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Abstract. We prove that the Aizenman—Contucci relations, well known for
fully connected spin glasses, hold in diluted spin glasses as well. We also prove
more general constraints in the same spirit for multi-overlaps, systematically
confirming and expanding previous results. The strategy that we employ makes
no use of self-averaging, and allows us to generate hierarchically all such relations
within the framework of random multi-overlap structures. The basic idea is to
study, for these structures, the consequences of the closely related concepts of
stochastic stability, quasi-stationarity under random shifts, factorization of the
trial free energy. The very simple technique allows us to prove also the phase
transition for the overlap: it remains strictly positive (on average) below the
critical temperature if a suitable external field is first applied and then removed
in the thermodynamic limit. We also deduce, from a cavity approach, the general
form of the constraints on the distribution of multi-overlaps found within quasi-
stationary random multi-overlap structures.
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1. Introduction

Dilute spin glasses are studied mostly for two reasons: their finite connectivity makes
them in a certain sense close to finite-dimensional systems, while retaining a mean
field character; and they are mathematically equivalent to some important random
optimization problems (such as X-OR-SAT and K-SAT [15]). The proper setting for the
study of mean field dilute spin glasses are the random multi-overlap structures (RaMOSt),
and the whole physics behavior of dilute spin glasses is carried by the probability
distribution of the multi-overlaps [7], which play the same role as the 2-overlap does
for fully connected models. In the case of the latter, it is known that the Ghirlanda—
Guerra identities [12] allow for the computation of the critical exponents governing the
critical behavior of the 2-overlap [1], and guarantee that the 2-overlap is positive below the
critical temperature [15]. The relations due to Aizenman and Contucci [2], on the other
hand, imply [1] that the expectation of the 2-overlap is strictly positive below the critical
temperature (due to a phase transition triggered by an external field). Ghirlanda—Guerra
identities are a consequence of the self-averaging of the energy density, and extend to
dilute spin glasses, where one can also find more general relations for multi-overlaps [9].
By contrast, Aizenman—-Contucci (AC) relations are a consequence of stochastic stability
12,5], but they also follow from a certain kind of self-averaging, as shown by Franz et al
[10], who extended the AC relations to dilute spin glasses and multi-overlaps. In this paper
we provide a new proof of the AC relations for dilute spin glasses, and of their generalized
version for multi-overlaps. We emphasize that stochastic stability (and similar concepts)
are intimately related to self-averaging properties. Moreover, both approaches can be
used with observable of various forms, not just the with the energy. The joint use of
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the techniques developed in [1] within the approach developed in [7] is at the basis of
the present work. The latter is organized as follows. The next two sections introduce the
model and our notation, and illustrate the cavity perspective which the RaMOSt approach
relies on. In section 4 we show that simple symmetry arguments within the cavity method
lead to the proof of the phase transition of the expectation of the overlap: below its critical
temperature the overlap remains strictly positive, if an external (cavity) field is applied
and then removed in the thermodynamic limit. Section 5 is devoted to a proof that AC
relations hold in dilute glasses, along with relations in the same spirit for multi-overlaps.
We have already stressed that our proof is radically different from the one hinted at in [10].
Section 6 presents the form of the derivative with respect to a perturbing parameter of the
expectation of a generic function of some replicas. The result makes it possible to develop
systematically the constraints on multi-overlaps, whose critical behavior control can be
here improved as compared to section 4 (although the critical exponents are not found
yet). The straightforward but tedious and long calculations needed in some expansions
are reported in the appendices, preceded by concluding remarks.

2. Model and notation

Consider N points, indexed by italic letters ¢, j, etc, with an Ising spin attached to each
of them, so to have spin configurations

o:{1,...,N} 31— 0, =£1.

Hence we may consider o € {—1,+1}". Let P be a Poisson random variable of mean
¢, let {J,} be independent identically distributed copies of a random variable J with
symmetric distribution. For the sake of simplicity we will assume J = 41, without
loss of generality [13]. We want to consider randomly chosen points, we therefore
introduce {i, }, {j,} as independent identically distributed random variables, with uniform
distribution over 1,..., N. Assuming there is no external field, the Hamiltonian of the
Viana—Bray (VB) model for dilute mean field spin glass is the following symmetric random
variable

PaN
Hy(o,000) ==Y J,04,05,  a€R.
v=1

E will be the expectation with respect to all the (quenched) variables; i.e. all the random
variables except the spins, collectively denoted by J. The non-negative parameter « is
called degree of connectivity. The Gibbs measure w is defined by

1
w(e) = - D exp(=FH(0))p(0)
for any observable ¢ : {—1,+1} — R, and clearly

Zn(B) = exp(~BHy (o)),

which is the well known partition function. @~ When dealing with more than one
configuration, the product Gibbs measure is denoted by (2, and various configuration
taken from the each product space are called ‘replicas’. As already done above, we will
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often omit the dependence on (8 and on the size of the system N of various quantities.
In general, we will commit some slight notational abuses to lighten the expressions when
there is no risk of confusion. The free energy density fy is defined by

~3f5(8) = 3B Zx(5).

