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MAX k-CUT AND THE INHOMOGENEOUS POTTS SPIN GLASS

BY AUKOSH JAGANNATH*!, JUSTIN KO*2 AND SUBHABRATA SEN'
University of Toronto* and Stanford University'

We study the asymptotic behavior of the Max «-cut on a family of sparse,
inhomogeneous random graphs. In the large degree limit, the leading term is
a variational problem, involving the ground state of a constrained inhomoge-
neous Potts spin glass. We derive a Parisi-type formula for the free energy
of this model, with possible constraints on the proportions, and derive the
limiting ground state energy by a suitable zero temperature limit.

1. Introduction. Networks arise in various applications in economics, engi-
neering and social sciences. In a typical social science application, the vertices
of the network represent individuals, while their relationships are represented by
the edges. The study of structural properties of these networks, and algorithms
to find these structures are extremely important in this context. Various random
graph models have been introduced to study such real-life networks (see, e.g., [25,
26])—and questions about networks translate directly into questions about random
graphs under this approach. Graph partition problems are natural class of algorith-
mic questions which arise in this context. In these problems, the goal is to find a
partition of the vertex set that maximizes some objective function, typically given
by a function of the edges. Graph partition problems are of interest in applications
as diverse as community detection [16, 46] and VLSI design [28]. In this paper,
we focus on the Max «-cut, an important example in this class.

For any graph G = (V, E), the Max «-cut problem (henceforth denoted as
MaxCut, ) seeks to divide the vertices, V, into x (not necessarily equal) parts such
that the number of edges between distinct parts is maximized. For ¥ = 2, this re-
duces to the well-known MAXCUT problem (see [45] for a survey of the MAXCUT
problem). From the point of view of complexity theory, these questions are usu-
ally NP hard in the worst case. This motivates a study of average case complexity,
often formalized by studying this problem on random graph instances. As a first
attempt, one seeks to determine the typical behavior of these quantities on a ran-
dom graph—this provides a valuable benchmark for comparing the performance
of specific algorithms on random instances.

Such questions have been studied in classical settings, such as the Erd6s—Rényi
random graph and random regular graph ensembles. The key insight in this setting
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is a connection between statistical physics and the MaxCut, problem, enunciated
as follows. Any k-cut can be represented by an assignment of spins o € [k]V to
the vertices of the graph. Further, setting A = (A;;) to be the adjacency matrix of
the random graph G, we have

MaxCut, (G) 1 N
1.1 Y e ma A; i 1(0; #0;).
(1) S 3 o, 2 Ao £0)

In statistical physics parlance, (1.1) establishes a direct relation between the
MaxCut, and the ground state of the antiferromagnetic Potts model on the graph.
Connections between graph partition problems and statistical physics are, by now,
classical [22]. For a textbook introduction to the physical perspective on these
questions, we refer the reader to [33, 34].

Physicists predict that the antiferromagnetic nature of the Max «-cut should
force the quantity to behave as the ground state of a disordered spin glass, and its
behavior in graphs with large degrees should be well approximated by properties
of ground states in mean field spin glasses. For the MAXCUT problem on sparse
Erd6s—Rényi and random regular graphs, this idea was partially formalized in [17]
and [48]. The authors of [17] deduced that for G ~ G(N, %), as N — oo, we have

MAXCUT(G) ¢

C
(1.2) — Z—l—P*\/;—Foc(\/E).

Here, P, is the limiting ground state energy of the Sherrington—Kirkpatrick model
[40, 50]. Here and henceforth in the paper, we say that a sequence of random vari-
ables, (X ), satisfies X y = o.(4/c) if and only if there is a deterministic function
g(c) = o(y/c) such that P[|Xy| < g(c)] > 1 as N — oo. The first term in the
right-hand side comes from the standard observation that a typical partition of the
vertices will contribute Nc/4 edges to the cut in expectation. The second term is
the leading order correction, and specifies the difference in size between a typical
cut and the MAXCUT. An analogous formula for the MaxCut, on sparse Erd6s—
Rényi and random regular graphs was derived in [48].

For practical applications, it is thus of natural interest to determine the typical
value of these quantities on random graph ensembles that capture natural proper-
ties of realistic networks. In practice, networks are typically observed to be sparse
and “inhomogeneous” [1, 3, 18, 31]. The simplest random graph models, such as
Erdés—Rényi and random regular graphs, lead to instances where the degree distri-
butions are relatively concentrated—a feature seldom observed in real networks.
To address this issue, a plethora of models have been introduced, which faithfully
capture some of the observed characteristics of real networks. In this paper, we
seek to establish formulae similar to (1.2) for a general family of graph models
using the framework of [17] and [48]. Our approach leads naturally to the study of
an inhomogeneous Potts spin glass model, which has yet to be studied rigorously
in the mathematical literature.
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Let us first explain the class of random graph models that we study. Our frame-
work will be similar to the one introduced by Soderberg [51] and adopted by Bol-
lobas, Janson and Riordan [8]. Furthermore, this model has natural connections
to the theory of graphons for dense sequences of random graphs [9, 10]. Con-
sider a symmetric kernel K : [0, 11?2 — [0, 00). We will assume throughout that
K € L([0, 1], dx). Given such a kernel, consider the following model for a se-
quence of inhomogeneous random graphs Gy = (Vy, En). For all N > 1, we let
the vertex set be Vy = [N]. The edges will then be added independently with
probability

(1.3) IP’[{i,j}eEN]zmin{cK(i’j),1},

where K is the average of K within blocks,

(1.4) RnGo =N [ Kxydedy.
LT w XU 4

This specifies the random graph model. The parameter ¢ controls the degree of the
vertices. We note that this model is more restricted compared to that of Bollobds,
Janson and Riordan [8]. In the notation of [8], we restrict ourselves to the case
where the ground space S = [0, 1] and the measure p is the Lebesgue measure.
Further, the model introduced in [8] is governed by the value of the kernel K on a
set of measure zero. Here, we average over small partitions of the kernel, so that
we may avoid technical subtleties on sets of measure zero. For reasonable kernels,
such as continuous ones, this distinction will be negligible.

To state our main result in a concrete setting, let us first work in the case when
K is block constant. That is, we assume that there are numbers

O=rn<ti<th<--<ty_1<l=ty

such that K is constant on each square of the form [¢;_1,#;] X [tx—1, %] for
0 < j,k < M. Further, we set p* =t;, —t;_1, s = 1,..., M. For any such block
kernel K, let K denote the M x M matrix of the values of the kernel on the blocks.
For technical reasons, we will work with block kernels such that the matrix K is
positive definite. Finally, we note that any block constant kernel with finitely many
blocks is almost surely bounded. By a standard application of the Efron—Stein in-
equality [11], it suffices to study the asymptotic behavior of E[MaxCut, (G y)]/N.

To analyze this quantity, we introduce the following notation. For any finite
set .7, let 9 be the space of proportions, given by

K
di >0, di=1Vse.7 .
k=1

(1.5) 7= {(df,---,di)sey

In our setting, . = [M]. Any d € & can be expressed as d = (d*)sc.», Where
(d*)se.~ 1s a collection of probability measures on [« ]. The distribution d° governs
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the proportion of vertices in block s which belong to the partition i, 1 <i <«. We
will refer to the elements d € & as proportions. The following theorem character-
izes the value of the MaxCut, problem for inhomogeneous graphs Gy with block
constant kernels and large degrees, up to corrections which are o(,/c).

THEOREM 1.1. We have, as N — o0,

lim E

N—o0

[MaxCutK(GN)]

¢ ud s .t s t \/E
N = sup 5 Zl K(s,t)p’p (1 —(d .d )) + 77)(61)

de9 si1=

+ o(\/o).

REMARK. We take this opportunity to comment on the positive definite as-
sumption on the matrix K. One prominent example where K is not positive def-
inite is the random bipartite graph, where the kernel consists of two off-diagonal
blocks. However, note that for x = 2, the behavior of the MAXCUT on this graph
is trivial, and very different from that established in Theorem 1.1.

Note that the leading term in Theorem 1.1 is a variational problem involving the
empirical distribution of spins within each block. This variational problem has two
terms: the first term governs the expected cut-size, while the second term, of order
/¢, governs the extra contribution which is attained by optimization. It remains
to introduce P(d). It turns out that P(d) is the limiting ground state energy of the
inhomogeneous Potts spin glass model, subject to constraints on the composition
of spins within each block. We introduce this model in the rest of the section, and
define the constant P(d) rigorously using a Parisi-type formula for the limiting
free energy.

