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FREE ENERGY IN THE POTTS SPIN GLASS!

BY DMITRY PANCHENKO
University of Toronto

We study the Potts spin glass model, which generalizes the Sherrington—
Kirkpatrick model to the case when spins take more than two values but their
interactions are counted only if the spins are equal. We obtain the analogue
of the Parisi variational formula for the free energy, with the order parameter
now given by a monotone path in the set of positive-semidefinite matrices.
The main idea of the paper is a novel synchronization mechanism for blocks
of overlaps. This mechanism can be used to solve a more general version
of the Sherrington—Kirkpatrick model with vector spins interacting through
their scalar product, which includes the Potts spin glass as a special case. As
another example of application, one can show that Talagrand’s bound for mul-
tiple copies of the mixed p-spin model with constrained overlaps is asymp-
totically sharp. We will consider these problems in the subsequent paper and
illustrate the main new idea on the technically more transparent case of the
Potts spin glass.

1. Introduction and main results. The Hamiltonian of the classical Sherring-
ton—Kirkpatrick model introduced in [34] is a random function of the N > 1 spins
taking values +1,

(D) o=(1,...,on) €{—1,+1}V,

given by the quadratic form

) Hyo)=—— Y
N\O) = —= 8ijOioj,
\/lei<j§N

where the interaction parameters (g;;) are independent standard Gaussian ran-
dom variables. One common interpretation of this Hamiltonian (see, e.g., [33])
is related to the following so-called Dean’s problem (another variant was named
Shakespeare’s problem in the classic book on spin glasses [18]). Given a group
of N students, the parameter g;; represents how much the students i and j like
or dislike each other and the configuration o represents a possible assignment of
the students to the two dormitories, labeled £1, by their dean. If a pair of students
(i, j) is assigned to the same dormitory, their interaction g;; is counted in (2) with
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the plus sign, o;0; = +1, otherwise, it is counted with the minus sign, o;0; = —1.
The Hamiltonian Hy (o) is viewed as the global comfort function and one is then
interested in understanding the behaviour of its maximum, which can be related to
the problem of computing the free energy.

There is a natural generalization of the Dean’s problem to the case of x dormi-
tories for k > 2, called the Potts spin glass, which has been studied extensively in
the physics literature (see, e.g., [3, 6-8, 14, 17, 19]), although the formula for the
free energy that we prove in this paper never appeared in full generality. The spin
configurations in this model are given by

(3) o=(0p,....,on) €{1,2,....k}",

and the Hamiltonian is defined by

(4) Hy(0) = —— 3 giflloi=0))
N _\/ﬁlfi’jflvgu i —=0j).

In physics, x values of spins are called “orientations” or “states”. Compared to (2),
the interaction term g;; in (4) is counted with the factor I(o; = o) € {0, 1} instead
of 2I(o; = 0j) — 1 € {—1, +1}. This transformation only rescales the Hamiltonian
and shifts it by a constant (random) factor, so it is irrelevant to the computation
of the free energy. Also, for convenience, we sum over all pairs of indices (i, j).
Except for these minor differences, the Hamiltonian (4) represents the comfort
function of the Dean’s problem with ¥ dormitories with the students still counted
as “friends” or “enemies” depending on whether they are assigned to the same
dormitory or not. In the standard version of the model one also consider the case
where the Gaussian variables g;; have nonzero mean of the order 1/ /N but, for
simplicity of notation, we will focus only on the conceptual difficulties related to
the purely random part of the disorder. Our main goal will be to find the general
formula for the limit of the free energy

1
(5) Fy =5 Elog) Jexp BHy (o)

for any inverse temperature parameter 8 > 0.

The Potts spin glass is a special case of the following version of the Sherrington—
Kirkpatrick model with vector-valued spins. The spin configurations in this model
are given by

(6) o =(o1,....,0n) € (R)Y,

and the Hamiltonian is defined by

1
) HN<o)=ﬁ > gij(oi o)),
1<i,j<N
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where (07, 0;) is the scalar product of o; and o;. If we consider a probability
measure p on a bounded subset 2 C R¥, then the free energy is defined by

1 N
(8) FNz—Elog/ expBHy(o)du®".
N QN

The model (4) corresponds to the case when p is the uniform distribution on the
standard basis of R“. Not to hide the main idea in the technical details, we first
present the case of the Potts spin glass, and in the subsequent paper [25] we con-
sider the general mixed p-spin version of the Sherrington—Kirkpatrick model with
vector spins.

Going back to (4), it is enough to compute the limit of the free energy with fixed
proportions of spins in different states. Consider the set

©)) D:{(dl,...,dK)

dl,...,d,(zo,dezl}

k<k

of possible proportions of the states. For d € D, we consider the set of configura-
tions

(10) E(d):{o‘ZI(ai=k)=Ndk forallkflc}
i<N

constrained by the state sizes and define the constrained free energy by

1
(11) Fy(d)=—Elog Y  expBHy (o).
N oeX(d)

By the classical Gaussian concentration inequalities, F is approximated by
maxgep Fy(d) and most of the work will go into the computation of this con-
strained free energy.

Before we write down our main result, let us describe a new phenomenon that
will appear in this model that will allow us to overcome the main difficulty in the
computation of the free energy (for precise formulation, see Theorem 3 below). As
in the Sherrington—Kirkpatrick model, a crucial role will be played by the distribu-
tion of the overlaps between i.i.d. replicas (05) ¢>1 from the Gibbs measure (with
configurations restricted by the state sizes), only now, for a pair of replicas o'* and
o', we will need to consider a k x x matrix of different types of overlaps

/ 1 /
(12) Ryy = v 2l =k =K)
i<N

indexed by k, k' < k. The main novelty of the paper will be a mechanism that, by
way of a small perturbation of the Hamiltonian, will force the overlap matrix

(13) Reo = (REE)pw
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to concentrate in the infinite-volume limit N — oo on the set of Gram matrices
(14) Iy ={y |y is a k X k symmetric positive-semidefinite matrix}.

Moreover, asymptotically, the entire (random) matrix Ry , will become a deter-
ministic function of its trace tr(Ry ), and this function will be nondecreasing in
the sense of matrix comparison. As a result, for a model constrained to the set (10),
we will be able to describe the distribution of R, ¢ by a sort of “quantile transfor-
mation” belonging to the set

(15) [y ={r €l |7(0)=0and 7(1) =diag(di, ..., dc)},
where IT is the space of left-continuous monotone functions (paths) in I',,
(16) T ={n:[0,1]— Iy |x is left-continuous, 7 (x) < 7 (x) for x <x'}.

Of course, w(x) < m(x’) means that 7(x’) — w(x) € I',. Combined with the fact
that the array (tr(R; ¢/))¢. =1 Will be ultrametric by the main result in [22] and
generated by the Ruelle probability cascades [31], this will allow us to encode the
distribution of the entire array

(17) R=(Ry}) o= ki<
in terms of one element r € I1; which plays the role analogous to the Parisi func-
tional order parameter in the Sherrington—Kirkpatrick model. Notice that a priori
the matrix Ry, in (13) is not even symmetric and, at first look, other properties
mentioned above seem even less plausible. Nevertheless, a novel matrix version
of the synchronization mechanism discovered in [26] in the setting of the multi-
species Sherrington—Kirkpatrick model (studied previously e.g., in [2, 10]) will
yield the above behaviour of the overlaps.

Notice that for o € X (d), the last row and column of the overlap matrix Ry ¢
are determined by the (x — 1) x (¥ — 1) principal submatrix and, for k <« — 1,

kK
Rib=di= 30 Ry

k' <k—1
i,k Kk
(18) Ryy=di— Y Ry,
kK <k—1
Z dic + Z Rz o
k<k—1 k' <k—1

By symmetry, for a matrix y = (Vx.x')k.k'<x € I« these equations can be written
as

Yiek = Vi = di — Z YK fork <« —1,

k' <k—1

Y,k = d/c - Z dk + Z VINE

k<k kk'<k—1

(19)
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As aresult, we can require that functions 7 € I1, take values in I', subject to these
constraints. We will denote such matrices by ', (d) C T'y.