The whole physical behavior of the model is encoded by [7] the even multi-overlaps
q1..2n, which are functions of several configurations ¢V, ¢, ... defined by

ql...%:—z SR

3. Cavity approach and random multi-overlap structures

The thermodynamic limit of the free energy density exists if and only if the sequence
of the increments (due to the addition of a particle to the system) is convergent in the
Cesaro sense (indicated by a boldface C):

1 n+1 ZM+1
lim —EInZy; = lim — Eln =C l El
Mlinoo M e = 1inoo M Z lm t Z M
The idea at the basis of the cavity approach is in fact to measure the effect on the free
energy of the addition of one spin to the system (see [4] for a beautiful summary). Let us
denote the given M spins by 7, as we want to save the symbol o for the added spin(s).

Now, following [7], we can write, in distribution,

P21y Poany(v+1))
_HM+1 (7—7 07 Oé) ~ E JVTk'uTlu + § JVTml/ Uiu? (1)
v=1 v=1

where we have neglected a term which does not contribute when M is large [7], {J,}
are independent copies of J; {k,}, {m,}, and {l,} are independent random variables all
uniformly distributed over {1,..., M}; {i,} are independent random variables uniformly
distributed over the set {1,..., N = 1}, consisting of {1} only. So 0;, = ;. Notice that
we can also write, in distribution,

Hyrya (7,05 0) NHM(7'§0/)+ET<71 (2)
where
P,
M B 2a -
o _
Sl v U DR

Notice also that similarly
Hy(r; @) = Hy (70!, J) + Hu (750! /M, ), (3)

thanks to the additivity property of Poisson variables, and the two Hamiltonians in the
right-hand side have independent quenched random variables 7, J. Hence, if we call

Hulr 0 /M, J) = Hoe') = =3 Jumi,m,
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then
~exp(— iLTU
I['EIH%:I['EIHZDT’Uf p( ﬂA ),
Zm ZTfTeXp(_ﬂ}L-)

with

& = exp(—fHy(T; ).

As elegantly explained in [4], this equation expresses the incremental contribution to the
free energy in terms of the mean free energy of a particle (a spin) added to a reservoir
whose internal state is described by (7,&;), corrected by an inverse-fugacity term H ,
which encodes a connectivity shift. The latter may be thought of as the free energy of a
‘place holder’: the cavity into which the (M + 1)st particle is added. One may note that
the addition of a particle to the reservoir of M particles has an effect on the state of the
reservoir. For M > 1, the value of the added spin, o, does not affect significantly the field
which would exist for the next increment in M. Hence, for the next addition of a particle
we may continue to regard the state of the reservoir as given by just the configuration
7. However, the weight of the configuration (which is still to be normalized to yield its
probability) undergoes the change:

& — Ere .

This transformation is called cavity dynamics.

When we add more particles to the system, they do not interact, as there will just
be copies of the cavity fields h' acting paramagnetically on each added spin (see [7] for
details). Therefore if we add infinitely many particles (to an already infinite reservoir), we
can replace the initial complicated model with a simpler (at least in principle) paramagnet.
The reasoning just illustrated thus paves the way to the proper concept to introduce for
the computation of the free energy [7].

Definition 1. Given a probability space {2, p(dw)}, a Random multi-overlap structure R
is a triple (X,{qan}, &) where

e X is a discrete space;

o £:Y — Ry is a system of random weights, such that Zyez &y < 00 p-almost surely;

® (o, : X" — R,n € N is a positive semi-definite multi-overlap kernel (equal to 1 on
the diagonal of ¥*", so that by Schwartz inequality |q| < 1).

By looking at the properties of h, H in (2) and (3), we know that when many
particles (say V) are added to the system, we need [7] in general N + 1 random variables

{ﬁ;(&; JNIN | and H,(a; J), v € %, such that

d - 1 -
QEIB%Q exp(—ﬁh;) = ZHZN] %tanh%(ﬁ)(l — {(Gan)) (4)
d . 1 .
@Eln;a Xp(=0H;) = D 5 tanh™ (B)(1 — (B.)). (5)
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These are the fields to plug into the ‘trial pressure’ (—5fn(53))
N ~,
1 2. &exp(=0) ;0 hioi)
GN (R) = —FEIn : = .
N 27 &, exp(—SH,)

The Boltzmann RaMOSt [7] is the one we started from, constructed by thinking of a
reservoir of M spins 7

(6)

M
. 1 n
Y={-1,1}">7, & = exp(—BHum(T)), q1-2n = i 27_151) o 'Tl£2 :

with
P2a

PaN
W(a) =Y Jimg,  He(aN)==>Jm,m,
v=1 v=1

and all the J’s are independent copies of .J, independent of any other copy.
The next theorem will not be used, but it justifies the whole machinery described so
far.

Theorem 1 (Extended Variational Principle). Taking the infimum for each N separately
the trial function Gn(R) over the whole RaMOSt space, the resulting sequence tends to
the limiting pressure —(Bf of the VB model as N tends to infinity:

—Af = lim inf Gy(R).

A RaMOSt R is said to be optimal if G(R) = —Ff(8)V5. We will denote by Q the
measure associated with the RaMOSt weights ¢ as well.

[s it possible to show [7] that optimal RaMOSts enjoy the same factorization property
enjoyed by the Boltzmann RaMOSt, described in the following.

Theorem 2 (factorization of optimal RaMOSts). In the whole region where the parame-
ters are uniquely defined, the following Cesaro limit is linear in N and &

ClimEln Qy{er ey exp[—BH(a)]} = N(=0f 4+ aA) + aA,

where ¢; = 2 COSh(ﬁiLi);
<1
A= o tanh® (5)(1 - (g3,) @)
n=1

and the averages in both sides of the equation are assumed to taken by means of weights
at connectivity «.

