying r’, it becomes evident that Eq. 70
remains valid for all r values.

5.6 Diagonally equivalent symmetry

Consider a diagonal matrix with non-zero diagonal elements D, then using the Berezin-
Grassmann representation it is easy to show that

M™(Ap) = MM(A), (72)
where A, = DAD™!. We say that A and A, are diagonally equivalent.
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Table 1: The symmetry identities resulting from the symmetries.

Identity

M (772) = (7% D) =0, all r # 1, all j,k

an (77020)=(7"%77) =0, all 1,17, .k

I <)((r))(,£r)> < 7 () (r)> allr,r’,j, k

av) <x(r)x,£r)>=<x(r)x£r > < (r) (r)>—0, allr,r’, j, k, same for j
) <}((r))(£r/)>=< r) (r)>—0 allr,r’,j,k

VD) (2727)= < 7027). all r, ) k

(VID < iy (r)>=< (r) (r)> allr,r’,j, k
(VIID <X(r)x£r)> < (r) (r)> allr,r’,j,k

(IX) <x(r)x£r)>— < > < 7 (r)> 0,all r #r/, all j,k

5.7 Permutation symmetry

The principal minors of the matrices A and SZASZT are the same, where S; is a permutation

matrix. This interchanges the space index of the grassmann variables, i.e. ;(]@ - )(s((rj)) where
s is a member of S;.

5.8 A generalization

Equation 1 can be generalized to [37]

M®AD, A, AM) =" det A" detAl)... detA”, (73)

whose associated block-diagonal matrix is a generalization of Eq. 26
= diag, {A(l),A(z), ...,A(”)} , (74)

where AU are arbitrary matrices. For the case AUYs are different, U(n) is not generally a
symmetry of the system, while U"(1) and U(1) and axial U(1) and SP symmetries remain valid.

The latter symmetries imply, for example, that < x(r) ;(J(r )> =0 for any r # r’. When AU)’s are

symmetric matrices, SU"(2) and CPH are the symmetries of the system, while when AU”’s are
antisymmetric, PH symmetry remains valid. For the case n = 2 and A = diag, {A(l),A(z)}, one
can observe by inspection that o, Ao, = 0,Ac, = A = diag, {A(Z),A(U}, while o0,Ac, = A,
and the second term of Eq. 28 remains unchanged, where o, , , are Pauli matrices. Using this,
one can show that

(F D2, = (x®29)); , (75a)
(FEO2 29, =(F V2 222%); (75b)

where f is an arbitrary function.

5.9 Symmetries of the dual representation

In this section we study the symmetries of the system in the dual space for the case n = 2, which
is given by Eq. 38. For a general A and arbitrary local parameters u; and A; satisfying 37, one

19


https://scipost.org
https://scipost.org/SciPostPhysCore.8.3.051

SciPost Phys. Core 8, 051 (2025)

() U(n)
SU™(2)
Un(1),SP

SG
PH

U(1)
axial U(1)
CPH

Figure 1: A schematic representation of the consequences of the symmetries for two-
point functions. The colors show the symmetries as indicated in the color bar. The
symmetry identities listed in Table 1 are considered to be the pieces of polygons.
The colors in each piece show that the associated symmetry leads to the symmetry
identity that is numbered in Table 1. The pentagon (a) represents the results for gen-
eral matrices, where we have U(n), U"(1), SP, SG, U(1) and axial U(1) symmetries.
The octagon (b) and the hexagon (c) show the results for symmetric and antisym-
metric matrices respectively. Note that for symmetric matrices, in addition to the
symmetries of general matrices, we have SU"(2) and CPH symmetries, while for the
antisymmetric matrices the PH is included.

expects that U(2),U%(1),U(1), SG, SP and axial U(1) remain the symmetries of the system.
Consequently, the symmetry equations (I-V) hold for the two-point functions in the dual space.
Most importantly

(5762) (4540
(87000)= 060,

for any r,r’ = 1,2. Additionally, when u; = u,Vj, for a circulant matrix A the correlation
functions are also translational invariant in the dual space.

To summarize this section, in Table. 1 and Fig. 1 we see the effect of the symmteries on
two-point functions for three cases: (a) generic matrices, (b) symmetric matrices, and (c)
antisymmetric matrices. For a symmetric A, we see that N in the dual space (Eq. 38 and 37) is
symmetric, which leads to the same symmetry identities as A (I-VIII identities in Table 1). Note
that when the matrix A is antisymmetric, N is not necessarily antisymmetric, and consequently

the PH symmetry may or may not be the symmetry of the system.

6 Mean-field theory

In this section, we utilize the MF theory to approximate Eq. 31 when n = 2 (generalization to
larger values of n is conceptually straightforward). This approach involves employing standard
MF schemes like neglecting the fluctuations and using self-consistent equations for two-point

functions of the Grassmann variables )Z]Q), )(](1), )ZJ(.z), and )(J(.2). The self-consistent two point
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functions are defined as follows:

AU(00). o =(50).
=) A=) o
=) A=),

where j is a spatial coordinate. Throughout this paper, we keep the notation “A” only for
self-consistent two point functions in MF theory. In a system where all the symmetries are
preserved (lacking spontaneous symmetry breaking), all the two-point functions, except AE.H)
and A(.22), are necessarily identical to zero dictated by the U(2) or U?(1) symmetries (refer
to Sec. 5). However, in a system with broken symmetries (like the ferromagnetic phase of the
Ising model, as we will explore later), all the two-point functions have a chance to be non-zero.
Using the standard MF scheme (ignoring the fluctuations) one approximates the interaction
(four-Grassmann) term as follows

D, (1)) (2 32) (1) (1 in-@,_ (@ 21) (1) (2 i2) -2« i2) (1) _ (2

TP 2 x ACD D0 4 AT @, @) ACD 1), @) A(12,@), 1) A2, ), @)
A(12)%](1)%(2) A(11)A(22) A(IZ)A(21)+A(.12)A§.12). (78)

The above approximation is tantamount to ignoring the fluctuations defined by

A(j)—<l(1)l(1)l(2)l(2)> <X(1)X(1)><X(2)X(2)>
<X(1)X(2)><X(2)X(l)> <X(1)X(2)><X(1)X(2)>

being identically zero for the MF theory. Under this approximation ng) {%,x} (Eq. 31) be-
comes quadratic as follows

(79)

[
ST 1)~ Swe (72— D L 840D, (80)
r=1

where A4(j) = ATVA®Y — ATIALD - AUDAT 4ng

Swr X, 1} —x©x——x113x %)Z]T X (81)
where
o= an) we(d %) we(dR) e
and o ) z
I, = diag {Agzz)}jzl s I;; = diag {Agll)}jzl ,
I3, = diag {Agil)}j,:l . I;, = diag {Aglz)}j.:l , (83)
I;5 = diag {Aﬁﬁ)}jzl , I, =diag {A 12)};1

The self-consistent two-point (A) functions are expressible in terms of Sy {¥, ¥} as fol-
lows:

Swrlxs
Xije MELTH X}

(xY)
AT = , 84
J f_ eSvrii,x} (84)
XX
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where X;,Y; = ;((1), ;2(2) (1) and x(z) which are abbreviated by 1, 2, 1 and 2, respectively.

Once all the two-point functlons are obtained using the above equations, one can find M® by
substituting them into Eq. 31 as follows:

MO (A) ~ M = ¢ Tt 840 f Swrltr) (85)
1:X

Using the Pfaffian identities, one obtains
1 .
MQ) = e~ 2= 44U)pf[ P (A)], (86)

where Pf stands for Pfaffian (see Eq. D.19), and

i, -0
SH(A) = [3 Hs]‘ (87)

In order to make the mean-field (MF) calculations feasible we adopt a symmetric case
where we assume Agzz) A(H) nd A(Zl) A(lz) and A(lz) A(lz) (expected for a system
with SG and PH symmetrles) Addltlonally, from now on we focus on periodic systems, in
which all the A functions are anticipated to be independent of the coordinate j owing to
the system’s translational invariance. Therefore, the independent self-consistent functions are
A(H) A(ZZ) = A4, and A(lz) = Am) = A,, and A(lz) A(lz) = A;. Therefore, in this case
we have

1 .
A4ETZA4(])=A§—A§—A§, (88)
j
and l
_ _ - 1 2 1 2
Swr i1} =70 =85 2 (xPx P+ 710 77), (89)
j=1
and
A+ —A1
S — — 1 2
0" = Olaj=a ( —A,1 A+ All)' 00

One can block-diagonalize Q° using a unitary transformation. For the details of this transfor-
mation, see Appendix D. The details of the calculations using Pfaffian formulation can be found
in Appendix D.2. Specifically, the self-consistent two point functions are expressed in terms
of the inverse matrix Eq. D.20. The result is the following set of self-consistent MF equations
(see Eq. D.14)

A+ AL ]

Ay=|—F7"7""| ,
| x+20A, |;;
T—A, + A1

A, =|—2— 2| |

2 | X+ 20A, | 1)
A

Ay = e ,
| x+20A, | ;

where
x=(AT+A D) (A+ A D—(A2+ A1

_ AAT (92)
=AAT +2A,A, + A,

and A;; = 3 (AiAT) The resulting A-functions should be incorporated into Eq. 85 to find
M@ (A), leading to (see also Eq. D.3)

MP(A) = e 724 det Syr(A), 93)
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where

A+ (A —AYI Asl ) (o8)

Swr(A) = ( —Agl —AT — (A + A1
It is worth mentioning that one can obtain the same results using the Pfaffian to do the Berezin
integrals of Grassmann variables, see Sec. D.2. Using Schur complement method for block
matrices one can easily show that for even size matrices (see Eq. D.10)

detSMF(A) = det (X + 2A2Aa) . (95)

Thanks to the circulant property of the matrices, the MF equations can be written in an an-
alytical form (see [42] for a review on cirlulant matrices). We define Ag = ZnAmnelqk(”_m)

where k € {1,2,...,1}, qx = 2T’T(k +ky),and kg =0 (%) for circulant (anticirculant) matrices.
We also define the Fourier component of x as

x(q) = (A_g + A)Ag, + A1) — A — A3 (96)

Using these quantities, one converts Egs. 91 to

A 1i A+ 4,
P LA x(q) + 28040 (qi)”
I
1 —A +A

L = x(qr) +2824,(qi)
l

1 A,
A== ,
° l;X(Qk)+2A2Aa(Qk)

where A, ,(q;) = %(Aqk :l:A_qk). A closed formulae is obtained for SPPM in the continuum
limit using the Euler-Maclaurin formula for [ — ©o. In this limit, the A functions, which are in
general [-dependent tend to a thermodynamic asymptotic limit. Supposing that these functions
converge fast enough to this asymptotic thermodynamic limit, and for the case x(q)+2A,A,(q)
is regular (non-zero, and finite and free of discontinuities) for all gs, we obtain the following
expression for SPPM using Egs. 93 and Eq. 95:

InMZ)(A) = Indet Sy — A4

[
= > In[x(q) + 28,4,(q)]— 12,

k=1 ©8)

l T
— Y. J dgin[x(q) +22,A,(qQ)]— 1A, +1In[x(0) + 2A,4,(0)]+ 01 1).
—T
Note that the last relation of Eq. 97 for non-zero A; means
0 @
—M,=(A)=0
A, wr(A) =0, (99)

i.e. this function is stationary with respect to A4. Another important property of the MF theory
for antisymmetric matrices is concerning the case A, = 0 and Az # 0. One can easily see that
the only equation to be satisfied is (see Eq. 91)

l
1 _
T 2.x@) =1, (100)
k=1
from which we see that everything (as well as M (2)(A)) is a sole function of A, (note that for
antisymmetric matrices A_; = —A; which means x, = —A?l + A,). Using the antisymmetric

property of A, one can easily show that A, = 0 is always a solution.
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6.1 Scaling properties of the MF equations

In this section we explore various scaling properties of the MF solution. It should be noted
that A; = A, = Az = 0 is a trivial solution for antisymmetric matrices. However, for non-
trivial solutions, we investigate the third relation in Eq. 97 in the scaling limit when Aj # 0.
We consider the continuum limit [ — oo of the consistency relations, having in mind that for
SPPM [ is finite. In the large [ limit, normally A functions converge exponentially fast to their
asymptotic thermodynamic limit, so that Euler-Maclaurin integrals give reliable approxima-
tions for A functions for finite [, while the convergence is expected to be slow (power-law) in
the critical regions. In the continuum limit (to order [=1) we have

" dg 1 _
J anx@ 28 @ (10D

For antisymmetric matrices we have A(—q) = —A(q), this equation for the case A, = 0 becomes

T
d 1
f a1, (102)
=21 Ay —A(q)

Solving the above equation in general is a challenge. Nevertheless, its scaling properties pro-
vide valuable insights into the conditions that lead to non-zero values of A4, as well as how
these quantities scale with the system size and external parameters. This can be done through
the analysis of the zeros and singular points of A(q). Denoting the list of singular points of A
as {q;}, we have A(q)|q—q, o< (¢ —¢;)*i, where i varies over the zeros and singular points of
A(q) and 7, is its corresponding exponent. Since A(q) is antisymmetric one can easily see that
—q; should also be a root or a singular point. Note that A, = 0, although is a trivial solution
of Eq. 97, it is not a solution of Eq. 102. The onset of spontaneous symmetry breaking is given
by the condition that A, is nonzero, where the main contribution in the integral comes from
the singular points, around which A(q) shows scaling behaviors (for a system in the vicinity
of the critical point, the main contribution is expected to come from this singular/zero point).
Suppose that this singular/zero point is zero, so that A(q) = ao_qu for small gs. Here agl is
a proportionality parameter, which depends on the external parameters in the system (for the
Ising model, a, = 1 — h, where h is the magnetic field, see Sec. 8). To satisfy Eq. 102, the
integral should not blow up in the vicinity of the singular points, when A, 5 are close to zero

(the transition point), i.e.
d
g~0 Dg—ay”q

Given the fact that the main contribution to the integrals comes from the singular point, we
extend the integral to the whole range q € [—m, t]. Doing so, one can show that Eq. 103

results in
2

21 —1"
In the case where A(q) is symmetric, the outcome exhibits significant differences. When we
impose the condition A5 # 0, the following equations should be satisfied:

A4—A4(a0=0)0<:ag, CE

(104)

d_q ! =1, (105a)
2 2 (A(Q) + A2 — A2
f dq Alg) —0. (105b)
27 (AlQ) + A1) — A3

24


https://scipost.org
https://scipost.org/SciPostPhysCore.8.3.051

SC|| SciPost Phys. Core 8, 051 (2025)

Table 2: Various passibilities for the MF equations and the possible solutions. (a) and
(b) show the results for antisymmetric matrices, while (c) and (d) show the results
for symmetric matrices.

