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SPIN GLASS MODELS FROM THE POINT OF VIEW OF SPIN
DISTRIBUTIONS
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In many spin glass models, due to the symmetry among sites, any
limiting joint distribution of spins under the annealed Gibbs measure ad-
mits the Aldous—Hoover representation encoded by a function o : [0, 14—
{—1, 41}, and one can think of this function as a generic functional order
parameter of the model. In a class of diluted models, and in the Sherrington—
Kirkpatrick model, we introduce novel perturbations of the Hamiltonian
that yield certain invariance and self-consistency equations for this generic
functional order parameter and we use these invariance properties to ob-
tain representations for the free energy in terms of o. In the setting of the
Sherrington—Kirkpatrick model, the self-consistency equations imply that the
joint distribution of spins is determined by the joint distributions of the over-
laps, and we give an explicit formula for o under the Parisi ultrametricity
hypothesis. In addition, we discuss some connections with the Ghirlanda—
Guerra identities and stochastic stability and describe the expected Parisi
ansatz in the diluted models in terms of .

1. Introduction and main results. In various mean-field spin glass models,
such as the Sherrington—Kirkpatrick model and diluted p-spin and p-sat models
that we will focus on in this paper, one considers a random Hamiltonian Hy () in-
dexed by spin configurations ¢ € Xy = {—1, +1}" and defines the corresponding
Gibbs measure Gy as a random probability measure on X given by

1
(1.1) Gn(o) = EGXP(_HN(U))»

where the normalizing factor Zy is called the partition function. Let (h) />1 be an
i.i.d. sequence of replicas from measure G . Let ;y denote the joint distribution
of the array of all spins on all replicas, (0,-1)151'5 N.1<I, under the annealed product
Gibbs measure EG%OO which means that for any choice of signs af e {—1,+1},
and forany n > 1,

uv(o} =al:1<i <N, 1<1<n})
(1.2)
=EGY"({o] =al:1<i<N,1<l<n)).
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In most mean-field spin glass models this distribution has the following two sym-
metries. Clearly, it is always invariant under the permutation of finitely many
replica indices / > 1, but in most models w is also invariant under the permutation
of coordinates i € {1, ..., N} since the distribution of Hy (o) is symmetric under
the permutation of coordinates of o, and this invariance of uy is called symmetry
among sites. Let us think of p as a distribution on (al.l ) for all i,/ > 1 simply by
setting crl.l =0 for i > N. It is usually not known how to prove that the sequence
(un) converges (in the sense of convergence of finite-dimensional distributions)
and, in fact, even the answer to a much less general question whether the distribu-
tion of one overlap N ! di<N cril ol-z under IEG%2 converges is known only in the
Sherrington—Kirkpatrick model with all p-spin interaction terms present, the proof
of which relies on the Parisi formula for the free energy; see [27, 28]. As a result,
we will consider a family M of all possible limits over the subsequences of (y).
Whenever we have symmetry among sites, any limiting distribution u € M will
be invariant under the permutations of both row and column coordinates / and i.
Such two-dimensional arrays are called exchangeable arrays and the representa-
tion result of Aldous [2] and Hoover [15] (see also [5]) states that there exists a
measurable function oy, : [0, 17* — R such that the distribution u coincides with
the distribution of the array (sf) given by

I
(1.3) s; = oy (w, uy, vi, Xi 1),

where random variables w, (u;), (v;), (x; ;) are i.i.d. uniform on [0, 1]. This func-
tion o, is defined uniquely up to some measure-preserving transformations (The-
orem 2.1 in [16]) so we can identify the distribution w of array (sf ) with the func-
tion o,. Since we only consider the case when spins and thus o, take values in
{—1, +1}, the distribution u is completely encoded by the function

(14) 6M(w$uvv):Exaﬂ(wsuav7x)’

where E, is the expectation in x only and we can think of this last coordinate as a
dummy variable that generates a Bernoulli r.v. with expectation o, (w, u, v). How-
ever, keeping in mind that a function of three variables 0, encodes the distribution
of the array (1.3), for convenience of notation we will sometimes not identify a
Bernoulli distribution with its expectation (especially, in the diluted models) and
work with the function o, (w, u, v, x).

One can think of a function o, (or 6,,) as what physicists might call a generic
“functional order parameter” of the model, and it is easy to see that information
encoded by o, is equivalent to the limiting joint distribution of all multi-overlaps

(1.5) RY ,=N"13 o/tq)
1<i<N
foralln>1and all /1, ...,[, > 1 under uy, which may be a more familiar ob-

ject than the joint distribution of spins. Indeed, by expanding the powers of (1.5)
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in terms of products of spins and using symmetry among sites, in the limit one
can express the joint moments of multi-overlaps in terms of the joint moments of
spins and vice versa. By comparing these moments, the asymptotic joint distribu-
tion of (1.5) over a subsequence of py converging to u coincides with the joint
distribution of

(1.6) R ., =Eyo(w,up,v)---6(w,u,,v)

foro =0y, foralln>1andall ly,...,l, > 1, where [, is the expectation in the
last coordinate v only. For n = 2, the corresponding quantity

(1.7) Ry =Evo (w,up, v)o (w,up, v)

is the asymptotic version of the overlap N~!y"; <N oil ail/. With these notations it
is clear that the famous Parisi ultrametricity conjecture, which says that Rg% >
min(R{%, RT%) with probability one, can be expressed in terms of 5, by saying
that for all w € [0, 1] the family of functions v — &, (w, u, v) parametrized by
u € [0, 1] is ultrametric in £2([0, 1], dv).

An ultimate goal would be to show that the set of possible limits u € M
and their representations o, are described by the Parisi ultrametric ansatz. Even
though this goal is out of reach at the moment, in the setting of the Sherrington—
Kirkpatrick and diluted models we will obtain several results which demonstrate
that the point of view based on the Aldous—Hoover representation (1.3) provides
a useful framework for studying the asymptotic behavior of these models. First,
we will narrow down possible limits M to some well-defined class of distribu-
tions M,y that will be described via invariance and self-consistency equations
on oy,. The proof of these invariance properties will be based on some standard
cavity computations; however, justification of these computations will rely on cer-
tain properties of convergence of measures wy that are not intuitive or, at least, do
not easily follow from known results. In both types of models we will introduce a
novel perturbation of the Hamiltonian that will force the sequence (uy) to satisfy
these properties, and the ideas behind these perturbations will constitute the main
technical contribution of the paper.

Besides giving some constructive description of possible limits M, the invari-
ance equations will play a significant role in other ways. First, using these equa-
tions we will be able to prove representations for the limit of the free energy
Fy=N *lElog Zy in terms of oy, for u € M,y which will automatically coin-
cide with the corresponding Parisi formulas for the free energy if one can show that
all measures in M, satisfy the predictions of the Parisi ansatz. These representa-
tions, proved in Sections 2.2, 2.3 for diluted models and in Sections 3.2, 3.3 for the
Sherrington—Kirkpatrick model, will arise from an application of the Aizenman—
Sims—Starr scheme introduced in [1] and, what is crucial, thanks to the invariance
equations we will only use this scheme with one cavity coordinate whereas all pre-
vious applications of this scheme (e.g., in [1, 10] or [17]) only worked when the
number of cavity coordinates goes to infinity.
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In the setting of the Sherrington—Kirkpatrick model we will utilize a Gaussian
nature of the Hamiltonian to give other important applications of the invariance
properties of u € M. First, we will prove in Theorem 5 below that the joint dis-
tributions of all spins, and thus measure p, are completely determined by the joint
distribution of the overlaps (1.7). Then in Section 1.3 we will show that all limits
€ M that satisfy the Parisi ultrametricity hypothesis correspond to o, given by
certain specific realizations of the Ruelle probability cascades. This means that, un-
der ultrametricity, we obtain a more detailed asymptotic description of the model
which includes the joint distribution of all spins or multi-overlaps and not only
overlaps, as in the usual description of the Parisi ansatz. Motivated by this special
form of o, in the Sherrington—Kirkpatrick model, in the second part of Section 1.3
we will try to formulate a more general Parisi ansatz expected to hold in the diluted
models in terms of the Aldous—Hoover representation (1.3).

Finally, we would like to mention recent work [4] where the authors study
asymptotic behavior of spin glass models in the framework of random overlap
structures, or ROSts, which in our notation correspond to the LQ([O, 1], dv) struc-
ture of the family of functions v — &, (w, u, v). They obtain a number of inter-
esting properties of ROSts and prove several results which are similar in spirit to
ours, for example, the Parisi formula in the Sherrington—Kirkpatrick model under
the assumption of ultrametricity.

1.1. Diluted models. To illustrate the main new ideas we will start with the
case of the diluted models where many technical details will be simpler. We will
consider the following class of diluted models as in [22]. Let p > 2 be an even
integer, and let @ > 0. Consider a random function 6 :{—1,+1}” — R and a se-
quence (6x)r>1 of independent copies of 6. Consider an i.i.d. sequence of indices
(i1.6)1.k>1 with uniform distribution on {1, ..., N}, and let 7 (¢ N) be a Poisson r.v.
with mean o N. Let us define the Hamiltonian Hy (o) on Xy by

(1.8) —Hy(@)= D Ok(0igr---100,,)
k<m(aN)

Clearly, any such model has symmetry between sites. We will make the follow-
ing assumptions on the random function 6. We assume that there exists a random
function f:{—1,4+1} = R [i.e., f(o) = f' + f"o for some random (f’, f")]
such that

(1.9) expd(o1,...,0p) =a(l +bfi(o1) - fp(op)),

where fi, ..., f, are independent copies of f, b is ar.v.independentof f1,..., fp
that satisfies the condition

(1.10) Vn>1 E(-b)" >0,

and a is an arbitrary r.v. such that E|loga| < co. Finally, we assume that

(1.11) [bfi(o1)--- fplop)l <1 a.s.,
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and 0 satisfies some mild integrability conditions

(1.12) —o0 <Eminf(oy,...,0p), Emax6(o1,...,0,) <+00.
o o

Two well-known models in this class of models are the p-spin and K -sat models.

EXAMPLE 1 (p-spin model). Consider § > 0 and a symmetric r.v. J. The
p-spin model corresponds to the choice of

0(o1,...,0p)=BJoy---0p.

Equation (1.9) holds with a = ch(8J), b =th(8J) and f(0) = o and condition
(1.10) holds since we assume that the distribution of J is symmetric. Equation
(1.12) holds if E|J| < oc.

EXAMPLE 2 (K -sat model). Consider § > 0 and a sequence of i.i.d. Bernoulli
r.v. (Jp);>1 with P(J; = £1) = 1/2. The K-sat model (with K = p) corresponds
to

1+ Jioy
0@r1,....00)=—B]] :

I=p 2

Equation (1.9) holds witha =1, = e P —1and fi(o1) = (14 Jjo7) /2, and (1.10)
holds since b < 0.

It is well known that under the above conditions the sequence N Fy is super-
additive, and, therefore, the limit of Fy exists; see, for example, [10]. If we knew
that (uy) has a unique limit, that is, M = {u}, then computing the limit of the
free energy in terms of o, in (1.3) would be rather straightforward as will become
clear in Section 2.2. However, since we do not know how to prove that () con-
verges, this will create some obstacles. Moreover, if (wy,) converges to . over
some subsequence (Ny) we do not know how to show that (uy,+,) converges to
the same limit for a fixed shift n > 1, even though we can show that it does con-
verge simply by treating n of the coordinates as cavity coordinates. Even if we
knew that 1y converges, we would still like to have some description of what the
limit looks like. To overcome some of these obstacles, we will utilize the idea of
adding a “small” perturbation to the Hamiltonian (1.8) that will not affect the limit
of the free energy but at the same time ensure that (1, 1+,) and () converge to
the same limit. In some sense, this is similar to the idea of adding p-spin perturba-
tion terms in the Sherrington—Kirkpatrick model to force the overlap distribution
to satisfy the Ghirlanda—Guerra identities [13]; see also [11]. The perturbation for
diluted models will be defined as follows.