As we extended the use of ) from the Gibbs measure to any RaMOSt measure, we
are clearly extending to any RaMOSt the notation EQ(-) = (-) too. We will use only part
of the previous theorem, or more precisely a modification of the part involving the inverse
fugacity only. Notice that in the definition (6) of the trial pressure G the part with the
cavity fields and the part with the inverse fugacity are taken already factorized (the inverse
fugacity appears at the denominator). If we therefore focus on the fugacity part only in
the theorem above, by setting all the cavity fields A’ to zero, the property described in
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theorem 2 becomes what is often called stochastic stability (of the measure €2 with respect
to the perturbation H ), which we will prove and exploit in section 5. It should be now
clear, from the construction described about equations (2) and (3), that this perturbation
can be either due to the addition of N particles, or due to a connectivity shift, and leads
to a linear response of the free energy. Hence the theorem above combines two invariance
properties of the optimal RaMOSt measure €2: the one of the cavity part with respect to
the cavity dynamics, and the one of the fugacity part with respect to connectivity shifts.
The invariance with respect to the cavity dynamics is a special case of quasi-stationarity,
i.e. the invariance up to a correcting factor under random shifts (see [3,4] for a detailed
introduction). The Parisi ultrametric ansatz, both for dilute and for fully connected
Gaussian models [15], is based on hierarchical random probability cascades, which exhibit
the quasi-stationarity of the generalized random energy model [4,15]. A very stimulating
conjecture is that random probability cascades include all the quasi-stationary structures.

As an aside remark, we point out that for stochastically stable systems, a dynamical
order parameter can be defined and related to the static order parameter. Ultrametricity
in the dynamics implies static ultrametricity, which is in turn implied by so-called
separability, and connected to the idea of overlap equivalence. We refer to [11,14,9] for
details, here we just wish to stress that all these concepts and the one of self-averaging
are intimately related, and have deep physical meanings.

4. Non-negativity of the average of multi-overlaps

We know from [8,13] that above the critical temperature . all the multi-overlaps
(including the 2-overlap) are identically zero, as the replica symmetric solution holds.
We also know, from [13], that the (rescaled) 2-overlap shows diverging fluctuations at the
critical temperature . where the replica symmetry is broken, while the (rescaled) multi-
overlaps of more than two replicas do not exhibit diverging fluctuations at this inverse
temperature. If the expression of the fluctuations of the rescaled multi-overlaps given
in [13] could be proven to be valid down to suitable lower temperatures, we would have

what is physically a common belief [16], i.e. that the critical temperature ﬂéQ") at which
the fluctuations of v/ N¢o, diverge is given by

1 1

tanh%(ﬁé?”)) = 57 o > 5

So that g9, would be zero up to ﬁc(%), where it would start its concave increase toward 1
as 3 — oo.

We want to show that the 2-overlap exhibit the same phase transition as in
the Gaussian SK model [1]: if we apply an external field and then remove it in
the thermodynamic limit, the 2-overlap remains strictly positive below its critical
temperature, where its variance becomes non-zero. The same is expected to hold for
all multi-overlaps.

Let us introduce the following notation: ws(+), (-)s denote the usual expectations
except for a perturbation in the Boltzmannfaktor, which is assumed here to be

N ,PL
exp | -5 Hvtosa) = 3 (S )ai) |
1 =1

1=
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i.e. the initial Boltzmannfaktor is perturbed with independent copies of an external field
h(a) = Y272, J, modulated by a.
This section is devoted to the next

Theorem 3. The following holds:
(1) for any inverse temperature (3

ngr(l)o (@on)a=20/N = 0;

(2) for any (> ﬁc@), defined by 2a tanh?( 52)) =1,
A}E{;(‘hﬁazzam > 0.

We will see that our method would imply immediately the analogous statement for
all multi-overlaps, should the formula for their fluctuation be proven to hold at lower
temperatures as well.

The theorem will be a simple consequence of two lemmas, which require a definition
as well.

Lemma 1. Consider the set of indices {i1,... 1.}, with r € [1, N]. Then
. . 1

&_I}QI(?/NwN@(ail . 'O'ir) = wN+1(0i1 e 'UiraN+1) +0 (N) )

where 1 is an exponent (not a replica index) and we have made explicit the dependence of

w on the size of the system.

This lemma is a consequence of the fact that with the chosen & the presence of the
external field is equivalent to the introduction of an additional particle, labelled N + 1.
This should be clear from (1) and (2) above, and from the gauge symmetry with respect
to the transformation o; — o;0n541, but the reader may want to refer to lemma 1 in [1]
for details. Notice that in the case of monomials with r even the previous lemma tells us
that the presence of the external field has no influence in the thermodynamic limit. This
will be important in the rest, and we hence proceed with the next

Definition 2. A polynomial function of some overlaps is called

e filled if every replica appears an even number of times in it;

e fillable if it can be made filled by multiplying it by exactly one multi-overlap of
appropriately chosen replicas.

The exponent r is always even for filled polynomials, whose average is therefore not
altered by the external field, so to have, for instance

<Q1QQ23QI3>& = <Q1QCI23Q13>-

From the previous lemma we will deduce the following.

