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We introduce a novel field theory representation for the Sum of Powers of Principal Minors
(SPPM), a mathematical construct with profound implications in quantum mechanics and sta-
tistical 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 facilitates new analytical approaches but also offers
deeper insights into the symmetries of complex quantum systems. For instance, it enables the rep-
resentation 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 theoretical advancements are demonstrated through
two compelling case studies. First, we exactly solve the SPPM problem for the Laplacian matrix
of a chain, a symmetric tridiagonal matrix, allowing for precise benchmarking of mean-field theory
results. Second, we present the first analytical calculation of the Shannon-Rényi entropy for the
transverse field Ising chain, revealing critical insights into phase transitions and symmetry breaking
in the ferromagnetic phase. This work not only bridges theoretical gaps in understanding 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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I. INTRODUCTION

Matrices find widespread applications in a variety of
scientific fields, such as quantum mechanics and machine
learning. In quantum mechanics, matrices serve as a
representation of physical observables and transforma-
tions in the Hilbert space, offering a potent mathemati-
cal framework to describe and comprehend the behav-
ior of quantum systems. In machine learning, matri-
ces are commonly employed to represent datasets, lin-
ear models, and for matrix factorization methods that
facilitate feature extraction and dimensionality reduc-
tion. While many properties of matrices, including de-
terminant, trace, rank, eigenvalues, and eigenvectors can
be calculated in polynomial time, other quantities such
as permanent [1], the sum of powers of principal mi-
nors(SPPM) [2] and mixed discriminants [2], require ex-
ponential time complexity making them relatively diffi-
cult 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 ap-
pears 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]. Addition-
ally, the sum of powers of principal minors plays a role in
mixed discriminants [2], which are objects used in con-
vex 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 en-
tropy 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, re-
sulting 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 intro-
duce 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 m. This representation bears sig-
nificant importance in multiple aspects. It resembles a
field theory representation and exhibits a range of in-
triguing symmetries including SU(n) symmetry, its sub-
groups like U(1) and axial U(1), symmetric group sym-
metry, and particle-hole symmetry. Furthermore, this
representation facilitates the creation of new representa-
tions, such as the bosonic integral representation, which
can be utilized for additional analytical computations.

Following the introduction of various representations
of SPPM involving Grassmann or scalar variables, we
introduce three mean field methods for approximating
the sum. The initial approach in mean field methodol-
ogy involves simplifying the interaction component of the
action within the Berezin-Grassmann framework by sub-
stituting it with quadratic terms and then establishing
the corresponding consistency relations. The use of the
Berezin integral representation sheds light on the exami-
nation of symmetries and their behavior post-mean field,
particularly regarding spontaneous symmetry breaking.
The second method which is based on the bosonic repre-
sentation and the steepest-descent approximation is more
appropriate for verifying the stability of mean field out-
comes, rendering it a more viable option for higher-order
perturbation theory. The third mean field technique em-
ploys 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 con-
verge 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 sce-
narios. Within the Berezin integral representation, we
contend that near the critical point, intriguing scaling
relationships can emerge, akin to those observed in crit-
ical 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 prin-
cipal 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 for-
est 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 en-
ergy, 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 ma-
trix 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 sym-
metries are spontaneously broken in the ferromagnetic
phase. We should emphasize that the Shannon-Rényi en-
tropy 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 en-
tropy focuses on the eigenvalues of the density matrix.
From an experimental perspective, Shannon-Rényi en-
tropy 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 upcom-
ing section initially defines the main problem and then
highlights several significant physical problems that are
analogous to the SPPM problem. Specifically, it demon-
strates how the Hubbard model’s partition function can
be related to the SPPM. Section III outlines the paper’s
key findings. Section IV begins with a field theory formu-
lation of the SPPM problem and then introduces various
new ways to represent the SPPM. It notably discusses
the potential application of Sourlas duality for approxi-
mating the sum. Section V categorizes the symmetries in
the field theory representation for both general and spe-
cific (symmetric and antisymmetric) matrices. Section
VI focuses on the mean-field approximation of the SPPM,
presenting three different mean-field methods. The first
method is particularly useful in understanding the sym-
metries of the problem, the second aids in grasping 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 VII provides an
exact solution for the SPPM problem for arbitrary pow-

ers in the Laplacian of a chain, which is then used to
validate the mean-field theory results. Section VIII is
dedicated to examining the Shannon-Rényi entropy of
the ground state of the TFI chain, including the first an-
alytical calculation of this entropy using the mean-field
techniques. It especially highlights how transitioning to
the dual space yields highly accurate results in the fer-
romagnetic domain. The paper concludes in section IX
with discussions and prospects for future research. Nu-
merous appendices accompany the paper, detailing the
calculations of the results discussed in the main text.

II. 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)é,j:]_ as an ! x [ square matrix. First
we define [I] = {1,2,...,1}, and the sets I, J C [I]. Then
the sets I¢ and J¢ can be defined as the complements
of I and J in [l]. We then define the matrix Ay ; 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 Ay = Aj;;. 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™M(A) =" [det A", (1)
I

where ) ; represents the summation over all possible sub-
sets I (sometimes called all configurations 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.

A. Rényi entropy of eigenstates of quadratic
fermionic systems

Consider a free fermionic system described by a
quadratic Hamiltonian

Hpreo = ¢/ Mc + %CTNCT + %CNTC - %TrM, (2)
where ¢ = (¢1, ¢, ..., ¢ 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 Hermi-
tian and antisymmetric matrices, respectively. In this pa-
per however we work with real Hamiltonians. The corre-

lation matrix G for an eigenstate is defined using two Jor-
dan fermionic operators v; = c}—l—cj, andy; =14 (c;f — cj)
as follows:

iGjr = Tr [pry74] » (3)



where p; is the (reduced) density matrix corresponding
to the (sub)system. Formation probabilities 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]:

pi(€.€) =< E&lplg >

— det %(I _ G)eé(éfﬁ')TF(éJrﬁ') Y
where we defined ¢;|€ >= §;|€ >, I is 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(C) = det B (I- G)} det Fe, (6)

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; |C) = O} remained intact.
Note that the summation over all principal minors of F is
det (I 4+ 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 de-
fined as

Ru(l) = 1inanP(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

—-nNn

n In M ™ (F).

(8)
Note that the above arguments are also valid for quan-
tum 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 en-
tropy concerns the diagonal elements of the density ma-
trix in the computational basis. On the other hand, the
so called von-Neumann-Rényi entropy is defined as

Ro(l) = 7= Indet B (I- G)} =

—-—n

Sull) = —— In (trp}) (9)

1—n

For free fermions, the latter entropy can be efficiently
computed in polynomial time using the correlation ma-
trix 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 universality 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 en-
tropies as their full system counterparts also show a vol-
ume law behavior, however, at the phase transition point
there is a logarithmic subleading term the coefficient of
which shows an interesting universal behavior. Signifi-
cantly, for specific values of the Rényi index, the coeffi-
cient associated with the logarithm is influenced by the
central charge, a key parameter in two-dimensional con-
formal field theories [3, 7, 15-22]. The formation prob-
abilities 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 TFT 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 the underlying conformal field theory (CFT) was suc-
cessfully estimated using the Shannon-Rényi entropy in
the same experiment [30].

Although one can calculate analytically certain forma-
tion probabilities in the thermodynamic limit, the results
for the Shannon-Rényi entropy has been entirely numeri-
cal. Our paper is the first step to tackle this problem an-
alytically using various mean field schemes for the ground
state of the TFI chain.

B. Shannon-Rényi entropy of finite temperature
quadratic fermionic systems

Consider the free fermionic system in a finite temper-
ature $. Then the density matrix of the system is:

e~ BHiree

Pe=g (10)

The normalization factor is Zz = det[I 4+ T]z where

B M N _ (T11 T2
T = exp [—ﬂ (—N -M)] = (T21 Ty ) (11)
Because of the Wick’s theorem one can again write all
the correlation functions with respect to the correlation
matrix iG? « = Tr[ps7;7e]. After finding the correlation
matrix one can write back the density matrix in the co-
herent 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 decom-
pose 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, ie.

P(C) = ZIB det F2,, (12)

with the F” matrix that can be derived from the following
equation:

F? = T5(To) ' 4+ Ty (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 procedure as the previous
section:

n 1

InZ
—, AT T

Ry(l) = — In M™(FF),  (14)
1 n

relating the Shannon-Rényi entropy of finite temperature

density matrix of free fermions to an SPPM problem.

C. 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 di-
verse 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 se-
quences, non-intersecting random walks, edges in random
spanning trees, eigenvalues of random matrices, Aztec di-
amond tilings and relevant references see [4].

DPP can be defined easily using the concept of for-
mation probabilities for quadratic fermionic Hamiltoni-
ans. Without loosing any generality consider the set
C = {1,2,...,1} and the probability measure P on the
2€ subsets of the set C. Here the probability of having
subset C is given by

1

PC=0)= iy

det Fe, (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 distri-
bution 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(ACC)=detKy. (16)

Here K = I — (I+ F)~! and A is the set of rows and
columns that should be kept. Equation (16) with sym-
metric 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].

D. Partition function of the Hubbard model

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

L
_ E : T
HHub = —t CiJCj’J +U T4, (17)
<ij>,o =1
where ¢/ and ¢i,o are fermionic creation and annihi-

lation oggrators respectively with spin o at site ¢ and
Nio = c;r »Ci,oc is the corresponding number operator. ¢
and U are the hopping energy and Coulomb on-site in-
teraction energy, respectively. The partition function of
this system is as follows:

20 (L) = Ty [e= A nNe)] (18)

where Np = Zw Nn;s is the fermion number operator.
To relate this to a minor problem, we use the stan-
dard Berezin integral representation of fermoinic parti-
tion function [38]. We write the partition function as a
functional integral over Grassmann variables using the
identity

ZHb (1) = lim zZE"P (L) (19a)
N—o00
N
= lim Tr [(e_e(HH“b_“NF)) } , (19b)
N—o00
where € = %, and N is the number of imaginary time
slices. Considering Grassmann variables at each site i

and time slice k by ;1. , and 1 -, one can show that [38]

240 = [ exp[-S" (G0, (0
Py
where SHUP (1), 1)) is given in Eq. C2. Using the notation

N
e = {{wik#f}le}k ) the size of which is [ = LN, and



—

also U = (gT) (and the same for ¥) after the dual
i
|

ZH(L) = (1+m?) " det (AHub +

2 _ 1
where m* = —1 £ T

dependent matrix given by Eq. C8, and I is an identity
matrix, the dimension of both being NL x N L.

and Ay is a t- and p-

III. SUMMARY OF THE MAIN RESULTS

In this section we briefly review some of the main con-
tributions of this paper. As we mentioned in the previous
section some interesting physical and applied mathemat-
ics problems can be mapped to the SPPM problem. It
was already realized in [3] that the Shannon-Rényi en-
tropy 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 al-
ready 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. IV. This representation is useful to explicitly
map the problem of the partition function of the Hub-
bard model to the SPPM using the Sourlas duality [39]
which we slightly generalize in Sec. IV. 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 remarkable 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.
V. 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 problem using approximate
methods. For n = 2 we develop three mean field (MF)
methods to get an estimate for the SPPM in Sec. VI
The first method is based on directly writing the interac-
tion term of the Grassmann representation with respect
to quadratic terms. We find the consistency relations and
discuss how the symmetries discussed in Sec. V can be
broken in various circumstances. These are summarized

m2 41

transformation (Sec. IV B for details) we have

2 —1
) M@ [mI— (Apg + — 1
)

(

(21)

in Tables III, IV and V. We also discuss how one can ver-
ify 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 transfor-
mation 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 dis-
cuss two examples. The first example is the discrete
Laplacian in one dimension which we use as a bench-
mark. We first solve the SPPM for arbitrary ns exactly
and discuss the statistical mechanics of the rooted span-
ning 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 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 re-
lations 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 en-
tire phase diagram. Most importantly, the MF approx-
imation 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.

IV. A BEREZIN-GRASSMANN INTEGRAL
REPRESENTATION

In this section we present a Berezin-Grassmann repre-
sentation 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 representa-



tion of determinant one can easily check that

Z/ <H xm) wd (Gx)  (22a)

el
_ / W)
X>X

= det[T+A],

MY (A

l
X) exp Z XiX;5) (22b)
j=1
(22¢)

where {¥;, Xi}é:l are independent Grassmann variables
with the property x;xr + xxXx; = 0 and X? = 0 (the
same holds for x;) for all j,k = 1,..,], x is an [-
vector (X1, Xx2,--,xi) (the same for Y), wx) (X,x) =
l - 1 _ .
exp > k=1 Xja«ijk:|7 and [o = [ (Hi:l dXidXi> is a
Berezin integral of Grassmann variables. The second line

J

W (2 x} = wd) (X(l)m(”) wy ()2(2)»((2))

One can cast this equation into the following more com-

J

wi {x%,x} = 0l (%, x} = exp

where we have defined an (nl) x
trix

(nl) block-diagonal ma-

A, =diag, {A A .. A}. (26)

We note that the only non-vanishing contribution to the
second term in the exponential of Eq. 25 is

1 (&K ) r
n,(ij '\ ) —>Hx§ W, (27)
' r=1

then, by expanding the exponential term and using the
well-known Berezin integrals (Appendix 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

S {x, x} = logw{™ {x, x}, i.e.

l n n
n — — 1 s
Sz(x){%X}:XAnX‘Fn!Z( Kx ”) . (29)

XA X

is easily understood by expanding the exponential term
and using the properties of Berezin integrals of Grass-
mann variables. The generalization of the above formula
to n > 1 needs considering n copies/replicas of Grass-

n
mann variables, i.e. {{x§ 7X§r)} } with a gener-
Jj=1 r=1

alized integrand. The generalization of this equation is
expressed as follows:

M™(A) = / W {%.%) (23)

XHX

where the definitions are generalized to f)ZX =

J (T2 Ty ax ) and X7 = (x,x®), o x™)

(xgr)»xé ), ...,x?”)Ta

all definitions applies also for (")), and

(note that each x(") is an I-vector

l n n
w{ (X(n)7x(n)) niz (Z XST)XJ ) . (24)

(

pact and appropriate form

1 n n
sG] "

(

We call the space of copies as the replica space, which is
n-dimensional, while j = 1,...,] enumerates the matrix
elements, which we call matriz 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
(r) —(r) —(r) (r)
X .

