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Abstract

Understanding the glassy nature of neural networks is pivotal both for theoretical and com-
putational advances in Machine Learning and Theoretical Artificial Intelligence. Keeping
the focus on dense associative Hebbian neural networks (i.e. Hopfield networks with poly-
nomial interactions of even degree P > 2), the purpose of this paper is twofold: at first
we develop rigorous mathematical approaches to address properly a statistical mechanical
picture of the phenomenon of replica symmetry breaking (RSB) in these networks, then—
deepening results stemmed via these routes—we aim to inspect the glassiness that they hide.
In particular, regarding the methodology, we provide two techniques: the former (closer to
mathematical physics in spirit) is an adaptation of the transport PDE to this case, while
the latter (more probabilistic in its nature) is an extension of Guerra’s interpolation break-
through. Beyond coherence among the results, either in replica symmetric and in the one-step
replica symmetry breaking level of description, we prove the Gardner’s picture (heuristically
achieved through the replica trick) and we identify the maximal storage capacity by a ground-
state analysis in the Baldi-Venkatesh high-storage regime. In the second part of the paper we
investigate the glassy structure of these networks: at difference with the replica symmetric
scenario (RS), RSB actually stabilizes the spin-glass phase. We report huge differences w.r.t.
the standard pairwise Hopfield limit: in particular, it is known that it is possible to express the
free energy of the Hopfield neural network (and, in a cascade fashion, all its properties) as a
linear combination of the free energies of a hard spin glass (i.e. the Sherrington—Kirkpatrick
model) and a soft spin glass (the Gaussian or “’spherical” model). While this continues to hold
also in the first step of RSB for the Hopfield model, this is no longer true when interactions are
more than pairwise (whatever the level of description, RS or RSB). For dense networks solely
the free energy of the hard spin glass survives. As the Sherrington—Kirkpatrick spin glass is
full-RSB (i.e. Parisi theory holds for that model), while the Gaussian spin-glass is replica
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symmetric, these different representation theorems prove a huge diversity in the underlying
glassiness of associative neural networks.

Keywords Hebbian neural networks - Replica symmetry breaking - Pattern recognition

Introduction

As the raise of Artificial Intelligence (Al) keeps spreading neural networks and learning algo-
rithms in countless meanders of society and scientific research, a rationale behind such an
empirical progress continues to be a urgent priority in the agendas of theoreticians worldwide:
en route towards a Theory for Al (where all the spontaneous information processing skills
that neural networks and learning machines enjoy would be somehow expected and no longer
surprising) statistical mechanics of complex systems (namely, Parisi spin glass theory) is a
longstanding pillar. Glassy statistical mechanics has been indeed the main methodological
approach allowing a post-winter pioneering—but exhaustive—picture of the Hopfield asso-
ciative memory, achieved by Amit—Gutfreund—Sompolinksy (AGS) in the eighties [13, 14]:
since the AGS milestone, it became evident that spin glasses and neural networks were inti-
mately related and progresses in computer science arose from this relation quickly enlarged
to computational complexity [52], machine learning [1], combinatorial optimization [53],
error correcting codes [46] and much more (see e.g. [54, 55]).

Glassy statistical mechanics is thus the methodological leitmotif of the paper, while the
subject of the investigation are dense Hebbian networks, i.e. generalizations of the Hopfield
model where neurons—rather than interacting pairwisely—interact in P-ples (such that when
P = 2 the Hopfield reference is recovered). Indeed, dense neural networks [48] are now
taking hold, due to the fact that they have excellent properties of pattern recognition and
image detection, remaining robust against adversarial attacks [21, 49, 68].

As it is clearly emerging in these years by a plethora of investigations (see e.g. [18, 45,
56, 58, 63]), Replica Symmetry Breaking (RSB) is by far a crucial mechanism that should
be better understood in modern information processing networks: despite working under the
Parisi’s replica symmetry breaking (RSB) scheme is notoriously challenging [67], due to a
series of breakthroughs that Guerra obtained in his mathematical treatment in the past two
decades (see e.g. [43]), times are ripe for such investigations, at least at the first step of RSB
(that is the solely addressed here).

Before we start reporting our results, we highlight that there are two—rather different—
storage scalings (that results in manifestly different operational regimes) that these networks
can hold: the Baldi and Venkatesh high storage regime [19] and a new high resolution regime
discovered in 2020 [8].

e Regarding the former, since the pioneering analyses by Baldi and Venkatesh [19], Bovier
and Niederhauser [33] and Elisabeth Gardner [41], it became clear that the maximal
storage capacity for these systems satisfy the following scaling: calling K the amount of
patterns to store and N the neurons in the network P-wisely interacting, at most these
network face a storage K = y N¥~!—for some positive y (indeed, for the Hopfield
model—that is recovered when P = 2-AGS theory predicts that K < y.N'!, with
¥e ~ 0.138). In this high storage regime—that we call the Baldi and Venkatesh regime—
dense networks perform standard signal-to-noise detection, namely if the pattern to be
retrieved has magnitude O (1), the noise can not be larger than the signal.

e Regarding the latter, in 2020 the existence of a completely different operational mode
has been proved for these networks [8]: these can sacrifice memory storage to lower their
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threshold for signal detection. For instance, a dense network whose neurons interact 4-
wisely (hence P = 4)—forced to store just K oc N! patterns (hence far from the Baldi
and Venkatesh regime K o¢ N3)—can detect a pattern whose intensity is O (1) even
when corrupted by a noise O(\/ﬁ ) in the large N limit [10, 12].
We will deepen replica symmetry breaking in this high-resolution regime in a forthcoming
paper, while in the present one we focus on dense networks solely in the high-storage regime.

The paper is structured as follows and presents the following results.

Once introduced these networks, we adapt two mathematical methods for tackling their
statistical mechanics description at the first step of replica symmetry breaking. At first, fram-
ing the present research within the plethora of methodologies that are raising as alternatives
to the celebrated replica trick [57] (see e.g. [2—4, 15-17, 20, 23, 30-32, 40, 45, 47, 51, 59,
60, 64, 65]), driven by calculus and analysis, in Sect. 2 we work out a PDE-based theory
where it is possible to obtain the phase diagrams of these models by solving suitable transport
equations in the space of the control parameters, then, grabbing from probability theory, in
Sect. 3 we adapt the celebrated Guerra’s broken-replica interpolation [43] to the case. Beyond
coherence among the results, we also re-obtain both the Gardner picture and the Baldi and
Venkatesh scaling, beyond a number of new results useful for understanding the glassy nature
of these neural networks, that we inspect in the second part of the paper.

