ON A NONHIERARCHICAL GENERALIZATION
OF THE PERCEPTRON GREM

NICOLA KISTLER AND GIULIA SEBASTIANI

ABSTRACT. We introduce a nonlinear, nonhierarchical generalization of Derrida’s GREM
and establish through a Sanov-type large deviation analysis both a Boltzmann-Gibbs
principle as well as a Parisi formula for the limiting free energy. In line with the predic-
tions of the Parisi theory, the free energy is given by the minimal value over all Parisi
functionals/hierarchical structures in which the original model can be coarse-grained.

1. INTRODUCTION

The study of mean field spin glasses, started by physicists in the 1970’s and culmi-
nated in the Parisi theory [6], has over time revealed a rich and challenging mathematical
structure. Despite the enormous progress over the last decades, the whole Parisi picture
and its presumed universality for mean field models still remains not fully understood.
Indeed, for the prototypical models of the theory such as the Sherrington-Kirkpatrick
[SK] model [15], a rigorous treatment via large deviations techniques within the classical
Gibbs-Boltzmann formalism is still lacking, and one has to resort to sophisticated ma-
chinery, in particular Guerra’s interpolations [8, 16] and the Ghirlanda-Guerra identities
[7]. These tools are remarkably efficient but cannot provide, by their own nature, insights
for given realization of the disorder. We refer the reader to [9] and references therein for
a comprehensive account of the state of the art for the SK-model'.

One of the most puzzling features of the Parisi theory is the ultrametricity, namely
the emergence in the infinite volume limit of hierarchical structures closely related to the
generalized random energy models, the GREM, introduced by Derrida in the 1980’s [4, 5].
For a large class of SK-type Hamiltonians, the ultrametricity has meanwhile been put on
rigorous ground by Panchenko [10]. The analysis relies crucially on the Ghirlanda-Guerra
identities.

In order to shed some light on the origin of ultrametricity, simplified models for spin
glasses which are amenable to a rigorous solution via large deviation techniques have been
introduced by Bolthausen and the first author in [1, 2, 3]: the first paper deals with a
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LA treatment of spin glasses which is somewhat complementary to the Parisi theory goes through
the TAP-Plefka framework [17, 11]. The rigorous studies which bypass the interpolations/GG-identities
employ the Kac-Rice formula and some ensuing large deviations estimates for the complexity /number of
critical points of Gaussian random fields. This type of analysis is to date however limited to spherical
models with REM-like ultrametric structure, see [13, 14] and references.
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nonhierarchical yet linear superposition of Derrida’s GREMs, whereas the second paper
analyses a non-linear version of the GREM which is closely related to the perceptron
model from neural networks [6] and which we refer to henceforth as Perceptron GREM.

In the present paper we introduce a random Hamiltonian which is neither hierarchical
from the start nor given by linear superpositions of GREM-like models. For such nonhier-
archical, nonlinear generalization of the random energy models we establish a quenched,
Sanov-type large deviation principle for the empirical distribution of the random energies
which in turn allows to derive a Boltzmann-Gibbs principle, as well as a Parisi formula
for the free energy in the thermodynamical limit. The limiting free energy turns out to
be given by the minimal value over multiple nonlinear Parisi functionals / hierarchical
structures.

What is perhaps more, our analysis suggests that the onset of ultrametricity is inti-
mately related to certain monotonicity properties of relative entropies/Kullback-Leibler
functionals, and shows how these monotonicities lead to the optimal balance in the energy-
entropy competition.

We emphasize that the spin glass we investigate here is nonlinear insofar the sub-
energies interact via a perceptron-like function, see (2.2) below for the definition of the
model, but the Hamiltonian still is a linear functional of the empirical measures of the
random energies. The case of nonlinear functionals, which give rise to models which
better approximate realistic spin glasses such as the SK-model, will be addressed in a
forthcoming work.

2. DEFINITION OF THE MODEL AND MAIN RESULTS

We start with some notation: for n € N, we set [ o {1,2,...,n} for the set of species.
For J C I we denote by

PJdZef{AQJ:A%@}

the power set of J (without empty set). For N € N, which will play the role of the volume,
and j € I, we denote by
aj € {1, 2%}

the spins associated to the j"-species. For J € P; we identify the |J|-tuple (;);jc; with

def N
aJ:e(Oéj)jGJ, OJJG{L'--,QH }

By a slight abuse of notation, if J = I we shorten P, for P;, and write a for a

configuration, i.e. the whole vector of spins (g, -, a,).
Remark that we have altogether 2V configurations, and since our configuration space is
in one-to-one correspondence with the set {1,...,2Y}, to lighten notations, we will refer

to the latter in the counting procedures which we implement below.
Consider independent random variables

{X;X]J st } JEPy i€N

with values in a given Polish space S equipped with the Borel o-field S, and defined on a
probability space (2, 4, P). We assume that for J € P, each variable X (;{N- is distributed
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according to the same probability distribution p;. In this case, the product measure

! o Q@ s gives the joint distribution of the random vector

JePy

on,z’ d:ef (XJ

W.)Jepn . (2.1)

Since |P,| = 2" — 1, the joint law u is an element of M7 (S?"~1), the space of all
probability distributions on the product space S?"~! which, endowed with the topology
of weak convergence, is Polish itself.

For d € N, v € M{(5%), we denote by B,(v) the open ball centered in v with radius
r > 0 in one of the standard metrics (e.g. Prokhorov’s metric); a neighborhood or an open
subset are conceived in the corresponding topology. This turns M7 (5%) into a complete,
separable metric space.