Proposition 1. Let (1.0, be a fillable polynomial of the overlaps, such that q..0,Q1...2n 1S
filled. Then

Jﬁo(@r--znh:mm = (q1.-20Q1.2n),

where the right-hand side is understood to be evaluated in the thermodynamic limait.

doi:10.1088,/1742-5468 /2007 /08 /P08025 8
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Proof. Let us assume for a generic overlap correlation function (), of s replicas, the
following representation

Q=1I> Ilearity

a=1 i 1=

where a labels the replicas, the internal product takes into account the spins (labelled
by [) which contribute to the a part of the overlap ¢, and runs to the number of
time that the replica a appears in (), the external product takes into account all the
contributions of the internal one and the I factor fixes the constraints among different
replicas in @; so, for example, () = q2¢q23 can be decomposed in this form noting
that s = 3, n' = n® = 1,n* = 2, I = N720;3 ;3052 3, where the ¢ functions fixes the
links between replicas 1,2 — ¢ and 2,3 — ¢23. The averaged overlap correlation
function is

@ - Y 1ty [ (H ) |

Now if @ is a fillable polynomial, and we evaluate it at @ = 2a/N, let us decompose it,
using the factorization of the w state on different replica, as

u n® s nb
@ =S 1 [ Lo (H) [Te (1174 ]
z?,z? a=1 =1 b=u =1

where u stands for the number of the unfilled replicas inside the expression of (). So we
split the measure (2 into two different subset w, and wy: in this way the replica belonging
to the b subset are always in even number, while the ones in the a subset are always
odds. Applying the gauge of — ofo%,,,Vi € (1,N) the even measure is unaffected by
this transformation (o3, ; = 1) while the odd measure takes a o1 inside the Boltzmann
measure (lemma 1).

u n® s nb
@ = Y1 i) [ ( Ha;;) [T { o Tk
Z?’Z? a=1 =1 b=u =1

At the end we can replace in the last expression the subindex N + 1 of o1 by k for any
k # {i¢} and multiply by one as 1= N"'3 . Up to orders O(1/N), which go to zero
in the thermodynamic limit, we have the proof. O

At this point the first part of theorem 3 is simply a corollary of this proposition in
the case Q = ¢. The second part follows from the fact that all multi-overlaps (including
the 2-overlap) are zero above the critical temperature 1/ ﬂ(@, and the 2-overlap starts
fluctuating below, so that (¢3) is strictly positive and coincides (in the limit) with (gs) by
proposition 1. The fact that (g3) is strictly positive for 5 > Béz) is obvious from the fact
that the replica symmetric solution does not hold in this region [13].

We will discuss the generalization of theorem 3 to multi-overlaps in [6].

doi:10.1088,/1742-5468 /2007 /08 /P08025 9
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5. Stability relations from quasi-stationarity

In this section we want to prove the following.

Theorem 4. The consequences of stochastic stability in fully connected models extend to
dilute spin glasses, and constraints analogous to those found for overlaps of two replicas
only hold for multi-overlaps. More precisely,

(1) the Aizenman—Contucci relations hold in dilute spin glasses. A first example is
<Q%2Q%3> = i(‘ﬁg) + %<CI%2Q§4>S

(2) further relations for multi-overlaps hold in dilute spin glasses. A first example is
<Q%234Q%5> = %<Q%234Q%2> + %<Q%234Q§6>‘

We start addressing the proof of the theorem by proving a lemma that gives the
explicit form of the contribution to the free energy of a connectivity shift.

Lemma 2. Let Q,(-) be the usual Gibbs and quenched Gibbs expectations at inverse
temperature [3, associated with the Hamiltonian Hy(o,; J). Then, in the whole region
where the parameters are uniquely defined

P e’}
- 1
/ "o ) = o i 2n (ot A2
]\}EréoEanexp (ﬁ VEI JVO'ZVO']D> ! ngl o tanh™" (3")(1 — (g3,,)), (8)
where the random variables Py, {J}, {i,},{J.} are independent copies of the analogous
random variables appearing in the Hamiltonian in €.

Notice that, in distribution

Plata’ /vy

ZJ 0i,05, + 0 ZJ/O'Z/ aj, ~ 3 Z J)oi,05, (9)

where {J/'} are independent copies of J with probability aN/(aN + ) and independent
copies of J3' /3 with probability o /(N +¢a’). In the right-hand side above, the quenched
random variables will be collectively denoted by J”. Notice also that the sum of Poisson
random variables is a Poisson random variable with mean equal to the sum of the means,
and hence we can write

P
~ Zn(a J")
A, =ElnQex ( / J’al-/a-/) — Rl 2N\ ) 10
t p ﬂZV v Ju ZN(C(;j) ( )
where we defined, for ¢ € [0, 1],
t
ay :04—1—0/N (11)

so that ¢y — aVtas N — oc.