By a straight comparison of the replica symmetric and broken replica symmetry phase
diagrams, while the critical storage is mildly affected by the RSB phenomenon, the glassy
region—that shrinks close to disappearing in the replica symmetric description—gets actually
stable by a step of replica symmetry breaking: this is discussed in Sect. 4. Further, in Sect.
5, we prove a series of representation theorems, that allow to decompose Hebbian networks
into combinations of pure spin glasses, whose significance can be summarized as follows:

e at the replica symmetric (RS) level, the standard (P = 2) Hopfield model (technically
speaking its free energy) can be described as a linear combination of (the free energies
of) two spin-glasses, the former a standard Sherrington—Kirkpatrick spin glass (that is
full-RSB and where Parisi theory is exact [43, 66]), the latter is a Gaussian (or “spherical”
[33, 34]) spin glass (that is solely replica symmetric in the pairwise case [27, 37]).

e at one step of replica symmetry breaking (1-RSB), the standard (P = 2) Hopfield model
(technically speaking its free energy) can still be described by the above decomposition
in terms of a hard and a soft spin glass.

e at the replica symmetric level (RS), the dense (P > 2) Hebbian network (technically
speaking its free energy) is no longer a linear combination of (the free energies of) two
spin glasses, rather solely the hard part survives, namely that pertaining to a Sherrington—
Kirkpatrick model with P-wise interactions.

e at one step of replica symmetry breaking (1-RSB), the dense (P > 2) Hebbian network
(technically speaking its free energy) is still no longer a linear combination of (the free
energies of) two spin glasses and solely the hard part survives.

The whole contribute is to highlight the different glassy nature of neural networks that, in
turn, helps understanding the structure and organization of the valleys in the free energy
landscape where information is stored by the Hebbian mechanism (that ultimately implies a
better understanding of information processing by these networks).

1 Generalities

In this section we provide details on the neural networks we aim to study. We focus on Hebbian
networks whose N binary neurons (i.e. Ising spins) lie on the nodes of a fully connected
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network and interact P-wisely via a suitable tensorial generalization of the standard Hebbian
storing rule, where K patterns £#, i € (1, ..., K)—all of the same length N, are stored.

Definition1 Sety e Rt,a e N, P e Neven and let o € {—1, +1}" be a configuration of

N binary neurons. Given K = y N“ random patterns {§"},—;,  k, each made of NP/2iid.

binary entries drawn from probability P(Sl»’f,_.i /2 =+41) = P(éi’f”_i /2 = —1) =1/2, for
P P

i =1,..., N, the cost-function (or Hamiltonian to preserve a physical jargon) of the dense

Hebbian network (DHN) is defined as

1 K N,..,N 2 y
(P) o K o — L yatl=P/2
Hy ' (o]§) == PINPT Z ' Z fil...imm %, P N )
n=1 \iy,..., ipp=1

(1.1)

Note that the last term at the r.h.s. is due to the subtraction of the diagonal term (as we wrote
the summations without restrictions in the cost function itself). The normalization factor
1/N P=1 engures the linear extensivity of the Hamiltonian, in the volume of the network N,
as expected.

Note that we select the Hebbian structure for the tensor accounting for the synaptic cou-
plings in the factorized form gil = gill e é;-'l.lp pe

Now it is useful to define two control parameters 8 and y, where

1

T % (1.2)

lim ——.
N—oo NP-1

B

v

B € RT (i.e. the inverse of the temperature T in Physics) tunes the fast noise in the network
such that, while for § — 0 the neural dynamics of the network becomes an uncorrelated
random walk in the configuration space, for 8 — oo it approaches a steepest descent to the
closest minimum of the cost function, that plays as a Lyapounov function in this limit (and
the probability distribution P (o |£) drifts from a uniform distribution in the first case to be
sharply peaked at the minima of the energy function (1.1) in the opposite noiseless limit).

Definition 2 The partition function related to the Hamiltonian of the DHN given by (1.1)
reads as

v = Y [-8(1"@19)]

N, ,N 2

K
B “ BY va—pp2
= ZGXP P NPil X:l Z gil "'iP/zo—i e GiP/Z — FN
o n=

i1, ,ipp=1

(1.3)

For an arbitrary observable O (o), we introduce the Boltzmann average induced by the
partition function (1.3), denoted with w;, defined as

>y O(o)e PN
Zn(B. &)

wg(0(0)) == (1.4)
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This can be further averaged over the realization of the Si”’s (also referred to as quenched
average) to get

(0(0))g = Ewg (0(0)). (1.5)
From this moment we omit the & dependence in quenched average.

Definition 3 The intensive quenched statistical pressure of the DHN (1.1) is defined as

1
An(B,v) = NEIHZN(ﬂ’g)a (1.6)

and its thermodynamic limit, assuming its existence, is referred to as A(B,y) =
limy— 00 An (B, ).

Focusing on pure state retrieval, we assume without loss of generality [9, 12, 42] that the
candidate pattern to be retrieved—say §l—is a Boolean vector, while, due to the universality
of quenched noise,’ &, u =2,..., K are real vectors whose entries are drawn from i.i.d.
standard Gaussians. Accordingly, the average I acts as a Boolean average over &' and as a
Gaussian average over &2 - - - £X.

Definition 4 The order parameters required to describe the macroscopic behavior of the
model are the standard ones [12, 13, 23, 38], namely, the Mattis magnetization

| X
— L.
m:= I E 1 & oj (1.7)
=

necessary to quantify the retrieval capabilities of the network and the two-replica overlap in
the o’s variables

N
1 H_@

Q= > oV (1.8)

i=1
required to quantify the level of slow noise the network must cope with (when perform-
ing pattern recognition). Further, as an additional set of variables {z,},—1,. p—1 shall be

introduced (vide infra), we accordingly define their related two-replica overlaps
1 < I <
Py Al e g e 19)
pu=l1 u=1

for mathematical convenience.

2 First Approach: Transport PDE

As stated in the introduction, a purpose of our investigation is to paint phase diagrams for
the networks in the space of the tunable parameters, en route towards an Optimized Al: to
reach this goal the prescription is to obtain an explicit expression of the quenched statistical

U Inanutshell, Universality-in spin glass Literature-established for the SK harmonic oscillator [35] and already
extended to work on neural networks ad bipartite spin glasses too [42]—allows to substitute binary entries i.i.d.
=+1 of the quenched noise with standard Gaussian variables ~ N'(0; 1). This, in turn, allows implementing
Wick-like techniques to mathematically handle the slow noise in the network.
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pressure in terms of the order parameters and than extremize the former over the latter. This
procedure returns a system of coupled self-consistent equations that trace the evolution of the
order parameters in the space of the control parameters, whose inspection ultimately allows
such a desired painting. We approach this picture by providing two mathematical alternatives,
the former based on mathematical physics methods—as we deepen hereafter—and the latter
more grounded on a probabilistic setting (as we will see in the next section). For both the
approaches we work out in full detail both the replica symmetric and the first-step of replica
symmetry breaking scenarios and compare their findings.

In this section—at work with PDE theory—the strategy is to introduce an interpolating
pressure A;I,D)(r, t) living in an enlarged fictitious space-time (r, t) that actually reduces to
the intensive quenched statistical pressure Ag\f) of the original model in a specific point of this
space-time (namely for (r =0, ¢ = 1), i.e. Agf)(r, 1) = Agf)(ﬂ, y)) the plan is thus to work
out explicitly the derivative of the interpolating pressure w.r.t. the space-time and to show
that they fulfills a transport PDE in such a way that the solution of the statistical mechanical
problem is recast in the solution of a partial differential equation, converting a problem of
statistical mechanics of neural networks into a typical problem of mathematical physics. The
purpose of next two subsections (one for the RS and the other for the RSB) is thus to solve
for the quenched free energies (or quenched statistical pressures) of these dense associative
network through transport equation’s method (whose idea has been already introduced in
[9] for the replica symmetric scenario and in [6] for the broken replica symmetry scenario
dealing just with the classic Hopfield network).