A=A,, A;or Az orboth #0 A=A,. A =A;3=0

™
/ > ( )fz(g AW @ Az—/ﬁ dg_—Alg) + 2
o ST i 227 2(q) + 285A(q) | (b)
Tdg 1 ,
2 /W 21 x(q) =" | Ay = 0 or a more complicated solution
or a more complicated solution
A=A, , Ayor Aszor both # 0 A=A,. Ay =A3=0
T dg A
/ QEJ’((;))_O A./W%;
oo ©) LT 9n Alg) + A (d)
/ﬂ dg 1 ,
— =1
_x 2w a(q)

Table 3: In this table we show the consequences of different symmetries on the two
point functions for n = 2. The last column is for antisymmetric matrices. Each cell
of the table has been identified by two values: 0 when the two point function is zero
and — when the symmetry has no effect.

SG | U(2) | su?(2) | u?(1) | u(1) | sp | Ax. U(1) | PH | CPH
Al =] = — — - [ = — o —
Al =1 0 0 0 - |o 0 - | -
A; | O 0 0 0 0 0 - - | -

For the case A; = 0 the only equation to be satisfied is the first relation in Eq. 97, i.e.

" dq 1
A= < (106)
L 2mAQ) + A

for which the same arguments as the antisymmetric case applies. This serves as an evidence
that the two point function A5 should be zero for the case A(q) is symmetric. In Table. 2 we
summarize various possibilities regarding the MF solutions for symmetric and antisymmetric
matrices.

6.2 Spontaneous symmetry breaking

This subsection gives some information concerning the two point functions based on the sym-
metry arguments explored in Sec. 5. For a system with U(2) and U?(1) symmetry A, = A3 =0
as we already mentioned in Sec. 5, while U(1) as a subgroup of U(2) and U?(1) forces only
A5 to be zero. Table 3 shows some relations obtained by symmetries for two point functions.
For antisymmetric matrices A; is zero because of PH symmetry. As a well-known scenario, the
above symmetries can be spontaneously broken by changing the external parameters of the sys-
tem. The TFI chain is an example where some symmetries are spontaneously broken below a
critical magnetic field (see the following section). Table 3 helps to characterize various phases
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Table 4: Four possibilities for (A,, A3) versus the symmetries of the system for a
general matrix. The first column shows the value of the pair (A,, A3), and “0” (@)
shows that the corresponding two-point function is zero (non-zero). Five different
symmetries are considered. v'shows that the symmetry holds, and x shows that the
symmetry is broken. The symbol — shows that the corresponding symmetry can be
either vor x.

(A,,A3) | SG | U(2) | U(1) | U(1) | SP | Ax. U(1)
Gy: (0,0) | V v v N v N

N X X — X x
G2: (6,0) — X X NG X X
Gs: (0,0) | x X X X X v
Gy: (8,0) | x X X X X X

Table 5: Four possibilities for (A,, A3) in terms of symmetries of the symmetric ma-
trices (n = 2). The symbols are like the Table 4.

(A5, A3) | SG | U(2) | SU2) | U2(1) | U(1) | SP | Ax U(1)
$:: (0,0) | V v v v N v N

N X X X — X X
52 (6,0) - X X X N X X
S3: (0,0) | x x X X X X v
S4: (8,0) | x X X X X X X

resulting from this spontaneous symmetry breaking. In general one or more symmetries of
the system can break, leading some two-point functions of the system to be nonzero. Four
different cases are shown for general matrices in terms of the symmetries in Table 4 (different
regimes are shown by G;, i = 1,...,4). In a system with full symmetry (G;) both A, and A,
are zero, while in the opposite case (G,4) both of them can be non-zero.

Four different cases associated with A, and A for the symmetric matrices is shown in
Table. 5, where the states are labeled by S;, i = 1,...,4. In this case we have additionally
SU(2) symmetry which should be necessarily broken for having non-zero A, or A;. The
discrete Laplacian is an important example for this case, however, it does not show any broken
symmetry.

For the anti-symmetric matrices, the effect of the symmetries are even stronger, where
restrictions on A; is set by the symmetries. Therefore, one can decide about all the two-point
functions in this case, which additionally have PH symmetry. The details are shown in Table 6.
A system with full symmetry (the case A;) results in all two-point functions to be identically
zero. In the opposite extreme case (all the symmetries are spontaneously broken, i.e. the case
Ag), the two-point functions can be non-zero. The intermediate cases are explored in the table.

6.3 MF equations in the dual representation

In this section we develop a MF theory for the dual representation Eq. 38. The details of the
calculations are presented in Appendix D.3. Analyses presented in the previous section are
applicable for Mlgz)(A) with some changes. The MF equations are written in terms of N given
by Egs. 40 and 42, where u is the duality parameter. More precisely, with a simple re-definition
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Table 6: Eight possibilities for (A, A,, A3) in terms of the symmetries of the anti-
symmetric matrices (n = 2). The symbols are like the Table 4.

)

(A1>A2> AB)
Al: (07 0: 0)
AZ: (¢7 0: 0)

AB: (O’ gs O)
A,: (0,0,0)
As: (0,9, 0)

Ag: (0,0,0)
A;: (0,0,0)
Ag: (ﬁ, g, ¢)

u2) |uv*() | u

~
—

Ax U(D)

NEN

SRR RS

X

X

X[ x|x|[x x|[x|x x|&|N]FG
x| x| ax x[&|a x| F

X|X[X|X X|X[xXx X|&]S

X|X[X|X X|X[x X|&]SN
XN

X|Al XX X|&Alx X|[&A]lS

X | X[ X|&N |

X

Al =uA; (i=1,2,3),and A, = L[ A2 — A2 — A’2], one can obtain similar equations as the
direct MF equations 91. Mainly, the expansion given in Eq. D.32 is obtained, resulting to the
following self-consistent equations:

, N, + Al
Al =u NN N ,
| XM+ 247N, |
[ —N, + A ]
A =u| — R 1
2 xM +2AIN, |. (107
- =J,]
_ , -
Al =u —A?’I
3 >
| xM +2A)N, 1
where x™ is given by (see Eq. D.34)
x™ =NN" + 24N, +ua), (108)
and N, = 3 (N+NT). One then finds
M®(A) = ¢4 det (N, (109)

where S§;.(N) and c; are given in Eqs. D.36 and B.14, respectively. One can employ the Euler-
Maclaurin formula to cast this equation into the following form (for even [, see Eq. D.38 for
the details)

InMZ)L(A8) +14) Zl [

/ /

% (x™(qe) + 24N, (qk))]
(110)

- _f dq n[ — (xM(q) + 245N, (q))]+0(1)

where

xM(Q) = (N, + ADIN_, + A — A2 — A2

2, (111)

is the Fourier component of one row of x¥), and N,=m— f% is the Fourier component of N,
q

A’A+

u+m2
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6.4 Saddle point approximation

In this section we present an alternative way which serves as a MF scheme with an ability to go
beyond the lowest order. This method which is based on the saddle point (SP) approximation,
enables us to test the efficiency of the MF results by tracking how the MF results vary as the

order of saddle point expansion changes. We consider the case A;D = Agm = AEZZ), and

A(.z) = A(iz) = Agil) and A(3) = A(ii) = A(lz) (j € [1,1] is the space index). We define
y; = (y(l) (2) ;3))T 1 — A(l), (2) — A(Z)

the notatlon

where Y s y(g) = A(g) This enables us to use

Y;

=P 0T + ()

(112)
~(a0F - (o) - (4P = 2.0
We define also the corresponding three-currents J { = (J (1),J ](Z)J ](3)) as follows
JQ) _)(J(I)X](l)JFlJ(Z) (2), (113a)
J(z) _1(1(1)1(2) +)?(2)X(1)) (113b)
J]@ —l(x(l)x(z) +X(1)X(2)) (113c)

so that <J](k)> = 2y(k) k = 1,2,3. We then define the vectors y = (yi,...,Y¥;) and
J, =W £ ...,J%). Using these vectors we define the action

_ ) 1
S(X,x,y,Jx)ExAx—EyTBy+yTJX
C sAa_ WY _ (A _ [ A®)?
= XA Z[(AJ ) (Aj ) (Aj )]
(1) W, 0, @, @
ZA (XJ Xt ) (114)

2 1 2 2 1
_ZAS)(X( )x”+x( )x( ))
j
_ @) ;M -@ 1) (2)
ZA]. 72+ %)
J

and B = 2I,;. This action corresponds to the effective actions 80 and 89 in the MF analysis.
In the case
AP =o, (115)

we omit J;z), so that y; — (y](.l),y](.g)), and J; — (J}l),J}B)). To set up the problem for the SP
approximation, we first need to insert auxiliary variables in the MF action, so that the integra-
tion over these variables gives the original partition function. More precisely, the exponential
of the interaction term is written in terms of an integration over a new quadratic term with
additional auxiliary variable, which plays the role of the self-consistent correlation. Now we
use the following identity

f D{y}exp [—%yTBy +yTJX] = [detB] 2 exp[ TB_lJ ] (116)
®

d
with D{y} = ]_[k]—[ i y)3 and also
T

_JTB—lJ — Z X;l)x51)X;2)X§2) , (117)
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(which is the interaction term in Eq. 31). Using this identity, one can easily prove that

MO(A) = @ = [det 5] f D{y}MP(A,y), (118)
where
MO(A,y)= e PPN = f ety (119)
X

Using the properties of the Berezin integrals, we obtain

M®(A, y) = ¢~ Zin 20 sP(A)] (120)
where )
piray_ | I3 —O
S (A)—[©T 113]’ (121)

and O, I3, and I are given in Eq. 82, this time for free parameters A;, A;. The main contribu-
tion of the integrand of Eq. 118 comes from the stationary point, i.e. by minimizing F®(A, y)
with respect to y}k)s (k=1,2,3and j€[1,1]):

3 wFPAy) =0, (122)
Vi y=y
or equivalently,
3,00 n [e2" M@, =D Bu y}?k') , (123)
J y=y K

which is our original MF self-consistent relations Eqs. 84. Here we see explicitly that the
stationary approximation of the bosonic representation of SPPM corresponds to the MF ap-
proximation. The idea is to take a further step from the stationary approximation, and expand
F2)(A, y) to the second order. To the second order, defining Flf/[zF) (A) = F@)(A, 7) as the MF
approximation of F®) we have (note that the first derivatives are zero by definition)

=i TP -0 -), a2
Y

where /5133, = ay;k)ay(k,)ﬂz)(A, ¥)ly—y. In situations where F ) has a single minimum, this
approximation can bje applied across a significant range of variables, and it can be inserted
into Eq. 118 for a whole range of integration. In more intricate situations, attention must be
paid to the influence of different minima of F; for a more detailed review, refer to Appendix J.
Then integrating over y variable gives

—F(Z)(A)
MS(123)( A) ~ e - )
vdetC
where C = B~!3. Note that 3 and C are block diagonal matrices. Representing the elements
of C by W using Eq. 119 we find

(125)

kk’>
G = Bk =iy (126)
where
= g L) =) ). 027)
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is the correlation function of the currents. Now we exploit the fact that in the MF approxima-
(0, W@, @\ (A (AGV whi -
tion < XK X >~ (Aj ) (Aj ) , which results in

G _ 1) _ (A2 3))?

—hi; _hZJZ_(Aj ) +(A]. ) ) (128a)
() _ 20D _ o A A(3)

his = hy; = 2007°A7. (128b)

Now if we consider the periodic system, so that AS.D = A; and AE.B) = A, for all j values, we

obtain .
e~ Fur (A)

@AY~
MP(A) ~

P (129)

(1-(a2-a22):
This equation can be written in terms of free energy density fop = Fep/l, and fyp = Fyg/l
(Fsp=—1In Mé?,)(A)) as follows:
1
foo/fur =1+ ——In[1— (a2 —A2)?]. (130)
2fmr

This equation shows that when the second term on the right hand side is small enough, the
saddle point approximation is close to the mean field result. This is a signature of the stability
of the mean field results.