— iX;  and x; ° — iy, one can easily show that
for arbltrary n we have
M™(AT) = M™(A). (29)
Also for even n values, using X§T) — —X;T) and Xy) —
Xy) one finds
M™(=A) = M™(A), (30)

which is rather expected from the basic properties of prin-
cipal minors.

A. 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(2)(A).



This is the case which we comprehensively investigate
using the mean field technique. For n = 2 we have

M®(A) = / exp [Sff) {XaX}}

2
=/ exp | YAX + 5 Z(xgl)x]”rxﬁz) D)L
XX

(31)

A0

Y
where A = (0 A)’ < (2)>, and Y = ()2(1)7)_((2))~

Note that the second term in the exponential can be also
written as E =1 )’él)xg )X§2)X§ ), which is reminiscent
of the interaction term in the Hubbard model (see the
followings).

Using the discrete Hubbard-Stratanovich (HS) trick
one can write (31) as

M@ (A) = % > [det Ag]*; (32)
S

where Ag = A + S in which S is a diagonal matrix with
the non-zero elements {s1, s2, ..., 5} and s; = £1. The
above formula can be easily generalized to the Z, case as
follows:

1
M@ (A) == [det Agdet Ag-]; 33
(A) J XS:[ s 5+] (33)

2mip;

where now s; =e”~ @  with p; € {1,2,...,¢}.

/X exp Z)ZjAjkxk + % Z (x;)’ = H {(uj + m?)fl} det [A’]/_

X ik J J

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[(det Ag)?, (34)
where E is the expectation value. The above formulas
can be useful in numerical calculations for certain ma-
trices. Note that if instead of discrete HS one uses the
continuous version then we will have

M®(A) = (\/127>l /o:o ﬁlldsjeézksi [det(As)]?,

(35)
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 [? variables. The usefulness of
different versions depends on the matrix and application.

B. Strong-Weak Coupling Duality

Consider ¥, X, ¢ and ¢ as two-component Grassmann
variables with the components x(V), x(® and ¢!, ¢(2)
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 (Ap-
pendix A and B) one can show that (see Eq. B14) [39]:

exp Zﬂngjmk + %ZU’J (qgj¢j)2 ’
.k y
: ] (36)
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where u; and m; are some arbitrary numbers that are related by the relations

N]‘k = mj5jk — [(A/)il]jk R

A;‘k =Ajip + 0k

m; Uy

Y A=—3 37
Uj —l—m? (’Ltj +m§)2 ( a)

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(Q)(A) = H [(uj + m?)_l} det [A’][

J

which serves as the weak-strong duality transformation.
To see this, note that A is the inverse of u in the large u

exp | > &Nk + %Zu; (@0)°] (38)
Jk J

(

limit. Using Eq. B14, we see that

M®(A) = MP(N), (39)



where ngz) and ¢; are given by Eq. B14, and N is given
by Eq. 37. Here we have defined

N=I,—-(A+D,) ", (40)
where
l
. m; . l
D,=d — ,and I, =d 3
iag { w2 }jl an lag{m;},_,
(41)
so that

N=— (1(\)1 1‘31) . (42)

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 values, and the equation

J

M@ (A) =

H [(u] —|—m?)_l] det [A"] (det

J

H[(uj—km?)A} det [A] det [N

J

where Igpys = [\ {ki}imy Jpeye, = [\ {ki};—, 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

©) (k) = I
G {kz}izl = det [Nl{ki}fl"]{ki}fj

2
— ( det
<e { Ty J{ki};"—lD

[ Z <Sgn(0) H G (ki ka(i)))

o€S; =1

2

)

(44)

where S, is the set of all permutations, sgn(o) is + (—)
for even (odd) permutations, GV (k, k') = (N_T)kk/,

and G (k) = GV (k, k). This relation is a Wick expan-
sion. Using this, we can design a diagramatic interpreta-
tion for Eq. 43 as follows: To each term in rth level we
attribute a graph composed of r nodes, and correspond-
ing to each G (k,,, k,,) we make an edge connecting the
nodes k,, and k,. Each GV (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

—|—Zuk1 det {N]c Jg } +

k1

(1 + Zukl

helps to transform it to a problem with small interac-
tion coupling to be treated perturbatively The espe-
cial case of the duahtg is when m =0 and u = 1,
ie. M@(A) = (det A)* x M@ (A™!) which can be de—
rived also out of the relatlon between the principal mi-
nors 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; = +,/,/uj — u;, or equiv-

1

alently uy = 3 —m? & /4 —m?, see Appendix B for

details. Note that in the dual space mean field theory re-
sults are the most effective when we take negative branch

m]—:— ,/Uj—’ll,j.

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?)

Z uklukz det |:NI£1J€2J1€1 k2:| T ) ’

k1>ko

GW {k1} + Z Up, uey G {key, ko } + ) ;

k1>ko
(43)

(

n; identical copies, leading a symmetry factor n;!. The

contribution of such a term in the diagram i o T
Eq. 43 becomes

) = o1 (det ) HZCm

i i=0 (45)
= ¢ (det N) e @i = —FP(A)

M(Q)(

This relation shows that for the free energy F(?)(A), the
summation is over connected components. This result
is a consequence of the linked cluster expansion theo-
rem [41]. One should use this perturbative expansion
with caution since the principal minors of N and the com-
binatorial 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 exam-
ples 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 orig-
inal 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.

V. SYMMETRIES OF THE SYSTEM

In this section we explore various symmetries of the
system. In particular, we study the implications of these
symmetries on the two point functions. We define the
“expectation value” of an “observable” O {x,x} as fol-
lows:

Sy 0% wi” {x,x}
o wi (%X}

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

N\d e n—d
<1;[S XY Xjr)> = 2 (det i\j(]n)) (Ei)t Ar) , (47)

(O{x.x}) =

(46)

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

A. U(n) Symmetry

Consider the following unitary transformation

e VOIS @
@ ORI ) @
- U, d - 1 =0 - |, (48)

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,. Addition-
ally, ZZ=1 ¥ (™) 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 Us is as follows:

U2 = ei'y (_C;)* ab*> s (49)
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where v is a U(1) parameter, and a and b are some com-
plex parameters with an extra condition |a|* + [b* = 1
(showing the SU(2) part), leaving totally four indepen-
dent parameters in the transformations. This symmetry
transformation gives rise to the strong restrictions for two
point functions. As an example we have

<X§ ) (1)> <X§1)X;(c )> + X, (< (2)X(2)> _ <>—<§_1)XI(€1)>)

+ X <>Z§ PYN )> + X3 <><§2)X§c )> ;
(50)

where X; = |b]?, X2 = a*b and X} are independent
variables. Given that there are three independent pa-
rameters for the SU(2) part, one finds that the three last
coeflicients should be zero, implying that

<>Z§-1)X;(cl)> _ <>Z(-2)X(2)>, (51a)
<)_<§'1)Xz(f)> <X§2)X;(€1)> 0. (51b)

A subgroup of U(2) is obtained when we choose v =

1(an+asz),a= ez(@1=2) ' h — () giving rise to

Us —» U) @ U(1) = (e;‘ 622) . (52)

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

1)_(2 e 2)_ (2
<x§) ()>=<x§ )xfc)> <X§ )xi)>—0- (53)
The SU(2) subgroup (v = 0) which rotates the replica

can be represented in terms of the new parameters in the
form R2(¢a ﬁ) = U2(¢a ﬁ»’Y = 0)7 where

Ra(¢,n) = exp [—iiﬁ.&} = ]Icosg — in.0'sin g (54)
Here ¢ is a real parameter and 7 = (ng,ny,n.) is a real

unit vector, and o;’s (i = x,y, z) are Pauli matrices. Us-
ing this, one can easily show that

Rela] = cos ?, Im[a] = —n, sin ?,
2 2
5 (55)
Re[b] = —ny sin 5 Im[b] = —ny, sin 5

For example, in the case n, = n, = 0, we have

il E_i% 0
Ry(¢,n. =1) =e 2% = i | (56)
0 €'z

under which < (1) (2)> — e <)_<§1)X;(¢2)>- This trans-
formation, which is called the azial U(1) implies that
<X§ )Xz(f)> = 0 (for all j and k values). Note also that

the transformations

Ro(3m,n, = 1) = ioy,
Ry(3m,ny = 1) = ioy,

(57a)
(57b)



() ()

interchange the replica. Both imply <X >

<X§2)X1(62)>7 and also <X(1)X;(€2)> > i<X§2)X1(€1)>7

where in the latter +(—) stands for Ra(3m,n, = 1)
(R2(3m,ny = 1)), in agreement with Eq. 51.

The above results can be directly generalized to all n
values as follows:

(RO = (A7) for all v ok,
(X7 = (W) =0 for all 7 £ 47, .k, (58)
(o) = (7% ) = 0 for all v’ ik

(58a)

(58c¢)
We will derive them using some especial subgroups of the
U(n) group.

B. U"(1) symmetry

A subgroup of U(n) is the generalization of Eq. 52,
ie. U™1) =U1)®U(1l)® ...® U(1), which is ar-

guably the most obvious symmetry of SXL). It means
Xgr) — elar XET), XY) — e*m'r')z(.r), r = 1,...,n, where

«-’s are arbitrary real numbers. A direct consequence of
this symmetry is

(X) =0, (59)

for r # /. Tt 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.

1. U(1) and azial 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.

(Xgr)’xgr)> — (eﬂo‘xg el x§ )). A system with this
symmetry is expected to have the property

<x§”x§f,)> <x§” (,T)> =0, (60)

forall ;7' =1,2,...,n

Another subgroup of U™(1) is the so-called azial U(1)
group, defined by the transformation Eq. 56 with o =
—2¢ (in the case n = 2). More explicitly it trans-

forms the pair ( ( )7X§1)) — (e*m)_(;) e Xg )>, and

( (2)7x§2)) . (e Xﬁ),e‘mxf))

in extended easily to any arbitrary n.

. This transformation
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2. The parity and sectorial parity (SP) symmetry

The parity symmetry X, x — —X, —x implies that the
expectation value for all strings (X) is zero (X = a string
of xs and ys) if the total number of x’s and y’s in the
string is odd.

We also define a sectorial parity (SP) transformation
)Zg ),XS LN sgn(r)xy),sgn(r)xg-r), where sgn(r) = +1.
It corresponds to U (1) with a,, = 7 or 27. To be

more specific, consider the transformation ()’(y), X;T)) —

(_X;r)’_xg_r))’ and (Xg_r’)’xg_r’) _ XY) X;r'))’ implying
that for r # r’
() =, (61)
and also
(K7 = () =0, (62)

C. 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 un-
der exchanging the replicas (upon interchanging r <> /).
In particular, it forces the two-point functions to satisfy
the following equations

() = () (63a)
() = (), (63b)
<x§’“)x§f/)> - <x§ )xff)>7 (63c)

for all r and 7’ values.
that <X§T)X§T )> = 0.

The last line specially implies

D. SU™(2) and Chiral Particle-Hole (CPH)
symmetry for symmetric matrices

Consider the transformation

(1) e
<;<(,.)> - sul (i(”) , (64)

where Sug) is given by Eq. 49, with v = 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 XJT)AJ ka is invariant
under the transformation Eq. 64, and consequently SXL)
is invariant. Then, using the fact that this transformation
is local in the replica space, the big symmetry group is
represented by

sup =sul’ e SUP ..o sul. (65)



To inspect the consequences of this symmetry group, we
consider an especial element SUY” =1V @ .. @ SUY) ®

.. @ I where Sug) = Ra(¢,n, = 1). This element
gives rise to the transformations

<>Z§-T)>Z§f/)> Ly ei%(146,,) <>Z§”>Z§f/)> . (66a)

<x§”><§f')> Ly 2045, <x§-’")x§f/)> , (66b)

<>‘<§”")x§f/)> Ly emi%(1=5,0) <X§T>X§;’>> ., (660c)
implying that

<X§,T))’<](:/)> = <X§T)X,(:/)> =0 for all 7,7/, (67a)

<>—<§T'> X,g'-’>> — 0 for all 7 # 7. (67b)

On the other hand, by taking the SU(QT) =U(a=0,b=
€'), we find that

<>Z§-T)X§f)> = <>Z;(f)x§-”>~ (68)

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

<>’<§T)x§f,)> = <>’<§fl)x§-”>, (69a)
<>‘<§’")>‘c§f/)> = <x§f/)x§”>, (69Db)

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.

