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Abstract

The free energy of TAP-solutions for the SK-model of mean field spin glasses
can be expressed as a nonlinear functional of local terms: we exploit this fea-
ture in order to contrive abstract REM-like models which we then solve by
a classical large deviations treatment. This allows to identify the origin of
the physically unsettling quadratic (in the inverse of temperature) correction
to the Parisi free energy for the SK-model, and formalizes the true cavity
dynamics which acts on TAP-space, i.e. on the space of TAP-solutions. From
a non-spin glass point of view, this work is the first in a series of refinements
which addresses the stability of hierarchical structures in models of evolving
populations.

Keywords: mean field spin glasses, large deviations,
Gibbs—Boltzmann and Parisi variational principles, random energy models,
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1. Introduction

The generalized random energy models, GREM for short, are toy models for mean field spin
glasses introduced by Derrida in the 1980s [11], which have played a key role in our under-
standing of certain aspects of the Parisi theory [18]. Notwithstanding, the deeper relation
between the GREMs and more realistic spin glasses such as the prototypical Sherrington—
Kirkpatrick model [21], SK for short, has not yet been identified: the goal of this paper is to
fill this gap.

Precisely, we relate the simplest of Derrida’s models, the REM [10], and the Thouless—
Anderson—Palmer free energies [23], TAP for short; this seamlessly leads to abstract, and what
is crucial: highly nonlinear, REM-like Hamiltonians involving only the alleged geometrical
properties of the (relevant) TAP solutions, which we then solve within Boltzmann formalism
by means of a classical, Sanov-type large deviation analysis.

" Author to whom any correspondence should be addressed.

1751-8121/23/294001+30$33.00 © 2023 The Author(s). Published by IOP Publishing Ltd Printed in the UK

Original Content from this work may be used under the terms of the Creative Commons Attribution
BY 4.0 licence. Any further distribution of this work must maintain attribution to the author(s) and the

title of the work, journal citation and DOIL.


https://doi.org/10.1088/1751-8121/acdf30
https://orcid.org/0000-0003-2075-4638
mailto:kistler@math.uni-frankfurt.de
http://crossmark.crossref.org/dialog/?doi=10.1088/1751-8121/acdf30&domain=pdf&date_stamp=2023-6-30
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

J. Phys. A: Math. Theor. 56 (2023) 294001 N Kistler et al

For these abstract models we furthermore derive a dual, Parisi-like formula for the free
energy, establish their convergence to the Derrida—Ruelle cascades [20], and show that the off-
diagonal overlap concentrates on two possible values only—in complete agreement with the
Parisi theory for models within the 1-step replica symmetry breaking (1RSB) approximation.
The inherent nonlinearities also shed new light on the nature of the Parisi formula for the
SK-model, see section 3.1 below.

What is perhaps more, our findings (i) considerably improve and clarify the cavity approach
[18] to mean field spin glasses put forward by Aizenman et al [1, 2], as well as by Bolthausen
and the first author [6, 7]; (ii) provide a first' answer to the question raised in [35, p 109] concern-
ing the link between the Bolthausen—Sznitman abstract cavity set-up [4] and the SK-model.
In both cases, headway is made by enhancing the framework of these papers with the miss-
ing ingredient TAP-free energy: this simple, yet far-reaching insight is arguably the main
contribution of this work.

The paper is organized as follows: in section 2 we recall some of the main aspects from the
picture canvassed in [23]. This will motivate and justify our abstract REM-like models which
are introduced in section 3, where the main results are also presented. The proofs are given
in the fourth section, with some useful (technical) facts being recalled in the appendix for the
reader’s convenience.

2. SK, Derrida, TAP, and Plefka

The SK-model is the archetypical mean field spin glass: for N € N, consider centered
Gaussians (g;)1<i<j<n issued on some probability space (€2, F,P). These Gaussians, the dis-
order, are assumed to be all independent and with variance 1/N.

The SK-Hamiltonian, defined on the Ising configuration space is

CTEENdéf{:l:l}Nl—)HN(O'): Z 8ij0i0j . (1)
ISi<j<N

The energies are thus given by a correlated Gaussian field : for o, 7 € Xy, one checks that

EHy(0)H(r) = 5 On(0,7)% @

where
1
On(om) = Z; ;i 3)

is the so-called overlap of the two (Ising) configurations.

Since the overwhelming majority of pairs (0,7) € ¥y x Xy are such that their scalar
product vanishes, in which case the associated energies are stochastically independent, one is
perhaps tempted to replace the intractable { Hy(o) }, by a field {X,, }, of independent centered

Gaussians with same variance, to wit:
N
EX, X, = 510':7'- “4)
This is the REM-approximation by Derrida [10]: it directly acts at the level of the SK-

Hamiltonian and covariance. The approximation leads to completely solvable models, hence

! Partial, due to the REM-assumption made here.
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to a wealth of important insights into the spin glass phase, but falls short when approximating
the true SK-free energy (especially in presence of an external field, & £ 0).

We will improve the resolution by adding an additional ‘layer’: we first approximate the
SK-Hamiltonian by its ‘TAP-counterpart’ and only in a second step do we simplify the latter
by means of a ‘REM-replacement’, much akin to Derrida’s original recipe.

To see how this comes about, let us recall that the quenched SK-free energy to inverse
temperature 3 > 0 and external field & € R is

N
Nfn(B,h) = log Z exp (ﬁHN(U) +h20,-> . (5)

oeXy i=1

In order to ‘solve’ the model, Thouless e al [23] play the delicate (and debatable) card of
the spin magnetization m; = (0;)3,nn,i = 1...N as order parameter of the theory, with ()5 4.5
denoting average with respect to the quenched Gibbs measure. By means of a nonrigorous
(and troublesome) diagrammatic expansion, Thouless er al suggest that the following approx-
imation holds true with overwhelming probability:

Nfw(B,h) = NnnlleangAP(m) +0o(N) (N7 o0), (6)

where

i) the TAP-free energy is given by

62
—N
4

| 2 N
1- NZm?] =D 10my); (7)

N
Nfrar(m) = 8 Z gijmimj+hzmi+
i

Ii<j<N i=

ii) form € [—1,1]

1+m 1—m
I(m) = 7 log(1+m) +

log(1 —m);

is the classical coin tossing rate function; and
iii) A C [—1,1]" an unspecified set of restrictions on the quenched magnetizations m.

Remark 2.1. Plefka has shown [19] that the TAP-approximation (6) neatly emerges from a
high temperature expansion of the Gibbs potential. As any (finite volume) Gibbs potential, the
map m +— frap(m) must necessarily be concave: in [19] it is claimed that this should indeed
be the case provided that m satisfy

Plefka’s criterium: B—z i (1 — mg)2 <1
. N i=1 l '

This condition is widely accepted within the theoretical physics literature (in other words:
this restriction should definitely appear in the definition of the A-set) but there seems to be
divergent opinions if this suffices for the validity of the high temperature expansions and thus
of the TAP-approximation (7). For a mathematical analysis of the TAP-Plefka approximation
within Guerra’s interpolation scheme [14], the reader may check [8] and references therein.
For an in-depth study of Plefka’s convergence criteria for the SK-model, see [15].