1.1. The inhomogeneous Potts model. We consider a natural generalization of
the Potts spin glass model that allows for inhomogeneous coupling interactions
between species. The configuration space for this model is £y = [«]" for some
k > 2. Let . be the finite set in (1.5), each element of which is called a species.
For each N, we are given a partition of [ N] indexed by the species as

[N1= | L.
sesS

We say that i belongs to species s if i € I;. Conversely, we denote by s(i) the
species to which i belongs. Let Ny = |I;|. Naturally, this quantity varies in N. To
obtain a reasonable limiting structure, we assume that the proportions converge:

(1.6) P
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The Hamiltonian for this model, Hy, is the centered Gaussian process

(1.7) Hy(o) = —= f Z gi.j L(o; =0,

i,j=1

where g; ; are independent, centered Gaussian random variables with covariance
(1.8) Egfj=A;,, steSiel,jel.

We assume, following [7, 44], that the matrix A := A2 , is symmetric and positive
definite in s and 7. Observe that if we define, foro!, 0% € Ty,

(19) 1l Zﬂ 1(02 =)

Siel

and define the k¥ x « species overlap matrix

(1.10) R 2= (RY (k. k') o<

then Hy has covariance

(1.11) Cov(o!,0?) =N Z Aé PNPN(RY 50 RY ),
s,te

where (-, -) denotes the Frobenius (or Hilbert—Schmidt) inner product.

This model is an inhomogeneous extension of the Potts spin glass model, which
has been studied extensively in the physics literature [13, 20, 21, 36], and analyzed
rigorously in [42, 43]. In particular, we break the symmetry between sites. When
k = 2, this type of inhomogeneity was introduced in an equivalent form by Barra,
Contucci, Mignone and Tantari in [7] where a Guerra-type [24] upper bound for the
free energy was obtained. The matching lower bound was obtained by Panchenko
in [44].

Our goal is to compute constrained free energies of the type

1
(1.12) Fy(A) = —Elog > efin@)
g€eA
for a specific choices of A. Recall the space of proportions & defined in (1.5).
Given a d € 2, we have the associated constrained state space
1(0; =
(1.13) zfv(d)z{oez > = (0’

ielg

eldi —e,d} +s]}

We will use the notation Xy (d) := X N(d) to denote the constrained state space
where the proportions of spins within species are exactly equal to the proportion d.
Let Iy C Z be the space of feasible constraints for configuration spaces of N
coordinates

(1.14) Iy ={d e D|Ty(d) # D).
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We are particularly interested in computing constrained free energies as in (1.12)
with A = ¥ (d). Note that since the space of feasible configurations is at most poly-
nomial growth, classical concentration arguments show that the free energy of the
whole system, Fn(Xy), is asymptotically given by the maximum of Fy (Zy(d))
over 7.

As in the Potts spin glass model, among others, the overlap (1.10) will play a
key role. In particular, we will find that the array of overlaps from i.i.d. draws of
configurations from (a perturbation of) the Gibbs measure, will be determined by
apath 7 : [0, 1] — F,I(yl. Here, T is the space of ¥k x « positive definite matrices
and m is effectively the family of quantile transform of the limiting law of the
overlap of two independent copies o !, 2 from the Gibbs measure.

We now turn to the main result. To this end, we denote the space of left-
continuous monotone functions on I' as

(1.15) M ={x:[0,1] > [y : 7 is left-continuous, 7 (x) < 7 (x') for x < x'},
where 7 (x) < 7 (x") means that 7 (x") — 7 (x) € [';. Similarly, we let
(1.16) I ={(n"),.,: 00,11 T Nz* e 11}

We also have the following metric on IT
(1.17) A(n,ﬁ):/olirée{l;(”yrs(x)—ﬁs(x)”ldx.

For d € & and r > 0, we define the following sequences of parameters. Let
(x;);_, be a strictly increasing sequence of numbers
(1.18) O=x_1<xg<---<x,=1.

For each species, let (Q7)_, be an increasing sequence of k x « positive semidef-
inite matrices

(1.19) 0=04<Q)<--<Qj=diag(dj,...,d})=D".

Given these sequences, for each species we can define the Gaussian vector
(z3) € R¥ such that
P

T 2 2
(1.20) Ezi,(zi) =28p,q(2 As’,th; - Z As’t,otQtp_l)
tes tes
The nonrandom value Xj is defined recursively as

Xﬁ:logZexp( Z zf,}(k)%—)»i),

k<k I<p=<r

(1.21) |
X; = —logErexp(xx X3, ) forO<k<r,
Xk
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where Ej denotes the expectation with respect to only zx4. Finally, define the
functional

P(r,x,d, (1, 0%) ;)

(1.22) =Y 0 X5— Y. > p'rd}

se.s se k<k
1 r—1 9
=522 20 AL (Qivr Qvt) = (1 Q1))
=0 s,te.’

The next result characterizes the limiting free energy in these models.

THEOREM 1.2.  For any k > 2, set of species ., and sequences py, — p* we
have the following:

1. For any d € 9 and en — O sufficiently slowly, the limit of the constrained
free energy is given by

1.2 lim Fy(Z5Y = inf A5, 0% ).
(1.23) N1—r>noo N( N(d)) x,r,(A}PQS)seyy(r,x’d,( ,Q)Se/)

2. The limit of the unconstrained free energy is given by

1.24 lim Fy(Zy)= inf P(r,x,d, (A%, 0%) _.).
( ) Ngnoo N( N) jzgx,r,()tsl’an)sey (V X ( Q )SGJ)

Before moving forward, we explain the nontrivial obstacles encountered in the
inhomogeneous Potts model. First, the symmetry between sites is broken. As a
result, interactions both within the species and between the species must be con-
sidered. Second, the natural overlap structure are matrices (1.10) and are a priori
not necessarily positive definite in the limit.

Each of these issues has been studied in the past in [44] and [43]. The syn-
chronization property in [44] connected the species overlaps with the average of
the overlaps over the entire system. Similarly, the synchronization property in [43]
proved the overlaps concentrated on the space of Gram matrices in the limit. An-
other consequence of this result implied the overlap matrices could also be recov-
ered from the trace of the matrix. At the heart of both of these synchronization
arguments were generalized Ghirlanda—Guerra-type identities that implied an ul-
trametric underlying structure of the overlaps [39]. The synchronization combines
local and global ultrametric properties forcing a rigid distribution structure.

We prove an analogue of the Ghirlanda—Guerra identities, which combines
those in the inhomogeneous SK and Potts models. This results in a simultane-
ous synchronization mechanism of the overlap matrices both within and between
species. In our setting, we will be able recover the structure of the overlap matrices
R; ¢ deterministically from the average of the traces of overlaps

Z pS tr(RZZ/).

se
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These techniques will reduce the problem to a familiar setting, allowing us to
derive a formula for the free energy using the Guerra upper bound [24] and the
Aizenman—Sims—Starr scheme [2] using the characterization method introduced
in [4] and formalized further in [38, 41]. The resulting functional order parameter
is a vector of monotone paths of k¥ x x matrices.

In applications, we will be interested, not only in the free energy, but also the
maximum of (1.7) subject to the same constraints. To understand the connection
between the two, we recall the classical fact from statistical mechanics that the
ground state energy of a system can be obtained as the “zero temperature limit” of
the free energy of this system—a limit usually referred to as annealing [30]. In this
case, we take the beaten path, and define free energies of the form

B — 1 E BHN(0)

og€eA

where Hy is as in (1.7) for some fixed A. Here, 8 is the inverse temperature,
and the zero temperature limit corresponds to sending 8 — oco. We note that the
free energy (1.25) corresponds to the Hamiltonian Hy (o) defined as in (1.7), with
respect to AP = B2A instead of A. Therefore, a straightforward modification of
Theorem 1.2 implies that for any d € Z,

. 8 .
120 i @O b, e 0
The functional Zg(r, x,d, (A\*, Q%)se.») is identical to (1.22) with AP in place of

A. As a corollary to the theorem above, we obtain an expression for the limiting
constrained ground state energies.

COROLLARY 1.3.  For any configuration d € 9, we have, as N — oo, for
some sequence gy — 0 sufficiently slowly,

! 1
lim —E| max H(o)|= lim — inf Por.x.d, (0. Q%) .
N—o0 [aezj‘vf"(d) ( )] B—00 B x,1,(A5, 0% e 5 (%, %) ser)

=P().

