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Statistical physics of principal minors: Cavity approach
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Determinants are useful to represent the state of an interacting system of (effectively) repulsive and indepen-
dent elements, like fermions in a quantum system and training samples in a learning problem. A computationally
challenging problem is to compute the sum of powers of principal minors of a matrix which is relevant to the
study of critical behaviors in quantum fermionic systems and finding a subset of maximally informative training
data for a learning algorithm. Specifically, principal minors of positive square matrices can be considered as
statistical weights of a random point process on the set of the matrix indices. The probability of each subset of
the indices is in general proportional to a positive power of the determinant of the associated submatrix. We use
Gaussian representation of the determinants for symmetric and positive matrices to estimate the partition function
(or free energy) and the entropy of principal minors within the Bethe approximation. The results are expected
to be asymptotically exact for diagonally dominant matrices with locally treelike structures. We consider the
Laplacian matrix of random regular graphs of degree K = 2, 3, 4 and exactly characterize the structure of the
relevant minors in a mean-field model of such matrices. No (finite-temperature) phase transition is observed in
this class of diagonally dominant matrices by increasing the positive power of the principal minors, which here

plays the role of an inverse temperature.
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I. INTRODUCTION

A principal minor of a matrix A is determinant of a square
submatrix which is formed by a number of rows and columns
with the same indices from the matrix. This provides a mea-
sure of independence for the selected subset of rows (or
columns) which is useful for instance in sampling problems
where diversity matters or in computing the entropy of phys-
ical systems with fermionic statistics. The sum of powers of
principal minors (SPPM) of a matrix appears in various ar-
eas of physics and mathematics [1]. SPPM finds applications
in the study of determinantal point processes [2,3], Rényi
entropy of free fermions and quantum spin chains [4], and
partition function of the Hubbard model [1]. When the power
is one, the sum is a simple determinant that can be computed
in polynomial time. However, for other powers, the problem is
generally considered to be NP-hard, indicating that there may
not be a polynomial time algorithm to calculate them [5,6].
Nonetheless, recent advancements have been made in the
approximate analytical computation of these quantities [1].
In this paper we study statistical properties of the principal
minors of positive, symmetric, and diagonally dominant ma-
trices which can be represented by Gaussian integrals and
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estimated by the cavity method of statistical physics. We
employ this method to characterize the spectral entropy of
principal minors in this subclass of matrices and utilize it as
an approximate optimization algorithm to find the maximal
minor configurations.

The principal minors of a matrix has a very natural mean-
ing in the context of the graph theory. Consider, the adjacency
matrix of a graph G with n nodes, which is a matrix that
describes the connections between the nodes of the graph,
where the entry in row i and column j of the matrix is 1 if
there is an edge from node i to node j and O otherwise. Then
the Laplacian matrix of a graph is defined as the difference
between the degree matrix and the adjacency matrix of the
graph. The degree matrix is a diagonal matrix where the entry
in the ith row and ith column is equal to the degree of the ith
node, i.e., the number of edges incident to it, and the nondi-
agonal entries are 0. The Laplacian matrix L is a symmetric,
positive semidefinite matrix, which means all the principal mi-
nors are non-negative. It has numerous applications in graph
theory notably in the enumeration of the spanning trees. A
spanning tree of an undirected graph is a tree that includes all
of the graph’s vertices, while using only a subset of its edges,
such that no cycles (closed paths) are formed. The matrix-tree
theorem, see for example Ref. [7], then states that the number
of spanning trees of the graph G is equal to any cofactor of the
Laplacian matrix L. Specifically, if we remove any row and
column (say, i) from L to obtain a (n — 1) x (n — 1) matrix
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L[i], then the number of spanning trees of G is given by the
determinant of L[].

There is a generalization of matrix-tree theorem which is
called principal minor matrix tree theorem which is used to
enumerate the number of rooted spanning forests [8]. A forest
is formed by a set of disjoint tree subgraphs of the graph G.
A rooted spanning forest is a subgraph of G that is a forest
and contains all vertices of the graph. And each tree in the
forest is rooted at a designated root vertex in that tree. Let
L. be the submatrix of L formed by selecting the rows and
columns corresponding to the vertices in ¢ then the number
of spanning forests rooted at ¢ is detL,. This interpretation
of the principal minors makes the definition of the weighted
partition function of the rooted spanning forests as the sum of
powers of principal minors natural. In this paper we interpret
the power as the inverse of a temperature-like parameter. In
the limit of large powers, i.e., small temperatures, the SPPM
gives the principal minor with the largest contribution which
is a desired quantity in determinantal point processes [2] and
the study of random spanning trees [9].

Here we introduce a statistical model in which the prin-
cipal minors of a positive semidefinite matrix serve as the
statistical weights. Although the matrix need not necessarily
be a graph Laplacian, our focus is primarily on this type of
matrix. To address this problem, we utilize the cavity method
(Bethe approximation or belief propagation) [10-13], which
is commonly used in spin glasses but has not been previously
applied to studying the sum of powers of principal minors.
Examples of applications of the method in similar problems,
mainly in the study of spectral properties of sparse matrices,
can be found in Refs. [14-20]. The cavity method should
be asymptotically exact in interacting systems which have a
locally treelike interaction graph [13]. The sum of principal
minors to power 8 here is considered as the partition function
of principal minors of the matrix at inverse temperature .
We employ the Gaussian representation of determinants to
find estimations of the free energy and entropy of the relevant
principal minors for Laplacian of random regular graphs of
degree K = 2, 3, 4. These results along with an exact study
of diagonally dominant matrices defined on fully connected
graphs indicate on the absence of a finite-temperature phase
transition in this class of matrices. In a diagonally dominant
matrix, the magnitude of a diagonal element |A;| in each
row is larger than or equal to the sum of magnitudes of the
off-diagonal elements 3, |A;l.

The nontrivial structure of the ground states in random
regular graphs of degree K = 2 (or chains), however, results in
numerical instabilities for large 8 and degrades the efficiency
of the simulated annealing algorithm in finding a maximal
principal minor in these systems; the entropy density of
relevant minor configurations is discontinuous at zero temper-
ature, jumping to a nonzero value for any finite temperature.
The situation is much better for (random) Laplacian of graphs
with larger degrees K > 2 as one approaches the mean-field
limit, where the ground states have a trivial structure in the
configuration space of the principal minors. Nevertheless, it
is possible to observe discontinuities in the entropy density at
zero temperature by introducing a chemical potential which
controls the number of present indices in the minors. These
zero-temperature transitions are similar in nature to those of

the smaller degree K = 2. We also use the zero-temperature
limit of the Bethe equations, the so-called MaxSum (MS)
equations [13,21], as an approximate optimization algorithm
to find a maximal principal minor of diagonally dominant
matrices. The standard algorithms are in general based on the
spectral decomposition of the matrix with a time complexity
of order N* for an arbitrary matrix of dimension N [2]. The
computational complexity can of course be reduced to N for
sampling of principal minors of dimensions n < N [9,22,23].
The time complexity of the MaxSum algorithm here is pro-
portional to N for sparse and diagonally dominant matrices
where the (Gaussian) Bethe equations are expected to work.