3
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Assuming the validity of the TAP-approximation (7), we therefore see that extremal ‘states’
must necessarily be critical points of the TAP-free energy: taking the gradient, and rearranging,
this leads to the TAP-equations

Vrap(m) =0 <= m; =tanh | h+j3 E gimj = 0* (1 —aqy(m))m; | i=1..N, (8)
J#i
where gy(m) &of (1/N) Z]'vzl m}z

j
In the theoretical physics literature it is claimed that, for large enough 3, the TAP-equations

admit exponentially many solutions m®,a = 1...2°V, where © = ©(3,h) is the currently
unknown complexity.
Let us now assume to be given a TAP-solution m®: using (8) we may express

B3 gym* =tanh™" (mf) ~ b+ 52 {1 — g (m®)} m" ©)
J#i
Plugging this into (7), and performing some straightforward algebraic manipulations, we

obtain a representation of the TAP-FE as a sum of N local terms, as anticipated in the abstract:
omitting the elementary details, the upshot reads (by a slight abuse of notation)

2
Jrap (@) :%Z [;m?tanhl (m*) + gmla —I(m)| + % {1 — C]N(ma)z}, (10)

What is crucial for our considerations is the nonlinear® term in the curly brackets above :
this nonlinearity, and only this, will mark the point of departure from the abstract models
studied in [6, 7]. Indeed, introducing the fields

W= gm — B(1 — qy(m™))m, (1)
J#i
and the associated empirical measures

N
1
o = 5 DO (12)

i=1

we obtain, through the identity /(y) = ytanh™'(y) — logcoshtanh ™' (y), the following repres-
entation:

foxe (@)= [ o070 @) + [fi0lva(@). (13)
where @, g,f] are real valued functions given by, respectively:
2
T2

—1log (1- tanh® (1 + Bx)) — gxtanh(h + Bx);
anh(h + fx).

SK1) x> R— ®(x)

SK2) x> R fi(x)
SK3) x> R p(x)

In order to contrive tractable models we shall perform a REM-approximation: we replace the
local fields {h*} by a collection of independent standard Gaussians {g,;}, where i =1...N

2 As a matter of fact, quadratic: an analogous expression for the TAP-FE of any p-spin model is also available, in
which case the quadratic term turns into a polynomial of degree p > 3, see e.g. [9].

4
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and a = 1...2" (the complexity of the relevant TAP-solutions being currently unknown we
simply set, here and henceforth, © = 1). Denoting by

N
def 1
o = N;(sga,i (14)
the empirical measure, we thus consider the REM-approximation of the TAP free energy
fREMTAP (@) = @ (/4,0()6)2 VN,a(dx)> + /f1 (X)rw,a(dx) . (15)

Remark 2.2. The REM-approximation which we perform differs also from the one by
Fyodorov—Bouchaud [13] insofar the latter again approximates the original Hamiltonian, akin
to Derrida’s procedure, whereas we first ‘approximate’ the system via TAP free energies,
and only in a second step do we perform the REM-replacement. To which extent the pas-
sage through TAP free energies is compulsory for models with inherent micro-structure is an
interesting question we cannot answer.

Notice that the ‘nonlinear randomness’ in (13) stems from the fluctuations of the self-
overlap® of a TAP-solution

N
k3 1 2
= N;ltanh (h+ Bha.) (16)

qea(a) = /@(x)zlzv,a(dx)
the Edwards—Anderson order parameter, indeed as claimed on [18, p 69].
The close analogy between the above and the Parisi theory further allows to identify an
off-diagonal overlap, which we define as

N
det 1
av(e,0") S 5> 0(80.)0(8ar)- (17)
i=1
The true nature of this quantity will manifest itself in the analysis below; anticipating, we will
see that gy indeed plays the role of order parameter of the theory.
The REM-approximation (15) of the TAP-FE (13) only relies on the alleged geometrical
organization of the relevant* TAP-solutions: remark in fact that for the overlap it holds

gv(a,a’) ~E [tanh(h + 5g1,1)2] 1{q—qy +Eltanh(h + ﬂgl’l)]z Liazary s (18)
for large enough N, by the law of large numbers; this is indeed the ‘black or white dichotomy’
of the REM (4) or, which is the same, the ‘perpendicularity’ of TAP-solutions within a 1RSB
Ansatz [18].

The above begs the following, natural questions:

Q1. what is the law of the off-diagonal overlap gy(a, «’) under Gibbs sampling (15)?

Q2. How does the off-diagonal overlap transform under the extensive cavity dynamics
[18]? This amount to studying, for € >0, the impact of an e-perturbation of the
Hamiltonian (15), i.e. to study the limiting Gibbs measure under transformations of the

type

SremTap (@) ‘—>f1§~:)1\4.TAP (a) EfREM—TAP(a)+5/10gC05h(x)7N,a(dx)a (19)

3 Not to be confused with the classical overlap Qy from (3).
4 Again emphasizing that, at the time of writing, the meaning of ‘relevant’ still is not settled.
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where

N

_ !

(@)= 530, 20)
and with {g,,i}«,; being some fresh disorder, i.e. a random field of centered, independ-
ent Gaussians which are also independent of the reservoir {gq,i}a ;. The limit we are
interested in is, of course, the double limit N 1 co, followed by € | 0.

The questions Q1 & Q2 are addressed below, in general setting.

3. The REM in TAP: definition, and main results

We start with some notation: (S,S) denotes a Polish space and C(S), Cy(S) the spaces of all
real valued continuous, resp. continuous bounded functions on S.

For d € N, we denote by M (87) the space of Borel probability measures on $¢, endowed
with the topology of weak convergence of measures. Notice that M| (89) is Polish itself
and we can consider one of the standard metrics (e.g. Prokhorov) that makes it a complete,
separable metric space. Given a measure v € M (§?) and r>0 we indicate with B, ,,
resp. B, ,, the open, resp. closed ball in the metric space MT (Sd) with center v and ray
r. Our abstract Hamiltonian, which parallels (19), is defined through a continuous functional
® : M| (5?) — R of the form

®[p] = @1 [p1] +E,, (f) 1)

where py, p» € M (S) are the marginals of p € M (S?) on the first, resp. second coordinate,
®; : M (S) — R is a continuous functional and f> € C,(S). To lighten notation, we shorten
E,(u) = [ u(x)p(dx) for the expectation of a function u : $¢ — R w.r.t. a given p € M (89)
and var,(u) = E,(u?) — E,(u)? for the variance; we also write pou~" for the push-forward
of p along a p-measurable u. Finally we indicate with 71,7 : S — S the natural projections
on the first, resp. second coordinate.

More specifically:

Definition 3.1. ® : M| ($?) — R denotes a functional of the form (21) with

®i[0] E @ (Ep(¢) +Eo(f)  Vpe M{(S)

where

H1) & : R — Ris a twice differentiable concave function with ®'’(x) < 0 for every x € R;
H2) o,fi1,f> € Cp(S) with supp = 1,inf o = —1.

The random Hamiltonian of our abstract model in a configuration « of the configuration space
{1,...,2"} for a finite volume N € N is then defined as

Hy(0) € N® Ly ] (22)

where for every o € {1,...,2"}

N
def 1
Lyo= N;&Xa,i,ya,i) (23)
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are the empirical measures associated to independent sequences of S?-valued, i.i.d. random
vectors {(Xa,i, Ya.i) }, defined on a probability space (2, F,P) with common distribution
1@y, for some product measure u@y € M (S?).

Some words on the assumptions given in the above definition: concavity is imposed on ¢
to warrant thermodynamical stability, somewhat in line with Plefka’s convergence criterium
recalled in remark 2.1; the boundedness of g is technically convenient, but also tailor-suited for
our applications such as the SK-model. The variables X, . correspond to the random energies
associated to the configuration ¢, while the Y,, . encode the disorder necessary to perturbate
the Hamiltonian with an extensive cavity dynamics.

To shorten notation, we define

def
fx,y) S fi(x) +£() (24)
so that the nonlinear functional ® : Mi" (Sz) — R in the definition 3.1 is
def
®[p] = @ (E, (¥%)) +Eo(h). (25)

Notice that the continuity of the real valued function ® and the boundedness of the three func-
tions g,f1,/>, imply that the functional @ is continuous on M (5?) by duality and continuous
projection.

We consider the partition function, free energy and Gibbs measure associated to the
Hamiltonian (22): for finite volume N € N, these are defined as usual as

2N
. 1
ZNd:et ZlepoN(a), Fy def NlogZN, (26)
and for o € {1,...,2V},
Gn(a) € Zy " expHy(a). 27

Finally, given two configurations «,’, we define their off-diagonal overlap as

a1
av(@,0) E 530 (Xa i) @ (Xar).- (28)
i=1

Our first result concerns the limiting free energy, and requires some notation: set
def
KE{veMf($?): H|uzy)<log2}, (29)
with H(v | p®7) e, log (dv/d(u®)) being the usual relative entropy (see appendix A for
some relevant properties).