Functionals of m € I, that will appear in the computation of the free energy
will be Lipschitz with respect to the metric

1
(20) A, ') =‘/(; | (x) — 7' (%), dx,

where ||y [l1 = > ¢ ¢ |Vk,x'|, and we will explain in Section 4 that a general 7w € Ty
can be easily discretized in a way that approximates 7 in this metric. For some
r > 1, a discrete path in I1; can be encoded by two sequences

(21) x1=0<x=<--<x-1=x=1

and a monotone sequence of Gram matrices in [, (d),

(22) O=y <y1 < <yr—1 <y =diag(d, ..., dy).
We can associate with these sequences a path defined by

23) T(X)=1yp forx, 1 <x <x,

for 0 < p < r, with w(0) = 0. Given such a discrete path, let us consider a se-
quence of independent Gaussian vectors z, = (z,(k))k<, for 0 < p <r with the
covariances

(24) Cov(zp) =2(yp — vp-1)-

Given A = (Ag)k<x—1 € R<~! [which will play the role of Lagrange multipliers for
the constraints in (10)], let us define

(25) X, =log)_ exp(ﬂ D zplh) + Mk <k — 1))

k<k I<p=<r

(keeping the dependence of X, on A implicit) and, recursively over 0 < p <r — 1,
define

1
(26) Xp=—logE,expx,Xp,i1,
*p
where £, denotes the expectation with respect to z 41 only. If x,, = 0, we interpret
this equation as X, =IE, X1 . Notice that X is nonrandom, and we will denote
it by
27) b, d,r,x,y) = Xo,

making the dependence on all the parameters explicit [the dependence on d here
is through the last constraint in (22)]. Finally, we define the functional

POud,rx,y) =00, d,r,x,y)— Y Adr
k<k—1

(28)

=5 X wllvprillis — 1vplis).
0<p=<r-—1
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where ||A|lgs denotes the Hilbert—Schmidt norm of the matrix A = (g;;), that is
||A||12{s = Zi’j al.zj. The following is our main result.

THEOREM 1. Forany k > 1, the limit of the free energy is given by
(29) lim Fy=sup inf P,d,r x,y).
N—o00 d *

XY

The formula (29) is the analogue of the classical Parisi formula [27, 28] for
the free energy in the Sherrington—Kirkpatrick model, which was first proved for
general mixed even p-spin models in [35], and for general mixed p-spin models
in [24]. Let us make several remarks about Theorem 1.

REMARK 1. Asin the setting of the classical Sherrington—Kirkpatrick model,
one can observe that the functional (27) depends on (r, x, y) only through the path
7 in (23), so we can denote it by ® (A, d, w). Moreover, we will show (for more
general family of functionals) that, for discrete paths, ® is Lipschitz with respect to
the metric (20) and we can extend it by continuity to all = € I1,. Also, rearranging
the terms, we can rewrite

— > xlyprilis = 1vplifs)

O<p=r-1
(30) =—lylfis+ Y. p—xp-Dllyplis
1<p=zr
2 ! 2
==Y &+ [ Irelsdr
k<k 0

and, therefore, we can rewrite (28) as

p? B> ! 2
G POdm =00 d )~ 3 mdi— T dp+ 5 [ rligax,
k<k—1 k=<« 0
The last term can also be extended by continuity to all = € I1; and the formula for
the free energy can be rewritten in terms of 7 (such order parameter appeared in
the physics literature in [11]),

(32) lim Fy =supinfP(A,d, ).
N—o00 d M

REMARK 2. Since the matrices y, in (22) represent possible values of the
overlap matrix Ry ¢ and the overlaps in (12) are nonnegative, we can restrict y,, to
the set '} of Gram matrices with nonnegative coefficients [also satisfying the con-
straints (19)]. We will see in the proof that the upper bound holds for more general
sequences as above, without this additional structural information. However, from
the proof of the lower bound it will be clear that it is enough to restrict the vari-
ational problem (29) to this subclass of matrices that “remembers” the structural
properties of the original overlaps matrices.
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REMARK 3. Inthe case of the classical Sherrington—Kirkpatrick model k = 2,
the representation (29) differs from the usual Parisi formula, although it is equiv-
alent. Up to a transformation, it essentially corresponds to the maximization over
the free energies of subsystems with constrained magnetization N~! Y, _y ;. In
the case k > 3, it seems important to constrain the state sizes first, and it would be
very interesting to know if one can remove sup, in (29), for example, by showing
that it is achieved on the configurations with equal group sizes.

REMARK 4. In addition to allowing g;;’s to have nonzero mean of order

1/ VN , one can introduce some general external field term to the model, or con-
sider a mixed p-spin version with p spins interacting through I(oy = --- = 0),).
These modifications require only minor changes in the proof, so we do not con-
sider them for simplicity of notation.

REMARK 5. The Potts spin glass model resembles, but is different from the
Ghatak—Sherrington model [12] (which was solved rigorously in [21] and is in-
cluded as a special case in [25]) where the spins take more than two values but
interact through the product o;0; as in (2).

REMARK 6. In [38] (see also Section 15.7 in [39]), Talagrand considered a
system consisting of multiple copies of the Sherrington—Kirkpatrick model (or
mixed even p-spin models), possibly at different temperatures, coupled by con-
straining the overlaps between them. He proved a natural generalization of the
Guerra replica symmetry breaking upper bound [15] for such systems and asked
whether this bound can be improved. This problem can be viewed as a special
case of the vector version of the Sherrington—Kirkpatrick model mentioned above
(more precisely, its mixed p-spin analogue), so the synchronization mechanism
developed in this paper can be used to show that the bound of Talagrand is, in fact,
asymptotically sharp (see [25]).

REMARK 7. A connection between the formula (29) and max-«-cut problem
on sparse random graphs can be found in [32], where a generalization of the cor-
responding result in [5] for x = 2 was obtained (among other results). In a further
work in this direction, an analogue of (29) in the setting of inhomogeneous Potts
model was established in [16], motivated by a connection to max-«-cut problem
on sparse inhomogeneous random graphs.

We begin in Section 2 with the analogue of Guerra’s replica symmetry breaking
interpolation and the proof of the upper bound. One of the functionals arising in
this interpolation does not automatically decouple over spin coordinates, and in
Section 3 we prove a basic large deviations result that gives the right form of
decoupling, which is used later in the proof of the lower bound. In preparation for
the proof of the lower bound, in Section 4 we collect various basic continuity and
approximation properties of this and other functionals. Sections 5 and 6 contain the
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core new ideas of the proof. In Section 5, we prove a new family of the Ghirlanda—
Guerra identities via a small perturbation of the Hamiltonian and in Section 6 we
utilize these identities to prove strong synchronization properties for the blocks of
the overlap array that were mentioned above. Finally, we put all the pieces together
in Section 7, where we prove the matching lower bound via the standard cavity
computation.

2. Upper bound via Guerra’s interpolation. In this section, we will show
that the functional P(A,d, r, x, y) in (28) is an upper bound for Fy(d) for any
A, 1, x, ¥, using the analogue of Guerra’s interpolation [15]. Without loss of gen-
erality, we can and will assume that the inequalities in (21) are strict,

(33) Xx_1=0<xpg<-"<xp_1<x,=1.

Let (vy)oen be the weights of the Ruelle probability cascades [31] corresponding
to the sequence (33) (see, e.g., Section 2.3 in [23] for the definition). For al,a?e
N”, we denote

1 2 . 1 2 1 2 1 2
(34) o A =m1n{0§p§r|a1=a1,...,ap=oep,oep+17éap+1},

1 2

where a! A a? = r if @' = . Since the sequence in (22) is nondecreasing, the
sequence ||y, [lgs is also nondecreasing. As a result, there exist Gaussian processes

(35) Z% = (Z%(k)) and Y¢,

k<k

both indexed by o € N”, with the covariances

COV(ZOZ1 , Zaz) =2Yy1 ng2>
(36)

1 2
Cov(Y™ ,Y*) = Vg1 e Iis-

Let Z¥ be independent copies of the process Z*, also independent of Y*. For
0 <t <1, consider an interpolating Hamiltonian defined on Xy x N" by

(37) HN,:(U,O!)=«/;HN(U)+~/1—l‘ZZ?(Gi)-i-\ﬁ«/NY“.

i<N

Similarly to (11), we define

1
(38) p(t):=—Elog Y vy Y. expBHy.(o.a).
N
aeN”" oeX(d)

Then it is easy to check the following.