E. 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 ex-
change XY) with )‘(;T) for all values of r. Under this
transformation the interaction term is invariant for even

n, while the term )Zy)Aij;(f) goes to —)’(,(:)Ajkxg.r) =
X(T) (—AT> X(r), showing that the effective action is in-

variant only for antisymmetric matrices. One finds for
antisymmetric matrices

(X)) =, (70a)
<>Z§T)x§f/)> = - <>Z;(f')><§-r)> : (70b)
(B77) = () (70c)
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It is worth mentioning that, the second line of this equa-

tion, when combined with the first line for j = k in Eq. 63
(SG symmetry) for antisymmetric matrices gives rise to
the relation

()= () =0

For odd values of n the following argument based on
<>Z§T)X;T)> =0
for all r values. A sectorial PH transformation is defined
as a PH transformation applied to all r replica except

one (arbitrarily chosen) replica 7/, so that )‘(Y) — XY)

a sectorial PH transformation leads to

and XY) — )’(;T) forr € {1,....,7 = 1,7/ +1,...,n}, while
)Zg-r,) — )’(;T,) and xgr/) — Xy,). By employing the same
reasoning as presented earlier, it can be readily demon-
strated 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.

F. Diagonally equivalent symmetry

Consider a diagonal matrix with non-zero diagonal el-
ements D, then using the Berezin-Grassmann represen-
tation it is easy to show that

M™(Ap) =M™ (A), (72)

where Ap = DAD™!. We say that A and Ap are diag-
onally equivalent.

G. Permutation symmetry

The principal minors of the matrices A and SlASlT
are the same, where S; is a permutation matrix. This
interchanges the space index of the grassmann variables,

ie. X;T) — XEZ) where s is a member of S;.

H. A generalization

Equation 1 can be generalized to [37]

MO AD AP LA™Y =5 det AV det AP det AV
T

(73)

whose associated block-diagonal matrix is a generaliza-
tion of Eq. 26

Ay = ding, {AD, A, A0 (74)

where AU)s are arbitrary matrices. For the case AW)g
are different, U(n) is not generally a symmetry of the
system, while U"(1) and U(1) and axial U(1) and SP
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TABLE I. The symmetry identities resulting from the symmetries.

Identity
(1) <>?§”x§j'>> = <>2§T"x§f>> —0,allr £, all j,k
(1) (X77) = (N7 =0, all ik
(I1) <>‘<§-T>x§f/)> = <>Z§""/>x§f)>7 all .7, j, k
(Iv) <X§r)X§:/)> = <X;T/)X§:>> ) <X;T)X_§-r/)> =0, all r,r', 4, k, same for ¥
) BT = () =0
(V1) (X77) = (07), all vk
(Vi) (%) = (a7 ), all ik
(VIII) <>z§r>x§j'> — <>2<J/>x§”>, all 7,77, j, k
(IX) <)Z§.T)X,(:/)> =— <)’<,(:,)Xg.r)> , <)’(§T)X;.T)> =0, all r #7', all 5,k
(2 (b) © Uin)
SU™(2)
'ﬁ‘ /o O, W
</ N/ SG
' A (IX) PH
U(1)
L . axial U(1)
CPH

FIG. 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 I are considered to be the pieces of polygons.

The colors in each piece show that the associated symmetry
pentagon (a) represents the results for general matrices, wher

leads to the symmetry identity that is numbered in Table I. The
e 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 antisymmetric 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.

symmetries remain valid. The latter symmetries imply,
for example, that <)‘<§f") Xgr )> = 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 antisym-
metric, PH symmetry remains valid. For the case n = 2

and A = diag, {A(l), A(Q)}, one can observe by inspec-
tion that o,Ac, = oyAo, = A= diag, {A(z),A(l)}
while 0,Ac, = A, and the second term of Eq. 28 remains

unchanged, where o, , . are Pauli matrices. Using this,
one can show that

(), = (520
(G, =0 (), oo

XXX
where f is an arbitrary function.

(75a)

I. 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 \; satisfying 37, one expects that U(2), U?(1),U(1),
SG, SP and axial U(1) remain the symmetries of the sys-
tem. Consequently, the symmetry equations (I-V) hold
for the two-point functions in the dual space. Most im-
portantly

(806 = (870f) =0, (76a)
<¢§r)¢§:’)> _ <&§r)&§:')> 0, (76b)

for any r,7" = 1,2. Additionally, when u; = w,Vy, for
a circulant matrix A the correlation functions are also



translational invariant in the dual space.

To summarize this section, in Table. I 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 IN in the dual space (Eq. 38 and 37) is symmetric,
which leads to the same symmetry identities as A (I-VIII
identities in Table I). 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.

VI. MEAN-FIELD THEORY

In this section, we utilize the MF theory to approx-
imate Eq. 31 when n = 2 (generalization to larger
values of n is conceptually straightforward). This ap-
proach involves employing standard MF schemes like ne-
glecting the fluctuations and using self-consistent equa-
tions for two-point functions of the Grassmann variables

J

1,12, (2) NA(22) (1)

ORPS P RPG (1)+A( D (2) (2)

X

(11) (22) (12) (21 (12) (12
— A Aj +Aj Aj +Aj Aj .

J

The above approximation is tantamount to ignoring the
fluctuations defined by

A(j) = <X§1)x§1)x§2)x§2)> <x§1)x§1)><x§2)xg)>

n <x§ )x§2)> <x(2)x§ >> n <x§”x§2)> <x§”x§2)>,
(79)

being identically zero for the MF theory. Under this ap-

proximation Sf) {x,x} (Eq. 31) becomes quadratic as
follows

l
S XX}~ Sur {xt — Y AuG).  (80)

r=1

where Ay(j) = ATVAP? —ATDAPY - ATDAN) ang

_ _ 1 1 -
Smr X, X} = XOx — SXax = SXIsx, (81)

o= (At I
“Ip, A+Iy)7

HS = 9 12 s ES = 9 112 s
-1 0O Iz O

where

_ AR @ A
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X§ )7X§ )7X§ ), and X§'2)- The self-consistent two point

functions are defined as follows:

( (
J J
(I2) _ /o) (2 2y _ 2) (1)
Aj = <Xj X >7 Aj = <X] X > (77)
( (
7 J

1) = <x§1)x§2)>, AP = <x§1)x§2)>,

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 symme-

try breaking), all the two-point functions, except Ag-h)

and A?z), are necessarily identical to zero dictated by the

U(2) or U?(1) symmetries (refer to Sec. V). 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

—(2) (1) (12) (1) (2) (12) —(1) - (2)
X i Xi X A X _AJ Xj X (78)
[
and
sy L l
Ty = Al i Al
2 dlag{ }j=1’ d { }jzl’
sy L l
Iy, = diag { AV , Iip = diag { A 83
21 1ag{ j } 12 1ag{ }j . (83)
l

12 = diag {A§12 }

The self-consistent two-point (A) functions are ex-
pressible in terms of Syr {X, x} as follows:

j=1

/- XijeSMF{X’X}
XX
ff( eSMF{XJC}

X

A = : (84)

<.

where X;,Y; = )Zg-l),xf),xé and X§2)7 which are ab-

breviated by 1, 2, 1 and 2, respectively. Once all the
two-point functions are obtained using the above equa-
tions, one can find M) by substituting them into Eq. 31
as follows:

M®(A) ~ M2 = e Z§:1A4(j)/

X>X

eSMF{X7X} . (85)

Using the Pfaffian identities, one obtains

M) = e~ Zi= 24pp [SEE(A)] . (86)



where Pf stands for Pfaffian (see Eq. D19), and

I, -0

Shir (A) =
MF( ) @T ]IB

(87)

In order to make the mean-field (MF) calculations
feasible we adopt a symmetric case where we assume
A(22) _ A] and A(21) A(12 and A12) A§.12)
(expected for a system with SG and PH symmetries).
Additionally, from now on we focus on periodic sys-
tems, in which all the A functions are anticipated to
be independent of the coordinate j; owing to the sys-
tem’s translational invariance. Therefore, the indepen-

dent self-consistent functions are Af” = A;Qz) = Aq,

and A = APY = Ay and ATD = AD = Ay
Therefére7 in thijs case we have ! !
1 .
Ar=7D M) =A1-A5-4F  (39)
J

and

l
Sur {03 = X0°x - A5 3 (P + x5P)),
j=1
(89)
and

A+A11 —AQI
= 0| A = . 90
la,=a ( —AoT A+A11> (90)

One can block-diagonalize O° using a unitary transfor-
mation. For the details of this transformation, see Ap-
pendix 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. D20. The result is the fol-
lowing set of self-consistent MF equations (see Eq. D14)

J

s(qk) + Aq
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[ A+ AT
Ar=|—F11| >
X+2A2Aa 3.
—A, + Aol
A =
2 X+ 2A2Aa:|‘]’g ) (91)
PO -V S
_X+2A2Aa_j’j
where
x = (AT + All) (A+AT) — (A2+A2)T )

= AAT £ 2A A, + AL

and A,, = 3 (A:EAT>. The resulting A-functions

should be incorporated into Eq. 85 to find M) (A), lead-
ing to (see also Eq. D3)

MPL(A) = "2 det Syr(A). (93)
where
A—|— (Al —AQ)I A3I
Smr(A) =
MF( ) ( —Asl —AT - (Al + Ag) I)
(94)

It is worth mentioning that one can obtain the same re-
sults using the Pfaffian to do the Berezin integrals of
Grassmann variables, see Sec. D 2. Using Schur comple-
ment method for block matrices one can easily show that
for even size matrices (see Eq. D10)

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

Thanks to the circulant property of the matrices, the MF
equations can be written in an analytical form (see [42]
for a review on cirlulant matrices). We define A, =
S A€ (™) where k € {1,2, ..., 1}, g = 2 (k+ko),
and ko = 0 (3) for circulant (anticirculant) matrices. We
also define the Fourier component of x as

r(qr) =

Using these quantities, one converts Eqgs. 91 to

(Ag. + A1) (Ag, + A1) = AZ = AF. (96)

a(qk: + A2

1
=7

Qk +2A2A (

where A, q(qr) = % (A £A_g,). A closed formulae
is obtained for SPPM in the continuum limit using the
Euler-Maclaurin formula for [ — oo. In this limit, the
A functions, which are in general [-dependent tend to a

1 l
7; (ar)

l
1 Agj

+2A8Aq(qk) = w(qr) + 282Aa(qk)

t

thermodynamic asymptotic limit. Supposing that these
functions converge fast enough to this asymptotic ther-
modynamic limit, and for the case x(q) + 2A3A4,(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:

In Mg;m)
= Z ln

—>—/ dgln [z

+1n[2(0) + 2A5A,(0)] + O(1™1H).

= Indet SMF — ZA4

z(qr) +280A,(qr)] — 1Ay
(98)

)+ 2804, (q)] — 1A,

Note that the last relation of Eq. 97 for non-zero Ag
means

M( & (A) =0, (99)

i.e. this function is stationary with respect to A4. An-
other important property of the MF theory for anti-
symmetric matrices is concerning the case Ay = 0 and
Ags # 0. One can easily see that the only equation to be
satisfied is (see Eq. 91)

!

1 _

7 E z(gr) "t =1,
=1

(100)

from which we see that everything (as well as M(?)(A))
is a sole function of Ay (note that for antisymmetric ma-
trices A_y = —A, which means z, = —A2 + A4). Using
the antisymmetric property of A, one can easily show
that Ay = 0 is always a solution.

A. Scaling properties of the MF equations

In this section we explore various scaling properties of
the MF solution. It should be noted that Ay = Ay =
Az = 0 is a trivial solution for antisymmetric matri-
ces. However, for non-trivial solutions, we investigate the
third relation in Eq. 97 in the scaling limit when Ag # 0.
We consider the continuum limit [ — oo of the consis-
tency relations, having in mind that for SPPM [ is finite.
In the large [ limit, normally A functions converge expo-
nentially fast to their asymptotic thermodynamic limit,
so that Euler-Maclaurin integrals give reliable approxi-
mations 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 =) we have

dgq 1
— =1. 101
[ (o)
For antisymmetric matrices we have A(—q) = —A(q),
this equation for the case Ay = 0 becomes
T dg 1
— = 1. 102
[77 2m A4 - A(q)2 ( )
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Solving the above equation in general is a challenge. Nev-
ertheless, its scaling properties provide valuable insights
into the conditions that lead to non-zero values of Ay, 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(g). De-
noting the list of singular points of A as {¢;}, we have
A(q)|q—q < (g —¢;)™, where i varies over the zeros and
singular points of A(q) and 7; is its corresponding expo-
nent. Since A(q) is antisymmetric one can easily see that
—q; should also be a root or a singular point. Note that
A4 = 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(g) shows scaling be-
haviors (for a system in the vicinity of the critical point,
the main contribution is expected to come from this sin-
gular/zero point). Suppose that this singular/zero point
is zero, so that A(q) = ag'q” for small gs. Here ag ' is
a proportionality parameter, which depends on the ex-
ternal parameters in the system (for the Ising model,
ap = 1 — h, where h is the magnetic field, see Sec. VIII).
To satisfy Eq. 102, the integral should not blow up in
the vicinity of the singular points, when A; 3 are close to
zero (the transition point), i.e

vt
— <o
g0 Dy — ay g2

Given the fact that the main contribution to the integrals
comes from the singular point, we extend the integral to
the whole range ¢ € [—m, 7]. Doing so, one can show that
Eq. 103 results in

(103)

2
A4—A4(a0:0)o<a8, CEQT—l'

(104)

In the case where A(q) is symmetric, the outcome ex-
hibits significant differences. When we impose the condi-
tion Ag # 0, the following equations should be satisfied:

dg 1 B )
/w%(A(q)+A1)2—A§ =1 (105a)
dg Ag) _
/77T 2 (A(q) + A1) — A% =0. (105b)

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

s
IV AU
—r 27 A(q) + Al
for which the same arguments as the antisymmetric case
applies. This serves as an evidence that the two point
function Ajz should be zero for the case A(g) is sym-
metric. In Table. IT we summarize various possibilities

regarding the MF solutions for symmetric and antisym-
metric matrices.