Theorem 3.2 (Boltzmann—-Gibbs principle). The infinite volume limit of the free energy (26)
exists P-almost surely, is non-random, and given by

lim Fy = sup ®[v]|—H(v | p®vy)+log2. (30)
N—oo vek

A complete solution of our abstract models thus requires a discussion of the Boltzmann—
Gibbs variational principle (30). This will be achieved by relating it to a simpler, Parisi-like
variational principle in finite dimensions. To see how this comes about, we recall from [6] that
forall f€ £ (8%, p®v) with

L(8%p7) E{ueC(s?): Eup, (M) <oo VAER}, 31)

7
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almost surely it holds

2N
1
Jim log) " expNEw, , () = sup {Epey () — H(v | n2y)}
—oo N vek
a1 (32)
. 1 log2
= oglnnfg {mlogE#@W(exp mf) + m} .

The first equality is the Boltzmann—Gibbs principle given in theorem 3.2 for a Hamiltonian
of the form (22) without nonlinear term. The second equality, in full agreement with the Parisi
theory [18], establishes a duality between the Gibbs principle and a finite-dimensional min-
imization problem. We shall call the target function in the minimization problem a Parisi
function; its (unique, see [6]) minimizer 7 on [0, 1] gives the limiting Gibbs measure as the
one whose Radon—-Nikodym derivative with respect to u®-y is given by the Boltzmann factor
expmf = expm(f, om +from).

Our second main result provides the analogous duality principle for the nonlinear
Hamiltonian (22). Specifically, defining for every (g,m) € [0, 1]

72 & o (expm [®'(q)¢* o1 +£])

= / expm [fi (x) + @' (q)¢* (x)] p(dx) / expmifz(y)v(dy) o
and
Pla.m) ™ 9(g) —q®'(q) + - (102Z"" + log2). G4
the following holds.

Theorem 3.3 (Parisi principle). It holds:

lim Fy=  inf P(g,m)+log2,
i Fyv= il @) +log

P-almost surely.

When comparing the Parisi function (34) with its counterpart (32) for the linear models one
observes, in particular, the appearance of the term ®(gq) — g®’(gq). We will see in the course
of the proof that such corrections, which are constituent parts of the Parisi free energy for the
SK-model, play the role of Lagrange multipliers accounting for the in-built nonlinearities.

We now present our main results concerning the Gibbs measure. First of all, we note that
the family of generalized Gibbs measures

{v "} (gmep.ap C M (5?)
defined through their Radon—-Nikodym derivatives with respect to u®-y:

dpm (ry) expm [®'(q) ©*(x) +f(x,y)]
d(uey) zen ’

(35)
satisfies
log Z4" = Eyun (m [®'(q) 9* o m1 +1]) = HW™™ | p@)
/ ) m (36)
= m [®'(g)E i (¢7) + Evun ()] — HOA™ | )

8
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being v € MT (S) the first marginal of ©%"". Moreover, one can easily compute the partial
derivatives of P to see that

1 m
OnP(q.m) = —5 [H(*" | ) ~log2],

94P(q,m) = 2" (q) [Eu;w" (%) - q} :

Through equations (36) and (37) we will relate the Boltzmann—Gibbs principle (30) with the
Parisi function (34), showing that the solution of the latter is given by %™ where (g,/m) min-
imizes P: [0,1]> = R.

It is furthermore well-known that the Poisson—Dirichlet law for the pure states appears nat-
urally as the weak limit of the Gibbs measure associated to a classical REM in low temperature.
Our third main result, theorem 3.4 below, aligns with this alleged universality.

In order to formulate the statement, we point out that for our abstract models, low temperat-
ure corresponds to the situation where the parameter 7z which achieves the minimum in Parisi
principle is such that m < 1. As will become clear below, if the minimum point (g,m) € [0, 1]?
of a Parisi function (34) is such that /n < 1, then the measure

v=v"" e M{(S)
is the optimal measure for the Boltzmann—Gibbs principle and satisfies
H(D | p@7y) =m[®'(g)g + Ez (f)] — logZ%™ =log?2,
E»(¢) =4
q,im

where v} = Vl_ is the first marginal of ¥; in particular, in low temperature the side constraint
on the relative entropy is saturated.

(37

(38)

Theorem 3.4 (Onset of Derrida—Ruelle cascades). Assume that at least one of the meas-
ures vo(pom —q)~ " or vo(f—Ey(f))~" has a density w.rt. the Lebesgue measure on
R. Then, for a system in low temperature, the point process {Gy(a)},<ov associated to the
Gibbs measure (27) converges weakly as N — oo to a Poisson—Dirichlet point process with
parameter m.

Let us furthermore denote by
(On(a,0"))x = D~ Ox(a,0)Gu(@)Gn(o)
a,a’

the average with respect to the replicated Gibbs measure of a quantity Oy(«,«’) depending
on two configurations a, «’; the following then holds for the limiting law of the off-diagonal
overlap (28).

Proposition 3.5 (Overlap concentration). Let

2
_ _ _ de _
0= [ewrn@). @] [ ot 39)
Then, under the assumptions of theorem 3.4, it holds
. N =2 —
Jim E (da=ar(gn(e0’) = q) >2N 0, (40)
Jim E (G0 (gv(a,a) =g0)*) =0, (1)

We thus see that our abstract models correctly recover all of the main features of the Parisi
theory under a 1RSB approximation, in a generic setting. For the readers convenience, we

9
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shall conclude by briefly dwelling on the upshot of our analysis for the concrete case of the
SK-model.

3.1. SKvs. REM-TAP

We recall that the IRSB Ansatz [18] for the limiting free energy of the SK model (1) reads

2
def . B 2 2 2
sk(8,h) & f —[ Y1)+ - 72}+1 2
firsB-sk(8,h) 0<q07<q112]7m16[0,1]{ 7 (g1 +1) +mi(go —q1) — 2q1 | +log

+ mil/log{/expmllogcosh (h—&-ﬂx/q»ou—&-ﬁ\/mv) Sﬁ(dv)} W(d“)}
(42)

where ¢ is the standard Gaussian measure on R. As a matter of fact, this is a degenerate
2RSB-formula: indeed, the law of the pure states which hides behind (42) is that of a super-
position of two Derrida—Ruelle processes [20] with parameters 0 < my < m; < 1, with the first
one eventually absorbed through the limiting procedure my | O: this operation gives rise to the
aforementioned degeneracy, to the ‘common trunk’ given by the second Gaussian du-integral,
and stands behind the third order parameter gy. Due to this complication, the following con-
siderations shall be taken cum grano. (For the sake of discussion, the reader shall simply set
qo = 0 in the above formula). Notwithstanding, we do get a number of important insights: for
the Hamiltonian Hy(«) = Nfgem.tap (@), and recalling SK1-3) above, the REM-TAP approx-
imation leads in fact to a free energy

inf {/Bz(q2 +1)+1log2+ L log/expmlogcosh(h + Bx)
0<q<1,me0,1] | 4 m

2
" [—gxtanh(h—i-ﬁx)— %qtanhz(h—&-ﬂx)] gﬁ(dx) } (43)

Sfrem-tap(B8,h) =

(The term expm {— gxtanh(h + Bx) — %zqtanhz(h + Bx)] in (43) plays a role in the cavity

dynamics only, and is completely irrelevant when it comes to the free energy: for our current
purposes, such factor is an artefact which can also be immediately removed: again simply set

f1 =0). The appearance of the quadratic term ’%2 (¢* + 1) in the first line on the r.h.s. above
(remark that it matches the first term in (42)) is central to this work: although a constituent part
of (42), such terms cannot be explained by the linear models studied in [6, 7]. As already men-
tioned, these corrections turn out to be Lagrange multipliers accounting for the non-linearities
induced by the true REM-models hiding ‘within’ the TAP-free energies.

