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Abstract

We discuss a generalization of the classic condition of validity of the interpolation method
for the density of quenched free energy of mean field spin glasses. The condition is written
just in terms of the L? metric structure of the Gaussian random variables. As an example of
application we deduce the existence of the thermodynamic limit for a GREM model with
infinite branches for which the classic conditions of validity fail. We underline the dependence
of the density of quenched free energy just on the metric structure and discuss the models
from a metric viewpoint.
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1 Introduction

The interpolation method is a simple but powerful technique used to prove inequalities for
Gaussian random vectors (see for example [20] and [21]). This method has great relevance in
the field of Mathematical and Theoretical Physics since it represents an essential ingredient
in the study of mean field spin glasses. In the breakthrough paper [19] it has been used to
prove the existence of the thermodynamic limit for the quenched density of free energy for
the Sherrington—Kirkpatrick model. This was a longstanding problem and its solution was
the turning point towards the proof of the Parisi Formula [29].

Spin glasses are simple mathematical models for disordered systems whose rigorous
analysis is indeed a challenge for mathematicians. We refer to [24,28] the mathematically
interested reader and to [23] the physically interested one. Among plenty of models, one
of the most studied is that introduced by Sherrington and Kirkpatrick in [26] as a solvable
elementary model. Indeed the structure of the solution turned out to be much more rich and
complex than expected and was build up in a series of papers by Parisi (see [23] for a detailed
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discussion). A rigorous proof of the Parisi conjectured solution was missing for a long time
and the interpolation method played a key role in its proof. See [18] for a review on this.

Using the same idea of [19], the authors of [12] proposed a general setting for the inter-
polation method in the framework of mean field spin glasses. Furthermore, they successfully
applied this technique to prove the existence of the thermodynamic limit for the Generalized
Random Energy Model (GREM, a family of models introduced in [15]) with a finite number
of levels.

The interpolation method is now a powerful technique that has many different applications
in different contexts, see for example [1-6,22], a list that is by far not exaustive.

The “classical” hypothesis under which the interpolation method can be applied to the
quenched free energy of mean field spin glasses consists of a collection of equalities and
inequalities for the covariance matrix of the underlying multivariate Gaussian process. We
show that less restrictive conditions are actually needed. More precisely, we show that the
method works under conditions that involve just the L? metric structure of the Gaussian
random vectors. By the correspondence in [27], [17] this is always an Euclidean metric
structure. A condition of this type is very natural since the quenched free energy depends on
the distribution of the Gaussian random vector only through its metric structure. This gives
an interesting geometric flavor and interpretation and we discuss, at the end of the paper,
the models from a purely metric viewpoint. This generalized condition of validity was also
obtained through a tricky computation in the framework of Sudakov-Fernique inequalities
in [11]. Here we deduce the condition by a general argument that could in principle be
applied also to comparative inequalities involving expected values of different functions of
Gaussian vectors. As an example of application of the generalized condition, we consider
a GREM model with infinite levels and deduce the existence of the thermodynamic limit
for the quenched density of free energy. Indeed, in this case the usual condition of validity
of the interpolation method used in [12,19] fails. We can deduce therefore the existence of
the thermodynamic limit directly using the simple argument of the interpolation method. We
refer to [9,25] and [10] for the beautiful mathematics involved in the limit of such kind of
models.

The structure of the paper is the following.

In Sect. 2 we briefly recall the basics of the interpolation method together with the condi-
tions used in [19] and [12]; we then discuss the Euclidean metric structure associated to any
Gaussian random vector and finally show the generalized conditions.

In Sect. 3 we discuss two examples. The first one is the Sherrington—Kirkpatrick model.
This is done simply to recall the basic mechanism and idea of application. The second example
isa GREM model with infinite levels for which itis necessary to use the generalized conditions
to prove the existence of the thermodynamic limit. In the final part of this section we discuss
the models from a purely metric viewpoint introducing a class of models that have a natural
metric structure and for which it is possible to show the existence of the thermodynamic
limit.

In the Appendix we have an elementary auxiliary Lemma.
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1220 R. Boccagna, D. Gabrielli

2 The Interpolation Method
2.1 The Interpolation Method

Let X = (Xy,...,X,) be a n-dimensional zero mean Gaussian random vector having
covariance matrix C. The n x n symmetric matrix C is non-negative definite and the elements
are defined by C; j:=E [Xl-X j]. When C is positive definite then the distribution of X is
absolutely continuous with respect to the Lebesgue measure on R” and the density is

1 -
be () im e ), @1

J2r)" det (C)

where (-, -) denotes the Euclidean scalar product in R”. We restrict to the case of positive
definite matrices since the other cases can be deduced by a limiting procedure. We have the
Fourier transform representation

e (x) = / dre i D3O, 2.2)

Q)"

We denote by Tr (-) the trace of a matrix and consider C the set of non-negative definite
symmetric matrices endowed with the Hilbert-Schmidt scalar product

(A, B):=Tr(AB), A,BeC. 2.3)

The open set of positive definite symmetric matrices corresponds to C.
Let ¢ : C x R" — R as defined in (2.1). By (2.2) and a direct computation we have

dpc (x)  dpc (x)  9%¢c (x) 2.4)
aC;,;  AC;;  Axdx; '

and
dpc () 19%¢c (x)