Note that P(d) is the relevant constant for the MaxCut, in Theorem 1.1. Ex-
act variational formulas for ground state energies like P(d) have been obtained
recently in several models [5, 6, 14, 27]. However, in this setting this remains an
interesting question.

1.2. Applications. We return to study of graph partitioning problems in this
section and study some examples. We first note that given a general kernel K € L',
to determine the MaxCut, up to o(4/c) corrections, it is enough to restrict ourselves
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to block-constant kernels. To this end, given a kernel K and M > 1, we construct
the kernel K1 by “coarsening” the kernel K,

i—1 i j—1
Ki(x,y) = M? > ]l<xe [—,—],ye [——D
52 M M MM

o
[t 7 Ix Lt

Let Gy denote the sequence of graphs formed from the kernel K; using (1.3).
Then we have the following.

(1.27)
K (s, t)dsdr.
]

N

LEMMA 1.4. For any kernel K and ¢, 0 < § < 1/2, we can choose M :=
M (c) such that for all N sufficiently large,

o] e o

Any kernel K is naturally associated with the integral operator
Tk (f)(x) == [K(x,y)f(y)dy. We assume that for f € L°°([0,1]),
[ fx)f(y)K(x,y)dxdy > 0. We note that in this case, the corresponding dis-
cretized kernel K1, described in Lemma 1.4, inherits the positive definite character.
Therefore, MaxCut, (G y) can be determined by an application of Theorem 1.2. We
now turn to some examples to which our results apply.

EXAMPLE 1 (Finite species block model). The first example concerns the sim-
ple case when the kernel K has an explicit block structure. This model has been
proposed and studied intensely by Soderberg [51] and Bollobds, Janson and Ri-
ordan [8]. These models have also been studied as ‘“‘stochastic block models” in
statistics, machine learning and theoretical computer science in connection to the
community detection problem [16, 32, 35]. Our results apply directly to this model
in case the kernel is positive semidefinite.

EXAMPLE 2 (Rank 1 model). The next example concerns the Rank 1 model
for random graphs. In this model, we have a function ¥ : [0, 1] — R™ such that
K(x,y) =v )Y (y). ¥(x) governs the “activity” of the vertex and the proba-
bility of a connection is determined by the product of the activities of the two
vertices. This model has been extensively studied; see, for example, [12, 15, 37].
Prominent features of interest include the existence and size of a giant component,
the degree distribution, the typical distances between the vertices, etc. We refer
to [8], Section 16, for an extensive survey of the related family of models and con-
nections to earlier results. The kernel is positive semidefinite in this case. Further,
[ K < 0o whenever ¥ € L. In this case, the kernel is in our framework and our
result applies.
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We note that for this example, if ¢ > 0 is constant on blocks, then we reduce to
the example of block kernels discussed earlier. The approximation scheme for this
example basically approximates the function ¥ by a piecewise constant function
on [0, 1]. From an algorithmic viewpoint, our result says that for evaluating the
first order correction term, we can coarsen the model to a setup where there are
finitely many species with the same activity.

EXAMPLE 3 (Dubins’s model). Consider the Dubins kernel K(x,y) =
m. Observe that K € L', and is symmetric and positive definite as a function
so that our results apply. (The associated integral operator is a bounded opera-
tor from LZ([O, 1]) to Lz([O, 1]) as shown in [8].) In this case, P[{i, j} € En] =
c/j A1 for j >i,c. This corresponds to the situation where the graph is formed by
a sequential addition of vertices, and the jth vertex joins to the existing vertices in-
dependently with probability ¢/j. This model is naturally inhomogeneous, in that
the older vertices usually have higher degrees and play a crucial role in determin-
ing the structure of the graph. An infinite version of this model was introduced by
Dubins in 1984, who wished to determine the critical ¢ such that the graph would
have an infinite path (see [29, 49]). The critical constant ¢ = 1/4 was partially de-
termined by Kalikow and Weiss [29] and finally determined by Shepp [49]. Durett
[19] determined that ¢ = 1/4 is also the critical threshold for the emergence of a
giant component in the finite graph. We refer the reader to [8] for a detailed survey
of the model and related results.

1.3. Outline. Before turning to the body of the paper, let us briefly outline
the structure of the paper and the proof of the main results. Theorem 1.1 follows
using the interpolation idea introduced in [17] and generalized in [48]. Its proof,
included in Section 8, compares the MaxCut, value on inhomogeneous random
graphs to the ground state of the inhomogeneous Potts spin glass. The proof of
Theorem 1.2 follows the method outlined above. The starting point of the proof is
the characterization of a family of arrays that follow a natural generalization of the
Ghirlanda—Guerra identities [23] for this setting. This combines the synchroniza-
tion mechanisms of [43, 44] and is included in Section 2. In Section 3, we construct
a perturbation of the system that does not affect the limiting free energy but allows
us to use the derived invariance properties. With these results in hand, we prove
the upper bound in Section 4 using a Guerra-type interpolation and the matching
lower bound using an Aizenman—Sims—Starr scheme in Section 6. Before proving
the lower bound, we briefly study the continuity of certain functionals used in the
lower bound in Section 5.

2. Invariant arrays and their characterization. In this section, we study
an invariance property that combines the multispecies and vector spin Ghirlanda—
Guerra type identities [43, 44] for the limit points of doubly infinite array of over-
laps, (1.10), of independent draws from the Gibbs measure. This will allow us to
characterize these limit points.
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Let R, be the space of arrays of the form R; ,, such that there is a collection of
vectors (v; (€, $))i ¢>1.se.» in R* such that

2.1) Ry y=) vi(t,s) @vi(ls),
i

and such that
2.2) (Rze,ek, ek) e [0, 1] Vk € [«].

We equip R, with the induced topology from the product topology on a countable
product of [0, 1] with itself so that, in particular, it is compact Polish. Observe that
the overlap array (1.10) is in R, for each N.

We now introduce the aforementioned invariance property. For any m, p > 1,
(V)se.s kem) € RS, and ¢ : R™)1 — R, let

(2.3) Qe = <P([((R2§,e/)0p CTRL) R ((RZ@')OP Vs Vi) Jse.)-

The (R; ,)°P term appearing above is the Hadamard pth power of R; ,,. We say
that a random variable with values in R, is weakly exchangeable if

(d)
(2.4) Ry oymey = Row

for all collections (7r5) of permutations of N of finitely many coordinates. We say
that a random variable in R is IP-invariant if for all n > 2, bounded f, and choice
of Q as above, we have

1 1<
(2.5) Ef(R")Qin+1=~Ef(R)EQi>+ > Ef(R")Qu,
=2

where R" is the array (R} ;)¢ ¢'efn],se.7-
We now turn to the main result of this section. Recall that p* is a probability
measure on ., which we denote equivalently by dp. Let

(2.6) Ry o= / R; v dp.

Our goal is to prove that random arrays in ‘R that satisfy (2.5) synchronize, in the
sense that R; ,, is actually a Lipschitz function of the trace.

THEOREM 2.1. Suppose that R is a R-valued random variable that is 1P-
invariant and weakly exchangeable. Then there are deterministic, Lipschitz func-
tions Vs, depending on the law of R, such that

(27) RZ@/ = \Ijs (’[f(kz,é’))

almost surely.

The proof of this result is essentially by composition of the synchronization
theorems from [43, 44].
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LEMMA 2.2. Suppose that R in 'R, is weakly exchangeable and IP-invariant.
Then there exists deterministic, Lipschitz functions, depending on the law of
tr(Ry ¢), such that

(2.8) tr(RZe,) = LS('[I'(R@?@/)).

PROOF. We begin by observing that for any element of R, the array of traces
T =(T ,)e,e0=1 = (tr(R} ;)¢ ¢>1 is a Gram matrix for each s. To see this, simply
observe that if we let

Vi(s) =) vill,5) ®e;

then

tr(szzr) = (VZ(S)’ VE/(S))HS'

Thus T is a Gram—de Finetti array for each s € .. Applying (2.5) with f and ¢
being functions of T, we see that T satisfies the multispecies Ghirlanda—Guerra
identities ([44], equation (36)),

1 1 &
Ef(T")Qint1=~Ef(T")EQi2+ > Ef(T") Qi
=2

where T" = (Ty ¢/)¢,¢¢c[n]- Recall from [44], Section 4, that for such arrays there
exist Lipschitz functions Ly, that depend on the law of 7", such that

Ty =Ly <_/ Ly dp)

almost surely. Applying this result to our setting yields a family of Lipschitz func-
tions depending on the law of tr(Ry ¢/) such that

tr(R} ;1) = Ly (tr(Ry 1))

almost surely, as desired. [J

LEMMA 2.3.  Suppose that R in R, is weakly exchangeable and 1P-invariant.
Then there exist deterministic, Lipschitz, monotone functions ®° : Ry — 'y which
depend on the law of R such that

R} ¢ =0 (u(R; )

almost surely.