(106)



TABLE II. Various passibilities for the MF equations and
the possible solutions. (a) and (b) show the results for an-
tisymmetric matrices, while (c) and (d) show the results for
symmetric matrices.

A=A,, AjorAjzorboth#0 A=A,, A =A3=0
dg A(q) ™ /
e = dg —Alg) + Az
./7w 2m 2(q) +282A(q) (a) Ay = LT 2 2(q) + 285 4(q) | (b)
Tdg 1
= -A. =0/, 4 =1
= /7n 2m x(q) = |A2 = ( or amore complicated solution I
or a more complicated solution
A=A, , AyorAzorboth #0 A=A,. N=A;5=0
/ dq Alq)
dg 1
2r x A = P
(9) © ! /_ﬁ 27 Alq) + A, @
/ dq 1

21 x(q)

TABLE III. In this table we show the consequences of dif-
ferent 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 —
Ap[—] O 0 0| -0 0 -| -
Az 0] 0 0 0 | 0|0 - - -

B. Spontaneous Symmetry Breaking

This subsection gives some information concerning the
two point functions based on the symmetry arguments
explored in Sec. V. For a system with U(2) and U?(1)
symmetry Ay, = Az = 0 as we already mentioned in
Sec. V, while U(1) as a subgroup of U(2) and U?(1) forces
only Aj to be zero. Table III shows some relations ob-
tained by symmetries for two point functions. For anti-
symmetric matrices A is zero because of PH symmetry.
As a well-known scenario, the above symmetries can be
spontaneously broken by changing the external parame-
ters of the system. The TFI chain is an example where
some symmetries are spontaneously broken below a crit-
ical magnetic field (see the following section). Table III
helps to characterize various phases 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 dif-
ferent cases are shown for general matrices in terms of
the symmetries in Table IV (different regimes are shown
by G;, i =1,...,4). In a system with full symmetry (G)
both Ay and Aj are zero, while in the opposite case (Gy4)
both of them can be non-zero.

Four different cases associated with A, and Az for
the symmetric matrices is shown in Table. V, where
the states are labeled by S;, ¢ = 1,...,4. In this case
we have additionally SU(2) symmetry which should be
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TABLE IV. Four possibilities for (A2, As) versus the sym-
metries of the system for a general matrix. The first column
shows the value of the pair (A2, Az), and “0” (ff) shows that
the corresponding two-point function is zero (non-zero). Five
different symmetries are considered. v'shows that the sym-
metry holds, and x shows that the symmetry is broken. The
symbol — shows that the corresponding symmetry can be ei-
ther vior x.

(As, A3) [SG|U(2)|U?(1)|U(1)|SP|Ax. U(1)
Gi1: (0,0)| v | V v v v
V| x X — | x X
%) —| X X v | x X
(0,9) X X X | X v
(4, %) X X x| % X

TABLE V. Four possibilities for (A2, As) in terms of symme-
tries of the symmetric matrices (n = 2). The symbols are like
the Table IV.

(A2, A3) [SG|U(2)|SU((2)|U?(1)|U(1)|SP|Ax U(1)
S1: (0,0) | v | Vv v v v v
. v x X X - | x X
Sa: (ﬁ’ 0 — | X X X v | X X
0,0) | x| x X X x| x v
@0 | x| x X x | x| x X

necessarily broken for having non-zero Ay or As. 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 sym-
metries 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 VI.
A system with full symmetry (the case Aj) results in all
two-point functions to be identically zero. In the oppo-

TABLE VI. Eight possibilities for (A1, A2, As3) in terms of
the symmetries of the antisymmetric matrices (n = 2). The
symbols are like the Table I'V.

(A1, As, A3)[SG|U(2)
Ay: (0,0,0)

(#,0,0)

As: (0,0,0)

S
»
—~

=
=

U

w0
o

1[splax u()[pH

ANEN

NENEN

X N

Ay: (0,0,0)
As: (ﬂ,ﬂ/, 0)

Ag: (05/679/)
Az (/65079/)
As: (/65/679/)

N X

X | X | X
X [X [ X [ X X |X|[X X|N[SN
X [ X [ X [ X X |X|[X X|N[SN
X X X [N

X [X X [ X X |X|[X X|N[SN
X |[N[X [ X X |N[X X [N
X | X [N[X X |N[SN N[ X (S




site 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.

C. 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 M&Q)(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
Al =wuA; (i =1,2,3), and A} = 1 [AR - AZ — AZ],
one can obtain similar equations as the direct MF
equations 91. Mainly, the expansion given in Eq. D32
is obtained, resulting to the following self-consistent

equations:
In M3 p(A) + IA] = Z In [
where

2N (g) = (Ng + A (N_g + A]) — AF — A7, (111)
is the Fourier component of one row of x(), and N =
m— A% is the Fourier component of N, A’ As+ u+m2

D. 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 sad-
dle point (SP) approximation, enables us to test the effi-
ciency of the MF results by tracking how the MF results
vary as the order of saddle point expansion changes. We

consider the case Ag-l) = A§il) = A§22)7 and A§2) =
12 21 3 12 12 . .
AP = APY and AP = AP = AP (5 € [1,1] is the

space index). We deﬁne yj = (y (1),y§2),y§3))

D= A§-1), (2) — ZAJ ) Y S A(B) This enables us
to use the notatlon

ifw= (") + (07) + (")

- (87) - (47) - (&) =0

, where

(112)

,qk (x(N)(q )+ 2AL N, (q )) —>L/Tr dgln %
k 27 aldk 2 u + m?2
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N, + AT
Al =u ||
[x(™) +2A5N,
[ =N, + AL ]
! a 2
Ay =u _X(N) +2A/2Na_jj7 (107)
_ ALT _
Ay =u | — ,
3 | x(N) + 2ALN,, | is
where x(™N) is given by (see Eq. D34)
xNM) = NN7 + 2A/ N, +uA, (108)
and N, s = % (N + NT). One then finds
M®(A) = ce "1 det S¥yp (N), (109)

where SYyr(N) and ¢; are given in Egs. D36 and B14, re-
spectively. One can employ the Euler-Maclaurin formula
to cast this equation into the following form (for even [,
see Eq. D38 for the details)

—T

(110)

(

We define also the corresponding three-currents JJ’-‘ =
(J](l), J;z), JJ(?’)) as follows

(1) ( -(2) (2)

JW = g3y g2, @) (113a)
o = (x(”xf) +xPx <1>)7 (113b)
TSI (U RRING) SRS

so that <J;k)> = 2yj(~k), k =1,2,3. We then define the
vectors y = (y1, ..., y) and Jy, = (JY, ..., J[¥). Using these
vectors we define the action

_ ) 1
L0, XY, Jy) = YAX — §yT5’y +y" Ty

-3 [(a0) - (7))

J
2 2
+ZA(1 ExD 4 ¥ Py )
_ ZA@ (5(] ) +x§2)x§1))
ZA(B TV 4N,

J

(114)

(s + 284, (@)) | + 010,



and B = 2ly;. This action corresponds to the effective
actions 80 and 89 in the MF analysis. In the case

AP =, (115)

(2)

we omit J;7, so that y; — (yj(l),yj(?’)), and J; —

(Jj(l), JJ(?’)). To set up the problem for the SP approx-
imation, we first need to insert auxiliary variables in the
MF action, so that the integration 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 addi-
tional auxiliary variable, which plays the role of the self-
consistent correlation. Now we use the following identity

1 1
/D{y} exp {2yTBy erTJX] =[det B] 2 x

1
exp [QJEB_lJX} ,

(116)
ay(®
with D {y} = [[, [I; )3 and also
1 _
PRE =0T
(which is the interaction term in Eq. 31). Using this

identity, one can easily prove that

M®(A) = e 7P @) = [det B]2 / D {y} M (A, y),
(118)

where

MP (A y) = e F P (A = /

XX

62(21X797Jx)_ (119)

Using the properties of the Berezin integrals, we obtain

MP(A,y) = e~ Tiz1 20)PF[SPI(A)] (120)
where
I -0
sPfaA)=| 3 121
(A) of 1, (121)

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

0, FO(Ay)| =0, (122)

or equivalently,

9w In e%yTByM@)(A,y)H = B, (123)
“a Y=y k!
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which is our original MF self-consistent relations Eqs. 84.
Here we see explicitly that the stationary approxima-
tion of the bosonic representation of SPPM corresponds
to the MF approximation. The idea is to take a fur-
ther step from the stationary approximation, and expand
F@(A,y) to the second order. To the second order,

defining F{}2(A) = F®) (A, 7) as the MF approximation

of F® we have (note that the first derivatives are zero
by definition)

F(Ay) = k(A
J kK

(124)

In situations

where 1912/ = 8y<k>8y(k/>f(2)(Aay)|y:z}~
J J

where F®) has a single minimum, this approximation
can be applied across a significant range of variables, and
it can be inserted into Eq. 118 for a whole range of inte-
gration. 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

efFlsfll(A)
VdetC '

where C = B~13. Note that 5 and C are block diagonal
matrices. Representing the elements of C by cgk),, using
Eq. 119 we find

M (A) ~ (125)

(9)

D = G — D), (126)

where
nip = 5 [0~ (5N (1], ey
is the correlation function of the currents. Now

we exploit the fact that in the MF approximation
2 2
<X; )xf)x; )X§2)> ~ (A§-1)) — (A;B)) , which results

in
-h) = hg) = (AM) 4 (A§3>)2 L (12%)

hy =h$) = 2AMAW (128b)

Now if we consider the periodic system, so that A;l) =

A7 and A;z)’) = Ag for all j values, we obtain
(@)
w(A)
M (A) ~ — ,
(1- (AT - A3)?)>

(129)

This equation can be written in terms of free energy
density fsp = Fsp/l, and fur = Fur/l (Fsp =
—1In MS(;)(A)) as follows:

! 1
2 fur

fsp/fum n[1— (A7 — A3)?].

(130)

ZZ (k)_ ,(k ﬁkk/( k) g](k))’



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} = uAj, and A by N. The
result is (for the details see Appendix H)

1 2
Tt 1 UM M RGEY

2w
where f{p and fyp correspond to fsp and fur
respectively in the dual space. For the case

2
L (A7 =A%) = 0 one finds f& — fip Asa
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= (817 = 25%) < exp [

E. 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 rep-
resentations for SPPM and to obtain other approxima-
tions. We start with Eq. 31 (with the action Sff) {x:x})
and show that it is higher than any trial value obtained
from a trial action Siia {y, X, X }:

Mirial(y) = /X

where y = {y1, ..., ys } is the set of parameters in the trial
action. To prove this, we define

f)’(,x("')esmal{y’xx}

Mtrial(y) ’

where (...),;.; shows the average of any function of x and
x with respect to the trial action. One can retrieve the
original SPPM using the identity

€xXp [Strial {ya Xa X}] ) (132)

(- iptn = (133)

M@ (A) = My (y) <e$§f>{x,x}—sn-ial{y,x,x}>

trial
(134)

The main idea is to use the Jensen’s inequality (see Ap-
pendix I)

> e<S(AZ){va}_stx'ial{y7)zvx}>

trial |
trial

<68§3>{x,x}—smal{y7>z,x}>

(135)
which leads to

Miial(y) < M@ (A), (136)
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where

- ore , -
Moo (y) = Mtrial(y)e<SA2 {X»X}*Strlal{97X1X}>trial- (137)

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

aJI\;ttrial(y)
dyi

=0,i=1,..5s. (138)

This equation, along with Eq. 136 are the main equa-
tions of the variational method for estimating the value
of M@)(A). To make connection with the MF theory,
we set

Strial {y,X7X} - 2()27X7y3 JX)’ (139)
where y = {A1,As, Az}, and £(X, X, ¥, Jy) is given in
Eq. 114 and corresponds to Swyr {X, x} — 22:1 Ay(j)
in the MF equations. We define M(A,y) according to

Eq. 132 which is equivalent to Eq. 119. Then, using the
fact

MF

l
(S 0t —Sur x| == Aa(), (140)

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

M®(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 MMF(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.

VII. DISCRETE LAPLACIAN

In this subsection we consider the matrix of discrete
Laplacian (DL) defined as [Api]; = 2 (i = 1,...,L),
[ADL]Z‘,,‘_H = -1 (Z =1,..,L- 1)’ [ADL}i—l,i = -1
(¢=2,..,L), [Apr]; ;, = [ApL], ; = —1. For this matrix
we first provide an exact solution for the SPPM for arbi-
trary 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 in-
verse of the temperature. 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 espe-
cial case n = 2. This section is used as a benchmark for
the power of the MF method introduced in the previous
section.

A. 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,L) =M™ (Apg) =Y [detAp ()" =Y e P,
' ' (142)

J

S - —n 7TL+
ZL)=1430 D0 b b ity Netosea({mif 3, {my e,

m=1{mf m;}

where Neiosea({m }, {m; }) gives the number of index
configurations I with the specified number of up and
down clusters. In Appendix E we obtain an exact ex-
pression for the number of such configurations,

2L mtim™!

m* +m= I, (m ) [T,0m; 1)
(147)

Nclosed({mi‘r}a {ml_}) =

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

Z(n,L) = /eL(S(e/)fne/)de’ = e LS, (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=— (% f ) ;, 1s the entropy density. The average of any
observable O is defined as

_ 21 Orexp(—nkEy)

() Z(n, L)

(150)
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Here, the energy function E; = —IndetApr(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
Er=-Y_m/In(l+1)=E({m/}), (143)
=1

where ml+ denotes the number of clusters of size . Sim-
ilarly, we define m; for the number of clusters of size [
formed by the absent (down) indices. Thus, we have,

L=Y Imf+> Im;.
l l

Let us also define the total number of up and down clus-
ters,

(144)

(145)

m+=E ml"’, m- = E my .
l I

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

(146)

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

G(n,p) =Y e Z(n, L), (151)
L

with © as a chemical potential. Notably, in the thermo-
dynamic limit, we have
G(n,p) ~ e ML Z(n, (L)) = e H)9, (152)

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

g=f+ulT =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,

G(”v /”') =

_ 154)

0 e H (
—pl+nln(l+1)

3,uln<1_1 e*#(g e ))




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

(L) = _ﬁlngl(tn,u)’

(155)
which is a decreasing function of p. And, (L) goes to
infinity as g — pg. 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

(E) = _8lnG(n,,u).