= 25
9Cii 2 ax? 22

Recall that in the above formulas C is a symmetric matrix so that the variations in the
computation of (2.4) are constructed varying symmetrically the matrix C. More precisely let
E'0J} with i # j be the symmetric matrix such that Ei{i’.j - E}i’i"' ! = 1 and having all the
remaining elements equal to zero. Given F : C — R we define =

AF (C) 9F (C) i F(C+8EWN) —F(C)
= —— .= |l1Im .
BCJ',,‘ BCi,j §—0 )

2.6)

Consider now f : R* — R a C? function with moderate growth at infinity, for example
such that | f(x)| < e**! for a suitable constant A > 0. This technical condition is related to
the validity of some integrations by parts. We call V2 f (x) the Hessian matrix of f at x, that
is the symmetric matrix having elements

_02f (%)

_3)6,'3)6]' '

(vzf)w. (x):

The following result is the interpolation method. For the readers convenience we give the
short proof.
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Lemma 2.1 (Interpolation method) Consider two zero mean Gaussian random vectors X, Y
having covariance matrices respectively given by CX and CY. Consider a C? function f
with moderate growth. We have

E[f (V)] —E[f (X)] = ;foldﬂE[Tr((cY eV rza)]  en

where

Z(t) =X +J/(A=0Y, (2.8)
and X, Y are two independent copies of the random vectors.
Proof When Z is a n-dimensional centered Gaussian random vector, then [E [ f (Z)] depends

only on the covariance matrix C of the vector Z. Fix a C2 function f and define the function
F:C— Ras

F(C):=E[f (2)]. (2.9)
With the help of formulas (2.4), (2.5), when C € C we can compute
IF (C) L ¢ (x)
3C,"j - /u dx 8C,‘ J f (X) - /Rn dx 8xi8xj f (X) (2-10)
52
_ 0 f (x)
= / drge () 525 =E[(V2),; @], @.11)

and

IF(C) s (o) 2¢c G
ac,,i—/nd e fw= /Rnd 970 0 1

R 92 f(x) 1
—5/ dx pe (x) = SE[(v f),-’,»(Z)]. (2.12)

Given a C! parametric curve {C(#)},¢[o,1) on C such that C(0) = CXand C(1) = CY,
then we have

1 ! dc
E[f(Y)]—E[f(X)]:E/O dtIE[Tr( d(”vzf(Z(r)))] 2.13)

where Z (t) is a centered Gaussian random vector having covariance C (7). The special case
when the curve linearly interpolates between C Xand CY gives (2.7) with Z(t) given by (2.8).
If one or both the matrices CX and CY are not strictly positive definite, it is possible to add
to the matrices €I, do the same computation as above and finally take the limite — 0. 0O

The above formula is the core of the interpolation method. It is very useful to establish
inequalities between the two expected values on the left hand side of (2.7).

The Guerra—Toninelli interpolation method is a simple but powerful technique developed
in the study of mean field spin glasses (see [18,19] and references therein), which is based
on an abstract theorem about Gaussian random variables. It corresponds to the interpolation
method Lemma 2.1 with the special choice of the function

n
f(x) =log ) we", (2.14)
where w; € R are some fixed positive weights.
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1222 R. Boccagna, D. Gabrielli

In particular, Guerra and Toninelli obtained and used the following result (this is Theorem
2 in [18]) to prove the existence of the thermodynamic limit of the Sherrington—Kirkpatrick
model. The same idea and the same Theorem (Theorem 2.2 below), was used later on in [12]
to deduce the existence of the thermodynamic limit for a GREM model [15] with a finite
number of levels.

Theorem 2.2 Let X, Y two centered Gaussian random vectors and the function f given by
(2.14). If

cX=cl. i, (2.15)
c=cly Vi#j, (2.16)
then we have
E[fNI=E[fX)]. (2.17)
We show the proof of Theorem 2.2 that is based on the interpolation formula (2.7).
Proof of Theorem 2.2 Letus call, foranyi =1,...,n
. aXi
i (x) :=7Z,;:' Z}jexj . (2.18)
By a direct computation, when f is (2.14), we have
3281; ;x) — i () — 12 (), (2.19)
Zi{ca(xxj) =—pi () pj(x). (2.20)
By the formulas (2.19), (2.20) and conditions (2.15), (2.16), we have that
(€ =N (V2f), ;0 20, VxeR! Vi j .21)
and the result follows by (2.7). ]

2.2 Covariances and Metrics

We start recalling some simple but useful Lemmas.

Lemma 2.3 We have that the n x n symmetric matrix C belongs to C if and only if there exist
n vectors a® € R" such that ' ‘
Cij = (a®,a"). (2.22)

This is a classic result and the matrix C is called the Gram matrix of the vectors (a @ ))
see for example [7].

A finite metric space with n points is called Euclidean if there exists a collection of n
points on R¥ having the same relative interdistances. Of course we can always fix k = n.
Not every metric space can be realized in this way. The simplest example is the minimal path
metrics on the vertices of the graph in Fig. 1 where the edges have all length 1.