PROOF. For fixed s € ., we may apply (2.5), with Q of the form

Qe =¢((Ry )" vi,v1)s - (R ) Vi vi))-
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As a result, taking f to be a function of this species as well, we see that the array
satisfies

Ef(R"($))Qint+1 = —Ef(R"(S))EQm-i- ZEfR () Q1.e,

62

where R"(s) = (Rz 2)¢0,0'en]- It was shown in [43], Theorem 3, that for such ar-
rays, there is a Lipschitz, monotone function ®* depending on the law of R"(s)
such that

R} ¢ =0 (u(Ry 1))

almost surely, as desired. [

PROOF OF THEOREM 2.1.  Applying the previous two lemmas, we obtain fam-
ilies (®%)se.» and (Ly)se.~. The result then follows by taking

Y, =0%0L;. O

3. Perturbation for invariance. In this section, we show that after a small
perturbation, the limiting overlap array will satisfy a generalized form of the
Ghirlanda—Guerra identities appearing in [44] and [43]. This argument is stan-
dard and can be safely skipped by the expert reader. For completeness, we include
it here. The key observation is that, as with the Potts model, it is crucial that we
restrict ourselves to configurations with fixed proportions of states.

Let hy (o) be a Gaussian process with covariance

N OPY s\
(3.1) C} = Cov(hg(c" =TT TT((RS ) v5,v5)™,
se j<m
where 0 = (m, p,nj,...,n,,, v}, ..., v, )scs are the parameters in the covariance.

The Gaussian process hg (o) can be constructed explicitly using a similar construc-
tion as in [43], Section 5. We will provide a brief nonconstructive existence proof
here.

LEMMA 3.1. The covariance structure Cg o IS positive semidefinite for all
R; ) € Ry.

PROOF. Clearly, if R; ¢.00 € Ry, then (Re )P € Ry forall p > 1. By the def-
inition on (2.1), we can find some collection of vectors (vi(£,8))ir>1,5¢c. such
that

(Ri.o)”" Zv,(ﬁ ) ®v;(¢, Zv,(ﬁ ST (L, s).
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Given v‘J‘- € R¥, we have
(R )0 0), M_(Zu,(e Dl (e, )uj,uj)w>1

(3.2) T
/ N N
:Z(vi(ﬁ ,s) Vi, vi (L, ) Vj)é,ﬁ’zl
l

is a Gram array, and hence positive semidefinite. Since Hadamard products pre-
serves positivity,
op n’

[T TR ) v5 i)™

se j<m
is positive semidefinite because it is the Hadamard product of finitely many arrays
of the form (3.2). Hence there exists a Gaussian process indexed with o¢ with
covariance given by (3.1). [

Let vj take rational values in [—1, 1]“ and define the space of parameters
(33) ©:={0:m,p,n},...,n5, eN,vj,....,v, €eQN[—1,1]forall s € &}.

Since ® is countable, we can find a enumeration map j(0) : ® — N. Let (up)geco
be a sequence in [1, 2] and let (hg)pce of be pairwise independent copies of Ag.
Finally, define

1
(3:4) hv(@) =Y 5rgyuahe (0).
6e®

Let dy € @ be such that dy — d € Z, and consider the perturbed Gibbs mea-
sure on Xy (dy) given by

pert exp H 1[\)/ert(o_) pert
3.5) G, —m, Hy = Hn(0o) +snhn(o),

where o € Ly (dy) and sy = N for 1/4 < o < 1/2. We then have the following.

THEOREM 3.2. There is a choice of (ug) such that the following hold:

o The perturbation is small in the sense that

1 ert
lim |—Elog Z exp(Hn (o)) — —Elog Z exp(HN (0))| =
N=ool N oeTy(d) N ceXn(d)
)OO

° IfRN = (Rj ¢)ses 0. 0=1 is the overlap array drawn from E(Ggi]n , then any

weak limit point, R*, satisfies (2.5).
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PROOF. The proof of this fact is almost identical to Chapter 3.2 in [40], so
we omit most details. The only essential difference is the same as that in [43],
namely to point out why restricting the configuration space is important. This is
because the main integration by parts step in the proof of [40], Theorem 3.2, uses
in an essential way that the self overlap, R, ¢, and thus the variance of the field
hp, is constant. In our setting, the relevant term, namely Cg ¢ 18 plainly constant
on Xy (dy) by inspection of (3.1). [J

4. Upper bound—Guerra interpolation. We now turn to proving the upper
bound for the restricted free energy in (1.23) by a Guerra interpolation argument
[24]. Recall the definition of X%,(d) (1.13) and let the corresponding partition
function be denoted by Z5,(d) =3}, €35,(d) exp(Hy (0)). We will prove

1
4.1) li]{,nsup NElog Zy(d) < P(r.,x.d, (2, Q%),co) + OCe).
—00

Given a sequence of strictly increasing (x;);_; as in (1.18), let (vy)genr be the
weights of the Ruelle probability cascades [47] associated with that sequence. For
o, B € N, define

(42)  JaABl=min{f0<p=<r—Tllar=p1,....,ap=Pp,aps1 # Bpt1}

and @ A B| =r if o = B. For each species, let (Z{ (k))r<, be the centered Gaussian
vector with covariance

(4.3) EZ¢ZP =23 AL plyQlung)-
tes
Similarly, let
4.4) Ey*yFf = > Aftpzsvpztv(QfaAmv Qlanp))-
s,te.”

For each s € . and each i € I;, let Z{ be an independent copy of ZZ. The pro-
cesses Z, Y* and Hy (o) are all independent. Finally, define the interpolating
Hamiltonian,

4.5) Hy(0,0) = VtHy(0) + VIVNY* + V1 =13 Z8(o0),

i<N
and the corresponding interpolating free energy function
1
(46) 90]8\] (t) = N]Elog Z Vo Zg th(o',ot)‘
aeN oexy (d)

We then have the following result.
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LEMMA 4.1. Forany e >0and N > %,

dp% (1) < Ce?,

for some constant C(x, A, |.L|), uniformly in N. Furthermore, if d € Y5 and
e =0, then

dp% (1) <0.

PROOF. For any d € 2, the set X}, (d) is nonempty for N > .. Recall that by
Gaussian integratlon by parts,

0H,
whtr= {20
@7 1 | 8H,(c!, ! H,
=_E<EMHI(GI,QI)_EM (o2 a2)>
N ot ot

where (-) is with respect to the Gibbs measure G (o, ) x vy exp(H; (o, )) on
25 (@) x N If we write Z{ (07) = ) <, Z{ (k) 1(0; = k), then

0H,
EMHt(o L a?)
ot
1 1 2 ol ya? ol 1\ a2/ 2
=3 EHy(o')Hy(0?) + NEY® YY" = Y > "EZ¢ (0)Z (07)
seSielg
(4.8) = Z PNPN R12,R ) (Qial/\aerfalAaz‘)

ste/
2(Q|0[]/\a2|’ Ri,z)]

A Z A Q|a /\0(2| R Qial/\aq)l)i//?;vz()-

5167

The last quantity is nonnegative comes from the fact that if we define the matrix

s N t t
Alpgle2 = ((Rl,z - Q|0,1Aa2|» Ry — Q|al/\a2|))s,z

then it is positive definite as it is a Gram-matrix. The Hadamard product of this
matrix with the positive definite matrix A = (Af’t) s.t» 18 still positive definite by
the Schur product theorem. Thus (4.8) can be written as

N 2
(49) E(A O(A],Z’alvaz)p’ 10)209

where o denotes the Hadamard product. For o € X§,(d), the self overlap matrix
R} 1 is a diagonal matrix with entries R] 1 (k, k) € [d — €, d} + ¢]. Therefore, the
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diagonal terms of R} | — O satisfy

TalAal\
|R§,1(k,k)—Qf(k,k)\§8 Vs e ., k<k.