LEMMA 1. The function ¢(t) in (38) is nonincreasing.
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PROOF. Let us denote by (-); the average with respect to the Gibbs measure
Gi(o,a) ~veexpBHn (0, ),
on X(d) x N'. Then, for0 <t < 1,

ﬁ < a HN t (Ua Ol) >
"t) = —E{——————=) .
g )= o7 t
If we rewrite the Hamiltonian Hy (o) as
1
(39) Hy(@)= Z Z 8ijl(0i = b)l(oj = k)
k=1i,j=1
and recall the definition of the overlaps in (13), a direct calculation gives
k,k'\2
(40) Cov(Hy ('), Hy(c?)=N Y (R{3)".
k. k' <i

Similarly, if we write Z{(0;) = ) <, I(0; = k)Z{ (k) then, from the defini-
tion (36),

1 2 !
1) Cov(Z z¢ (o). Y z¢ (6?)) 2N Y RIAVER
i<N i<N k,k'<k

/
where )/O]fl’]j\az is the (k, k’)-element of the matrix y,1,,2. Using these equations
and recalling the covariance of Y¢ in (36),

dHy (0!, al) 1

1 2 2 kK kK \2
NE 9t HNJ(U & )zika: (R yal/\a ) :
K<k
For (¢!, a') = (62, «?), this sum vanishes because R =y =diag(dy, ..., dy).

Finally, usual Gaussian integration by parts (see, e.g., Lemma 1.1 in [23]) yields
K’ Kk \2
w(t)——7 Y E((Ryy —¥ing) ) <0.
k.k' <k

This finishes the proof. [l
The lemma implies that ¢ (1) < <p(0). First of all,

o(1) = Fy(d) + Elog Y vaexpBVNY©.

aeN"

The standard properties of the Ruelle probability cascades (see Section 2.3 and the
proof of Lemma 3.1 in [23]) together with the covariance structure (36) imply that

1 B>
(42) NElongaexpﬁx/ﬁY%; S xp(lvpsillfis = 1vpllfis)-

aeNr O<p<r-—1
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Next, let us consider
1
pO) = Elog 3 ve Y expf ) Zi (00,
aeN"  gex(d) i<N

Since ),y I(0; = k) = Ndi for 0 € £(d), adding > ;.1 A > ; <y 1(0;i = k)
and at the same time subtracting N 3", -, _; Axd for any A; € R in the exponent
will not change ¢(0). If we then replace the sum over o € X (d) by the sum over
all o, we obtain the upper bound

P0)<— Y gdy

k<k—1
1
+ NElog D vy exp )y (ﬁzf‘(o,-) + > Mo = k)).
aeN" a i<N k<ik—1

If we introduce the notation

Xy=>y exp(,BZiO‘(oi) + Y Mld(o; :k))

0; <K k<k—1
= > exp(BZ{(0i) + Aoy l(0i <k — 1))
0; <K

then this upper bound can be rewritten as

1
pO) == 3 dudi+Elog 3 ve [] X7
k<k—1 aeNr i<N
Again, standard properties of the Ruelle probability cascades (see Section 2.3
in [23]) imply that

1
ﬁElog Z Vo H X7 =Elog Z v X§ = Xo,
aeN" i<N aeN’

where Xg = ® (), d, r, x, y) was defined in (27) and, therefore,
(43) e0)<— Y Mdi+ P\, d,rx,y).

k<k—1

Together with the inequality ¢(1) < ¢(0) this implies that Fy(d) <
P(A,d,r, x,y), which proves the upper bound in Theorem 1.

3. Decoupling the constraints on sizes of states. The quantity ¢(0) will also
appear in the proof of the lower bound and, at that moment, we will need to use
the fact that the upper bound (43) becomes asymptotically exact after we minimize
over A = (Ak)k<k—1, Which we will prove in this section. This type of feature first
appeared in the spherical Sherrington—Kirkpatrick model (see [4, 36]), as well as
in the study of the Ghatak—Sherrington model in [21].
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In the notation of the previous section, let
1
(44) fyv(d) = NIElog dve Y. expB Y Z¥ (o).
aeN" oex(d) i<N
Let us also note right away that in the computation leading to (43) we showed that
O(A,d,r,x,y)

1
= NElOg Z Vo ZeXp Z (,BZ?(GZ') + Z Mel(o; = k))

aeN’ o i<N k<k—1

(45)

for any N. Let us consider the set
(46) Dy ={d € D| £(d) is not empty}.

We will now prove the following.
LEMMA 2. IfdN € Dy and limy_, oo dN =d, then

. N .
47) ngnoofN(d ):11A1f<— Z Akdk+d>(k,d,r,x,y)>.

k<k—1

Before we begin the proof, let us point out one subtle point. Notice that fx(d)
depends on d through the constraint o € X(d), but also through the covariance
structure of Z{ due to the last constraint in (22). The dependence of ® on d is
only through this covariance structure. For the rest of this section, we will fix
this covariance structure so that the dependence on d will be only through the
constraint o € X(d). In other words, we will prove (47) even if the covariance
structure is not related to the constraint on o. In particular, since r, x, y are also
fixed, we will view ® = ®(A) as a function of A only and show that

(48) Nhinoo (@) = ir}}f(— > e+ @(x)).

k<k—1

PROOF OF LEMMA 2. We will first give an outline of the proof, and all the
steps will be completed in the rest of the section. In the first step, we will show
that, for all d € D, the limit

(49) f)= lim_fy(a")

exists and is concave in d. Since, the function fy(d) is, clearly, bounded from
above and below uniformly over N and d such that X (d) is not empty, the limit
f(d) will be bounded and continuous on D. In the second step, we will show that

(50) oG =max(f @)+ ¥ ed ).

k<k—1



840 D. PANCHENKO

By the biconjugation theorem for convex functions (see, e.g., Theorem 12.2
in [30]), we will then conclude that (48) holds. [

In order to prove (49), instead of working with the sequence (d%) it will be
convenient to relax the constraint o € X (d) instead. Given ¢ > 0, we define

(629 Y.(d) = {o ‘ Z I(o; =k)e N|dy —e,d; +¢e]forall k < K}
i<N
and, similarly to (44), define
1
(52) e i=TElog 35 va Yo expp ) Z{ (o).
aeN" oeX.(d) i<N

We begin with the following observation (which is an adaptation of Lemma 1
in [20]).

LEMMA 3. There exists a constant L > 0 independent of N such that

(53) sup | fiv,e(d) — fn(d)| < L/e.

dGDN

In particular, since, for any d 1 d2eDyande = MmaxXg <y |d,i — d,?l, we have the
inclusions

S@)ST(d), (@) < eld).
Lemma 3 implies that

69 1w~ (@) = Lmaxlal —a}"?

< Lla' -] L2

PROOF OF LEMMA 3. For o € X.(d), let 6 be a vector in X(d) with the
smallest number of different coordinates ) ; -5 I(o; # ;). Then it is obvious that
Y i<n1(oi # 6;) < LN¢e for some constant 'L that depends on « only. First, we
will_compare In.e(d) with

- 1 -
fre@)=Elog 3 va ) expB ) Z[G).
aeN" oeX(d) i<N

Let Zf be independent copies of the processes Z', let

Zi(a,0) =Y (V1Z{ (o) + V1 —1Z7(51))
i<N
for ¢t € [0, 1], and consider the interpolation

1
o(t)=—Elog > va Y expBZia, o)
N
aeN" oeX.(d)
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such that ¢(1) = fy <(d) and ¢(0) = fNyg(d). One can compute the derivative
¢’ (t) using Gaussian integration by parts as in Lemma 1. If we recall the covariance
formulas in (36),
1 _9Z/! 0!
1 gdita.o)
N ot

1 152 51 62
) 0,0 0. ,0
Zi(a,07) = N Z(Va{AaIz - Vafmxlz)-
i<N
The ith term is zero unless ail #+ 61.1 or oiz #+ 51.2 and, by the definition of & above,

the number of such coordinates is bounded by LNe. Therefore, |¢/(1)| < LB%e
and

| fv.e(d) — fv.e(d)| < LB%e

for some constant L that depends only on «.
For o € ¥(d), let us denote by N (o) the number of configurations p € ¥¢(d)
such that p = 0. Then we can rewrite and bound fy .(d) as follows,

~ 1
fred =FElog 3 ve Y N(@yexpp ) Z{ (o).

aeN" oex(d) i<N
1
< d) + — max log N (o).
< fn( )+Noe2(d) gN (o)

For any o € ¥(d), the number N (o) is bounded by the number of configurations
p such that >, . I(p; # 0;) < LNe¢. By the classical large deviation estimate for
Bernoulli random variables, a number of different ways to choose LN¢ coordi-
nates is bounded by 2N exp(—NI(1 — Leg)), where

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

and there are KLV

Therefore,

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

1
— max logN (o) < Lelogk +1log2 —I(1 — Le¢)

N cex(d)
Le 2—Le
>+ — log
2 &

= Lelogk + log<1 +

< L\/e,

for small enough &. We showed that fy .(d) < fn(d) + L./¢ and, since fn(d) <
fn.¢(d), this finishes the proof. [J

2—Le

LEMMA 4. Forany d € D, the limit
(55) lim fye(d) = fe(d)
N—o0

exists and is a concave function of d.
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PROOF. Let us make the dependence of the set Eév (d) in (51) on N explicit.
For any Ny, N, > 1, let N = N; + N and A = N{/N. For any d',d* e D, let
d =xd' + (1 — 1)d?. Then, clearly,

£ (d) 2 2M1(d") x 212 (d?)
and, therefore, the following inequality holds,

Nfn o(d) = N1 fn, e(d) + Nofu,.e(d?).