The paper is structured as follows. In Sec. II we define
the main quantities of the problem. In Sec. IIl we present
the results obtained by the Gaussian representation of the
determinants. This section includes subsections that deal with
the finite- and zero-temperature limits of the Bethe equations.
The summary of results and concluding remarks are given
in Sec. IV. In the Appendices, we give a brief introduction
to the Bethe approximation (A), describe the details of the
population dynamics which is used to solve the Bethe equa-
tions (B), write the simplified Bethe equations for random
regular graphs (C), and present an exact treatment of principal
minors in matrices defined by homogeneous fully connected
graphs (D).

II. THE PROBLEM STATEMENT AND DEFINITIONS

Consider a positive square matrix A of size N with ele-
ments A;; indexed by i, j = 1,..., N. The nonzero elements
of A define the structure or interaction graph of the matrix.
The set of neighbors of node i in this graph is denoted by di.
The 2V principal minors detA(c) are labeled with configura-
tionsc ={¢;=0,1:i=1,...,N}. Thatis ¢; = 1 shows that
row (column) i is included in the square submatrix A(c). Each
configuration is assigned a Boltzmann weight,

Py(c) = [detA(e)]f e PE© n
PET e T 2y

where the associated energy function reads

E(c) = — In[detA(c)], 2)

and the positive power 8 plays the role of an inverse tem-
perature. The energy of all-zero minor configuration is zero
that is detA(0) = 1. Here the partition function (normalization
factor) is

Z(B) =) [detA(0))f = fdee*ﬁN'f*%)l — o PNEB) (3

with the energy density e = E /N and the free energy density
f(B) = —[InZ(B)]/(BN). The entropy density is defined by
s(e) = In[Q2(e)]/N, where Q(e) is the number of configu-
rations with energy density e. In the thermodynamic limit
N — oo, the integrand is concentrated on the mean energy,
tMﬁ&f:e—%&

In the following, we are going to change the parameter S to
study the energy and entropy landscape of the SPPM problem
given in Eq. (3). The range of energy values (principal minors
of A) represent the relevant minors for different values of S.
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Specially, the minimum energy value and configuration, i.e.,
the ground state(s) are obtained at zero temperature (8 — 00).
The entropy spectrum s(e) shows the number of such relevant
submatrix configurations and the free energy f is a measure
of the sum over the weights of these configurations at inverse
temperature .

From the above system we can compute the Rényi entropy
of the probability distribution Pg(c),

1
Rp(n) = —1In [Z Pg(c)i|

1
= [InZ(nB) — nlnZ(P)]. “)

1—n

Specifically,
Rg(1)=—) " Ps(c)In Py(c). (5)

which can be obtained by a Legendre transformation of the
free energy
Rp(1)

N =SB =Ble(B) = F(B)]. (6)

Note that here e(f) is the average energy density at inverse
temperature 8. A parametric plot of the above quantity gives
the entropy s(e) as a function of energy. Here one is interested
in the values of the free energy, entropy, and energy of the rel-
evant minors at different inverse temperatures 3, the structure
of these minors in the configuration space and the nature of
possible phase transitions in this system.

III. GAUSSIAN REPRESENTATION

Let us assume that A is a positive and symmetric matrix.
Thus all the square submatrices are positive and symmetric.
Given a configuration ¢ of the indices we define the submatrix
A(c) with elements

Aij(C) = C,’A,’jCj + (1 — C,‘)Si’j. (7)

A diagonal regularization takes care of the case i = j and
¢; = 0. Then, we employ the Gaussian integrals to write

Qm)V

detA(c) = . (®
{fj’;o Hf]:l dxie_%Z,g/xi[UiAijUj"F(l_Ci)Si.j]xj}2
In this way
In detA(c)
=NIn(27) —21In {/ 1_[ dxe™ 2 ijledie,+(1—cbi },
©))
or
IndetA(c) = NIn(2w) — 2Ng(c), (10)

where for brevity we defined

/ l_[dxie_% o jxileiAijej+(1—c)ed; jlx; Ne© (11)

l

Recall that E(¢) = — IndetA(c), therefore,
Z(B) = Y e PEO = NN Y p2NgCe), (12)

c c

Note that g(c) is a global function of the c;. In the following,
we write this quantity as a sum of local energy contributions
by introducing other auxiliary variables to the problem. This
allows us to apply the standard methods of estimating the free
energy of systems with a local energy function.

A. Bethe approximation of the Gaussian integral

In this section we use Bethe approximation to find an es-
timation of the Gaussian integral in Eq. (11). In Appendix A,
we briefly explain the method for a simple statistical model,
see also Refs. [10-13,21]. The Bethe or belief propagation
(BP) equations for the Gaussian integrals are recursive equa-
tions for cavity probability distributions m;_, ;j(x;). This is
probability density of x; in the absence of interaction with
variable x; assuming that the interaction graph defined by
A(c) has a tree structure. To write these equations, we con-
sider the local interactions of x; with its neighboring variables
which are assumed to be statistically independent of each
other,

M j(x;) o e_%((l_ci)"’ciAii)x,’z

<1 [ / dxke)"‘“"Ammke,-(xw] (13)

ket j

It is known that even in interaction graphs which are not tree
(loopy graphs) these equations converge to a unique solution
as long as A(c) is a diagonally dominant matrix [24,25], that
is |A;| = Zj;éi |Aij|-
Now consider the following ansatz for the BP messages:
2

My () o € T (14)
Note that because of the symmetry of the problem we are as-

suming that (x;) = 0. This results in a set of BP equations for
the variances,

1 2
> Ao (15)

ki, j

= (1 —ci)+ciAii —

Vi j

That is, the Gaussian ansatz is consistent with the structure of
the Gaussian BP equations.

Given the solution to the BP equations, we write g(c¢) in
terms of the local contributions of the variables and interac-
tions to the Gaussian integral [21],

Ng(e) =) Agi(e)— Y Agij(c), (16)
i i<j
where

. _lril—c: a2
D8 — /dxl.e LA =ci)+cidilx

% 1_[ |:/ dxje—xic'iAijCijmj*)i(_xj)}, a7

J#i
oAt — f dxidxje™ A m j(xymyi(x). (18)
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Later, we will also need a cavity contribution of the variables
Agi_. j, whichis like Ag; but excluding one of the neighboring
interactions,

L _lri1=¢ A Tx2
Doy / dxe H0=e) il

> 1_[ [/ dxkex;c,-Aikckkak_)i(xk):|_ (19)

ki, j

Within the Gaussian ansatz for the BP messages, the above
expressions for the local variable and interaction contributions
are simplified to

2Ag; = In(2mv;), (20)
2Agi; = — In{vis jvj—det[B( )]}, (21)
where
1
— = —c)+chi— Y cAjcave,  (22)
vi ki
(ij) = chie; o= ) (23)

Note that the sign of off-diagonal elements A;; is irrelevant as
long as the Gaussian Bethe equations are valid. That is, we
can change the sign of any such element of the matrix without
changing the determinant or the energy of the system within
the above approximation.

In the next subsection, we use the above expressions for the
determinants of A(c) to compute the partition function of the
original problem.

B. A higher-level Bethe approximation of the partition function

Now we are ready to do the sum over the configurations

Ze—ZﬂNg(C) — ¢ PNf, (24)

c

which is needed in the partition function,
Z(B) = e—ﬁN[fg—anﬂ)]. (25)

Here we defined f, as the nontrivial contribution to the free
energy f = f, — In(2m).