Since there are x nonzero terms in the inner product (R}, — Q% , |,
1,1 et Aot

Ry, -
Q! ), our upper bound of the diagonals (4.8) imply

le! Aeel|

dH,; (0!, al) N
EZTHI(OZ’ a2) = E(AZ ° (Al,l,ocl(xl)lo’ 10)
(4.10) 5
- N|AlZ] K2
- 2
Plugging (4.9) and (4.10) in (4.7), implies

1 1
atgﬂfv(t) = E<E(A2 [¢] (Al,l,(ll,oll)’o’ /0)> — ]E<§(A2 o (ALZ,al’O{Z)p, ,0)>

2
_ AN P
- 2
In the case d € Zn(d), the set Xy (d) = Z?\,(d) is nonempty. For ¢ € ¥ (d), the
overlap array R; , = Q; forall s € .. In particular, Ay | 41 ,1 = 0, which implies

1
Bt(pg,(t) = —E<§(A2 o0 (Al 2.a1.42)Ps ,0)> <0. 0

As a consequence %E log Z§,(d) is bounded above by

1
NElog Z Vo Z expz Z? (01)

aeN"  gexi(d)  i=N
“4.11)

1
— —Elog Y vaexpV/NY* + O(e?).
N
aeN’
We now introduce the Lagrange multipliers (A} )x<« € R¥, which are dual to the

proportions ;¢; 1(o; = k). If we add and subtract }; -y D x < ki(i) 1(o; =k) in
the exponent of the first term in (4.11), then the first term is bounded by

DI

se k<k

+ %Elog Z Vo Z exp Z <Z§"(o,~) + Z 1(o; = k))\.z(i)) + O(e).

aeN"  oeXf(d) i<N k<k

Since X%(d) C Xy, summing over ¢ € Xy in the larger set only increases our
upper bound. We can now factor into species using the basic properties of the
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Ruelle probability cascades (see the discussion after Theorem 2.9 in [40]) to see

—Elog v Y expd (Z“(a,) +3 10 = k))f(’))

aeN" oEXN i<N k<k
—Elog Z Vo 1—[ Z exp(Z“(a,) + Z 1(o; —k))\b(’))
aeN" iI<NO;=k k<k
4.12)

= 3 phElog Y ve X explZE(0) +23)
ses aeN" 0 =K

=D PN X0,
ses

where X was defined in (1.21). Similarly, we see

—Elog Z v expv/NY®

aeN"

lr 1
——er Z Ast/ON/"N (Qis1> Q1) — (97, Q1))

= s,tes

Referring back to (4.11), equations (4.12) and (4.13) imply

(4.13)

1 ,
(4.14) lim sup NElog Zy(d) < P(r,x,d, (A, Q%),.o) + O(e).
N—o00
In the case dy € DN, Y icy, 1(0i = k) = Nydj for all s € & and k < k. The
above computation implies

|
(4.15) ElgZydy) = 2(r,x.d, (1%, Q") ).

5. Continuity and decoupling theorems. Before we turn to the proof of the
matching lower bounds, we briefly pause to study the analytical properties of some
of the functionals used in the upper bound, as well as relevant functionals for the
lower bound. These functionals will be in terms of the Gaussian processes (Z¢)
and (Y%) from (4.3) and (4.4), respectively.

Many of the proofs in this section are essentially identical to arguments either
from [43], Section 3, or are standard arguments and can be seen, for example, in
[40, 52]. Thus to make the presentation concise, we explain only the parts where
these arguments deviate from standard arguments and outline the rest.

5.1. Decoupling size of the constraints. When we compute the lower bound
for the free energy, we will find that the cavity method will naturally impose an
additional constraint on free energy, namely, that the cavity coordinates satisfy
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the additional constraint that they lie in some X (d). As this constraint does not
appear in the upper bound from Section 4, we will need to remove this to obtain
the matching lower bound. To this end, define the functional on Py

(5.1) )= Elog v Y exp ) Z¥(o),
aeN" ceXn(d) i<N

where Z are i.i.d. copies of Z¢. Furthermore, we fix the covariance structure of
Z} and make the dependence of X on the parameter A explicit

(52 Xy = Elog Y ve Y. oexp Y ZY(o)+ Y Ajl(oi =k).
aeN" oETN i<N k<k

We have the following result.

THEOREM 5.1. Ifdy € Dy and limy_, o dy, — d°, then

(5.3) Jim i (dy) = ig(- > Ay + Xg(x)>.

k<k

PROOF. We begin by observing that there is a constant L such that

(5.4 sup | fy (@) — fy (@] < Lv/e,

dEJN

where fN (d) is the same functional as in (5.1) but summed over o € X},(d).
This is the analogue of [43], Lemma 3, adapted to the covariance structure of the
Gaussian processes Z; defined in (4.3). We also fix the covariance structure of Z;
to remove its dependence on d. Let o € ¥,(d) and & be a vector in Xy (d) with
the minimal number of different coordlnates from o. Let

fj{,s_ Elog Z Vg Z exp Z Z7(67).

aeN"  oeXf (d) ieSy

Finally, let Z;" be independent copies of Z¥, and consider the “smart path”

Zi(a,0) =Y (V1Z(0) + V1 —1Z2(5)).
i<N
We will then show that

o(t) = —Elog Z Vg Z exp Zi(«, 0),

aeN" oeXxy(d)
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has a derivative that is bounded by Ce. To see this, let
9Z, (ol « )

C((al,al),(az,az))= NE 3, (a az)
N Z (Z Astlo Qla/\ﬁ\ i2) - QTa/\ﬁl(&ilv 5i2))>
1<N te.s

<lIAl-1ZT «-e.

In the last line, we use that Q' < D' and that || D'|| < 1 along with the observation
that

> L(oi #6;) < [kNel.
Differentiating and integrating by parts, we obtain
'Ol =[ElC((0" ). (0" a")) — C((0" ). (6%, @) < 2Le,
for some constant L = L(k, ., A). Integrating this inequality, we can conclude

(5.5) |fye— fuel <2Le.

For o € X(d), let us denote by N (o) the number of configurations p € X.(d)
such that p = o. Then we can rewrite and bound f 1{, . (d) as follows:

fne(d) = —Elog Yove Y, N(oexpB ) Zi (o)

aeN" oex(d) i<N
1
< fyd)+ N Ul;n)él()ii) log N (o).

Using a combinatorial argument, the term containing N (o) can be made arbi-
trarily small by choosing ¢ small enough. For any o € £(d), the number N (o) is
bounded by the number of configurations p such that > ; _y I (p; # 0;) < LN¢e.By
the classical large deviation estimate for Bernoulli random variables, a number of
different ways to choose L N¢ coordinates is bounded by 2N exp(—NI(1 — Lg)),
where

1
I(x)= 5((1 +x)log(1 + x) + (1 — x) log(1 — x)),

and there are xLN¢

Therefore,

ways to choose p; different from o; on these coordinates.

1
— logN (o) < Lel log2 —I(1—L
N omax log (0) < Lelogk + log ( €)

Le 2—Le
=L810g/c—|—10g<1—|— )—i——log < L./e,
€

2—Le 2
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for small enough ¢. We showed that fy ((d) < fn(d) + L+/e. Combining this
with (5.5) yields the estimate

[N = fiel 2L

Note that (5.4), implies that the map d — [}, (d) is Holder 1/2.
The remaining steps to complete the proof are identical to [43], Section 3. An
additivity argument and (5.4) will imply the following.

LEMMA 5.2 ([43], Lemma 4, 5). Ifdy € Dy andlimy_~dy =d € D, then
the limit

f(d):= lim fy(dy)=1lim f.(d)

N—o0 e—0

exists and is concave. In addition, for all dl, d*ec 9
£@") - f@)| = L|d" —a*| )

for some constant L that depends «, ., A.

Next, a direct computation using the recursive property of the Ruelle probability
cascades will imply the following result.

LEMMA 5.3 ([43], Lemma 6). For any > = (Ak)k<c € R*

(5.6) Xy = max( @+ xd )

k<k

Notice fy (d) is continuous and bounded on Z. Since it is also concave by
Lemma 5.2, we can take the Legendre transform of (5.6) to obtain

li s =inf( — amdl 4+ X2 ).
N1—r>noofM(d) 11)} ( kg: wdi + Xo( )) 0
<k

5.2. Continuity theorems. Along with the decoupling theorem, we will also
need to prove continuity of the functionals appearing in the Aizenman—Sims—Starr
scheme for this system.