In particular, for d' = d? = d this shows that the sequence N fn.e(d) is super-
additive and, hence, the limit (55) exists. Dividing both sides by N, we get

frve@d) = fne(d 4+ 1 —=21)d?) > rfn, e (d) + A = 1) fiy.e(d?)

and taking limits shows that f,(d) is concave. []
Combining the above two lemmas, we complete the first step.

LEMMA 5. Ide € Dy and limy_, oo dN = d € D, then the limit
(56) f@ = lim fy(@")=1im f.(d)
N—o0 el0
exists and, for all dl, d*eD, satisfies

(57) £(d") - f@®)| < L|a" —a*| ).

PROOF. Suppose that § := maxg<, |d,£V — di| < e. The inclusions Z(dV) C
Ye(d) C Zeys d™) together with (53) imply that
In@Y) < fue(@d) < fvers(@N) < fn (@) + Lve +5.

Taking limits and using (55) implies that
limsup fy(d") < fe(d) <liminf fy(d") + Ly/e.
N—oo N— o0
Finally, letting ¢ | 0 proves (56). By (54), this limit satisfies (57). U
Next, we will focus on the second step (50).

LEMMA 6. Forany A = (Ag)k<k—1 € Re<1,

(58) (1) :?ea%( f+ ) /\kdk).

k<k—1
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PROOF. This will be a direct consequence of the properties of the Ruelle prob-
ability cascades. More precisely, we will use a recursive representation for func-
tionals of the type

1
(59) @0, S$)=LElog D e ) exp )y, (ﬁZi“ @)+ Y. Ml(oj = k))
aeN" oeS i<N k<wk—1

for nonempty subsets S € ¥ = {1, ..., k}". Notice, for example, that, by (44) and
(45),

P, X)=d(H) and P, T(D)= fn(d)+ Y Ad.

k<k—1

Let us recall the definition of the sequence z,, = (z(k))k<, for 0 < p <r in (24)
and let (z,;)o<p<r be its independent copies for i < N. Let us define

(60) Xr<x,S>=1ogZepo(ﬁ Y i+ 3 xkl(o,:k))
oes i<N 1<p<r k<k—1

and, recursively over 0 < p <r — 1, define
1

(61) Xp(A,8)=—logE,expx,X,+1(%, ),
Xp

where £, denotes the expectation with respect to z41,; for i < N. Standard prop-
erties of the Ruelle probability cascades (Theorem 2.9 in [23]) imply that

(62) D, S) = %XO(A,S).

Now notice that, since ¥ is a disjoint union of X(d) for d € Dy,

expX,(A, L)= Y expX,(1, T(d)).
dGDN

Since x,_1 <1,

expXr—1X,—1(A, ) =E,—1expx,—1 X, (4, X)

:E,l( S exp X, (2, 2(d)))xr_1

dEDN

< > Errexpx—1X,(A, 2(d))
deDy

= Y expxr—1X,_1(%, £(d)).
dEDN
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By induction, using that x, /x,4+1 <1,

expxp XA, X)=E,expx, X, 11(A, X)

Xp/Xp+1
<E,( X ewnpnXpn(h5@)
deDy

< Z E,expxpXpt1(r, 2(d))
deDy

= Y expxpX,(h, Z(d)).
dGDN

Recall that we assumed in (33) that xg > O so, for p = 0, this gives

1 1
dA) = —Xo(A, X)) < —log Z expxoXo(r, Z(d))
N Nx deDy

1 1
< —1 d(D —Xo(A, 2(d
< o logear ( N)+;I€1%7[(VN oA, Z(d))

1
< ——1log N d Axdy ).
= N 08 +L§I€l%?;<fN( )+ Dk k)

k<k—1

Combining this with (43), we get

1
0= ®() — max <fN(d) + ) ,\kdk) < N—xologN".
N

k<k—1

Using Lemma 5 finishes the proof. [J

4. Continuity and discretization. In this section, we will collect several
technical continuity and approximation properties for various functionals that al-
ready appeared above and will appear below in the proof of the lower bound. The
first two Lipschitz continuity properties are direct analogues of a well-known re-
sult of Guerra in [15] (see also [37] or Theorem 14.11.2 in [39]) in the setting of
the SK model.

Lipschitz continuity I.  First, let us consider an arbitrary nonempty subset S C
{1,...,k}" and consider the functional

1
(63) (S, ) = NElog Y ve Y expB Y. Z¥ (o))

aeNr o€es i<N

defined similarly to (44). Right now we view this as a functional of the path &
defined in (23) in terms of the sequences (22) and (33), which determines the
covariance structure of the Gaussian processes Z7, and we are interested in the

continuity properties of fjl,.



POTTS SPIN GLASS 845

LEMMA 7. For two discrete paths 7w, w € Il as in (23),

1
64) S = S <L [ =7 @], dx.

where the constant L does not depend on N or the set S.

PROOF. Without loss of generality, we can suppose that 7, 7 are defined in
terms of the sequences

x_1=0<xp<--<x_1<x,=1,
O:VOE =S V=1 =V Idiag(dl,---,d:c),
O:);OS cee < )7r—1 ffr :diag(dla---,dl()-
In other words, the same x s are used to define 7, 7. The reason for this is because
we can combine the two sequences (x,) by artificially inserting additional values
(yp) and (y,), because, as we mentioned above, the functional depends on these
sequences only through 7 and 7.

For 0 <t < 1, the sequence Vth =1typ+ (1 —1)y) is, again, nondecreasing in ..
If we consider independent Gaussian processes

VAR (Za(k))kfk’ Za = (Za(k))kglc

indexed by « € N", with the covariances
COV(Zal, Z"‘z) = 2Y41 na2s
Cov(Z%', 2°°) =271 2.

then Z% = /1 Z% + /1 — 1Z* will have the covariance COV(Zal, Zf‘z) = Zyélmz.
Let us consider independent copies Z'; of this process for i < N and define

1
(65) o(1):=—Elog Y ve Y _expB > Z{(01).
N :
aeN" ges i<N

Then ¢(1) = fg, (S, m) and @ (0) = f}, (S, 7). To finish the proof, we will compute
the derivative as in Lemma 1. Let us denote by (-); the average with respect to the
Gibbs measure

(66) Gi(o,a) ~vgexpBHy (o, a)
on § x N" and let now Hy ((0,a) =) i<y foi(ai). Then, for0 <t < 1,

B <8HN,z(U, Ol)>
t

"t)==FE
@ (1) N o
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Recalling the covariance of Z% and Z% above, it is easy to see that

IHy (o', a') 1 olo?  _olo?
THN,t(GZa a?) = N Z(Valmﬂ - Valmﬂ)’

1
—E
N i<N

which is zero for (¢!, a') = (62, «?) and can be bounded in absolute value by
Va1 ra?2 = Vel na2ll1, Where |y [l1 = > g g [k k|- Therefore, Gaussian integration
by parts gives

0" ()] < BPE Vgt pa2 — Tt pa2 1), -

For any 0 <t < 1, the marginal of the random measure (66) on N has the same
distribution as the weights (vy)qenr (see, e.g., Theorem 4.4 in [23]) and, as a result,

IE"(”Vazl/\cuz2 - )7041/\‘12”1>t =E Z Vg1 V2 | Vgt g2 — )7051/\(12”1

Oll,Olz
= D Iy =7IhE D v,
O<p=<r alrna?=p
(seeeq. 2.82)in[23]) = Y llyp = Ppli(xp = xp-1)
O<p=r

1
=/0 () — 7 ()] dx.

This finishes the proof. [l

Lipschitz continuity II. Next, let us consider the functional in (42),
1
(67) fu(r)=—Elog Y veexppv/NY*.
N aeN’
It actually does not depend on N and, by (30), it can be represented as
,82 ;32 1
(68) R ==Y+ [relsdx.

k<k

In particular, it obviously satisfies

1
(69) R =@t [l -7, dx,

The equations (64) and (69) prove that these two types of functionals are uniformly
Lipschitz on the set of discrete paths in I1; with respect to the metric A in (20).
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Discretization with respect to A. To conclude that these functionals can be
extended to Lipschitz functionals on the entire [1;, we need to observe that any
path = € I1, can be approximated by a discrete path with respect to A. To see this,
notice that for any y € I'y, ||y |l1 <« tr(y), because |yk x| < (Vk.x + Vi k) /2. For
m ey, n(x") —n(x) e T, for x < x’ and, therefore,

|7 (x") = ()| <k tr(mw(x') — 7w (x)) =k (tr(mw (x)) — tr(mw (x))).