2.1 RS Approximation

In this section we solve for the quenched statistical pressure of the dense associative network
at the replica symmetric level of description.

Assumption 1 Under the replica-symmetry assumption, in the thermodynamic limit the order
parameters self-average around their mean values (denoted with a bar), i.e., their distributions
get delta-peaked, independently of the replica considered, namely

. =2y . _—
ngnoo((m m)“) =0= ngnoo(m) =m 2.1
Jim (g2 =) = 0= lim (g12) =¢ 22)
Jim ((pi2 = p)?) =0= lim (pio) = p. 23)

Note that, for the generic order parameter X, the concentration can be rewritten as
N
((AX)?) "=5° 0, where

AX =X -X,

and, clearly, the RS approximation also implies that, in the thermodynamic limit, (AXAY) =
0 for any generic pair of order parameters X, ¥ as well as ((AX)X) — 0 for k > 2.
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Definition 5 Given the interpolating parameter ¢, x, y, z, w, and J;, J uw ~ N(0, 1) standard
1.1.d. Gaussian variables, the partition function in its integral representation is given by

N,..N
Z<P>(, r) = Z/Drexp[r%m (0) +wN m(a) + /1 NP : Z ( Z El‘l‘ iy Ot mg,vp/z) 7
{o} =1 \drip =1
NP S T ZNI* 2§ By ya-pr2
++V/N xZJ,Lr,L+\/§ZJiUi Z ,l*TN ,
n>1 i=l1 n>1
2.4
oTR/? .
where, foranyu =1, ..., K, t, ~ N[0, 1]and Dt := I1 Tow dt,, is the related measure
p=1

and we set B/ =28/ P!.

Definition 6 The interpolating pressure for the Dense Hebbian Network (DHN) (1.1), at finite
N, is introduced as

») )
AP (1, r) = N [mz (t. r)] (2.5)

where the expectation [E is now meant over &, J, and j and, in the thermodynamic limit,
APV r) = 1im AL @, ). 2.6)
N—o0
By setting ¢+ = 1 and r = O the interpolating pressure recovers the original one (1.6), that is

ADB ) =ADac=1,r=0).

Remark 1 The interpolating structure implies an interpolating measure, whose related Boltz-
mann factor reads as

B(o,t;t,r) :=exp[fH(o,T;t,1)]; 2.7

In this way Zy (¢, r) = f Dt ), B(o, T;t,r) and a generalized average is coupled to this
generalized measure as

w;r(0(0, 1)) = /Dt Y 0@, 7)B(o. 75 1) (2.8)
and

(0(0, D))i,r = Elw,r (00, 1))]. 2.9)

Of course, when ¢ = 1 the standard Boltzmann measure and related averages are recovered.
Hereafter, in order to lighten the notation, we drop the sub-indices ¢, r.

Lemma 1 The partial derivatives of the interpolating pressure (2.5) w.r.t. t,x,y, z, w give
the following expectation values:

2AY B b B’ P/2

T = D)+ K () = (). (2.10)
a4y K

N e ((p) = (i) @.11)
AL 1

=31 (a2), 2.12)
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dAY K

5.~ aNPR2 (p11)s (2.13)
8A(P)

w

Proof Since the procedures for the derivatives w.r.t. each parameter are analogous, we prove
only the derivative w.r.t. z. The partial derivative of the interpolating quenched pressure with
respect to ¢ reads as

Ay —l]E[/S/ (m P)]
o1

1 B’
2NtV NP1 %: Z E I:E"IIL'“*"P/zw(ml " %en t”):l ’
1
(2.15)

Now, on standard Gaussian variable Ei“ “lwe apply the Stein’s lemma (also known as Wick’s
theorem), namely

af(J
E(Jf(J) =E <@>

5 (2.16)

to compute the derivative w.r.t. t as

aA(P) g B'K
8?/ - 7<mp> + WZ:’1,..,,;‘P/2 > (E [‘“((Gil "'UiP/zTu)z)] -E [w(UiJ "'GfP/zfﬂ)z])
0AN B B'K 2
“or ?(mp) + INTE ((Pll) - (Plqug/ )) .
(2.17)
[}
Remark 2 1In the next computations, we can use the following relations
“op
<m{’>=2(k)<<m1—m)> P ml (1= Py + P my) (2.18)
k=2
P2, p P2 ,p
5 PN L _ . P
HEREDY (,3) g"* M2 = P = PN + Z <,§) 7" g — ")+
k=1
P P _
=+3"p) + 54" pla) - S377p, 2.19)

which can be proved trivially by brute force.

Proposition 1 The interpolating pressure (2.4) at finite size N obeys the following transport-
like partial differential equation:

(P) (P) (P) (P) (P) (P)
dAY _0AY | oAV AV AV Ay

= = 5(t, Vn(t,r),
di ot ax Y Tay o dw @.r+Vyen
(2.20)
where we set
x=-pgl?, y’——*ﬁ ypat*t,
(2.21)

t=—p -3, w= —5/3"7'1’3_]
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and the source S(t, r) and the potential Vi (t, r) read (respectively) as

Sy = TP~y pa (1 - ), (222)
;P ’ P12 p
P\ _p_ P
V() = %Z <k> P ((am)t) — # > (,3) pa" PR )+
k=2 k=2 (2.23)

P2

ﬁ/y g ~P/2—k k
=03 i L tNIvE}
k=2

Proof Starting to evaluate explicitly otA( ) by using (2.10)—(2.11) and (2.18)—(2.19), we
write

P
; AP (Z( ) (ml—m)k)mP_k-‘rmP(l—P)-‘:-PmP_l(m]))

B B
+WK(<PM>)—WK(Q <P12)+*‘]P/2 ! <412>—54P/2 )

B’ Le P2k . o B ~P/2—k = k
k(2 (,g)q (P12 = P)(g12 = @) >+Z(,’§) a2 — ")
i A g = (2.24)
= V() + S + By TN gl S pil )
1., Na—P/2 1, Na—P/2
PN iy - P (‘P/2<mz>+5q”/2 i)

:VN(t’rHS(t’rHﬂ Pl l(dA )+ﬂ(1 -P/Z)(#ﬁ

(P) a—P/2 (P)
-P/2 3.,4 ﬁyPN --p/2—1 A
+83 (S5 + 2 g’ (TN)

Thus, by placing 7 = (x, y, z, W) as in (2.21) and N PI2p5 as p, we reach the thesis.

Remark 3 In the thermodynamic limit and under the assumption of replica symmetry the
potential Vv (¢, r) — O (this simplifies considerably the resolution of the transport equation).