Given a centered Gaussian random vector X there is naturally associated the metric dy
that is the L? distance between the random variables

dx (i, j)i=.|E [(X[ - X,-)z] - \/Cfi +CX —ack,. (2.23)

i=
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Fig.1 An example of a non Euclidean metric spcace. The distance is the minimal path distance on the graph

We have the following result (see also [17,27])

Lemma 2.4 A finite metric space ({1, ...,n},d) is Euclidean if and only if there exists a
zero mean Gaussian random vector X = (X1, ..., Xp) such that d = dy.
Proof Consider d an Euclidean distance and let ¢, i = 1, ..., n be some points on R”

that realize such a distance. This means that d (i, j) = |a(i) —al )| where | - | represents the
Euclidean distance in R". Such a collection of vectors exists by definition of an Euclidean
metric space. Let A be an n x n matrix defined by Ai,j::ay). LetZ=(Z,...,Z,)bea
vector of i.i.d. standard Gaussian random variables and consider the Gaussian vector X = AZ
whose covariance C* = AAT coincides with the right hand side of (2.22). Using (2.23) we
have

dy (i, j) = |a® —a P =d G, j). (2.24)

Conversely let X a Gaussian zero mean vector with cqvariance C¥ and let A an n x n matrix
such that CX = AAT. Define n vectors in R” by aj.')::Ai,j; by (2.23) we have that dy is
determined by the first equality in (2.24) and is therefore Euclidean. O

Other simple but useful lemmas are the following. We give just the statements, the proofs
can be found for example in [8].

Lemma2.5 Let v, ..., v® and w®D, ..., w™ be two collections of nvectors in R". We
have that ‘ . ‘ _
(WD) = (WD, wP) Vi, (2.25)

if and only if there exists O € O (n) such that w') = 0v" for anyi.

Lemma2.6 Let vV, ..., v® and w®D, ..., w™ be two collections of vectors in R". We
have that . . ' '
’v(l) _ U(J)| — |w(l) _ w(])|, Vi, j, (2.26)

if and only if there exists O € O (n) and a vector b € R" such that

w? =00 +b, Vi (2.27)
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1224 R. Boccagna, D. Gabrielli

The metric structure dx, associated to a Gaussian random vector X, contains less infor-
mation than the covariance CX and there are random vectors having different covariances but
the same metric structure. This type of invariance is best understood in terms of the vectors
in R" using the above Lemmas that characterize invariance by rotations and translations. In
particular we can completely characterize the centered Gaussian random variables that share
the same metric structure.

Lemma 2.7 Given X and Y two n-dimensional centered Gaussian random vectors, we have
that dx = dy if and only if there exists a centered Gaussian random variable W such that
the random vector X; + W, i =1, ..., n has the same distribution of Y.

Proof If Y has the same distribution of X + W1,,, where 1, is the n-dimensional vector of
allones 1, = (1,1, ..., 1), then

dy (i, j) = \/E [(Y,» - Y,»)z] - \/IE [(x,» +W— X - W)z] = dx (i, J).

Conversely, suppose that dy = dy. We have that there exist two matrices AX and AY such
that AX Z has the same distribution of X and AY Z has the same distribution of ¥, where Z is
an n vector of i.i.d. standard Gaussian random variables. We define two collections v®, w®,

i =1,...nof vectors in R" defined by v( D _Al)f] and wﬁ D, _Aly,j Since dy = dy we have

|v(z) _ U(J)| — }w(i) _ w<j)|, Vi, ], (2.28)

and by Lemma 2.6 there exist O € O(n) and a vector b € R” such that w® = 0v® +p,
i = 1,...,n. In terms of the corresponding matrices this means that AY = AX0T + B,
where the matrix B is defined as B; j:=b;. We obtain therefore

Y =A%0"Z+ BZ. (2.29)

The random vector AXOTZ is a centered Gaussian random vector with covariance
AXO0T 0(A%)T = C¥ so that it has the same law of X. The random vector BZ has all
the components equal and setting W = Z;l: 1 b; Z; we finish the proof. O

A direct consequence of the above result is the following. Define the function F : C — R by

F(C):=E |:10g > wiex"i| , (2.30)
i=1

where X is a centered Gaussian random vector with covariance C.
Lemma 2.8 Given CX, CY € C such that dx = dy, then F(CX) = F(CY).
Proof Since dx = dy by Lemma 2.7 we have that Y = X + W and therefore
F(CY)=E[log) ! wie'] = E[log }/_; wieXitW]
=E[W +1log} !, wieXi] = F(C¥),
where the last equality follows by the fact that W is centered. O

This Lemma simply says that we can define the right hand side of (2.30) as F(d) since
the function depends just on the metric structure of the random variables and not on their
correlations.

We expect therefore to have a version of Theorem 2.2 with conditions written just in terms
of the metrics. This is done in the next section.
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2.3 A Generalized Condition

We show how to generalize Theorem 2.2 proving that (2.17) can be deduced under weaker
hypotheses concerning just the metric structures. The same inequality has been obtained in
[11] with a tricky computation. Here we show that this fact follows from a general argument
that may be applied for different functions f.

Theorem 2.9 Let X, Y two centered Gaussian random vectors and the function f given by
2.14). If
dy (i, j) =dx (i,j) Vi, ], (2.31)

then
E[fN]=ELf (X]. (2.32)

Note that if conditions (2.15) and (2.16) are satisfied then (2.31) holds, but it is easy to
construct examples for which (2.31) holds but (2.15), (2.16) are violated.