Let us also spend a few words on the cavity dynamics for the SK-model, i.e. for the

Hamiltonian given by the perturbed REM-TAP Hy..(«) &ef Nflg%)M_TAP (), and with f5(y) =
f2(g;y) = elogcosh(y). Let us denote by (ge,m.) € [0,1]* the minimum of the corresponding
Parisi function, and by 7. = /%™ the associated generalized Gibbs measure. We further-
more denote by Fy . the law of the overlap gy(c,a”) = (1/N) Zf/:l tanh(h + (g, ;) tanh(h +

B8«-,;) under the perturbed, finite volume Gibbs measure, and by Fy that of the un-perturbed:

PSS [O, 1] —> FN,s(x) = E<1(1N(a,a’)<x >N;6’ FN(X) = FN70()C). (44)

10
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Proposition 3.5 would imply that in low temperature (m. < 1) the law of the overlap of two
relevant TAP-solutions for the SK-model is given by
0 if x<qo
Fe(x) = lim FN,E(X) =qm. if qo.e S x<g¢; (45)
1 otherwise

where
2

g = / tanh?(h+ Bx)o(dx,dy),  Go. = [ / tanh(h + Bx) . (dx, dy)

A Parisi fixed point equation [18, III.63] encoding the stability of the hierarchical structure
under the extensive cavity dynamics would appear through the continuity requirement

Fx) 2 limF.(x),  Vxe[o.1] (46)

In case of a REM-approximation (1RSB), it is easily seen that the self-consistency (46) is auto-
matically satisfied and thus of hardly any use in the identification of the hierarchical structure
which is invariant under cavity dynamics. To gain more insights, one needs a more sophistic-
ated GREM-approximation which will be addressed in forthcoming works.

4. Proofs

4.1. The Boltzmann-Gibbs principle: proof of theorem 3.2

In this subsection we prove theorem 3.2, i.e. the validity of the following Boltzmann—Gibbs
principle
1
lim Fy= lim —logZy= sup Q[v]+log2 P-—as., 47)
N—oo N—oo N vek
where to lighten notation we shortened

Qlp] = ®[p] — H(p | p27)

= (Ep, (%) +Ep(f) —H(p | n@n)
being P : MI" (S2) — R the functional defined in definition 3.1.

(48)

Remark 4.1. It is a well known fact that v € M| ($?) — H(v | p®7) is lower semicontinu-
ous, strictly convex and with compact sub-levels. Therefore, for compact C C Mf (Sz) and
an upper semicontinuous 2, the generalized Bolzano—Weierstrass theorem on metric spaces
ensures the existence of a solution to

sup Q[v]. (49)

vel
Moreover, the assumption H1) on & suffices to get strict concavity of the functional €2 :
MT (Sz) — R. This implies that, for a convex C C MT (Sz) , the existence of a solution to a
problem of the form (49) implies its uniqueness. In other words: if C is compact, there exists a
solution to (49); if C is also convex, such solution is furthermore unique: since the set /C, i.e. the
sub-level of the relative entropy appearing in the Boltzmann—Gibbs principle (47), is convex
and compact, the variational principle (47) admits a unique solution. (Recall also that, in a
complete metric space like Mfr (Sz) a set is sequentially compact if and only if it is compact,
every compact set is closed and every closed subset of a compact set is compact).

1
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The proof goes via a second moment method and is fully analogous to the one given in
[6]. It relies both on the independence of the {LN,Ot}%N:l as well as on the continuity of p €
M; (8%) — ®[p]. Here a sketchy rendition of the main steps.

We first rearrange the partition function: consider the counting variable

Ay (E) = #{0& : LN@ S E}7

defined for every E C MT (Sz). By lumping together all configurations whose empirical
measure is approximately v, and ‘integrating’ over all possible v-s we get,

2N
Iy = ZexpN@[LN,a] ~ Z exp(N®[v])t#{a: Ly =V}
a=l VGM]Jr(Sz) (50)
= Y (B Avw).
veM; ($2)

The first moment of Ay () is easily computed thanks to linearity:

EAy (v) =2 P (Ly, ~ v) ~expN(log2 — H(v | u27)), (51)
the last step by Sanov theorem. We deduce from (51) that EAy (v) is exponentially small as
soon as

véK={veM{($?: Hv | uy) >log2}. (52)

An application of Borel-Cantelli therefore implies that Ay(v) =0 almost surely for large
enough N if v ¢ K. In other words, we may restrict the sum in the partition function to K, to
wit

Iy~ Z exp (N®[v]) An(v). (53)
vek

The second moment of Ay(v) can be just as easily computed thanks to the underlying inde-
pendence of the {Ly 4 }: one checks that for v € K, and some 6 = 6(K) > 0 it holds

Var(Ay(v)) < e ME(Ay(v))*. (54)

This strong concentration is absolutely crucial: combined with Chebychev’s inequality it
immediately implies the self-averaging of Ay restricted on the set .
All in all, we have thus justified that

7y XY exp (VB IY]) Av(r)
vek

By Z exp (N®[v]) EAy(v) (55)
vekl

(51)
%S exp (N®[v])expN (log2 — H(v | p)).,
vek
and theorem 3.2 would thus immediately follow from an application of Laplace principle,
i.e. saddle point analysis.
The steps (50)—(55) constitute the backbone of the proof behind theorem 3.2. Unfortunately,

to turn this simple heuristic into a rigorous proof requires some heavy infrastructure and a
rather technical analysis which will span the rest of the section.

12
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We begin with some additional notation: by < we shall denote ‘equality on exponential
scale’,

.1 .1

ay < by < llj{lnﬁlogaN = 111511 Nlong.
This notation already allows to formulate (51) in rigorous fashion: for any E C Mf (52),

EAy (E) =2"P(Ly, € E) < expN <log2 - iréleH(u | u@fy)) . (56)
It thus immediately follows from (56) together with Borel-Cantelli that for N large enough
Ay (E) = 0 almost surely, as soon as E is such that

iIgEH(V | u@7y) > log2, (57)
indeed as claimed above.

These first moment estimates also stand behind the following technical lemma, which in
particular provides (what turns out to be) a tight upper bound to the free energy. Here and
henceforth we denote by B, &« By, ={veM;j ($?): d(v,v)<r} the open ball centered
in o, and with radius r > 0.

Lemma 4.2. Let

Dd:efargmax)CQ, F‘jzdm’gxﬁ[u]—i—logZ:Q[D]+10g2.

Then, P-almost surely:

2N

1
limsup — lo NPval < F, 58
imsup g; (58)
and for all v > 0,

1
limsup — log E Nyl < .
N—oo N
a:Ly, « B,

Proof. Let r > 0. Shorten B; = M (8?), denote by B the complement of B, in M ($?):

By = {pe M (%) : d(p,p)>r}) = M () \B,,

and set
ot sup Q if KNBS £,
F, = ¢ KnB; (59)
— 00 otherwise.

Notice that if r: K N BS = () it trivially holds F, < Fy = F. If instead r: N BS # () then, by
compactness (see remark 4.1), we can find v, € KN B, v, # U s.t.

F,=max Q = Q[v,]
KNBE

and, as the maximal measure ¥ of {2 on K is unique, the strict inequality
F,=Qv,]<Qp]=F

holds also in this case.
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Hence, in order to settle the lemma, we just need to prove the following

hmsupﬁlog Z N®Uvel <Fr>0. (60)

N—oo OLLN «€BS

In order to see this, consider a decreasing sequence of positive real numbers {a, },en w1th

€ (0,1) foralln € Nand a, — 0 as n — co. Then fix n € N and consider the open set ICC =
/\/l+ (8%) \ K, together with its closure K , where for every a > 0

K= {ve M{ ($%): H(v|pzy)<log2-+a}.
Sanov’s theorem implies that
P(Ly € KE,) =exp[— inf H(p|p@y)N+o(N)]

PeK, (N — o), (61)
< 2—Ne—anN+0(N)

hence
P(Bae{l,-,2"}: Ly, €K;)<2VP(Ly; €K5) <e VW (62)
Through the Borel-Cantelli lemma, (62) implies that

1
hmsup—log Z eNQ[L’Vv“]zlimsupﬁlog Z eNq’(LNv“) P—as. (63)

N—roo a:Ly o €BS N—roo a:Ly,o €K

an M

If r,n are such that K,, N BS = (), the latter implies
1
limsup — log Z Nlvel — 5o P—as. (64)
Nooo NOT Ly, €BS

Notice that by construction it holds K = Ky C IC,,, which implies that if C,, N BY is empty
then F, = —o0, i.e. the claim (60) is exactly (64).