Theorem 1 In the thermodynamic limit and under the assumption of replica symmetry, the
maximum storage that the network can handle is K o« NP ~'—namely the Baldi-Vekatesh
storage [19]—that is achieved for

a=P—1. (2.25)

In this regime the quenched statistical pressure for P > 4 of the DHN becomes

A(P)(y,ﬂ) :=ln2+<lncosh|: Bt 1+Y\/ﬂ/—“’°/2‘]> _Pi_lﬂ/nap
y 2 (226)

P 3 )
—ﬂ’yzpqp/z 1(l—q)JrZw‘i’Q(l -q").

where Y is a Gaussian variable and (-)y is the quenched average on Y as defined in (1.5).
To obtain this result, one must also maximise this expression with respect to the order
parameters i.e.

t = sup AP (y, Blx) (2.27)
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where x = (m, q, p) must fulfill the following self-consistency equations
P
" = <tanh [Eﬂ’nﬁ”‘l + Y\/WD :
Y
P
G = <tanh2|:5ﬂ/n'1P*1 + YWD , (2.28)

Y

Remark 4 We stress that using P = 2 and a = 1 in the quenched pressure (A.5) we recover
the AGS picture [14].

Remark 5 We highlight that the self-consistence equations obtained through our method are
the same obtained by Gardner in [41] via heuristic techniques (i.e. the replica trick).

Remark 6 Note that the above equations are rather different w.r.t. those of the Hopfield model,
in particular the equation for the overlap g does not have a denominator at the r.h.s. (as typical
for pairwise models as AGS theory revealed). Actually the self-consistency for the two-replica
overlap in the DHN coincides with the self-consistency of the two-replica overlap in the hard
P-spin-glass: this suggests that the glassy structure of the dense neural networks is different
w.r.t. the glassy structure of the Hopfield model. We will deepen the glassy nature of these
networks in the second part of the paper (see Sect. 5).

By the inspection of the self-consistency, we can find regions in the space of the control
parameters 8 and y—as P is varied—where the networks is ergodic (e.g. when both m = 0
and g = 0), where the network is a pure spin glass (e.g. whenm = O butg ~ 1) and, the most
important, where the network works as an associative memory and performs spontaneously
pattern recognition (e.g. when both m ~ 1 and ¢ ~ 1): these phase diagrams are shown in
Fig. 1 and deepened in Fig. 2. In particular, if we visually follow the red line (the boundary
of the retrieval region) starting from above, we see that the curve has a point of inflection at a
value of y that we call y,4, (and then recesses to smaller critical values for y): that flex is the
point where replica symmetry gets unstable. We can quantify the evolution of this instability
as P grows by plotting 1 — M (see Fig. 2, left panel). It is interesting to note that, for
larger and larger values of P, the instability regions gets smaller and smaller suggesting a
milder role for RSB in very dense networks: this is further corroborated by the inspection of
the values of the magnetization at y, that approach one as P — oo (see Fig. 2, right panel)
and justifies why we investigated solely the first step of RSB in the following subsection.

2.2 1-RSB Approximation

In this subsection we turn to the solution of the quenched statistical pressure of the dense
associative networks under the first step of replica symmetry breaking (1-RSB).

In the 1-RSB setting the probability distributions of the two overlaps ¢ and p (see Egs.
(2.29) and (2.30) respectively) display an analogous multi-modal structure as captured by
the next

Assumption 2 In the first step of replica-symmetry breaking (1-RSB), the distribution of the
two-replica overlap ¢, in the thermodynamic limit, displays two delta-peaks at the equilibrium
values, referred to as g1, g2, and the concentration on the two values is ruled by 6 € [0, 1],
namely

JimPiig) =05(g — ) + (1 = 0)5(q ~ 32). (2.29)
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T T 0.00 T T T
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¥ ¥

Fig. 1 Replica symmetric (RS) phase diagram of the dense associative network at different values of P. The
red curve identifies the phase transition splitting the retrieval region (on the left) from the spin glass phase
(on the right), while the green curve identifies the boundary of the spin glass region (down) from the ergodic
region (above). We stress that as P grows the spin glass region shrinks, as quantified in Fig. 2 (left), further
the pure spin glass solution—within the retrieval region—is always unstable and it is depicted by the dotted
green curve: we call this region instability region and we inspect its evolution with P in in Fig. 2 (right) (Color
figure online)

0.16 1.00
1-UT=09 1
~(max) 4.66 log(P—0.85)+1.79
0144 0.98
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2 0121 ~
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~ 010 g
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0.06 4 (e, P) ~ 1 — e~ [148+1:24log(P=1.71)]
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P

Fig. 2 Left: Instability region w.r.t. P; we notice a strong reduction when P increases. Right: Values of
magnetization m w.r.t. P when we consider the critical capacity y.; we show that m reaches 1 as P increases.
For sake of clarity, in both panels, we represent also a numerical fit with a solid black line

Similarly, for the overlap p, denoting with py, ps the equilibrium values, we have
lim Py (p) =08(p — p1) + (1 —)8(p — po). (2.30)
N——+o00
The Mattis magnetization m still self-averages at m as in (2.1).

Note that, strictly speaking, the above ansatz for the overlaps is not the original Parisi one
(that holds for pure spin glasses, e.g. the Sherrington—Kirkpatrick model [43, 66]), but its
straightforward generalization, named zigqurat ansatz for obvious reasons in [24, 61].
Following the same route pursued in the previous sections, we need an interpolating
partition function Z and an interpolating quenched pressure A" that are defined hereafter.
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Definition 7 Given the interpolating parameters r = D, x@, y(l), y(z), w, z), t and the
i.id. auxiliary fields {J(l) Iz v with J8? ~ N0, 1) for i = 1,..., N and

,,,,, (1 2 ~ N(©,1) for u = 2,..., P, we can write the 1-RSB
mterpolatmg partition functlon Zn (t, r) for the dense associative network (1.1) recursively,
starting by

Z(P)(, r) = /D‘texp [tﬁTNm () + wNy m(o)
{o}

AAAAA gy
+\[\/ P <P 1 Z "3,‘: ip, O Orp T/t_TNa P (2.31)

n>1 i],“ P/
Zlep/z K
+Z / 1-P/2 x(@ ZJ T+ /y(a Zj(a) 5 th]’
n>1 n>1
where the gl!f " ’s are i.i.d. standard Gaussians. Averaging out the fields recursively, we
cnip
define
(P) Py o]’
2" r) =B [ 28" 0] 2.32)
Zép)(t, r) :=expE, [ln ZfP)(t, r)] (2.33)
20 r =2, r), (2.34)

where with £, we mean the average over the variables Ji(a)’s and J, ,ﬂ“)’s, fora = 1,2, and

>

with Eg we shall denote the average over the variables Ei’f ;s
wnip

Definition 8 The 1-RSB interpolating pressure of the DHN, at finite volume N, is introduced
as

AP @) = —Eo[In 2" (1], (2.35)

and, in the thermodynamic limit AP (1) := limy o0 Ay (1).
Note that by setting ¢ = 1, the interpolating pressure recovers the standard pressure (1.6),
thatis, Ay (B,y) = AL (1 = 1).