Define the two functionals on a subset S C [«]7,

(5.7) [ sim) = —Elog Y ve Y exp Y Z{(on),
aeN" oS i <Nj

(5.8) fﬁ(u): Elog Z Vo exp«/—Y“
aeN”"

where (Z7);<y arei.i.d. copies of Z¢ defined in (4.3). Observe that this functional
depends on & = (7°%),c.~ through the covariance structures (4.3) and (4.4).
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LEMMA 5.4. Forevery S C [k]V, the functional flg(S, s; ) is Lipschitz in
1
| [ (S, s3m) — fE(S, s 7)| §L/ max |7 (x) — 7* (x)]] d.
0 se

PROOF. Observe that any two monotone paths & and 7, can be associated
with a single sequence

and, for every s € ., two sequences
0<Qp=<--<Qj_; <Q)=diagd,...,dy),
0< Qf)f--- < Qf_l < Qﬁ:diag(dl,...,d,c).

Consider the Gaussian processes Z¢ and Z;" with the covariance (4.3) with Q
and Q, respectively, and consider the smart path between these two processes:

Z% =128+ 1 —1Z%.

If we take N copies of this process, and let (v, ) be the Ruelle probability cascade
[47] associated to (xi), then if we define

o(t) = —Elog Z Vg Zexp Z Z i (07),
aeN”" ogeS i<Njg

we have ¢(1) = fz(S,s;m) and ¢0) = fz(S,s;@w). If Hy,(0,0) =
Di<N Z;’fi (o), let (-); denote the average with respect to the Gibbs measure

(5.9) Gi(o,a) xvgexp Hy (o, o).

We can now compute ¢’ (¢) using integration by parts. We first note that the covari-
ance

1 _3Hy (o', ah)

—E—20 " P Hy (02, o
N, ) N,i(07, af)
=N Z Z AS S(l)p oc Aaz(al 02) QZIAaZ(UI’Gl?))'
S i<Nses

The term on the right is bounded in absolute value by

s S
IA] - x| Qe = Qo1

Recalling that the marginal of G;(o, ) (5.9) on N has the same distribution as
the weights of vy ([40], Theorem 4.4), a standard Gaussian integration by parts
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argument will show
'Ol (1A 171max]| 0% g = Oz ),

< 1AL 32 max][ Qg0 = Qpipe B D v

O<p<r (XIA(XZZP
1
) “(0) = #° (0 dx.
lAN] - max|a (o) — 7 ()], dx
Integrating this inequality yields the result. [J

The following argument is well known and follows by a direct computation
using properties of Ruelle probability cascades; see [40, 43].

LEMMA 5.5.  The functional f} (m) is Lipschitz in m,
1
| fa () — fr @) < Lf max |7* (x) — #*(x)], dx.
0 sev
We finally observe here that discrete paths are dense in 7.

LEMMA 5.6. For any path w € Il and ¢ > 0, there exists a finite sequence of
points (x p);:1 such that the discrete path

T (x) :=m(xp) forxp—1 <x <xp
satisfies

A(r,nt*) <e.

We now state a general continuity theorem regarding functionals of this form.
Such results are completely standard; see, for example, [40, 43]. Let S C 1V,
(wy)aew be the weights (possibly random) of a probability density distribution on
a countable set .7, and

R&{ =( zl,az)sey,al,azed’

where each R , 18 a k x k matrix. We think of this array as fixed and nonrandom.

It will be the Values that some abstract overlap structure can take. Finally, let (/)
be partition of [ N] into species.
We define the functionals

(5.10) fin= —Elog > we Y exp Y Z¥(er)

aed cesS i<N
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and
1

(5.11) fan=—Elog ) wyexpyV/NY®.
N aedd

Here, Z}' (o) is a centered Gaussian process is such that, if i € Iy C [N], the co-
variance structure of the Gaussian vector Z7 = (Z (k))r < is given by

1 2
(5.12) Cov(Zf, 27" ) =CZ (R} ,2)ser)s

al’aZ
for some C?, a continuous function of the overlaps R; | g2+ Similarly, ¥ is a cen-
tered Gaussian process with covariance given by

(5.13) Cov(Y®, Y*') = Cy (R o)ser)-

o

The following result is standard and follows from basic properties of Gaussian
processes, and the fact that log-sums of exponentials have at most linear growth at
infinity. Let («(£))¢>1 be i.i.d. drawn from </ with law w,, and denote

R = (R;(Z),a(e/))z,e/e[n],sey-

We have the following continuity property.

LEMMA 5.7. For any ¢ > 0, there are continuous bounded functions ggz and
gf such that

(5.14) |fiv —EgZ(RY)| <e,  |fon —Eg!(R")|<e.

These functions depend at moston N, S,C,,Cy and €.

6. Lower bound via an Aizenman-Sims-Starr scheme. For fixed d €
and a sequence of realizable proportions dy € Yy (1.14) converging to d, we
prove the matching constrained lower bound:

| : 5
(6.1) lbrglglofﬁElog Zy(dn) = x,r,(xfl,rle*)sey W(r, x,d, ()J’ Qv)sey)'

By part (1) of Theorem 3.2, computing the lower bound of the free energy with
respect to

(6.2) HY"(0) = Hy (o) + snhn (o)
introduced in Section 3 and the corresponding constrained partition function
(6.3) Zydy)= Y. exp(Hy (o)),

oceXn(dn)

is equivalent to computing the lower bound in (6.1). We will continue to work with
the perturbed Hamiltonian (6.2) throughout the remainder of this section.
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For M > 1, our starting point is the following inequality:

N—o0

lim inf %E log Zy(dn)
(6.4) |
> liminf—(Elog ZN+M(dN+M) - Elog ZN(dN)).

N—oo M
We will write the free energy in terms of the Gibbs measure Gglevrt defined in (3.5)
using the cavity method via an Aizenman—Sims—Starr scheme [2]. To this end, let
us denote a configuration p € [k ]V*tM by p = (s,0), where & = (51,...,en) €
[k]M are called the cavity coordinates and o = (op41,...,0N+M) € K]V are
called the bulk coordinates. We define My, N to be the subset of the respective
cavity and bulk coordinates that belong to species s. Let My, N be the cardinality
of M, and N.

We control the rate of convergence of dy so that for some constant L,,

(6.5) |d‘,‘\,’k—d;§|§% forallk <k,s €. and d‘fvyk:O if dj =0.
S
A generalized version of [43], Lemma 11, will allow us to split constrained config-
uration space into a product set of the bulk coordinates and the species-wise cavity
coordinates along a subsequence.
We first introduce some more notation. Let A C [N + M] and A, is the subset
of A in species s. If A :=|.A| is the cardinality of the set A, we define

6.6)  Ta@):= {(o,-),-eA\ > Uoi=k) = Ay}, Vk <k,s € 5/}

ieAs
to be the configurations of spins in .4 that satisfy the constraint d. If A =[N + M],
then (6.6) coincides with (1.13). The definition in (6.6) naturally implies

(6.7) Lald) =[] Za,(@).

ses
If we use the sets N and M in place of A in (6.7), the observations means we can
break the cavity and bulk coordinates into a product set over species. We will now
show that the entire constrained system Xy (d) contains a product set over the
bulk and cavity coordinates.

LEMMA 6.1. Forevery M > 0, there exists a constraint Sy € Dy such that

2L
6.8 8, —di| < =X
(6.8) |83 % — di| < i

N

forallk <k,s e.”,

and we can find a subsequence of N such that

(6.9) En+mdnim) 2 Endn) X 2y (Sm).



MAX «-CUT AND THE INHOMOGENEOUS POTTS SPIN GLASS 1561

PROOF. We first fix s € . and apply [43], Lemma 11, to the subset of spins
in Yy4m belonging to species s. There exists a sequence 8, € ) such that

163 — dil < 2}6;: for all k < «, and

(6.10) Nyd}y + M85, = (N + M)}y

for infinitely many N;. Therefore, we can find a subsequence of N such that that
associated N, satisfies (6.10) and

SN M, dAN+m) 2 N, (dn) X Ty, (Spr)-

Repeating the argument over each species and extracting a further subsequence
each iteration, we can conclude

[1 =nem @naa) 2 T En,(dy) x T Za, (83)-
se.s ses se.s

Writing the product sets using the observation in (6.7) completes the proof. [

With this observation, we can restrict the first sum in (6.4) to the product
set (6.9), so that (6.4) is bounded below by

1 eI
M(Elog Z Z eXP(HJI\)/J:M(UvS))

O'EEN(dN) EGEM((SM)

—Elog Z exp(H}\’,en(a))).

oeXy(dy)

(6.11)

We will now separate the unperturbed portion of the Hamiltonians into its cavity
fields,

(6.12) Hyim(e,0) = Hy(o) + > Z§ (e1) +r(e),
i<M
(6.13) Hy(o)=Hy (o) + VMY,

These cavity fields are the same as those appearing in [43], equation (107) and
(109), except with different covariance structure because of the inhomogeneity. In
our case, these fields are independent Gaussian processes with covariance

, N?
(6.14) EH;V(UE)HI/V(GE) Z As zPNpN(RE,z/’ Ré,z/)’
N+M s,te.”
¢ ¢ _
(6.15) BZ§ (&) 25 () = 2=j) 3 A2y o8 RE p(e.€) + O(N 7Y,
se.s
e —
(6.16) EYS vy = Y A pNeN(RS R )+ ONT.

s,tes
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Here. o8, - Xtz LGEL) - : ,

ere, py = =*==——"is the proportion of the bulk coordinates that belong to
species s. This distinction is not critical because this proportion converges to the
same p° defined in (1.6). The r(¢) term is O(N~') and can be omitted without
affecting (6.1).