This implies that for any x, x" € [0, 1], [[7 (x") — 7 (x) |1 < k|tr(w(x")) —tr(mw(x))].
Therefore, if we consider any discretization of the path

(70) 7(x):=m(xy)  forx,-1<x<x,,0<p<r,

for arbitrary choice of points (x7) inside these intervals, then

1 1
(71) AT, T) = /0 |w(x) =7 ()|, dx < K/O |tr(m (x)) — tr(7 (x))| dx.

Since the function tr( (x)) is nondecreasing for & € 14, we can, obviously, make
the right-hand side as small as we like by an appropriate choice of sequences (x)
and (x%).

P

Another type of continuity. The functionals considered above will appear as the
limit of some functionals defined on finite size systems in terms of some Gaussian
processes whose covariance structure becomes related to the Ruelle probability
cascades only in the limit, due to the key result that will be proved below. As in
the classical Sherrington—Kirkpatrick model, the covariance will be a function of
the overlaps and the functionals will be continuous with respect to the distribution
of the overlaps, allowing us to express them in the limit in terms of the functionals
considered above.

Such continuity properties are quite standard, and here we will only remind
their general form. For example, for a fixed N > 1, consider a functional resem-
bling (63),

1
(72) fi=Elog 3 we Y expB ) Z(01)
acA o€eS i<N
for an arbitrary nonempty subset S C {1,...,«}". Here, the random weights

(Wy)wen define some random probability distribution G on a countable (or fi-
nite) set A, and G is independent of the Gaussian processes Z = (Z{(k))x<-
These Gaussian processes are independent copies of some Gaussian process Z% =
(Z%(k))k <« with the covariance

(73) Cov(2%', Z%°) = C.(Ry1 42)

/
for some continuous functions C; of the “overlaps” R 1 ,2 = (Rz’lkaz)k,k’gx- The
array ,

(74) Ra=(Ry o2)g! g2e 4



848 D. PANCHENKO

is nonrandom with bounded entries, and at this moment we think of it as cor-
responding to some abstract overlap structure, for example, some infinite Gram
array. Similarly, we can define the analogue of the functional in (67),

1
(75) fo=—Elog ) wyexpBvV/NY"
N acA

corresponding to the covariance
1 2
(76) Cov(Y® ,Y*") = Cy(Ry1 42)

for some continuous functions Cy. Let (a(£))¢>1 be i.i.d. indices sampled from the
distribution G («) = w, on A, and let

(77 R = (Ra(t),a(e/))e,07>1-
The following holds.

LEMMA 8. The quantities f1 in (72) and f> in (75) are continuous function-
als of the distribution of the array R in (77) under EG®. In other words, they
depend on A, (Wy)gea and the covariance structure R 4 in (74) only through the
distribution of the array R in (77) under EG®>.

Of course, these functionals depend on N, the set S, B, C; in (73). More specif-
ically, the lemma says that, for any & > 0, there exists n > 1 and a continuous
bounded function fi ¢ of the array R" = (Ry(¢),a(¢/)) 1<¢,¢'<n Such that

|fi—Efi.(R")| <e.

The function fi . depends only on ¢, N, S, 8, and C,. The same holds for f>. The
proof is omitted as it is almost identical, for example, to the proof of Theorem 1.3
in [23].

5. A new family of the Ghirlanda—Guerra identities. The proof of the
lower bound in Theorem 1 will rely on the synchronization mechanism based on
a new family of identities of the Ghirlanda—Guerra type [13]. These resemble the
multi-species identities in [26], but the difference is that now we deal with blocks
of overlaps, and to study their matrix properties we need new type of identities.
These identities arise via a small perturbation of the Hamiltonian that we will now
define.

For p > 1, we will use the following notation,

e=(i1,...,ip) €{l,..., N}, 0 = (0iy, -+, 0i,)
for a given o € {1, ..., k}". Given A € R*, we will denote

Si(oe) =Y Ml(oi, =k) -+ -1(0i, = k).

k<k
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Givenn>0and I = (eq,...,e,) € ({1,..., N}P)", we will denote

Sa(o1) = 85.(0e)) - Sa(oe,)-
For integer m > 1 and ny,...,n, > 1, let I; = (e1,...,en;) € (1,..., N}
and A/ e R¥ for 1 < Jj < m and consider the following Hamiltonian