Remark 7 1In order to lighten the notation, hereafter we use the following

1 N
(m) =EoE Ey [WQN ; w(s,-o,-)} (2.36)
(p11) =EoEiE, wg—Zm(r) 237
n=1
1 P
(1)t =EoB1 | — 3~ (B2 [Wao (1)])° (2.38)
n=I1
1 P
(p12)2 =EoE Ey wngww)z (2.39)
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1 < 5
(1201 =EoE1 | 5 D (B2 Vaw(oi)]) (2.40)
i=1

1 N
(q12)2 =EoE,Ey [WQN > w(o,-)z} (241)

i=1

where the weight W, is defined as
Z(P)"

Wy = m (2.42)

Furthermore, we define the Boltzmann factor B(o, t; ¢, r) similarly to RS assumption.

The next step is building a transport equation for the interpolating quenched pressure, for
which we preliminary need to evaluate the related partial derivatives, as discussed in the next

Lemma 2 The partial derivative of the interpolating quenched pressure with respect to a
generic variable p reads as

1
3 AN (1) = SEEIE [Waw(3,5(0. 71, 1))]. (2.43)
0
In particular,
3 (P :3/ B K P/2 P2
AN =5 )+ s ((p1) = (1= 0)(piayy ) = 0(praaiy ). (244)
AN =g ((p1) = (1= 0)(piz)a = B{pia)). (245)
oA =5 (P = L= 0){p12)2), (2.46)
3 1
By(l)A 2( — (1 = 6)(q12)2 — O{q12)1). (2.47)
1
ay(z)Ag\f))— (1= (1 =06)pi2)2). (2.48)
32 =gyra P, (2.49)
d
ﬁAﬁj’) =(m)). (2.50)

Proof The proof is pretty lengthy and basically requires just standard calculations, so it is
left for the Appendix D. Here we just prove that, in complete generality

] 1
(P) (P)
apAN (t,r) :NEOEl |:ap In 2, ]

1 1 051/0—1 0
=NEOE1|:9 Z(P) [Z(P) ] / E, [3 Z(P) ]i|

—E0E1]E2|:70 2
E, 2/,(P) Z( )
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3,257
—]EoEllEz[Wg = } @.51)
2}

Remark 8 As in replica symmetric case, in the next computations we can use the following
relations fora = 1,2

P

Z( > (my —mym"=* £ (1 = Py + P~ my), (2.52)
k=2
P2 P2
(p12417)a Z( )qf/ P2 = P2 — 3)) +Z() K pal@r2 — q)")at
k=1
P _
= P+ Tl pulanhe - 2 al P a (2.53)

2 2

Proposition 2 The t-streaming of the 1-RSB interpolating pressure obeys, at finite volume
N, a standard transport equation, that reads as

dAP . ) . .
=z =0, AP 3Dy AP 4 5@ AP) 4 5Dy AP) 4 5D AP)
+ 2. AP 400, AP = S(t,r) + V(1. 1), (2.54)
where the source S(t, r) and the potential Vy (¢, r) read as
n? (1 , P ;P
St.r) : % —ByO -0 ha  +BvoShal” - By quP/2 ! (2.55)
P/2
K 2
Vn(t,r): zilf./z {(0 -1 |:/;( k/ ) 7, M2 = g — 3)F )+
P2 P2
P2 P/2
+ ( /) 3" <(q|2—tf2)k>z:| —9[2( k/> M i = g — a0
k= k=2
P/2 fop
P/2 _
+Z< /) i pilgn - anh) ” %Z( )<mlfrh>k> (2.56)
k=2 k=

The proof of the Proposition is provided in Appendix B.

Remark 9 In the thermodynamic limit, in the 1-RSB scenario, we have

lim ((m —m)?*) =0 (2.57)
N—o0
lim ((q1> — g% =0; i=1,2 (2.58)
N—o00
lim ((p12 — p))i =0; i=1,2 (2.59)
N—oo

Similar to the RS approximation, in the thermodynamic limit we have that the central moments
greater than two tend to zero such that

lim Vy(t,r) =0. (2.60)
N—o0

Similar to Theorem 1, we have the following

Theorem 2 In the thermodynamic limit, under one-step of replica symmetry breaking, the
maximum storage of the dense Hebbian network scales as K x NP~ je.a = P — 1.
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In this regime of maximal storage, i.e. in the Baldi-Venkatesh limit, the quenched statistical
pressure for even P > 4 becomes

1 " P
AP =02+ SEiInEy cosh” g(J . i) — %q{’” ‘,32(13 (P - 1)52)
ﬂ/ — 5/)/ _P/2 _ _P/2 _ 1 2
+ 5w =P)=0(P =3 h = P )+ 287y @6

where

_ BP _p B _ppoi B _ _P/2—1 - _P/2—1
g(J,m)=TmP 4 g® 5VP1P¢11/ +J® ?PV[quz/ — pay’ ]
(2.62)

To obtain this result, one must also maximise this expression with respect to the order param-
eters i.e.

% =sup AP (y, Blx) (2.63)
X

where x = (m, q1, q2, p1, p2) must fulfill the following self-consistency equations

9 - -
i = K [E2 cosh g(J’f)tanh_g(J’m)} , (2.64)
E; cosh” g(J, m)
=843, (2.65)
=8%", (2.66)
9 — )
G —E; [Ez cosh g(J,;n) tanh_g(J,m)] ’ 2.67)
E, cosh” g(J, m)
0 - 2 -
i = E; |:E2 cosh? g(J, 1;1) tanh_g(J, m)] ' (2.68)
E; cosh” g(J, m)

The proof is provided in Appendix C (Fig. 3).

Remark 10 The above 1-RSB quenched statistical pressure, with P = 2anda = 1in (C.2)—
namely the solution of standard Hopfield model under one step of replica symmetry breaking,
coincides with that predicted heuristically by Crisanti et al. [6, 36].

Now we turn to the other mathematical technique, namely in the next section we obtain
the above formulas for the quenched statistical pressure (both at the RS and 1-RSB level
of approximation) via an adaptation of the Guerra’s interpolation technique (Fig. 5). Once
these mathematical techniques will be exposed, we turn to understanding the information
processing capabilities of these dense networks in the second part of the paper.

3 Second Approach: Guerra’s Interpolation Technique
As stated, in this section we re-obtain the results achieved by the transport equation technique,

this time through a suitable generalization of Guerra’s interpolation technique, either in RS
and in 1-RSB assumptions.
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Fig.3 Broken replica symmetry (1-RSB) phase diagram of the dense associative network as different values
of P. The dark blue phase transition identifies the retrieval region, while the light blue identifies the spin-glass
region. We stress that—outside the retrieval region—as P grows the spin-glass region gets stable in the RSB
picture (while it shrinks to zero in the RS scenario). Inside the retrieval region the pure spin glass solutin is
always unstable and it is detached by a light blue dotted line (Color figure online)

P=10 1.00
1.2
0.98 4
1.0 A
0.96 4
0.8 4 —
D.:
e)
~ 0.6 1 =094
H
0.4 4 0.92 4 m(ve, P) ~ 1 _ e~ [1.48+1.2410g(P—1.68)]
024 0901 @ RS
/@ RSB
0.62 0.64 0.66 0.68 0.70 0.72 4 6 8 10 12 14 16 18 20 22 24

~ P

Fig.4 Left: Super-position of phase diagrams in P = 10 case for RS (red) and 1RSB (blue) assumption. We
highlight the fading of instability region in 1RSB case. Right: Values of magnetization m w.r.t. P when we
consider the critical capacity y.; we note that the values of the magnetization in the RS and 1-RSB regimes
coincide and as P increases, suggesting that the smaller the P the stronger the effect of RSB in the network.
Moreover, we represent with a solid black line the numerical fit (Color figure online)

3.1 RS Approximation

The definition of RS assumption for the order parameters is the same as Assumption 1.