For d € N, v € M{(S%) and B a subset of indeces, B C {1,--- ,d}, we write v(5) €
M7 (S B ‘) for the marginal of v restricted to the coordinates corresponding to indices in
B: with g : S — SIBl the associated natural projection, it thus holds that

75), (v) = v o 1",

Given a function ¢ : S2"~! — R, our spin glass Hamiltonian is then

Hy(a) =) ¢ (Xa;) =N / O(x) Ly o(dz), (2.2)

<N

(B) def (

where

1 N
LN,a = N ; 5Xa,¢ ’ (23)

2”71)

is the empirical measure, a random element in M (S . The partition function and

free energy associated to (2.2) are defined as

9N
Zn(9) =278 M@ resp. F(@) = = log Z(9). (2.4)
a=1

N
This spin glass model is thus a generalization of the Perceptron GREM discussed in [3]
but which, unlike the latter, has no in-built ultrametric structure.
For d € N, v,/ € M{(5%), we denote by

dv :
H(V|V’)d:ef{f10gwd’/ if v<v

00 otherwise.

the usual relative entropy of v with respect to v/. Finally, for J € P,, we set
e n J
o, {y e MF(ST Y HW®D | Py < Ulog 2} . (2.5)
n

Our first result states that the quenched infinite volume free energy exists, and is given by
the solution of a Boltzmann-Gibbs variational principle. The upshot is analogous to the
control of the thermodynamical limit established in [1] through second moment estimates
on the energy levels for the case of linear ¢, and with disorder given by Gaussian random
variables.
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Theorem 2.1. Let ¢ : S*"~1 — R be continuous and bounded. Then f(¢) & A}im Fn (o)
—00

exists almost surely, and is given by

f6)= s { [ o —3<u>} 2.6)

veM; (82" -1)

where the quenched rate function J : M (S?"~1) — R is given by

o | Hlp) if ve N Cy
) ¥ JEP, (2.7)
00 otherwise.

Since the set P, is partially ordered through the inclusion relation, we can consider its
totally ordered subsets, which are referred to, with the terminology from [1], as chains.
We set

Co E{T={ADY" AT =0,Vkel\{n}: AL I, AT c AL, |Af| =k AT =1}.
(2.8)

Each element in C,, corresponds to a specific hierarchical structure among all those in
which the original model can be coarse-grained, i.e. to each chain T' € C,, we can associate

a Hamiltonian HZ% which gives rise to a Perceptron GREM. To see how this goes, for
T € C,, we define

T, E{JcI:JC AT, Jg AT YCP,, kel (2.9)

The sets 11, - -- , T, describe explicitely how a specific chain T" assembles the n-levels into
the corresponding hierarchical structure: if

T={0C{a} C{ar,a0} C---C{as, -+ ,an_1} C{1l,---,n}} (2.10)

then the ay,’s play the role of indeces for the first level, (aq,, ay,)’s for the second etc..
Since P, is the disjoint union of the {7} }xes for any J € P, there is a unique

k= k‘J(T) € [ for which J € TkJ . (211)

Given lhese indeces we Shorlen
)ai <) oi Qg l) ? (212>
’ 1 kJ’ JG] n

where the YJ -s are py-distributed and independent both over the a’s as well as over the
©’s. Hence, the coarse grained Hamiltonian corresponding to the chain 1" € C, is defined

as
N

HE(a) =3 o(vE), (2.13)

=1

2We stress that the order in which the random sub-energies appear in the vectors (2.12) is the same
as the one of the original vector (2.1): if P, = {J1,---,Jan_1}, then the c-th variable is distributed
according to py , ¥V ce€ {1,---,2" —1}.
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with associated partition function and free energy in finite volume denoted by

2N
Zh(e) = 2N S MO, F(6) = < log 74 () (2.14)
a=1
The Hamiltonian (2.13) is in the form of a Perceptron GREM? introduced and solved in
[3]: both a Gibbs variational principle, as well as a Parisi-like formula, for the limiting
free energy are available.
For later purposes, we need to recall how the Parisi variational principle for the Per-
ceptron GREM is constructed [3]: consider the standard simplex

Ad:ef{m:(ml,...,mn):O<m1§m2§---§mn§1}, (2.15)

and recursively construct functions
T _
¢n - ¢7

1
T L .. (k=1)y — _—
qbkfl (.’L‘ ) » L ) my,

2.16
log/ exp [mmbz (w(l), cee ,Ji(kfl),y)} M(Tk)(dy) ; ( )

for k € I, shortening also @) = (z,) ez, and p")(dy) = HJGPE\PE_l wy(dyy), and

omitting the dependence of the ¢-functions on the parameter m to lighten notations.
We then set

n

log 2 1
P’ (m) ¥ — 4 ¢l (m). 2.17
(m) S22 6 (217)
It is proved in [3, Theorem 2.3-2.5] that for continuous and bounded ¢, the limit
(o) &t ]\}im F§ exists almost surely and is given by the solution of the Boltzmann-
—00