In the previous subsection we wrote g(c) in terms of the
Ag; and Ag;; which in turn depend on the BP messages
v; j. These messages satisfy the BP equations with a unique
solution for diagonally dominant matrices. Therefore, we can
write

Z e*ZﬁNg(c) — Z Z 6*2/3(2,- Ag,'*zkj Agij)H(V_) )’ (26)
C c Vo

that is, considering the wv;,; as auxiliary variables
which are constrained by the indicator function I(v_ ) =
[l 0(is) — v?jj) to satisfy the BP equations.

Again we can resort to the Bethe approximation to estimate
the sum over the extended set of variables ¢, v_,. We can do
this because both the g(c¢) and the BP constraints on the v;_, ;
are local functions of these variables. If the graph associated to
matrix A has a tree structure, then the interaction graph of the
¢; and the auxiliary variables v;_, ; is also a tree. Consider the
cavity probability distribution M,_, ;(c;, vi—, ;) of the variables

in the absence of interactions with node j. The cavity variables
{(ck, vk—i) : k € 3i \ j} are independent of each other in a
tree interaction graph. Thus M;_, ;(c;, v;-, ;) is proportional to
the product of the cavity probabilities {M;_,;(ck, Vk—i) 1 k €
a1\ j} for variables that are consistent with the hard constraint
I(vi— ;). In addition, M;_, ;(c;, v;— ;) is also proportional to the
Boltzmann factor e28~48i = ¢*8~j which gives the statistical
weight of the cavity variables [see Eq. (26)]. Therefore, the
higher-level BP equations for the cavity probability distribu-
tions read

M j(ci, visj) H Zv/dvk—n‘Mk—ﬂ(Ckv Vi)

kedi\j Ci
x T(v; e 2PRs=i, 27)

We solve these equations by a population dynamics algo-
rithm which is explained in Appendix B. The probability
distributions M;_, ;(c;, v, ;) are represented by populations
of the variables P, ; = {(c{, v, )ra=1,... ., N} on each
directed link (i — j). Then members of the populations from
the right-hand side of the equation are selected to update the
members of the population in left-hand side according to the
Boltzmann weights of the variables and the hard constraints
of the BP equations [26]. All members of the populations are
updated in a single iteration of the algorithm. In the stationary
state of the population dynamics, say, after f.q iterations, we
obtain an estimation of the free energy,

Nfe=Y_Afi—=) Afy. (28)

i<j

with local free energies that are given by

e = VT X [ dvittiites. vy [ 2025,

¢ jedi cj
(29)
e P = Z / dvije PRIM;_, j(ci, vis )M i(cj, Vi)
¢i,Cj
(30)

Here v;; = {vij, vjoi)-

TABLE I. The matrices studied in this paper with a brief de-
scription of the defining parameters. These are N x N matrices with
indices i, j = 1, ..., N. The RRGs have degree K and di denotes the
set of neighbors of i. In random matrices the off-diagonal elements
are independent random numbers uniformly distributed in (=2, 0).

Matrix Elements
Laplacian of RRGs (Sec. 111 B) Ai =K, Ajj=—1(j €
di), |0i| = K

Quasi-Laplacian of RRGs Ai=ANAjj=—y/K(j €

(Sec. T B) 3i), 19 =K, 0 <y < A
Random Laplacian of RRGs Aj=— Zj;ﬁiAij’ Ajj €
(Sec. IIIC) (=2,0)(j € 3i), |9i] = K

Scaling limit I of complete
graphs (App. D)

Scaling limit IT of complete
graphs (App. D)

Ai=N—-1,4A;=—-1( #1)

Ai=MNAjj=—y/N(j #
L0<y <A)
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FIG. 1. The asymptotic behavior of minors for Laplacian of random regular graphs of degree K = 2, 3, 4. The free energy f, entropy vs
energy s(e), and probability of presence p are reported (Gaussian BP) and compared with exact numerical results for small sizes (N = 10, 20).
B is the inverse of temperature in the partition function of the principal minors. The parameters of the population dynamics algorithm are as
follows: population size N, = 10*, equilibration time f,, = 10°, and averaging time At,,, = 10*.

The above computations are simplified for homogeneous
interaction graphs where by symmetry all equations for di-
rected links (i — j) reduce to a single equation. Here we
consider the Laplacian of random regular graphs (RRGs) with
the same degree (number of neighbors) K for all nodes. See
Table I for definitions of the matrices we shall study in this
work. In Appendix C we present the resulted equations which
again are solved by a population dynamics algorithm. In this
case a single population of the messages (c;, vi—, ;) is enough
to solve the higher-level BP equations. Figure 1 shows the

main quantities computed in this way for random regular
graphs in the thermodynamic limit (N — o00). The results are
obtained by a population of size N, = 10* after 7, = 10°
iterations of the population dynamics to reach a steady state
where the average quantities are stationary. For comparison
we also present the exact numerical results for small prob-
lem instances (N = 10, 20). As the figure shows finite-size
effects are more pronounced for larger degrees K = 3, 4,
where the entropy s(e) decreases continuously to zero by in-
creasing 8. And the presence probability p = (c;) approaches
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—— theory 0.1 —— theory
—1.4+ o GBP o GBP
0 5 10 15 20 ~0.350-0.325-0.300-0.275-0.250
B e

FIG. 2. The asymptotic behavior of minors for Laplacian of a
closed chain. The free energy f and entropy vs energy s(e) are re-
ported (Gaussian BP) and compared with the exact solution (theory)
of Ref. [1]. The parameters of the population dynamics algorithm are
as follows: population size N, = 10%, equilibration time z,q = 106,
and averaging time At,,, = 10*.

monotonically to 1 for large 8, where nearly all the indices are
present in the relevant minors. No sign of a finite-temperature
phase transition is observed here for K = 3, 4. By increasing
B, the Boltzmann weight is smoothly concentrated more and
more on minor configurations with a larger number of present
indices.

The case K = 2 displays more interesting behaviors with
a discontinuity in the entropy for large 8 and a probability p
which approaches to a nontrivial value as 8 goes to infinity.
We know that there are a subexponential number of ground
states with extensive Hamming distances in the configuration
space [1]. The ground states are dimer coverings with pairs of
adjacent nodes which are separated with one unmatched node.
However, no finite-temperature phase transition is expected to
happen also for K = 2 because the entropic contributions to
the free energy can easily destroy the ordered states of this
one-dimensional system. We also observe an instability in the

J

Bhs.

BP equations for large g close to the discontinuity. Figure 2
compares the exact theoretical solution of Ref. [1] with the
result we obtain by the above Gaussian BP equations. This
clearly shows the region of instability where the entropy s(e)
is not anymore a concave function of the energy density. In
fact, the number of iterations f.q which is necessary to get
close to the exact theoretical solution increases rapidly as one
approaches the point of discontinuity.

To have a better picture of the phase space of these prob-
lems we consider two coupled replicas of the system at
equilibrium. By controlling the strength of coupling between
the replicas we can investigate the structure of the relevant
minors around a given point of the configuration space. We
define the partition function of two replicas as

ZB.hy= Y & PO, 31)

c.c

This gives the free energy f of the replicas as a function of g
and the coupling 4. In terms of the energy densities and the
overlap g = 3 Y, 8., we have

Z(B,h) = e PN = f dedé dge PN+ —ha—stee ol (39

Here the entropy density is s(e, e’ :q) = Il\,ln Qle, e : q)
where Q(e, €' : g) is the number of two-replica configurations
of energy densities e and ¢’ with overlap ¢. In the thermody-
namic limit, by the saddle-point approximation one obtains

f=2e—hg— %s(e 1 q), (33)

s(e:q) = p2e—hq— f), (34)

where the last equation for s(e : g) is obtained after a Leg-
endre transformation. Note that by symmetry the equilibrium
energy densities of the two replicas are the same.