Definition 9 Given the interpolating parameter ¢ € [0, 1], A, B, C, ¥ € R and J;, ju ~
N@©,1)fori =1,...,Nand u = 1, ..., K standard Gaussian variables i.i.d., the partition
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T 8
1.00
v s — N-2% N
1 _ —
0.75 i — N =50 64 N =50
. | — N =100 = N =100
— ! —| <
j;fo.so— — N =200 £ 44 N =200
— N =400 | N =400
0.25 : 2
i
i
0.00 T T o T T 0 T T T T
0.00 0.25 0.50 0.75 1.00 1.25 1.50 0.00 0.25 0.50 0.75 1.00 1.25 1.50
v Y

Fig.5 Monte Carlo numerical checks for a dense network with P = 10: we highlight the agreement among
simulations (colored lines report different simulation sizes, to facilitate a visual finize size scaling) and theory
(reported as a vertical dashed bar). Left: Mattis magnetization. Right: Susceptibility (as a response function
in y) (Color figure online)

function is given as

Z(P)(t) = Z/Drexp[ > Z "mP@)+ 1 -0)Nym@o)+

,N
V1 5 IZ Do B, [t 3.1)

n>1 i1,. P/z_l
B’ 7/
+J/T—1 AZJM‘L'#-FBZJ,O‘, +—CZ 2 — SN
n>1 i=1 n>1
where, forany u = 2, ..., K, 7, ~ N[0, 1] and Dt := e vt/ is the related measure

and we set B/ =28/ P!.

Similar to RS transport equation method, we can define the interpolating pressure, the
Boltzmann factor and the generalized measure.

Lemma 3 The t derivative of interpolating pressure is given by

(P) ‘ | K {F
AW By gy - et iy (B —AZ—C)+

dt 2 2 2N \ NP/2
g K P NP/2-1 R NP2 )
= ﬁw[(l’lzqn ) — TA (p12) — BK B <412>]-
(3.2)
In particular if we fix the four constants as
P - ! P2
- 2 -
Y= 55/’" A= WCI , 33
2 , a-p2 P _ppo B P/2 (3.3)
=p'yN qu ’ C:NP/Zl(l ),
keeping in mind Assumption 1, the (3.2) at finite size N is
dAP @) _ P—1_,_p By pp By b
= BT =P PT A— + T Y ( ) ((my — i)y
k=2
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P/2

Np/2 Z ( ) 7" M (p1a — P g2 — D). (3.4)

Since the computation is similar to that of derivative w.r.t. interpolating parameters of
transport equation, we omit it.
Applying the Fundamental Theorem of Calculus we claim the following

Proposition 3 At finite size and under RS assumption applying the Fundamental Theorem of
Calculus and using the suitable values of A, B, C, ¥, we find the quenched pressure for the
P spin Hopfield model as

' P /
A<P>:1n2—52y1v“”/2+<1ncosh[2ﬂ’ Pty gy = “”/“D
Y

,=P/2

a-1
yN ,o1-Pp2 _pPp yNa—P/2 B'q
- m(1-pn"" (1-3")) +
5 B q ) 1_ ﬁ/Nl—P/Z (1 _qP/Z)

P=1 ., p By oy B & (P P
—TﬂmP—Tqu”/z ‘<1—q>+3/0 [;(k)«ml—m)k)mf’ k] ds

1=s

P2

2NP/2 Z/ [( ) i" ((p12 = P12 — @) )]I:Y ds (3.5)

where Y is a Gaussian variable and (-)y is the quenched average on Y as defined in (1.5).

Theorem 3 The derivative w.r.t. t in the thermodynamical limit is

dAP (1) P—1_, , By »
=— nf — == Ppg"* (1 - ). 3.6
7 5 Bm 1 Pra d—=q (3.6)
Thus, in the thermodynamic limit and under the assumption of replica symmetry, we reach
the same results we computed via transport equation’s interpolation (see Eq. 2.26), namely
the quenched statistical pressure for P > 4 of the DHN becomes

P P P—1
APy, B) = In2+ <ln o [ﬂ/"'“"l Yy ﬁffﬂ_l]> R
2 2 2 3.7

By 5 Pa"P -+ B2 (1-7") .

where Y is a Gaussian variable and (-)y is the quenched average on Y as defined in (1.5).

Proof Thanks to replica symmetry assumption Definition 1 we have (A pj» Aq]fz) — O and
(Amk) — 0 for k > 2, so the derivative w.r.t. t becomes as in (3.6).
If we apply the Fundamental Theorem in the thermodynamical limit with (3.6) we recover

/ P P
APy, B) == In2 — ’97”1\/“—1’/2 + <lncosh |:5,3’th_1 +Y./By= 5 pg"" ']>

a—1

Y

P—1__, By P/2—1 _ YN 1-P2 _P)2
T P 4P’:f/{ - 7 (1-pN" (1-0"))
+yNa7P/2 ﬂ/é

b} I pN"” (1 — qp/z) :

(3.8)
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which is the same expression in (A.5) and Y is a Gaussian variable with (-)y is the quenched
average on Y as defined in (1.5). The proof proceeds similarly to that of transport equation’s
interpolation.

3.2 1-RSB Approximation

The ansatz for the concentration of the two-replica overlap distributions (for both p and g)
is the same as in the Assumption 2 and the Mattis magnetization still self-averages around
its mean m, hence we can directly write the next

Definition 10 Given the interpolating parameter ¢ and the i.i.d. auxiliary fields { Ji(]), Jl.(z) }
izt with 782~ A0, 1) fori = 1,..., N and {J", TP} p, with J2 ~

o~ NQO Dfor: =1,..., Nand WJy 7, Ju 7 iu=2....,
N, 1) for u =2, ..., P, we can write the 1-RSB interpolating partition function ZZ(\,P) (1)
for the P spin Hopfield model (1.1) recursively, starting by

’
N
Zép)(t) = Z/Drexp [tﬂTmP(a)+(l — )Ny m(o)
{o}
'B, K N,...N
"
+Vi NP1 Z Z sil...,ip/zgil U Opp | T
n>1 i],A..,iP/zz
2 K@ Y @ -1 & By
5 (a a - 2 —P2
HVT=1Y [ AP YT+ BOY V0 |+ =Y - N ]
a=1 n>1 i=1 n>1

(3.9)

where the &/
i)

Ay, Ay, By, By, C will be set a fortiori (see Lemma 4).
Averaging out the fields recursively, we define

’s are i.1.d. standard Gaussians. The values of the real-valued constants
2

1/6
2P () =k, [Zé”(r)"] (3.10)
27w =expEy [In2(" (0] (3.11)
zP @) =z ), (3.12)
where with E;, we mean the average over the variables Ji(”)’s and f,ﬁ“) ’s, fora =1, 2, and
with Eg we shall denote the average over the variables g’f‘l“""p/z ’s.