Observe that for any x we have that i (x) = (11 (x), ..., iy (x)) € I" (recall definition
(2.18)) where

n
I”={u=(m,...,un): 0<p <1, Zul:l}-

i=1

Namely, Z" C R” is a (n — 1)-dimensional simplex with extremal elements u(l), o, u(”),
where Mz('l) = &j;.

We start with a preliminary Lemma
Lemma 2.10 Consider a symmetric matrix D and the function G : I" — R defined as

n n

G (=Y wiDii =Y Y wiu;Dij. (2.33)
i=1

i=1 j=1

We have that
inf G(u) >0 (2.34)
HETL

if and only if
D,’i-i-Djj—ZDijZO Vi,jel{l,...,n}. (2.35)

Proof If condition (2.35) holds, then

n n

n
1
G(u) > E wiDji — > E E wiej (Dii + Djj) = 0.
i—1

i=1 j=1

To obtain the last identity we used the fact that u € Z". Conversely, suppose inequality (2.34)
to hold. Choose w such that u; = w,, = % for some / # m and O otherwise; then (2.33)
becomes

1 1

Z (Dll + Dmm) - EDlm >0 (236)
where we used the symmetry of D. Consider all the couples [, m € {1, ..., n} to get the
result. O
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1226 R. Boccagna, D. Gabrielli

Proof of Theorem 2.9 By formula (2.7) we deduce the results once we show that

. 2
inf, {Tr(D (V2F),., (x))} >0, (2.37)
where we called

D:=C" — c¥. (2.38)

Using (2.19) and (2.20) we obtain that the expression to be minimized in (2.37) is

D D ()= Y > Dy i (%) (x) (239)
i=1

i=1 j=1

We have therefore that the infimum in (2.37) coincides with inf, c7» G(u) and the result
follows by Lemma 2.10 since (2.35) with the matrix D defined by (2.38) coincides with
(2.31). ]

3 Examples

In this section we discuss two examples, obtaining the existence of the thermodynamic limit
for the quenched free energy of two models. The first one is the Sherrington—Kirkpatrick
model. The existence of the thermodynamic limit for this model was obtained, by the inter-
polation method, in the breakthrough paper [19]. This was done using the result Theorem 2.2.
We review this result as a warm-up to fix ideas and the basic constructions. We use however
Theorem 2.9 and discuss the result just in terms of the metrics. Then we discuss a class
of Generalized Random Energy Models [15] for which in general conditions (2.15), (2.16)
fail while condition (2.31) hold. We refer to [9,25] and [10] for the beautiful mathematics
involved in the limit of such kind of models. In the final part of the section we discuss some
models from a purely metric viewpoint.

3.1 The Sherrington-Kirkpatrick Model

The Sherrington—Kirkpatrick model is a mean field spin glass model [18,24,26,28]. Spins
configurations are o € {—1, 1} and the energy of the system is given by

1 N
Hy (0) =~ - > Jijo)o (), 3.1

i,j=1

where J; j arei.i.d. standard Gaussian random variables. Small variants of the model consider
different sums in (3.1) but all the variants are equivalent modulo simple transformations. The
spins are associated to the vertices of a complete graph and the interaction between each pair
of spins is determined by the variables J’s. The partition function is defined as

Zy (B):= e PN, (3.2)
@

where the parameter § is the inverse temperature and the quenched free energy per site is
defined by

1 1
Fy (8= = g Ellog Zy (B)]:=g5an (). (3.3)
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where the last equality defines the symbol «y (8). The variables (—8 Hy (O’))Je{il’l}N are
a centered Gaussian random vector with covariance

2 N
B’E [Hy (o) Hy (¢/)] = % Y oo (o' ()o' (j)=NBqy (0.0'), (34)
i,j=1
where
1 N
gn (0,0) =% ;a (i) o' @i), (3.5)

is the overlap between the configurations o and o’. The corresponding Euclidean distance
according to (2.23) is given by

dy (0,0") = ﬂ\/SN[dﬁ (1-daf)] (3.6)
where

N
dt (o,0") ::% Z]I(a (i) # a’(i)) 3.7)
i=1

is the Hamming distance. By the way, the Hamming distance is an example of a non Euclidean
metric. Notice that we have of course dy (o0, o) = 0 but we have also dy (o, —o) = 0 since
Hpy (o) = Hy (—0o). The fact that the right hand side of (3.7) is a distance (indeed a pseudo
distance) is not trivial but follows directly since it is obtained by (2.23) (it is a function of a
metric that is again a metric, see [13,16]).