We can therefore assume r,n: K, MBS+ () and, for an arbitrary 6 > 0 cover the compact
set IC,, N BS through open balls

KonBiC | Bu(r)
velk,, NBS
such that for each v € K, N B¢ the associated ray r,, > 0 is small enough s.t.

®(p) —®(v) <4 VpeEBy(r), (65)

and

Hv | p@y)— inf  H(p|pe7y) < (66)

PEBL(1v)

N\O«u

This is clearly possible by upper semicontinuity of @ and the fact that

inf H(p|p®vy) = HW|pzy) (r—0).
PEBL(r)
By compactness, we can extract a finite sub-cover: IM < oo, {v; }, C K,, NBS s.t. Ky, N
BS C ij: \ Bu,(ri), where we shortened

def def
rié u,aB iBu,( l)
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Therefore, almost surely, it holds

M
. 1 . 1
hmsupﬁlog Z eN‘i[L’W]ghansolipﬁlogZ Z expN®(Ly,o)

N—o0 oLy, o €K gy NBE i=1 a:Ly, o €B;

an (67)
R _
<0+ thri)solip Nlog; expN®(v;) Ay (B;)

(recall that Ay (B;) is the variable that counts the a—s for which Ly o € B)).

Markov’s inequality implies that for eachi =1,--- M

P (-AN (El) > eN[logZ—H(w|H®’Y)+5]) < 2_NE.AN (El) expN[H(V,- | M®7) _ (5] (68)
with

E(Ay(B)) = 2Vp (Ly, €Bi) = 2Vexp[— inf H(p | pu@y)N+o(N)] (N— o), (69)

PEB,

the last step by Sanov’s theorem. Plugging (69) into (68), and using (66), we find that for each
ie{l,--- ,M}

P (AN (B)) < eN[l"g%H(”"‘”@”H‘ﬂ) >1—exp |:§N+ O(N)] (N — 00).

This, together with Borel-Cantelli, implies

1
1' - N@[LN,C(]
1an>soLlelog E €
a:Ly o €K,,NEBE
| M
< limsupﬁlog E expN(®(v;) —H(v; | p®7)) +log2 +26

N—oo .
i=l

< sup ®(v)—Hv|pu®y)+log2 +26.
veBLNK,,

Being § arbitrary, the latter, together with (63) give

1
limsup—log D "Il < sup  Qfp]+log2.
N=oo N a:Ly o €B¢ velkl,, NBE

Notice that, again by compactness, we can select a measure v, € Ky, N B s.t.

QO =Q[p
nax = 0[],

which implies that, for every n € N,
1
li —1 NelLvol < Q[p,] + log2.
11\1H1>S;pN og LZEBCe [7,] + log
Ly, o €BS

By construction it holds BN K, C BSNK; Vr €N, specifically the whole sequence
{Dn}nen lies in the compact set BENK; and we can extract a convergent subsequence:
{Un, tken s.t. Uy, — & weakly as k — oo for some & € IOy N BS. We get

1
limsup Nlog Z NPl limsup D, ] +log2
N—o0 Ly o €B k— o0 (7())

< Q[¢] +log2,

15
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the last step by upper semicontinuity of 2. It is also immediately checked that
EeKNB =KyNB:, 71

which implies the claim (60) straightforwardly through (70).

The validity of (71) is a consequence of the fact that for every § > 0 there exists k5 > 0 s.t.
Uy, € KsNBS for all k > ks and that by compactness of the latter it must hold £ € K5 N BS.
Specifically:

ge(KsnBi={v:H(v|u®y) <log2+ 5} NB;
6>0 6>0
={v:H{v|u®y) <log2}NB; =KNB;,

and the lemma follows. O

The proof of the lower bound requires a refinement of our moments’ analysis.
Specifically:

Lemma 4.3 (Variance estimate). For every v € K and any open neighborhood U of v, there
exists B, » C U and 6 > 0 such that for large enough N

VarAy(By,,) < e M (EAy(By,))> (72)
Proof. For each B, ,, and by independence, the second moment of Ay (B, ,) satisfies
E ["41%1 (BV,V)] = ZP (LN,(X S Bl/ﬂ’) + Z IP)(LN,oz S Bu,r)IP(LN,a’ S Bu,r)
: ata’ (73)
<2VP(Ly, €B,,) +[EAy(B.,)],
and thus
VarAy (By,,) <2"P(Ly, €B,,). (74)

Notice that the statement of the lemma is trivial if v = pu®-y, therefore we assume v # u®-y;
this implies that there exists B,, , C U and n > 0 such that u®-~y ¢ B, , and

ot Hip|u®y)= inf H(p|p®7)=H|uey)—n.
v,r P

v,r

Together with Sanov’s theorem, the latter implies that for N large

. 7
2"P (Ly,1 € B, ;) < expN {log2 —H(v | p@v) + 677}

(75)

n
2

5
<e 2Vexp2N [logZ —H(v | pey)+ 677]

<e N [2VP(Ly, € B,,)] = e PV [EAy (B, )

where in the second line we used that, as v € K, log2 — H(v | u®+) > 0. The lemma now
follows from (74) with § = 7. O

The continuity of ® and the concentration prescribed by the variance estimate imply now
the lower bound in just a couple of steps: for v € IC, § > 0 let U be an open neighborhood of
v such that

v -®lp]<d  VpeU,

16
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and let B,, , C U be the ball prescribed by lemma 4.3. Then

.. .1
111VH_1>10r<1)fFN > l}vrggéfﬁl()g LZéB expN®[Ly ]
QLN o v,r

1
> iminf — _
> @[v] +liminf Zlog Ay (By,) — .

Moreover, lemma (4.3) together with Chebyshev’s inequality and Borel-Cantelli, implies that

o1 1
lim +logAy(B,,) = lim ~logEAy(B,,)  P-as.

N—oo

By Sanov’s theorem, we thus get
1
iminf — >— -a.s.
l}vninglogAN (Bu,) = pé%,f,,,.H(p | u®7) +log2 P-a.s

All in all,
liminfFy > ®[v] — inf H(p|pu®y)+log2—4¢
N—oo pPEBL

>®v]-Hv

u®y) +log2 — 6.
Since 4 is arbitrary, by taking the supremum over v € IC, we get the lower bound

liminf Fy > sup ®[v] — Hv | u®v) + log2,
N—o0 vek

and theorem 3.2 follows.

4.2. The Parisi principle: proof of theorem 3.3

Our proof of the Parisi principle crucially relies on some classic properties of the rel-
ative entropy functional p € M| ($%) — H(p | u®~) € [0,00] which are recalled in the
appendix A. We start with a couple of technical and straightforward results.

Lemma 4.4. Let (g,m) be a minimum point of the Parisi function P, defined in (34), on [0,1]*.
Then

me (0,1) = H@W?"|uxy)=1log2, 6)
m=1 = HW"|uey)<log2,
E,n(8°) =7 a7
being ulq"ﬁ € MT(S) the marginal of V9™ € MT (Sz) on the first coordinate.
Moreover, it holds
®v?"] — Hw"™ | poy) = P(g,m) +log?2. (78)

Proof. As a lower semicontinuous function on a compact set, P must attain a minimum on
[0,1]2, which we denote by (g,7) € [0, 1]%. Since P(gq,m) — +oc for m — 0, 7 must lie in
(0, 1]: this implies that 9,,P(q,m) < 0 with equality if m € (0, 1). Through this and the expres-
sion for 0,,P in (37) we get that the implications (76) hold true.