The definition of 1-RSB interpolating pressure at finite volume N and in the thermody-
namic limit is the same as transport equation technique, see Definition (8) as well as the
relative notation for the generalized averages.

Now the next step is computing the ¢-derivative of the interpolating pressure. In this way
we can apply the fundamental theorem of calculus and find the solution of the original model,
as standard in this type of approach [44].

Lemma 4 The derivative w.r.t. t of interpolating pressure can be written as

dAY ' K
= By 4 i [t + @ = Dipgl — 0p1ag 1]
cX Ky 1-0 0
—{ S P+ imi) 4+ === Hpn) = (1= 0)(p12)a = 6{p12hl
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KA,
+7 [{p11) — (1 = 0){p12)2]
Bl B>
+— 5 [1—(1—=0)gi2)2 —0{qi2)1] + > [1-0a- 9)(6112)2]} (3.13)

In particular, following the 1-RSB ansatz 2, if we fix the costants in the recursive partition
Sfunction (3.9) as

’ ’

B _p_1 2 B _pp
y =Pl A= il (3.14)
2 /3/ —P/2 -P/2 2 ﬂ/K _ _p/2—1
M= <@ -al", B = Piial (3.15)
BK  _ _ppot _ _ppei B _P)2
B = S Pndy, T = hia M. C= -3 Gle)

we compute the derivative w.r.t. t at finite size as

dAP "TE
o :[’Z [;(ﬁ:)«m.—rﬁ)")rh”‘kwﬁ”(l—m ﬁy(G—I)f'm'

ﬁ'K P12 ,p P2
+ @ =D ];(k>‘hp/2 (P12 — p2)(q12 — 30" 2+Z< ) 3l — @)

k=2
, P2, p P2
K = - _ _
—2@7”26 {;(i)éf/z M2 = g — a0 +Z< ) TR NIRRT >i|
P P
TEYOSa Thig- (3.17)

Since the proof is rather lengthy but similar to that of the 7-streaming of the transport
equation approach, we omit it for the sake of simplicity.

Applying the Fundamental Theorem of Calculus and computing the one-body term, we
have the following

Proposition 4 At finite size N and under the first step of replica symmetry breaking, we can
write the quenched statistical pressure of the dense Hebbian network as

a—1
AP = %m(l NP2 — ”’/2)>+ JE {ln]Eo cosh? <w+ZB(“>J(’”>} +1n2
a=1
ﬂ’Nu—l’/2 P2
Taa—pNrRa - a5 —op NP -l )
+ v L= NP -4 _BY yarp
260 1— B N'-P2(1 _621’/2)_9,3 NI P/Z(q”/2 P/l)) 2
B[ (P sNky =Pk | =P PR,
15 [ 2 ) om = w1 P ﬂy(e—nw
k=2
'), Na—P/2 1|22 /P r2 2
+‘3}’f«9—1>/ > i 3 M- an -2+ 3 7)8 b -ah, | ds
0 k=t k=2 s
Na-P/2 1 [P p P2 p
7%9/0 |:Z Ii _P/ M2 = Pl —anh) |+Z Ii / g — ) ds
k=1 t=s
P _pp 18
+BY5a (3.18)
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Theorem 4 The derivative w.r.t. t in the thermodynamical limit is

dAP @)

Pars
dt !

2
Thus, in the thermodynamic limit and under the assumption of first step of replica symmetry

breaking, we reach the same results we computed via transport equation’s interpolation (see
Eq. 3.20), namely the quenched statistical pressure for P > 4 of the DHN becomes

_ ’ P_ - / -
(U= P) =By O =033 "+ Bvoa (3.19)

1 " _ppet - _
AP =1n2 + 51[*]1 InE; cosh? g(J, ) — %é;/z 1p2<P—(P— 1)q2)
! ! /2
s Lara—p o 0P @ -l P+ Y ca)

where

’ ’

_ BP _p_ B _pj1 B _ _P/2—1 - _P/2—1
g(J,m)=TmP 4 g® Eypqu]/ +J® 3Py[pzq2/ — pay’ ]
(3.21)

The proof is similar via transport equation’s interpolation (see Appendix C), since we
omit it.

Remark 11 Note that the above expression sharply coincides with (C.4), hence from now
on the results obtained trough the first approach automatically translate also in this setting
and it is pointless to repeat the calculations: the scenario painted trough the transport-PDE
approach is meticulously confirmed.

4 Ground State Analysis of the Maximal Storage

Once set the net in the Baldi-Venkatesh regime of operation (the maximal storage scaling
allowed to the network, i.e. K = y N*~1), in this section we perform fine tuning, namely
we search the numerical value y, that sets the maximal achievable storage: this is done in
the B — oo limit of zero temperature of course (where no fast noise is present) and we
inspect as y grows, the behavior of the Mattis magnetization: as long as that observable is
~ 1 the network is in the retrieval operation mode—i.e., it is performing pattern recognition
and associative memory—but when the magnetization suddenly drops to zero, this defines
the critical capacity y,: beyond that value, it is pointless to add more patterns to the network
because its associative properties are lost and it behaves as a pure spin-glass with no retrieval
skills (the network has a phase transitions: it escapes the retrieval region and enters the pure
spin glass region).

Before starting the calculations we just point out that, as the proofs of the next two theorems
are short but somehow cumbersome, we prefer to keep them in the main text.

4.1 RS Approximation
As standard also for the classic Hopfield model [13], to get the ground state solution

(namely the self-consistencies for /3/ — 00) for the case of P > 2, we now assume that
lim £ o0 B (1 — g) is finite. This gives rise to the following.
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Theorfem 5 Assuming. thatlimﬁi»o.o = q) is finite, the zero-temperature self-consistency
equation for the Mattis magnetization reads as

mo= erf[;\/jn_zljl]. @.1)

Proof We adapt the computation from [13]. As a first step we introduce an additional term
B y in the argument of the hyperbolic tangent appearing in the self-consistency equations

(2.28):
P _p
rh:<tanh[ﬂ (2 P14 xJv5ad +y>]> :

X 4.2)
q= <tanh2|:/3/ (;nﬁp_l +x,/y1;qP : +y>:|>

We also recognize that as ﬂ/ — 0o we have ¢ — 1, therefore in order to perform the limit
we will introduce the reparametrization

where erf is the error function.