Consider a sequence (cy) such that cy — 0o, cy/N — Oand |cy4+1 —cn| — O.
Consider an i.i.d. sequence of indices (ij k) k=1 With uniform distribution on
{1,..., N}, let m(cpn) be a Poisson r.v. with mean cy, (7;(ap)) be i.i.d. Poisson
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with mean ap and (6;) be a sequence of i.i.d. copies of 6. All these random
variables are assumed to be independent of each other and of everything else.
Whenever we introduce a new random variable, by default it is assumed to be
independent of all other random variables. Let us define the perturbation Hamilto-
nian Hﬁ(a) on Xy by

(1.13)  —H{(e)= Y 1ogAveexp > Oci(&.0i ;02 00, 14,):

I<m(cy) k<m;(ap)

where Av, will denote uniform average over ¢ € {—1, +1} as well as replicas (&)
below. Let us redefine the Hamiltonian in (1.8) by

(1.14) —Hy(©0)= ) 6(0i.....0i,,) — Hy(o),
k<m(axN)

and from now on we assume that (uy) and M are defined for this perturbed
Hamiltonian. Obviously, condition (1.12) implies that the perturbation term does
not affect the limit of free energy since cy = o(N). The benefits of adding this
perturbation term will first appear in Lemma 3 below where it will be shown that
thanks to this term (uu, ) and (4, 4,) converge to the same limit for any fixed shift
n > 1. Another important consequence will appear in Theorem 1 below where the
perturbation will force the limiting distributions © € M to satisfy some important
invariance properties that will play crucial role in the proof of the representation
for the free energy in Theorem 2.

Let us introduce some notations. We will usually work with o, for a fixed dis-
tribution u € M so for simplicity of notation we will omit subscript © and simply

write o. Let (v;,,...;,), (xi;,....i,) be 1.i.d. sequences uniform on [0, 1] forn > 1 and
i1,...,ip>1, and let

(1.15) Sitsernin = (W, U, Viy i Xiy i)

The role of multi-indices (iy, ..., i,) will be simply to select various subsets of

array (1.3) with disjoint coordinate indices i without worrying about how to enu-
merate them. Let (6;,,;,) be the copies of random function 6 independent over
different sets of indices. In addition, let v, x, 0 be independent copies of the above
sequences, and let

(1.16) §,’1 in =o(w,u,ﬁ,~l

.....

Notice that we keep the same w and u in both s and §. Throughout the paper let
us denote by m(A) Poisson random variables with mean A which will always be
independent from all other random variables and from each other. For example, if
we write (o) and 7 (B8), we assume them to be independent even if o« = . Let
(7 j(A)) be independent copies of these r.v. for j > 1. Let

(1.17) Ai(®) = > Oki(e SLiks- - Sp—1,ik)
k<m;(pa)
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fori >1and e € {—1, 41}, and let

(1.18) Bi= Y OkiGrik. .- Spik)-
k<mi((p—1Da)

We will express invariance and self-consistency properties of distributions u € M
in terms of equations for the joint moments of arbitrary subset of spins in the
array (1.3). Take arbitrary n, m, g, r > 1 such that n < m. In the equations below,
the index g will correspond to the number of replicas selected, m will be the total
number of coordinates and n the number of cavity coordinates considered and r
will be the number of perturbation terms of certain type. For each replica index
[ < g we consider an arbitrary subset of coordinates C; € {1, ..., m} and split
them into the cavity and noncavity coordinates

(1.19) Ccl=cin{l,....n}, C}=Cin{n+1,....m).

Let E’ denote the expectation in « and in sequences x and X, and let

(120) U =E'Av, [] eiexpd_ Ai(ei) [ siexp Y OcGiks--..5p0)

ieC} i=n ieC? k=r
and
(1.21) V=EAv,exp ) Ai(e)exp Y Gk, ... 5pk)-
i<n k<r

Then the following holds.

THEOREM 1. For any limiting distribution i € M and o = o, we have

(1.22) E[]T]s!=E]]E []s=E H’<‘1Ul

I<qieC I=q i€

We will say a few words about various interpretations of (1.22) below, but first
let us describe the promised representation for the free energy. Let My, denote
the set of distributions of exchangeable arrays generated by functions o : [0, 1]* —
{—1, +1} asin (1.3) that satisfy invariance equations (1.22) for all possible choices
of parameters. Theorem 1 proves that M C Mjy,. Let

AE)= > (e S1ks s Sp—10)
k<m(pa)
for e € {—1, +1},

B = Z Ok (S1,ks -2 Sp.k)
k<m((p—Da)

and let
(1.23) P(u) =log2 + ElogE Av, exp A(e) — ElogE exp B.

The following representation holds.
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THEOREM 2. We have

1.24 lim Fy = inf = inf )
(1.24) JimFy MIQMP(“) . enﬂlde(u)

One can simplify the last term in (1.23) since we will show at the end of Sec-
tion 2.3 that
(1.25) ElogE exp B = (p — )aElogE exp0(si, ..., sp)
for € Mipy. To better understand (1.22) let us describe several special cases. Let
us define
(1.26) A; =logAvgexp A;(e).

First, if we set r =0 and let sets C; be suchthat C; C {n+1,...,m} forall/ <gq,
then (1.22) becomes

(1.27) ETTE 5 _Enlfq E/Hiea 8i €XP Y i<p Ai
) | | I | ;=
I<q ieC (Eexp i<, Ai)?

On the other hand, if we set n = 0, then (1.22) becomes

(1 28) E HE/ 1—[ 5 = Enlgq E niGCl §; €Xp Zisr é\i(ﬁl,i, ey §p,i)
. ;= — . ‘
I<q ieC (Eexpd i< 0i(S1is---s 8pi))e

These equations can be interpreted as the invariance of the distribution of (sf)
under various changes of density, and they will both play an important role in
the proof of Theorem 2. Another consequence of (1.22) are the following self-
consistency equations for the distribution of spins. Let us set r =0 and n = m.
Let

A Avg eexp A;i(¢e)

! Aveexp A;(e)

Then (1.22) becomes

(1.29) E[]E [ _ =g B'Mliec, siexp Y, Ai
. 1 (E/ eXp len Al)q .

I<q ieC

This means that the distribution of spins (sf ) coincides with the distribution of

“new” spins (siA ’l) under a certain change of density. Even though we cannot
say more about the role (1.29) might play in the diluted models, its analog in
the Sherrington—Kirkpatrick model will play a very important role in proving that
the joint overlap distribution under v determines p and in constructing the explicit
formula for ¢ under the Parisi ultrametricity hypothesis.

It will become clear from the arguments below that, in essence, the representa-
tion (1.24) is the analog of the Aizenman—Sims—Starr scheme in the Sherrington—
Kirkpatrick model [1] with one cavity coordinate. Previous applications of this
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scheme (e.g., in [1, 10] or [17]) only worked when the number of cavity coor-
dinates goes to infinity, since considering one cavity coordinate in general yields
only a lower bound on the free energy. This lower bound expressed in terms of
the generic functional order parameter o, will be proved in Section 2.2. Then the
main new ideas of the paper—the roles played by the perturbation Hamiltonian
(1.13) and the consequent invariance in (1.22)—will help us justify that this lower
bound is exact and, moreover, represent it via a well-defined family Mjyy. First,
following the arguments in [12, 22], in Section 2.3 we will prove a correspond-
ing Franz—Leone type upper bound which will depend on an arbitrary function o
that defines an exchangeable array as in (1.3). For a general o, this upper bound
will depend on N. However, we will show that for o, for u € Mjyy the invari-
ance of Theorem 1 implies that the upper bound is independent of N and matches
the lower bound. This is the main point where the invariance properties will come
into play. The same ideas will work in the Sherrington—Kirkpatrick model with the
appropriate choice of the perturbation Hamiltonian.

1.2. The Sherrington—Kirkpatrick model. Let us consider mixed p-spin
Sherrington—Kirkpatrick Hamiltonian

(1.30) —Hy(6)=—>_ BpHn (o),
p=1
where
1
(1.31) —Hy p(0) =~ > 8ipniyOiy Oy
I<iy,...ip<N

the sum is over p =1 and even p > 2 and (g;,,..., i,) are standard Gaussian inde-
pendent for all p > 1 and all (i1, ...,i,). The covariance of (1.30) is given by

(1.32) EHy (o) Hy(a%) = NE(Ry 2),

where §(x) = 3> ﬂlz,xp, and we assume that the sequence (B,) satisfies
=127 ,812, < 00. Let us start by introducing the analog of the perturbation Hamil-

tonian (1.13) for the Sherrington—Kirkpatrick model. Consider independent Gaus-
sian processes G¢/(0) and Gy(0) on Ty = {—1, +1}V with covariances

(133) EGg(0)Ge(6H) =£'(R12),  EGe(a')Go(0?) =0(R12),

where 0(x) = x&'(x) — &(x), and let G¢ k(o) and Gg x(0) be their independent
copies for k > 1. For (cy) as above, let us add the following perturbation to the
Hamiltonian (1.30):

(1.34) —H{(e)= > logchGgp(@)+ Y. Goxl(o),

k<m(cn) k<m'(cn)

where 7(cy) and 7'(cy) are independent Poisson random variables with
means cy. Clearly, this Hamiltonian does not affect the limit of the free energy
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since ¢y = o(N). We will see that this choice of perturbation ensures the same nice
properties of convergence as the perturbation (1.13) in the setting of the diluted
models. As a consequence, we will get the following analog of the invariance of
Theorem 1. Given a measurable function & : [0, 1]> — [—1, 1], for any w € [0, 1],
let g¢/ (o (w, u, -)) be a Gaussian process indexed by functions v — o (w, u, -) for
u € [0, 1] with covariance

(1.35)  Cov(ge (6 (w, u, ")), g/ (6 (w,u', ) =&"(Ey6 (w, u, V)& (w, u’, v))

and gy (o (w, u, -)) be a Gaussian process independent of gg/ (o (w, u, -)) with co-
variance

(1.36) Cov(gg(o(w,u,-)), ge(c(w,u’, ) =0E,c(w,u, v)o(w,u',v)).

Let us consider independent standard Gaussian random variables z and 7’ and de-
fine

(1.37)  Gg (o (w,u,-) =g @ (w,u,-))+2z(§'(1) — & (E (w, u, v)z))
and
(138)  Go(a(w,u,-) =go(@(w,u,-)) +2(0(1) — 0(E5 (w, u, v)%))

For simplicity of notation we will keep the dependence of G¢ and Gy on z or
7/ implicit. Let G¢/; and Gg; be independent copies of these processes. Random
variables z, and 7’ will play the role of replica variables similarly to u and for this
reason in the Sherrington—Kirkpatrick model we will denote by E’ the expectation
in u, z and z". The main purpose of introducing the second term in (1.37) and (1.38)
is to match the variances of these Gaussian processes, £(1) and (1), to variances
in (1.33) foro! = ¢2.

As in the setting of diluted models, consider arbitrary n, m, g, r > 1 such that

1/2

1/2

n <m. For each [ < g consider an arbitrary subset C; C {1, ..., m}, and let Cl1 and
C12 be defined as in (1.19). Let 6; = o (w, u, v;). For [ < g define
(1.39) U=E ] thGe i@ w,u,)) [] 5i&n.r.
ieC} ieC?
where
(1.40) &, = exp(z logchGgr i (6 (w,u, ) + Y Gox (G (w, u, '))>,
i<n k<r

and let V =FE'E, .. If M denotes the set of possible limits of wy corresponding
to the Hamiltonian (1.30) perturbed by (1.34), then the following holds.

THEOREM 3. Forany u € M and 6 = 0, we have

(1.41) EHE’H&,-:EM.

q
I<q ieC 4
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Let My, be the family of distributions defined by the invariance properties
(1.41), so that Theorem 3 proves that M C Mjy,. If we define

(1.42)
—ElogE exp Gg (6, (w, u,-)),

then we have the following representation for the free energy in the Sherrington—
Kirkpatrick model.