In the dual space, the MF equations are similar to the ordinary one, except we just need to
substitute A; and Az by A} =uA; and A} = uA;, and A by N. The result is (for the details
see Appendix H)

1 2 2)2
fop iy =1+ 5 111[1—5(51 —ay?) ] (131)
MF
where fg, and fy; correspond to fgp and fyp respectively in the dual space. For the case

2
ul—z(A’lz—A’Bz) — 0 one finds fg, — fy- As a general result we see that the lower
the second term, the more stable the MF solutions. More precisely, the stable MF results
correspond to the situation where the argument of the logarithm is close to one so that

2
1-4 (A’lz —Agz) < exp[fit]

6.5 Variational method: A lower bound

In this section we present our third MF scheme based on a variational method. In addtion to
giving us the MF equations, this method provides a lower bound for the SPPM. This enables
us to design other forms of trial representations for SPPM and to obtain other approximations.
We start with Eq. 31 (with the action S}(\Z) {X, x}) and show that it is higher than any trial value
obtained from a trial action Sy {Y, ¥, x }:

Mtrial(y) = f €xp [Strial {y’ Z: X}] ) (132)

X

where y = {y1, ..., ¥} is the set of parameters in the trial action. To prove this, we define
[;,CeSmalrzn)
(e )evial = = ’
o Mtrial(y )

where (...)y, Shows the average of any function of 7 and y with respect to the trial action.
One can retrieve the original SPPM using the identity

(133)

M@ (A) = Myia(y) <esf){f’%}—3mal{%f’%}> . (134)

trial
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The main idea is to use the Jensen’s inequality (see Appendix I)

<eSf3){z,x}—smal{y,;z,x}> > oS B =Sl 22)) (135)
trial
which leads to
Muia(y) < MP(A), (136)
where
M) = My ()el S E2 Syl (137)

This identity gives a lower bound for SPPM, and can be used to find an approximation by
maximizing M ;. (y) with respect to all y;’s, i.e.

a~/\N/[trial(.y)
3y

This equation, along with Eq. 136 are the main equations of the variational method for esti-
mating the value of M (2)(A). To make connection with the MF theory, we set

Strial{y,)z,)(}_’Q()Z:X;J’JJX): (139)

where y = {A;,A,,A3}, and £(%,x,y,J,) is given in Eq. 114 and corresponds to

Svr i, x} _Z§':1 A4(j) in the MF equations. We define M(A, y) according to Eq. 132 which
is equivalent to Eq. 119. Then, using the fact

=0,i=1,..,s. (138)

l
(SO ) =Swr o 1)),y = — 2840, (140)
j=1

and using Eq. 137, we find that M(A, y) = M(A, y). By maximizing M(A, y) with respect to
y;’s (Eq. 138) one obtains the governing equations on A functions, which are the original MF
equations 97 and 122. To summarize, we find the following identity

MP(A) > M(A, y), (141)

so that by maximizing the right hand side with respect to A;’s (i = 1, 2, 3) (using Eq. 138) one
obtains A’s (Eq. 97) and Myp(A).

The same analysis is also applicable in the dual space, such that the right hand side of the
Eq. 141 depends on u. To get the best result one should maximize M, (A, y) with respect to
u. This gives an alternative criterion to find the best u value.

7 Discrete Laplacian

In this subsection we consider the matrix of discrete Laplacian (DL) defined as [Ap; ]; = 2
(l - 1,..., L), [ADL]i,i-i-l = _1 (l == 1, ...,L — 1), [ADL]i—l,i == _1 (l == 2, ...,L),
[Aprli; = [ApLl; = —1. For this matrix we first provide an exact solution for the SPPM

for arbitrary values of the powers of the principal minors. This helps us to interpret the system
as a statistical model with an unusual Hamiltonian and the powers as the inverse of the tem-
perature. Since the principal minors of the matrix of Laplacian can be interpreted as spanning
forests one can consider the problem that we tackle here also as the statistical mechanics of
the spanning forests. After providing a full exact solution of the model we show how the MF
technique provided in the previous section can be used to get an approximate solution in the
especial case n = 2. This section is used as a benchmark for the power of the MF method
introduced in the previous section.
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7.1 An exact solution

In this sub-section we present an exact solution for the discrete Laplacian, which is provided in
Eq. 154 and its generalization Eq. 161. The partition function is enough to obtain for instance
the average energy and entropy in Egs. 156 and 157.

For a closed chain of size L we define the partition function as follows:

Z(n,1)= MW (Ap,) =D [detAp, (I)]" = > e (142)
1 1

Here, the energy function E; = —IndetAp; (I) depends on the number of clusters formed by
the present (up) indices in the index configuration I. More precisely, E; = 0 when I includes
all indices, otherwise,

L—1
E=—> min(l+1)=E({m]}), (143)
1=1
where m;r denotes the number of clusters of size [. Similarly, we define m;” for the number of
clusters of size | formed by the absent (down) indices. Thus, we have,

L=>"lm{+ > lm. (144)
l l
Let us also define the total number of up and down clusters,

m+=Zml+, m_ZZmZ_. (145)
l l

Note that in a closed chain m* = m™ > 0, except for the single configuration with all indices
present in I. Now the partition function can be rewritten as

Z(n,L)=1+ Z Z 5mi,m521 l(mf+mf),LMlosed ({m?’} > {ml_}) e nE{m}) > (146)

= {mfm;'}

where NV jo5e4({m;"}, {m;'}) gives the number of index configurations I with the specified num-
ber of up and down clusters. In Appendix E we obtain an exact expression for the number of
such configurations,

2L m*tim™!
m*+m~ [T,(m D] ],(m D)

The partition function in terms of the spectral entropy s(e) and free energy density f reads as
follows

Mlosed({m?}a{ml_}) = (147)

Z(n,L) = f M) gl = L (148)
In the thermodynamic limit L — oo, by the saddle-point approximation, one finds
f=e—Ts, (149)

where T = %, e = (E) /L is the energy density, and s = —(;—T f ) , is the entropy density. The
average of any observable O is defined as

_ ZI O, exp(—nEj)
(0)= Z(n,L)

(150)
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To compute the partition function Z(n, L), we define the following generating function

Gn,u) =D e Z(n,L), (151)
L

with u as a chemical potential. Notably, in the thermodynamic limit, we have
G(n,u) ~ e MUz (n, (L)) = e b8 (152)

Here (L) is the average L where e L Z(n, L) shows a pronounced peak, and g is the associated
free energy density. Therefore, the free energies f and g are related as follows

g=f+uT =e—Ts+uT. (153)

In Appendix E, we start from the partition function Z(n,L) (Eq. 146) and obtain an exact
expression for the above generating function,

1 0 e M
- _ —ul+nin(l+1)
1—e‘“+3,uln(1 1—e‘“( E e )) (154)

l

G(n,u) =

This expression for the generating function can be computed numerically to obtain the free
energy g and then f from Eq. 153. Note that G(n, u) is well defined only for u > u,;, where the
threshold chemical potential depends on n. For a given n, we find numerically this threshold
value and compute the interesting quantities for p larger but very close to u;,. From the
definition of the generating function, the average size of the system in the thermodynamic
limit, see Eq. 150, is given by

(L) = _3 In g(n, u) ’
u

which is a decreasing function of u. And, (L) goes to infinity as u — u,,. From the above
equation we obtain the chemical potential as a function of n and (L). In the same way, we
compute the average energy

(155)

(E) = _8 lng'(n, u) .
n

This is the energy of relevant index configurations given n and u. Recall that E; =—IndetAp;(I).
In addition, we are able to find the entropy of index configurations given the energy density
e = (E)/L. This is done by another Legendre transformation,

s(e)=—n(f —e). (157)

(156)

In words, given n and u, we compute numerically the free energy g and then f,e,s for
U — WU, 1.€., for (L) > 1. To construct s(e), one has to do the above computation for different
values of n to find the entropy s and energy density e of the relevant index configurations
as a function of n. Figure 2 displays the results obtained in this way for large system sizes.
For comparison, we also report the exact results for a small chain of size L = 20. In fact the
results of exact enumerations for small sizes converge very quickly to those of larger sizes
obtained by the above solution. From the figure we also see that the entropy of minimum
energy configurations is nonzero up to n = 100.

The average number of present clusters (m{r) can be computed in a similar way by intro-
ducing another Lagrange multiplier A; which is coupled to ml+,

Z(n, L {}) = Y e it Xhmi (158)

I

G(n, p, (M) = Y e Z(n, L {A}). (159)
L

33


https://scipost.org
https://scipost.org/SciPostPhysCore.8.3.051

SC|| SciPost Phys. Core 8, 051 (2025)

71 —0.26 —— theory L>1
N —0.28 o ENL=20
_3 g —0.30
- () (b)
—4 —0.32
-5
-6 = theory L > 1 —0.34
—7 © ENL=20 —0.36
10! 10° 10! 102 107! 10° 10! 10?
n
0.7 0.7
0.6 0.6
0.5 0.5
L, 04 (c) L, 04 (d)
0.3 0.3
0.2 0.2
= theory L > 1 = theory L > 1
011 o ENL=20 0.1 0 ENL=20
1071 100 10! 102 —0.36  —0.34 —0.32 —030 —0.28 —0.26
n e

Figure 2: Exact solution for a large closed chain. (a) free energy, (b) energy, and (c)
entropy vs the parameter n. (d) entropy vs energy. Analytical solution for very large
sizes (theory L > 1) is compared with exact numerical solution for a small problem
size (EN L = 20).

Then, we have
_ dInG(n,u, {A1})

ERY

(m]") l(2,=0} > (160)

where

1 d e
G(Tl, u, {7(,1}) = m + E In (1 - 1— et (Z e—,ul+nln(l+1)+ll)) . (161)
l

In this way, we obtain

(m)) =

1 Kl —u(l+1)+nlIn(l+1)
( ¢ . (162)

CG(n,u) du\1—er— >, e+ D +nin(’+1)

Figure 3 shows the distribution of present clusters as a function of [ and n for very large
closed chains. The numerical values are obtained as described above in the last paragraph.
We observe that after n = 8 the system is dominated by clusters of size [ = 2 (dimers).

In Appendix F we show that index configurations of maximum determinant (the ground
states) of this system are dimer-covering configurations ... |[TT|TTl17 ..., which are consis-
tent with the size of the chain L. In fact, there are a sub-exponential number of such dimer-
coverings which are relevant at zero temperature (n — o0). These ground states are orga-
nized in clusters of index configurations which are separated by extensive Hamming distances
(number of different variables) in the configuration space. The complexity or configurational
entropy of this system at zero temperature X is define by the entropy density of such clusters.
More precisely, depending on the size of chain we have,

s=X%=1In(3)/L, L=0 mod3,
s=%=1In(L)/L, L=—-—1 mod3, (163)
s=In(2L+X)/L, ¥=In(L+X)/L, L=+1 mod3,
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Figure 3: Distribution of the present clusters ml+ for a large closed chain. The results
for different values of [ and n are obtained by the exact solution as described in the
text.

where X is a number proportional to L2 (see Appendix F for more details). Therefore, both
the entropy density and complexity approach zero in limit n,L — ©o. In Fig. 4 we com-
pare the above theoretical results with numerical values that are obtained by exhaustive enu-
meration for small system sizes. Finally, it should be mentioned that we do not observe a
finite-temperature phase transition in this problem despite the presence of extensively distant
ground states in the configuration space. This stems from the one-dimensional character of
the system; that is the domain walls which separate two different phases (ground states) of the
system have a finite energy cost. Therefore, any finite temperature can destroy and destabilize
the ordered phases by the extensive contribution of the entropy of such low-energy excitations.

7.2 Mean field results

In this subsection, we utilize the MF theory to analyze the SPPM problem for the DL matrix
when n = 2. Initially, we investigate the problem within the original space, and subsequently,
we demonstrate a substantial improvement in results achieved by exploiting the dual space
formalism.
For the DL matrix A, and Aj are identically zero based on numerical findings, whereas
A; exhibits non-zero behavior. To be more specific, A; conforms to the equation G.2 (Sec.
Appendix 7):
det(App; + A1Ly)

_ (164)
17 det(Apy + AqD)

Here Ap ; and I; are Ap and I, respectively, with the first row and column removed. While this
equation can be solved numerically, an analytical expression is found using the continuum limit
Eq. 106 based on the Fourier transformation of the Laplace matrix. This Fourier component is

Apy(q) = 4sin? % . (165)
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Figure 4: The entropy of ground states for Laplacian of a closed chain. The total
entropy is s = log(/N;)/L and the complexity is ¥ = log(N,)/L. Here N, is the
number of ground states and N, is the number of clusters of the ground states. Two
ground states are connected in the configuration space if their Hamming distance is
1. The exact numerical values are compared with the exact theoretical solutions.

The self-consistent equation is found to be

AN(A +4)=1, (166)

the real solutions of which are A; = 0.601232 and A; = —4.01545, the second being less
stable. It is worth noting that a method based on matrix calculus, presented in Appendix. 7
leads to the same result. Finally, using Eq. 98 one finds that for even L values (A4 = A%)

Z(2,L) = MP(Ap,) oc e 2 LHF (167a)
1 A%

f= 1og[5 (A +2+ \/A1(4+A1))] + ?1 (167b)

B =logAZ. (167¢)

Using the above equation we find that f ~ —0.576 and 3 ~ —1.01755. This should be com-
pared with the analytical result (the previous section) fyaiyic &~ —0.63.

For the dual space MF with m, = —+/ y/u —u, using Eq. D.42 one finds the following self-
consistent equation for A = A; = 0:

A=

, u u

= 1— . (168)
1 /
Al +my \/A’12(1+4mu—\/ﬂ)+A'1(4«/ﬂ—2muu%—SU)—4muU+U%

Then using Eq. D.38, and especially Eq. D.43 we find

21
1nzv1L§213[F(ADL)=£ dgln —L 11nu+A; +0(1). (169)
’ T Jo 2

m
Apr(q)(m, + A7) + ‘/—%All —Vu
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Figure 5: The stability of the MF results for discrete Laplacian. The main panel shows
the dual MF result for f with (I = 100) in terms of the Sourlas transformation
parameter u. For comparison, the MF and analytical results are also presented by
the dashed lines. The error of the result for dual MF in the blue area is less than
1.5%, while the error of the MF result in the real space is about 8%. The inset shows
the same quantity using the saddle-point approximation fg, normalized by fy, i.e.
fép/ fyr- The blue area exhibits the region where the solution is most stable defined
by the threshold fg/fir > 0.99.

The efficiency of the dual MF solution is another issue to be addressed here, for which we
use Eq. 131. Figure 5 shows the results for DL for L = 100. f(Ap;) is shown in the main figure,
and the stability test result is presented in the inset. First observe that |f (Ap; )| is greater than
that resulted from the MF theory in the direct and the dual space as predicted in Eq. 141. The
blue area in the inset shows the region where the solution satisfies fg,/fy > 0.99, i.e. the
MF solution is highly stable. In the main part of the figure, the same area is emphasized. It’s
noteworthy that within this region, where the mean field (MF) solution is stable, there is a
close correspondence between the MF results and the exact numerical outcomes. Specifically,
the deviation from the exact results is just about 1.5 percent, indicating a good agreement in
this particular region.