Now, assume ad absurdum

E,on (¢°) #74. (79)
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Since @’/ < 0 the assumption (79) implies g € {0, 1}, as otherwise one would get from the
equation for 9,P in (37) that 9,P(q,7) # 0 which is impossible if g € (0,1). As 0 is a left bor-
der value in order for it to be a component of a minimum point it should hold 0,P(g,m) > 0.
But this together with (79), (37) and &’ < 0 would imply E,¢n (¢*) < g = 0, which contra-
dicts the assumption —1 < ¢ < 1. Using that sup ¢? < 1, the case § = 1 brings to an analogous
contradiction. Hence (77) also holds true.

Moreover, as (36) is valid for all couples (g, m), we find that P can be rewritten as

P(g,m) = ®(q) — q®'(q) + Epon (f+ @' (q)¢* o m1)

1 (80)
+ (log2 —H@"™ | p®@7y)) —log?2.
Using (77) we get
| n
P(g,m) = ©(q) —q®'(q) +Evan () + @"(@)7 + — (log2 — H"™ | 7)) —log?2
1)
1
=@ (Eysn (p*om)) +Epan (f) + — (log2 — HW™"™ | p®7v)) —log2.

From the latter and (76) the equation (78) follows straightforwardly. This concludes the
proof of the lemma. O

Proposition 4.5. There exists a minimum point (g,m) of P on [0,1]?> such that the unique

optimal measure for the Boltzmann—Gibbs principle (30) is v™; i.e.

sup ®(v) —H(v | p@y) = (@*") — Hw™ | p@7y)
vek

where V9™ is the generalized Gibbs measure with Radon—Nikodym derivative w.r.t. u®-y given
by (35) for (q,m) = (q,m).

Proof. Consider & € K solution of the Boltzmann—Gibbs principle (30). Then, let (g,7) be
a minimum point of P on [0, 1]?>. Lemma (4.4), specifically (76), ensures that 9" € K; this
amounts to say that »%™ is a viable candidate to solve the Boltzmann—Gibbs principle.

We now use proposition A.3 from the appendix A, recalling the variational expression for
relative entropy functionals, to show that

®(v) - H(v | uey) < (") - HW™™ | u@y) Vv €K, (82)

which proves the proposition. Specifically, as ¢,f1,f> € Cp(S), we can apply proposition A.3
to m(®'(g)¢? om +f) € Cp(S?) to see that

H(v | p@7y) = Hv?™ | u@-y) +m/ (F+@ (@) om)d(v—v*™)  (83)

18
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for all v € M (S8?). Specifically
€L ()~ Hlw | 597) < Eulf) — HOA™ | )~ [ (74+@'(@) o) dlw — 177)
Evan(f) — HW™ | p@y) — /(D’(a)wzomd(u—u‘?ﬁ)

m /(f—i-q) q)p oﬁl)d( —1/‘7"7') (34)
:—‘P'@(Eu(woﬂl)—51)+Eu?»m(f)—H(Vq’m\/~L®7)
/(f—l—q) q)p oﬂ'l)d(u—lﬂ’ﬁ’)

where in the last line we used that, as shown in lemma 4.4, for a minimum point (g,7) of P it
holds

g=E,um (<p2 o 7T1) . (85)

Since @ is concave and differentiable, it satisfies ®(x) — ®'(y)(x —y) < ®(y) forall x,y €
R. Through (84), and again (85), this implies

®(v)-H(v | p2y) =@ (Ey(p om)) +Eu (f) —H(v | p@7).

<@ HOA )+ (1) [ e @ om)dw v

From the latter we see that if 2 = 1 the claim (82) follows immediately. If instead 7 € (0, 1)
then H(v%™ | u®~) = log?2 and proposition A.3 implies that

/(f—i—(I’ q)¢*om)d(v —v?™) <H(v | p@v) —1log2 <0

for all v € K. Since both m and 1 — m are non-negative this implies

(1—m /(f—|—<I> Jp*om)d(v — ™) <0

which used on (86) gives (82), which is therefore now proved also for m € (0, 1).

All in all, we have shown that if (g,) is a minimum point of P on [0, 1]? then the unique
extremal measure o of the Boltzmann—Gibbs principle (30) must be one of the %™, namely
the thesis of the proposition is settled. O

4.3. The limiting Gibbs measure: proof of theorem 3.4

Here and henceforth, we will denote by & € M (S?) the measure solving the Boltzmann—
Gibbs variational principle for a system in low temperature; i.e.
aer expim [®(q) o* (x) +f(x,)]

dir(x,y) = o du(x)dy(y),

where (g, m ) = argmm[0 ;P and /m < 1. Some notation: let {(Z;, W;) }i<y be i.id. S2-valued
random Vectors with common distribution & and defined on a probability space (Q', F’ E).

Setting z¥ (Z] Wi, .., Zy, Wy) € S?N define

def Al e 1 o
z:: Yn(Z) = ﬁ;(f(zi,Wi) —Ez(f)
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and consider the real valued random vectors

Xy Xn(Z)
E B 87
< Yy > < Yn(Z) @7
together with their covariance matrix, say Y, which we assume to be invertible.

Set

Con & —md"(g) + (1, -0/ ())- ="~ (1,-3'(q)) ", (88)

T

where (1, —®'(g)) ' is the transpose of the vector (1, —®’(g)) € R? and ‘- the matrix-vector

product.
Notice that ®'/(g) < 0 implies C = Cy 5 > 0.

Proposition 4.6. Under the assumptions of theorem 3.4, the point process

2N
. def
ENZE D Oin(a)-N@(@)~Ex ()]~ (89)

a=1

where
oL —log /2w NIZC; (90)

converges weakly to a Poisson point process with intensity measure e”"™dz.

Theorem 3.4 follows from

1) Proposition 4.6 together with
ii) The exponential transform

Hy(a) = N[®(q) — Ex(f)] —wn — exp (Hy(a) = N[®(q) — Ex(f)] —ww) ,

which maps the Poisson point process with intensity measure e~"*dz to a Poisson point
process on the positive line with intensity measure ~"~!dr;
iii) The fact that infinite volume limit and the Gibbs-normalization commute.

Items ii)—iii) are fairly standard in the literature: their proof is omitted, but we refer the reader
to, say, [6] for details.

For the sake of simplicity, we shall prove proposition 4.6 assuming that theorem B.1 (see
appendix B and [3, theorem 19.5]) holds for the normalized vectors (87); this is equivalent to
the assumption that at least one measure among o (gom —g) ! and U o (f— E5(f)) ™! has
a density w.r.t. the Lebesgue measure on R.