1
(78) hg(o) = m Z 81,..., ImS)Ll(O'I]) SA'"(UIM),

~~~~~ I

where gy, ... 1, are standard Gaussian random variables independent for different

choices of the indices. For simplicity of notation, we denoted the list of all param-
eters of the Hamiltonian by

(79) 0=(p.m,ni,....0; AL, 0.
The covariance C? o= Cov(hg(c?), hg (a‘f/)) of the Gaussian process (78) equals
o\
CZZ,: 1_[ NP ZS}"/ GI SA](UI l_[(NPZS)“] S}J )) .
Jj<m j<m

If we recall the notation for the matrix Ry, in (13) of overlaps (12) then, for
) € R¥, we can rewrite

D Se0S0) = X rwry ;¥ [t =i =¥)

k,k' <k pr=p

> )Lk)\k’(RZ’e/ = (RZ2.2),
k,k'<k

where A°P denotes the Hadamard (element-wise) pth power of the matrix A.
Hence, the covariance can be written as
(80) Cly= [T (R A7)
Jj<m
¢ N

for any configurations o*, A= {1,...,k}

DEFINITION. Let ® be a collection of all 8 of the type (79) with p > 1, m > 1,
ni,...,nm>1,and A', ..., A taking values in ([—1, 11N Q)¢ with all rational
coordinates.

Let us consider a one-to-one function jy: ([—1, 1] N Q)* — N and let

JO) :=p+ni+---+nu+jo(r1) +--- + jo(Am) +4m.

Let (ug)gce be i.i.d. random variables uniform on the interval [1, 2] and define a
Hamiltonian

(81) hy(o) =Y 277 @ughy(o).
He®
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Conditionally on u = (ug)gco, this is a Gaussian process with the variance
bounded by 1. The Hamiltonian %y (o0') will be used as a perturbation of the model,
which means that, instead of Hy (o) in (2), from now on we will consider the per-
turbed Hamiltonian

(82) HY"(0) = Hy(0) + syhn (o),

where sy = NV for any 1/4 < y < 1/2. With this choice, the perturbation term
is negligible from the point of view of computation of the free energy because
limy 00 N~1s%, = 0.

As in the classical Sherrington—Kirkpatrick model, the perturbation term %y (o)
is introduced to ensure the validity of the Ghirlanda—Guerra identities [13] for the
Gibbs measure. The main difference is that now we will work with the Gibbs
measure restricted to the configurations with fixed state sizes. Recall the definition
of the set X (d) in (10) and Dy in (46). Let us consider arbitrary dV € Dy and
define the Gibbs measure on X (dV) by

exp Hpert(o*)
(83) Gyn(o) = TZ\ZZN) where Zy (dN) = Z exp Hf,ert(o),

oex(dVN)

of course, in the form adapted to the present model. As usual, we will denote the
average with respect to G?,ﬁ,’o by (-). Now, given n > 2, let recall the definition of
the matrices Ry ¢ in (13)

R" = (Ry.¢)e.0<n

and consider an arbitrary bounded measurable function f = f(R"). For 6 € ©, let
1 1<
84 A(fn,0) = E{fC] 41 = ~E()E(CT ) — ~ D E(fCT )]
=2

where [E denotes the expectation conditionally on the i.i.d. uniform sequence u =
(up)oco. If we denote by E, the expectation with respect to u, then the following
holds.

LEMMA 9. For any n > 2 and any bounded measurable function f = f(R"),
forall 6 € ©,

(85) lim E,A(f,n,60)=0.
N—o0

PROOF. The proofis, essentially, identical to proof of Theorem 3.2 in [23]. We
only need to mention why restricting the Gibbs measure to the set of configurations
> (dN) with fixed state sizes is so important. This is because the proof depends in
a crucial way on the fact that the diagonal elements CZ ¢ are constant independent
of o In our case,

Cle= TR W)Y = [T (diag((@)’. ... (d)")n), 27)"

Jj<m j<m



POTTS SPIN GLASS 851

are, indeed, independent of the configuration ot due to the constraint o € X (dV).
Besides this observation, the rest of the argument is exactly the same and, for
a given 6 € ©, the equation (85) is obtained by utilizing the term hg(co) in the
perturbation (81). [

Using (85), one can choose a nonrandom sequence uV = (uév)ge@ e[1,21°
such that

(86) lim A(f,n,0)=0 forall0 € ®
N—o0

for the Gibbs measure G with the parameters u in the perturbation (81) equal to
u™ rather than random. In fact, the choice of " will be made below in a special
way to coordinate with the cavity computations in the lower bound. Right now we
will consider any such sequence u” .

Let us now consider any subsequence (Ni)i>1 along which the array
(Rg.¢)e.0>1 of the k x k overlap matrices in (13) converges in distribution un-
der the measure EG%OO. We will continue to use the same notation as in (13)

and (80),

(87) Rov=(Rip)iwee  R'=Reodeesn
CZE/ = 1_[ (Rgﬁz')”ja M),
j=m

for the limiting random array. Then the equations (84) and (86) imply that
1 1 &
B8 EF(R")C],. = Ef(RVEC,+- S Ef(R)C],
=2

for all 6 € ®. Since CZ@/ is a continuous function of A/ € [—1, 1]¥ for j <m, (88)
holds a posteriori for all values of A/, not only with rational coordinates.

For any p > 1, AL .., A" e [—1,1]° and a bounded measurable function
¢: R" - R, let
(89) Qe =o((Ry A" AN, (R A™, A™)).

Then the following version of the Ghirlanda—Guerra identities holds.

THEOREM 2. For any n > 2 and any bounded measurable function f =

f(RY),

1 1 &
(90) Ef(R")Q1.n+1= ;Ef(Rn)EQl,z + Y Ef(R") Q1.
=2

PROOF. By (88), this holds for all functions of the type ¢(yi,...,ym) =
y?' -+ ym". Approximating continuous functions by polynomials, this implies (90)
for continuous functions ¢ and the general case follows. [l
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6. Synchronizing the block of overlaps. In this section, we will prove the
following result, which will be the main tool in the computation of the free energy.
Recall the notation I' in (14).

THEOREM 3. Suppose that the array (Ry ¢)¢ ¢>1 in (87) satisfies (90) for all
choices of parameters there. Then there exists a function ®: R — 'y such that

On) Ry o= D(tr(Ry, )
almost surely. Moreover, one can take ® to be nondecreasing in Iy,
O(x') — P(x) €Ty forall x <x',
and Lipschitz continuous,
[0(x') = &), = Lol =]

for some constant L, that depends only on k.

The function @ here is, of course, not universal and depends on the distribution
of the array (Ry ¢/).

REMARK. Notice that 0 < Re o =< di because RE = Ré/ o = di and the en-
tire overlap array is positive and positive- semidefinite. Therefore, 0 < tr(Re ) <

> k<« dk < 1 and the function ® can be defined on the interval [0, 1] instead of RT.

The proof of Theorem 3 will utilize the following results obtained in [26]. For

a fixed p > 1 and fixed AL A e[—1, 1], let us consider the arrays
(92) A p= R, Age=) A,
jzm

indexed by £, £/ > 1. All of these arrays are symmetric, positive-semidefinite, and
exchangeable in the sense that their distribution is invariant under the same per-
mutation of finitely many rows and columns. All of these properties hold trivially
before we pass to the limit N — oo [see paragraph above (87)] and are inherited
by the limiting array. The proof of Theorem 3 will use some results for such arrays
from [26] (Theorem 4 and Lemma 2 there), which will be summarized in the next
lemma. We omit the proof, because it can be carried over to the present setting
without any modifications.

LEMMA 10. Suppose that the array (Ry o) satisfies (90). Then the following
hold.

; (il)l With probability one, ifAéw > Aé’g,, for some j < m then Aé,f’ > Aé o
orall j <m.



POTTS SPIN GLASS 853

(ii) There exist nondecreasing 1-Lipschitz functions Lj: Rt — RT for j <m
such that, with probability one, Aé’z, =Li(Age).

The reason we can consider the domain and range of L; to be R™ is because,
by (90), each array in (92) by itself satisfies the canonical Ghirlanda—Guerra iden-
tities [13] and, therefore, its entries are nonnegative by Talagrand’s positivity prin-
ciple (see Theorem 2.16 in [23]). Equipped with Lemma 10, we proceed to prove
Theorem 3.

PROOF OF THEOREM 3. Step 1. In (92), let us take p = 1, m = k and let

A =eq, ..., ¥ = e, be the standard basis in R¥. With this choice of parameters,
k k,k k,k
Ay p=Ryy and Agp =) R;p=t(Ree).
k<k

Lemma 10(ii) implies that there exist nondecreasing 1-Lipschitz functions Ly such
that

(93) Ry = Li(tr(Re,¢1))

with probability one.
Step 2. Let us fix two indices k, kK’ < k. In (92), let us take p =1, m = 2 and let
M=er + e and M =er — er. Then
1 k,k kK k' k,k' Kk
Apo =Ry + Ry Ry + Ry s

2 okk , pkK kK Kok
App =Ry + Ry =Ry — Ry

k.k Kk
Ag,g/ = 2(R€,E’ + Re’zl ) = L(tr(Rg’g/)),
where the function L =2(L; + L) and the last equality follows from (93). Since
/ / 1
k.k k' k 1
Rpp + Ry =0gp — EAE,%
Lemma 10(ii) implies that there exist a Lipschitz functions L; ;s (maybe, not
monotone) such that
kK Kk
(94) RZ,E/ + RZ,Z/ = Lk’k’ (tr(Rg’g’))
with probability one.
Step 3. If in the above two steps we take p = 2, then the same arguments shows
that, for any k, k' < «, (Rif’éf, )? + (Rif ’Zf)z is a Lipschitz function of tr(Rfe,). How-
ever, since each Rif’éf, is bounded and itself is a Lipschitz function of tr(R; ), the

trace tr(REZE,) is also a Lipschitz function of tr(Ry ¢). Therefore, there exist a Lip-