Proof. Let us compute the t-derivative of A;, as defined in (10)

—At E Z % — e (M )aneXp <ﬁ'i J{,ai/yaj/u).
o v=1

doi:10.1088/1742-5468 /2007 /08 /P08025 10
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Using the following elementary property of the Poisson measure

d
dtﬁtc( m) = ((mc(m — 1) — me(m)) (12)
we get
—At =d'E Z Tore(m — 1) — 7o (m)] In Z exp (ﬁ’ i J,Lai/uaj,/j)
o v=1

P,

= o/EaneXp G J oy o eXp( ZJ o0 )
— d'Eln Z exp (ﬁ’ Z J, o Uj;)
o v=1

= O/E In Qt eXp(ﬂ/J/ai/maﬂn)’

where we included the t-dependent weights in the average €);. Now use the following
identity

exp(f'J'0;05) = cosh(3'J") + 0,05 sinh(3'J")
to get

d
EAt = o'Eln Q[cosh(8'J')(1 + tanh(5'J")oy 0j: ).

It is clear that

Ew;" (03 0j) = (dan)ts
so we now expand the logarithm in power series and see that, in the limit of large N,
as ay — « the result does not depend on t, everywhere the measure (-); is continuous
as a function of the parameter t. From the comments that preceded the current proof,
formalized in (9)-(11), this is the same as assuming that € is regular as a function of
a, because J” — J in the sense that in the large N limit J” can only take the usual
values £1 since the probability of being +('/3 becomes zero. Therefore integrating over
t from 0 to 1 is the same as multiplying by 1. Due to the symmetric distribution of J,
the expansion of the logarithm yields the right-hand side of (8), where the odd powers are
missing. O

Remark 1. The same result holds for the hierarchical Parisi trial structure [8]. In general,
what we study in this section relies only on (8), that holds for quasi-stationary RaMOSts,

to which our results therefore extend.

Proof of theorem 4. Consider once again
Py
f{: —ZJ;O’Z'/UO']'L. (13)
v=1

We will let again €2 be the infinite volume Gibbs measure associated with the VB
Hamiltonian at connectivity o and inverse temperature 3.
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Due to the symmetry of Q, we have [5]

A ~

ElnQexp(3'H) = sEInQexp(—f4'(H — H')),

where we ‘replicated” H' = H(o").
For the left-hand side of (8), a tedious expansion yields
1nQexp(—5'(H — H'))
= B252Q(H%) — 2% (H)] + 5" 5 [Q(H") — 4QH*)Q(H) — 30°(H?)
B - 1 1 - .
+ 12Q(H?)O(H) — 6Q(H)] + 6’6{ Q(H®) — 5!Q(H5)Q(H)

— LQHYUH?) - ZOHHP) + LQH)QUEHQUH?) + L3 (H?)
+ L (H)QHY) — L0(H*)Q (1) — 20%(H)Q* (1)

QU () - 100 >} oY),

of which we have to take the quenched expectation E, using the formulas in appendix A.
For the right-hand side of (8), the expansion of the hyperbolic tangent, performed
explicitly for convenience in appendix A, leads to

a Z tanh® (') (1 — (¢}..5n))

n>0
= 5,2 /(l - %< 2>) + ﬁﬂl ,(_ﬁ +3 <CI12> - i<‘1%234>)
+ 5/6 ,(gl - 9_7<Q12> + §<Q1234> - 6<Q123456>) + 0(5/8)‘

Recall that the averages (-) do not depend on /', so we now have two power series in
(' that we can equate term by term. The order zero and the odd orders are absent on
both sides. Let us consider the second order. Taking into account the formulas given in
appendix A, we have two identical (constant) monomials in o/

%(1 - <Q12>) = %(1 - <Q%2>)

and we gain no information. Let us move on to order four: using again the formulas given
in appendix A, we have the equality of two polynomials of degree two in o’. There is
no constant term, and no second power in the right-hand side. Equating term by term
we get a trivial identity for the linear part in o’ (and hence no information). From the
quadratic term in o', on the other hand, we obtain the following relation

<Q%2Q%3> = i<Qil2> + %<Q%2Q§4> (14)

which is the first AC relation we wanted to prove.

Notice that in the linear part in o a multi-overlap is present: 934, but it cancels.
By contrast, in the quadratic part only 2-overlaps are present.

Let us now focus on the sixth order. Again we get a useless identity from the
linear part in o/, from which 4-overlaps and 6-overlaps get canceled out, and we gain
no information. From the quadratic part, where 4-overlaps are present (but no 6-overlaps
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are there), (¢3,) disappears, while the other terms with 2-overlaps only cancel because of
the previous AC relation. In fact, from the expansion we have
15 15 7 1 15 7 4 1 1 1
o~ Er\ai) — g5 — g la) — =5 (a) + Glata) + 5 (aham) + 5 + 5 {aie) + 5 {a)

+ %(quq§3> + i<cﬁ2> - %<CI%234> - 2<Q%QQ§4> - %<Q%2> - 3(‘1%2‘1%3)

- %<CI%2Q%234> + %<CI%234> + 3{q12451) + Udtathas) — %<Q%QQ§456> =0.
So we are left, after a few trivial calculations, with the following new relation for multi-
overlaps

<Q%234Q%5> = %<Q%234Q%2> + %<Q%234QE2>6> (15)

announced in the statement of the theorem.

In the cubic part in o’ only overlaps of two replicas are present, and only the
monomials of order six remain, as the ones of lower degree cancel out directly. The
remaining relation is

6 2 4 2 4 2 2 2 2 2 9 2 2 2
1_12<Q12> - <Q12Q23> + %<Q12Q34> - %<Q12Q23Q31> + <Q12Q13Q14> + 3<Q12Q23Q34>
- 6<Qfﬂ§3ﬁs> + %(ﬁg(ﬁﬂ?& =0.
Proceeding further, the expansion generates all the identities due to stochastic stability,

in full agreement with the self-averaging identities found in [10,9].