Gibbs variational principle

@)= s ){ [ oteyan —3%)} | (2.13)

veMf(s2"-1

with quenched rate function J7 : M7 (S*'~!) — R given by

e H(v if ve s Cyr

o0 otherwise,

3The coarse-graining requires some burdening notation, but the procedure is quickly understood
through a concrete example which the reader may want to keep in mind throughout: let n = 2,
x o x2 x L2 ) ~ i1y ® pg2y @ jg1,2y, in which case ¢ : S = R

ag,i) Qsg,1) (a1,002),8

and Hy(a) = ), (;S(X{l} xi# o x it ). There are two possible chains: R Lf {{1}, {1,2}} or

a1,1? az,1) a1,02,i
T {{2}, {1,2}}. By way of example we focus on the latter, in which case the sets (2.9) are given by
T = {{2}},T> = {{1},{1,2}}, and the new sub-energies are given by VAR py2y for the "first level”,

x2,7

and consider X,,; = (

and (Y{l} y it ) ~ pi{1} ® fig1,2y for the second. The Hamiltonian of the coarse-grained model is

(a1,a2),1” = (a1,02),i

then HY (o) =Y, (b(Y{l} yi2 y it ;). The key aspect of the procedure is thus to replace the Xo{i}l

a1,02,07 T ag,t T ar,on,l

with Yo;{ll’}az’i the latter being independent over the ajs: this eventually induces a hierarchical correlation

structure as in the Perceptron GREM.
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and the sets C A7 as in (2.5). Moreover, the solution can be given in terms of the following
Parisi variational principle

ff(o) = min PT(m). (2.20)
me
Our contribution here is to extend the above to the nonhierarchical Hamiltonian (2.2).

Theorem 2.2. Assume ¢ : S*" =1 — R is continuous and bounded. Then

. . T . . . T
f(¢) = min f(¢) = min {glelgP (m)} (2.21)
where f(¢) is the limiting free energy (2.6), and f1(¢) the limiting free energy (2.18)
associated to the chain T € C,,.

In other words, the limiting free energy of the nonhierarchical Perceptron GREM is
given by the minimum among the free energies associated to all chains in which the original
model can be coarse-grained. The novelty compared to [3] is thus the minimization in
(2.21) over all T € C,,, i.e. over all possible hierarchical structures: this feature is in full
agreement with the Parisi theory for the more sophisticated mean field spin glasses like
the SK-model, where the corresponding minimization is indeed over all g-functions [6].

3. THE GIBBS VARIATIONAL PRINCIPLE

In this section we give a proof of Theorem 2.1. For this we will closely follow the large
deviation analysis of [3] of the Perceptron GREM, which is flexible, and carries over to
this more general setting quite swiftly. Lest the reader is overwhelmed with innumerous
pointers and references, and given that the treatment is reasonably short, we will work
out out all steps in detail.

We first need some infrastructure: for an open subset U C M7 (S we will denote
by My (U) the random variable counting the number of a-s for which the corresponding
empirical distribution (2.3) lies in U, to wit:

My(U) =#{a=1,...,28 : Ly, € U}.

The following two lemmata state some well known properties of relative entropies. The
short and elementary proofs are given for completeness.

2"—1)

Lemma 3.1. Let S be a Polish space, d € N, v,y € M7 (Sd) with v < p, = ®Z:1 J
for some py € M7 (S), k€ {1,--- ,d}. Then for every nonempty B C {1,--- ,d},

H(v|p) =H (VP |+ H (v @ pul?)) (3.1)

H (P u®) < H(v|p) (3:2)
where B¢ ={1,--- ,d} \ B.

Proof. The second claim (3.2) is an immediate consequence of (3.1), together with the
positivity of relative entropies. In order to see the first claim, let {S;}¢_, be d copies of
Sand B={by, -+ ,by}, B={ai, -+ ,aq_m}. Since the product space of Polish spaces
is Polish, specifically Radon,the disintegration Theorem holds for every v € M} (Sd)
and we can define the conditional distribution v15) of v on S,, x -+ x S,,_,, given the
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projection on Sy, X --- x Sy,,. Expressing v = v(®) @ v(BB) as a semi-direct product, it

holds
dv dv'® dy(B°1B)
du(B°IB)
- (B) | ,(B) R
=H (v p )+/10g( 1 )du.

We now focus on the second term on the r.h.s. above: by well-known properties of
Radon-Nikodym derivatives! we may write

dyB°1B)  qy(B)  qy(B°IB) dv
A~ B quB) T (@ g pB9)’

(3.3)

(3.4)

and therefore

dP°1P) v R
/log (W) dv = /log (d(y(B) ®M(Bc))> dv=H(v|vPeuP)).  (3.5)

Plugging this in (3.3) then yields (3.1).

O

Lemma 3.2. (Semicontinuity of relative entropies) With the notation of the previous
Lemma, the functions v — H(v|p), v — H (v|vP® @ pB)) are lower semicontinuous
in the weak topology.

Proof. 1t is well known that for relative entropies the following representations hold:

H(v|p) = sup { / udy — log / e“d,u} , (3.6)

ueU

where U is the set of all bounded continous functions S¢ — R, and analogously for

H (v VB @ u(BC)) = sup {/ udy — log/e“d (V(B) ® u(BC))} : (3.7)

ueY
But for v € U, the functionals

v— /udu, v— log/e“d,u, v— 10g/e“d (V(B) ®M(Bc))
are all continuous: the claim of the Lemma thus steadily follows from this observation
and the representations (3.6) and (3.7). O
The next technical result is a generalization of [3, Lemma 3.1].