THEOREM 4. We have

1.4 lim Fy = inf = inf .
(1.43) Jim Fy MIQMP(M) ; e%mvp(“)

As in the case of diluted models above, let us describe several special cases of
(1.41). If r =0 and sets C; are such that C; C {n + 1,...,m} for all [ < g, then
(1.41) becomes

E'[l.cc, 6i [1:<, chGer (6 (w, u, -
(144) E[[E ]‘[&izEn’f" /H’GC’ lin ¢h Gy1 0 @, w, )
E'Tli<nch Ggr i (6 (w, u, )9

I<qg ieC
If we set n =0, then (1.41) becomes

[l<g E' Tlicc, 0i exp Xop <y Gox (0 (w, u, )
(E" exp > k<, Gox (0 (w,u, )4 ‘

Again, these equations can be interpreted as the invariance of the spin distributions
under various random changes of density. Finally, if we set r = 0 and n = m, then
(1.41) becomes
E[]E []a
I<q ieC
_ El_[zgq E'Tliec, thGe i (6 (w,u, ) [1;<,chGer i (6 (w, u, -))
(E/ Hifn ChGé:/’i(&(w,l/l, )))q ‘

The meaning of this self-consistency equation is that the joint distribution of spins
generated by a function o (w, u, v) coincides with the distribution of spins gener-
ated by thGg (o (w, u, -)) under a properly interpreted random change of density,
and we will discuss this interpretation in more detail below under the Parisi ultra-
metricity hypothesis. The choice of parameters in (1.46), most importantly n = m,
will be the key to the following special property of the Sherrington—Kirkpatrick
model.

(145 E[[E []o:i=E

I<q ieC

(1.46)

THEOREM 5. For any u € My, the joint distribution of (Rlo?/)l,l’zl defined
in (1.7) for 6 = 6, uniquely determines | and thus the joint distribution of all
multi-overlaps.



1326 D. PANCHENKO

The fact that the joint distribution of overlaps determines u leads to a natural
addition to the statement of Theorem 4. It will be clear early in the proof of Theo-
rem 4 that P(u) for u € M depends only on the distribution of the array (1.7) for
0 =0y, and, as a result, one can express the free energy in (1.43) as the infimum
over a family of measures M;_ defined completely in terms of the invariance of
the joint overlap distribution and such that Mj,, C M;nv. For this purpose one
does not need the self-consistency part of the equations (1.41), so we will only use
the case when Cl2 = C; in (1.19) for all /. Let us consider processes G¢ and Gy in
(1.37), (1.38) defined in terms of replicas (u;), (z;) and (z)) of u, z and z’, namely,

(147)  Ge/(6(w,ur, ) = ge' (6 (w, up, ) + z1(8' (1) — &' Ey6 (w, uz, v)?))
and

(148)  Go(G(w,up,-)) = go (G (w, ur, ) + 2 (0(1) — OBy (w, ug, v)H)) /2.

172

Let F' = F((R}})1,r<¢) be an arbitrary continuous function of the overlaps on ¢
replicas. Let

(149) U=EF][] exp(Z logch Ger (6 (w,ur, ) + Y _ Gox(6(w, uy, -))).

I<q i<n k<r
Then the condition

(1.50) EF =EWU/VY)
for all ¢, n,r and all continuous bounded functions F defines the family M. .
Equation (1.50) is obviously implied by (1.41) which contains the case of poly-
nomial F simply by making sure that C12 = Cy, s0 Mipy € M/ . Then one can
add
(1.51) lim Fy= inf P(w)

N—oo e M{nv
to the statement of Theorem 4. This together with Theorem 5 shows that in the
Sherrington—Kirkpatrick model the role of the order parameter is played by the
joint distribution of overlaps rather than the joint distribution of all multi-overlaps
or the generic functional order parameter o,. This gives an idea about how close
this point of view takes us to the Parisi ansatz [24] where the order parameter is
the distribution of one overlap. Since we can always ensure that the Ghirlanda—
Guerra identities [13] hold by adding a mixed p-spin perturbation term [see (1.52)
below], the remaining gap is the ultrametricity of the overlaps, since it is well
known that the Ghirlanda—Guerra identities and ultrametricity determine the joint
distribution of overlaps from the distribution of one overlap; see, for example, [6]
or [8]. If one can generalize the results in [19] and [29] to show that the Ghirlanda—
Guerra identities always imply ultrametricity, (1.43) would coincide with the Parisi
formula proved in [27].
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The Ghirlanda—Guerra identities and stochastic stability. Let us mention that
the Ghirlanda—Guerra identities and stochastic stability can also be expressed in
terms of the generic functional order parameter 6. We will use a version of both
properties in the formulation proved in [29]. Let us now consider a different per-
turbation term

(1.52) HY(6)=08nY_ Bn.pHy ,(0),
p=1
where
1
(1.53) —Hy ,(0) = <07 Do 8,00,
1<if,eip<N

are independent copies of (1.31). When 6 — 0 this perturbation term is of smaller
order than (1.30) and does not affect the limit of the free energy. However, the ar-
guments in the proof of the Ghirlanda—Guerra identities and stochastic stability
in [29] require that 6 does not go to zero too fast; for example, the choice of
8y = N~1/16 works. Then, Theorem 2.5 in [29] states that one can choose a se-
quence By = (Bn,p) such that [By ,| <277 for all N and such that the following
properties hold. First of all, if (-) is the Gibbs average corresponding to the sum

(1.54) —H}(0)=—Hy(d) — Hy(o)

of the Hamiltonians (1.30) and (1.52), and F is a continuous function of finitely
many multi—overlaps (1.5) on replicas o', ..., 0", then the Ghirlanda—Guerra
identities

. 1 1 &
(1.55) ngnoo E(FRY 1) — ;E(F)E(sz) - ZE(FR{’J) =0
=2

hold for all p > 1. Now, for p > 1, let G ,(0') be a Gaussian process on Xy with

covariance

(1.56) EG,(c")Gp(a?) =R!,,

and for ¢ > 0 let (-); denote the Gibbs average corresponding to the Hamiltonian
—Hy (6)=—Hy(0) —1G (0).

Then, in addition to (1.55), the following stochastic stability property holds for any

t>0:

(1.57) lim |E(F); —E(F)| =0.

N—o00
This property was also proved in [4] without perturbation (1.52) under the condi-
tion of differentiability of the limiting free energy. Let u be the joint distribution
of spins (1.2) corresponding to the Hamiltonian Hy (o) and M be the set of all
limits of (un). Then both (1.55) and (1.57) can be expressed in the limit in terms
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of 0 =0, forany u € M as follows. First of all, (1.55) becomes the exact equality
in the limit by comment above (1.6),

1 1<
(1.58) EF (RS, ) = —EFE(RS)? + = > EF(RY)”.
, n , n ,
=2
Stochastic stability (1.57) can be expressed as follows. For w € [0, 1], let
gp(o(w, u, -)) be a Gaussian process indexed by u € [0, 1] with covariance

(1.59) Cov(gp(a(w,u,-)), gpo(w, u', ) = Eyo (w, u, v)o(w,u’, v)?
and, as in (1.37), let

(1.60) GG (w,u,-) =g,@w,u,-) +z(1 — B3 (w,u, v)?)?)"/>.
Then (1.57) implies the following analog of Theorem 3.

THEOREM 6. Forany u € M and 6 = o0, we have for all p>1andt > 0,

/ ~ HIEC]E/HiECZ 6i exptGp(6(w,u,-))
(1.61) EJ]E []oi=E oo i@ o )

I<qg ieC

The proof that (1.57) implies (1.61) will not be detailed since it follows exactly
the same argument as the proof of Theorem 3 (we will point this out at the ap-
propriate step in Section 3.4). Note that (1.61) is more general than (1.45), which
shows that the invariance of Theorem 3 is related to the stochastic stability (1.57).
It is interesting to note, however, that the size of the perturbation (1.34) that ensures
the invariance in (1.41) was of arbitrarily smaller order than the original Hamilto-
nian (1.30) since ¢y could grow arbitrarily slowly while perturbation (1.52) must
be large enough since §y cannot go to zero too fast. Moreover, the form of the
perturbation (1.34) plays a crucial role in the proof of the self-consistency part
(1.46) of equations (1.41) which will allow us to give an explicit construction of
the functional order parameter ¢ below under the Parisi ultrametricity hypothe-
sis. The special case of the stochastic stability (1.61) for the overlaps [rather than
multi-overlaps as in (1.61)] was the starting point of the main result in [3] under
certain additional assumptions on &

Let us make one more comment about the Ghirlanda—Guerra identities (1.58)
from the point of view of the generic functional order parameter ¢ . Equation (1.55)
always arises as a simple consequence of the following concentration statement
either for the perturbation Hamiltonian (1.53) (see [29]),

H! H!

(1.62) lim E<‘ N”’—E< N’P>>=o
N—o0 N N

=

or for the Hamiltonian in (1.31),

H H
(1.63) lim IE<’ ]I:,’p—E< N*">

N—oo N
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which was proved in [21] for any p such that B, # 0 in (1.30) (the case of
p = 1 was first proved in [9]). One can similarly encode the limiting Ghirlanda—
Guerra identities (1.58) as a concentration statement for the Gaussian process
Gp(o(w,u,-)) in (1.60) as follows.

THEOREM 7. Assuming (1.61), the following are equivalent:

(1) the Ghirlanda—Guerra identities (1.58) hold,
(2) forall p>1,

IEG,,(&(w, u, ) exptG (G (w,u,-))
E'exptGp(o(w,u,-))

B (Ecp(a(w,u, ) exptG (& (w, u, -)))2
E'exptGp(o(w,u,-))

(1.64)

is uniformly bounded for all t > 0, in which case it is equal to 1.

The result will follow from a simple application of the Gaussian integration by
parts and the main reason behind this equivalence will be very similar to the proof
of the Ghirlanda—Guerra identities for Poisson—Dirichlet cascades in [30].

1.3. Connections to the Parisi ansatz. We will now discuss how the functional
order parameter o (w, u, v) fits into the picture of the “generic ultrametric Parisi
ansatz” expected to hold in the Sherrington—Kirkpatrick and diluted models and
believed to represent some kind of general principle in other models as well. We
will begin with the case of the Sherrington—Kirkpatrick model where the joint
distribution of the overlap array (1.7) under the Parisi ultrametricity conjecture is
well understood, and we will use it to give an explicit construction of o (w, u, v).
This will serve as an illustration of a more general case that will appear in the
diluted models.

Farisi ansatz in the Sherrington—Kirkpatrick model. Let us go back to the self-
consistency equations (1.46) and show that they can be used to give an explicit for-
mula for the function &, or the distribution of spins, under the Parisi ultrametricity
hypothesis and the Ghirlanda—Guerra identities. In this section we will assume that
the reader is familiar with the Ruelle probability cascades [25] and refer to exten-
sive literature on the subject for details. Equation (1.7) defines some realization
of the directing measure of the overlap array in the following sense. If we think
of o (w, u, -) as a function in H = Ez([O, 1], dv), then the image of the Lebesgue
measure on [0, 1] by the map u — o (w, u, -) defines a random probability mea-
sure 71, on H. Equation (1.7) states that the overlaps can be generated by scalar
products in H of an i.i.d. sequence from this random measure. Any such mea-
sure 1, defined on an arbitrary Hilbert space is called the directing measure of
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the overlap array (R[},). It is defined uniquely up to a random isometry; see, for
example, Lemma 4 in [20], or in the case of discrete overlap the end of the proof of
Theorem 4 in [19]. By Theorem 2 in [19], the Ghirlanda—Guerra identities imply
that

(1.65) E,o(w,u,v)> =qg*  as.,

where g* is the largest point in the support of the distribution of RT3, and, there-
fore, equation (1.46) can be slightly simplified by getting rid of the last term
in (1.37),

E[]E [] 3
I<q ieC
_ EHzgq E'Tliec, thge i (0 (w, u, ) [Ti<,chge i (G (w, u, )
(E Tli<nchge i (6 (w, u, )4 '
The key observation now is that the right-hand side of (1.66) does not depend on
the particular realization of the directing measure since the Gaussian process g’ is
defined by its covariance function (1.35) which depends only on the £2([0, 1], dv)
structure of the family o (w, u, -). Let us first interpret the right-hand side of (1.66)
when the overlap distribution is discrete,