The higher-level BP equations here are marginal probabil-
ity distributions for the replica variables

e o —2B(Agi i+Ag,_ .
Missj(er, ¢y vin o v ) oc e TT | D2 | dvicsidv, Misilers s visi i) [T(is YT, e 2P B8 8820 - (35)

kedi\j | cx.c;

As before we consider random regular graphs and solve these
equations by population dynamics. The algorithm is very sim-

ilar to the one presented in Appendix B except that we have

the Boltzmann weight it that couples the two replicas.

Figure 3 shows how the entropy, energy, and overlap of the
two systems are related to each other in random regular graphs
of degree K = 2,3. For K =4 (not shown) the qualitative
behaviors are very similar to that of K = 3. Again we see
the instability of the BP equations for large 8 and g in case
K = 2. The discontinuity of the entropy for K = 2 is again
observed in the way that the energy density e behaves with the
overlap g. Compare it with the case K = 3 where e decreases
monotonically by increasing g. Moreover, we see that when
K = 2 the overlap changes abruptly at 4 = 0 for large § which
is a signal of clustering of the ground states in this case.
In contrast, for K = 3 the overlap smoothly approaches 1

(

with increasing § even at & = 0 which is consistent with the
absence of phase transitions in these systems.

We end this section with an exact study of principal mi-
nors in matrices associated to fully connected graphs. In
Appendix D we consider N x N matrices with elements A;; =
AS; j —T'(1 —§; ;) in two scaling limits: I) A =N —1,I" =
1 and (II) A = finite, ' = y /N as N — oo. In the latter case
we assume that 0 < y < A to represent positive and diago-
nally dominant matrices. We show that the behavior of the
Laplacian of a complete graph, i.e., in the scaling limit (I), is
very similar to that of Laplacian of random regular graphs of
degree K = 4. There are N — 1 ground states with Hamming
distances 2 where only one of the indices is not present in the
minor configuration. The scaling limit (IT), however, displays
more interesting behaviors depending on the value of A. For
A > 1 there are N — 1 ground states with only one index
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FIG. 3. The asymptotic behavior of two coupled minor configurations (replicas) for Laplacian of random regular graphs of degree K = 2, 3.
h is the strength of coupling and ¢ is the overlap of the two replicas. The parameters of the population dynamics algorithm are as follows:
population size NV, = 10%, equilibration time #q = 10, and averaging time At,,, = 10%.

absent in the maximal minor configurations. On the other side,
for A < 1 there are N — 1 ground states with only one index
present the configurations. For A = 1 all configurations have
the same energy and the ground-state entropy is maximal.
Nevertheless, in both scaling limits we do not observe any
finite-temperature phase transition; there is always a unique
minimum of the free-energy function which changes smoothly
by increasing the inverse temperature S.

Figures 4 and 5 show how finite connectivity of random
regular graphs changes the above mean-field picture. We de-
viate from the Laplacian of random regular graphs in two
different directions as depicted in Fig. 6. Let us start with
the results displayed in Fig. 4. Here the diagonal matrix ele-
ments A can be smaller or larger than the connectivity degree
K = 2,3, 4 and the off-diagonal elements are I' = A /K. This
means that we are multiplying the Laplacian by A /K which
in turn modifies the value of minors by a factor (A/K)' for
a minor configuration of size /. That is —In(A/K) is like a
chemical potential which now controls the number of present
indices in the minors. We see that for A < 1 the behavior
of different degrees K is very similar to that of the complete
graphs except the smaller ground-state entropy at A = 1. Ex-
act enumerations in small systems show that like the complete
graphs, in this regime the limit 8 — oo of the entropy density
coincides with the zero-temperature entropy.

For A > 1, we observe numerical instabilities which can
be attributed to the discontinuous behavior of the entropy
density at zero temperature. Consider for instance the case
K =2 (or a chain of length N > 1) where the energy of
a connected cluster of / present indices is given by E (/) =
—1In(/ + 1) —/In(A/K). A sequence of clusters of present
indices (represented by 1s) which are separated by a single

absent index (shown by 0) make an ordered minor configu-
ration for the chain graph; for instance, --- — 0 — 111 — 0 —
111 —0—111 —0 — --- with [ = 3 present indices in each
cluster. The energy density of such a minor configuration is
given by e(l) = —[In(/ + 1) + [ In(A/K)]/(l + 1). This en-
ergy is minimized for a non-negative integer that is closer to
"= %e — 1. The optimal size of clusters increases linearly
with A starting from the all-zero minor configuration. A max-
imal minor configuration here can be considered as a close
packing of clusters of effective size [* centered around the
zeros (absent indices). As mentioned before, for the Laplacian
(K =2, A =2) an optimal configuration is a dimer cover-
ing, or a close packing of (nonoverlapping) rods of length 3.
Moreover, it is easy to see that the number of such optimal
configurations is of order N (by translation) so the entropy
density at zero temperature is zero. For any finite cluster size [
the Hamming distances between the ground states is extensive
but such states are not stable for any finite temperature, be-
cause the extensive entropy of excitations dominates the finite
energies of the domain walls in this one-dimensional system.

We see in Fig. 4 that for degrees K = 3, 4 the main quan-
tities change smoothly as long as A > K, where the number
density of present indices in the optimal configurations is 1.
On the other hand, for 1 < A < K we observe a discontinu-
ous entropy density at zero temperature as A approaches 1,
very similar to what happens for the smaller degree K = 2.
The ground states are random arrangements of an extensive
number of zeros which are well separated on the interaction
graph to maximize the number of spanning forests rooted
at the zeros. The interval of A values in which a numerical
instability is displayed is of course reduced by increasing
the degree K approaching the mean-field limit. Figure 7
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FIG. 4. The asymptotic behavior of minors vs A for quasi-Laplacian of random regular graphs of degree K = 2, 3, 4. The free energy f,
entropy vs energy s(e), and probability of presence p are reported for A = 0.5 to A = K + 1 in steps of size AA = 0.5. The quasi-Laplacian
matrix is defined by diagonal elements A and off-diagonal elements —A /K. The results are displayed for any 0 < 8 < 50 as long as the
entropy is concave and greater than —0.2. The parameters of the population dynamics algorithm are as follows: population size N, = 10%,

equilibration time 7.q = 10°, and averaging time Az, = 10*.

displays the exact numerical results we obtain for the sum
of two-variable correlations y = Ilvzkj[(a,-aj) — {oi){o})]
and xsG = 5 > ;-;[(0i0)) — (0:)(0))* with 0; = 2¢; — 1 =
+1. The two susceptibilities y and xsg are expected to di-
verge with N near a magnetic or spin-glass phase transition,
respectively [13]. We observe that correlations remain short-
ranged as § increases in the two cases (K =2, A = 2) and
(K = 3, A = 1.5) which display a discontinuity in the entropy
density.