Lemma 3.3. (Relative Sanov Theorem) Let o = (ay, - ,0p), o = (o, - ,al) be

two configurations and Ly o, L o the associated empirical distributions defined in (2.3).
Assume that for A € P,,

aj=a, jeEA and oy # o, jeT\ A
Then the couple (Lo, Lno) satisfies a LDP with good rate function
34, 0) = HEPD [P0+ H (v v™0 @ uP) ) 4 1 (01079 @ uP3) ) (38)

4This step is somewhat informal, but see e.g. [12].
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if vP4) = 9(P4) (and = oo otherwise), where P = P, \ Pa.
Proof. Let S be a Polish space, d € N,
P ={by,-- by} C{1,--,d}, P £0,

and {X;}, {Y;} two independent families of indendent random variables with
d M
Xo~pe QM8 Yim i € @MI(SE).
k=1 =1

where each Sy, .S; is a copy of S.
We consider the empirical distribution

N
1
My = 55 ; 0(x,.Y;) (3.9)

associated to vectors (X;,Y;) € S; X -+ x8g xSy x---x Sy —and the natural projections

TSI X e X Sgx Sy X xSy — S X - X Sy,

, , , - . (3.10)
TSy X e X Sg X Sy X e X Sy — 51 X -0 X S,
where
= def | Sk if keP dof
S = . PE{L, I\ P ={ci, 00 Camur)
k {SIQ it k¢P { I\ {e1, ¢ Ca-m}
We define

(Ly.Ry) < My o (m,7') ",
which is a random element in M7 (S; x - -+ x Sg) x /\/lf(§1 X oo X Sd)a and

3, 0) { HuP yPY+ H (v[vP @u®))+ H(0]0P ou) if vP =0P
’ 00 otherwise.
(3.11)
Applying Sanov’s Theorem to (3.9), and by continuous projection, we obtain that the
couple (Ly, Ry) satisfies a LDP with good rate function

J.0) =it {H (plp@u): prt=v, pr""=0}.

Since the projections (3.10) coincide on coordinates indexed in P, for all
pe M (Syx--x55x 8 x---x8 )it holds (pr™ )P = (pr'~1)P) and the follow-
ing implication is immediate

VP £ 9P — §(v,0) = .

We may thus henceforth assume v7) = P and consider 5 = j(v, §) with marginal v(7) =

6) on Sey X =X S¢, ,,» and conditional distribution on S, x -+ x Sp,, X S{n X - X S{)M
as the product of the conditional distribution

given the projection on S, X --- x S¢, ,,
of v on S, X --- % Sp,, given the projection on S, x --- x S, ,,, and of the conditional
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distribution 6 on Sy x---x .Sy given the projection on S, X -+ xS

cq_n - In which case,
applying (3.1), we easily obtain

H(pluou)=H (P | 1P )+ 1 (o]0 o™ )+ H (667 @)
and therefore J > J’. Conversely, for any p satisfying pr~! = v, pr’~! = 0, we claim that
Jw,0) < H(plp®y). (3.12)

(Remark that we can assume that the right hand side is finite). To see this, we first write

H(p\u®u’)—H(p!ﬁ(%9))+/dplog%-

The first term is non-negative, while the second equals
" dp(v,9)
dp(v,0)log ——— = J(v,0),
| ot oyon s =
and (3.12) follows. The statement of the Lemma corresponds then to the case
d=2"—-1, P =P5.
OJ

Proposition 3.4. Let v € M7 (5%'7') be such that H(v | p) < co, € >0 and V an open
neighborhood of v. Then there exists an open neighborhood U of v, U C V', and § > 0 for
which

P [MN(U) > eN(longH(z/|,u)+e)] < 676N.

Proof. By the semicontinuity property of the relative entropy, given B,(v) a family of
open balls with radius r > 0, one has

inf H(p|p) — H(v|p as r — 0.

pEB(v)
Specifically, we can extract a sequence {ry}ren with rp, — 0 as k — oo so that

inf H(p|p)= inf H(p|p)— H|p).

pEB(v) pEB- (V)

Therefore for every € > 0, V' we may find k£ € N for which

B,(w)cV and inf H(p|p)= inf H(p|p)>Hw|p)~7.  (313)
pEBr, (v) p€Br, (v) 4
All in all,
2N
E [M(Br, ()] = 3 PlLxa € By, ()] < 2V exp [-N (H(v|p) - 5 )]
Tk — Ne3 Tk — 2 9

the last step by Sanov’s theorem together with (3.13).

The claim of the Proposition steadily follows from Markov’s inequality, and § = ¢/4. O
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Proposition 3.5. Let v € M{ (S*"7!) be such that for some J € P,, H (v | P ) >
|J|log2/n and V' an open neighborhood of v. Then there exists an open neighborhood U
ofv, U CV, and § > 0 such that for N large enough

P[My(U) #0] < e,

Proof. Let J € P, satisfy H (v | u(P1)) > |J|log 2/n. Similarly to the proof of Propo-
sition 3.4 we can select a neighborhood W of v(P7) € M{ (SI771) with

/1

inf H (P1)Y = inf H P)) > Il og 2 + 26,
inf H (p | ™) = Inf H (p| u7) > Z = log

for some 0 > 0. If we now define
UL {veMi(s* ) : vev, ) ew},
it follows from union bounds/subadditivity that

PMy(U)#£0=P[3a: Ly, € UJ<P[3a: (Lya)"") € W]

2lJIN/n

< Y P(Lya) eW] (3.14)

C!JZI

= 2N P [(Lya)®) e W],

the last line using that the empirical measures are identically distributed. Since the r.h.s.
above is, by Sanov’s theorem, at most

o2V exp {—N (ian (p| M(PJ)) - 6)} < o Ng— N =N _ e, (3.15)
peEW
the proof of the Proposition is concluded. 0

Proposition 3.6. Assume that v € M{(S*' 1) satisfies the C-conditions (2.5) strictly,
namely that H (vP)|uP7)) < |J|/nlog2, J € P,. Let V be an open neighborhood of v,
and € > 0. Then there exists an open neighborhood U of v with U C V and § > 0 such
that for large enough N

P [MN(U) < eN(logZ—H(y“L)—e)] < 6_6N.