We will provide a more general and systematic form of the relations in the next
section.

6. Stability relations from the cavity streaming equation

In this section we study a family of constraints on the distribution of the overlaps. To
address this task we will consider the quenched expectation of a generic function of s
replicas, with respect to the perturbed measure with weights

’
P2at

exp —5HN(0;OZ)+5/ZJ~V0@ ; (16)
v=1

whose use will be indicated with a subscript ¢ in the expectations. Once again, {.J,} are
independent copies of J.

From now on let us put § = tanh(3), and, assuming J = 41, we have 6" =
Etanh®"(3'J), tanh** ™ (3'J) = J§*"*' ¥V n € N. Let us also just put w; = w;(c), with a
slight abuse of notation.

Proposition 2. Let & be a function of s replicas. Then the following cavity streaming
equation holds

1,s 1,s 1,s
d(® ’ ’ ’
<dt>t _ _204<(I>)t+204EthCI>{1+JZUZO+ZU?IU§’IQ2+J > aglagg;l@r»+...}
a a<b a<b<c

s(s+1)

s(s+1)(s+2)
X {1 — sJOw, + TQ%}? —

3!

J03w§’+---}] Ve (17)
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Proof. Let us explicitly perform the calculation of the derivative, using (12).

2at

((;tEZ ZCI)eXp(Z(ﬁZJJ o+ ZJU ))

Y[@exp(p' Y. Joi)]
Quexp(B'Y._, Jol)
Q[@ T, (cosh(B'J) + of sinh(3'J))]
([T, _; (cosh(B'J) 4 o sinh(5'J))]
U@TL (1 + Jb5¢)]
(14 w)®

= 2aE

—2a(P),

= 2aE

— 2a(P),

= 2aE — 2a(®D),.

Now note that

1 1
mzl_Jsgwt+M
t

s(s+1)(s+ 2)6’3w3

0*w? — J i ;

s(s+1)(s+2)(s+ 3)94wf B
4!
and that

s 1,s 1,s

H(l + JOoj ) =1+ ‘]20219 + 20“0“82 +J Z ol o} ot 0° +

a=1 a<b a<b<c
The theorem follows immediately. O

In the limit o — oo as sk = 2a6? is kept constant, the powers of # higher than two
are killed, and we recover the equation for the Gaussian SK model [5]

d < (Z G — Z Gas+1 T e + 2, qs+1,s+2) >t- (18)

a<b

We know from sections 4 and 5 that if in the previous theorem we take ® to be a
filled polynomial the left-hand side of (17) is zero in the thermodynamic limit, and we
have a polynomial in 6 (and hence in 3') on the right-hand side that can be equated to
zero term by term (we do not need to re-expand in " and equate the new coefficients
to zero). Now if, in each term of the expansion that we equate to zero in this case, we
additionally take 3’ = (3, then we also guarantee that the fillable polynomials get filled,
thanks to proposition 1. In other words

Proposition 3. The generator of the constraints on the distribution of the overlap is:
A}LH})O 0(P) =0
where ® is filled and (' = .
Let us consider the first simple example, ® = ¢i,. Proposition 2 then yields
Jim O{dia)e = ]&ijﬂm@i’z — 4475003 + 3q32q31) 6 + O(6")
= J&i_r)noo<qf2 - 46]%26123 + 3(1%2(134%32 + O(ﬁﬂl) =0
= (qla — 441205 + 345203,) = 0,
doi:10.1088/1742-5468 /2007 /08 /P08025 14
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which is understood to be taken in the thermodynamic limit and is just the Aizenman—
Contucci relation we have found already in the previous section.
If we choose instead ® = ¢%,;,, we obtain

1\}1—{%0 at<q%234>t = <92(3Q%234Q%2 - SQ%234Q%5 + 1OQ%234Q152) + 94(6111234 - 16‘1%234‘1%235
+ 600753401256 — 80123401567 + 351a3405678)) + O(6°) = 0.

From the order two in 3’ we have the coefficient of %, and equating to zero gives

<Q%234Q%5> = %<Q%234Q%2> + %<Q%234Q§6>‘

At the order four in ' we have leftover term from the order two, which thus vanish, and
the coefficient of 6*:

4
(Q1234) = <16CI%234CI%235 - 60(]%234(]%256 + 80(]%234(1%567 - 35Q%234Q§678>'

In a similar way we can obtain all the other relations, from the higher orders, simply
by equating to zero all the coefficients of the expansion in powers of ¢, with no need to
expand in [3'.

When ® = ¢i _, notice that the relation we obtain from the lowest order in (17)
is formally identical to equation (18), with zero on the left-hand side, without the limit
o/ — o0o. Hence, using the invariance with respect to permutations of replicas, we have
the general form of the constraint of which (14) and (15) are two special cases. In general,
for a suitable function ®,.. of s replicas, from proposition 2 we can state the following.

Theorem 5. Given an even integer s, the AC relation

9 s—1 2 s+1 9
<¢)1"'8q1,s+1> = ?(cblms(h,z) + ?<®1---SQS+1,5+2>

holds.