8 Shannon-Rényi entropy of the transverse field Ising chain

This section is devoted to the Rényi entropy (n = 2) of the ground state of TFI chain. We
will demonstrate that the MF solution is capable of detecting the phase transition point, and
estimating quantities of interest like R, (Eq. 14). For the relation between the Rényi entropy
and SPPM see Eq. 8. The Hamiltonian of the TFI chain is given by:

1< h <
_ = x x _ z
Hisng == 207051 —5 2,05, (170)
j=1 j=1
where o*Y* are Pauli matrices, h is a magnetic field, and periodic boundary conditions are
imposed, i.e. o] ; = o7. The Ising model is critical at |h| = 1. More precisely, the system is

in the paramagnetic phase for |h| > 1, while for |h| < 1 it is in the ferromagnetic phase, and
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|h| = 1 is the transition point, where the system becomes critical. Using the Jordan-Wigner

transformation defined as
T = z _+ — z -
cJ.:l |omaj, Cj:l |0m0]., (171)

m<j m<j

where o] é (o +io” ) and o; = % (0}‘ - io?’), one can map the TFI chain problem to a

J
discrete fermionic Hamiltonian

L L
1 i
Ismg EZI: j j+1+C C]+1+hc ] hzcjcj, (172)
j=1 j=1

which is an especial case of Eq. 2. In this equation c; (c;:-) is annihilation (creation) operator
defined in Eq. 2. The Jordan-Wigner transformation leaves a degree of freedom (concerning
the periodicity of the system), according to which two sectors can be taken: c;,; = c; is
the Ramond (R, periodic) sector, while ¢;,; = —c; is the Neveu-Schwartz (NS, antiperiodic)
sector. For the Ising model the ground state of the spin chain corresponds always to the ground
state of Hliing in the NS sector. Therefore, we consider the NS sector all over this paper. By
diagonalizing the Hamiltonian, one can find the energy spectrum of the system. The single
particle energy spectrum of this system is €, = v/1+h2—2hcosq. The correlation matrix
(defined in Eq. 3) for the Ising model is [24]

L
1 o
=< E :quelqm(J—k)_ (173)

Here o, = |}£EZlq§| with f(z)=h—z and q,,, = 2”(m — ). Using the properties of the circulant

matrices, one can find the elements of F matrix deﬁned in Eq. 5 as
1 <&
- Z; F, e , (174)
m=

so that Fp=—i taanr—ﬂ for

_ 1404 . 0y _ _1 sing
where F, = 1o, Note that F, = —icot, 6, = tan cosg—h
h = 1. To test the scaling properties of F,, we notice that there are two singular points for

InF;: ¢ — 0 and g — 7, in the vicinity of which F; has the following asymptotic expansions

—h
F,| _ 9 sgn(1—h) N O[ 2+sgn(1—h)] (175a)
qlh#1,g—0 = 71 211 —h] q , a
(2]1+h[ )0 ycen(1th
Fq|h;é—1,q—>7r = l( q—m ) +0 [(q - ﬂ:) sgn(l+ ):| . (175]3)

In addition, lim,_,q F;(h = 1) = —lsgn(q)—7 and lim,_,, F,(h = —1) = isgn(q—m)— (q ulg

Such singularities and the corresponding exponents are important in the integral representa-
tions like Eq. 98, in the vicinity of the transition point (critical region) where A functions
approach zero. This becomes clearer in the following discussions. It is worth noting that the
transformation h — —h (along with ¢ — g + 1) corresponds to o, — —0, giving rise to
F — F L. It corresponds to a dual transformation Eqs. 37 with u = 1 and m = 0 (with an extra
minus factor). This shows that R, for the Ising model has the symmetry h — —h.

Although the determination of R, is a challenge, having analytic expressions for specific
values of the transverse field is very helpful in characterizing this function. Analytical and
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numerical findings provide evidence that, for all values of h, to the leading order of L we
have [40]

An important limit is h = 0, for which the Z, symmetric ground state is given by
|g)h—0 = % (7T ... M + 1Ll ... 1)x]. Then the probability of the configuration |0,05...0;),

. . . 1 1+(—1)9192-1L .
in the ground state is easily found to be P,_¢(01,073,...,07) = 511 [f], resulting

to an exact result a,(0) = ,(0) = In2. The other limit is the critical Ising chain (h = 1) that
was numerically investigated in Ref. [40], where based on numerical fittings up to size L = 44
it was asserted that to the leading orders a,(1) = 0.2138 and f3,(1) ~ 0.

Next, we shift our focus to the mean field analysis and employ the self-consistent equa-
tions 91, substituting A with F. In the critical region one expects that A functions scale with
ayp =|1—h| (around h =1 for which T =1) or gy, = ﬁ (around h = —1 for which T =—1),
with a T-dependent exponent according to Eq. 104. For the former case (h — 17), this relation
predicts that A, o< (1 —h)?. Equation 175b can also be used for estimating the last term of
Eq. 98 in the L — oo limit

T

: (2) _ dgq 2 . 2 -1

Jlim M) = (f ﬁln[—Fq + 0, —A4)L +;1i%ln[—Fq +A,]+00™). a7
—TT

For h > 1 as we will see A, = 0, which, when combined with Eq. 8 gives
MF I-G
R5"(A4=0)=—2Indet — —2IndetF
= —Zlndet(ﬂ) s
2

showing that in the paramagnetic phase R, is related to the probability of a single spin config-
uration, known as the emptiness formation probability (EFP). Writing the EFP as

log[[{(11 ... TIg)I*] =—¢(R)L +O(L ™), (179)

and using Eq. 176 one concludes that for h > 1,

(178)

ay(h) ~—2¢(h), Pa(h)~0. (180)
The exact form of {(h) is given by [44]
1 (" 1 h—cosq
h)y=— dgln{ =+ ——|. 181
¢(h) ZNL qn(z 26, ) (181)
For h =1, we have
2C—min2
{h=1)=""100, (182)
T
where C is the Catalan number, giving rise to
a¥(h =1) = —2¢(h = 1) ~ 0.22005, (183a)
B (h=1)=0. (183b)

The single spin configuration plays dominant role also in large n limit. Suppose that there is
a single configuration (C,) in the expansion 7 such that P(C,) is larger than the probability of
any other configuration. Then

Rn(L) =

n 1 /
T InP(Co) + 1n(1+;xg), (184)

1—n
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can be treated perturbatively for large enough n values, where x. = P(C)/P(Cy) < 1, and Zé
runs over all configurations except C,. To the leading order we find

nl_i)r(r)loRn(L) =—InP(Cy). (185)

The first correction to this formulae is —xgl , Where Cj is the next most probable configuration.

We see that for large n values when h > 1 the way to get closer to the exact result is to
consider the contribution of the other most probable configurations. For Eq. 178 one may add
kinks (spin flips). For example a spin flip at site i corresponds to removing ith row and column
of F. Taking into account the effect of configurations with two spin flips (which serves as a

first order correction to MF due to the parity number symmetry), up to L, = 74 results in

ay* (h =1, Ly, = 74) 7 0.2156, (186)

which is just 0.8% away from the best available numerical results.
Interpreting R, as a free energy, one can study singularity of the derivative with respect to
MF
h (which can be viewed as specific heat). One can show that agi is logarithmically divergent
at h = 1. To see this, we note that for h # 1, and to O(L™1):

) 2N L
l lim % =i i ﬂp i sing (187a)
Li—co Jh p2m I\ Ay—F2 ) €2
40D " dq —h+cosq+e, e(h—1) 1 ( 4h )
1%  oh JO o €2 2h a+n \axne) 187D

where K(y) is a complete elliptic integral of the first kind, and ©(y) is the step function, i.e.
©(y) = 1if y > 0 and zero otherwise. Using Eq.178 for A, = 0, one finds for all h > 1, and
also the limit h — 1~ for which A, is zero or negligibly small, we have (h # 1):

(2)
1 olM® 4 4h
— 1 = . 188
L5%  oh n(1+h) ((1 +h)2) (188)
When h — 1%, one finds (+0(1 —h))
(2)
1 .. JInMy 2. (|lh—1]
[ T - __%hl( 8 ) (1892)
lim M — _M _ iln(u) ) (189b)
Lwoo Jh |, 2 2m 8

This leads us to conclude that % is logarithmically divergent at h = 1.

The above analysis gives the analytic expressions for R, in the vicinity of the transition
point. For a general behavior of R, we numerically solve the MF equations and compare them
with exact numerical (EN) results for small sizes. Equations 119 and H.2 give exact expres-
sions for M (F) in terms of Gaussian integrals of M?)(F, y) and M,Sz)(F, y). In Appendix J
the MF solutions are processed as the stationary points/lines of M®)(F, y) and ./\/lgz)(F, ).
The phase space is generally very big in terms of Agi) (i=1,2,3,j=1,..,1). We can, how-
ever, project to the subspace Aﬁ.l) = Ag.f) which is physically a significant subspace. Since F is
antisymmetric, one expects that the MF solution of M?)(F, y) depends only on A,. A detailed
analysis of the landscape of M®(F, y) and ./\/lflz)(F, y) in terms of the A functions is presented
in Appendix J.
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To directly find the MF results, we first solve numerically Eq. 91 for the direct space, and
Eq. 107 in the dual space (for which we used the “FindRoot” solver in Mathematica software),
and then use Eq. 93 and Eq. 109 to find the numerical estimations for M ®)(F) in the direct and
dual space, respectively. We concentrate on positive h values, and for the dual MF analysis we
choose the negative branch m = —+/ y/u — u. The Rényi entropy in the o® basis (R,) is analyzed
in Fig. 6 where the EN results are compared with the MF estimations. For the direct MF theory,
A, is found to be identically zero for all h values, while A; and A5 depend on h. Noting that
F is an antisymmetric matrix, we expect that the MF functions are sole functions of A, (see
Sec. 6.1). A, is depicted in Fig. 6a. When we start with small h values, A, monotonically
decreases with h up to a transition point h* (in the vicinity of the critical point h, = 1) where
an abrupt change of behavior is observed. In fact, for h > h* all the two point functions
are identically zero, while for h < h* they are non-zero. Our observations indicate that h*
approaches h, = 1 in the L — oo limit. More precisely, we found that 1 —h* = {;L7%2,
where {; ~ 1.0352, and {, ~ 0.577, which suggests that MF recognizes the exact critical
point. In accordance with the arguments presented in Section 6.2, in the paramagnetic phase
(h > h*), the system exhibits complete symmetry, resulting in all correlation functions being
zero (A, = A, = A5 = 0). However, as the system undergoes a transition to the ferromagnetic
phase (h < h*), certain symmetries of the original effective action are spontaneously broken.
As a result, A, acquire non-zero values in the latter phase. A, remains zero in the broken
phase due to the presence of the axial U(1) symmetry.

Figure 6b reveals that R, monotonically decreases with h, satisfying Eq. 141 for all h and L
values, i.e. REN < RIXIF (Note that it is related to the minus of logarithm of M @)(F)). It shows
a linear behavior in terms of the system size in accordance with Eq. 177. The local slope
(derivative) of this function with respect to h shows a peaked structure which is depicted in
Fig. 6¢. As the value of L increases, the peak position shifts towards the right and becomes
sharper in accordance with Eq. 187, approaching the critical point at h = 1. The numerical
values for a, and f3, are presented in Fig. 6d for both the EN and MF methods. For sufficiently
large h values (h 2 0.5), the direct MF results show good agreement with the EN results,
while for smaller h values (h < 0.5), the agreement is not as satisfactory. As h increases, a
smaller number of configurations play a significant role in the summation Eq. 8 for the Rényi
entropy, and for h > 1 the |17 ... 1), configuration significantly dominates. The dominant
configurations have a considerably larger formation probability compared to the rest, which
leads to better performance of the MF theory due to reduced fluctuations in the configuration
space. In appendix J we argue that the inefficiency of MF theory in the direct space for small
h values can be attributed to the appearance of extra peaks for M@ (F, y). For h < 0 the dual
MF with u =1 and m =0 (N = —F 1) gives reliable results due to the h — —h symmetry.

For a systematic analysis, we also examined the dual MF approach by employing the dual
MF equations 107 and 109, following the same methodology as the direct MF method. Ap-
pendix J provides a general picture of ]-"152) (F, y= {Ai}?zl) in the dual space. There we illus-
trate that for the u values where ]-"lsz) has a single minimum (stationary point), the MF results
are reliable, although the most robust criterion for the validity of the MF results is the stability
test presented in Sec. 6.4. In Fig. 6d we show a, and f3; in terms of h for the direct and the
dual MF theories as well as the EN results. For example aguzo.z)(h = 0) = 0.693145, which
should be compared with the exact result a,(h = 0) = In2 ~ 0.693147. For the dual MF
theory we used the “best” u values. Figure 7 shows the SPPM of the Ising model for h = 0
and L = 30 in terms of u, where the inset shows the stability according to Eq. 131. Within the
shaded blue region, we have identified a highly stable solution that satisfies fg,/fyr > 0.99.
It is noteworthy that in this region, the dual MF results exhibit good agreement with the exact
numerical results, while the direct MF predictions are poor. This finding further supports our
main hypothesis that the MF results are more reliable for more stable MF solutions. A similar
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Figure 6: (a) A4 in terms of h in the MF approximation for various values of L. h*
is defined as the point below which A, becomes non-zero for the first time. (b) MF
approximation and EN estimation for R, in terms of h for various values of system
size L. (c) MF approximation (main) and EN estimation (inset) for R,/dh in terms
of h with a peak structure. (d) The fitting parameters a, and f3, according to Eq. 176,
in terms of h for ME EN and dual ME where L_,,, (the maximum point up to which
the fitting is done) is 18 for EN and L., = 80 for ME The red hexagons show the
results for the dual MF with “best” u values. For more details see Fig. 15, and the
“best” u values are reported in Fig 15c.

pattern is also observed for other values of h, as detailed in Appendix J. For high magnetic
fields (h > h*), where the results of the direct-space MF method are reliable, the dual MF
results are not consistent with EN results.