(1.67) P(RTS = qi) = myy1 —my

(1.66)

forsome 0<q<qr<---<gr=q*<landO0=m| <--- <mg <mpy;=1.In
this case it is well known that one directing measure of the overlaps is given by the
Ruelle probability cascades, of course, assuming the Ghirlanda—Guerra identities
and ultrametricity (see, e.g., [3, 19, 29] or [30]) and, therefore, (g¢' ;) are the usual
Gaussian fields associated with the cascades. The Ruelle probability cascades is
a discrete random measure with Poisson—Dirichlet weights (w,) customarily in-
dexed by « € N*, where k is the number of atoms in (1.67), so that the Gaussian
fields are also indexed by o, (g¢,; («)). By definition of the directing measure 7,,,
the expectation E in u plays the role of averaging with respect to these weights,
so that the right-hand side of (1.66) can be rewritten as

[li<g 20 wa [licc, thge i(e) [1i<, chge i(c)
(X g wa [li<nchge i(@))? '

This in its turn can be rewritten using well-known properties of the Ruelle proba-
bility cascades, in particular, Lemma 1.2 in [23] which is a recursive application
of Proposition A.2 in [7]. If we denote

;  Wa Hifn Chgé/,i(a)
* Za Wy Hifn Chgé/,i(a)’

(1.68) E

w

then the point processes

(1.69) (Wl (857,1(@))i znarerse = (War, (85 1())i<n)genk
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have the same distribution, where (g i (a)) is arandom field (no longer Gaussian)
associated with the Ruelle probability cascades defined from the Gaussian field
(ge,i(a)) by an explicit change of density; see equation (7) in [23]. Therefore,
(1.66) can be rewritten as

(1.70) E[[E []ai=E[]D_wa []thet (@),
I<q ieCy I<q @ ieC

which can now be interpreted as the explicit construction of o (w, u, v). The first
coordinate w corresponds to generating the weights (wy ), <« Of the Ruelle prob-
ability cascade with the parameters 0 =m; < --- < my < 1, the second coordinate
u plays the role of sampling an index o according to the weights (wy) and the
last coordinate v corresponds to generating the random field (gé/(oz)), so that the
directing measure 17,, carries weight wy, at the point th gé, (o) in £2([0, 1], dv). An-
other way to write this is to consider a partition (Cy) ek Of [0, 1] into intervals of
length |Cy| = w,, and let

(1.71) G(w,u,v)= Y I(ueCy)thg(a),

aeNFk
where we keep the dependence of (Cy) on w and (gé,(ot)) on v implicit. In par-

ticular, (1.70) implies that the limiting distribution of the Gibbs averages (o;) of
finitely many spins 1 <i < n coincides with the distribution of

(1.72) Zwa thgé/’i(a) forl <i <n.
o

This can be thought of as the generalization of the high temperature result (The-
orem 2.4.12 in [26]) under the assumption of the Parisi ultrametricity. It will be
clear from the proof of Theorem 3 that the right-hand side of (1.66) is continuous
with respect to the distribution of the overlap array (1.7) and, on the other hand,
it is well known that ultrametricity allows one to approximate any overlap array
by a discretized overlap array satisfying (1.67) uniformly while preserving ultra-
metricity and the Ghirlanda—Guerra identities. Therefore, one can think of the case
of an arbitrary distribution of the overlap simply as the limiting case of the above
construction for discrete overlaps.

Parisi ansatz in the diluted models. 'To make a transition to the case of diluted
models let us look more closely at equation (1.71). Original Gaussian field (gg (a))

indexed by o = («q, ..., o) € NF associated to the Ruelle probability cascades is
of the form [3]

ge'(@) = ger(ay) + ger(ay, a0) + -+ + ger (@, ... k),

where random variables gg/(aq, ..., ;) are Gaussian with variances £'(g;) —
&’(gqi—1) independent for different 1 </ < k and different («y, ..., a;). The field
(gé/ (ar)) on the right-hand side of (1.69) is again of the form

ger(@) = gp(an) + gplan, @) 4 -+ gpla, .., k),
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and for each [ < k the sequence (gé,(oq, ., 0))g>1 18 1.i.d. from distribution
defined by the explicit change of density (equation (7) in [23]) which depends on
gé/(al), s gé/(al, ...,a;_1), and these sequences are independent for different
(a1, ...,04—1) conditionally on the sequences (gé,(oq)), e, (gé,(otl, ce,01-1)).
This means that one can generate the process (gé/(oz)) recursively as follows. Let
v(aq, ..., q;) be random variables uniform on [0, 1] independent for different 1 <
| <k and different («q, ..., a;). Then for 1 </ <k we can define

(173)  gelen,..on) = Qulger (@), ..., gz, ... ou—1), v(@, ..., &),

where Q; as a function of the last variable is the quantile transform of the distribu-
tion defined by the aforementioned change of density. Combining all the steps of
the recursion we get

(1.74) gé/((x): OWw(ay),...,v(ag,..., o))

for some specific function Q. Equation (1.71) becomes

(1.75) o(w,u,v)= Z I(ueCy)e((ar),...,v(ag, ..., ),

aeNK

where ¢ = tho(Q, and again, as in (1.71), we keep the dependence of (C,) on
w and (v(ag,...,®;)) on v implicit. Let us emphasize that the change of density
that defines Q; in (1.73) and, therefore, the functions Q, ¢ and o are completely
determined by the parameters of the distribution of one overlap in (1.67) which is
the functional order parameter of the Parisi ansatz in the Sherrington—Kirkpatrick
model. What seems to be the main (and only) difference in the Parisi ansatz for
diluted models is that this function ¢ is allowed to be an arbitrary (—1, 1) valued
function, which we will now explain.

The Parisi functional order parameter in the diluted models appears in the de-
scription of the free energy, and one can make the connection to the generic func-
tional order parameter o by comparing the Parisi formula for the free energy to
the representation (1.23), (1.24). For example, in the notation of [22] where the
order parameter was encoded by the Ruelle probability cascade weights (wy) and
associated random field (x(«)) for « € N¥, it is easy to see that in order for (1.23)
to match the Parisi formula in [22], 6 should be defined exactly as in (1.71),

(1.76) G(w,u,v)= Y I(u€Cy)thx(a).
aeNk

The only difference from (1.71) is how the random field (x(«)) is generated com-
pared to (gé,(a)), and once we recall how (x(«)) is generated according to the
Parisi ansatz, we will realize that one can write exactly the same representation
as (1.74),

(L.77) x(a) =0Ww(exy),...,v(axy, ..., 0r)),
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only now Q is allowed to be arbitrary. The field (x («)) is customarily generated as
follows. Let Py be the set of probability measures on R, and by induction on/ < k
we define Py | as the set of probability measures on P;. Let us fix n € P (the basic
parameter) and define a random sequence (1(«1), ..., n(oe1, ..., 0k—1), X (1, ...,
ay)) as follows. Given 7, the sequence (1(c1))q,>1 of elements of Py_q is i.i.d.
from distribution 5. For 1 </ <k — 1, given all the elements n(«a7q, ..., o) for all
values of the integers o1, ..., a5 and all s <[ —1, the sequence (n(ay, ..., ®))q>1
of elements of Py_; is i.i.d. from distribution n(oy,...,0—1), and these se-
quences are independent of each other for different values of («y,...,o;—1). Fi-
nally, given all the elements n(«1, ..., ) for all values of the integers oy, ..., o
and all s <k — 1 the sequence (x(a,...,ak))q>1 is i.1.d. on R with distribu-
tion n(oq, ..., ax—1) and these sequences are independent for different values of
(a1, ..., ar—1). The process of generating x’s can be represented schematically as

(1.78) n—nl) = ---—=>nlg,...,06—1) > x(@1,...,0).

Now, as above, let v(«q, ..., ®;) be random variables uniform on [0, 1] indepen-
dent for different 1 <[ < k and different («q, ..., o). First, random variables
(n(a1))q,>1 are i.i.d. from probability measure n on P;_; and, therefore, can be
generated as

(1.79) n(ar) = Qk—1(v(ay))

for some function Qg_1:[0, 1] — Px_j. Next, random variables (n(a1, ®2))a,>1
are i.i.d. from probability measure n(c1) on Pr_> and, therefore, can be generated
as

n(ar, a2) = Or_a(n(ar), v(ay, az))

for some function Qk_z(n(oel), -):[0, 1] = Px_2. Combining with (1.79), we can
write

(1.80) n(ay, az) = Qr—2(v(ay), v(ag, a2))

for some function Qx_»: [0, 11> — Px_>. We can continue this construction recur-
sively and at the end we will get

(1.81) x(otq, ..., o) = 0Ww(ay),...,vlay, ..., o))

for some function Q: [0, 11¥ — R, which is exactly (1.77). This representation
gives some choice of Q for a given n € P, but any choice of Q corresponds to
some 7, which is obvious by reverse induction and identifying a function of uni-
form r.v. on [0, 1] with the distribution on its image.

To summarize, the Parisi ansatz can be expressed in terms of ¢ by saying that
equation (1.75) must hold for some choice of (—1, 1) valued function ¢. Of course,
in general this statement should be understood in the limiting sense when the num-
ber (k — 1) of replica-symmetry breaking steps goes to infinity. Precise statement
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should be that in the diluted models any limiting distribution u € M of the ar-
ray (1.3) over a subsequence of (uy) can be approximated by the distribution of
the array generated by o (w, u, v) as in (1.75) for large enough k, some function
o0, 1k - (—1,1) and some parameters 0 =m| < --- < my < 1 of the distribu-
tion of weights (wy) in the Ruelle probability cascades.

This formulation clarifies another statement of the physicists, namely, that
multi-overlap R{° , in (1.6) is the function of the overlaps Rlofl’/ in (1.7) for

.....

1 <1 <!’ <n. According to (1.75) the choice of uy, ..., u, corresponds to the
choice of indices !, ..., a" € N¥ so that
1°°n = E(p(v(all), e v(all, e, 04,1)) cepal), ..oy, L ap)).

On the other hand, if we denote &' A &? = min{i ZOlil #+ oziz} and o' N2 =k +1
if ! = 2, then the overlap takes finitely many values

RS =Ep(v()), ..., v(af,....,a))p(@]), ..., v(at, ..., o0)
= 4ol na?

for some 0 < g1 < --- < gr4+1 < 1. This means that the values of the overlaps
(Rloj,) determine (o A oel/) for 1 <1 <!’ <n.ltis also clear that the multi-overlap

@ Al = (BPDO A ,BP(I/)) for some permutation p the set {1, ..., n}. In this sense,
given representation (1.75), the overlaps indeed determine the value of the multi-
overlap. At the moment we have no idea how (1.75) can be proved, but it is helpful
to have a point of view that formulates precisely the predictions of the Parisi ansatz.

While many technical details will be quite different, the main line of the ar-
guments in the setting of the Sherrington—Kirkpatrick model in Section 3 will be
parallel to the arguments in Section 2 for diluted models. A reader only interested
in the Sherrington—Kirkpatrick model should read Lemma 2 before skipping to
Section 3.

2. Diluted models.

2.1. Properties of convergence. Let us first record a simple consequence of
the fact that the distribution of the array in (1.3) is the limit of the distribution of
spins (ail) under the annealed product Gibbs measure. As usual, (-) will denote the
expectation with respect to the random Gibbs measure. Also, recall the definition
of E’ before Theorem 1.

LEMMA 1. Let hy,...,hy:{—1,4+1}" — [—K, K] be some bounded func-
tions of n spins, and let h be a continuous function on [—K, K]". Let ¢ =
(0i)1<i<n,and let s = (sil)lfifn defined in (1.3) for some u € M. If uy converges
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to w over subsequence (Ny), then

2.1 Nli_r)noth((hl(a)), oo (B (@) = ER(E R (s), ..., Ehy(s)).

PROOF. Since it is enough to prove this for polynomials /& and since each A; is
a polynomial in its coordinates, this statement is simply a convergence of moments

lim B([To/)=E]]s/,

Nj—o00

where the product is over a finite subset of indices (i,/). [J

We will often use this lemma for random functions #, (4;) independent of all
other randomness, simply by applying (2.1) conditionally on the randomness of
these functions. Justifications of convergence will always be omitted because of
their triviality.

Another simple property of convergence of spin distributions under the annealed
Gibbs measure in diluted models is that adding or removing a finite number of
terms to the Poisson number of terms w(a¢N) or w(cy) in (1.14) does not affect
the limit of these distribution over any subsequence for which the limit exists. Let
(Ni)k>1 be any such subsequence, and let n, m be fixed integers. In fact, it will be
clear from the proof that one can let n, m grow with Ng, but we will not need this.
Let H}, be defined exactly as (1.14) only with 7w (@ N) + n terms instead of 7 («N)
in the first sum and 7 (cy) + m instead of m(cy) in the perturbation term, and let
(-)" denote the corresponding Gibbs measure.