Let us split the system into two subsystems Sy, Sy with respectively N1 and N, vertices
with Nj+N, = N. Weerase the interaction between spins that belong to different subsystems.
We define the restricted Hamiltonians of the subsystems as

1
VNi

where we remark that the sum is restricted to the indices belonging to the subsystems labeled
k =1, 2. Here and hereafter we continue to use the symbol ¢ both for the full configuration
as well as for the configuration restricted to a subsystem. When a configuration appears in
an expression that is labeled by a subsystem then we mean the configuration restricted to the
subsystem. For example d (o, o) and dy, (o, o) are respectively the Hamming distance
(3.7) and the distance (3.6) when the configuration is restricted to the subsystem k = 1, 2.
Note that with this notation we have the key relationship

Hy,(0):=— Y jo o). k=12, (3.8)

i,j€Sk

Ny Np
dfl (0,0") = Wdﬁl (0,0") + Wd,@’z (0.0"). 3.9)
Another important relationship is
Ze—ﬁ(HN] (0)+Hn, (0)) _ Zn, (B)Zn, (B). (3.10)
{o}

We apply Theorem 2.9 with the vectors

Y = (= BHN©)) e v
X = (_,BHNI (o) — ,BHN2(G))UG{—U}N '

@ Springer



1228 R. Boccagna, D. Gabrielli

The condition (2.31) becomes the super-Pythagorean relation

dy = \/dy, +d3,, (3.11)
that is equivalent to
[ (l—dﬁ)]z%[dﬁl (l—d,{fl)]—i—%[dﬁz (1-d4f) ] e

The above inequality is true by (3.9) and the concavity of the real function x — x (1 — x).
By Theorem 2.9 and (3.10) we deduce

an (B) < an, (B) +an, (B), (3.13)

and by sub-additivity and the classic Fekete Lemma we deduce that the limit of the quenched
free energy per site exists

Jlim Fy (8) = lim ﬂiNaN B) = mfﬂiNaN #B). (3.14)

3.2 The Generalized Random Energy Model

The Generalized Random Energy Model (GREM) is a spin glass model introduced by Derrida
[15] to generalize the REM (Random Energy Model) imposing pair correlations between
energies. The model has a hierarchical structure, as any spin configuration correspond to a
leaf of a given rooted tree.

We consider sequences of finite trees codified by finite strings of non-negative integers.
Letn € Nandk = (ky, ..., k,) a vector of non-negative integers and call |k|:=k; +. ..+ k.
The tree 7y is constructed as follows. The root (that is the unique node at level 0) is connected
to 2K nodes to compose the first level. Each node of the first level is connected to 2¥2 nodes
of the second level; we have therefore 251742 nodes on the second level and so on. The n-th
level consists of 2K12k2  2kn — 21kl Jeaves. If there existsa 1 < J <nsuchthatk; =0, we
mean that the nodes of the level j coincide with those of the level j — 1. A spin configuration
o € {—1, 1} is then attached to each leaf. The Hamiltonian is

Hy (@) = =J/Ikl (&7 + -+ 7). (3.15)
where 8 ~N (0, a;)ifk; >0 and 8(0) 0if k; = 0. For any i € N we have that the a;’s
are positive numbers such that 1 a;i = 1.

The random variables ¢’s are attached to the edges of the tree. More precisely attached to
the edges that connect the level i — 1 to the level i there is a family of i.i.d. centered Gaussian
random variables with variance a;, one for each edge. When we write 5( ) we mean then the
random variable associated to the unique edge that connects level i — 1 to level i and that
belongs to the unique path from the leaf associated to o to the root. When k; = 0 there are

no edges from level i — 1 to level i and therefore we set 8(0) = 0. Then, (Hk (0)) —1, 1

is a centered Gaussian random vector on the |k|-dimensional hypercube {—1, 1}|k I
Wecalll =1(o,7) € {0,1,...n — 1} the level of the hierarchy at which the two paths
from the leaves o and © of 7 to the root merge. The two configurations share the same
@ — ™ forany i <1, while g # ¢ ) and
(0)

wheneveri > [. When ¢,
(t)

energy variables ¢,

l.(T) and £;

are different, they are independent. Furthermore, ¢; are always independent
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g T

Fig.2 The paths o and 7 are at distance sy (0, ) = 2 (a +a3)
if j # i. We define @;:=a; when k; > 0 and @;:=0 when k; = 0. We get

1
E[Hy (0) H ()] = k| Y i, (3.16)
i=1

pointing out that the right hand side above is zero when / = 0. The corresponding metric
according to (2.23) is given by

20k Y @ (3.17)

i=l+1

di (0, 7) = \/E [(H& (o) — Hk(r))z] -

The term inside the square root on the right hand side represents, up to a multiplicative factor,
the minimal path length distance between the two leaves o and t on the tree when each edge
between level i — 1 and i has a length given by g;. Since the graph is a tree the path is
unique and the metric (3.17) is an ultrametric. We introduce, for notational convenience, the
normalized distance

2 Z a;, (3.18)

i=l+1

sk (0, 7) =

sothatdy (o, 1) =,/ |k |Sk (o, ) for any pair of configurations o and 7.

Both the correlations (3.16) and the metric (3.17) depend on the vector £ and on the
assignment of configurations to leaves. We will discuss soon this.

Like for the Sherrington—Kirkpatrick model, given an inverse temperature 3, we introduce
the disorder-dependent partition function

Zi(B):=) e PH@ (3.19)
©

and the quenched average of the free energy per site

1
Fi (B):=— 3Kl E [log Zi (B)] . (3.20)
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1230 R. Boccagna, D. Gabrielli

We prove the existence of the thermodynamic limit of (3.20) under general assumptions
when a parameter N is diverging and the vector k = k () is growing in such a way that also
n = n (N) diverges. Contucci et al. [ 12] proved this fact when 7 is constant. This was obtained
applying the same strategy of the Guerra—Toninelli interpolation method [19]; in particular,
they used the inequality in Theorem 2.2. When 7 is no longer bounded this inequality fails
while the inequality in Theorem 2.9 continues to work. We describe now more precisely the
growing mechanism of the model and prove the existence of the thermodynamic limit.