Proof. We claim that for all € > 0 there exists § > 0 and U C V an open neighborhood
of v for which

Var My(U) < e 2N [E My (U)] . (3.16)

Assuming this for the time being, the proposition follows steadily as an elementary ap-
plication of Chebycheft’s inequality: indeed, by Sanov’s theorem,

EMy(U) =2"P(Lyg € U) > 2V exp (=NH(v|p) — N¢) (3.17)
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for ¢ > 0. Elementary manipulations then yield
P [My(U) <2V exp (=NH(v|p) — 2N¢) |
=P[My(U)—EMyU) <e M 2Vexp (—NH(v|p) — NE) —E My(U) |
(3.17)
< P[My(U)—EMy(U) < (e =1)EMy(U)]

<P Mx(0) - EMy() < 3 EM(0)]

(3.18)
for N large enough. But the r.h.s. of (3.18) is at most
1 M (3.16)
P [[MN(U) —EMy(U)| > —IEMN(U)} < 4WY—N(U2), < 4emV0 <N (319)
2 [E My (U)]

settling the claim of the proposition.

It thus remains to prove (3.16). To see how this goes, we first observe that, under the
assumptions of the proposition, there exists 1 > 0 such that

J
n
Moreover, we claim that for J € P,,

li inf H H (PJ) POV —
i inf {H(p|p)+ H (01677 © "))

PP =(P.) (3.21)
:H(V|M)+H(V|V(P")®,M(P3)).
This can be checked through approriate upper- and lower bounds. The bound "< is

straightforward: simply plug in p = 6 = v on the L.h.s. above. The bound ”>" is a
consequence of the semicontinuity properties of the relative entropies: in fact, by Lemma

3.2, one gets that for a sequence (p,, 0,,) with pg:J) =07 and Pmy Om — v it holds
liminf H (py, [ 1) > H(v | p),
m—r0o0
lim inf H (0, |07 @ 4 PD) > H (v [P @ uP1)),

m— 00

(3.22)

which settles the ”>"-case, and thus (3.21).

By (3.21), for r small enough such that B,(v) C V,U = B,(v) we have that for J € P,,
it holds:
inf {H(p|p)+H (0107 @uT))}

P,OGET(V)
p(PJ)ze(PJ>
> H(v|p)+ H(v|vP) @ up®)) - g (3.23)

n
= H(v|p)+ H|p) = H (v | u)) = 2,
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the last step by the chain rule (3.1). The r.h.s. above equals

2H (v | p) —H(V(PJ) | P —g >2H(v|p) — LﬂlogQ—i—%, (3.24)
n

the last step using (3.20). All in all, we have established that

. J
inf  {H(p|p)+H (0107 @uP))} >2H(v|p) - 1] log 2 + g : (3.25)
n
p(P’;’)ej{Pﬂ

This inequality will play a crucial role in the control of the second moment of the My-
counting randon variable which stands behind (3.16): we begin by writing

2N

EM{(U)= > PlLoy €U, Lyn €U

a,a’'=1

S Z Po,o’ + Z Z Pa,o

aj;éa;., vjel JEPn aj:a;- Vied
aj#al ViEI\T

(3.26)

where we have shortened, to lighten notations,

oo 2P [Lon €U, Loy €T] .

Now, if o # a; for all j € I, then the associated empirical measures L, y and L, n are
independent, and we may bound the corresponding contribution in (3.26) with the square
of the first moment to obtain

—\12
EMMU)< [EMy@)] + > > D (3.27)
JEPr aj=a}Vje]
aj;éa;.VjGI\J

In order to control the probabilities in the sum on the r.h.s. above, we consider the
generic situation where for some J € P,, oy =) Vj € J, a; #aj Vjel\J. In this
case, by the relative Sanov principle from Lemma 3.3, and for N large enough, it holds:

_ N
Pow =P[Loy €U, Luy €U <exp |-N inf  {3,(0,0)} + T" . (3.28)
ocU

p(PJS:Q('PJ)

where the quenched rate function with prescribed marginals as above satisfies

35(0.6) = H(p™) [n) + H (p] o™ @ u0) )+ H (01679 @ u7)
) (3.29)
:H(p|u)+H(9|9“’J)®u(7’J)> :
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the first step by definition, and the second by the chain rule from Lemma 3.1. Plugging
this into (3.28) we thus get

o N
Pao < exp |—N  inf {H(p|,u)+H<0|0(P1)®M(7’J)>}+_77
p,0€U 4
p(P1)=p(Py) (330)
N
< QNT‘LJ\ exp |:—2NH(V|[L) — Tn:| ,

the last inequality by the key bound (3.25), and therefore

(n=1J1) N
Z Do < o(n—|J) X oM (277 — 1) 9™ exp [_QNH(V | ) — _77}

. 4
aj=aj VjeJ

aj;éag Vjiel\J

N
< 22N exp l—QNH(V | 1) — Tn] :

(3.31)
Plugging this in (3.27), and recalling (3.17) with §{ = {&, we thus get that for N large
enough

VarMy(U) £ 252 - exp | <2NH ) - | < FEMVOR,  (332)

which settles the claim (3.16) with § = {%, say.