LEMMA 2. For any bounded function h of finitely many spins in array (ail)
we have

(2.2) Jim [E¢h)’ —E(h)| =0.

PROOF. For certainty, let us assume that n,m > 0 and |h| < 1. If we denote
by (-);,j the Gibbs average conditionally on 7(a¢N) =i and 7 (cy) = j, then

E(h)= Y w(@N,i)m(cn, )E(h)i;,
i,j>0

where from now on 7 (A, k) = )»ke_k/k! and

E(h)' = Y w(@N,i)w(en, DEh)itn, j+m
i,j>0

= Z a(aN,i —n)m(cy, j —m)E(h); ;.

izn,j=m
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Therefore,
|E(h) —E(h)| <Y w(@N,i)+ Y w(cn, j)
i<n j<m
+ Z |m(@N,i —n)rw(cy, j—m)—n(aN,i)m(cy, j)

i>n,j>m

<Y w@N,i)+ Y mlen, )+ D Im@N,i—n)—m(@N,i)

i<n j<m i>n
+ > lm(en. j—m)—m(en, .
jzm

The first two sums obviously go to zero. One can see that the third sum goes to zero
as follows. Poisson distribution with mean o N is concentrated inside the range

(2.3) oaN —,/NlogN <i <aN+,/NlogN.

If we write
2.4) |m(@N,i —n) —mw(aN,i)|=n(aN,i)|l — T i!n)‘(aN)_” ,
then it remains to note that

il (aN)_n:i(i—l)---(i—n—i-]) o

(i —n)! (aN)"*

uniformly inside the range (2.3). Similarly, the last sum goes to zero which finishes
the proof. [J

REMARK. Lemma 2 implies that (2.2) holds even if n is a random variable.
We will use this observation in the case when H), is defined exactly as (1.14) only
with (¢ N + n) terms instead of 7 (V). In fact, in this case one can write

E(h)' = " w(@N +n,i)w(en, DEMR j4m
i,j>0

and instead of (2.4) use

n \i
|[m(@N +n,i) —w(aN,i)|=n(aN,i)|l — (1 + —> e "
aN
and notice that again the last factor goes to zero uniformly over range (2.3). Sim-
ilarly, one can have 7 (cy + n) instead of 7 (cy) terms in the perturbation Hamil-
tonian without affecting convergence.

Due to the perturbation term (1.13) the following important property of conver-
gence holds.
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LEMMA 3. If uy converges to u over subsequence (Ny) then it also converges
to | over subsequence (Ny + n) for anyn > 1.

PROOF. We will show that the joint moments of spins converge to the same
limit over subsequences that differ by a finite shift n. Let h = [];<, h; where
hj= ]_[iecj al.j over some finite sets of spin coordinates C;. Let us denote by (-) v
the Gibbs average with respect to the Hamiltonian (1.14) defined on N coordinates.

‘We will show that
lim |E(h) yyn — E(h)n|=0.
N—o0

Let us rewrite E(h)y4, by treating the last n coordinates as cavity coordinates.
Let us separate the 7w (c(N + n)) terms in the first sum

(2.5) > 0(Oign - 0i)
k<m(x(N+n))

of the Hamiltonian Hy (o) in (1.14) into several groups:

(1) terms for k such that all indices i1k, ...,ipx < N;
Forl <l <n:
(21) terms with exactly one of indices iy g, ..., ip x equal to N 4/ and all oth-
ers < N,
(3) terms with at least two of indices iy g, ...,ipx = N.

The probabilities that a term is of these three type are

N P 1 N p-1
—_— ) ’ 1 Z :
p1 (N—I—n) P21 pN—f—n(N—f—n) p3 P P2

I<n

Therefore, the number of terms in these groups are independent Poisson random
variables with means

a(N+n)pr=a(N+n—np)+ O(N_l),
a(N +n)pry=ap+ON),
a(N +n)p3= 0N,

We can redefine the number of terms in each group to be exactly of means «(N +
n —np), ap and 0 since asymptotically it does not affect E() vy, as in Lemma 2
or using assumption (1.12). Thus, if we write 0 = (p, €) € X4, for the first N
coordinates p = (p1, ..., py) and the last n cavity coordinates &€ = (g1, ..., &),
then (2.5) can be replaced with

Z Qk(pl.]’ks~~~7pl.p$k)

k<m(a(N+n—np))

+Z Z ek,l(‘glapilvk’l’""pip—l,k,l)’

I<n k<m(ap)

(2.6)
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where indices iy g, ...,ipx and i1k, ..., ip—1 4k, are all uniformly distributed on
{1,..., N}. Let us now consider the perturbation term in (1.14)

2.7) Z log Av, exp Z ék,l(s, Ojipss s ij—l,k,l)’
I<m(cN+n) k<7 (ap)
where ji k. ..., jp—1,k, are uniformly distributed on {1,..., N + n}. Here, we

used independent copies 7; and ékJ since m; and 6 ; were already used in (2.6).
The expected number of all such indices in (2.7) that belong to {N +1,..., N +n}
is cyynap(p — 1)n/(N + n) — 0 which means that with high probability all in-
dices belong to {1,..., N}. As a result, asymptotically E(h)y+, will not be af-
fected if we replace the perturbation term (2.7) with

(2.8) Y logAveexp Y Oki(&, pjisse e Pipiis):
I<m(cN+n) k<w;(ap)

where ji k. ..., jp—1,k, are uniformly distributed on {1,..., N}. Thus, we can
assume from now on that E(h)x, is computed with respect to the Hamiltonian
which is the sum of (2.6) and (2.8). If (-), denotes the Gibbs average on Xy with
respect to the Hamiltonian

—Hy(p) = > Ok iy s - -+ Pip )
k<m(a(N+n—np))

+ Z log Av, exp Z Ok (&, Py i+ pjp—l.k,l)’

I<m(cN4n) k<7t (ap)

then each factor in
xsn =TT =TI{TT ) =TI(TT o)

j<q Jj<q'ieC; Ntn  i<q ieC; N+n
can be written as
(HiECj Pi AVS €Xp Zlgn Zkgm(o(p) 0](,[(81, Pitggs--+>s /Oir,,,lyk,]));\[

(AVe €XP D1 <p D k<my(ap) Okl (€1 Piy gy - -+ pip—l,k,l)>/]\7

{11,

ieCj

(hj)N+n =

where (-); is the Gibbs average on Xy corresponding to the Hamiltonian

;\;(p) = —H,/V(p) + ZlogAvs exp Z Ok.1(&, Piy 1y ...,,oip_lik’,).

I<n k<m;(ap)

But this Hamiltonian differs from the original Hamiltonian (1.14) only in that the
first sum has 7w («(N +n —np)) terms instead of w (¢ N), and the perturbation term
has 7 (cy4n) + n terms instead of m(cy). Therefore, appealing to Lemma 2 and
remark after it shows that [E(h)7, is asymptotically equivalent to E(h)y and this
finishes the proof. [l
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2.2. Lower bound.
LEMMA 4. There exists i € M such that limy_, oo Fy > P(u).

PROOF. We will obtain the lower bound using the well-known fact that

ZN+1
ZN '

Suppose that this lower limit is achieved over subsequence (Ny), and let u € M
be a limit of () over some subsubsequence of (N). Let o = o0,. The consider-
ations will be very similar to the proof of Lemma 3. Let us consider Elog Zy 41,
and let us start by separating the 7 («¢(N + 1)) terms in the first sum in the Hamil-
tonian Hy41 in (1.14) into three groups: (1) terms for k£ such that all indices
i1,ks+-->ipk < N; (2) terms with exactly one of indices iy, ...,y equal to
N + 1; (3) terms with at least two of indices iy, ...,ipx equal to N + 1. The
probabilities that a term is of these three types are

N \” 1 N \?~!
= | — s = —_— | — . =1— —
P1 <N+1> P2 pN+1<N+1> P3 pP1L— D2

correspondingly. Therefore, the number of terms in these three groups are inde-
pendent Poisson random variables with means

a(N+Dpi=a(N—p+1)+ 0N,
a(N+Dpr=ap+ ONTY,
a(N+1)p3=0(Nh.

(29)  lim Fy >liminf((N + 1)Fy41 — NFy) =liminfElog
N—oo N—oo N—o00

For simplicity of notation, let us pretend that the number of terms in each group
is exactly of means (N — p), ap and O since it will be clear from considerations
below that asymptotically it does not affect the limit in (2.9). If we write o0 =
(p,e) € Znyy for p € vy and ¢ € {—1, +1}, then we can write the first term in
Hy+1(0) as

(2.10) Z Ok (Piy gs -+ -5 Pip) + Z ék(e’lojl.k""’pjp—l,k)’
k<m(a(N—p+1)) k<m(ap)

where indices ij,...,ipx and jik,..., jp—1,k are uniformly distributed on
{1,..., N}. Similarly, we could split the 7 (cy 1) terms in the perturbation Hamil-
tonian (1.13) into indices ! for which all iy x,...,ip—14; < N and indices [
for which at least one of these indices equals N + 1. However, as in the proof
of Lemma 3, since with high probability all these indices will be < N and
lcn+1 — cn| — 0, we can simply replace the perturbation term with

2.11) Y logAveexp Y Oki( Py - er Piporss)s

I=m(cen) k<m(ap)
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where i1k, ...,ip—1k, are uniformly distributed on {1,..., N}. Let (-} be the
Gibbs average on Xy corresponding to the Hamiltonian
—Hy(p) = S ki Piy)

k=m(a(N—p+1)

+ Z log Av, exp Z Qk,l(g’loil,k.l’""Ioipfl,k.l)

I<m(cn) k<m(ap)

and Z); be the corresponding partition function. Then

ZN+1 A '
(2.12)  Elog— =Elog< dlexp D Ok(e Py pjplfk)> .
N e==1 k<m(ap)
Conditionally on 7 (ap) and (ék) and on the event that all indices ji x, ..., jp—1.k

are different, Lemmas 1 and 2 imply that (2.12) converges to
ElogE Z exp Z ék(s,sl,k,...,sp,lvk).
e==1 k<m(ap)

For large N, indices jik, ..., jp—1, will all be different for all k¥ < 7 (ap) with
high probability and, therefore, this convergence holds unconditionally. Similarly,
one can analyze Elog(Zy/Z),). Let us split the first sum in the definition of
—Hpy(p) in (1.14) into two sums

Z Ok (iy g -+ -5 Pipy) + Z ék(pjl,k,---,pjp,k),

k<m(a(N—p+1)) k<m(a(p-1))
where indices iy k,...,ipx and ji g, ..., jp i are uniformly distributed on {1, ...,
N}. Therefore,
ZN A !
(2.13) Elog —~ = Elog{exp Y kP p))) -
N k<m(a(p—1))

Again Lemmas 1 and 2 imply that this converges to

ElogE exp Z ék(slyk,...,sp,k),
k<m(a(p-1))

and this finishes the proof of the lower bound. [J

If we knew that u € M is the unique limit of the sequence (uy), this
would finish the proof of the first half of Theorem 2, since limy_. o Fy =
limy_ o0 Elog Zy+1/Zn when the limit on the right exists. However, the proof
of the general case and the second half of Theorem 2 will require more work.
Before we move to the upper bound, let us record one more consequence of the
argument in Lemma 4. For n > 1, let us define

1 1
(2.14)  Pu(n) =log2 + —ElogE' Av, expz Ai(g;)) — —ElogFE expz B;.
n n

i<n i<n
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The following holds.
LEMMA 5. Forall p e M, P,(n) =P(w) foralln > 1.

PROOF. We will only give a brief sketch since this will be proved for all u €
Mipy in Lemma 7 below. What we showed in the proof of Lemma 4 is that if uy
converges to w over subsequence (Ng), then Elog Zy1/Zy converges to P(u)
over the same subsequence. Similarly, one can show that, given n > 1, over the
same subsequence

1
;(IE log Zy1n —Elog Zy) — Pu(i).