3.2.1 Growing and Labeling

We consider a sequence of growing trees labeled by a sequence of vectors k (N). For each
N e N we have the tree 7;(y) defined by the following hypothesis and rules.

(H1) Let (c);2; be a sequence of reals larger than 1 satisfying the constraint

o
> loge; =log?. (3.21)
i=1

The o;’s define the tree Ty () through

Nlogo;
ki (N) = { g“’J . ieN, (3.22)
log?2
where | - | denotes the integer part.
(H2) The sequence (a;);2, corresponds to the lengths of the edges from the different lev-
els and the variance of the associated random variables and satisfies the condition
YiZiai=1

The exact values of the sums of the series are not really important and could be substituted
just by summability conditions. Formula (3.22) follows by the fact that we ask that the number
of edges connecting a given node at level i — 1 to nodes at level i grows exponentially like

N
a;'.

Observe that by (3.21), for any fixed N > 0 in k (N) just a finite number of components

are different from zero. We define

n:=n (N):=max{i : k; (N) > 0} (3.23)

and the finite vector k (N):= (ki (N),...,k, (N)). Then, a spin configuration o €
{—1, 1}|E(N | is assigned to each leaf. The method is actually arbitrary; indeed, the free
energy of the system is obtained summing over all the configurations, thus getting rid of any
dependence on the underlying choice.

We assign a spin configuration to each leaf of the tree as follows. At fixed N, we attach
to every edge one or more labels of type (m, s), where s = +1 and m € {1, ce k(N)’}.
Given a leaf there exists a unique path toward the root. If this path crosses an edge having
a label (m, s) then the configuration o associated to the leave is such that o (m) = 5. We
assign the labels in such a way that every path meets all the labels m = 1, ..., |k (N )| and
such that different leaves have associated different configurations.

We embed the tree on a plane so that the root is on the top and the paths from the leaves
to the root are going upwards. Moreover all the edges connecting a given node with the
nodes at the successive level are ordered from left to right. Each edge connecting the level
i — 1 to level i has exactly k; (N) labels corresponding to the values m = Z’j;ll kj (N) +
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(1-) (1)

(2—) (2—) (2+4) (2+) (2—) (2—) (2+4) (24)
3-) (34) (3-) (3+) (3-) (34+) (3-) (34+)

(4-) (44+) (4-), (4+) (4—-) (4+) (4-) (4+) (4-) (4+) (4-) (44) (4-), (4+) (4—-) (44)

g T

Fig. 3 Example of assignation of the labels for k = (1, 2, 1). Paths o and t have spin configurations o =
-1, -1L1,-D,r=(1L111

1, ZZ;II kj (N) +2,..., Z;’:l kj (N). The corresponding values of the parameter s are
fixed as follows.

Fix a node at level i — 1. Number each edge connecting this node with a node at level i
with an integer number going from left to right from the value 0 to 25") — 1. The leftmost
will correspond to 0 while the rightmost to 2k ) — 1. Do this for each node. Write these
integers in binary code so that the leftmost edges are numbered with k; (N) zeros and the
rightmost with k; (V) ones. In our setting, the 0 corresponds to the — sign and the 1 to the +
sign. Then, we associate the lowest value of m to the most significant digit and the highest
value of m to the less significant one. See Fig. 3 for an example.

3.2.2 Splitting the System

Let N > 0 and consider a pair of integers N1, N, such that Ny + N, = N. We already
know how to construct the trees T vy, Tg(n,) and Tg(n,). Their geometric structure is simply
codified by the finite vectors k (N), k (N1), k (N2) and we recall that, by definition, we have

Njloga; . )
ki (N;):=| —2—==1, =1,2, ) 24
(N;) { og 2 J j ieN (3.24)
Notice that
ki (N1) +ki (N2) < ki (N) < ki (N1) +k;i (N2) + 1. (3.25)

We associate the labels to the edges and leaves of the full system 7i(y) as in the previ-
ous section. The labels of the two subsystems T (n,) and Zi(n,) are instead attributed in a
slightly different way in order to have different spins (different labels m) belonging to the
two subsystems.

The labels m attributed to the edges from level i —1 to level i in the full system coincide with
the set [Z;_:ll kj (N)+1, Z;_:ll ki(N)+2,..., Zj’:l k; (N)}. When we split the system
into the two subsystems we assign to the edges that connect each node in the level i — 1 to the
level i of the subsystem Zj(y,) the labels [Zi; LN+ L Y G () 4 ks (Nl)]
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while we assign to the edges that connect each node in the level i —1 to the level i of the subsys-
tem Ti vy the labels { 2024 &j (V) + ki (ND + 1, 023 &y (V) + s (V) + ki (V) .
By (3.25) this is well defined. Once split the labels m into the two subsystems, the assignment
of the label s = =+ follows the same rule of the previous section. Since k; (N1) + k; (N2)
may be strictly less than k; (N), some of the labels m (i.e. some spins) may disappear in the
splitting.