schitz functions L ,, such that, with probability one,

(95) (RES)? + (RE ) = Ly o (te(Re.0)).
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Step 4. The systems of equations (94) and (95) is of the form x + y = a, x> +
y2 = b and can be solved to find {x, y} in terms of a and b,

_a:l:\/Zb—a2

In other words, there exist two continuous functions fi, f» (maybe, not Lipschitz)
such that

(96) [REE,REM) = [filw(Ree)). fo(tr(Ree))-

(The functions, of course, depend on the indices k, k’.) The main obstacle in the
proof is that we do not know which of these two overlaps takes which of the two
values, so this does not quite reconstruct the matrix in terms of its trace tr(Ry ¢).
However, in the next step we will show that one can take f1 = f> and, in particular,
by (94),

X,y

/ / 1
k,k Kk
97N Rﬁ,f’ = RZ,E’ = ELk,k/(tr(RZ,Z/))

with probability one.

Step 5. The array (tr(R; ¢))¢¢>1 1s symmetric, positive-semidefinite, ex-
changeable and, by (90), satisfies the canonical Ghirlanda—Guerra identities [13].
Therefore, the results in Sections 2.4 in [23] imply that it can be generated by the
Ruelle probability cascades and, in particular, it satisfies what was called the dupli-
cation property in Sections 2.5 in [23]. This means that if the support (of the distri-
bution) of tr(R] 2) contains a point ¢ then support of the array (tr(Ry ¢/))1<¢<¢'<n
contains the array with all entries equal to ¢ for any n > 2. Recalling (93) and (96),
let us denote

a=L(q), d=Lv(q), b=fil), c=falg).
By the above steps, the 2n x 2n array consisting of 2 x 2 blocks indexed by 1 <

2,0 <n,
k. k k&
|:R€,Z/ RE,E/:|
k/,k k/,k/ ’
RZ,Z’ RK,E/

will have in its support a 2n x 2n array A indexed by 1 < ¢, £’ < n consisting of

2 x 2 blocks
1,1 1,2
| Y
Qe =1\ 21 22>
Ay g Ay g

where each of the blocks ay ¢ is either

di. 0 abrac
0 dyl’ c d| " |p d|’
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where the first choice corresponds to the diagonal blocks for £ = ¢/, and the second
and third correspond to £ # ¢'. Let us define a directed complete graph (V, E) on
n vertices such that, for each pair £ # ¢/, the edge is oriented £ — ¢’ or ¢’ — ¢
depending on whether

a b a c
a”/:[c d] or ag7g/:|:b i|

Directed complete graphs are called tournaments, and we will need to use the
fact that, for large n, one can find two large disjoint subsets of vertices Vi, Vo C V
such that all edges between them are oriented from V; to V,. For example, we can
use Theorem 3 in [9], which states the following. Given two tournaments S and 7',
T is called S-free if S is not a sub-tournament of 7. Theorem 3 in [9] states that if
T is S-free, card(S) = m and card(T) = n then one can find two disjoint subsets
Vi, Vo in T of cardinality

card(Vy) = card(Vp) = | (n/m)"/ "= |

with all edges between them oriented from Vi to V,. Take S consisting of two
groups of cardinality m with edges between groups oriented in one direction, and
in arbitrary fashion within groups. If 7' contains S then is has two desired subsets
V1, V; of cardinality m. If not then, by the above claim, it contains two such subsets
of cardinality | (n/2m)"/@"=D | 1f we set (n/2m)'/®"=D = m /2, we find that m
is of order logn/loglogn, which means that, for large n, we can always find two
large disjoint subsets with edges between them oriented in the same direction.

Let Vi, Vo, CV ={1, ..., n} be two such disjoint subsets of size m in the above
graph. This means that for all £ € V| and ¢’ € V>,
=] b
LT e al

On the other hand, recall that the entire 2n x 2n array A is positive-semidefinite
since it belongs to the support of a positive-semidefinite random array. Therefore,
we can find pairs of vectors ug, wy for 1 < £ <n in a Hilbert space H such that,

forall £, ¢ <n,
1,1 1,2
(we,ug)  (ug,we) | _ | %0 %e
[(wz’ up) (we, wz/):| N |:az%,’c}/ a?:g:| '
In particular, for all £, ¢/ <n,

(98)  (ug,ug) =dy, (we, we) =dy, (g, up) =a, (we, we) =d,

and, by construction of the sets Vi, V5, for all £ € V| and ¢’ € V>,

(99) [(W’ up) (g, wz/)} _ [a b}

(we,ug)  (we, we) c dJ’
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For j =1, 2, let us consider the barycenters of these collections of vectors
1 1
Uj=—Zug and Wj=—ng.
M yev; M yev;
On the one hand, using the equation (99),

[(Ul,Uz) (U1,W2)]_[a b}
(Wi, Uy) (Wi, Wa)| |[c d]’

On the other hand, using (98),

1 2 2di+a)
||U1—U2||2=—2 D= Y up| =———
m m
eV eV,
and
1 2 2(dp +d)
Wi =WalP = — | 5 we— Y weH ==K tD

eV LeVy

For large m, this implies that Uy &~ U, and W| ~ W, and, therefore, (U, W3) =~
(W1, U). Letting m — oo proves that b = ¢, so we can take f1 = f> in (96), also
proving (97).

Step 6. We proved that there exists a Lipschitz function ® on R™ with values in
the set of symmetric k¥ X x matrices such that

(100) Rg’g/ = CD(tI‘(Rg’g/))

almost surely. It remains to show that it is also nondecreasing in the space of Gram
matrices (14), ®(x) — ®(x) € ', for all x < x’. Let us first prove this for x, x" in
the support of the distribution of tr(R] 7). Suppose that x < x’ but ®(x") — ®(x) ¢
I',. Then, there exists A € [—1, 1], such that

(@ x)A, 1) > (P(x)A, 1),

In (92), letus take p =1, m =« + 1 and let A =eq, ..., A = e, be the standard
basis in R and A**! = . With this choice of parameters,
A]E,z/ = ng’éf, for k <k,

A§T = (Repr, 1), and  Agy =tr(Ree) + (Rperk, 1),

Recall that Step 5 started with the statement that the array (tr(Rg o)) ¢>1 1S Sym-
metric, positive-semidefinite, exchangeable and, by (90), satisfies the canonical
Ghirlanda—Guerra identities [13]. As a result, it satisfied the duplication prop-
erty. Another consequence of the Ghirlanda—Guerra identities from Lemma 2.7
in [23] (this was first observed in [29]) states that, with probability one, the set
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{tr(R1,¢) | £ > 2} is a dense subset of the support of the distribution of tr(R 7).
This means that, for any ¢ > 0, we can find £, £’ > 2 such that

ltr(R1¢) —x| <e and |t(Ry ) —x'| <e.

For small enough ¢, this implies that tr(Ry ¢) < tr(R; ). By Lemma 10(i), le”if <

R]f:if, for at least one k < k and again, by Lemma 10(i),
AFED = (Rioh, 2) = (@(tr(R10))A, 1) < AT = (Riph, A)
= (CD(U'(RLZ/)))», )»).
Letting ¢ | 0, we get that
(@A, L) < (P(x)A, A),

contradicting the above assumption. This proves that ® is nondecreasing on the
support of the distribution of tr(R; »). On each interval (x, x”) outside of the sup-
port with x, x’ in the support, we extend ® by a linear interpolation between the
values ®(x) and ®(x’), which does not affect the monotonicity and Lipschitz
properties. This finishes the proof. [J

7. Lower bound via cavity computations. Finally, to prove the matching
lower bound we will combine the structural results for the overlaps proved above
with standard cavity computations. We will start with an obvious inequality Fy >
Fy(d"), for any d" € Dy. For a fixed d € D, we will choose d" converging to d
in such a way that d,ﬁv = 0 whenever d;, = 0 and, otherwise,

L
(101) |ldY — di| < WK for all k < «
for some constant L, that depends only on «. The next step is to use the inequality,
1
(102)  liminf Fy(dV) > — liminf(Elog Zy1u (d¥ ™) — Elog Zy (dV)),
N—o00 M N—oo

where M on the right-hand side is fixed and where, for any N and d € Dy, we
denoted

Zyd)= ) expBHy(0),
oeXy(d)

where now we will make the dependence of X(d) = X n(d) on the dimension
explicit. The infimum on the right-hand side of (102) is achieved along some sub-
sequence (Ng)i>1, but to simplify the notation we will keep writing N. Next, from
this subsequence, for any fixed M, we will choose another subsequence as follows
(slightly modifying Lemma 5 in [20]).
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LEMMA 11. There exists a sequence 8™ € Dy such that
2L

(103) |8M — dy| < 7“ forall k <«
and such that, for each M > 1,
(104) NdN + MsM = (N + M)dV ™™

for infinitely many N > 1.

PROOF. For a fixed M, consider a sequence & M (N) defined by (104),
MEM(N) := (N + M)a" ™ — NaV.
Subtracting Md on both sides, for all k < «,
MM (N, —dp) = (N + M) (d) ™ — dy) — N(d)Y — di)
and, therefore, (101) implies that M|SM(N)y — di)| <2L,. For a fixed M > 1,
this implies that the sequence (M SM(N)) N>1 takes a finite number of values and
we can find infinitely many N with the same value, denoted MM . Notice that, by

construction, 8,1{” = 0 whenever d; = 0 and, otherwise, 8,?’[ >dp —2M _ILK >0
for M large enough. [

For a fixed M, let us take a subsequence of N found in (104) and, again, for
simplicity of notation we will keep writing N. The equation (104) implies that

2N+M(dN+M) ) ZN(dN) X ZM((SM).

If we represent configurations p € {1,....,c}N*™™ a5 p = (0,¢) for o €
{1,..., K}N and e €{l,..., I{}M, this inclusion implies that