. (156)

This is the energy of relevant index configurations given
n and p. Recall that Er = —IndetApp (). 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)
J
G(n,p,{N}) = ﬁ + (% In <1

In this way, we obtain

ef;t(lJrl)Jrn In(l+1)

) =g ( )
G(n,p) Op \1 —e# — 3, e=n+D+nIn(+1)

(162)

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 sys-
tem are dimer-covering configurations ... [T .. .,
which are consistent 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 —
00). These ground states are organized 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
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In words, given n and p, we compute numerically
the free energy g and then f,e,s for u — pyp, ie., 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 configura-
tions as a function of n. Figure 2 displays the results
obtained in this way for large system sizes. For compar-
ison, 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;") can be
computed in a similar way by introducing another La-

grange multiplier A; which is coupled to mlﬂ
Z(n, L {N}) = Y e o (158)
I
G(n,u, {\}) = Zeﬂ‘LZ(n,L, {\i})- (159)
L
Then, we have
90 G(n,p, {\})
(mi") = N l(n =015 (160)
where
et (Z e,uz+n1n(l+1)+xl) (161)
l—e & '

(

by the entropy density of such clusters. More precisely,
depending on the size of chain we have,

s=Y% =In(3)/L, L=0 mod3

s=X=1In(L)/L, =—-1 mod 3

s=mnRL+X)/L,X=Wn(L+ X)/L, L=+1 mod 3,
(163)

where X is a number proportional to L? (see Appendix I
for more details). Therefore, both the entropy density
and complexity approach zero in limit n, L — co. In Fig.
4 we compare the above theoretical results with numer-
ical values that are obtained by exhaustive enumeration
for small system sizes. Finally, it should be mentioned
that we do not observe a finite-temperature phase tran-
sition 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 en-
ergy cost. Therefore, any finite temperature can destroy
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FIG. 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).
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FIG. 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.

and destabilize the ordered phases by the extensive con- B. Mean field results

tribution of the entropy of such low-energy excitations.

In this subsection, we utilize the MF theory to ana-
lyze 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.
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FIG. 4. The entropy of ground states for Laplacian of a closed chain. The total entropy is s = log(N)/L and the complexity
is X = 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.

For the DL matrix Ay and Az are identically zero
based on numerical findings, whereas A; exhibits non-
zero behavior. To be more specific, A; conforms to the
equation G2 (Sec. Appendix VII):

A _ det (ADL,l + A]_Il)
"7 Tdet (ApL + ALD)

(164)

Here Apy, 1 and I; are Apy, 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 com-
ponent is

24

ADL(Q) = 4sin 5 (165)
The self-consistent equation is found to be
AHAL +4) =1, (166)

J

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. VII leads to the same result. Finally, using
Eq. 98 one finds that for even L values (A4 = A?)

Z(2,L) = M (Apyp) oc e 2FEH5, (167a)
1 A2

f=log [2 <A1+2+\/A1(4+A1)>} +71, (167b)

B =log AZ. (167¢)

Using the above equation we find that f ~ —0.576
and g ~ —1.01755. This should be compared with the
analytical result (the previous section) fanaiytic = —0.63.

For the dual space MF with m, = —y/v/u — u, using
Eq. D42 one finds the following self-consistent equation

for AL = AL =0:

Al =5 u _ 4 (168)
1t M \/A’12(1+4mu—\/ﬂ)JrA/l(él\/ﬂmeuu% — 8u) — dmyu+us
Then using Eq. D38, and especially Eq. D43 we find
(2) L [* ’ Moy sy 1 ’
In M, yp(ApL) = — dgIn [Apr(q)(my, + A}) + —=A] —Vu| — L |=Inu+ A} | +O(1). (169)
[
The efficiency of the dual MF solution is another issue to be addressed here, for which we use Eq. 131. Fig-
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FIG. 5. The stability of the MF results for discrete Laplacian.
The main panel shows the dual MF result for f with (L =
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 f¢p normalized by fyip,
ie. f&p/furp. The blue area exhibits the region where the
solution is most stable defined by the threshold f3p/frw >
0.99.

ure 5 shows the results for DL for L = 100. f(Apr)
is shown in the main figure, and the stability test result
is presented in the inset. First observe that |f(Apr)]
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 f&p/fie > 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 ex-
act numerical outcomes. Specifically, the deviation from
the exact results is just about 1.5 percent, indicating a
good agreement in this particular region.

SHANNON-RENYI ENTROPY OF THE
TRANSVERSE FIELD ISING CHAIN

VIII.

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
Rs (Eq. 14). For the relation between the Rényi entropy
and SPPM see Eq. 9. The Hamiltonian of the TFI chain
is given by:

HIsing

ZUJ 01—

(170)

L
4
Z Tjs
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where o®¥# are Pauli matrices, h is a magnetic field, and
periodic boundary conditions are imposed, i.e. 07, =
of. 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 |h| =1 is
the transition point, where the system becomes critical.
Using the Jordan-Wigner transformation defined as

T_ = z -
omj,]: om0

m<j m<j

(171)

where o = 3 (07 4+ i0?), and o; = 5 (o7 —iaé’), one
can map the TFI chain problem to a discrete fermionic

Hamiltonian

L
1
HIFsing: 52 |:CTCJ+1+ j ]+1+hC:| —hZc ij

j=1 j=1

(172)
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: cr1 = ¢; is the Ramond
(R, periodic) sector, while ¢p41 = —c¢p 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 H Ibmg in the NS sector. Therefore, we
consider the NS sector all over this paper. By diagonal-
izing the Hamiltonian, one can find the energy spectrum
of the system. The single particle energy spectrum of
this system is ¢, = \/1 + h2 — 2h cosq. The correlation
matrix (defined in Eq. 3) for the Ising model is [24]

1 L
Gyt =+ 3 a4, cam 5.

m=1

(173)

\fge»q)| with f(z) = h—z and ¢, = ZW(m_%)

Using the properties of the circulant matrices, one can
find the elements of F matrix defined in Eq. 5 as

Here o4 =

L
1 ik
=7 > Fydmuh, (174)
m=1
where F, = % Note that F, = —icot%, 6, =
.q — 1-o04° q 2 Yq —
tan~! =29 5o that F, = —itan &= for h = 1. To
cosq—h q 4

test the scaling properties of Fy, we notice that there are
two singular points for In Fy;: ¢ — 0 and ¢ — =, in the
vicinity of which Fj, has the following asymptotic expan-

sions
sgn(l—~h
Fylht1,qg—0 = —i _4 o )+O [q2+5gn(1—h)}
T 21— 1l
(175a)
214 A\ e
Folpg 1,47 =1 ( e ) +0 [(q — )2 <1+h>] .
(175b)



In addition, limg_o Fy(h = 1) = —isgn(q) — & and
limy,. Fy(h = —1) = isgn(q — m) — @. Such
singularities and the corresponding exponents are

important in the integral representations 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 ¢ — ¢ + 7)
corresponds to o, — —0,, giving rise to F — F~'. Tt
corresponds to a dual transformation Eqs. 37 with u = 1
and m = 0 (with an extra minus factor). This shows
that Ry for the Ising model has the symmetry h — —h.

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

Ry = as(h)L + Ba(h). (176)

An important limit is A = 0, for which the Z;

J

. (2) " dq 2
Lh_)rréclnMM = (/ —In [—Fq +A4] —
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For h > 1 as we will see A4 = 0, which, when combined
with Eq. 9 gives

—2Indet <I2G> —2Indet F
I+G
2

RYF (A4 =0)

(178)

)

—2Indet (

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

log |[(t1 ... T )| = —¢C(W)L+O(L™),  (179)
and using Eq. 176 one concludes that for A > 1,
ag(h) = =2¢(h), Ba(h) =~ 0. (180)
The exact form of ((h) is given by [43]
¢(h) = % /OF dgln (; + h;:j”) . (181a)
For h = 1, we have
((h=1)=20"T02 (182)
where C' is the Catalan number, giving rise to
YT (h =1) = —2¢(h = 1) ~ 0.22005, (183a)
ME(h=1)=0. (183b)
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symmetric ground state is given by |g),_, =
% (11 ...1, + 4l ... 1),] . Then the probability of the

configuration |oy03...0r), in the ground state is easily

L [a(—1)mio2 oL
found to be Pn,—o(01,02,...,01) = 5r= ( )2 ,

resulting to an exact result a2(0) = $2(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 az(1) = 0.2138 and f2(1) ~ 0.

Next, we shift our focus to the mean field analysis and
employ the self-consistent equations 91, substituting A
with F. In the critical region one expects that A func-
tions scale with ag = |1 — k| (around h = 1 for which
T=1)orag= HTlhl (around h = —1 for which 7 = —1),
with a 7-dependent exponent according to Eq. 104. For
the former case (h — 17), this relation predicts that
Ay o< (1 — h)% Equation 175b can also be used for esti-
mating the last term of Eq. 98 in the L — oo limit

A4> L+ g% In [-F? + Ag] + O(L7H). (177)

(

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

n 1 .
1_nlnP(Co)+ 1_nln <1+;mc> ,
(184)
can be treated perturbatively for large enough n values,
where zc = P(C)/P(Cy) < 1, and Y, runs over all
configurations except Cy. To the leading order we find

R (L) =

lim R, (L) = —In P(Cy).

n—roo

(185)

n

The first correction to this formulae is —mrcll, where Cy
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 con-
tribution of the other most probable configurations. For
Eq. 178 one may add kinks (spin flips). For example a
spin flip at site 4 corresponds to removing ith row and
column of F. Taking into account the effect of configu-
rations with two spin flips (which serves as a first order
correction to MF due to the parity number symmetry),
up to Lpax = 74 results in

a3*(h = 1, Liax = 74) =~ 0.2156, (186)



which is just 0.8% away from the best available numerical
results.

Interpreting Ry as a free energy, one can study sin-

J

q
2T

1 In M) i
L i 212 e MF:i/ da (
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gularity of the derivative with respect to h (which can

MF
be viewed as specific heat). One can show that 06{;‘2 is

logarithmically divergent at h = 1. To see this, we note
that for h # 1, and to O(L™1):

lim 9¢(h) :/ dg —h+cosq+eq
0

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

1 dln M2 4 4h
Bl ME _ .
T 7r(1+h)K((1+h)2) (188)

When h — 1%, one finds (+O(1 — h))

1. olnM3) 2 (|h—1
A -G (g) » (18%)
h—1%
i 950 ICTUES VS SV (Y
L—oo 3h hs1E 2 27'[' 8
(189b)

IRy

This leads us to conclude that <52 is logarithmically

divergent at h = 1.

The above analysis gives the analytic expressions
for Ry in the vicinity of the transition point. For a
general behavior of Ry we numerically solve the MF
equations and compare them with exact numerical (EN)
results for small sizes. Equations 119 and H2 give exact
expressions for M®)(F) in terms of Gaussian integrals
of M@ (F,y) and M&Q) (F,y). In Appendix J the MF
solutions are processed as the stationary points/lines of
ME)(F,y) and MP (F,y). The phase space is generally
very big in terms of A;Z) (t=1,23,75=1..,1). We
can, however, project to the subspace A;-i) = A;l;)
which is physically a significant subspace. Since F is
antisymmetric, one expects that the MF solution of
M@)(F,y) depends only on Ay. A detailed analysis of
the landscape of M® (F,y) and M (F,y) in terms of
the A functions is presented in Appendix J.

To directly find the MF results, we first solve numer-
ically 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

1—F? sin q
q
_— 1
A, _F¢;2> 63 , (187a)
o(h —1) 1 4h
= — K 187b
& oh (L h) <(1+h>2>’ (187b)

(

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 (Rg) is analyzed in Fig. 6 where
the EN results are compared with the MF estimations.
For the direct MF theory, As is found to be identically
zero for all h values, while A; and Az depend on h.
Noting that F is an antisymmetric matrix, we expect
that the MF functions are sole functions of Ay (see
Sec. VIA). Ay is depicted in Fig. 6a. When we start
with small A values, A4 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 A > 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* = (L=, where ¢; ~ 1.0352, and (» ~ 0.577,
which suggests that MF recognizes the exact critical
point. In accordance with the arguments presented
in Section VIB, in the paramagnetic phase (h > h*),
the system exhibits complete symmetry, resulting in all
correlation functions being zero (A; = Ay = Az = 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, A4 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 < RMF (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 ay and (2 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. 9 for the Rényi
entropy, and for A > 1 the |11 ... 1), configuration sig-
nificantly 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
MP)(F,y). For h < 0 the dual MF with v = 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. Appendix J provides a general picture of

FP (F,y = {Ai}:;:l) in the dual space. There we il-

lustrate that for the u values where .7-'152) has a single
minimum (stationary point), the MF results are reliable,
although the most robust criterion for the validity of the
MEF results is the stability test presented in Sec. VID. In
Fig. 6d we show ais and s in terms of h for the direct and
the dual MF theories as well as the EN results. For ex-
ample os"="? (h = 0) = 0.693145, which should be com-
pared with the exact result as(h = 0) = 1In2 ~ 0.693147.
For the dual MF theory we used the “best” wu 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 f&p/far > 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 predic-
tions are poor. This finding further supports our main
hypothesis that the MF results are more reliable for more
stable MF solutions. A similar 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.