Figure 5 shows the results for matrices with diagonal ele-
ments K and off-diagonal elements —y /K when y € (0, K).
By decreasing the magnitude of the off-diagonals compared
to the diagonals we approach the mean-field behavior. Here
the picture is simpler, with curves that smoothly approach (up
to very large B) the presence probability p = 1, where nearly
all the indices are present in the optimal minor configurations.
In Fig. 8 we report exact numerical results for variations in
the number of minor configurations just above the optimal
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FIG. 5. The asymptotic behavior of minors vs y for quasi-Laplacian of random regular graphs of degree K = 2, 3, 4. The free energy f,
entropy vs energy s(e), and probability of presence p are reported for y € (0, K). The quasi-Laplacian matrix is defined by diagonal elements
K and off-diagonal elements —y /K. The results are displayed for any 0 < B < 50 as long as the entropy is concave and greater than —0.2.
The parameters of the population dynamics algorithm are as follows: population size NV, = 10%, equilibration time #q = 10°, and averaging

time Aty = 10%.

ones in small systems of sizes N = 18, 20, 22. We see that the
entropy gap remains nonzero (for K = 2) or approaches zero
(for K = 3,4) when the number of present indices changes
by deviating from the Laplacian in the diagonal direction of
Fig. 6. Again we observe that the entropy density displays a
discontinuity for K = 2, and for K = 3, 4 when A is close to
1. On the other hand, the entropy gap tends to zero when we
approach the mean-field limit, except for K = 2 and y close
to K.

C. Zero-temperature limit

At zero temperature the Gibbs probability measure is
concentrated on the ground states of the system with mini-
mum energy £ = —IndetA(c), i.e., the maximal minors of
the matrix A. To study the ground states we take the limit
B — oo of the higher-level BP equations. Let us assume
that M, j(c;, vi ;) = eP¥i=i(vi=1) as B — oco. Then, from
Eq. (27) we obtain the so-called MS equations [21] for the
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FIG. 6. Deviation from the Laplacian in the region of diagonally
dominant matrices. Moving in the diagonal direction y = A is like
introducing a chemical potential for the size of minor configurations.
The mean-field picture is recovered in the other direction y — 0.

cavity messages w;_ j(¢;, Vi ), see also Appendix A,
wis (¢, visj)

= —-2Agi.; + max Z Wk—i(C, Vk—i)
{crVrsi kei)l\j}:]l(v,v_,,-)k#ij

—Co.. (36)

The constant Ci.; is chosen such that
w;s j(ci, visj) = 0.

To solve the above equations by iteration we use a dis-
crete representation of the variances v;_,; = n;_,;6v with

integers n;_, ; for a small §v. The maximum over the variables

maxg,,

Visj

() K=2,A=2 (b) K=2,A=2

1.754 - N=15
N=18

1.504 — N=21
— N=24
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01001
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FIG. 7. The sum of two-variable correlations when the entropy
density displays a discontinuity. The ferromagnetic and spin-glass
susceptibilities, x and xsg are exactly computed for random regular
graphs of small sizes N. The matrices have diagonal elements A and
off-diagonal elements —A /K. Panels (a) and (b) show the results for
random regular graphs of degree K = 2 when A = 2. Panels (c) and
(d) show the results for random regular graphs of degree K = 3 when
A=15.

{ck, vkisi k € 3i \ j} can efficiently be computed by using re-
peated convolutions of the messages wy_,;. In this way, the
time complexity of each iteration of the algorithm in a graph
of degree K is of order N(KN, )2, where N, is the number of
the possible values of discrete variances. In each iteration all
the cavity messages are updated in a random and sequential
way. The number of iterations needed to solve the equations is
of order 100, independent of the problem size N.

In the same way, we can take the limit 8 — oo of the free
energies in Eqgs. (29),

Af; = —max max wisi(cj,visi) —2A8i | ¢,
f P {{ |:Z J (] J ) g:|}

Cj,VjiijEDT} i
(37)

and

Afi; = — max [wi, (¢, Vi j) + wjsi(cj, vjsi) — 2Ag;;].

{sij,vij
(33)

These equations are useful to obtain an estimation of the
ground-state energy within the Bethe approximation.

In practice, we use a reinforcement algorithm to find a min-
imum energy configuration of the system [27]. The idea is to
reinforce the MS equations by introducing a bias feedback to
the equations. The bias is provided by the local MS messages
to gradually converge the algorithm towards a ground state of
the system. More precisely, the reinforced MS equations at
iteration ¢ + 1 read as follows:

t+1 t
wi (e, Vi i) = r(t)w;(c;) — 2Ag, i + max
i j(Ciy Vi j) = r(w;(c;) 8i—j e X )
X Z wi_, (ks Vksi) — Ciss j, (39)
k#i, j

with the initial MS messages w}, ; = w;’ = 0. The reinforce-
ment parameter r(¢) increases linearly with time as r(t + 1) =
r(t) + ér, starting from r(0) = 0 with ér < 1. Similarly, the
local MS messages are given by

wﬁ“ (¢;) = r(wi(c;)

+ max
{Cj,vj;),'ijEBi

: Z w;-_”'(Cj, Vi) — 2Ag;
jeai

(40)

These messages then provide a candidate for the minimum
energy configuration,

cf = argmax wi(c;). (4D)

Note that the MaxSum algorithm is not expected to work well
in a loopy graph but the algorithm can always be used to
provide a candidate for the optimal configuration and there-
fore an upper bound for the minimum energy even in a loopy
interaction graph.

We start by applying the above algorithm to Laplacian of
a closed chain where we know the ground-state energy and
configurations. Recall that the maximal minors of a chain are
dimer coverings which are separated by extensive Hamming
distances in the configuration space. We will see that this
nontrivial structure of the ground states can make it difficult
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FIG. 8. The gap in the number of minors AN above the optimal minors in random regular graphs of degree K = 2, 3, 4. The results are
obtained by exhaustive enumeration for small sizes N = 18, 20, 22. Panels (al), (b1), and (c1) show the changes with the chemical potential
when the diagonal elements are A and off-diagonal elements are —A /K. Panels (a2), (b2), and (c2) show the variations in the mean-field
direction when the diagonal elements are K and off-diagonal elements are —y /K. The curves start with horizontal lines which correspond to

¥ In(N).

for a local optimization algorithm to find an optimal solution
of the problem. In fact, an algorithm may try to minimize
energy of the system by constructing a configuration that is
locally like one of the ground states of the system. If these
states are very different, then it could be very difficult to
overcome these energy and entropy barriers and to end up with
one of the optimal states of the system. Figure 9 shows how
the minimum energy density suggested by the reinforced MS
algorithm approaches the theoretical value ey = —In(3)/3 ex-
pected for a very large chain. For comparison, we also report
the results obtained by a simulated annealing (SA) algorithm;
in each step, one variable ¢; is selected and its value is changed
with probability min{1, e”#2E}, where AE is the resulted
change in the energy function. In one iteration of the algorithm
all variables are selected in a random and sequential way, as
in the MS algorithm. We start from a high temperature (small
B) and in each iteration increase the inverse temperature by
8B to approach a low-energy configuration. We see in Fig. 9
that it is more difficult for the SA algorithm to find a ground
state than the MS algorithm. A similar behavior is observed
in Fig. 10 for random Laplacian of a closed chain. Here the
off-diagonal elements are random and independent numbers
uniformly distributed in (—2, 0) to have the average —1 as
in the ordered case. The diagonal elements in each row are

minus the sum of the off-diagonal elements in that row, like a
Laplacian. Note that the MS algorithm finds a good estimation
of the minimum energy in a smaller number of iterations
compared to the SA algorithm. Moreover, a single iteration of
SA algorithm is more time-consuming than the MS algorithm
because we need to compute the matrix determinants for each
update of the configuration. This does not allow us in practice
to study larger systems by the simulated annealing algorithm.