OJ
Proof of Theorem 2.1. We begin with a couple of elementary observations.
e First recall that for J € P,
n J
Cy= {u e MH(ST Y HWP) | P < u1og 2} : (3.33)
n

These sets are compact thanks to the semicontinuity of v — H (v | p) from Lemma
3.2. It thus follows that the intersection (. Cy C M (S*"7!) is itself compact,
and in particular that there exists v’ € (1, C; such that

s { Joa—nwin} = [ow — 10/ 1.

o It is well known that v — H(v | p) is convex.
e It clearly holds that p € (),.p Cy.

Given a convex combination vy & Ay + (1 =X, 0< X< 1 we thus have

H(V)(\PJ) | Py < 171 log2 VJeP,.

n
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We also know that as A — 0, vy — v/ weakly and [ ¢dvy — [ ¢dv/, H(vy | p) — H(V | p).
In particular, to € > 0 we can find A > 0 with

/¢du>\ — H(vy|p) /¢du Vi) —e (3.34)

Moreover, since the map v — [ ¢(z)v(dz) is continuous, by Proposition 3.6 we can find
a neighbourhood U of vy, and § > 0 such that

/ o) (dr) — / b(a)p(dz) < ¢ Vpel,

and with the neighbourhood U such that
]P) [MN(U) S 2N€—H(l//\ IM)N—EN)} S €—§N
With this choice, we thus have for the partition function of our spin glass (2.4) that

=27V :Z; exp {N / gb(x)LN,a(dx)}

> oxp |V [ oepa(dn) - eN| exp -HOA N - N] (335
>oxp |V s { [ ot~ w110} e

As € is arbitrary, it follows from Borel-Cantelli that

1
liminf Fy(¢) = liminf —log Zn(¢) >  sup {/gb )dv — V|u)} (3.36)
N—o00 N—oo N ve N Cy
JEPn

almost surely. This settles the ”first half of the theorem”, i.e. the lower bound to the free
energy.

In order to establish the upper bound, we distinguish two cases:

i) Forv e [\ Cj, we choose a radius r, > 0 such that
JEPn

P [My(B,, (v)) > ¥ Wos2-HE10+] < =8N

for large enough N and some 9, > 0; this is clearly possible in virtue of Proposition
3.4. The radius r, is chosen however small enough such that

[ otwtan) [ ot

(which is possible thanks to the aforementioned continuity of the map p — [ ¢(z)p(dz)).

ii) For v € Cy\ < N C’J> we still have H(v|u) < log2 and we can resort to
JEPn
Proposition 3.5 to find r, > 0 such that

P [My(B,, (v)) # 0] < e*%, (3.37)

<, Vp € B, (v),
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for large enough N, and some ¢, > 0.

Using that C; C U,¢¢, Br,(v), by compactness we may extract a finite sequence
{v}72, C Cp for which covering still holds, to wit

¢y c B, ).

j=1
def .
where we have also shortened r; = r,,. Moreover, if we set

Uy U B, (v;), 5% min O,

) je{1,-,m}
J=1

it follows from Sanov theorem that

1
lim sup NlogP[LN,a ¢Ul < — 52£H(V |p) < —log2. (3.38)

N—oo

Splitting the contributions to the partition function then steadily yields the upper bound

<2NZ > exp{ /¢ LNadx]
I=1 a:LN o€Br; (1)
+ 27N Z exp{/gb LNadx].

a: LN ocgU

(3.39)

By (3.38), the second summand yields no contribution in the large N-limit. Analogously,
(3.37) establishes that the same applies to those terms in the first summand for which
v ¢ () Cy. All in all we have

" Zy <27V Yy > exp [N / ¢(x)LN,a(dx)}

l: y e ﬂ Cy a:LNVQEBTl(l/l)
JEPn

<e™ N exp [N / gbdyl] My (B, (1))

lye N Cy
JEPR

< 625N Z exp |:N / gbdyl — NH(VZ | M):|

l: y e n Cy
JEPn

(3.40)

<e*Nmexp | N sup {/¢du—H(ym)}
ve m Cy
JEPn

almost surely, for large enough N. Since € is arbitrary we thus have
1
limsup Fy(¢) = limsup — log Zy(¢) < sup {/qbdy— I/|[L)}
N—oo N—oo N ve ( Cy
JEPn

almost surely. This being the sought upperbound, Theorem 2.1 follows. 0
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4. THE PARISI VARIATIONAL PRINCIPLE

In this section we prove Theorem 2.2. The following upper bound
< min fT :
f(¢) < min f(¢), (4.1)

is immediate: since for any T € C,,

(N Cre G,
JEP, k=1
the Boltzmann-Gibbs variational principle (2.6) is analogous to the ones in (2.18) with
the only difference that the supremum in the former is taken on a smaller set. This proves
that f(¢) < fT(¢) for any T € C,, and thus settles (4.1).

On the other hand, the Parisi variational principle (2.20) established in [3], states that
for the Perceptron GREM

F7(6) = min P"(m). (12)
Combining (4.1) and (4.2) we thus have
T

which is ”half of the theorem”.

In order to prove the ”second half’, namely the lower bound, some infrastructure is
needed. Following [3], for each T € C,, we define a probability distribution G = GT(m)
on S?"~! which depends on the parameter m € A. This generalized Gibbs measure is
associated to the Parisi functional PT| recall (2.17) above, and is described through

e a measure y! on S,
T -
e and, for 2 < j < n, Markov kernels K] with source SIPil = 62711 and target

SITil — g2~
Precisely, and recalling the functions {qﬁ;{}::l from (2.16), the generalized Gibbs measure
G7T is given by the semi-direct product

G"=7"0K ® - K. (4.4)

gyt ot g
exp [m14g (z)]

def €XP [mj¢]r(w(1), e ,a:(j))] 1T ()

exXp [mj(ﬁ?—l(w(l)? T 733(];1))}

?