The only difference is that we split the terms in the Hamiltonian Hy 4, (o) into
groups as in Lemma 3, that is, instead of group (2) we will have n groups each
consisting of the terms with exactly one of the indices i, ...,ip x equal to N +1
for/ =1, ..., n. On the other hand, if we write

n

1 1
;(Elog Znin —ElogZy) = - Y (Elog Zy+ —Elog Zy1i-1),
=1

then repeating the proof of Lemma 4 one can show that for each term on the right-
hand side

z
lim Elog —+

=P,
Ng—00 ZNp+1-1

where instead of uy, — p one has to use that wuy, -1 — @ which holds by
Lemma 3. This finishes the proof. [l

2.3. Upper bound and free energy. Since the perturbation term in (1.14) does
not affect the limit of free energy, we will now ignore it and consider free energy
Fx defined for the original unperturbed Hamiltonian (1.8). Recall A;(¢) and B;
defined in (1.17) and (1.18).

LEMMA 6. For any function o : [0, 11* = {—1, +1} we have

(2.15) FN<1og2+iIE10gE’Av epoA-(a)—iElogE/epoB-
. a N ’ i<N o N i<N ;

REMARK. In general, this upper bound does not decouple and depends on N
since all s; x; and $; ¢ ; defined in (1.15) and (1.16) depend on the same variable
u in the second coordinate. We will see that the proof of the upper bound (2.15)
does not to work if one tries to replace u by independent copies u; in the definition
of A;(¢e) and B;. For 0 =0, for © € M, Lemma 5 implies that this upper bound
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does not depend on N and, thus, Fy < P(u). Together with the lower bound of
Lemma 4 this proves that
lim Fy = inf .
ym Fy= inf PG

To prove the second part of Theorem 2, we will show in Lemma 7 below that the
invariance properties in (1.22) imply that P, () = P(u) for u € Miyy as well
which will finish the proof of Theorem 2.

PROOF OF LEMMA 6. A proof by interpolation is a slight modification of the
proof in [22]. For t € [0, 1], let us define similarly to (1.17) and (1.18)

(2.16) Ale)= Y. Oki(eSik1 .o Sikp—1)

k<m;((1—1) per)
and
2.17) Bi= > GGkt Sikp)-

k=<mi(t(p—Da)
Consider an interpolating Hamiltonian
(2.18) —Hyi(@)= Y 60, ....00, )+ > Allc)+ > B}

k<m(taN) i<N i<N
and let
1
¢() = ElogE" ) exp(—Hy.1(0)).
O‘EZN
Since, clearly,
1
)=F —ElogE B;
(1) = Fy + ElogE'exp ) B;
i<N
and
1
¢(0) =log2 + —ElogE Av, exp Z A (&),
N i<N
it remains to prove that ¢’(¢) < 0. Let us consider the partition function
Z= Y exp(—Hy.(0))
O'GEN

and define
Zm = Zlz(taN)=m> Zt = Zln—npoy=m ad  ZP, = Zlg4(p-Dar=m-
If we denote the Poisson p.f. as m (A, k) = ()\k/k!)e_’\, then
ElogE'Z =Y n(taN,m)ElogE'Z,

m>0
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and, forany i < N,
ElogE'Z =" n((1 —t)pe, m)ElogE'Z},

m=>0

and

ElogE'Z =) n(t(p — Do, m)ElogE'Z?,

m>0

Therefore, we can write

o (taN, 1
M_El oE'Z,

/
AOEDY
=0 ot
am((1 — t)pa m) 1 JA
—ElogE' Z!
ApIpD ElogE'Z]),
i<Nm>0
om (¢ 1 1
n Z Z m( (P )Ol m)—El E/Zil,gm
i<Nm>0
=« Z(Tr(taN,m —DIm=>1)—n(@aN,m))ElogE'Z,
m=>0
—pa—zz 7((1=1)pa,m—1)I(m > 1)
1<Nm>0

—((1 —t)pa, m))ElogE' 2

+(p—1)a— Y (w(t(p—Da,m—1)I(m=1)

l<N m=>0

(2.19)

—n(t(p— Da,m))ElogE'Z8

=« Z 7(taN,m)Elog(E'Z,,1+1/E Z)

m=>0

—pa— > > w((l =1 pa,m)Elog(® Z}, . /E Z},)

1<Nm>0

+(p— l)a— YN w(t(p— Da,m)Elog® 22, /E'ZE,)

1<Nm>0

104 Z E/ZA /ZB
=«aElog — pa— Z Elog ——— 7 Ly (p — DaElog ;l

IE/Z l<N
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where Z,1, Z IA 1 and Z fl contain one extra term in the Hamiltonian in the corre-
sponding Poisson sum. Namely,

Zii= Y expb(oi,,....0i,)exp(—Hy ;(0)),
oeEXN
Zl{?—‘,-l = Z CXPG(O’Z', S1s -5 sp—l)exp(_HN,l(a))a
UGZN
Z5 = > expb(si,....sp)exp(—Hy (o)),
O'GEN
where random function 6 and indices iy, ..., i, uniform on {1, ..., N} are inde-

pendent of the randomness of the Hamiltonian Hy ;. If, for a function f of o, u
and (x), we denote by ( f); the Gibbs average

(fli===E > fexp(—Hn.(0)),
EZ
oEXN
then (2.19) can be rewritten as
aElog(expf(o;,, ..., i, )t

1

(2.20) —pay > Elog(expf(oi,s1,...,5p-1))
i<N

+ (p — DaElog(exp0(s1, ..., 5p)):.
By assumptions (1.9) and (1.11) we can write

log(expG(ail,.. Gt,,))t —loga+10g(l+b<fl(all fp(atp )

=loga — Z (_n) (f1(0i) -+~ fp(oi,))}

n>1

[

Using replicas o', u; and (x'), we can write

Filon) - fo(or) ?=<Hf1<a,-ﬁ> oo >>

1<n
and thus
1
35 X A oo, =(TT Am).
i1yeensip<N j<p
where

1
Aj,n =Aj,n((71,...,0'n)=ﬁ Z Hfj(ail)'

i<Nl<n
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Denote by Eq the expectation in f1, ..., fp. Since fi,..., fp are i.i.d. and inde-
pendent of the randomness in (-);,

EO<HAJ}’!> <E01—[Ajn> = ,1 Vs
J=p J=p

where B, = [EoA; ,. Therefore, since we also assumed that b is independent of

Jio s S

1 (=b)"
(2.21) Eom_ Z log(exp8(ai,, ..., 07,)) =Egloga — > (BP),.
i1yenns ip<N n>1
A similar analysis applies to the second term in (2.20),
log(exp0(oi, s1, ..., Sp—1)):
(— b)”
=loga— ) fole) T] f,(s,)
n>1 j<p—1
=toga= 3 [T 46T TT 56)).
n>1 I<n I<nj<p-—1

where in the last equality we again used replicas ¢/, u; and (x!); for example,

compared to (1.15), sﬁ. is now defined by s§- =o(w,u,vj, xé). Thus,

1 b
NZlog(exp@(ai,sl,...,sp_1))t=10ga—z( n) < pn 11 T1£i65 >

i<N n>1 j<p—1li<n

[Note: It was crucial here that sﬁ- do not depend on i through independent copies
u; rather than the same u. It is tempting to define the interpolation (2.18) by using
independent u; for i < N since this would make the upper bound in (2.15) decou-
ple, but the proof would break down at this step.] In addition to fi, ..., f}, let Eg
also denote the expectation in (v;) and (xi-) in sé, but not in sequences (v), (x) in
the randomness of (-);. Then,

1
Eo— Z log(exp O (i, s1,...,5p—1))
N =

=Egloga — Z

n>1

222
(2.22) ("

(B, (C)P™ 1y,

where

Con=Cn(w,uy,...,un) =Eo [ fis5) =Eo [ fi(ow. us,vj. x}))

I<n I<n



1346 D. PANCHENKO

obviously does not depend on j. Finally, in an absolutely similar manner

(=b)"
(2.23) Eolog(exp8(s1,...,sp)) =Egloga — Z " ((C)HPYy.
n>1
Combining (2.21), (2.22) and (2.23) we see that (2.20) can be written as
E(-b)"
(2.24) —a ) ( ) BY — pB,CY™' + (p — D(C)P); <0
n>1

which holds true using condition (1.10) and the fact that x” — pxy?~! + (p —
1)y? > 0 for all x,y € R for even p > 2. This finishes the proof of the upper
bound. [J

Before proving the invariance properties of Theorem 1 let us finish the proof of
Theorem 2 by showing that for invariant measures M,y the upper bound decou-
ples.

LEMMA 7. Forall u € Miny, Po() =P(u) foralln > 1.
PROOF. If we recall A; defined in (1.26), then we can rewrite (2.14) as

(2.25)  Pu(p) =log2+ ElogE/ expY Aj— —ElogE/ exp Y _ B;.

i<n i<n

The result will follow if we show that for any n > 1,

E’ exXp Zifn—i—l Al

2.26 El | —ElogE exp A
(2.26) O T exp 3o Al 0gE exp An1
and

E ex . B;
(2.27) Elog ——% Zizntl L —ElogE exp By 1.

E'exp Y-, B

To prove this we will use the invariance properties (1.27) and (1.28). If in (1.28)
we choose r to be a Poisson r.v. with mean n(p — 1), then it becomes

(2.28) E 1_[ E 1_[ Hl<6] E HleCz Si €Xp Zz<n
[<q lECl (E/ exp Zl <n B )q

We will only show how (1.27) implies (2.26) since the proof that (2.28) implies
(2.27) is exactly the same. We only need to prove (2.26) conditionally on the Pois-
son r.v. 1,41 (pa) and functions (6 ,+1) in the definition of A, 41,

(229)  expAup1=AVeexp Y Ok(E Siatike - SpoLatlh),

k<mn41(pa)
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since we can control these functions uniformly with high probability using condi-
tion (1.12). Approximating the logarithm by polynomials, in order to prove (2.26),
it is enough to prove that

E(IE/ expAp+1€Xpdj<py Ai
K exXp Ziin A,

for all g > 1. Condition (1.9) implies that the right-hand side of (2.29) is a polyno-
mial of spins (s 41,) for k < m,1(pa) and j < p — 1, and, therefore, (2.30) is
obviously implied by (1.27) if we simply enumerate spins (s ,+1,x) as spins (s;)
for n 4+ 1 <i < m by choosing m large enough. Averaging over random 7,1 (pa)
and (6 n+1) proves (2.30) and finishes the proof. []

(2.30)

q
) — E(E exp Apy1)"

Let us note that, similarly, (1.28) implies

E/ CXp Zl§n+1 91 (§1,17 ER) §p,l)
E’exp Zifn 0 (S1.is---s §p,,’)

which obviously implies (1.25), that is,

Elog :ElogE/expél(fl,l,'--,fp,l)’

ElogE exp B = ElogE exp Z Ok (St ks - Sp k)
k<m((p—Da)

= (p— DaElogE exp0(si,...,sp).
2.4. Invariance and self-consistency equations.

PROOF OF THEOREM 1. Leth =[];<, h; where b =[] <, o]l.. Consider u €
M which is a limit of py over some subsequence (Ny). Using Lemma 3, the left-
hand side of (1.22) is the limit of (%) y1,, over subsequence (Ny). The right-hand
side of (1.22) will appear as a similar limit once we rewrite this joint moment of
spins using cavity coordinates and “borrowing” some terms in the Gibbs measure
from the Hamiltonian (1.14). The spins with coordinates i < n will play the role
of cavity coordinates. Let us separate the 7 (« (N + n)) terms in the first sum

(2.31) > 0(Oign - 0i)

k<m(x(N+n))

in (1.14) in the Hamiltonian Hy 4, into three groups:

(1) terms for k such that all indices i1k, ...,ipx > n;
Forl <j <n:
(2j) terms with exactly one of indices iy, ...,ipx equal to j and all oth-
ers > n;

(3) terms with at least two of indices i1k, ..., ipx < n.
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The probabilities that a term is of these three type are

N \” 1 N \7!
= , ;= _— ) :1— _ .
14 <N+n> P2, pN+n<N+n) P3 pL—>_ D2

I<n

Therefore, the number of terms in these groups are independent Poisson random
variables with means

oa(N+n)py=a(N +n—np)+ O(N_l),
a(N +n)prj=ap+ON,
a(N +n)ps=O(N").