By a standard interpolation argument (see, e.g., [40], Theorem 3.6), if
(z‘,{,, ;(€))i<m and y%; are centered Gaussian processes with covariances

/

L 4
(6.17) Ezf, ()2 () =281i=jy D Ajiy o0 R} p(e.€),
se.s
4
(6.18) Eyi y% = 2. AL.0°0 (RS y Ry ),
s,te.

then (6.11) is bounded below by

1 1
(6.19) MIElog< > epoz(,{,’,-(e)> , —MElog(exp\/My,‘{,)G;v-l-o(l).
c€Ty(®)  i<M Gy

Here, HG}J is the average in o with respect to the perturbed Gibbs measure (3.5).
By Lemma 5.7, the functionals appearing in (6.19) are continuous functionals of
the distribution of the overlap matrix array

N s
(6.20) R" = (Rz,e')z,z’zl,sey’

of i.i.d. draws from the perturbed Gibbs measure Ggit. We will now relate (6.19)
to the Ruelle probability cascades allowing us to compute its value explicitly.

In the following, we take a subsequence along which the limit inferior of (6.19)
is achieved. Since R is compact, we may take a subsequential weak limit of RV
along our minimizing subsequence, which we denote by R°°. For ease of notation,
we will continue to denote this subsequence with N. By the choice of the perturba-
tion Hamiltonian, Theorem 3.2, we have the limiting array R°° satisfies equation
(2.5). By the characterization theorem, Theorem 2.1, we see the order parameter
for this system, that is the quantity which determines the law of the system, will
be the law of tr(éfg .

With this in mind, we make the following approximation. The array,
(tr(ﬁﬁ,)) ¢.0'>1, by definition of R, is a Gram—de Finetti array. Furthermore, tak-

ing vy =+ /pSey, ps =1, and @ := ) c oD i, (V] R‘Z;,Ovis) in (2.5) the array
(tr(Rﬁ,)) ¢.0'>1 also satisfies the classical Ghirlanda—Guerra identities. By [40],
Thereom 2.13, the law of (tr(R%%,))¢,¢'>1 is uniquely determined by ¢, the law of

tr(Ié‘ff’z). Let ¢" — ¢ weakly in Pr[0, 1], such that " consists of a finite number
of atoms. This yields sequences

N =0<xy <--<x_ <x'=1,
6.21)
O=gp<--<q1<g¢ =1,
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such that ¢" ([0, qp]) = x . By [40], Theorem 2.17, if tr(R 2) has distribution
¢", then the approx1mat1ng array of traces (tr(Rl,z)) ¢.¢>1 converge weakly to
(tr(R7% ) e, e>1-

Let vy be the weights of the Ruelle probability cascades associated with the
sequence (x"*) in (6.21). If (a)¢>1 are i.i.d. samples from N according to v, then
it is well known [40], Section 3.6, that 7}, = qZ ngt will be close in distribution

to (tr(R v))e.0>1- More precisely,

d -
(6.22) (T7 ) g1 = ((RE)) g 21
Since the limiting array R is IP-Invariant (2.5), by Theorem 2.1 we can find a
family of Lipschitz functions (®g)e.~ on [0, 1] such that

R =Ry ) 0ot ser = (s (t(REY))) g 21 se-
Since ®; is Lipschitz, (6. 22) implies the k x k matrices Q;’Z/ 1= O(T},) will
be close in distribution to R’ 0 e' If we let Q" := (Q; v 6/)g ¢'>1.se. denote the ap-

proximating array generated from i.i.d. samples under Ruelle probability cascades
corresponding to order parameter ¢” then (6.22) also implies

(6.23) 0" % R,

For n sufficiently large, we will bound (6.19) arbitrarily closely with functionals
of the infinite array Q", which we will now show. Let ((Zl‘?fn (k))k<«)i<m and Y
be centered Gaussian processes with covariances

(6.24) EZ{, 2}, =281=j) 2 Afy.0 Qlithps
te.s
(6.25) EYSY) = 3" A0 0" (Qing Qlang))-
s,te.

Notice that the covariance structure in (6.24) and (6.25) depend on the overlap
array in exactly the same way as (6.17) and (6.18). A direct application of the
continuity in Lemma 5.7 and the convergence in distribution of Q" in (6.23) will
imply the following result.

LEMMA 6.2. For every &€ > 0, there is an n > 0 such that

o1 1
ljlvrglgofMElog< > eXpZZNz(8)> —MElog(eXpWyi‘v)GfN

€S (8) i<M
(6.26) MIElog Z Vo Z exp Z z? (&)
aeN" e€Xp(8) i<M

— —Elog Z vy eXpV MY, —

aeN"
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PROOF. The covariance structure of (6.24) and (6.25) are identical to (6.17)
and (6.18). By Lemma 5.7, the functionals appearing in (6.26) can be approx-
imated by the same bounded continuous functions Egs (R) and Egg (R) of the
overlap arrays. Since the distribution of the arrays R and Q" both converge
weakly to R, by first taking a subsequence N along which R" converges to
R®° and then approximating with Q" we have for any & > 0,

[Egf (R™) — Eg; (R) — Egf(Q") +Eg; (Q")| <,

by choosing n sufficiently large. Applying the triangle inequality will complete the
proof. [

Since Xy (6pm) = [lyer XM, (8m,), we express the first term in (6.26) as a
weighted average. By the properties of the Ruelle probability cascades (see [40],
Theorem 2.9),

—Elog dve Y exp Yy, Z7 (&)

aeN" e€Xy(d) i<M

—Elog Z Vo 1_[ Z exp Z Z 2 (&i)

aeN’ s€ e€Xy; (Smy) ieM;

=> pM Elog Dve Y. exp Y Z{,(e).

ses M, aeN"  eeXy, (Spy) ieM;

Every sequence (XZ);;zo and (QZ*S);:O defines a discrete path () (x))se.» € I1.
Using the notation of the functionals ffk (Xpm,(8m,), s; my) and fz[ (1) defined
on (5.7) and (5.8), we have shown that

1
11m1nf ElogZN(dN) > (Z PMst(EM;(SMY) S nn) fﬁ),/,(nn)> —
se.s

Lemma 5.4 and Lemma 5.5 imply the functionals ff]s(EMs (Om,), s;Ty) and

f A},/, () are Lipschitz. Sending ¢ — 0 and noticing that the paths &, - T~ in A,
we have shown

1
liminf —Elog Zx (dn)
N—o00
(6.27)

> (X phe s (B G, si o) = fly())  forany b1 = 0.
ses

All that remains is to remove the dependence on X s (87). This will be a direct
application of the decoupling proved in Lemma 5.6.
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LEMMA 6.3. There exists a path &* € I1 such that

lim (Z Pisvlfigls(&”*) - fA)//[(JT*)> >P(r,x,d, (3, 0%),cp) — €.

M— o0 Yo

PROOF. We now make the paths Jrg’[o dependence on M explicit. Since
( g”o) M>1 1s a countable collection of bounded monotone paths of ¥ x k matrices,
there exists a subsequence in M such that ng’lo — x*. Given ¢ > 0, by Lemma 5.6
we can find a discrete path x, such that A(x., t*) < Ce, where C is the maxi-
mum Lipschitz constant over all f’ ,65 (s). Since =, is discrete, applying Section 5.1
to the summation appearing in (6.27) shows

. s rZ * . s rZ .
dim, i) 2 Jim 5 pisfen o
s e
> irklf Z o° (— Z Adl + Xa(n8)> —Ce
ses k<k

since py, — p*, 83y, — di and fy is Lipschitz.
The term f,{, (o) is actually independent of M, and a similar computation
using the properties of Ruelle probability cascades like in (4.13) shows

: * lril N S N
lim fy(r*) = 3 Yoxe Y AL O ((Qhsrr Qhyr) — (QF, 0F)).