IX. CONCLUSIONS

In this study, we demonstrated a novel approach to ap-
proximate 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 pertur-
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bation theory. This can be achieved by leveraging the
expansion of the exponential function and utilizing Bell
polynomials. Although this process can be done system-
atically, 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 noting that the general-
ization to larger values of n is feasible through the judi-
cious application of bosonization techniques in conjunc-
tion with the SP approximation. Despite the straight-
forward conceptual framework, the actual computational
aspects can be quite cumbersome. It would be an intrigu-
ing endeavor to pursue this generalization in a systematic
and methodical manner.

By transitioning to the dual space, we significantly im-
proved the results obtained through the MF theory. Sur-
prisingly, 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 re-
mains 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 arbi-
trary 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 en-
tropy of the ground state. This approach offers a re-
markably 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 calcula-
tion. Surprisingly, MF theory precisely determined the
critical point, and gave a good estimation of the entropy
even deep within the ferromagnetic phase. The Rényi en-
tropy discussed here is experimentally easier to measure
than entanglement, and as demonstrated in this paper,
it can also be calculated analytically.

It’s important to note that our examples include peri-
odic boundary conditions (PBC), especially when study-
ing the Rényi entropy of the entire system. In such cases,
we can formulate and estimate the MF equations analyt-
ically. 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 pa-
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FIG. 6. (a) A4 in terms of h in the MF approximation for various values of L. h* is defined as the point below which Ay
becomes non-zero for the first time. (b) MF approximation and EN estimation for Rz in terms of h for various values of system
size L. (c) MF approximation (main) and EN estimation (inset) for R2/0h in terms of h with a peak structure. (d) The
fitting parameters a2 and B2 according to Eq. 176, in terms of h for MF, EN and dual MF, where Lmax (the maximum point
up to which the fitting is done) is 18 for EN and Lmax = 80 for MF. The red hexagons show the results for the dual MF with
“best” u values. For more details see Fig. A8, and the “best” u values are reported in Fig AS8c.

rameter 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 quan-
tum spin chains [30]. The techniques outlined in this
paper offer a way to calculate it analytically.
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to facilitate the representation, where &; and &; are some Grassmann variables. If A is invertable, then
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following identity for 2r-point Grassmann functions
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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 [44]

/f exp [ §TA§] /5 exp [—;fTAf] = Pf[A] (A6a)
/6 (€3, &, ) exp [;ETAf] — (Pt[A]) Pf {(A—T)MT] , (AGb)

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

Appendix 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 x, ¥, ¢ and ¢ as two-component Grassmann variables with the components x; and x2 and ¢; and ¢9

respectively, just like the ones defined in Sec. IV B. The generalized partition function Z.(jnf

generalization of Eq. 31

is defined as a

ZE(]’T,L:]A)(A) = /_ exp SXL”\) {J,J.x,x} . (B1)
XX

n _ _ 1 n
where J = {{J(T)} 1} and J = {{J}T)} ‘ 1} are external Grassmann sources, and SXL’)‘) {%,x}isa
i= =1 I=4) r=1
generalization of Eq. 28

N . A (oo . 7
SYV LT T %X} = XAx + Z( 5 XJ) +2_ [xadi + Jixal (B2)

n! -
J

where x;J; = Z:} 1 X _(T)J(r) and a similar expression for the other quantities. Note that

(n) (n,A=1)
M"™(A) = ZJ o (A). (B3)
By utilizing a basic Grassmann identity, the Sourlas transformation establishes an identity for Eq. B1 when n = 2.
To accomplish this, we use the following identity, which holds for any two-component Grassmann variable

x = (XM, xNT and y = (xV, ¥?), and complex numbers m and u:

/¢ : exp [ (60)° +mdo + dx + >qu} = (u+m?)exp {— " +mm2 XX + (xx)2] ~ (B4)

u
2(u + m?2)?

This identity can be proved by expanding both sides and using the identities of Grassmann integrals. Then by
inverting Eq. B4, one proves the following identity

;(xx)z] = (u+m?) " exp Lfmzxx] /¢ Jop |5 (69)° + moo+ ox + x|, (B5)

exp {
where the relation between m and u and \ is
U

A= RS (B6)

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

_exp XAX+Z[ (6565)° + X3 + Tixs +mydib; + bixs + X6
X6,

2570 =T s+ )™ [
j X5

(B7)



33

0.4

N R

-04 -02 0.0 0.2 04

FIG. Al. w in terms of m for A = 1. The upper (lower) branch is for ut = % —m?+ ,/% — m?, showing that u can be chosen

arbitrarily small.

where the relationship between each u; and m; is now determined individually via the Eq. B6, i.e. A = @ L
J

Ty +ma)7
and A’ =A;+9; Now, doing the following Grassmann integral over x and :

ij u; + 2
/ Cexp | YAX D [ (i +65) + (I + &) xy] | = det [ATexp [— (Ji + i) [(A)TH],; (5 + ¢j)} ;o (BY)
XX j
results in the following duality of the partition functions
A T (A —1. u
2PV (A) = e /)28 (BY)
where the dual partition function is defined as
szj)(N) = /¢¢> exp L {J, J, 6,6}, (B10)
and the dual effective action is
L {7, 0.6,0} = oNo + > [ (6500)°) = 32 [0 ()11, = i [(A) 7] 0] - (B11)
ij
In these relations we defined
l
N=M - [(A H[uj—i—m }detA’, (B12)

N 0

where M = M0 , and M;; = m;6;;. This implies that N =
0 M 0 N

>, where N = M + A’~". For the case
J = J = 0, we simplify the notation by introducing
L {60} = LG {T=0,7=0,6,0}, 207(A) =270 (N), 2{"(A) = 2"V (). (B13)

For the case of interest, i.e. A =1 and J = J = 0, we have (see Egs. B3 and B9)
M@ (A) = ¢, MP(N) where M (N) = / Cexp LY {4,0) . (B14)
?:¢

It is instructive to expand this relation in terms of u. For the rest of this section we consider the case u; is
independent of j, i.e. u; =wu for all j € {1,2,...,1}. Expanding the interaction term in Eq. B14 we find

M@ (A) =c; [(detN)* +u) " (det N;)* +u? Y (det Ny, ;,)° + ..+ 1| =c »_ u™ (det Np)?, (B15)

J J1>J2
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where ny = |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:

<¢;(1>¢(.1)> _ > u™ (det Ny ;) (det Np)
T S, unt (det N)?

(B16)

where Ny and Ny ; are defined in accordance with Eq. 47.

Appendix 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)

ZH(L) = /w Lo 51 (7 v)]. (1)

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

N
SHub (w ¢ Z [Zzwika Q/)de+wlk 1cr+,u€¢)1k 10’)+6H(1/}1k 031;[)216 10)]

k=2 Li=1 o

(C2)
+ Z Z 1ﬁzl o ’(/}zl o + szU + /J/esz O') + EH(’(/J'LI ek} wiN,o)] ’
=1 o
and the Hubbard discrete Hamiltonian for each time slice is defined as
U & ?
H(Yiko, Vik-1,0) =t <; (Vik,o¥ik-1,0 + VjkoVik—1,0) — 0l Z; (Z J’ik,aﬂ’ik—l,a) . (C3)
%,7),0 = o

In these equations i € [1,2, ..., L] runs over lattice sites, k runs over the discrete imaginary time, and o = 41 shows

. N
the spin. One can simplify the notation by defining ¢, = {{'l)/}ik,g}le}k the size of which is [ = LN, and also
=1

= (gj> (and the same for W), so that ZH"P(L) = limy_,o, ZHWP(L), and
i

- Ue o & - ’ Ue & - ’
zmb(r) = [N’ exp [ USTBW — 5 >N (Z wik,a¢ik—17a> -5 > (Z 1/%170%1\770—) ; (C4)

k=2 i=1 o i=1

TB
where STB = <SO SgB>' In this relation “TB” stands for “tight binding” limit and

(STB) _ —0jjOkkr + Ok 1 [(1+ pe)djj +te(Gyj41 +05-1)],  k>2, k' <N, (C5)
jk,j'k’ _5jj’5k15k’1 + 010N [—(1 + ,ue)csjj/ — t€(5jj/+1 + 5]']‘/_1)] R otherwise.

Defining (B);; = (1 + pe)d;js + te (05,541 + dj+1,5), which is a circulant matrix, one finds

- 0 0 0 .. -B 14 pe  te 0 0 ... te
B -I 0 0.. 0 te 14 pe te 0 .. 0
0 B-I0. 0 0 te 1+pete ... O
STB = , B= (C6)
. 0 . te
0 0 0 .. B —I te 0 0 ... te 14 pe

NXN LxL
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To make a connection to the SPPM problem, we define a transformation (lgik,a’ = le‘k,g, and ¢ik, o = VYik—1,0, Where
m = 1,2 is spin degrees of freedom, and k = 2,..., N accounts for time slices, and ¢ = 1, ..., L is the space index. For
a consistent notation we define ¢;1. = ¥;1,, and ¢;1,, = ¥;n,, Which results in

Z Vik,o (STB) . Vit o = Z Gikor (AHub) i, i Pirkt o (C7)
kk'id' e Kk’
where
-B -I 0 O 0

A, = | . ) . (C8)
—I
-I 0 0 0 B/ y.n
Then it is easily verified that
B Ue M. L B 2
ZRCRY I MRS ol b st o
o0 k=1i=1 \ o
= N 5. _
where ¢, = {{(bik»"}iL:l}k . the size of which is [ = LN, and also & = (?) (and the same for @), and
= 1
Aty = Agub AO . Before mapping this problem to SPPM, we test it for the case L = 1, for which Bis 1 x 1
Hub

with the element b = 1 4 pe. In this case one may use the standard identities for the minors of A matrix, namely
limdet A, = — lim (1+6%) =14 ¢, det (Apu)pe = (200 — DOV,
N —o00 N —o00 1
det (Atub) e s = (208 ot — DOV ko # K, det (Asub) e e ge = (200 ko skast — DO 72, ks # ko # K, (C10)

where the subscripts & shows that the rows and columns k; are removed. These determinants are involved in the
series expansion of Eq. C9 in terms of the U. Each expansion term generates a minor of the Ayp,;, with some rows

. N . . . . .
and columns removed. Noting that there are (binomial coefficient) possible ways for removing n rows and
n

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 Y (—eU)"(det(Anub)r,)’

N—o00 N—o00 7
N/ (C11)
=(1+e)? 4 lim Z ( ) PPN ()" =1 + 2P1  2Pre=PU,
N%oon:1 n

as expected from a direct calculation. For a generic value of L, the Eq. C9 can be easily mapped to a SPPM
problem using the duality transformation reviewed in Sec. IV B and B. The result is

2
u -l m U 1 7y
ZJ}\} b(L) = (1 + m2) det |:AHub + 77’L2—|—1H:| /I/ €xXp YN ¥ + 5 Z (za: ¢zszk> s (C12)

v ik

where m? = -1+ \/%Ue, and

-1
ml = (A + 5751) 0

m
Niab = ml — (Anup + Tom2 = -1
+m 0 ml = (Anap + 5 751)

(C13)
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Using the Berezin-Grassmann integral representation described in Sec. IV (see also Appendix A) one can easily
verify that

2 —1
ZHb (1) = (14 m?) " det ( Apn ) M (I = Apg + — T . 14
(L) = (1+m?) " de Hub + g m Hub + 57 (C14)

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

i _ m XS: (det [Aggb])z : (C15)

where )~ ¢ = Z{{ )(k)}K }L is the sum over auxiliary spins, and
i=1

AP = (mI, + ) (AHub + 115> ~I. (C16)

In the above equation S = diag {s1, s, ...,sn} is a block diagonal matrix, and s; = diag {551), . SEL) }, and I; is an
identity matrix of dimension [. One can easily show that

f,(B,Sl) —(mIL +Sl) 0 0 .. 0 0
0 f+(B752) —(mIL +SQ) 0 .. 0 0
S
A(Hu)b = (C17)
0 0 0 0 .. er(B,SN,l) — (mIL +SN71)
—(mIL —|—SN) 0 0 0 .. 0 f+(B,SN)

where 1 (B,s;) = (ml +s;) (j:B + #HIL) —1I;. It is useful to write det A%Su)b as follows
(9) o ) m
detAHub:HH (m—l—SEJ ) xdet{{(B—l— +IIL) —(mIL+SN)_1:| |:<B+Tr7,2HIL> _(mIL+SN71)_1

o K B+ +1IL)—<m1L+sl)1} —IL}.

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

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

(C18)

N N
m
det (Ag,pes)) = 11;[1 m+ s;) + };[1 {(m +s:)(fiB + m) - 1} (C19)

where f; =1 — 24; 1, which gives

[det (A g )] =H m+ s;)] +H([m+sz (fiB+ 2”11 D —2H{m+s (le+ 2+1)—(m+si)].

(C20)
Summing over auxiliary spins, and keeping the terms proportional to the even powers of spins, we find
Z [det (Ag,)]” =2V [(m? + 1)]N + 2N [(may — 1) + 23] [(mz — 1)* + xQ]N_l
S (C21)

— 2Nt [(m? + D)2y — m] [(m? + 1)z — m] Nt
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where z1 = —B + "7, and = B + 3. Noting that
(ma —1)? + 22 12 ) m By
=1 — + O (1/N — =14+ — C22
m2 + 1 BT A e N o= g =1 (C22)

and (m? +1)? = —(BU/N)~!, and using Eq. C15 one finally finds (SS stands for single site)
ZE — 1 4 2¢Pr 4 2PKe—AU (C23)

which is the known result.
For ¢ = 0, the matrix B is diagonal B = (1 4+ u8/N)Iy, so that Eq.C18 gives us

detAg?b(tZO):ﬁ{ﬂ[(mﬂ )(le4r 2+1> ]—H(mﬂy))}, (C24)

i=1 i=1

The expression inside the parenthesis is the same as Eq. C19, giving rise to

ZH (¢ = 0) = (Z50)" (C25)

Appendix 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.