We can redefine the number of terms in each group to be exactly of means (N +
n —np),ap and O since asymptotically it does not affect E(/)y,. Thus, if we
write 0 = (&, p) € Xy, for the first the first n cavity coordinates & = (e1, ..., &,)
and the last N coordinates p = (p1, ..., pn), then (2.31) can be replaced with

> Ok iy s - -+ Pip )

k<m(a(N+n—np))

+Z Z Qk’j(sj-,pil‘k,j,---,,Oi,,fl,k,j)’

j=nk=mj(ap)

(2.32)

where indices iy k,...,ipx and iy x j,...,ip—1k,; are all uniformly distributed on
{1,..., N}. Let us now consider the perturbation term in (1.14),

(2.33) Y logAveexp Y Ori(€.05 s 0G40

I<7m(cN+n) k=7 (ap)
where ji k. ..., jp—1,k, are uniformly distributed on {1,..., N + n}. Here, we
used independent copies 7; and ék,l since 7r; and 6 ; were already used in (2.32).
The expected number of these indices that belong to {1,...,n} is cyinap(p —
1)n/N — 0 which means that with high probability all indices belong to {n +
1,..., N 4+ n}. As a result, asymptotically E(h)y4, will not be affected if we
replace the perturbation term (2.33) with

(2.34) Y logAveexp Y Gki(E pjigss e Piporis):
I<m(cN+n) k<7 (ap)
where ji ki, ..., jp—1,k, are uniformly distributed on {1, ..., N}. Thus, we can

assume from now on that (k) y., is computed with respect to the Hamiltonian
which is the sum of (2.32) and (2.34). If (-)/N denotes the Gibbs average on Xy
with respect to the Hamiltonian

—H]/v(P)Z Z Qk(Pil,k,-n,pi,,,k)
k<m(a(N+n—np))

+ Z 1Og AV8 exXp Z é\k,l(‘f‘:’ ,Ojl,k,l, ceey :ij_l,k,l)a

I<7(cN+n) k<m;(ap)

(2.35)
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then we can write

U
(2.36) E(h) y s = pllize Uni L
Vy
where
/
Un,i= <AV8 hi(e, p)exp Z Z O, j (&), Pipgjse+s pipl,k,j)>
j=<nk<mj(ap) N

and

/
VN=<AV86XPZ Z 9k,j(8j,/)il,k,j,---,/)i,,l,k,,)>N-

J<nk<m;(ap)

Finally, given r > 1, let us borrow r terms from the first sum in (2.35) by splitting
the last r terms and replacing the first sum in (2.35) with

> Ok (Dir s Pipi) + D Ok(Pjyis -5 0] 0)-
k<m(a(N+n—np))—r k<r
Here we ignore the negligible event when w(a(N +n —np)) < r. If we define

—Hy(p) = > Ok iy gs - Pipy)
k<m(a(N+n—np))—r

+ ) logAveexp Y Oki(e. Py es Piporis)

I<m(cN+n) k<m;(ap)

(2.37)

and let (-)y, denote the Gibbs average on Xy with respect to this Hamiltonian then
Uni/Vn = U]’VJ/VI(, where

U;'\/,1=<AVehl(€,P)€XPZ > O Pirg e Piprs,)

Jj<nk=m;(ap)

1

X epoék(,ojlqk, el pjp‘k)>

k<r N

and

V]/\§ =<AV£eXpZ Z Qk,j(gj’pil.k,j’“"pl’p—l,ki,j)

J<nk=<mj(ap)

4

X eszék(le,k, ey pjpk)>

k<r N

By Lemma 2, the distribution of spins under the annealed Gibbs measure E(-);(,
corresponding to the Hamiltonian H ]/\/, (p) still converges to u over the subse-

quence (Ng). Conditionally on (7;(ap)), (6k,;), (ék) and on the event that all
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indices i1k j,...,ip—1,j and jik,..., jpk are different, Lemma 1 implies that
the right-hand side of (2.36) converges over subsequence (Ny) to E nlSq U/ ve
where (U;) and V are defined in (1.20) and (1.21) only now conditionally on the
above sequences. Since asymptotically all indices are different with high proba-

bility, the same convergence holds unconditionally, and this completes the proof.
O

3. Sherrington—Kirkpatrick model.

3.1. Properties of convergence. Of course, Lemma 1 still holds since it
does not really depend on the model. However, the role of this lemma in the
Sherrington—Kirkpatrick model will be played by the statement that we made at
the beginning of the introduction which we now record for the reference.

LEMMA 8. The joint distribution of spins (O’il ) and multi-overlaps (1.5) con-
verges to the joint distribution of spins (1.3) and multi-overlaps (1.6) over any
subsequence along which puy converges to |i.

Lemma 2 also has a straightforward analog for the Sherrington—Kirkpatrick
model. Let (-) denote the Gibbs average with respect to the sum of an arbitrary
Hamiltonian on X and a perturbation term (1.34), and let (-)" denote the Gibbs
average corresponding to the sum of the same arbitrary Hamiltonian and a pertur-
bation as in (1.34), only with the number of terms replaced by w(cy) + n instead
of (cp) in the first sum and 7’ (cy) + m instead of 7' (cy) in the second sum, for
any finite m, n > 1. Then the following holds.

LEMMA 9. For any bounded function h of finitely many spins, or finitely many
multi-overlaps, we have

3.1) lim [E(h)’ —E{h)| =0.

The proof is exactly the same as in Lemma 2. The role of the perturbation (1.34)
will finally start becoming clear in the following exact analog of Lemma 3.

LEMMA 10. If uy converges to u over subsequence (Ny), then it also con-
verges to |L over subsequence (Ny + n) for any n > 1.

PROOF. We will show that the joint moments of spins converge to the same
limit over subsequences that differ by a finite shift n. Let h = [[;<, h; where

hj= ]—[,-GC/. ol-J over some finite sets of spin coordinates C;. Let us denote by (-)
the Gibbs average with respect to the Hamiltonian (1.14) defined on N coordinates.
We will show that

lim [E(h)Nyn —E(h)n| =0.
N—oo
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Let us rewrite [E(h) y+, by treating the last n coordinates as cavity coordinates.

Let us write 0 = (p, &) € X N4, for the first N coordinates p = (p1, ..., py) and
the last n cavity coordinates € = (&1, ..., &,) and rewrite (1.30) as
(3.2) —Hynin(p)+ Y _&iZi(p) + (o),

i<n

where we define (slightly abusing notations)

B
(3)  —Hnin(p) =) Lt Y iy Pi Py

D2
=1 (N + )=/ 1<iy..ip<N

the term ¢; Z; (p) consists of all terms in (1.30) with only one factor ¢; from &
present, and the last term § is the sum of terms with at least two factors in &. It is
easy to check that

EZi(p")Zi(p*) =& (R(p", p?)) +on(1)

uniformly over all pl, pz, and the covariance of §(o) is also of small order uni-
formly over o', 6'2. By the usual Gaussian interpolation one can therefore redefine
the Hamiltonian Hy, (o) by

(3.4) —HN12(0) = —Hn4n(p) + )& Zi(p),

where Gaussian processes Z;(p) have covariance &’ (R(pl, pz)). We can replace
the perturbation term —H 1{; 1n(0) by

(3.5) —Hy(p)= ) logchGegy(p)+ D Goxlp)

k<m(cn) k<n'(cn)
without affecting E(h)y4, asymptotically, since by Lemma 9 we can slightly
modify the Poisson number of terms using that |cyy, — cy| — 0 and then re-
place G¢ ;(0) and G ;(0) by G¢ ;(p) and Gy ;(p) by interpolation using that
cy=o(N). If ('Mv denotes the Gibbs average on Xy with respect to the Hamilto-
nian

(3.6) —Hy(p) = —Hyn1n(p) — Hy(p),
then each factor in

Bywen = [T )wan = 1‘[( 1 o,>

J=q J=<q 'ieCj

-11{11+

(in the last equality we used that for large N all sets C; will be on the first N
coordinates) can be written as

HIGC Pi AVe exp21<n 81Z (p) < 1—[ >
,0 )
(AVe eXP X1 £1Zi (0))y ieC;

(hj>N+n =
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where (-);, is the Gibbs average on Xy corresponding to the Hamiltonian
—Hy(p) =—Hy(p)+ ) _logch Zi(p).
i<n

Thus, E(h) yyn = E(h);{,. Since Z; (p) are independent copies of G¢/(p), in distri-
bution

—H}(p) = —Hn1n(p) — HY (p),

where

37 —HY'(®= Y logchGeu(@+ Y. Gax(p).

k<m(cy)+n k<m'(cn)

Let us now consider E(h) . It is easy to check that, in distribution, the Hamiltonian
Hpy (p) can be related to the Hamiltonian Hy 4, (p) in (3.3) by

(3.8) —Hy(p) =—Hya(p) + Y Yi(p),

i<n
where (Y;(p)) are independent Gaussian processes with covariance
EYi(p")Yi(p*) =6(R(p', p*)) + on(1).

Again, without affecting £(/) ;5 asymptotically, one can assume that the covariance
of Y;(p) is exactly G(R(pl, pz)) which means that they are independent copies of
Gy (p). Therefore, we can assume that [E(k)y is taken with respect to the Hamil-
tonian

2
—HY (p) = —Hn+n(p) — HY " (p),

where

39  —H{Mp= Y logchGex(@+ Y. Goxlp).

k<m(cn) k<m’(cy)+n

Lemma 9 then implies that both perturbation terms (3.7) and (3.9) can be re-
placed by the original perturbation term (1.34) without affecting E(h)y, and E(h)y
asymptotically and this finishes the proof. [

3.2. Lower bound.
LEMMA 11. There exists u € M such that limy_, o0 Fny > P(1).
PROOF. We again use (2.9). Suppose that this lower limit is achieved over

subsequence (Ng) and let 4 € M be a limit of (uy) over some subsubsequence
of (Ng). Let Zﬁv and (-) be the partition function and the Gibbs average on Xy
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corresponding to the Hamiltonian Hj, defined in (3.6), and let us compute the
limit of
Z Z
N,—i—l —Elog _fv
Z
N N

Elog

along the above subsubsequence. Using (3.4) and (3.8) for n = 1 and the fact
that, as in (3.5), the perturbation Hamiltonian H ,\’; 4+1(0) In Zy 4 can be replaced

by H 1’\; (p), the above limit is equal to the limit of
log2 + Elog(ch G (p)) — Elog{exp Gg(p)).

It remains to show that

(3.10) Nlim Elog(ch G¢ (p)) = Elog [E' ch Ge(op(w,u,-))
—00
and
3.11) Nlim Elog({exp Gg(p)) = ElogE exp Go(ou(w,u,-)),
—00

where for simplicity of notations we will write limits for N — oo rather than over
the above subsubsequence. The proof of this is identical to Talagrand’s proof of
the Baffioni—Rosati theorem in [30]. First of all, if IE, denotes the expectation in
the randomness of G¢/(p) conditionally on the randomness in (-), then standard
Gaussian concentration implies that (see, e.g., Lemma 3 in [18])

P, (llogich G/ (0)) — Eglog(ch G/ (p))| = A) < e™°A
for some small enough constant ¢, and since

0 <, log(ch G (p)) < log(Eq ch G (0)) <&'(1)/2
for large enough A > 0, we get
(3.12) P(llog{ch G¢(p))| = A) < e,

Therefore, if we denote log, x = max(—A, min(logx, A)), then for large enough
A,

(3.13) |Elog(ch Gg (p)) — Elog4(ch G (p))| < e_CAz.
Next, if we define ch4 x = min(ch x, ch A), then using that
llogsx —log, y| <e?|x —y| and |chx —chgx|<chxI(|x|> A)
we can write
[Elog, (ch G/(0)) — Elog, (cha Ger(0))] < e*E(|ch Ggr(p) — ch Ger(p)])
< ElchGe(p)1(1Ge (p)] = A)).
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By Holder’s inequality we can bound this by
2 A2
e (B(Eg ch® Ger(p)) 2 (B[P, (IG (0)] = A)))'/? < e

for large enough A since Py (|G¢ (p)| > A) < e—cA%, Combining with (3.13)
proves that

(3.14) |Elog(ch Ge/(p)) — Elog, (cha G (p))] < ™4,

Approximating logarithm by polynomials on the interval [¢e =4, ] we can approx-
imate Elog 4 (cha G¢/(p)) by some linear combinations of the moments

E(chs Ge () = B([ T eha Ger () = B(E, [T cha Ge )
I<q I=q

for g > 1. Since

(3.15) Eg [ 1cha Ger(o) = F((R)10<q)
I1<q

for some continuous bounded function F' of the overlaps (R;;); <4, Lemma 8
implies that

lim E<Eg [Techs Gg/(pl)> = EF((RS)11r=q).