Subtracting the equation above from the well known Ghirlanda-Guerra identity [12]

1 s—1

<¢)1"'5qis+1> = g<¢)1~~s><‘ﬁ2> + —<q)1"'5q§+1,s+2>

we get the other well known relation

2
s+ 1

(@) () + S (D), (19)

2
<(I)1---sqs+1,s+2> = s 11

While the Ghirlanda—Guerra identities are a consequence of self-averaging, in the
thermodynamic limit, of the energy density Hy/N = K
(K@) = (K)(®s),

the AC relations are a consequence of stochastic stability; but they can also be deduced
from a self-averaging relation:

EQ(K®,) = EQ(K)Q(Dy).
Clearly the third relation (19) is hence a consequence of

EQ(K)Q(®) = (K)(®s).
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We stress that not only the energy density can be used to get the various relations, but
several other quantities (as long as self-averaging is preserved) would do as well.
If we consider 4-overlaps, proposition 2 gives

(s —1)(s—2)(s—3) s(s —1)(s —2)
4! 3!

<<I>1...Sq%727374> - <¢)1"'8qi2,3,s+1>

(s —1)s(s+1) s(s+1)(s+2)
7 (P1s} 9 g11.542) — i (Proslf it 5s2,543)

(s+1)(s+2)(s+3)
+ 4! <q)1---sq§+1,s+2,s+3,s+4> =0

which again can be deduced from a self-averaging relation too [10,9] and should be
compared with the generalization of Ghirlanda—Guerra relations

s(s —1)(s —2)(s —3) s(s—1)(s—2)

31 (q1,2,34P) — 5 (q1,2,3,541P)
(s —1)s(s+1) s(s+1)(s+2)
ol (q1,2,541,542P) — 30 (q1,541,5+2,5+3P)

+ (qr234)(P) = 0,

which has been found in [9], as a consequence of the self-averaging of the energy density.

We do not write explicitly the general form of the constraints deduced from
proposition 2, as it is a very simple but tedious computation, which shows that the
relations are in agreement with [10].

6.1. Reuvisiting the positivity of multi-overlaps

We here hint at how to gain a better control of the phase transition discussed in section 4,
using the expansion of the cavity streaming equation, to justify from a different perspective
what is proven in [13]: the fluctuations of the multi-overlaps diverge at lower temperatures
as the number of replicas increases. This is a first step in the calculation of the critical
exponents of the critical behavior of the multi-overlaps. We only sketch the arguments,
which proceed along the lines described in [1].

We are going to prove that the first contribution to the average of the 2-overlap in
its tanh(3') = 6 expansion is of order two, while it is of order four for the 4-overlap, and
so on for higher order multi-overlaps, as intuitively expected.

Let us write the streaming equation for (g12);, with 5’ =, o/ = «

D{qra)e = ab*(qiy — 4q12Go3 + 3q12g34): + O(0).

But {¢3,): = (¢%,) because ¢, is a filled monomial, and it can be integrated offering

1
(qra)e = ab*{gi,)t + 0492/ dt(—4{q12g23): + 3{qu2qsa)¢) + O(6%).
0

We now prove that the terms inside the integral are of higher order in 6. It is enough
to notice that such terms are fillable but not filled, so we can expand them using the
streaming equation to evaluate the leading order at which they contribute, which is 63
as can be deduced from the expansions given in appendix B. The same approach can be
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used for the 4-overlap; in fact we can write
O (qraza)r = a0 (10q1234056 — 16¢1234¢15 + 61234q12) ¢ + 0" (q934 — 1612341235

+ 60123401256 — 80q1231G1567 — 35q12345678)¢ + O(6°).
It can be readily seen that the only contribution at the fourth order is due to {g7s,),
given that this is the only filled monomial. The calculations in appendix B show that the
three contributions from the second order in 6 (i.e. q1234Gs56, q1234G15, 1234G12) contribute
at orders higher than four, so the first term in the four-replica multi-overlap expansion
is positive (being a square), in agreement with what we showed in section 4. We notice
that, while the first contribution to the 2-overlap is of order two in 6, the first contribution
to the 4-overlap is of order four, and this result extends analogously to the higher order
multi-overlaps. So it is not surprising that at the point where the 2-overlap fluctuations
start diverging, the fluctuations of the 4-overlap do not, and so on for higher orders, in
agreement with what is proven in [13].

7. Conclusion and outlook

We have proven the validity of Aizenman—Contucci relations for dilute spin glasses and
exhibited further relations for multi-overlaps. Some more general relations can be found
with the same stochastic stability methods for internal energy, but also from the cavity
part of the RaMOSt trial function, by means of a control of the response of the average
of generic observables with respect to the change of a perturbing parameter. We also
showed that the multi-overlaps undergo the same transition the 2-overlap exhibits in fully
connected models, i.e. they remain strictly positive, below the critical temperature, if we
apply an external field and then remove it in the thermodynamic limit. The external field is
properly modulated, in diluted systems, by the degree of connectivity of the perturbation.

The further natural development is the study of the extension to multi-overlaps of
the self-averaging identities (known as Ghirlanda-Guerra in fully connected models) to
prove that even multi-overlaps are non-negative with probability one in dilute spin glasses
(the identities will be derived in [9]). This would extend to odd spin interactions the
replica bounds so far rigorously valid only for even interactions, and such a result would
be important for the application of dilute spin glasses to optimization problems like the
K-SAT.