Figure 11 displays the results we obtain for random
Laplacian of random regular graphs of degree K = 3, 4.
The random Laplacians are constructed as described in the
previous paragraph. We observe that the SA algorithm is
more effective for large connectivity degrees compared to
the case of chain (K = 2) because the energy landscape is
simpler for K > 2. For the same reason, the MS algorithm
very quickly converges to the ground state of these systems.
The optimal states of random Laplacians are indeed very
close to the ground states of the ordered systems with only
a small fraction of indices not present in the optimal states.
The ground states in the ordered versions of these systems are
minor configurations with nearly all indices, except one or two
of them, present in the configuration. For instance, only one
of the indices is not present in the ground states of the Lapla-
cian of random regular graphs of degree K = 4. There are

064141-11



A. RAMEZANPOUR AND M. A. RAJABPOUR

PHYSICAL REVIEW E 109, 064141 (2024)

(a) SA:6B=0.05 (b) SA:68=0.005

-0.32 -0.32
— N =102 — N =107
N=10% N=10°
—0.334 —0.331
< —0.34 < —0-34
g g
Q Q
~0.351 ~0.351
~0.361 ~0.361
0 250 500 750 1000 0 250 500 750 1000
t t/10
(c) SA:6B=0.0005 (d) MS:6v=0.01,6r=0.002
-0.32 -0.32
— =102 — N =102
N=10% N=10°
~0.33 ~0.33 — =0t
<0341 <0341
g g
(V) Q
~0.351 ~0.351
~0.361 ~0.361
0 250 500 750 1000 0 250 500 750 1000
t/100 t

FIG. 9. Finding a maximal minor of Laplacian of a closed chain
of size N by an optimization algorithm. The results are obtained
by the SA and MS algorithms with the indicated parameters. The
horizontal lines show the exact value expected in the thermodynamic
limit. The ground states are dimer coverings of energy density ey =
—1In(3)/3. Here ¢ is the number of iterations in the algorithms. In
each iteration all the variables are updated once.

therefore N ground states in such a homogeneous system and
the Hamming distance between two optimal configurations is
2. This trivial structure of the ground states makes it also easy
for a local optimization algorithm like SA to find a ground
state.

IV. CONCLUSION AND DISCUSSION

In summary, a Gaussian representation of minors for sym-
metric, positive, and diagonally dominant (DD) matrices was
employed to estimate the free energy, entropy, and energy
of relevant minors at different temperatures by the Bethe ap-
proximation. The estimation is expected to be asymptotically
exact for matrices which have a locally treelike graph rep-
resentation. Specifically, we studied the energy and entropy
landscape of the Laplacian of random regular graphs of degree
K = 2,3, 4. For large degrees K = 3, 4 the interesting quanti-
ties change smoothly by increasing the inverse temperature S.
The case K = 2, however, displays a discontinues entropy and
numerical instability close to this discontinuity which sepa-
rates the zero- and finite-temperature behaviors. Nevertheless,
we do not observe a finite-temperature phase transition in
these systems for K = 2, 3, 4. The same result is obtained by
an exact treatment of principal minors in DD matrices which
are defined by homogeneous fully connected graphs.

The zero-temperature limit of the Bethe equations is
used as an optimization (MaxSum) algorithm to find an
estimation of the ground-state energy and optimal configu-
rations (maximal minors) of random DD matrices. Here the

MaxSum algorithm is more efficient than the standard simu-
lated annealing algorithm regarding the number of iterations
that are needed to find a good estimation of the ground
state(s). The time complexity of the MaxSum algorithm is
proportional to N in a finite-connectivity graph which is rep-
resented by a sparse N x N matrix.

The first part of the study enables us to estimate the sum
of powers of principal minors which is relevant to computa-
tion of the partition function and the Shannon-Rényi entropy
of quantum systems such as the Hubbard model and the
transverse field Ising model [1]. In the second part, we ob-
tain an approximate message-passing optimization algorithm
which can be applied to sampling problems where a subset
of maximally independent configurations are needed as in the
determinantal point processes.

It seems that restriction to diagonally dominant matrices
is the main reason behind the absence of finite-temperature
phase transitions in such systems. This is the case also for
positive but quasi-one-dimensional matrices where entropy is
dominated for any finite temperature. It would be interesting
to investigate the nature of the possible phase transitions for an
arbitrary positive matrix. If the problem of finding the optimal
minors is in general a computationally hard problem, then one
expects to observe spin-glass phases in these systems. In this
study, we were mainly focused on regular quasi-Laplacian
matrices with no randomness in matrix elements. A more
detailed investigation of random and diagonally dominant ma-
trices is needed to characterize the phase diagram of this class
of matrices.

Recall that the principal minors of a Laplacian give the
number of possible spanning forests that are generated by a
set of trees rooted at the zeros of the minor configuration (the
absent indices). By maximizing the number of such forests
we are indeed increasing the strength of an effective repulsive
interaction between the zeros of the minor configuration. In
this study we used a chemical potential to control the expected
number of roots (zeros) in the relevant minors. We showed
that a maximal minor in a chain (K = 2) is a close packing
of the roots with an effective distance /* which is determined
by the chemical potential. It would be interesting to investi-
gate the statistical properties of this system of repulsive zeros,
for example in a Hamming space from the perspective of the
coding theory.
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APPENDIX A: BETHE APPROXIMATION:
BELIEF PROPAGATION ALGORITHM

In this section we briefly describe the Bethe approxi-
mation and the resulting BP algorithm for an Ising model
defined on an interaction graph G. Consider N Ising
variables of configurations s = {s;, = £1:1,..., N} and en-
ergy function E[s] = — ;) Jijsisj — D_; his;. Note that the
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FIG. 10. Finding a maximal minor of a random Laplacian of a closed chain of size N by an optimization algorithm. The results are obtained
by the SA and MS algorithms with the indicated parameters. The off-diagonal elements of the matrices are uniformly distributed in (-2, 0)
and the diagonal elements in each row are minus the sum of other elements in that row. The horizontal lines show the numerical value predicted
by the MaxSum equations. The ground states are random configurations close to the dimer coverings of the ordered system. The number of
iterations in the SA algorithm is scaled with §z = 1, 10, 100 for 68 = 0.05, 0.005, 0.0005, respectively.

interaction term is a sum over edges (ij) of the interaction
graph G. In thermal equilibrium at inverse temperature p,
the Boltzmann factor e #£181/Z gives the statistical weight of
configurations s, where the partition function Z = y__ e £l
is a normalization constant. Here we are interested in the
marginal probabilities of local variables w;(s;) at equilibrium.
In limit B — oo these marginals can be used to find the
ground state(s) of the system.