9 Conclusions

In this study, we demonstrated a novel approach to approximate the SPPM by writing the
sum as a fermionic integral and employing MF theory. We presented three distinct versions
of the MF theory, each with its unique advantages. Among these versions, the one based
on the SP approximation appears particularly well-suited for extending the approximation to
higher levels of perturbation theory. This can be achieved by leveraging the expansion of
the exponential function and utilizing Bell polynomials. Although this process can be done
systematically, we have deferred the intricate details to future investigations.

Our primary focus in this work was on the case when n equals 2. However, it is worth not-
ing that the generalization to larger values of n is feasible through the judicious application
of bosonization techniques in conjunction with the SP approximation. Despite the straightfor-
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Figure 7: Main panel: The Renyi entropy (R,) of the TFI chain in the MF approx-
imation in terms of u (dual space parameter) for h = 0 and L = 30. The MF in
direct space and the analytical results are also presented by the dashed lines. Inset:
Rgp(u)/RgAF(u), showing the stability of the MF results according to Eq. 131. The
blue area in the main panel and the inset represents the most stable solution defined
by the threshold R3”(u)/Ry"(u) > 0.99. Note that (RY* —Rg‘nalyuc) /R‘;nalytlc ~ 0.19
for the MF in real space, while for the best u values in the dual space we have
(RYF(u) — RY™9) /RA™Y™ & 0.04.

ward conceptual framework, the actual computational aspects can be quite cumbersome. It
would be an intriguing endeavor to pursue this generalization in a systematic and methodical
manner.

By transitioning to the dual space, we significantly improved the results obtained through
the MF theory. Surprisingly, the MF results in the dual space outperformed those in the real
space, especially in cases where the real space results were subpar. The concept of dualities,
such as the one proposed by Sourlas, appears to have been astonishingly overlooked in this
context.

Although the reason behind the success of the duality seems intuitively understandable,
as it involves a change in the range of interactions, the extent to which one can approach the
exact value by utilizing the dual space remains far from obvious. Addressing this question
would mark a noteworthy achievement.

In our study, we tackled two specific examples: the discrete Laplacian of a chain, which can
be considered as the partition function of rooted spanning trees, and the Rényi entropy of the
ground state of a TFI chain. For the first example, which allowed us to explore the arbitrary
SPPM index (n) values, we managed to solve the problem exactly. It served as a benchmark,
illustrating how closely one can approximate the exact value through MF calculations in both
real and dual spaces.

The second example involved investigating the TFI chain and its phases by analyzing the
second Rényi entropy of the ground state. This approach offers a remarkably simple, intuitive,
and experimentally relevant means of studying this well-known spin chain. Until now, all
studies related to this quantity had been numerical, but we were able to provide the first
analytical calculation. Surprisingly, MF theory precisely determined the critical point, and gave
a good estimation of the entropy even deep within the ferromagnetic phase. The Rényi entropy
discussed here is experimentally easier to measure than entanglement, and as demonstrated
in this paper, it can also be calculated analytically.
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It’s important to note that our examples include periodic boundary conditions (PBC), espe-
cially when studying the Rényi entropy of the entire system. In such cases, we can formulate
and estimate the MF equations analytically. However, when PBC is not present, as in the case
of the Rényi entropy of a subsystem of the TFI chain, one possibly needs to rely more on
numerical techniques. These analyses are of utmost importance because the Rényi entropy
contains the central charge, a critical parameter for the underlying conformal field theory at
the critical point. Recently, the Rényi entropy has been used to measure the central charge for
the first time in quantum spin chains [30]. The techniques outlined in this paper offer a way
to calculate it analytically.
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A Berezin integrals of Grassmann variables

In this section, we fix the notation and summarize main results regarding the Berezin integra-
tion of Grassmann variables, see [45] for further details. Consider an [ x [ matrix denoted as
A. We define sets I, and J, as {iy, iy, ...,i.} and {j;, js, ..., j,}, and the complements of I, and
J as IT and J7, respectively. A; ; is a submatrix of A corresponding to the rows I, and the

columns J,, all kept in their original order, and e(I,,J,) = (—1)Zi€1r e 7. We also represent

fl—[(diiadgja)(...)zj (), (A1)
a=1 9

to facilitate the representation, where &; and £; are some Grassmann variables. If A is in-
vertable, then

f exp (ETAi +2TE+ EA) =detAexp [—iTA_l)L] s (A.2)
%3

= =1
where “T” stands for the “transpose”, and A = {Ai}i.:l and A = {Ai }i:1 are Grassmann vectors.
We also have the following identity for 2r-point Grassmann functions

f B (l_[ giagja) exp (ETAg) = E(Irﬂ]r)(detAIﬁJrc) H] (AB)
3

a=1
and if A is invertable then
-
f ] (]_[ £ gja) exp (ETAE) = detAdet [(A—T)Mr] . (A.4)
£,& \a=1
By employing this expression, it is possible to demonstrate the following identity

det[A]; ;.

_ A.5
detA ’ (A-5)

det [A_T]ICJC =e(l,,J,)
where AT = (A1)
(
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Additionally, there exist links between Grassmann integrals and Pfaffians in the context
of antisymmetric matrices. In the following, we explore a few connections for any arbitrary
antisymmetric matrix A [45]

Lexp[%&TAg] = L exp [—%ETAi] =Pf[A], (A.6a)
J (£,s,E: ) exp EgTAg] = (Pf[A])Pf[(A_T)IrIr] , (A.6b)
£

where Pf[A] is the Pfaffian of an antisymmetric matrix A.

B Generalized partition function and the Sourlas transformation

This section provides further elaboration on the Sourlas transformation, which is a duality
established in [39]. We define ¥, 7, ¢ and ¢ as two-component Grassmann variables with the
components y; and y, and ¢; and ¢, respectively, just like the ones defined in Sec. 4.2. The
generalized partition function Zb(fi;x) is defined as a generalization of Eq. 31

(n,A) — (mA) (7 _
5 (A)=J_6XP5A“ {0,721} (B.1)
XX

n n

I - !
where J = {{J .(r)}. } and J = {{J {r)}. } are external Grassmann sources, and
J J=1) r=1 J J=1) =1

S}(\”’A) {J, x} is a generalization of Eq. 28

ST, 7} = xAer—Z(Z 7 “)) +Z 7+ Tix (B.2)

"0,

where y;J; = > r=1 X and a similar expression for the other quantities. Note that

(n) (n,A=1)
MY™(A) = ZJ o (A). (B.3)
By utilizing a basic Grassmann identity, the Sourlas transformation establishes an identity for
Eq. B.1 when n = 2. To accomplish this, we use the following identity, which holds for any two-
component Grassmann variable y = (3, y®)T and 7 = (7, 7?), and complex numbers
m and u:

m

_ 2 _ - u =02
quexp[ (86 +méo + 61 + 70 | = (uwrm?)exp|~—T gy + 2)2(”)].

2(u+m
(B.4)

This identity can be proved by expanding both sides and using the identities of Grassmann
integrals. Then by inverting Eq. B.4, one proves the following identity

exp[%(fl)z]Z(u+m2)—lexp[ m 22%]J¢¢exp[ (¢¢>) +m¢>¢+¢x+x¢>] (B.5)

u+m

where the relation between m and u and A is

u
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Figure 8: u in terms of m for A = 1. The upper (lower) branch is for
u* = % —m?+ v Z —m?2, showing that u can be chosen arbitrarily small.

This relation is graphically shown in Fig. 8 for A = 1 with two branches in different colors
(u*(A)). Using this identity for all ¢;s, one ends up with the following equation [39]

Z;?JZZ,A)(A) = l_[ (uj + m}?)_l f ; exp{)(A x+ Z[ gb]gb]) + 7 +Jx;
' 1019,

j (B.7)

+m;id;+ iy + )?j¢j]} )
where the relationship between each u and m; is now determined individually via the Eq. B.6,

ie. A= (+—mz)2’ and A’ (= A6 —2. Now, doing the following Grassmann integral over

x and j:
f exp| 7877+ 7,0, + ) + (4 6,) 1,1 | = det[4 exp[— (U, + 6,) .8)
XX j

(@, 0+ 9],
results in the following duality of the partition functions
- 1
sz”(A) = e (&) JZ%")(N), (B.9)

where the dual partition function is defined as
2u) = W75z
Z; M) = L)d; exp Ly (7,1, 6,0}, (B.10)

and the dual effective action is

{70, 4.9} = ¢N¢+Z[ (66" -2 [ 6], 0= T[] 6] - ®ID

ij

In these relations we defined

—[an ﬁ [(uj + m]?)_l]detA’, (B.12)

j=1
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M N _
where M = (O 18[), and M;; = m;6;;. This implies that N = (0 1(\)1), where N=M+A' .

For the case J = J = 0, we simplify the notation by introducing

g0l =Ly U=00=0¢,¢}, ZP@W=z"2 N, @)=z M.

JJ=0
(B.13)
For the case of interest, i.e. A =1 and J =J = 0, we have (see Egs. B.3 and B.9)
M3 (A) = clML(lz)(N), where Mlsz)(N) = f exp El(\lf) {q§, d)} . (B.14)
¢’d;

It is instructive to expand this relation in terms of u. For the rest of this section we consider
the case uj is independent of j, i.e. uj=u for all j € {1,2,...,1}. Expanding the interaction
term in Eq. B.14 we find

MO (A)=¢ | (detN)* +u Y (detN;)* +u? > (detN; ;) +...+1
J J1>J2 (B.15)

= Z u™ (detN;)? ,
I

where n; = |I] is the number of elements of the set I. The two-point functions (see Eq. 47)
are then expressed in terms of the determinants of N as follows:

_ " (detN; ;) (detN
(509), = 2" (derhy ) (derky) (B.16)

>, un (detN;)>?

where N; and N, ; are defined in accordance with Eq. 47.

C The partition function of the Hubbard model

In this section we map the partition function of the Hubbard model to the SPPM problem.
To this end, we divide the trace in Eq. 18 into N imaginary time slices and then incorporate
Berezin-Grassmann integration in each time slice, resulting in the following expression (see
Ref. [38] for the details)

ZHwb () = f _exp[$™* (v, )], (C.1)
P

where the Hubbard discrete action is defined as (e = ]/\5,, and N is the number of imaginary
time slices)

N L
SHU (4, 4p) = Z [ZZ Vixo (Piko T Yir-1,0 + BePi_1,0) + €H (Pige o T/)ik—1,a)]

k=2Li=1

f (C.2)
+ Z Z —Pi10 (Virvo +Vine +ePino) +€H (Vi o, —dino)],
i=1 O
and the Hubbard discrete Hamiltonian for each time slice is defined as
_ U L _ 2
H (Il)ik,a: Ipik—l,a) =t Z (wlk awjk 1,0 + 1/)]k owlk 1 a E Z (Z wik,owik—l,a) . (CB)
(i:j)’o- l:l (o
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In these equations i € [1,2,...,L] runs over lattice sites, k runs over the discrete imag-

inary time, and o0 = #1 shows the spin. One can simplify the notation by defining

- N -

Yy = {{wik’o}iil}kﬂ the size of which is I = LN, and also ¥ = (gT) (and the same for V),
- l

so that ZH" (L) = limy_, o0 Zﬁ“b(L), and

Ue I & i 2 e i 2
ZHb () = J _exp (\TJSTB\I’ -5 ZZ (Z ¢ik,a¢ik—1,o) T Z (Z wil,awiN,U) ) >
A ] o

k=2i=1 \ o i=1
(C4
s™® 0
where S™8 = ( 0 STB)’ In this relation “TB” stands for “tight binding” limit and
(STB). = _5jj’5kk'+5kk’+1 [(1+M€)5”/+t6(5]]/+1+5”/_1):| , kZZ,k/<N,
Jk.j'k _5jj’5k15k’1 + 5k15k’N [—(1 + M6)5”/ - t€(5jj/+l + 5jj'—1):| , otherwise.
(C.5)
Defining (B);; = (1 + ue)djj + te (5j’j/+1 + 5]~+1’j/), which is a circulant matrix, one finds
(—I 0 0 0 .. —B\
B -I 0 0 .. O
0 B -I 0 .. O
gTB _
¢ £y
0O 0o 0 .. B —I
NxN (C6)
(1 + ue te 0 o .. te \
te 1+ ue te o .. 0
0 te 1+ue te .. 0
B=
. te
\ te 0 0 ... te 1+,ue}

LxL

To make a connection to the SPPM problem, we define a transformation ¢;ik,a = tﬁik,g, and
Gik,c = Yik—1,0> where m = 1,2 is spin degrees of freedom, and k = 2,..., N accounts for time
slices, and i = 1, ..., L is the space index. For a consistent notation we define ¢;i1,0 = 1[)“’0 and
®i1,0 = Yin o Which results in

Z Yiko (STB)ik,i/klwi’k’,o = Z Piko Arup)ik ik Pirkr,or » (C.7)
kK7’ KK/’
where
(—B -I 0 O .. O \
0O B —-I 0 .. O
0 0 B I 0
AHl]b = . . . (C.g)
. —I
\"1 0 0 .. o B -

Then it is easily verified that

. U N L _ 2
Zﬁub(L) = f B €Xp (q)AHubq) - 76 ZZ (Z ¢ik,a¢ik,o) ) > (C9)
P k=1 i=1 g

1i
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-

- L N . C g — ¢T
where ¢, = {{¢ik,0}i:1}k_1 the size of which is I = LN, and also ® = q_5 (and the same
- I

AHub 0

0 AHub
case L = 1, for which B is 1 x 1 with the element b = 1 + ue. In this case one may use the
standard identities for the minors of A matrix, namely

for @), and Apy, = ( ) Before mapping this problem to SPPM, we test it for the

NIEEO detAyp = —Nlirréo(l +bN) =1+,
det (Apup e = (285, — 1DV,
det (Apup s ks = (26k, k1 — b2, ko # kq s
det (Agun s ke ks = (20, ey hey1 — DB, ks # ko #Fkq,- .,