N—oo
l=q

Let us rewrite the right-hand side in terms of the process G¢  in (1.37). Recall
the definition of the processes in (1.37) and (1.38). If E¢ is the expectation in the
Gaussian randomness of these processes, then the definition of the function F in
(3.15) implies that

EF((RY)1r=q) =BEg [ [ cha Ge(Gu(w, uy, ) = E(E cha Ger (6, (w, u, -)))?
I<q

and, therefore,

lim Elog,(chs G¢(p)) =Elog, E'chy Ge(op(w,u,-)).
N—o00

[Notice that this approximation by moments depended on functions of the overlaps
only which justifies the comment leading to (1.51).] One can show similarly to
(3.14) that

(3.16) |ElogE ch G (5, (w. u,-)) — Elog, E chy G (5, (w, u, -))| < e A",

which finishes the proof of (3.10). Equation (3.11) is proved similarly. [J
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3.3. Upper bound and free energy. Since the perturbation term in (1.14) does
not affect the limit of free energy, we will now ignore it and consider free energy
Fy defined for the original unperturbed Hamiltonian (1.30).

LEMMA 12. For any function o : [0, 113 — [—1, +1] we have

1
Fy <log2+ —ElogE' | | chGe (6 (w, u, -
N =log2+ —Elog i];[v g, (6 ( )
(3.17)
— l1[4:,1og1E/exp > Goi(G(w,u,-)
N ZSN A1 s Yy .

PROOF. This is proved by the Guerra type interpolation as in [14]. If, for ¢ €
[0, 1], we consider the interpolating Hamiltonian

—Hy(0) =—viHy(©@)+V1—1 ) 0iGe i(G(w,u,-))
i<N
+V1) " Goi(G(w,u,-))
i<N
and interpolating free energy
1
¢()=~ElogE' }_ exp(—Hy,:(9)),
ogEXN

then to prove (3.17) it is enough to show that ¢’(¢) < 0. This is done by the usual
Gaussian integration by parts as in [14]. [

Before proving invariance properties of Theorem 3 let us finish the proof of
Theorem 4 by showing that if we let

1
Po(i) =log2 + ;Elog E'[[chGe i (Gu(w,u,-))

i<n

1
— —ElogE epoGe,i@M(w, u,-)),
n

i<n

then the invariance of Theorem 3 implies the following.
LEMMA 13. Forall p € Mipy, Pn() =P(w) foralln > 1.

PROOF.  The result will follow if we show that for 0 =o,, forany n > 1,

E, Hl§n+l Ch GS’,!((}(U)’ u, ))
E'[li<,chGe i(0(w, u,-))

(3.18) [Elog =ElogE/chG§/’n+1(é(w,u, )
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and
E/ €Xp Zifn—l—l Ge,i(6(wa u, ))
E/ eXp Zifn Ge,i(6 (w’ u, ))

To prove this we will use invariance properties (1.44) and (1.45). Using truncation
and Gaussian concentration as in Lemma 11, to prove (3.18) it is enough to show
that

(3.19) Elog =ElogE exp Go n+1(0 (w, u, -)).

E(E/ cha Gg py1(0(w,u, ) [li<,chGg (0 (w, u,-)) )q
E'Tli<nch Gy i (G (w, u, )
=E(E cha Gg' n11(0(w, u, ).
Using replicas as in (1.47), the left-hand side can be written as
EE/F [li<qIli<nch Ger (0 (w, ug, -))
ETTi<nch Gy (0 (w, u, )4

(3.20)

’

where

F=F(RDir<q) =Eg H chpy Ggr i1 (o (w, uy, +))
I<q
is a bounded continuous function of the overlaps defined in (1.7). Approximating
F by polynomials of overlaps and using (1.44) proves that (3.20) is equal to

EF =EEg [ [ cha Ggr 116 (w, 1y, ) = E(E chp Gg 1 (5 (w, u, ),
I<q

and this finishes the proof of (3.18). Equation (3.19) is proved similarly using
(1.45) instead. [

3.4. Invariance and self-consistency equations.

PROOFS OF THEOREMS 3 AND 5. Let & = [];<, h; where h; = [1;cc, o}
Consider ;& € M which is a limit of uy over some subsequence (Ni). By Lem-
ma 10, the left-hand side of (1.41) is the limit of [E(h) 54, over subsequence (Ng).
The right-hand side of (1.41) will appear as a similar limit once we rewrite this
joint moment of spins using cavity coordinates. The beginning of the proof will
be identical to the proof of Lemma 10, only the spins with coordinates i < n
will now play the role of cavity coordinates instead of spins with coordinates
N +1<i<N+n.Let us write 0 = (¢, p) € Xy, for the first n cavity co-
ordinates € = (¢1,...,¢&,) and the last N coordinates p = (p1,..., on). Let us
consider sequences of Gaussian processes (Z;(p)) and (Y;(p)) which are indepen-
dent copies of G¢ (p) and Gg(p), correspondingly. First of all, we can replace the
perturbation term — H f\; 4 (0) with

321) —Hy(p= ) logchGer(p)+ Y, Goxlp)+ ) Yi(p)

k<m(cn) k=<m’'(cn) k<r
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for a fixed » > 1 without affecting E(k) 1, asymptotically, since by Lemma 9 we
can slightly modify the Poisson number of terms, and then we can replace G¢/ ; (o)
and Gy (o) with G¢ ;(p) and Gy ;(p) by interpolation using that cy = o(N).
Then, as in (3.4), we can redefine the Hamiltonian —Hy 4, (o) by

(3.22) —Hy1n(0) = —Hy1n(p) + )€ Zi(p),

where Hy 1, (p) is defined in (3.3). Let (-) denote the Gibbs average corresponding
to the Hamiltonian

(3.23) —Hy(p)=—Hnia(p)+ Y logchGep(p)+ Y Goxlp).

k=m(cn) k=n'(cn)

Recalling the relationship (3.8) between Hy(p) and Hy4,(p), let us note that
Lemma 9 implies, as in the proof of Lemma 10, that the joint distribution of spins
,u;v corresponding to the Hamiltonian (3.23) converges to the same limits (over
subsequences) as the original sequence wpy. Let us write the function 4;(0) in
terms of € and p as

hl(a):HoizncfinGiZHSinpi,

ieC ieC] ieC? ieC] ieC?

where we will abuse the notations and still write C 12 to denote the set of coordinates
pi corresponding to the original coordinates o,,+;. Then we can write

[l1<; Uni
(3.24) E(h) y4n = E——L -,
VN
where
Un.i =<Avg [Teiexpd eiZito) [] pi epoYk(m)
ieC} i<n ieC? k=r
and

Vi =(Aveexp Y Zip)exp Y Velo)) = (exp X (9)

i<n k<r

where we introduced

X(p) =) logchZi(p) + 3 _ Yi(p).

i<n k<r

It remains to show that

(3.25) lim E
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where
U =FEAv, [ eiexp)_eiGe i(G(w,u,) [] Giexp)_ Gox(G(w,u,-))
ieC} i=n ieC? k<r

for 6; = o (w, u, v;) and

V=FEAveexp) &Gg i(G(w,u,))exp ) Gor(@(w,u,-)),

i<n k<r

which is, of course, the same equation as (1.41). [The proof that (1.57) implies
(1.61) is exactly the same of the proof of (3.25).] The proof of (3.25) is nearly
identical to the proof of (3.10) using truncation and Gaussian concentration, only
instead of approximating a truncated version of log x by polynomials we now need
to approximate a truncated version of 1/x by polynomials. If we denote

Y =log Vy =log(exp X (p)),
then, as in (3.12), one can show that for large enough A > 0
(3.26) P(|Y| > A) < e—A".
For A > 0 let (x)4 = max(—A, min(x, A)) so that
lexp(—gx) — exp(—q(x)4)| < max(e 9", exp(—gx))I (x| > A).

If we denote Z = Hliq Un 1, then, obviously, EZ? < L for some large enough
L > 0 that depends on ¢, n, r and function &, and (3.26) implies that

IEZ exp(—qY) —EZ exp(—q(Y) )|
(3.27) .
< E|Z|max(e 94, exp(—gY)I (Y| > A) < e A

for large enough A. Next, let exp, x = max(e~4, min(exp x, ¢4)), and let ¥’ =
log(exp4 X (p)). Since forall x, y e R

(g+DhHA

lexp(—¢q (x)a) —exp(—=q(y)a)| = qe lexpx — exp yl,

we get

lexp(—q(Y)a) — exp(—q(Y) 4)| < geITD 4y

lexp X (p) —expy X (p)]).
Next, since for all x € R
lexpx —expy x| < max(e” 4, expx)I(|x| > A),

we obtain the following bound:

lexp(—q(Y) 4 — exp(—q(Y")a)| < gD max(e™*, exp X (0)) [ (IX (p)| > A)).
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It is easy to see that P(|X(p)| = A) < e~ for large enough A, and using
Holder’s inequality,

IEZ exp(—q(Y)a) — EZ exp(—q(Y') a)|
< qeTVAEZ?) V2 (E(max(e ™, exp4X (p)))) /4
x (E(I(1X (0)| = A))'/*

A2
§e_°A.

Combining this with (3.27) we prove that
[EZexp(—qY) — EZexp(—q(Y)a)| < ™A’

for large enough A. We can now approximate exp(—q(Y’)a) = (exp, X (p)) ¢
uniformly by polynomials of (exp, X (p)), and therefore EZ exp(—q(Y’')4) can
be approximated by a linear combination of terms

(3.28) E[]Un.(exps X (0))*.
I<q

If we write the product of the Gibbs averages using replicas and take expectation
with respect to the Gaussian processes (X;(p)) and (Y;(p)) inside the Gibbs aver-
age, we will get a Gibbs average of some bounded continuous function of finitely
many overlaps in addition to the spin terms []; ec? Pi that appear in the defini-
tion of Uy ;. Observe that if, from the beginning, we chose m = n, then factors
[1; ec? Pi would not be present, which means that the linear combination of (3.28)
gives an approximation of E{A)y, (and thus [E(%)y) by the annealed Gibbs av-
erage of some functions of overlaps only. In particular, this proves Theorem 5. In
the general case, Lemma 8 implies that (3.28) converges to [E Hlfq U;(V4)* where

Va=FEexp, <ZlogchG§/,,~(5(w, u,-))+ ZG(M(c}(w, u, -))).

i<n k<r

Since the same truncation and approximation arguments can be carried out in par-
allel for the right-hand side of (3.25), this proves (3.25) and finishes the proof of
Theorem 3. [

PROOF OF THEOREM 7. Using Gaussian integration by parts and invariance
in (1.61), (1.64) can be rewritten as
1= 2(E(R{)? — 2E(RYS) (RYS)” + (E(RYH))?),

and the second term disappears whenever the Ghirlanda—Guerra identities (1.58)
hold. On the other hand, if (1.64) is uniformly bounded for all ¢ > 0, then for any
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bounded continuous function F of multi-overlaps (1.6) on n replicas,
FGP(6(w’ up, )) expt Zlﬁn Gp((}(u% up, ))
(E, exp tGp(6(w, u, )))n
Gp(o(w,u,-))exptGyo(w,u,-))
E'exptGp(o(w,u,-))

E

(3.29)

—EFE

is also uniformly bounded by invariance in (1.61) and Holder’s inequality. Using
Gaussian integration by parts and invariance in (1.61), this is equal to

(3.30) z(ZEF(Rfﬁ)P —nEF (RS, )P + IEFE(R??Z)”>,
=2

which can be bounded only if (1.58) holds. [l
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