KJ,T@;(D7 oz ey
where® () = (@) jer, € 527" We also write

. T
GJT—1 def (GT)(PJ‘I) =v'RK/®---® Kf_l (4.5)

for the marginal of G on coordinates corresponding to elements of PJT_I.

®Notice that with this notation it holds in particular that (), --- ,2U=D) = (z) epr € 521
T
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In virtue of [3], the generalized Gibbs measure G is the unique solution to the Boltzmann-
Gibbs variational principle to given chain: precisely, with

m arg min P* (n) (4.6)

neA
the optimal parameter in Parisi variational principle associated to a T-chain, and recalling
the Boltzmann-Gibbs variational principle (2.18), it follows from [3, Theorem 2.3-2.5] that

G'(m)=arg sup {2(v)-3"(v)}. (4.7)
veM] (2" 1)

In particular, the measure G*(m) satisfies all constraints for the empirical measures in
the associated Boltzmann-Gibbs principle for the chain T, i.e.

G"(m) e () Cur. (4.8)
k=1
Without loss of generality®, we shall assume here that the minimal chain
def T
T = argmin f7(¢), (4.9)

i.e. the one which minimizes all Parisi variational principles, is given by
T={A[} , with A} = {1,2,-- k- 1k} (4.10)

We now claim that the generalized Gibbs measure G7, associated to the minimal chain
satisfies all constraints (2.5) or, which is the same, that

s def . T T
= P / . 4.11
m' = arg min (m)=G,, € JQ Cy (4.11)

This amounts to saying that the measure G7 , is a viable candidate for the Boltzmann-
Gibbs variational principle for the nonhierarchical Perceptron GREM: Theorem 2.1 would
then imply that

TOE / 6dGT (m') — H (GT(m/) | p1)
(4.12)

TeC, | meA

= min {min PT(m)} :
with the second line by definition/construction of 7, m/, and Theorem 2.2 would follow.

It therefore remains to prove the key claim (4.11). This requires some preliminary obser-

vations. Recalling that ¢ depends on m; only for [ € {1,---,j—1} a simple computation
yields
1 j— v i log 2
5’jPT(m) =3 {/H (K}"(w(l)’ N A ) ’N(TJ)) GjT,l(dw(l), oo dxY 1)) - =22
J
(4.13)

6Such form of the minimal chain can always be achieved by re-labelling.
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cfr. also [3, eq. 3.13]. Using that G7_, ® K] = G7, the integral in the above can be
written as

/H(K}“(m“),--- 200 ) ™) G (da, - de) -
4.14
= /1Og (f(w(j)‘m(1)7... ,w(jfl))) Gf(dw(l),--~ ,d:r:(j))

where we shortened f(-|z™), ...  &l=D) for the Radon-Nikodym derivative of the measure
KT (x®, ... 2b=Y ) with respect to %), Following the steps (3.4)-(3.5) with u(F) :=
p ) BB = KT (in which case v?) := G]T 1, vi=GT) we get

/1Og (f(CB(J)|33(1), e 7w(j_1))) G?(dw(l)a e 7dm(J)) (GT | G] 1 ® /'L @ )) )

which implies

1 , log 2
;P (m) = — [H (GF1GT ou™) —=—=]. (4.15)

J
Coming back to our main task, a proof that the minimal chain satisfies all side constraints
in the Boltzmann-Gibbs principle, let

J:{j1<j2<"'<jM_1 <jM}EPn (416)
be a generic non-empty subset of I. The goal is thus to show that
M
H (M) 1uP)) < = 1og2. (4.17)
n
Recall the definition (2.11) of the index k; with the property that J € Ty,: under (4.10)
it holds that 7, = P \ P, = Pu,.. k) \ P, k1), k € I, hence
k’J:maX{j D] € J}:]M > M.

In light of (4.15), which shows how the conditions on the relative entropies relate to the
partial derivatives of the Parisi functions, it is natural to distinguish two cases, depending
on the latter being negative or positive.

First case: 9y, P7 (m’) < 0. It then follows from (4.15)
log 2

H (GF,1GE @ pTe)) < (4.18)

n
We distinguish two sub-cases:
i) When M = 1, namely when J = {j;} and k; = j;, we have P; ={J} C Ti,. In
particular, the marginal of G} _; ® p k) on Py is P = i, hence

H ((GT)(PJ) |/1/(7)J)) —H ((GT)({J}) |W)

(3. (4.19)

2) (4.18) Jog 2
< H(GLIGL  ou)) < i ’

which establishes (4.17) for J-s of cardinality one.
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ii) For sets of cardinality M = 2,...,n we proceed inductively: with

O d:efz]\{kJ} = {jlaj?v"'7jM—1}a

we assume that

M—-1
H ((GT)(PD) |M(PD)) < log 2. (4.20)
n
and claim that M
H (GT)PD |y < —10g2 (4.21)
To see this we first observe that, evidently, ]D] =M —1, and

PDQP]Z;—M ,PJQIPDUEJ7 PDQEJ:(ZL
hence by the monotonicity property (3.2) it holds

H (( 7)) ’M(PJ)> <H ((GT)(PD UTks) | p(Po UTkJ))
) H ((GT)P) | uPo)) 4 H ((GT) PV | (GT)P) @ ) (4.22)
) M —1

<

log2+ H ((GT)(PD UTk,) | (GT)(PD) ® M(%J)) )
For the second summand above we write

(3.2
H ((GT)(PD UTx,) | (GT)(PD) ® H(Tk")) < H (GkTJ | GkJ L ® ”(TkJ))

S ;
n
Plugging (4.23) into (4.22) therefore yields
M -1 log2 M
H ((GT)PD | Py < log 2 + b —log 2, (4.24)
n

settling the induction step (4.21).