(C.10)

where the subscripts k; shows that the rows and columns k; are removed. These determinants
are involved in the series expansion of Eq. C.9 in terms of the U. Each expansion term gener-

. . . N
ates a minor of the Ay ,;, with some rows and columns removed. Noting that there are (n)

(binomial coefficient) possible ways for removing n rows and columns from a N x N matrix
(to calculate the principal minors), one can do the summation, which eventually gives

ZM(L=1= lim Zy"*"(L=1)= lim Z(—eU)"(det(AHub)In)z

N (C.11
N
— Buy2 ; 2(N—n) n_ Bu 4 o2fu,—pU
(1+ePH) +ngn n2=1(”)b (—eU)' =1+ 2ePH + e=Ple ,

as expected from a direct calculation. For a generic value of L, the Eq. C.9 can be easily mapped
to a SPPM problem using the duality transformation reviewed in Sec. 4.2 and B. The result is

2
_ - 1 -
Zﬁub(L) = (]_ + mZ) l det [AHub + #H]f ) exp (“IJNHub\II + 5 Z (Z wikwik) ), (C.12)
vy ik o

2 _ 1
where m* =—1+ Weirt, and
—1
-1 I—(A + -1 0
NHub = mH_(AHub + i 2]1) = m ( Hub m?+1 ) m -1 1- (C.].B)
l+m 0 ml— (App + 77571)

Using the Berezin-Grassmann integral representation described in Sec. 4 (see also Appendix A)
one can easily verify that

ZH(L) = (1+m?) L det (AHub + I) M3 (ml — (AHub + LI) ) - (€14

m2+1 m2+1

An equivalent expression is obtained using the Hubbard-Stratonovic transformation. Using
Eq. 32, one can write the partition function as

7 _ m ZS: (aec[a®,]), (C.15)

i

where >\ =" { {s(k)}K }L is the sum over auxiliary spins, and
i=1) k=1

S) __ m
A = (ml; +5) (AHub + mz—HIz) -I. (C.16)
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In the above equation S = diag{s;,s,,...,Sy} is a block diagonal matrix, and

s; = dlag{ (1) ,sl@)}, and I; is an identity matrix of dimension [. One can easily show
that

i f_(B, Sl) _(mIL + Sl) 0 0 .. 0 0 ]
0 f+(B,52) —(mIL +Sz) 0o .. 0 0
) _ '
Apiup = : , (C.17)
0 0 0 0o .. f+(B, SN—I) _(mIL +SN—1)
_—(mIL +SN) 0 0 0o .. 0 f+(B,SN)

where f,(B,s;) = (ml; +s;) (:I:B + mZLHIL) —1I;. It is useful to write detA® )b as follows

L

N
detASu)b = l_”_[ (m +sf])) X det{[(B + #IL) —(mI; + SN)_l]
i=1 j=1
m —
X [(B+ mz T 1IL)_(mIL +SN—1) 1i|

[(—B + mzni 1IL) —(mI, + sl)—l] —IL} .

It is instructive to obtain the partition function in two limits: the single site Hubbard model
L =1, and the atomic limit t = 0 and the atomic limit t = 0.

For the single site Hubbard model, B is a one by one matrix with the element
B=14+ue=1+ % One can readily find the determinant of Ay ;) as follows

(C.18)

det(AHub(S) l_[(m+s )+ l_[ [(m+s )(le + ) 1] s (C.19)

2+1

where f; =1—29, ;, which gives

[det (A o)] l_[[(m+s)]2+l_[([(m+s)(f13+ —)- 1])2
N
—2D[(m+si)2(fiB+mznjrl)—(m+si)}.

Summing over auxiliary spins, and keeping the terms proportional to the even powers of spins,
we find

Z [det (AHub(s))]z =2N [(m2 + 1)]N +2N [(mxl —1)%+ xf] [(mx —1)%+x2
S (C.21D)

— 2N [(m? + 1)x; —m][(m* + 1)x — m]N_l ,

(C.20)

]N_l

where x; = —B + —'5, and x = B + 5. Noting that
(mx —1)%+ x? 1 2Bu 9 m Bu
—_— = O|1/N°), X — =14+—, C.22
m2+1 (m2+1)2 (/ ) m2+1 N ( )

and (m? +1)?> = —(BU/N)~!, and using Eq. C.15 one finally finds (SS stands for single site)
ZEb = 1 4 2ePH 4 2PHePU (C.23)

which is the known result.
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For t = 0, the matrix B is diagonal B = (1 + uf3/N)I; so that Eq.C.18 gives us

detA(S)b(t—0)—ﬁ{ﬁ[(m+s(1))(f13+ 2+1) 1]—ﬁ(m+s(]))}. (C.24)

j=1 \li=1 i=1

The expression inside the parenthesis is the same as Eq. C.19, giving rise to

ZHb(r = 0) = (zH)" (C.25)

D Details of the mean field theory

The objective of this section is to provide a detailed explanation of our mean field theory
starting from the effective action Eq. 89.

D.1 MF theory; the main scheme

The effective action Eq. 89 is not block-diagonal and also contains the terms like y My and
7MW 7@, Using the following Bogoliobov transformation

@ _ 1,0, 7@ W _ 1 [ (@)
{X{Z) 7 [wél) +1/){2)] , X(Z) 7 [w(l) +ng2)] , (D.1)
_ 1 T _ 1 n :
Xj —72[% —Y; ] Xj —E[w —¥; ]
one easily finds
. - A+ (A=A Aql
Sue {30, 9} = YSue(AN, SMF(A)=( G el Az)l) (0.2)

where YT = (Y, @) and ¢ = (pM,+)?). Substituting this equation into Eq. 85, one
finds
M@(A) = 7124 det Syp(A). (D.3)

The self-consistent two-point functions are then expressed in terms of two-point functions of
4 and v as follows

A= L ([0 4@ [y +§)), ® 42
8= 3 ([F0 + ¥ @[30 = 4], )
8= L ([0 44 @[04 )), 40

in which the following equations hold due to the explicit symmetries of Syp(A):
7.7\ _ (), M\ _ ’_
<¢j ! >_0, <1p]. W >_0, nr'=1,2. (D.5)
The other two-point functions are calculated using Syr(A) as follows:
- MF -1 - D
(P 0) = 2 (MP(a)) J Oy
P,

dEtSMF(lj)c (1)) [ —T]
det Syp MF1(1,1j) °

(D.6)
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where we defined Sy, j)+j) as the matrix Syp(A) in which the rows and columns j are re-
moved from the block r,r’. The other functions are similarly found to be

detS oo
@) @\ _ CSME@ee) o
<‘¢’j j >— —— =[S

det Sy N MF](Zj,Zj) ’ (D.7a)
detS o
Ty @\ _ _qy IS @ et
det Sy i1
1@, O\ _ gy ey et
<¢j Y5 >—( 1) detSyn =(-1) [SMF](Zj,lj)’ (D.70)

T , _\T . . . .
where O is defined as ((O) 1) . The self-consistent two-point functions of interest (A func-
tions) are expressed as the liner combination of these functions:

=5 7487) - (7).
= 3L+ 47)], ®9
3= {ia7).

The inverse of Sy can be readily obtained using their circulant nature (note that A and AT
commute). Using Schur complement method and LDU decomposition one obtains

Ay A3
Sur(A) = (I AT+(A1+A2)I) (A + (A= Al = s aan . 0 )
0 I 0 —A" —(A;+AH)1
a+a) oo
I 0
X As 1]
AT+(A;+A)1
Using this equation, and defining A ; = % (A:l: AT), one finds by inspection that
detSyp(A) = det (—x —2A,A,) , (D.10)
where
x=A+AD(AT+A1)—(A2+A2)1 A1)
=AAT +2A A + AL ’
Furthermore, one is able to calculate the inverse as
AT +H(A1+A,)I Al
) X+24,5A, X247,
Syn(A) = . (D.12)
Asl A+(A;—AT
TX2A,A, T xt24A,A,

We adopted this notation (utilizing matrices in the denominators) because all the matrices
within this equation mutually commute, allowing us to express % as N"'M = MN! for any
matrices M and N that commute. We derive the following matrix expressions for two-point
functions:

<J,§_1)¢§1)> _ [AT +(4 +Az)IT _ [AT +(A + Az)l] .
1]

X+ 2A2Aa i X+ ZAzAa
T
J J X+ 2A2Aa jj X+ 2A2Aa j.j ’
T
72, W\ _ [ 7@\ __qy| Bl ] _ z[ Asl }
. ) =—(; ) =(-1)| —— =-1)|———— .
<w1 v; > <¢] ¥ > ( )[x+2A2Aa y =1 X+ 2857, ;5
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The final result is the following set of self-consistent MF equations:

A _[ AS+A11] A _[—Aa+A21] A _[ Agl } (D14
P lx 2004, 0550 2T Ix+200A, 15 T lx+200A, 05 ‘

D.2 Pfaffian formalism

In this part we re-formulate the MF equations in terms of Pfaffian. To this end, we define a
4-Grassmann variable

o

. -(2

XX

= = . (D.15)
4 [%] e

Having defined this 4-Grassmann, we use the following property for any given O matrix

1 o olfz]_ 1. 1.
A x][_@r 0][ ]— 2 0" +57" 0y

4
(D.16)
1 _ 1 _ _
= szi@ijxj + EZ){i@inj =70y
ij ij
Using this, one casts the Eq. 81 to
L 1 S (e
SwedZ, 1} = 20x — Sxlsy — S ¥k = =50 Syl (D.17)
where )
I, -0
Skt =[ 3 ] (D.18)
MET QT I,

which is antisymmetric and I3 and O have been defined in Eq. 82. Using the Pfaffian identities
for {’s, we obtain

1 .
M®) = ¢~ T Apg[gP T (D.19)

One additionally obtains the MF self-consistency equations as follows:

(D@
A(-m5<x(”x(l)> (C(1)§(3)> fc $ exp[ 3¢ S{¢ ]
’ n f{eXp[ECTSMF]

—T _T (D.20a)
| G G
(SW)aj (Shaedsjas |
9= (1) = (o) - LB e ]
feXp[igTSMF ]
(D.20b)
Y (SMF AY (II\)/fF)lej
(SEfF)4J 1 (SII\)/fF)4j7:4j ’
AP = (7072 = (¢0gD) = J &P exp[ 3¢Sy ]
feXp[ECTSMF ]
(D.20c¢)

(Si/fF)lj 1j (SII\)/fF);]T:ZJ

=Pf =T
(MF)Zj,lj (SPMfF)ZJ',ZJ'
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In this formula, we used M,,,.,,, (for a block matrix M, and u,v € {1,2,3,4}) to show (r,r)
component of the (u, v)th sub-matrix, i.e. (Mu’v) 1<+ For the Pfaffian, according to the Eq. D.20,

we should calculate the inverse of Si,fF. In this section we consider the case A functions are
independent of r, and we restrict ourselves to the case where there are only three independent
functions: A;, A, and A;. When A is circulant, all of its functions are also circulant and
commutative, allowing us to determine its inverse as follows

A X X0, +A2A, X+0; A
—AyA5y Asy ¥ A, :
A x+0A, X0, +A2A
(Spf )—1 _ —A3§ AjAg—=2 A, yl . v =1 | cC D (D.21)
MF/ T | xO[-AZA, CALEOIA A A ALX —|-DT |’ :
y 2y 253y 3y
x—0] A, X0 —AZA, X A
—A2y Ty —hAsy  Th2AsTy

where A, = 3[F—FT], 0, =A+ A1, x=070, — (A2 + A2)1, and y = x> — 4A2A2. We also
defined

Ci1 Gy ] , [—C11 C12] [Dn D12:|
C= s C = 5 D= 5 (D.22)
[—Clz —Cpy —Cip Cpy Dy, Dyg
in which
2A, X X071 + 2A2A X+ 20;A,
Ci1 =—AyA; ya , Cip= Ag; , D= % , D= Az%- (D.23)

Now we consider the consistency equations. According to Eq. D.20, for determining A; we
should consider the block corresponding to I = {1j,3j}, so that

Ay =P, 1=PA-(ST)), ]

| —[Culj; —[D11]j,j] _ [ 0 —[DH]J-’J-] B (D.24)
_Pf[ [Dzl]j,j [Cll]j,j =Pt [Dfl]j’. 0 - [Dll]i,j :

j
In the other hand we have
x0; +2A2A xO 1[x0 x0;\"
y jsJ y JsJj y y jsJ
One may be interested in writing this equation in a symmetric form, as follows

XOl _ 1 [ 01 n 01 ]
x—2A,0, X+2A,A, ]

y 2

D.26
(Xol)Tzl of . ol (D-26)
y 2[x+2A,A, x—2A,A, ]’
so that r . .
1] 0;+0 1[ 0,+0 1[ 0;+0
A== — "L | o L | = L1 | (D.27)
4 X—2AGA2 jj 4 X+2AaA2 i 2 X+2AQA2 i

which coincides with Eq. D.14. Now let us consider A,, for which we have to consider the
block corresponding to I = {1r,4r}, so that

A, =PA(SEE) T 1=PA—(S%) 1= Pf[

—[Cui1l;; —[D12l;;
MFJ 11

0 —[Dy] il by (D.28)
— Ml
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Therefore we have

x+ 204A
Az - [D].Z]j,j - A2 [#] . (D.29)
y i
For A5 we consider I = {1r,2r}, so that
-T -1 —[Ci1l;; —[Ci2l;;
Dy =PAI(Sy),; 1=P—(Sife),, 1= Pf|: [cT ].J.,J [C ].]_’J
1245 11455
0 (C1,] (D.30)
|:|:C1T2]j,j 0 1250
One then obtains
X
A3 == [Clz]r’r - AB [—} . (D.Bl)
Ydjj

One can show by inspection that this equation coincides with Eq. D.14.