M=o (=0 sie

Combining the computations of the two terms above, we now take ¢ — 0 and
get

1

(6.28) liminf —FElog Zy(dy) > W(d,k,n*)
N—oco N
sincem, >mw*ase— 0. O

Since the path 7* can be described as the limit of the discrete approximating
sequences (1.18) and (1.19), we have shown

.1 )
lllvrglélof NIElog Zy(dy) > x,r,()»sl,ans)sey P(r,x,d, (3, 0%, »)-

7. Proof of Theorem 1.2.

PROOF OF THEOREM 1.2. We begin by proving part (1) of the theorem.
We start with the lower bound of F) N(Ef\,’v (d)). For any d € 2, let us choose

N = 6\,—“ We choose a sequence of dy € Py such that || dy — d||cc = €n to satisfy
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the condition in (6.5). Since X5,(d) 2 Xy (dy), the lower bound (6.1) computed
in Section 6 implies

1 o 1
J— > J—
lllvrnlanElog Zy'(d) > lllvmlanIElog Zn(dn)

(7.1)

= i f ‘@ ’ ’ dv )\'S9 s 2 &

- x,r,()»sl,an)sey (r.x ( ¢ )se/)
We now obtain the matching upper bound of F N(Ef\,’\' (d)). Since ey — 0, the
O (¢) term in the upper bound (4.14) computed in Section 4 vanishes yielding

1
7.2 limsup —Elog Z3 (d) < inf P(r,x,d, (A, O° .
(7.2) N_)OOPN gZy ( )_x,r,(AS,QS)sey ( (.0 )sey)
Combining the inequalities in (7.1) and (7.2), we arrive at the formula for the
constrained free energy

1

. lim —ElogZ = inf 2,0%) ).
(7 3) Ngnoo N 08 N(d) x,r,()»sl,an)sey 9(’", x’ d’ ( ’ Q )sef)

Part (2) of the Theorem is a direct consequence of part (1). By classical Gaussian
concentration inequalities, observe that the limit of the free energy Fy(Xy) is
asymptotically given by the supremum of Fy (X xn(d)) over d € &. By taking the
supremum over d € ¥ in (7.3), we arrive at the formula for the free energy

1
4 Iim —ElogZy = inf 508 .
7.4 N1—r>noo N 08 LN Szg x,r,()»s-l,an)sey «@(V,X,d, (A 0 )sef) |

PROOF OF COROLLARY 1.3.  We include a proof of the corollary for the sake

e . FEeEWY@) . . ..
of completeness. By Holder’s inequality, ——— is increasing in B and, there-
fore,
1
7.5 lim — inf d, (2, 0°
(7:2) 5320 B x,r,(ksl,nQS)seY Zp(rix.d (7, 0 )se&”)

exists. Moreover, we have

B yen
1 Fy (23 (d 1 1
—IEE[ max HN(O’)] < vy @) < 0249 + —]E[ max HN(U)].
=N () p BN Lsiva

Taking the limit as N — oo and then as § — oo completes the proof. [l

8. Proofs regarding cuts problems. In this section, we prove Theorem 1.1.
We start with a proof of Lemma 1.4.

PROOF OF LEMMA 1.4.  The proof of this lemma proceeds by a direct cou-
pling argument. We will denote the adjacency matrix corresponding to Gy as
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A= (A,-, j). We will realize the two graphs on the same probability space and
couple the adjacency matrices such that

P[A; ; # A; ;]

<cN)/_ o K(x,y)dxdy—/_ L Ki(x,y)dxdy|.
Ut £ Ix [ 4] Ut £ Ix [ 4]
We note that for any two graphs Gy and G y, we have

MaxCut, (G n) MaxCutK (GN)

‘ N N =IN Z Aij = Aijl

i,j=1
This implies that

‘E[MaxcutK(GN)] B E[MaxCutK(GN)]‘
N N

e N
EX::‘,/’ Ix[4=t

—1 i
TW N

K(x,y)dxdy—/[i i }]Kl(x,y)dxdy

i—1 i it
Vo v XN

Zf~.

= E(IIK — K1l +o(1)).

Thus the proof is complete once we choose M sufficiently large such that || K —
Killy < 1/¢'/2%0. 0

To complete the proof of Theorem 1.1, we first introduce the following Gaussian
optimization problem. Set J = (J; ;) a symmetric matrix such that {J; ; : i < j}
are independent N (0, K n (i, j)) random variables. We define

. 1
ZN—ﬁarg[egN{ ,Z_l KnG, j) 1(o; #0))
(8.1
_l’_
\/71]2:1 \/— ;éaj i|

The following lemma establishes that in the “large degree” limit, we can study the
asymptotic behavior of the MaxCut, problem via that of the Gaussian optimization
problem Zy.

LEMMA 8.1. As N — 00, we have
E[MaXCUtK (GN)

* ] — E[Zy]+ (Vo).
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PROOF. The lemma follows from a direct application of [48], Theorem 1.1.
Specifically, we note that

MaxCut (Gy) 1 N
— = — max A 1(o; #0;).
N 2N selclV i,j ( i 5& ])

The proof follows directly upon an apphcatlon of the result in [48]. [

Thus finally, it comes down to the study of E[Z,] as N — oo. Fix a probability
distribution on [k ], d* = (d{, ...,d}), s =1, ..., M. Consider the Hamiltonian

(8.2) H(o) = Z 1(0, =0;),

l]l

where J = (J; ;) is as described above. For d = (d Lo dM, probability mea-
sures on [«], and a sequence ey decaying to zero sufficiently slowly, recall the
restricted configuration space (1.13)

1(o; =

83) Y@= {OE[K]N‘Z [d} — sN,d,§+eN],se[M]}.

iel

Recall the restricted ground state energy P(d), introduced in Corollary 1.3. This
will allow us to deduce the following lemma.

LEMMA 8.2.

lim E[Zy]=sup Z K(s,0)p*p' (1 —(d*,d")) + g?(d)] +o(/o).

N—o0 d|:st1

PROOF. We start with the lower bound. We define

- 1 i,
Zn(d) =51 max [ Zsz(z J>ﬂ<o,¢o]>+f2 ’Jl(oﬁéoj)}

sesN ) N ij=1 ij= VN
Ve AN
~ Z K(s,0)p'p' (1 = (d*,d")) + >— max > —L1(o;#0))
Yt 1 2N UGEIS\,N(d) i j=1 \/N
+o0(1).
For fixed probability vectors d', ..., dM, we have

llivminfE[ZN] > limianE[ZN(d)]
—00 N—o0

Je

== Z K(s.0)p*p' (1 = {d*.d')) + °-P(d).

stl
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We take the supremum over all possible probability vectors d!, ..., dM to get
the requisite lower bound. To establish the upper bound, we define

~ c Nz
(8.4) M= SUP|:§ > KGs,0)p'p' (1= (d*, d") + 77’(d)i|-
d

s,t=1

Therefore, we have

M
- ¢ c
E[Zy(d)] < 3 > K(s,np'p'(1—(d°,d") + %P(d) +o(1)
s,t=1
<M +o(1),
uniformly over all choices of d!,...,d™. We note that empirical distributions

within each block may assume only finitely many values and hence, summing
over these values, we have

P[Zy>M+tl= > PlZy(d) > M +t].
dl,....d"

Now,
P[Zn(d) > M + 1] <P[Zy(d) — E[Zy(d)] > 1] < exp[-CN1?],

where the last inequality follows by Gaussian concentration. Finally, plugging this
tail bound, we have

P(Zy > M +1] < ANKMCXP[—CNZ‘Z].
‘We note that
- 0 . . o )
E[ZN]S/ P[ZN>x]dx§M+5N+f P[Zy > M + t]dt
0 SN

11 €Xp[—CN8%]
VNéy
log N

Finally, we choose dy = Co,/ —x— for some constant Cy sufficiently large. This
establishes that

<M+68y+ AN

E[Zn] <M +o(1),

completing the proof of the upper bound. [J

PROOF OF THEOREM 1.1. The theorem follows directly upon combining
Lemma 8.1 and Lemma 8.2. [
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