Bethe equations are indeed recursive equations for the cav-
ity marginals ;, ;(s;), see Fig. 12. This is the probability of
state s; for variable i in the absence of interaction with variable
J»1.e., when the interaction term —J;;s;s; is removed from the
energy function. It is also assumed that in the absence of this
interaction s; is independent of the state of the other neighbors
of variable j. This assumption is valid when the interaction

graph G is a tree, or has very large loops such that locally it is
like a tree. Then, the Bethe equations for the cavity marginals
read

i j(57) oc ePMs l_[ Zeﬂjlk‘wskll«kai(sk) , (A1)

kedi\j | s

were 0i is the set of neighbors of variable i in the inter-
action graph. The normalization constant is obtained from
Z&_ Mi—j(s;) = 1. These equations can be solved by iteration
starting from random initial messages (;, ;(s;) and updating
the messages according to the above equations. Having the
cavity marginals one finds the local marginals p;(s;) by con-
sidering the effects of all neighboring variables,

his; ik SiSk
piCs) oc ™ [T 1 DS e pmitsi) | (A2)
kedi Sk
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~0.55] _o0s] to compute the contributions of all variables and interactions
£ £ in the partition function. Assuming that the interaction graph
& —0.60 o)
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FIG. 11. Finding a maximal minor of a random Laplacian of ran-
dom regular graphs of degree K = 3, 4 by an optimization algorithm.
The results are obtained by the SA and MS algorithms with the
indicated parameters. The off-diagonal elements of the matrices are
uniformly distributed in (—2, 0) and the diagonal elements in each
row are minus the sum of other elements in that row. The horizontal
lines show the minimum energies obtained by the MaxSum algo-
rithm in a few hundred iterations. The fraction of present indices
are around p = 0.88(K = 3) and p = 0.99(K = 4). The number of
iterations in the SA algorithm is scaled with §r = 1, 10, 100 for
88 = 0.05, 0.005, 0.0005, respectively.
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FIG. 12. An illustration of the BP algorithm in a tree interaction
graph. The node variable i sends the cavity message ;. ;(s;) to node
J depending on the messages 1. ;(s;) that it receives from the other
neighbors.
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is a tree, the free energy is given by
Y an-Y ok
i

@j)
This is obtained by writing a recursive equation for the par-
tition function starting from an arbitrary variable [21]. The
local free-energy changes are related to the cavity marginals
as follows:

(A3)

e PR =Y T Do i) | (Ad)
Si kedi Sk
e PR = N PR (s ni(sp). (AS)

SiyS

To obtain some information about the ground states, we
take the limit 8 — oo and assume that u;_, ;(s;) = ePrmimi(si),
The BP equations in this limit (called MaxSum equations) are

mi_ j(s;) = his; + Z InYaX[JikSiSk + my_i(si)] — Cis j,
keaij
(A6)

where C;_,; is obtained by normalization condition
maxg, m;, j(s;) = 0. As before, the equations are solved
by iteration. It is useful for a better convergence to introduce
reinforcement in the algorithm; at each step of the iteration
algorithm a bias field (feedback) is added to the system
to favor the more probable states of the variables. More
precisely, the reinforced MaxSum equations at time step ¢ + 1
read as follows:

mitl(si) = hisi 4+ r()m(s;)

+ D max [Jusisi + mii(s1)] = G (A7)
kedi\j
Similarly, one obtains the local messages,
mi T (si) = hisi + r(t)m!(s;)
g Q. L . — .
+ D max [Jusise +m_ (0] = Ci. (A8)

keadi

The reinforcement parameter r(¢) is zero at the beginning of
the algorithm and increases slowly by the number of itera-
tions. At each time step, one can find an approximate ground
state of the system by computing the maximal states of the
local messages, that is,

s§ = arg max m. (s;). (A9)

Si

For more details and applications of the BP and MaxSum
algorithms in other problems see [21].

APPENDIX B: THE POPULATION
DYNAMICS ALGORITHM

In this section we describe the population dynamics that is
used to solve the higher-level BP equations in the Gaussian

representation of the minors,

M,‘_)]-(C,‘, Ui—)j) X |:Z / dvk—)sz—n(ck’ Uk—)t)j|
kedi\j

Ck
x T(v; j)e 2PA%=i, (B1)

Recall that the variances v;_,; are solutions to the BP equa-
tions for the Gaussian variables,

1
= —c)+cdi— Y cAiausi. (B2
Visj P
and
2Ag,;>j = ln(2nv,-ﬁj). (B3)

The probability distributions M;_, ;(c;, v;—.;) are repre-
sented by populations of the variables Fi,; = {(c{, v, ;) :
a=1,...,N,} on each directed link (i — j). In addition,
we introduce populatlons of the Boltzmann weights W;_, ; =
{e_zﬁ Mliia=1,...,N, »} which are associated to members
(cf, v, ;) of the P,_> j- More about the population dynamics in
general can be found in Ref. [26].

At the beginning of the algorithm we set the initial Values

vi,; = 0,¢f = 0, 1 (with equal probability) and Ag_, ;
In each 1terat10n of the population dynamics we go through all
the directed links (i — j) in a random and sequential way and
do the following steps:

(i) select a member (ck , vk ) from P_,; fork € 9i\ j;

(ii) compute v;_, j(c;) and AgH j(ci) [Egs. (B2) and (B3)]
for ¢; = 0, 1 given the messages (¢}, v;*.,);

(ii1) select a member (cl v™ Yof P, ;j and replace it with

1—>/
(0, v, ;(0)) with probability e~ (Ag2—Agi, O yf accepted,
then replace Ag/ wrth Agios j(O)

(iv) selecta member (c ;) of P,_, ; and replace it with

VL
(1, vi- (1)) with probability e —2B1Ag;L = Agi; (D] g accepted,
then replace Ag' L with Ag, (1)

Note that the members of the populations are selected
randomly and uniformly. The updates are repeated for feq
iterations to reach a steady state where the average quantities
are stationary.

In the stationary state of the population dynamics, we ob-
tain an estimation of the free energy,

Nf, = ZAf, D Afi, (B4)

i<j

with local free energies that are given by

e PO = Zl_[ Z/\dvj%iMjﬁi(Cj, Vi) €_2ﬂAgi7

¢ jeoi cj
(B5)
e P = Z dvije P8 M;_, (i, vie IMjoi(cj vjsi).
CiyCj

(B6)

Here v;; = {vi-j, vj_;}. Recall that
2Ag; = In2mv;), B7)
2Agij=—1In {Ui—>jvj—>idet[B(ij)]}» (B8)
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where

1
o= (I—a)+adi = ;c,-A%kckvke,-, (BY)

1

— ciAjjcj
B(@ij) = Vim .
(l]) (C,‘AijCj L )

Vi

(B10)

To compute the A f; we repeat the following steps for Az,
times:

(i) select a member (¢, v;*, ) from P_,; for k € 3i;

(i) compute Ag;(c;) [Eq. (B7)] and w;(c;) = e 2PAsi(e)
for ¢; = 0, 1 given the messages (¢}, v;%. ).

From the above computation we obtain the aver-
ages Zi(¢;) = (w;(c;)), and AE;(c;) = 2{wi(c;)Agi(c;)). Then
Afi = —1In[Z;(0) + Z;(1)]/B8, the probability of ¢; =1 is
pi = Zi(1)/1Z;(0) + Z;(1)], and we define Ae; = [AE;(0) +
AE;(D]/[Zi(0) + Zi(1)].