D.3 Mean field in dual space

The MF theory of the Sourlas action El(\? ) {qg, ¢ } is just like the previous section written in terms
of N given in Eq. 40. Then with a simple re-definition A} = uA:.P, i=1,2,3 (A? are defined like
the ones in Eq. 77, but for the ¢ variables in the dual space), and A}, = 1 [A”Z — A2 — A’sz],
one can obtain the same MF equations as the Eq. 85 and the self-consistent two-point functions
Eq. 91. Based on these definitions, and the MF scenario we obtain

MW e [ el + o4 (570 +870f7) -84 0817 676
P9 j

a4 (60 505 w32

where A’ = exp [—ZAQ]. If we consider a uniform transformation, i.e. m; = m and u; = u for
all i values, then we adopt a same method as the MF in the direct space for the functions with
“prime”. Then, defining N, ; = % [N + NT], the self-consistent equations are proven to be

N, + A/I —N, + A’I AT
A :u|:s—1i| , A;:u[a—z] , Ag:u[—g] ,
Ji Js JsJ

x(N) +2A)N, xN) +2A%N, xN) +2A)N,
(D.33)
where ) . ) )
xM = (N+ A1) (N + A1) = (A2 + A2
(N+ A (N + A1)~ (87 + A7) 054

_ T / /
=NN' +2A|N; +uA;,.

These equations bear resemblance to the Egs. 91, featuring an additional multiplication factor
u, and substituting the matrix A with N. The general expression for the SPPM in the MF
approximation is then given by

ML(L,ZI\)/IF(A) = e %4 det Syr(N), (D.35)
where ( )
N+ (A, =AY AT
u — 1 2 3
Sur(N) = ( —A4I —NT— (A} +4)) 1) (b-36)

One can simplify the formulae using the Schur’s complement method (Sec. D.9), according to
which
detS¥(N) = det[—x™) —2A)N, ], (D.37)
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which is similar to Egs. D.10 and 95. It’s worth mentioning that when matrix A is circulant,
the same property holds for N. This implies that for even I:

(2) _
In M, yp(A) = Indet Sy +1Inc; — LA

l
In[x™(g;) + 2A0N(qr) ] —Un(u+m?) + Z ln(A;kA/_qk) — 1A
k=1

Il
MN

x'
~ |
—

k In[A] A x™(q) + 28040 A No(qi) ] —1[In(u+m?) + A}]

[y

l

/ / / / / / 12 12
In[ (A, (m+a)—1) (A (m+a)—1)—AL A (A2 +A7)

~
—_

+20040 A No(qi) |~ 1[In (u+m?) + A,]

27
l / / / / 1 Al /2 /2
ﬁﬁjo dgin[ (A (m+Aa)—1) (A (m+ A7) —1)—A A (AZ+AP)

+2054 A No(q)|—1[In(u+m?)+A,]+0(1), (D.38)
where A’q =A;+ =5, N(Q) = m—AL/ is the Fourier component of N, N; , = % (N(q) £N(—q)),
q

and x®) is given in Eq. 111. As an example consider the case A’, = 0 and A3 #0, thenas a
result of the first and the third relations in Eq. D.33 we have

NS _ (N) -1 _ 1
|:X(N):|j,j =0, [(™)7] =1 (D.39)

or equivalently in the Fourier space:

NN

J Tdg Ny(q) _ J " dq 1 _
L 2N N_ + 20 N(Q) + AR —AZ 7 ) 2n N N_g + 20 N(q) + A2 — A7

(D.40)
For antisymmetric N only the second identity of the above equation holds

Y
dg 1 1
f nNZruA u A4

For the symmetric N, according the discussions presented in Sec. 6 (and TABLE 2) one expects
that if A5 is zero, then the only equation to be satisfied is

K
dg 1
Al = f = - (D.42)
2T Ny + A7

Using Eq. D.38 we also finds for the symmetric N (I — 00)
2r
@ Ay !
In M) = JO dgln ‘(A;(m +A))— 1)‘ —1[In(u+m?)+A,]+0(1).  (D.43)

E Free energy of minors of a closed chain: Finite temperature

In the following, we present the details of computing the free energy of principal minors for
the Laplacian of a closed chain of size L. Recall that the partition function is:

Z(n,L)= ) e, (E.1)

I
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Figure 9: A configuration of clusters formed by the subset of present indices in I for
an open and closed chain. The present and absent indices are shown by T and |,
respectively.

with the energy function E; = —IndetAp, (I).
More precisely, E; = 0 when index configuration I includes all indices, otherwise,

L—1
E ==Y m{In(l+1)=E({m}), (E.2)
=1

where m;r denotes the number of clusters of size [. Similarly, we define m;” for the number of
clusters of size [ formed by the absent (down) indices (see Fig.9). Thus, we have,

L:Zme—FZlml_. (E.3)
l l
Let us also define the total number of up and down clusters,

m+=Zml+, m_=ZmZ_. (E.4)
7 I

In a closed chain m™ = m™~ > 0, except for the single configuration with all indices in I. Thus
the partition function can be rewritten as

)
N +
Z(n,L)=1+ Z Z 5mi,m521 l(m;r+m;),L/\/;losed({m?_}’ {ml De nE({m; }) > (E.5)

m=1{m;,m;}

where Njo5ea({m]"}, {m}) gives the number of index configurations I with the specified num-
ber of up and down clusters.

We first start with an open chain to compute the above entropy function, see Fig. 9. For
an open chain either m* = m~— £1 or m* = m™. In the former case, the chain must start
with an up cluster if m™ = m™ + 1 or with a down cluster if m* = m™ — 1. In the latter case,
we have the option to start with an up cluster or a down cluster. In each case the number of
index configurations is given by the number of cluster permutations m*!m™! divided by the

+ f—
symmetry factor [ [,(m; )] ];(m;!). Therefore, we have,
m+lm_|

l_[z(mfl)l_lz(m?!)

When the chain is closed m* = m™ > 1, excluding the all up configuration. Consider an
imaginary boundary separating indices 1 and L. If we fix the state (type, size, and position)

Nopen({m?_}: {ml_}) = (5m+:m*ﬂ:1 +25m+:m*)' (E6)
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of the cluster at this boundary then the problem reduces to the open chain problem with
mt =m™ £ 1. Therefore,

ey ml_, m*im™!
Closed({ml } {ml }) - Zl ( _) ]_[l(m;r')]_[l(ml_') . (E.7)

But m* =m~ and )}, Imf + >} Im; = L, thus we get

2L mtim™!
m* +m= [,(m )] ],(m;) '

To compute the partition function Z(n, L), we define the following generating function

G(n,u) = Ze‘“LZ(n,L), (E.9)

L

J\/’closed({mr}; {ml_}) =

(E.8)

with u as a chemical potential. Using Eq. E.5 for Z(n, L), the generating function reads as
follows:

—u > (Imf+lm;)
Z Z e 2ullm/Hm, m!m! o Sy m In(l+1)

G R —_ m m:l: —_
(n, ) 2m; m [L(m DI T,(m 1)

m 1 {m ,m; ~}

(E.10)

Note that here we replace Le #! with —a%e_“L and then we set L = Y, (Im/ + Im]). In the
thermodynamic limit we can utilize the following relation

> D ey Oy OUm D= > o(imh, (E.11)

m*,m= {m,my} {m,m;}

where in the right hand side there is no constraint on the m . Now, we can do the sum over
the m to get

1 0 1 " "
G _ _ 2 —ul E —ul+nln(l+1) ) E.12
(n. 1) l—e# Ju& m( ¢ ) ( ¢ ( )

l l

Finally, the sum over m is connected to Taylor expansion of logarithm function, that is,

1 e, e ¥
— v~ _ —ul+nln(l+1)
G(n,u) = + o0 In (1 g ( E e )) . (E.13)

l

F Entropy of minors of a closed chain: Zero temperature

In this section, we study the number and structure of the relevant minors of the Laplacian
of a closed chain at zero temperature. These are the maximal principal minors, that is index
configurations of maximum determinants. Recall that an index configuration is represented
by a set of clusters of present indices in that configuration (Fig. 9). The determinant of a
principal minor is indeed the product of determinants of these clusters of indices. Thus the
energy associated to an index configuration is sum of the energy contributions of such clusters.
A cluster of size [ has energy

E;=—log(l+1). (ED)

If there are m;r clusters of size [ then the total energy is

—Z m; log(l+1). (E2)
l
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Figure 10: The possible ground states (maximal minors) of Laplacian for a closed
chain. The number of ground states depends on the length of the chain. The filled
circles are the present elements.

At zero temperature the above energy is minimized by the ground states of the system. Con-
sider index configurations that are a sequence of L/(l+ 1) clusters of size [ separated by single
absent indices, e.g., ... TTTITTTITTTl .. when [ = 3. Therefore, the energy density for such
configurations is

e()=—log(l+1)/(1+1). (E3)

We see that the above function is minimized for [ = 2, that is for dimer configurations. De-
pending on the size of chain we can have different numbers of dimer coverings which minimize
the energy (Fig. 10). The three cases that happen are listed below:

e Case L =0 mod 3:

Here the chain is covered by a number of dimers; starting from a ground state the oth-
ers can be obtained from a translation by one lattice constant. So, there are 3 dimer
coverings which differ in 2L /3 sites. Each dimer covering is separated by an extensive
Hamming distance from the other two coverings. Thus the complexity ¥ = In(3)/L and
the entropy density s = & approach zero in the thermodynamic limit.

e Case L =—1 mod 3:

Here the chain is covered by a number of dimers and a cluster of size [ = 1; starting
from a ground state the others are obtained for different positions of the isolated site.
So, there are L dimer coverings with extensive Hamming distances. Again, each dimer
configuration is isolated with Hamming distances larger than 1 from the other coverings.
Thus ¥ =1In(L)/L and s = %.

e Case L =+1 mod 3:

First, there are L clusters each including two configurations with Hamming distance one.
In one of these configurations we have a single cluster of size | = 3, which is replaced by
two clusters of size [ = 1 in the other configuration. Note that a cluster of size [ = 3 has
exactly the same energy as two clusters of size [ = 1. i.e. —In(3+1) =—2In(1+1). The
other dimer coverings are isolated configurations. They are obtained by separating the
two clusters of size [ = 1 and placing each of them between two adjacent dimers. More

precisely, the number of these configurations is X = ZiL:/}O[L]I(Si < L/2)+%]I(5i =1/2)].
The indicator function I(C) is one if the condition C is satisfied, otherwise it is zero.

Therefore, here we have ¥~ =In(L + X)/L and s = In(2L + X)/L.
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(a)
oo oo oo oo oo
(b)
oo oo oo oo o
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o e 0 0= oo 0O—e—o

Figure 11: Instability of the ground states of a closed chain at finite temperatures.
The free energy barrier to go from the ground state (a) to (b) is small and any finite
temperature can destroy such an order. Panels (a) and (b) show a section of two
different ground states which are related by a translation. An excited state is obtained
in panel (c) by replacing part of state (a) with the same part from state (b). The
excitation energy comes from the highlighted domain walls and is independent of
the size of the region.

In all cases the entropy density and complexity approach zero in the thermodynamic limit.
Moreover, despite the presence of extensively distant ground states, we do not observe a finite-
temperature phase transition in this problem. As Fig. 11 schematically displays, this is because
the domain walls which separate two different phases of the system have a finite energy cost.
Thus, the extensive contribution of their entropy can easily destroy the ordered phases at any
finite temperature.

G MF results for discrete Laplace matrix

In this section, we provide a detailed exposition of the mean field theory applied to the dis-
crete Laplace scenario. In general, when computing any two-point function associated with a
circulant matrix A of size L x L within the mean field approximation (refer to Egs. D.2 and D.7
for the specific case where A, = A; = 0), one must evaluate the following determinants:

detSyr = det(A+ A D) det (AT — A1), (G.1a)
det Syp(1jy1j) = det(A; + AjLp)det (AT —AT) (G.1b)
det Sy j)(2j) = det (A + AjD) det (AT — A1), (G.10)

where A; and I; are A and I respectively with first row and column removed. These relations
tell us that

¢ _ detSuranan _ detSwranen

22 det Syp detSyp
_det(A;+AqL)  det(—AT—AL)  det(A; +AqT)
~ det(A+AD)  det(—AT—AjI) det(A+AqD)

_AY
208, =AY, -
(G.2)

Hence, the mean field theory applied to the discrete Laplace problem necessitates calculating
the determinants of both Ap; + AT and Apy ; + A1, as demonstrated in Equation 164. These
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matrices are

[2+4A; -1 0 0 -1 7
-1 2+A;, -1 0 0
0 -1 24A 0 0
ADL + All = ! 3 (G.B)
0 0
. . e 2 -1
| -1 0 0 e T 24 A0,
which, after removing the first row and column becomes
[24+4A; -1 0 0 0
-1 244A; -1 0 0
0 -1 24A; .. 0 0
ADL,]. + A].I]. == 1 (G.4)
0 0
. . 24+4A; -1
| 0 0 0 e =1 2+ A (L—1)x(L—1)

Before calculating these determinants, let us start with calculating the determinant of Ap; and

Apy,; as a guidance of the other determinants. It is easily obtained using the properties of
circulant matrices (see the previous section), giving rise to detAp; = 4% l_li=1 sin? ”Tk The
determinant of Ap ; is simply calculated using a recursion relation. Denoting detAp; ; by

D(()L), one easily shows by inspection that
(L) _ op(L-1) _ (L-2)
Dy =2p{'™V —Di Y, (G.5)

where D(()L_l) (DéL_z)) is the determinant of the Ap; ; with first (first and second) row(s) and
column(s) removed. Note that D(()l) =2 and D(()z) = 3. One can easily solve this recursion rela-
tion by trying D(()L) =a; 12" +a;_»2172+...+2a; +a, where a;’s should be determined, given
that aqy =2 and a; = % One shows that the solution corresponds to the relation a; = %aL_l,
giving rise to D(()L) =L+1.