Second case: 0y, P7(m’) > 0. It will become clear in the treatment that this is a
somewhat degenerate situation where the minimal chain is not unique. As a matter of
fact, we will use such lack of uniqueness to our advantage, in sofar we will deduce the
validity of the side constraints from the properties of the Parisi functional evaluated in
yet a second, well chosen (and also: minimal) chain. To see how this goes, we first claim
that for k € {2,--- ,n} the following implication holds true:

HPT(m)>0= Vji=1,- k—1:m)=ml,. (4.25)
We will prove the following, fully equivalent implication: with
L=1UT, k)< mm{j:je {1,2,--- k—=2,k—1}; mi=m, },
we claim that
OPT(m)>0=1=1 (4.26)
Proceeding by contradiction, let us assume that [ > 1, in which case [ —1 > 1 and

/ r o o /
My <Y =My =000 =My g =My <My
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(with m/, ., = 1). Since m' = arg min,,ea P7 (m), the function
my, € [m;—la m;c—i—l] — PT(mlla e 7m;c—1amk>m;c+1> e am;z)
assumes its minimum in my = mj, € (mj_,, m}_,] and this implies 9, P (m') < 0, which
contradicts our working assumption unless [ = 1, hence
my=my=---=mj, (4.27)
and (4.26) is settled.
The next, and final, step is to show - as anticipated - that if [(7,k;) = 1 we may

find yet another chain R with the same ”Parisi free energy” as the chain 7, but from
which we may also deduce the validity of the side constraints (4.17), namely that for

J={j <ja<---<jum},
M
H ( (G| u“’ﬂ) < = log2. (4.28)

Towards this goal, define

def . . . .
{bl - < b]M M} = A]M\JE {1727 sy JM — 17]M}\{]17 7]M}7

denote by R = {Af}kzo € C,, the chain with
(i, g2 k-1, gk) i kK €{l,--- M}
ARE L JU{by, - by} it ke {M 41, jay — 1}, (4.29)
AT if ke {jm,--,n}
and consider the corresponding extremal parameter
m/ = argmin,,,., P (m).

In light of (4.27), with k = k; and since k; = jy we have for the coordinates of the
extremal parameter m’ associated to 7T that mj = my = --- =m/ and therefore

!
my

L SRR V)
my

Due to the recursive construction (2.16), and shortening @) = (z,) je7;, it follows that

oT(m') = — log / 8T @) (T3 (D)
m

1

1 ! /
= log / exp {% log / emsod @2 () (4 ) | 1T (@) (4.30)

1 2
1
_ Wlog/eXp ] (@0, 2®)] W™ @ u) (da®, do®) .
1

Again since m} = mj, the r.h.s. of (4.30) equals

1
i 108 / exp [m)o] (2™, 2@)] 1™ © u ™) (dz®, da'®)
Jur (4.31)

1
= W10g/‘exp [ 1¢]M( (2 o (JM ®,U dw l) 7

1
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the last equality by iteration. All in all,
1 ' M
of (') = o [ exp [ (@2, o) QP (dal),  (132)

1 =1
and in complete analogy for the R-chain but this time with (@) dof (z1)seR,
1 ]]\1
o (m') = m—/llog/exp [m] ﬁj(m(l),m@ e gUm))] ®,u R (dae ™). (4.33)

Since (™, 7/ = P] = PR = J/* Ry, the product measures in (4.32) and (4.33) are the
same, to wit

Jm M
® ®,u T) — ,u JM = ® l,[,J(d[EJ) . (434)
=1 JEP{L...,J‘M}
Furthermore, the form taken by the functions ¢X (m/),---, ¢} (m') and respectively
T (m/),--- ¢l (m') depends on the sets {A]}i_, ., only, respectively {AF}_, . :
as these sets coincide, it follows, in particular, that
]M( ) ¢ ( ) (435)

Combining (4.32)-(4.35), we therefore see that

PT(mly = 825 L ) = 825N L r i = PRy, (a.36)

n m) n m)
k=1 "k k=1 "k

and by similar reasoning,
GT(m/) = GR(m/). (4.37)
From (4.36) and minimality of the chain T, i.e.
PT(m) = min P7(m) < min P*(m) = P*(m"),
if follows in particular that
PR(m/) = PR(m"). (4.38)

By uniqueness of the minimum of the Parisi principle, see [3, Prop. 3.6], it thus follows
that m’ = m/”, which together with (4.37) implies

GT(m/) = GR(m') = GR(m"). (4.39)
Since A%, = J, we have

H ( (GT)(PJ) ’M(PJ) ) —H ( [GT(m’)](PJ) | M(PJ) )
:H([GR( )]73]751 ’ﬂ AI)>§%10g27

the last inequality since G™(m”) € Cyr, i.e. the measure G™*(m") satisfies the side
constraints on the empirical measures. This concludes the proof of Theorem 2.2.

(4.40)

O
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