Lemma 4.7. In low temperature, for any (u®7y)®N —measurable function F : S*N — R
VB (F (X1, Y1050 X Y1) = E (e VNV @010 7)) 1)
Proof. By definition, for any y = (yy,...,yy) € S*V,y; € 82, it holds:

d(pey)®N
W(Y)
N

-1I d(;;cs’ﬂ (yi) =exp (Nlog w_chp q)prom y,)+f(y,)> , (92)

20
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hence

2VE(F(X11,Y1 15, Xin, Y1)

N
am —in> @' (@)@ omi () Hvi
— M(1ogZ"+10g2) / o "It WEemOIH o apeN ). 93)
By the entropy condition (38),
logZ#™ +1log2 =m[®'(q)g + Ex ()] (94)
Plugging this in (93), and remembering the definition of the vectors (87), the lemma follows
straightforwardly. O
Proof of proposition 4.6. We will show that for any compact K C R
lim E(Ey(K)) = / e ™dz. 95)
N—oo K

Due to the complete independence over the a-s, this suffices to prove the lemma by
Kallenberg’s theorem [16, theorem 4.15]. To this aim, recall that, by definition,

N N
1
Hy(1) = N® (N ;goz(xl,i)) + ;f(xl,i, Y1), (96)
so that
2N
EENK)] = | > Sy(0) M@ @)+Eo (1) —un (K)
o= 97)
=2"P[Hy(1) = N(®(q) +Es (/) —wv € K]
= 2"E [La1,(1) M@ (@) +E0 (1) —nek] -
By lemma 4.7,
E[En(K)] = E |e ™M@ @Xvt1g . (98)
N[@ (2 +7) - (@] +VNry—wvek
As ® is twice differentiable, for any fixed N € N we can consider a map
xely® [-VN, VN = enx) e 1€ g 1,3+ 1), (99)
that to any x € Iy associates a point &y(x) € I such that
X by 1 x?
S| —=+q)—-P(q) -2 (q)—===9" (&)=
(S5+7) 2@ - 2@ = 32" 60
(100)
2
= RN(X) N y
where to lighten notation we defined
e 1
Ry(x) < 50" (& (x)). (101)

2
As g,¢%(x) € [0,1] Vx € S, it holds
Xy € Iy for any realization of Xy; (102)

21
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specifically we can write

X
N [CI) (N +q> - q)(q):| VN’ (g )XN+RN(XN)X (103)
VN
Notice also (recalling that, by assumption, ®''(a) <0Va € R):
Ry(x) <0 Vxely, (104)
1
Jim Ry(x) = 5@"(51) <0 uniformly for x € o(V/N), (105)
— 00
e 1
if Rdzefiir}f\cb’q >0 then  |[Ry(x)|>R Vxcly. (106)

Going back to (98) we rewrite it as
E[Ev(K)] = / e VN DG (1, y)dOw(x.y) (107)
INXR

where Qy € M (IR?) is the distribution of (Xy, Yy) and

1 if R — K,
By 1T VN @ 4y) + Ru(0 o e (108)
0 otherwise.
It is easily seen that
! —nV/N(@' (@)x+)
— e " YW (x,y) dxdy (109)
\/N INXR

vanishes as N — oo. Indeed, integrating by substitution according to the change of variables
(% 5) = (% VN(@'@)x+) +Ry(x)x* — ) (110)

the function ¥y (x,y) becomes 1x(¥) so that through (104) and (105) we easily obtain

(109) < e‘N /Ke_my/dy//Re—meadxl -0 <\/11V> (Nt oo), (111)

where we also used the fact that z — e~ is non-increasing and that the definition of wy (90)
implies e~™~¥ /N = O (N~'/2). But this, through (107) and theorem B.1, yields

lim E(Ey(K)) = lim e’m‘/N(q’/@xﬂ)\IJ(x,y) ©s(x,y)dxdy (112)

N—oo N— oo IyxR

where ¢y, is the Gaussian bivariate density with mean (0,0) and covariance matrix 3.
We now focus on the right hand side of (112) and write it as

o= VN@ @x) (5 x,y)dxdy = T + T2 113
N Y) enX, y)dxdy = Jy T I, (113)
IyxR
where
def logN
1 e // 7m\f<l> (q)X+y)\Ij (x,y)(pz(xyy)dXdYa (114)
logN
and

zdef// VN @A G (1, ) o (x, y) dxdy. (115)
logN,log N NIy
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We begin by showing that
lim 73 =0.
Ner;O Iy =0 (116)

Indeed, by K-compactness it holds that K C [t,+00) for some ¢t € R, so that for every

(x,y) : Un(x,y) # 0 the exponential term in (115) is bounded above by ™" (—R ()2 untr) |

Specifically, again by virtue of (104), (106), we obtain

[—logN,logN]

< e (Rlog? Newt) o(1) as N— oo,

(117

where x — oL (x) is the Gaussian univariate density of the first marginal of a bivariate Gaussian
with density (x,y) — ¢x(x,y). This settles the claim (116).
As for 7!, we have

logN
1

7wl
N 2w |E logN

with » T denoting transpose. Note that with (%, y) the variables as in (110), it holds

y= <x, ym\%’/‘“”v @’(q)x)

=x-(1, -(q)) +

/fmf (@xty) =32 g5 dydy, (118)

Y — Ry(%)%* +wy

VN

and that for any scalars a,b € R and vectors v,v, € R2 it trivially holds

-(0,1)

1 1
—5 (avi+bv2)- S (av] by ) =— Eazvl 2Ly —bav, 27w

(119)
_lbz -15]
2
Specifically, as
¥ — Ry(X)% + wy log> N
yeEK, x| <logN = YNNI TEN o N — o0 120

uniformly, and in light of (119), we get that the quadratic exponent of the Gaussian density in
the new variables (%, ¥) equals

f%xz (1,-3'(g))- 7' (1,-9'(g) +0 (105;]\/) (N—o0). (121)
Therefore
Iy = < / "”Y/logN @+ (1-2 @)= (1-2'@) o) gz 45 (122
27T\/WV logN
As (106) holds, we have
lim sup  Ry(x)= %@”(q), (123)

N—=00 yeR: |x|<logN
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and by definition

e—r?th B C
2my/|ZIN -V 2m

All in all, we get

. C —my —CF i~ g~ —my 3~
I\}LH;OJAI/:\/E/Ke y/e 2 dxdyz/Ke Ydy

which ends the proof.

4.4. The limiting law of the overlap: proof of proposition 3.5

(124)

(125)

In this subsection we prove proposition 3.5, i.e. we show that if the system is in low temperature
and v is the solution of the Boltzmann—Gibbs principle (30), then the limits (40) and (41) hold.
First, we prove (40). We start with a technical lemma, which is a direct consequence of

lemma 4.2 and theorem 3.2.

Lemma 4.8. Let r> 0, and Oy = Oy(«, ') s.t. for some M > 0: |Oy(a,0’)| < MVa,a’ €

{1,...,2"}, N € N. It holds

ngrolo (1 [LN,Q]ON(O[,O[/)>N =0 P-a.s.
where BS = {p e M (8?): d(p,v) >r} =M{ (5?)\ By,
Proof. Fix r > 0, then

(Lg;[Ln.a][Ox (@, "))y < M (g Lu.a]))y

=M > Gva) ) Guld)

a:Ly o B, a’ 2N
=M > Gxla).
a:Ly, o &B,
Therefore, showing that P—a.s.
N®ILy,o]
. . a:Ly,o B, o
Jim, 2 Gw(a) = Jim T =0
a:Ly,o €8,

would prove the lemma. We therefore claim (126).
Lemma 4.2 and theorem 3.2 imply that P—a.s. it holds

def . o1 NPlLvol — i L _
Frfhmsuleog Z e <nggoN10gZN7F'

N—=oo a:Ly o B,

Specifically, for n & F— F, > 0, it holds

Z N®lLval - EN(Fr+g),
a:Ly, B,

Zy > EN(F7 g)

3
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P—a.s and provided that N is large. As the latter implies

NEILyo]
> Gula)= T <,
oLy, o @B, N
the claim (126) is settled and the lemma follows. O

Notice that the non-negative operator 7: M| ($?) — R defined as

i) & ( [ Fman - q)2

is continuous, bounded and such that (recall g = [ ¢*(x)77;)

T[Ly.o) = (gv(o,a) —g)*, T[] =0.