In the same way, to compute the A f;; we repeat the follow-
ing steps for Aty times:

(i) select (cf, v?_)j), (c?, v;’_)i) from P, ; and P;_,;;

(ii) compute Ag;; [Eq. (B7)] and w;; = e=2$28 given the
above messages;

From the above computation we obtain the averages Z;; =
(w,-j) and AE,‘]‘ = 2(w,,Agl,) Then Af,] = — lIl(Z”)/,B and
we define Aeij = AE,‘j/Zij.

Finally, the free energy density f and energy density e are
obtained

Nf=> Afi—Y Afij—NnQm), (B11)
i i<j

Ne = Z Ae; — Z Ae;; — N In(27). (B12)
i i<j

APPENDIX C: THE BETHE EQUATIONS FOR RANDOM
REGULAR GRAPHS

Consider the Laplacian of a random regular graph of de-
gree K. Here by symmetry all nodes are equivalent. Thus the
BP equations for the cavity marginals M;_, ;(c;, v;— ;) of the
Gaussian representation

M;_ j(ci, Visj) X 1_[ [Z/dvkaiMk»i(Cks U/Hi):|

keainj L
X ]I(v,gj)e_zmg"ﬂ, (CD)

reduce to a single equation for M_, (¢, v) which does not
depend on the indices i and i — j. We take M_ (c,v) =
(1 =p)s(v — 1)8.0 + pp(v)é.,; with p for the probability of
presence of index i in the minor configuration. We recall that
for ¢ = 0 the variance is v = 1 independent of the states of
the neighbors. The probability distribution of v for ¢ =1 is
shown by p(v). Then the BP equations for p and p(v) read

2K -1)

_ 2

P= K-tk -1 €2
_zv:K—1)

PR «

where zo(K — 1) = ¢ #In@m),

K—-1
aK =)= CUK-Dpd—pr
=0
! 2
x [ TTdupwoe "=, o
k=1
and
K—-1
K —1)=)Y CU.K—-1p1—p<
=0
! 2;
X /ndvkp(vk)e_ﬁln(ﬁ)
k=1
x 5( ! > (C5)
v K — Zk - .

with C(/, K) = K!/(I(K —I)!). Again we solve these equa-
tions with a population dynamics algorithm as described in
Appendix B. The only difference is that here we need only one
population of variables (¢?, v*) and the Boltzmann weights
e 2PE

After solving the above equations for p and p(v), the free
energy is given by

K
—Bfe = In[zo(K) + 21 (K)] — bl In(zgo + 2z01 + z11), (C6)

where zo(K), z1(K) are as before and

200 = (1 = p)’, (C7)
21 = = p)p, (C8)
2 =p’ / dvdv'p)p()ef M (C9)
Recall that
1
—Bf = N InZ = —B[f; —In(2m)]. (C10)
On the other hand, the average energy density is
1
e= —N(ln detA(c)) = 2(g) — In(27m). (C11)
Here
K K K
2g) = g(K) +g1(K) K g 12
20(K) +z1(K) 2 zo0 + 2201 + 211
with
80(K) = zo(K) In(27), (C13)
K
gi(K) =Y CU K)p'(1—p)*!
1=0
! 2 2
X dvk,o(vk)ln (—)e_ﬁln(’(zklk)’
‘//!_[l K — Zk Uk
(C14)

g1 = —pz/dvdv/p(v)p(v/)ln(l — o)M= (C15)
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Finally, by a Legendre transformation, the entropy is
obtained

s=ple—f).

A parametric plot of this quantity vs e gives the entropy
spectrum s(e).

(C16)

APPENDIX D: MINORS OF HOMOGENEOUS COMPLETE
GRAPHS: A MEAN-FIELD MODEL

Consider a symmetric matrix A associated to a complete
graph of size N with elements A;; = Ad;; — I'(1 — §;;). We
assume that A > 0 and A > NT" > 0 to have a positive and
diagonally dominant matrix. A minor configuration of size [
here is represented by a [ x I matrix with diagonal elements
A and off-diagonal elements —I". Such a matrix has one
eigenvalue A — (I — 1)I" and / — 1 eigenvalues A + I'. Thus
the determinant (for 0 < / < N) is given by

det[A(¢)] = [A — (= DA +TI! (DD
and the energy is
E; = —In{det[A(¢c)]}
=—(-=1)In(A+T)—1In[A—-(-1TI] (D2)
The partition function is
N-1
Z=) Al =1 L N QU N)e PP, (D3)
(4

I=1
where Q(I, N) = N!/[II/(N — I)!]. Or, in terms of the energy

and entropy densities

1
dxe*Nﬂf(X)’
0

1
z:Nfdmwwwwzw (D4)
0

where x = [ /N is the number density of the present indices,
and

s(x) = —xIn(x) — (1 — x)In(1 — x), (D5)
e(x) = —xIn(A+T) — Jl\f In(A — NTx), (D6)
1

fx) =elx)— BS(X)- (D7)

The thermodynamic behavior depends on the scaling of the
matrix elements A, I', with N.

1. Scaling limitI: A =N-1,T =1
This is Laplacian of a complete graph. Here we use the
scaling 8 — B/In(N) and replace e(x)/In(N) with e(x) as
N — oo. Ignoring the subextensive terms in the energy den-
sity, we get

e(x) = —x. (D)

The minimum of the free-energy function

1
f(x) =e(x) - ES(X), (D9)

at x* determines the equilibrium values of the main quantities
e(x*), s(x*), f(x*). Recall that x* is the presence probability
p we used in the main text. Here the free energy is always
minimized for a number density % < x* < 1, which is the sole

solution to
x*
=In .

This system dose not display a phase transition. By increas-
ing B from zero to infinity, the density of relevant minors
x* increases smoothly from 1/2 to 1. And the minimum of
free-energy function remains an extremum [%(x*) =0] as
B — oo. There are N ground-state configurations of energy
Ey_1 = —(N —2)InN where only one of the nodes is not
present in the minor configuration. So the Hamming distance
between two ground states is 2.

(D10)

2. Scaling limit II: A = finite, I' = y /N
This can be considered as a mean-field model of random
regular graphs of degree K = A. Here the energy density as a
function of x in the thermodynamic limit reads
e(x) = —xIn(A). (D11)
Note that value of I' is not relevant in both the above scaling
limits. Again, we do not observe a finite-temperature phase

transition; the minimum of free energy at x* changes smoothly
as B approaches infinity. That is, equation

df
dx

s _ 1 O\
(x)_—lnA—I—IBln(l_x*)_O (D12)

always has a unique solution 0 < x* < 1 due to the monotonic
behaviors of the two parts of the equation

*
ﬂlnA:ln( a )
1 —x*

However, depending on the value of A the solution x* ap-
proachesOor1as 8 — oofor A < land A > 1, respectively.
For A =1 the solution is always x* = % The ground states
have a trivial structure: When A < 1 the minimum energy
is obtained by N minor configurations with a single present
index, putting aside the all-zero configuration. When A > 1
the minimum energy is obtained by N minor configurations
with a single absent index. The case A = 1 has the maximal
ground-state degeneracy where all minor configurations are
equivalent in energy. Note that in all the above scenarios the
value of entropy at zero-temperature coincides with the limit
B — oo of the entropy function. It means that the entropy
changes continuously as the temperature increases.

(D13)
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