ZN+M(dN+M) > Z Z exp,BHN+M(o, g).
ceXTn(dN) ey (5M)

This inequality is in the right direction for the purpose of decreasing the lower
bound in (102) to

. 1
Jdim o (Blog Y exppHyiu(oe)
oeXy(dN)eey (8M)

(105)
—Elog )  exp ﬁHN(o)>,
oceXy@N)
where, for a fixed M, the limit here is over some subsequence determined above.
Next, we separate a common part in the Hamiltonians Hy 4 (0, €) and Hy (o)

as in the usual Aizenman—Sim-Starr representation [1] (see e.g. Section 1.3
in [23]). First, we can separate

(106) Hyym(o,e)=Hy(o)+ Y Z7 (&) +r(e)
i<M
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into three types of terms,

1
Hy(0) = ———= ) gijlloi=0)),
N+ M 1<i <N
107 ZE = e D (aiais + gyl = )
A o
1
r(e) = — Z gn+i,N+jl(ei = ¢€;).
N+ M I<i <M
One the other hand, the Gaussian process Hy (o) on {1, ..., K}N can be decom-

posed into a sum of two independent Gaussian processes (in distribution),

(108) Hy (o)L H (o) + VMY,
where Hj, (o) was defined in (107) and

1
(109) Yo ¢ Lo =0)),
VNN + M) 15§5N A

where (glf j) are independent copies of the Gaussian random variables (g;;). The
term r (&) can be omitted because it is of a small order as N — oo.

Consider the Gibbs measure on Xy (dV) corresponding to the Hamiltonian
Hy (o) in (107),

expBH) (o)

Z;v(dN) ’ where Z}V(dN) = Z eXPIBHJ/\](U)»

oeXy@dV)

(110) (o) =

and let us denote by (-)}, the average with respect to G'y. Using representation
(106) and (108) and dividing inside both logarithms by Zj, (d"), we can rewrite
(105) as

(111) ]Vli_r)noo%<Elog< > eXP,BZZ,('T(gi)> —EIOg(eXP,B\/Mth);V).

/
eeXy (8M) i<M N

Both terms here are exactly of the form considered in Lemma 8 above with @ = o,
A=3Xy@") and wy = G;\,(U) there. Therefore, they can be viewed as continu-
ous functionals of the overlap arrays determined by the covariance structure of the
Gaussian processes Z{ = (Z7 (k))x<c and Y?, which we now compute.

First of all, for k, k' < «,

(112) EZ7 (k2" (K') = S 10! =k)i(of = k) = 2R, +O(N )
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and, similarly to the computation in (40),

et N / / _
(113) BY7 v = Y OREE) =Y (R +O(NTY.
k,k'<«k k,k' <k

These resemble the definition in (36) and, of course, one can redefine the processes
Z7? and Y7 to have covariances without the lower order terms O(N —1), which we
now assume.

The same computation can be carried out just as easily in the case when the
constrained free energy Fy(d") in (102) corresponds to the perturbed Hamilto-
nian H];\}en(0> in (82) instead of the original Hamiltonian Hy (o). Moreover, since
the perturbation term syhy (o) in (82) is of smaller order, one can show that the
perturbation term sy prhn4a (0, €) that would appear in the first term in (105)
can be replaced by syhy (o) and this only introduces some small order correc-
tion. All of this is standard and is explained, for example, in Section 3.5 in [23].
In other words, if the Gibbs measure Gy in (110) corresponds to the perturbed
Hamiltonian

Hy(0) 4+ snhy(o)

then the representation in (111) still gives a lower bound on the constrained free
energy along some subsequence. Also, in this case the expectation E in (111) in-
cludes the average [E, in the uniform random variables u = (1g)gc@ in the defini-
tion of the perturbation Hamiltonian (81).

The proof of Lemma 9 applies verbatim to the measure G’y and right below
the proof of Lemma 9 we mentioned that one can choose a nonrandom sequence
ulV = (uév )oc® changing with N such that (86) holds for the Gibbs measure G;V
with the parameters u in the perturbation Hamiltonian (81) equal to ¥ rather than
random. By Lemma 3.3 in [23], one can choose this sequence " in such a way
that the limit in (111) is also not affected by fixing u = u” instead of averaging
inu.

Passing to another subsequence, we can assume that the distribution of the ar-
ray (R¢ )¢ e'>1 in (13) under EG?S?OO converges, and we will denote the array
with this limiting distribution by (RE”‘}/) ¢.0'>1- By construction, this array satisfies
the generalized Ghirlanda—Guerra identities in Theorem 2 and, as a consequence,
its structure can be described as in Theorem 3. Namely, there exists a function
®: [0, 1] — I'x such that

(114) R{ = ®(tr(R7Y))

almost surely. The function ® is nondecreasing, ®(x’) — ®(x) € I, forall x < x’,
and Lipschitz, ||®(x") — ®(x)||; < Li|x" — x| for some constant L, that depends
only on «.

Let us denote the distribution function of tr(R‘ff’z) by

(115) Ioo(q) = P(tr(R7%) < q)
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and let M;ol : [0, 1] — R™ be its quantile transformation. Define

(116) oo (¥) 1= P(u) (x)),
which is an element of the family of paths I[1; defined in (15). Notice that, by (114),
tr(oo (x)) = ,ugol (x).
Let us consider two sequences,
x_1=0<xpg<- - <xp_1 <x,=1,
117)
O=go<-<gr—1<gr=1,

such that g, = /Lgol (xp). Consider the distribution function p defined by

(118) n(g) =xp forg, <q <qp+1
and, similarly to (116), we define the corresponding path in I[1; by
(119) m(x) = ®(u(x)).

Notice that 7 is a discretization of 7, in the sense of (70), because
(120) T(X) i=Too(Xp) forx,_1 <x <xp.

Therefore, by (71),

1
AT, o) < IC/O |tr(m (x)) — tr(7oo (X)) | dx
1
= [l @ = 0] da

1
= [ 1) — oo dx.

In particular, we can choose the sequence in (117) to make A(r, 7o) as small as
we want, while also making the distributions @ and p as close as we want in
L'-norm.

As in Section 2, let (v, )qen be the weights of the Ruelle probability cascades
corresponding to the parameters (117). Let (a)¢>; be an i.i.d. sample from N
according to these weights and, using the sequence of ¢’s in (117), define

(121) To 00 =quepgt -

We already used in Section 6 the fact that, by Theorem 2, the array (tr(RZ‘},)) 0>1
satisfies the classical Ghirlanda—Guerra identities. Therefore, Theorems 2.13
and 2.17 in [23] imply that its distribution will be close to the distribution of the ar-
ray (T¢ ¢)¢,¢'>1 When p approximates ptoo. Consider the sequence y), :=m(x)) =
®(gp) for 0 < p <r, so that

(122) O=pw<=-=<y-1 2y =diagldi,...,dy)
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is a nondecreasing sequence in I'y [or [, (d), satisfying the constraints in (19)].
Let

(123) Qeo =P(Te0) = P(Guepge)-

The fact that & is Lipschitz implies that the array (Qy ¢)¢ =1 Will be close in
distribution to the array (R;’iz,) ST

Let us now consider Gaussian processes Z* and Y indexed by « € N" defined
in Section 2, with the sequence (22) now given by (122). Consider a quantity sim-
ilar to the quantity in (111),

fai2G) = fl o) = £ Gr)

1
(124) = —(Elog Dove Y, expBY Zie)
M :
aeN' ee¥y(8M) =N
— Elog Z vaexp,B\/MYo‘).
aeN’

If we compare the covariances in (112) and (113) with (36), Lemma 8 implies that
(124) is the same continuous functional of the distribution of the array (Qg ¢/)¢ ¢'>1
in (123) as the quantity in (111) is of the array (Ry ¢/)¢ ¢>1 in (13). Since both ar-
rays, by construction, approximate in distribution the array (Rg‘i/) ¢.0>1, we proved
that the limit in (111) equals to the limit of (124) as 4t — (o in Li-norm. How-
ever, in this case A(, T) — 0 and, by Lemma 7 and (69), this limit is just the
extension f Al,l’z(noo) of the functional in (124) to 7.

To summarize, we showed that f Al,l’z(noo) gives the lower bound for the con-
strained free energy for any M > 1. Now we will let M — oo, but it is important
to point out first that 7 in the above construction depends on M, my = noj‘g . Be-
cause the paths né‘g € I, are monotone in ', one can choose a convergent subse-
quence with respect to the metric A. Indeed, the diagonal elements of any 7 € 1,
are monotone functions, so one can choose an L'-convergent subsequence of the
diagonal elements first and then use that the sum 7y x + 7y g7 + 2y g 1s also a
monotone function, which allows to choose a convergent subsubsequence for the
off-diagonal elements. Let 7* be the limit of noﬁg and let 7} be a discretization of
m* such that A(7*, 7)) < e. By Lemma 7 and (69),

i (wd) = fui*(w8)| < LAY 7f) < LA 7¥) +e),

and, therefore, limsup,,_, | fAI,I’Z(nOAg ) — fﬂl,,’z(nj)| < Le. For discrete path 7},
we can use Lemma 2, which shows that the limit of the first term in (124),

(125) Jim fﬂy(n;)zigf<_ ) Akdk+d>(k,d,rr8*)).

k<k—1
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By (68), the second term is, actually, independent of M and equals

132

2 ﬂz 1 * 2
> di + 7/0 |77 () | s @

(126) fin(md) =

k<k

If we recall the functional P(X, d, ) defined in (31), we proved that

e o120 MYy XN Tes _
l/{/lnl)lgoffM (m5) = 1rklf73()\, d,n})—Le> )hjlrréfndp()\, d,m)— Le.
Letting ¢ | 0 and maximizing over d € D finishes the proof of the lower bound.
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