Specifically, given an arbitrary 6 >0 we can find r >0 such that if Ly, € B, = By, then
T[Ly,] < 0. This implies

E < 15, [LN,OJ (qN(a,a’) - 51)2504:0/ >N =E (13, [LN,a]T[LN,a] da=a’ >N

=E Y TLyalOn(a) <6

a:Ly o €B,

(127)

where in the last line we used that in low temperature theorem 3.4 guarantees that the process
{Gn()}a<ov converges to a Poisson—Dirichlet point process with parameter m € (0,1), and
this implies E 0, v Gn(a)? ~1—in € (0,1). Specifically, applying lemma 4.8 we get

Nli)n;oE < (QN(aa O/) _ Zl)zdaza/ >N =K < lB, [LN,a] (QN((LO/) - Z])Z da=a’ >N < 57

which, being § arbitrarily small, proves the first claim (40) of proposition 3.5.
In order to conclude the proof of the proposition, we only need to show (41).
To this aim, define

N
- def 1
Lva = > 0 1)
Na N_2 pt (Xa,/;yoc.t)

and let L}V,a,i,%,’a be its marginals. Then, similarly to the proof of proposition 4.6, for any
fixed N € N consider a map oo — (j that to any configuration « associates a point (5 € [0, 1]
(specifically in the interval between E;; (¢?) and Ejy (%)) such that

@ (Ey, (1)) =@ (Ey (+)) + @ (G0 [En (») ~Egy (#)]. (128)
By construction, one has
Hy(a) = N®[Ly,o] = (N—2)® [Ly o] + Wy(a) + Ry(a) (129)
where
Wiv(a) E @ () [0* Xao) + 9 (Xa 2)] +AXa 1, Yo 1) +1(Xa 2 Ya2)

Ry(e) €20 (Ey (7)) =20/ () Eyy (4)-
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This implies that for every map (a, ’) — On(a,a”)

<<0N(Oé, a/)€WN(Q)+WN(a’)+RN(a)+RN(a')>>

N
<<€WN(O‘)+WN(OZ/)+RN(CK)+RN((1’)>>N (130)

E(On(a,a’))y=E

where we defined ({-))n def Yl Gn(@)Gy(a’) and

QN(a) def €Xp (N*;)Q[LNQ 5 det Z (N—2)®[Ly, ol
N

As @ is twice differentiable, for every ¢ > 0 there exists 6’ > 0 such that, being L,l\,,a the
first marginal of Ly ,, if

B (¢D)—d[ <8 Icg-al<e’ (31
then

{RN<a> —20(g) +2¢'(g)g) <4,
[Wa(@) = @ (@) [¢2(Xat) + 2 (Xa2)] =Xt Yart) = f(Xa2, Yas)| < 6.

Moreover, by duality and continuous projection, we can choose r small enough s.t.

- 8’ o'
Ly €By, = B (¢%) € [En(¢") =0, En (@) +6] = [q— S+ 2] .3
Notice also that
N-2 ‘Pz(Xal)+302(Xoc2)
2N , , . 2
Eu ()= N3 +Ep, (¥7) (133)

which implies that as N — oo, E (<p )=(N = Eiy ( 2) + O(N~") uniformly.

It is readily checked that lemma 4.2 and theorem 3.2 still hold if we substitute the ori-
ginal Hamiltonian N®|Ly ,] with (N —2)®|[Ly,]; this implies that lemma 4.8 works also
for the average ((-))y. Specifically, for every r> 0, the couples «,a’ contributing to the
sums corresponding to the averages in the right hand side of (130) are the ones for which
iN,a7iN,a/ S BD,r-

All in all, being § arbitrary, we immediately get

Foo' VaVar
lim E(Foqy= lim BT oeVaVar )iy
N—oo N—oco <<V(!V()//>>N

(134)

where we defined
def
—CXPZ(D ak +f( a,ks ak)

For Oy(o, @) = dazar (gn(o, ') — go)’, the t.h.s. of (134) equals the large-N limit of

({(gn(a,a’)?00zar VaVar )N ((Batar VaVar )N

2
E <<Vozva’>>N +Q0E <<VO‘VO‘/>>N (135)
_agopitam(@:0)azar VaVar)n
((VaVar))n
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Since ¢ is bounded, and by symmetry, the first term in (135) converges in the N-limit to

1 <<@(Xa,i)@(xa’,i)‘p(on:/)(p(Xa’J)(sa;éa’ V(xva’>> 1
w2t (AR “+o(3)

i;:j D) o {o(Xa ) e(Xar 1) (Xa2)p(Xar,2)0 ) ) 1 (0
_NN* @Xa,l 2 X(x/,l <)0XOL,2 2 Xa’,2 a;ﬁoz’vozva’ N L
e - (VaVa D +o(x).

N

Notice now that theorem 3.4 clearly also applies to the collection of weights QN(a),a =
1...2N, which therefore converges weakly to a Poisson-Dirichlet point process with
parameter m.

Some particularly useful properties of such process are given in theorem B.2 of the
appendix. A simple domination argument shows that one can pass to the N — oo limit repla-
cing the {Gy(a)}, by the points of its weak limit so that® we can use the formula (143) from
theorem B.2 to get

<<QN(OK, a/)zé(x;ﬁa’ Vav(x/ >>N

lim E
N—=oo <<VaVa’>>N
= lim E <<<)0(XO¢,1)(p(XOc/,l)‘P(X(x,Z)(p(Xa’Q)(sa;éa/ VaVa/ >>N
N=o0 <<Vava’>>N
Z QO(X(X,])QO(X&,Z)V(X @(Xa/71)<P(Xa/,2)Va/ gN(Ol)gN(Oé/)
; aFal (137)
= lim E -
N— oo N
[ Vai(a)
R %10 CRPIEI0 Y L 0 i / A\
7N1Lrgcm VT =im pdv ) =mgq;

Similarly we get

!
lim <<5a7ﬁa VaVa >>N — i, lim E<<QN(@7<X )50175& VaVa >>N

N—=o0 ((VaVa ))n N— 00 A = mqo,

and (41) follows. This ends the proof of proposition 3.5.
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Appendix A. The relative entropy

Definition A.1. Given a couple v, ;1 of Borel probability measures on a Polish space S, their
relative entropy is defined as

H(v|p) = {Eou (log (%Z)) ieflse.l/ <<up, E, (’k)g (%) D <% e

It is a well-known fact that the definition A.1 is equivalent to the following (see [12, 17] for

details)
H(v|pu)= sup {/udulog/e”du} (139)
u€ Cp(S)

and it is easily seen that v — H(v | 1) from M (S) to R is non-negative, convex and lower
semicontinuous. Specifically, the sublevel K defined in (29) is compact in ./\/l}|r (S).

Definition A.2. For all u € C,(R) define the measure

G, ) e
du s) = 7

Proposition A.3. For all u € Cy(S), v € M (S) it holds

G, € M (S):

H(v|p) = H(G, | 1) —|—/ud(1/— G,).

Proof. From the variational definition of H (139) we have

Hv|p) = /udu—logZu Vv € M (S),Yu € Cy(S).

dG,
HG,|p) = /log( i )dG,, = /udGu —logZ,,

and the thesis follows straightforwardly. 0

Moreover

Appendix B. Edgeworth expansions, and Poisson-Dirichlet identities

Denoting by ¥ = (x,y) — ¢x(¥) the bivariate Gaussian density with mean zero and covariance
matrix X, the following normal approximation result holds:

Theorem B.1 ([3], theorem 19.5). Let {V,}i>] be a sequence of i.i.d. random vectors with
values in R?, having mean zero, a positive-definite covariance matrix 3 and a nonzero, abso-
lutely continuous component. Then if E||V{|?® < oo, writing Qu for the distribution on of
N=2(V|+---+Vy), one has

[P alos-Tal ) =o (\}N) (N o0) (140)
where

Ty hE)

T)\Z(V) =N +ps(v) (141)
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for a bounded smooth function h : R* — R, X\, being the Lebesgue measure on R>.

Theorem B.2 ([22], theorem 6.4.5). Assume that {v, }.<ov is a Poisson—Dirichlet point pro-
cess with intensity measure e~ dt for some m < 1, independent of a sequence {(Uq, Vo) } a<on
of i.i.d. vectors, copies of some (U, V): EU? < 00, EV? < 00,V > 1. Then we have the formulas

%JVQU“ _ Euyr!

E = 142
> vaVa Eym (142)
«

VaVgU U
Ea;w PP gy 143
= Eve ) .
<Zvava>
a
27172
%:VaUa EUva72
o = (lem) = (144)
(Vava) ]EVm
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