1. MF theory; the Main Scheme

The effective action Eq. 89 is not block-diagonal and also contains the terms like YV and y("x(?). Using the
following Bogoliobov transformation
(1 _ 1 L, 7@ S _ 1 [ ) (2)
Xj = w] wj » Xj T 5 "/Jj +1/)j (D1)
(2) 1 1 _ 72 -2 _ 1 (7 2]
X = ¢j d’j » X5 = ol wj _wj
one easily finds
_ _ A+ (A —AyI Azl
S, ;0 = YSyr(A)Y, Sur(A) = D2
vr {U, 1} = ¥Sur(A)Y, Sur(A) ( A AT (A + AT (D2)
where 9T = (¢, ¢?)) and ¢ = (M), @), Substituting this equation into Eq. 85, one finds
M@ (A) = e 21 det Sy (A). (D3)

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

A, = % <[¢<1 ¢<2>] [¢<1> n 1;,(2)} > (D4a)
A, % ([#0 + 6] [p0 — 3], (D4b)
Ay = % < [¢<1> n w(m] [@;(1) _ w(zq > 7 (Ddc)

in which the following equations hold due to the explicit symmetries of Syr(A):

<@§T)1Z§T/)> =0, <w§%§“>> =0, ro' =12 (D5)
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The other two-point functions are calculated using Spr(A) as follows:

— MF -1 - -
(5007 ()™ [P

R0 ( 6)
det Smr (1), (15)¢ = [SJ}
e MF](15,15)

where we defined Syir (,jy(rj) s the matrix Syp(A) in which the rows and columns j are removed from the block
r,r’. The other functions are similarly found to be

- det S Ne(2q)e

2,2\ _ MF (2)°(2)° _ [q—T
<¢j v >_ detSyr [Sar] (35,25) (D7a)
- det S Ne(2q)e

W, @\ _ 1y GUOME () @i i e=T
<7’[’j ¥i >_( 1 det Sy = (1) [SMF](WJ‘)’ (D7b)
- det S Ne(14)e

@, (O _ 1y SUOME @) i e=T
<7’Z’j ¥ >*( UV —Gersue [Shr] 2,1 (D7c)

. T . . . . .
where O~7 is defined as (O™!)" . The self-consistent two-point functions of interest (A functions) are expressed as
the liner combination of these functions:

3= 3 - (Y], 8= F )+ (3] da= - (). ose

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

A A2
Sap(A) = (T TATE A | (AT (A= Aol Ky 0 I o)
0 ! 0 AT — (A1 + M) \ &AL

(D9)
Using this equation, and defining A, , = % (A + AT), one finds by inspection that
det Syp(A) = det (—x — 2A3A,), (D10)
where

x = (A + AqI) (AT + All) — (A2 + AT

(D11)
=AAT £ 2A A+ AyL
Furthermore, one is able to calculate the inverse as
AT H(A L +AL)I Asl

x+2A5A,, x+28:A,

ggﬁ:(A) = ) (D12)
N CAH(A —ALI
x+2A.A, x+2AzA,

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 = MIN"! for any matrices M and N that commute. We
derive the following matrix expressions for two-point functions:

T
<1/_1(1)1/J(1)> _ AT 4 (A + AT AT + (A + AT
N X+ 20,A, B X+ 2A,A, ’
2,J 2,7
T
<1;(2>¢(2>> _ (AT AL -AYI]T  [A+ (AL - AT (D13)
! ! X+2A2Aa g X+2A2Aa i ’
T
@ W\ _ @\ | ALy AT
<1/Jj (Ch >_ <wﬁ ¥ >_( 1) |iX+2A2Aa:|j,j =1 Lc+2A2Aa j,j.

The final result is the following set of self-consistent MF equations:

Ao+ AT _A, + AT AT
A, = | BsT a1 A, = | e 227 Ag— | 280 |
1 {X—FQA?A,ILJ.’ 2 [x+2A2AaLJ’ 3 [x+2A2Aa y (D14)
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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

9_((1)
v e
c= X = X() . (D15)
X
)

—

X
X(

no

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

1l 1 0 0O |x 1 To”
- = 0) To
s X or o = 72X X+2X X
. A (D16)
=3 Zféi@inj +3 Z)Zi@inj = x0x,
ij ij
Using this, one casts the Eq. 81 to
1 1 - 1
Swir {X, x} = XOx — 5xIax — 5XIsx = —5("Sie (D17)
where
I; -0
Ship =123 D18
MF @T ]Ig ( )

which is antisymmetric and I3 and @ have been defined in Eq. 82. Using the Pfaffian identities for (’s, we obtain
MG = e Zim 20)pr[sPE] . (D19)

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

66 exp [3CTSHRC] (8%, (SKe) 1

A(11) _ X( )X C(1 C(3 _ fc MPS] e | (PMF 13,15 \PMF 1JT (D20a)

< i Xj > < > Je exp [3¢TSH (] (SMF) 3,1, (SFI\;EF)SJ’?U_
- C C( )exp [7<TSPf } -(Spf )_T ( SPf )_T

A('12) = (1), (2) _ (1) (4) — f( J > — Pf MF _J.lj MF 1_ D20b
1= () =(67") J; exp [3¢TSEC] (SEe)s s (S5 | (D20b)
o C( )exp[ CTSPf } '( Pf )—T ( p ) -T

A(12) (1) (1) ~(2) f( MF = Pf MF 17,15 MF 2 D20
= () = {0 = s peetg S5 (5 | (D20c)

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. (My,,),,,. For the Pfaffian, according to the Eq. D20, we should calculate the inverse of
Skfz. 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: Ay, As and Az. When A is circulant, all of its functions are also
circulant and commutative, allowing us to determine its inverse as follows

Ao A Aa AnX x01+A3A. A x+01A,
s oy e c2) A2A
(st) ! —Ag% NpAghe  AXEQUA XPURBe | | ¢ D (D21)
MFE = T _ A2 _ =
_xO1 yAzAa _A2x O; A, AQAS% A ; _DT C/
A, x—OTA, xOT-AJA, —AgX —AyAgha
y y y y

where A, = 3 [F FT} 0:=A+ALx=0{0; - (A3 +A2)L and y = x2 — 4A3A2. We also defined

Cu Cp2 D — an D121 (D22)

*012 *Cll

—Cy1 Cypo
—Ci2 Ciy

C: /:

D12 Dll
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in which

2A,

O 2A2A, 20, A,
Ci1 = —ArAs y Xhtos !

X
; Ci2=A3— , Du=——""—, Dpn=~A——— (D23)
Yy Yy Yy

Now we consider the consistency equations. According to Eq. D20, for determining A; we should consider the block
corresponding to I = {15,3;}, so that

Ay = PH(SE),, 1 = Pl (85H) /]

—[Cul,;; —[Dul;; 0 —[D11]; (D24)
=Pf| 1pr] "’ M =P " =Dul;,-
[Dll} o [Cll]jJ [Dll} o 0 7
3.3 3.3
In the other hand we have
x0; 4 2A2A xO 1|x0 x0;\ "
D, = [FOE 28I _[s01) _1[s00 (00) oo
y 753 y 253 y y ]7‘7
One may be interested in writing this equation in a symmetric form, as follows
X01 - 1 01 + 01
vy 2 |x—2A,Ay  x+2A,A5 ]’
D26
x0:\" 1 o7 N o7 (D26)
y T2 x+2A,A  x—2A,A5 |’
so that
1| 0, +07 1| O, +07] 1| 0, +07
Al:* 71+ L — 71+ L = = 1+ : 9 (D27)
4 |x—2A A2 4 |x+4+2AA| 2 [x+2A,A |
3. 3. Y

which coincides with Eq. D14. Now let us consider Ay, for which we have to consider the block corresponding to
I ={1r,4r}, so that

_ _ —[Ci1];; — D12l ; 0 — D2, .
Ay = PH(SPE) T = Pr— (SPE) 1 = Pt 5 W= pr Ml =Dy, .. (D28
2 [( MF)II ] [ ( MF)II] [DITQLJ [Cll]jj [DITQLJ 0 [ 12]%3 ( )
Therefore we have
x+20.A,
Ay =Dy, ;= Ay {1} : (D29)
y 5rd
For Az we consider I = {1r,2r}, so that
_ _ —[C11];; —[Ci2); 0 —[Ci2);
Ay = PH(SPE) T = Pfl— (SPL) 1] = Pt 5 1~ pt W1 = [Cul. .. (D30
3 [( MF)II] [ ( MF)H] [CTQ] ; [Cu]m [CTQLJ- 0 [ 12]“ ( )
One then obtains
x
Az =[Cial,, = A3 [] : (D31)
j’j

One can show by inspection that this equation coincides with Eq. D14.
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3. Mean field in dual space

The MF theory of the Sourlas action L'l(\?) {(ﬁ, (b} is just like the previous section written in terms of IN given in

Eq. 40. Then with a simple re-definition A} = uAf’, 1=1,2,3 (Af5 are defined like the ones in Eq. 77, but for the ¢
variables in the dual space), and A} = % [A’f — AR~ A’f], 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

M) m et [ o) g+ T[4 (606 +606) - 84 (500 - 8260) - 84 (o6 —052)] 1.
¢ ;

(D32)
where A’ = exp [-IA}]. If we consider a uniform transformation, i.e. m; = m and u; = u for all ¢ values, then we
adopt a same method as the MF in the direct space for the functions with “prime”. Then, defining

Ny = % [N + NT], the self-consistent equations are proven to be
N, + AT N, + AT ALY
Al =u [1} , A= [} , A= [3} (D33)
)+ 2ALN, Y ) +2ALN, i ) +2ALN, i
where
x™) = (N + A/T) (NT + A’ll) — (A2 + AT D3
= NN7T + 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

M ip(A) = cre™ 8 det Sp(N), (D35)
where
N+ (A} — A))T ALT
(N = . D36
Ko (N) ( —ALT —NT — (A} +A5)T (D36)

One can simplify the formulae using the Schur’s complement method (Sec. D9), according to which
det Sty (N) = det [—x<N> - 2A’2Na} : (D37)
which is similar to Egs. D10 and 95. It’s worth mentioning that when matrix A is circulant, the same property

holds for N. This implies that for even [:

l l
lanK/[F(A) =Indet S\yp +In¢; — IA] = Zln [w(N)(qk) + 2A/2Na(qk)} —IIn (u + mz) + Z (A’ A ) — 1AL
k=1

—dqk
k=1

= Zln [A;kA’_q ™) (q) + 20540 A", (qk)} —U[In (u+m?) + A

= Zln (m+A)) —1) (A, (m+ A —1) — Al A" (A7 + AF) +2A547 A" Na(qr)] — 1 [In (u+m?) + A}]

—dk

I 2w
. /0 dgln [(A)(m -+ A}) — 1) (A (m + A}) — 1) — ALA” (A2 + AR) + 20540 A No(q)] — 1 [In (u+ m?) + A}]
+O0(1).
(D38)
where Ay = Ay + s, N(g) =m — - is the Fourier component of N, N, = 1 (N(g) £ N(—¢)), and z™) is given
q
in Eq. 111. As an example consider the case Aj =0 and A% # 0, then as a result of the first and the third relations

in Eq. D33 we have
N ] [ -1 1
gl =0, | (x®™ } = - (D39)
L‘(N) 3i ( ) i Y

s, )
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FIG. A2. 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 1 and |, respectively.

or equivalently in the Fourier space:

/Tr dg Na(q) o /” dg 1 1 b0
B e T R Ll e T A AR

For antisymmetric N only the second identity of the above equation holds

/ﬂ dg_ t 1 (D41)

221 =NZ +ul"

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

T dg 1
Al = —_— D42
! [W 27 Ny + A} (D42)

Using Eq. D38 we also finds for the symmetric N (I — o)

2m
lnM(?R/IF(A) = ﬁ/ dgIn (AL (m+ A}) —1)| = 1 [In (u+m?) + A}] + O(1). (D43)
0

u

Appendix 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) =Y e, (E1)
I

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

L—1
Er=->Y m{n(l+1)=E({m}), (E2)
=1

where ml+ 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.A2). Thus, we have,

L= Z Imj” + Zlmf. (E3)
1 l



43

Let us also define the total number of up and down clusters,
+:Zm?‘, m7:Zml_. (E4)
1 1

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 7”/+
Z(n, L) =1+ Z Z 6mi,m621l(mf-i-mf),LNClosed({mlJrL {ml He Bltm })a (E5)

m=1{mf m;}

where Nejosea({m;"}, {m; }) gives the number of index configurations I with the specified number of up and down
clusters.

We first start with an open chain to compute the above entropy function, see Fig. A2. For an open chain either
mT =m~ +1or m" =m~. In the former case, the chain must start with an up cluster if m™ = m™ 4+ 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 symmetry factor [,(m;"!) [[,(m;!). Therefore, we have,

mtim™!
Hl(mlﬂ) [T,(m; 1)

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) of the cluster at this boundary then the
problem reduces to the open chain problem with m™ = m™ 4 1. Therefore,

Nopen({mf}u {m;}) = (6’rn+:m—i1 + 25m+:7n_ ) (E6)

my; m . m¥im™!
Nclosed({m+}a {m; }) I'( l : ) e (E7)
: : Z Hz(mlﬂ) [L(m ")
But m* =m~ and Y, Im;" + >, lm; = L, thus we get
2L mTIm™!
Nclosed({m+}ﬂ {mi}) . (ES)
: : mt +m= I (m ) TT,(my )

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

G(n,p) =Y e " Z(n, L), (E9)

L

with p as a chemical potential. Using Eq. E5 for Z(n, L), the generating function reads as follows:

e H X (tmf +im;) mlm!