Another development of the current work is the calculation of the critical exponents
of the multi-overlaps, which has been gained for fully connected models in [1] with the
same techniques here shown to be fruitful in dilute models too. We will report on critical
exponents in dilute spin glasses soon, in [6].
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Appendix A. Formulas for the RaMOSt expansions

Let us report for convenience the well known expansion

22n
tanh(x) Z ﬁ@?” — 1) Byz*!
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where B,, and the Bernoulli numbers, defined by

et —1
so that
1
tanh :__3_5__7_9
anh(3) = 3 35 5 3155 +2835ﬁ

We also report here the following results of the computations we used in the expansions
of the previous sections.

Order two:
EQ(H?) = o
EQ*(H) = o/(¢7,).
Order four:

EQ(HY) = o + /3
EQ(H*)QH) = o () + a*3(q1)
EQ?(H?) = o/ + (1 + 2(¢,))
EQ(HQ)QQ(]:[) = 04/(‘1%2) + 0/2(<CI%2> + 2(@%261%3»
EQ'(H) = o (qhy3s) + °3(¢723,)-
Order six:
Q(H®) = o/ + o154 15
EQ(H )QUH ) = a'{gf,) + a”*15(qiy) + a*15(qiy)
(
2

&=

EQ(AYQUH?) = o + (7 + 8(qiy)) + (3 + 12{qi))

EQ (HS) = <Q12> + C“/215<CI12> +a (9<Q%2> + 6(‘1?2))

EQ(H)QH?)QH®) = o' (g,) + o”*(T{ala) + 8(¢1203)) + o*(3(d7)
+ 6(‘1%261%?) + 6(‘1%261113»

EQ?’(H’Q) = o/ +a”(3 + 12(q})) + (1 + 6{q1y) + 8(d7243343:))

EQ(H ) (H) = o' (gy) + o (T(gta) + 8(ahad5s)) + 0" (3(afa) + 12(472055))
EQ?)(H)Q( ) = /<Q%234> + 0/2(3<Q%234> + 12<Q%2Q§4>) + 0/3( <Q12Q34> + 6<Q12Q23Q34>)
EQ2(H)QQ(H2) = <‘112> +a (3<Q12> + 8(‘112‘123) + 4<CI12‘11234>>

+ 0/3(<Q12> + 2<Q12Q34> + 4<Q12Q23> + 8<Q12Q23Q34>)
EQ(ﬁ2)94(H) = <Q1234> +a (<Q1234> + 6<Q12Q34> + 8<Q12Q2345>)
+ a(3(q72050) + 12(¢1205335))
EQ6(]:]) = O/<Q%23456> + 0/215<q%2q§456> + 0/315<Q%2Q§4QE2>6>‘

Appendix B. Formulas for the cavity expansions

In this appendix we report, to facilitate the reader who wants to perform the calculations
in detail, the streaming equations for the expansion of section 6.

Oilqua)e = ab*(q}y — 4q12Go3 + 3q12Gsa)¢ + O(6%)
doi:10.1088/1742-5468 /2007 /08 /P08025 18
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O{qi2gos)e = a0 (612423045 — 6q12¢23G14 — 3q12G23G24 + Q12023013 + 2415G23)
+ 0494<15C]12Q23(J4567 — 20q12423G1456 — 10q12423G2456 + 12¢12G23G1245
+ 6¢12G23q1315 — 3q12¢23G1234)¢ + O(6°)
O {q12gza)r = 0 (1012434056 — 16G12434q15 + 2415031 + 4q12G3413)¢ + 0* (35¢12G34G567s
— 80¢1243491567 + 209124341256 + 401243491356
— 16¢12434¢1235 + Q12434G1234)¢ + O(6°)
Op(q2sa)e = ab?(10q1234q56 — 16q1934¢15 + 6¢1234q12) ¢ + 0494@%234 — 16¢1231441235
+ 60¢1234q1256 — 80q1234¢1567 — 35¢1234G5678 )¢ + O(6°)
3t<Q1234Q12>t = 0492<1OC]1234(112(156 — 81234912915 — 8q1234G12G35 + C]1234C]%2
+ 5¢1234q12¢13)¢ + 0" (35¢1234q12G567s — 40q1231G12G1567 — 40¢1234G12G3567
+ 10q1234q12q1256 + 40G1234G12G1356 + 10¢1234G12q3456 — 16¢1231G12G1235
+ Gazarz)e +O(6°)
O (qiasaqis)e = 0 (15q1234q15067 — 15q1931¢15926 — 10q1234¢15G56 + Dq1234G1512
+ 4q1934q15G23 + Qro3a@is )i + 0 (T0q1934q15G6780 — 1051234152678
— 70q1234q151678 + 19G1234G15G1567 + 90q1234q151267 + 49G1234G15G2367
+ 2012319151235 — 25q1234915G1246 — DG1234G15G2346 + 4q1231G15G1236
+ Giasaqis)e + O(6°)
O (qi234q56)t = 0 (21q1234G56 078 — 241931056917 — 1201234056457 + 61234056012
+ 8q1231G56q57 + C]1234CI§6> + 0494<126C]1234Q56Q7890 — 112¢1231G56 5789
— 224q1234956 Q1789 + 21G1234G56 95678 + 168¢1231G56 Q1578 + 1261234956 41378
— 24q1231G5693567 + 14q1234G56G1235 + Q%234Q56>t + 0(96)
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