We discuss now the behavior of the distances. Consider two finite vectors k and k” such
that k] < k; for any i. We assign the labels to 7 in the usual way while instead we assign
the labels to 7}/ as follows. We assign to the edges that connect each node in the level i — 1
to the level i of 7}, arbitrarily k} of the k; labels in 7. The assignment of the labels s = +
follows then the usual rule.

We call respectively di and dj the metrics defined by formula (3.17) for the two trees 7y
and 7;s and si, sy the corresponaing normalized distances (see (3.18)). As before given two
spin configurations o, T € {—1, 1}|k| we call againo, 7 € {—1, 1}|k/| the same configurations
but restricted just to the labels assigned to the edges in 7;/. We have the following.

Lemma 3.1 Consider two finite vectors k' < k and the corresponding trees T, and Ty with
configurations of spins associated to the leaves as above. Then we have

s (0,7) < sp (0, T) s Vo, T. (3.26)

Proof Consider the tree 7;, two configurations o, 7 associated to two leaves and their corre-
sponding geodetic path. Let us now consider a new finite vector &’ obtained by k simply
decreasing by one just a single component and preserving all the remaining ones, i.e.
ki = ki — 1 and K/, = k; for all j # i. Suppose that the label m that is missing in
is m*. The tree 7}, with the corresponding labeling is obtained from 7; and the original
labeling simply as follows. All the edges connecting nodes at level i — 1 to nodes at level i
in 7y can be paired into pairs having exactly the same labels apart the one corresponding to
m*. The two paired edges will have labels respectively (m*, +) and (m*, —). If we identify
each paired couple of edges, and consequently we identify too the subtrees starting from the
identified nodes, we get a tree that coincides with 7,/ with exactly the same assignments of
labels. In particular, the leaves associated to o, T in the new tree will be exactly the orig-
inal ones after the identification. Finally the geodetic path too remains the same after the
identification (see e.g. Fig. 4).

Since the identification procedure can only shorten this path we have the statement of the
lemma when k' is obtained by k decreasing by one just one of its components. We finish the
proof observing that any k' < k can be obtained by k after a finite numbers of iterations of
this type. O

Remark 3.2 Both Ty(y;), i = 1,2 are obtained by 7 (y) as in the hypothesis of Lemma 3.1
and we have therefore

Sk(N) (0, T) > max {sk(Nl) (0, 7), sk, (0, r)} s Vo, 7, i=1,2. (3.27)
Since by (3.25) we have XNDIEENDN < 1 and we deduce
5 lk(ND)| k(N2
K 0,T) > K o, T)+ K 0, T), 3.28
k) (027 2 g Sk @ D+ g Sk (0 0) (3.28)
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(2 T

Fig. 4 After the coalescence of the branches with m* = 2, the configurations o and 7 in Figs. 3 and 4 are at

distance 53/ (0, 7) = v/2a3 < 5 (0, 7) = /2 (a2 + a3)

that is equivalent to the super-Pythagorean condition

vy (0,7) = \Jd ) (0.7) + By, (0, 7). (3.29)
3.2.3 Thermodynamic Limit

We define the energy of our sequence of GREM models as Hy (o) := Hyy) (o) (recall
definition (3.15)) and the corresponding partition functions and density of free energies like
in (3.19), (3.20) more precisely Zy (8) = Y_,y e PV and

[log Zy (8] = P (330)

Fn(B) = Bk

e
Bk (N)|

where the last equality defines the symbol oy (8).

We need a preliminary Lemma. Let us call y;:= lﬁ)gg";" > 0. Observe that by definition we
have Y %7 y; = 1.
Lemma3.3 We have
40%)
lim —— =1 (3.31)
N—soo N
Proof For any finite kK we have
k +00
; . k ; ,
Yia Wyi=D _ kW] _ ¥ Ny (3.32)
N N N
The right hand side of the above equation is 1. The left hand side converges when N — oo
to Zf-‘zl y;. Taking now the limit on k — oo we deduce the statement of the Lemma. O

We can now prove the existence of the limit for quenched free energy per site of a GREM
model with infinite levels.
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Theorem 3.4 Under the hypothesis (HI) and (H2), there exists the limit when N — 00 of
the density of free energy (3.30) defined on Ii(n), in the sense that there exists the following
limit that coincides with an infimum

an(B) >
BN

1
— 0 < ngnoo 3 ) E[log Zy (B)] = %f (3.33)
Proof We apply the interpolation method for the Gaussian random vectors Hy ) (o) and
Hyny) (0) + Hy(n,) (o) that are both labeled by the configurations o € {—1, 1EM| The
Gaussian random variables used to compute Hy(y), Hy(n,) and Hy(y,) are all independent
among them. Note that since in the splitting some spins are lost then the second Gaussian
random vector is degenerate.

We have the following identity
3 e P @ e @ = zyy () Zy, (B) 2K =KD k)] (3.34)
{o}
The last term is due to the fact that some spins may be lost in the splitting.