G(n, ) = s, mt —en i D (g10)
1_ Z Z Zl 1 m Hl(m?_')nl(ml ')

m=1 {m, ,m; }

Note that here we replace Le ! with f{%e’“L and then we set L = Zl(lm?' +im; ). In the thermodynamic limit
we can utilize the following relation

Yo D sty OUmiD = Y O({mi}) (E11)

mt,m= {m;r’m;} {ml smy }

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

1 0 =1 _ T
G(n,p) = 1—eH 8u Z Z Hm Ze premin(tEdym, (E12)

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

1 0
— —pl+nIn(l+1)
G(n, p) = i o In ( T E e )> (E13)
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FIG. A3. 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.

Appendix 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. A2). 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). (F1)
If there are mlJr clusters of size [ then the total energy is

E=-) m/log(l+1). (F2)
l

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

e(l) =—log(l+1)/(I+1). (F3)

We see that the above function is minimized for [ = 2, that is for dimer configurations. Depending on the size of
chain we can have different numbers of dimer coverings which minimize the energy (Fig. A3). 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 others 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

¥ =1n(3)/L and the entropy density s = X 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 ¥ = In(L)/L and s = X.

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(34+ 1) = —21In(1 4 1). The other dimer coverings are isolated configurations. They are obtained by
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(a)
oo oo oo oo oo
(b)
()

FIG. A4. 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 (¢) 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.

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 = Efz/llo[LH(iii < L/2) + £1(5i = L/2)]. The indicator
function I(C) is one if the condition C' is satisfied, otherwise it is zero. Therefore, here we have
Y=In(L+ X)/Land s =In(2L + X)/L.

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. A4 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.

Appendix G: MF results for discrete Laplace matrix

In this section, we provide a detailed exposition of the mean field theory applied to the discrete 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. D2 and D7 for the specific case where As = A3 = 0), one must evaluate the
following determinants:

det Syr = det (A + AqT) det (—AT - AII) (Gla)
det Suir(1)(1j) = det (A1 + AcTy) det (AT = AiT) (G1b)
det SMF(I])(2J) = det (A + AlI) det (—A? — A111> (GlC)

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

T
GA, = AV _ AV — det Smrarar)  detSwrenen _ det (A + Asly) det (_Al - AlIl) _ pdet (A1 + A L)
! 1 22 det Spyp det Spyp det (A + All) det (*AT _ All) det (A + AlI) '

(G2)

Hence, the mean field theory applied to the discrete Laplace problem necessitates calculating the determinants of
both Apr, + Al and Apy,; + A1y, as demonstrated in Equation 164. These matrices are

24+A; -1 0 0 -1
-1 24A; -1 .. 0 0
App + AT = 0 -1 2+A; ... 0 0 (G3)
0 0
) ) 2
| =1 0 0 ... =1 2+A]

LXxL
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which, after removing the first row and column becomes

24+ A; -1 0 0 0
~1 24A; -1 .. 0 0
Abet+ AT — 0 ~1 24A; .. 0 0 e
W 0 0
. C24A; -1
L0 0 0 .. -1 2+A]

(L-1)x(L-1)

Before calculating these determinants, let us start with calculating the determinant of Apr, 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 det Apy, = 4L Hle sin? LL’“ The determinant of Apy,; is simply calculated using a recursion relation.

Denoting det Apr, 1 by D(()L), one easily shows by inspection that

D{" =2p{*~" — D+ (G5)

where D(()L_l) (D(()L_Q)) is the determinant of the Apy, ; with first (first and second) row(s) and column(s) removed.

Note that D(()l) =2 and D(()2) = 3. One can easily solve this recursion relation by trying

D(()L) =ar_ 12"V +ap_92572 + ... + 2a; + ag where a;’s should be determined, given that ag = 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. G2, and considering the case A = Apy, one easily finds
that

L
. o Tk
det (Apr, + AI) = kli[l (4 sin? T + Al) . (G6)
Using the Euler-Maclaurin formula we find the following relation in the thermodynamic limit
L L L
. Tk o ok ok
ngrgolnkil (45111 7 —|—A1) = nggo;ln (45111 7 —|—A1> —>/O dkIn (48111 7 —|—A1) +O(1)

™

L [T AL +2+ /A (A +4
/dxln(4sin2x+A1)+(’)(1):Lln L het 5 (A1 + )+(9(1).
0

For D) = det (Apr,1 + A1), similar to the Eq. G5 we have
DWW = ¢pE-1 _ p(L=2) (G8)

where ( =2+ A;. To find a closed form for G8, we note that:

DM =¢, D@ =¢2—-1, DO =3 -2,

DW =¢*—3¢2+1, DO =¢° -4+ 3¢

D©® =¢85 _5¢t+6¢2—1, DD =(¢"—6¢° +10¢3 — 4¢ (G9)

D® = ¢® —7¢5 4 15¢* —10¢% +1

DO = ¢% — 8¢ +21¢° — 20¢% +5¢, ...,

)y _ o _ (L—=1) 1o L—-2)\ 14

R v e v L
L-3)\ .1 L—-4) 1 s
L 5) o (1) e

and in general

(G10)
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Note also that we can find the leading term in the thermodynamic limit (L — oo) using the Eq. G8:

D) 1
D(L—2)
. .. _ D(L) D(L—1)
In the thermodynamic limit we have = g% — ~ Fz—=, so that
1 ¢ 1

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 Apr,q is (L —1) x (L — 1))

DWE) = o(¢) x zF 71, (G13)

a(¢) being a proportionality function independent of L. Therefore, we have

o C 1 L—-1
Dl(elzxzng)term = Oé((:) (2 + 5 CQ —4 ’ (G14)

Comparing this with Eq. G10 we find that lim;,_, a({) = 1, and also

L-1 L 4 G15
x (P Fy |:272>L> CQ} ( )
) e~ ¢
BRREPE

where the second line is obtained by fitting the function in the interval |2, 3], and ¢ ~ %, 1 %, and o ~ 0.6. All
in all we have

L—1
(L—o0) e ¢ ) << + V2C2 - 4) . (G16)

leading term — <1 +co (C—2)n

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

— \L-1( -1
¢—2=a(() <C+2C2_4> [H <4sin2 %k +( - 2)] , (G17)

k=1

which, transforms to the following form using the Eq. G7

(=57)

)M, so that a(C) = % (C-2) (c+vE—4). (G18)

2

Appendix 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 interchange A functions by
A’ =uA, and A by N given in Eq. 40. Here we adopt the notation of section VID, i.e. we define

AS;)’ _ A§‘i1)’ _ A;éz)’ and A;za)’ _ A;ﬁ)/ _ A;Iz)/, = (y§1)/,y§3)/), where yj(_l)/ = A§1)I and yj@)’ — iA§3)/-
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/
B=B,= %Hzl, where u is the Sourlas transformation parameter. We set Ag_z) to zero like section VID. Then we
use the identity

1 B _ _
310 B s =uy 67 o676, (H1)
J

as an alternative expression for the four-interaction part of the effective action in the dual space. In this equation

(#$7,6{") is a Grassmann couple, and Jy = (J7,..., JP), J¢ = (J1V, % JV) given in Eq. 113 but this time for ¢

and ¢, so that <J;k)> = 2y§k)/. Using the identity Eq. 116 we find

M®(A) = /¢ o |06 + udVoVGo)| = [det B,)* / D {y}e 7 A, (H2)
where
FOA,y) = -In [Mf)(A,y’)] = I [cl /¢ ) eﬂu@@vy’v%)} : (H3)
and
£u(6:,y', Ts) = oNG — fy’TB v +y" Iy, (H4)

is a variant of £ defined in Eq. 114. We derive the dual MF equations by minimizing .E(LZ)(A7 y') with respect to all
8 .
y)'s as follows:

0w FP(AY) =0, (H5)

or equivalently

9,0 In [ezy B’ MO (A, ) ] ZBukk’yj : (H6)

Analogous to the direct space, we define Fﬁ%u(A) = quz)(A, 7'). Expanding F (A, y) around ¥’ to the second

order, and doing the Gaussian integral we find that

@ e Fair.u(A)
MSP (A) ~ \/CW ) (H7)
where C,, = B, !3,, and ﬁi{,)ck, = 8y,<k)6y,(k’)fz§2)( ;Y')ly=y'- Now, representing the elements of C,, by cj, ;;, one finds
J J
fﬁek' = Oprr — hg}ek'v (H8)
where
G _u (k) 7(k") (k) (k")
nlie =5 (7 57), = (1) (1)) (19)

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. VID, we find that
. . 1 N 2 37\ 2 - - 2% (1) .« (3)/
—hh = by = [(Ag ) ) + (A§. ) ) | Brp = h = Z AN AP (H10a)
!/ — I li
Here A;l) =u <¢§'1)¢§1)> and A;P’) =u <¢§1)¢§2)> are the MF solutions of Eq. H6. For the case the A;k) is

k)

independent of j, i.e. A; = A} k=1,3, we find that

eI e it (A) (H1D)
sp ~ 2 oL
(1 - = (A7 = AF7)?)z
This equation can be written in terms of free energy density fip = Fip/l as follows:
1 1 2 2
Fie/ fip =1+ g In 1= (817 - AP (H12)
MF



49

Appendix I: Jensen’s inequality for Berezin Integrals

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

d(trr + (1 —t)xo) < tdp(xr) + (1 —t)p(x0) (I1)

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

B 2 9lao) + 2|, blan) 2 o) -
t=0

dé
dt

t=1

One can also show that for a convex function
6 ( / g(x)f(x)dx) < [ o(g(a) (o) (13)
where f(z) > 0 is a weight function. An important example is ¢(X) = exp X, resulting to
<eg<z>> > efo(X)) (14)

where (...) = [ ...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

Mo = MZU(A) = / eSolexd  pr = M@(A) = / SR, (15)

X X

where So {X, x} = Smr {X> x} — >_, As(r). We also define an interpolation between these two actions as follows

S{x} =S8 (ot + (1= )80 {x:x} (16)
and correspondingly
~ f* .”est{X;X}
M; = Seloxd (), = XX 17
o= S, =T (17)

Then one checks

QB _ (s xx) —Sotxn))
18
‘“d%M = <(553> XX} = So {x,x})2>t {82 (x-S {nxd). 20, "
which tells us that log M; is a convex function. Then Eq. 12 gives
log M; > log My + % K My > Moe<35\2){>2ax}*80{>27><}>0. (19)
t=

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

Appendix 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. H3).
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 Ay = 0, and Ay and Ag 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} = A;Tl for all r,7’ € [1,1] and ¢ = 1,3. This subspace corresponds to the
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FIG. A5. The SP integrand in the direct space Mﬁ% given in Eq. 119 for the Ising model L = 10, in terms of A; and As 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 A? — AZ = A,, where Ay is the solution of mean field consistency relations.

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 A5 illustrates Mg)(Al, Asj) 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 Ay 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; = +1/Ay — A2

and MSE) reaches its maximum. As h increases, these hyperbolas converge due to the decreasing nature of Ay (the
gap between them), ultimately disappearing at h = 1 in the thermodynamic limit, as observed in the h = 1 case in
Fig. 102.

To decipher the solution structure, let’s examine A3 = 0, where two peaks for Mg) emerge, representing the
primary contribution of the integrand 118: Alfeak = +/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 /\/122) 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.A6, we present

752) 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 .7-'182) and the emergence of a complex energy landscape with multiple
minima, representing mean-field (MF) solutions. To elucidate the solution structure, we plot f&z)(A’l, A5 =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 . Around 0.5 S 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 v < 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.A7, revealing a multitude of solutions for

A% = 0.4. Here, the minimum of ]-'152) coincides with the MF solutions as per Eq.107, specifically, A} = f1(A], A}),
where f1(A], A%) 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 VII B and VIII. In the subsequent
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FIG. A6. }'52) in the dual space given in Eq. H3 for the Ising model with h = 0, L = 10, and m = —+/y/u — u in terms of A
and As for various rates of u: (a) u = 0.1, (b) u = 0.2, (¢) u = 0.35, (d) u = 0.5, (e) w = 0.75, and (f) v = 0.99. We see that
for 0.5 < u a second peak appears which makes the MF approximation questionable.

discussion, we provide results pertaining to the stability of MF results for the Ising model in the dual space. The
Fig. A8 shows the slope (Fig. A8a) and the width (Fig. A8b) of Ry 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. A8d 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 f&/fisp > 0.99).
Fig. A8c shows the best u values that we used in Fig. 6 in terms of h.
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FIG. A7. .F1(L2)(A1, A3) (Eq. H3) for the Ising model with h =0, w = 0.7, L = 30, and m = —/+/u — u in terms of A} for (a)
A5 = 0 and (b) A3 = 0.4. In each figure 3’ = A} and y = f1(A], A3) (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 F? . For (a), Al = 0.373 is an unstable solution in the sense that it represents
a local maximum for ]-'52), which is unstable towards the two other solutions.
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FIG. A8. MF approximation of (a) az and (b) B2 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 fsp/fmr > 0.99. (¢) The best u value that was used in Fig. 6d. Note that for h > 1
the best choice is the direct MF, which does not correspond to any u. (d) shows fsp/fur for various h values representing the
stability of the MF solution.