Back to the problem of interest, i.e. the determinants in Eq. G.2, and considering the case
A = Apy; one easily finds that

L

k
det(Ap, + A D =] | (4 sin ”T + Al) . (G.6)
k=1

Using the Euler-Maclaurin formula we find the following relation in the thermodynamic limit

L L
k k

lim lnl |(4sin2n—+A1) = lim E ln(4sin2n—+A1)

Lmeo a1 L L=eoim L

L
k

— dkIn 4sin2n—+A1 +0(1)
0 L

(G.7)
L T
=— J dx ln(4sin2x + AI) +0(1)
m
0
A1 +2+4/A(A+4
=LIn—! 5 1214 o).
For D) = det (ADL,l + Alll), similar to the Eq. G.5 we have
p®) = ¢pt-1 _ pl=2) (G.8)
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where { =2+ A;. To find a closed form for G.8, we note that:

pW=¢,

DW=¢2-1,

D =¢%—27,

DW=¢*—3¢%+1,

DO = 5403 +3¢, (G.9)

DO =6 57446721,

D7 =7 —67°+108% - 4¢,

D® =¢8 —7¢6 4 15¢% —100% +1,

D@ =¢%—877 +21¢°—208% +5¢, ...,

and in general

L—-1 _ L—-2 _ L—3 _ L—4 _
(L) CL (L 2)cL 2+(L_4)§L 4_(L_6)CL 6+(L_8){L 8+

int[ 5] L—m G.10)
_ _1\m L—2m .
—-g;( 1) (L_zm)c

L—1 L 4
={"F [—T,—E,—L,?}

Note also that we can find the leading term in the thermodynamic limit (L — ©0) using the
Eq. G.8:

D@
oo — C+HA)— g (G.11)
D(L-2)
In the thermodynamic limit we have x = % ~ %, so that
1 1
x=24+A—— - x=£+— (2—4. (G.12)
X 2 2

Now, by utilizing this thermodynamic solution, it becomes straightforward to examine the
following trial form as the leading term in the thermodynamic limit (note that the size of Ap; ;
is(L—1)x(L—1))

DW) = q() x xt71, (G.13)

a({) being a proportionality function independent of L. Therefore, we have
(L—)()o) C’ 1 3 L—1
Dleadmg term a(C) (E + 5 V C - 4) : (G.14)
Comparing this with Eq. G.10 we find that lim;_,, a({) = 1, and also

i L-1 L 4
L s - = _ 75 *
a(f)= lm (§ \/—) ¢ 2F1[ 5 L CZ]

e YIC

2y’

(G.15)
~1+c¢
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where the second line is obtained by fitting the function in the interval ]2,3], and ¢, ~ g,

Y1 %, and y, ~ 0.6. All in all we have

() (F)
1+¢g .

-2y 2
Therefore for large enough L values, Eq. 164 gives us

L-11 L -1
§—2=a(§)(§+— ”;2_4) |:l_[(4sin2%k+§—2):| , (G.17)

k=1

(L—o0) ~
leading term

(G.16)

which, transforms to the following form using the Eq. G.7

(=)

{—2=a() . so that a({)Z%(C—Z)(§+\/§2—4). (G.18)

H Stability of the MF solution in the dual space

In the dual space, the MF equations are similar to the ordinary one, except we need to inter-
change A functions by A’ = uA, and A by N given in Eq. 40. Here we adopt the notation of sec-

/ 11y 591/ / 75/ / / /
tion 6.4, i.e. we define Ag.l) = ASH) = Agzz) and AS.S) = Agu) = Ag.u) , y]’. = (yj(l) ,y}(g) ),
h (M — A B —ABY p_p —2 . .
where y;°° = A; and yj© =AY B = B, = £I,;, where u is the Sourlas transformation

/
parameter. We set AE.Z) to zero like section 6.4. Then we use the identity

Lo, _ P (1), (1) 5(2) 4 (2)
in)Bu Jo _uz¢j ¢j ¢j d)j s (H.1D)
j
as an alternative expression for the four-interaction part of the effective action in the dual
space. In this equation (égr), ¢§r)) is a Grassmann couple, and J;, = (J¢, ...,Jd’),
- /
qu5 = (J](D,J](Z),J](B)) given in Eq. 113 but this time for ¢ and ¢, so that <J§k)> = 2y](k) .
Using the identity Eq. 116 we find

MA(A) = f exp[ $Ng +ug VM FPp@] = [detB,]? f D{y}e 7@ (1.2)

X
where
FAM,y)=-n[MP@A,y)]=-In [Cl J es“(‘ﬁ""’yw)] : (H.3)
¢
and .
2’u(qg: ¢:y/’J¢)E(IgNd)_Ey/TBuy/'i_.y/TJqﬁ, (H.4)

is a variant of £ defined in Eq. 114. We derive the dual MF equations by minimizing .FISZ)(A, ¥
with respect to all y;’s as follows:

=0, (H.5)

d (k)’}-lgz)(A> }’/)
yj _)'/2_)_'/
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or equivalently

1y By A 42 _ -, (k)
angk), ln[ezy Y Mg )(A, y’)] = ;Bu,kk/y’j . (H.6)

Analogous to the direct space, we define FIE,[ZF) JA) = FLEZ)(A, ¥"). Expanding FLEZ)(A, y) around

¥’ to the second order, and doing the Gaussian integral we find that

(2)
2) e_FMF,u (A)

A~ ——,
P V/detC,

where C, = B, 18,, and ﬁfl{;k, = 3y,§k) By,(_k/)flgz)(A, ¥ y/—y- Now, representing the elements
J

M (H.7)

of C, by ¢’ .., one finds

“ e = B —h e 18
h
where hff;)(k _ g[ < Jjgk) Jj(k’)>u_ < Jj(k)>u < Jlgk')>u] , (H.9)

is the correlation function of the currents in the dual space. In this equation (), shows an
expectation value with respect to the dual effective action £,. Repeating the same calculations
as Sec. 6.4, we find that

G _ .G _ a2 3)")2 _ _ 2y @Y
_hu,ll - hu,22 - Z [(A] ) + (A] ) B h:&,lz = h£)21 = EA] A] . (H].O)

Here Agl)/ = u<<15]('1)¢](~1)> and AS.B)/ = u<¢]('1)¢](~2)> are the MF solutions of Eq. H.6. For the

/ /
case the Ag.k) is independent of j, i.e. Ag.k) = A;{ k =1, 3, we find that

—F3) (&)
e MF,u
MP(A) ~ ———. (H.11)
(1 - u_Z(Al _Ag )2)2
This equation can be written in terms of free energy density fg, = F¢p/1 as follows:
ujfu o q 1 Inl1 1A/2 A2 H.12
fso/ for = +2f1\1fmn _E( T—A) . (H.12)

I Jensen’s inequality for Berezin integrals

A convex function (¢ (x)) is defined as a function that satisfies the following identity

P(txy +(1—1t)xg) < tp(x1)+(1—1t)p(x0), (I.1)

where 0 < t <1 is the interpolation (real) parameter between x, and x;. The above relation
guarantees the following consequences

d d
Be) = )+ 5 IEERRIEAEFICOR o N 12)
One can also show that for a convex function
¢ (J g(X)f(X)dX) < J ¢ (g(x)) f (x)dx, (1.3)
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where f(x) > 0 is a weight function. An important example is ¢ (X) = exp X, resulting to

(eg(X)> > le(X)) , (1.4)

where (...) = f ...f (x)dx. This identity is valid in any dimension for the real integrals. For our
case where we deal with the Berezin integrals we use the following construction: We define

My = MZ)(A) = f

eso{i’l} , M, = M(z)(A) = f 631(\2){)21){} 5 (I.5)
xXx

xx
where Sy {j, x} = Sme {1, ¥} — 2., A4(r). We also define an interpolation between these two
actions as follows

SAz 1} =8P, 1} + (1= 0)Se {7, 1) (16)

and correspondingly

Scdz,
_ [ st _ Ly et
Mt = e tiAl ()t = T (L7
XX t
Then one checks

dlogM _ _

—a " (sP 121} =SolT 7)), » .
d2 loth (2) (- _ 2 @ - _ 2 )
ez - <(SA {x,x}—So{x,x}) >t_<SA {12} —So {x,x}>t >0,

which tells us that log M, is a convex function. Then Eq. 1.2 gives
dlogM @7 1S (7
log M; > log M, + th L My > Ml =Solzad), (1.9)
t=0

This, when combined with Eq. 140 leads to Eq. 141.

J Analysis of M and F for the TFI chain

In this section, we examine F and M as defined in Eq.119 both in the direct space and in the
dual space (Eq. H.3). By conducting this analysis, insights can be gained into the reliability of
the mean-field (MF) solutions with respect to external parameters and the u parameter in the
dual space. Our focus is on the Ising model, which exhibits a complex structure. Throughout
this section, we assume A, = 0, and A; and Aj are real. In this case the A space is pretty
large, i.e. 2l-dimensional, see Eq. 119 where A functions have space indices. To make the
space smaller, we consider the subspace corresponding to A} = Al.r/ for all r,r’ € [1,1] and
i = 1,3. This subspace corresponds to the restriction implied by the periodicity of the system,
making A functions independent of space. This gives a two-dimensional landscape which is
considered in the following.

Figure 12 illustrates MEIZ)(Al, As) as a function of h. Since F is an antisymmetric matrix
for the Ising model, one anticipates that the mean-field (MF) solutions are solely dependent
on A, as defined in Eq. 88 (refer to the reasoning leading to Eq. 102). For instance, in the case
of h =0, two hyperbolas emerge where A; = +4/ A, — A% and ./\/ll(lz) reaches its maximum. As
h increases, these hyperbolas converge due to the decreasing nature of A, (the gap between
them), ultimately disappearing at h = 1 in the thermodynamic limit, as observed in the h =1
case in Fig. 102.
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Figure 12: The SP integrand in the direct space M(N%% given in Eq. 119 for the Ising
model L = 10, in terms of A; and Aj for various h values. The stationary points for
a continuous line which is locus of stationary points with zero slope. It forms two
hyperbolas according to the relation A2—A2 = A, where A, is the solution of mean
field consistency relations.

Fra) g NG9

0.5
200

05 0 05 1 4 05 0 05 1M

Figure 13: .7-'152) in the dual space given in Eq. H.3 for the Ising model with h = 0,

L =10,and m = —+/ y/u—uin terms of A; and A5 for various rates of u: (a) u = 0.1,
(b)u=0.2,(c)u=0.35,(d) u=0.5, (¢) u=0.75, and (f) u = 0.99. We see that for
0.5 S u a second peak appears which makes the MF approximation questionable.
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Y= [(AL AT =0) Y= h(ALA =04) ‘\ \ \ \ ’ \
:A/ _A' | \
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Figure 14: ]-'L(lz)(Al,A3) (Eq. H.3) for the Ising model with h =0, u = 0.7, L = 30,
and m = —+/ yu—u in terms of A7 for (a) A; =0 and (b) A; = 0.4. In each figure
y'= Al and y = f1(A],A}) (defined as the right-hand-side of the first relation of
Eq. 107) have also been shown, the crossing point of which is the MF solutions. We
see that the crossing points are actually the extremum (stationary) points of the free
energy .7-"152). For (a), A’l = 0.373 is an unstable solution in the sense that it represents
a local maximum for ]-"152), which is unstable towards the two other solutions.

To decipher the solution structure, let’s examine Az = 0, where two peaks for ./\/ll(lz) emerge,

representing the primary contribution of the integrand 118: Aﬁ’eak = £A,. These peaks merge
as h — 1. In the other hand, as shown in Fig. 6d, the MF results become highly consistent with
the exact numerical results as h — 1. This leads us to the conclusion that when M&Z) exhibits
a single peak, the MF results become more reliable.

To evaluate the universality of this finding, we undertake a parallel analysis in the dual
space. In Fig.13, we present }"152) for the Ising model with L = 10, h = 0, and various values of
u. Notably, there are distinct paths where M becomes zero, leading to the divergence of ]—“L(lz)
and the emergence of a complex energy landscape with multiple minima, representing mean-
field (MF) solutions. To elucidate the solution structure, we plot fLEZ)(A’ , Ag = 0) in terms
of A; beneath each graph. For A} = 0, the configuration of minima undergoes changes with
varying u. As u increases, a second peak emerges, gaining strength with continued increases
in u. Around 0.5 < u, the second peak becomes substantial, coinciding with a decrease in the
validity of the MF results (refer to Fig.7, where it is evident that the MF results in the dual space
are valid and stable for u < 0.5). Once again, when the second peak becomes comparable to
the first, the reliability of the MF solutions diminishes. This is the reason why the direct MF
results are better for higher h values.

The structure of the MF solutions for a fixed A} is depicted in Fig.14, revealing a multitude
of solutions for A} = 0.4. Here, the minimum of J—"lgz) coincides with the MF solutions as per
Eq.107, specifically, A7 = f1(A], A%), where f; (A7, A3) corresponds to the right-hand side of
the first relation in this equation.

In addition to the criteria outlined above, the most robust criterion we have identified for
assessing the reliability of MF results is the stability analysis, which was outlined and employed
in Sections 7.2 and 8. In the subsequent discussion, we provide results pertaining to the
stability of MF results for the Ising model in the dual space. The Fig. 15 shows the slope
(Fig. 15a) and the width (Fig. 15b) of R, for h = 0. This figure displays both the direct and
dual MF results, along with the EN results. The corresponding stability tests are also presented
in Fig. 15d for various magnetic fields. A good consistency is observed between the “best u
intervals” (based on the fitness to the EN results) and the most “stable” solutions (identified
by a shaded area in blue using the criterion fg,/ fy;z > 0.99). Fig. 15c shows the best u values
that we used in Fig. 6 in terms of h.
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Figure 15: MF approximation of (a) a, and (b) 3, for the Ising model for h = 0 in
terms of u (compared with the exact result). The blue area in (a) shows the region
with fep/fur > 0.99. (c) The best u value that was used in Fig. 6d. Note that for
h > 1 the best choice is the direct ME, which does not correspond to any u. (d) shows
fsp/ fur for various h values representing the stability of the MF solution.
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