By Remark 3.2, we can apply Theorem (2.9) getting

mwthwﬂﬂmw%(wwn—MWM—wwm)mz (3.35)

Since the last term in the above inequality is non-negative we obtain that the sequence oy ()
is subadditive. By Fekete’s Lemma we deduce that there exists the limit
.an(B) . an(B)
lim = inf .
N—oo BN N BN

(3.36)

By Lemma 3.3 we have that

ay(B) . an(B)
im ——— = lim
N—oo Blk(N)| N—oo BN

) (3.37)

and we get the main statement of the Theorem.

It remains just to prove that the limit is strictly bigger than —oo.

This follows by the summability of the variances ag;’s. Indeed, we prove that for any
N > 0, —BFy (B) is bounded from above. We have

1 1 @, (@ ©
— BF =— K|l 7 Eppe— T N | /3(51 +52 +"'+£n(N))
BEN (B) V)] [log Zy (B)] V)] og {Eg}e
1 (@), (o) ()
| E Ble) +e, +...+an(N))] .
= ‘k(N)} ng |:e ) (3.38)

{o}

where we used Jensen’s inequality. Since the si(“)

the last row is the product of generating functions:

are independent, the expectation value in

E [eﬁsf”)] —eha i, (3.39)
hence
BFN (B) = : lOgZeng(A{)“' < logZeg log2 + P
—BFy < — i=1 4 < = —_,
kW] 2 kW] 2 2]k V)
(3.40)
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where we used the fact that Y o) a; = 1. o

Just as a remark we show in Lemma 3.5 in the Appendix that the third term in the right
hand side of (3.35) is negligible when N is large. This fact is irrelevant for the proof but it is
interesting in itself since for different models we could have a similar situation but with the
wrong sign and a bound of this type could allow to apply the generalized subadditive lemmas
in [14].

3.3 Geometric Remarks

Since by Lemma 2.8 we have that the density of free energy just depends on the metric
structure of the Gaussian random variables, it is interesting to analyze the metric structure
corresponding to the different models. Moreover natural and interesting models can be intro-
duced starting directly from the metric description. Since all the metric spaces involved must
be Euclidean a relevant characteristic is the dimension of the space where the metric can be
realized as a collection of points.

Another useful remark is that the super-Pythagorean relation (3.11) implies (3.13), that
gives the convergence (3.14) to the infimum of the density of free energies while instead a
sub-Pythagorean relation (i.e. (3.11) with the opposite inequality) would imply a convergence
of the density of free energy to the supremum.

Let us start with the Sherrington—Kirkpatrick model. Since the energy is defined in terms
of N?1.i.d. Gaussian random variables the metric of the model with N sites can be represented
by 2% points embedded on RY ? Indeed anatural representation of this metric is the following.
Consider o € {—1, 1}" as a column vector and define the projector & := v/ Noo thatis a
positive definite N x N matrix. By a direct computation we have that the metric induced by
the Sherrington—Kirkpatrick model is given by

dy (o, 1) =/Tr (@ —0)?).

i.e. it is the Euclidean metric on the one dimensional projectors induced by the Hilbert-
Schmidt scalar product. The super-Pythagorean relation is strictly related to the fact that all
the projectors belong to the cone of positive definite matrices.
The metric structure of the GREM is best described with the trees illustrated in Sect. 3.2.
An interesting class of models can be introduced directly defining the metric. Let v*! € R?

be two vectors. To any o € {—1, 1}V we associate the vector v (¢') € R2" defined by
v(o) =N, 17D, (3.41)
We have
N
(v (o0),v (n)) = 1_[ (v“(’), v"(’)) .
i=1

1
If we let vE! = v*1-N depend on N in such a way that [v*!'V|> = N¥ and (v!'V, vV =

1 1
N¥a¥,« € [0, 1) we obtain that the Euclidean metric on the 2V points embedded into RzN
(that are the points in correspondence of the vectors) is given by

dy (o, n) = \/ZN (1 — o W)). (3.42)
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This Euclidean metric (as before it is a function of a metric that is again a metric [13,16])
satisfies the super-Pythagorean relation (3.11) since the real function 1 — «* is concave.
We have therefore convergence of the free energy densities. A model that corresponds to

this metric can be fixed such that E[Hy (o) Hy ()] ~ aV @M The special case « = 0
corresponds to the REM model that is a special case of the GREM discussed in Sect. 3.2
with one single branch and all the leaves directly connected to the root. In this case all the
points are equally spaced.
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Appendix
We show here that the extra terms in (3.35) are indeed negligible when N is large.

Lemma3.5 We have

. |k (V)| = |k (ND| = [k (V)]
im  sup =

0. (3.43)
N—00 N 4 Ny=N |k(N)I

Proof Letuscalll (N) C Ntheset! (N):={i : k; (N) > 0}. Wedefinealso J (N) :=I (N)N
(I (N = 1))€. We have for any N1 + Ny = N that

k(N[ = [k (ND| = [k (V2)| < 11(V))] (3.44)
By definition we have that if i € J (N) then % <y < ﬁ We have therefore
+o00 +00 1
1= %z 1@l (3.45)

i=1 =1

We deduce therefore that the series on the right hand side has to be convergent. Since |1 (N)| =
YN 17(0)] we have

N
= 1
N _;:1:N|J(£)|E. (3.46)

The series on the right hand side of (3.45) is convergent, thus we deduce the statement by
the dominated convergence Theorem. This, together with (3.44) and Lemma 3.3, concludes
the proof. O
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