X

8q /
qzl——q, as B — o0. (4.3)
B
In this way we obtain
P—1
’ P 8_
m :<tanh B Enﬁp’l-l—x y%(l—%) +y > ,
— x 4.4)
8q P 8q
1—ﬁﬁ <tanh2,3 Sl 4 y§(1—§> +y >
X

Using the new parameter y we can recast the last equation in 8¢ as a derivative of the

magnetization
am / 3q _
— =8 [1 - (1 - —)] =4q. 4.5)
dy B

Thanks to this correspondence between m and g, we can proceed without worrying about g
P
m = <sign|:5rhp’l +x,/y§ + y]> ,

x (4.6)

These equations can be simplified by evaluating the Gaussian integral in x, via the relation:

sign[Ax + B]), = erf ( ) “4.7)
(sig Jx = NP
to get
P - P—1
_ M4y
m =erf| 2——— ,
2 .

5a 2 . giﬁP’l +y

= Xpy— | ——— .
4 ym P P vy P
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Setting y = 0 we close the proof.

Corollary 1 As conjectured by Gardner via the replica trick [41], in the limit P — o0, Y, is
a divergent function of P of the form

4.9)

Proof As numerically for P — oo we have found that the value of the magnetization for
y < y.is always m = 1 and decays to O for y > y,, to find the trend of y, as a function of
P, from the (4.1), we have to impose the following condition

L]

solving this equation for P /y, within the limit of small values of €, we have the approximate
solution

<€ (4.10)

P 1 b4 2 2
— =4log| - |—2log| =log| — || + O(¢?) “4.11)
. € 2 | me2

Ve

thus, as € — 0 the ratio P /y. must be a divergent function of the form

P 17
~ ~4dlog| - 4.12)
€

Ye

choosing € = 1/P, or any other natural power of 1/P since only the coefficient 4 would
change for the property of logarithm, this condition allows y, to be a divergent function of
P of the form in (4.9).

4.2 1-RSB Approximation

Theorem 6 The zero-temperature self-consistency equations for the Mattis magnetization
(and, technically required, also for Aqg = g2 — q1), in the 1-RSB scenario, read as

1
m=1-2E, s
1 + €20 (Ai+427 D) F(A)
€2®(A]+A2‘,(l)).7:(14) (413)

Ag=q—q1=4E

s

2
[1 120 (A1+A2J(“)]:(A)]
where

+
I +erf| K ] © A3£(A1+A4,J D)

. + _
with K+ = Y

F(A) = (4.14)

1+ erf[rc]

P P P(P—1
Ay = —mP1, Ay = L! Az = MAq’ (4.15)
2 2 2
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Proof Following the same steps presented in the RS assumption, we introduce the additional
term B y in the expression of g(J, m), the self consistent equations in Theorem 2 read as

9 - -
i — B |:E2 cosh g(J,;n) tanh_g(J, m)] 7 4.16)
E> cosh” g(J, m)
0 — —)
P |:E2 cosh g(J,;n)tanh_g(J,m)] ’ @.17)
E, cosh” g(J, m)
. E, cosh? g(J, i) tanh? g(J, na)]
=K , 4.18
n=n [ E; cosh? g(J, 1) 19

where

p paP-l paP-1 _ P
g(J. i) =B 2n‘1P—1+,/y§11<1)+\/y 4 . IRRTCI AT

We recognize that as ,B/ — 00, we have g» — 1, therefore in order to perform the limit we
will introduce the reparametrization

t12=1—f2aS;3/—>oo (4.20)

8q

ﬂ/
Using the new parameter y, we can recast the equation for g, as a derivative of the magneti-
zation

am _ _ _ am _
— =0y —OAg = 8¢ = — + OAq 4.21)
ay dy

where we have used Ag = g2 — ¢1 and, as /3/ — 00, ﬂ/G — © € R. Thus, in the zero
temperature limit the previous equations become

. — Olg(J,m)|
] _)E]{]Ez[mgn[g(l,m)]e s ]}

" E, [e®ls.mI]
- 2
_ E, [sign[g(J, )] @181 ] (4.22)
Ag — 1-E; : _
E, [e©ls/.m]
@ —1

Now, if we suppose Ag < 1 the (4.19) reduces to

o(J,m)=f [Al + AW £ A ¢ O(Aq‘)] (4.23)

P P(P—1
mP—l,A2=,/V7,A3=,/¥Aq. (4.24)

Performing the integral over J? we get the proof.

where

Al =

0|~

Remark 12 Note that, as Ag — 0, the whole above construction collapses to the replica
symmetric picture as it should.
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124 ¢

P
T54Tog(P—1.48)+4.49
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el T.18log(P—1.13)15.88

&~ 1.30 4

0.65 q
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1 2 0.00 0.50 1.00 1.50 2.00

Fig. 6 Left: y. as a function of P; we note that—for all values of P—the RSB maximal capacity is sys-
tematically larger than its replica symmetric counterpart. Right: Superposition of the RS and 1-RSB phase
diagrams for a given P—i.e. P = 10, the same of the Monte Carlo runs reported in Fig. 4—to facilitate
visual comparison of the various regions: we note that the spin-glass phase is systematically larger in the
RSB scenario (light blue) rather than in the RS counterpart (green). Within the retrieval region the spin glass
solution is always unstable, both in the RS and in the 1-RSB approximations (Color figure online)

Proof For Ag — 0 from (4.23) and (4.24), we have

Tr P
(i) > B| Sl %ﬂ” (4.25)

and so
P P
m — Ep|sign En'ip’lﬁ- %J(l)
(4.26)
Ag — 0,
q —>q — 1,

which are the equations in the zero-temperature limit of RS assumption.

Remark 13 We checked numerically the behavior of critical capacity, both in the RS and 1-
RSB assumptions, and—as reported in the plots of Fig. 6, we can appreciate that their trends
are similar, almost identical: also in the 1-RSB scenario y, is a divergent function of P of the
form @ and, as expected, in these regards replica symmetry breaking plays a minor role.

5 The Structure of the Glassiness

In blue we report P = 2 (standard Hopfield), in red P = 4 and in green P = 8. It shines
that in dense networks minima are more profound w.r.t. the shallow limit and energy barrier
are higher (hence trapping in spurious states become less probable for dense networks) (Fig.
7). Note that Hopfield has a parabolic shape as expected being a quadratic Hamiltonian (see
also [5, 50]).

Selected a network (i.e. selected a color in the plot), as the storage grows we see that the
maxima of these curves—that happen on the mixture of &' and £2—the contribution of the
quenched noise increases and the corresponding energy of the maximum gets lower. Further,
whatever the storage, we highlight that the basin of attractions of the minima gets steeper as
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K ~AN K >>4N
0.0

—0.24

—0.44

" N=100, K=50

T
T
= —— N=100, K=150
< 0 --=- N=100, K=450
—0.81
—— N=100, K=10
---- N=100, K=25
. T T T T -1.0 T T T
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
P = ngip/N P = ngip/N

Fig. 7 Comparison of the structure of the landscape in the high resolution regime [8] (left) and in the high
storage regime (right). In the vertical axes we plot the ratio where in the denominator there is the Hamitonian
evaluated in the minimum corresponding to the pattern & 1_and it is fixed—and in the numerator we plot the
value of the Hamiltonian where we perform ground state spin flips to step away from & 1 toward 52. In the
horizontal axes we plot the number of spin flips required to move from & Lo £2

P grows, suggesting both a higher critical storage value as well as their flat structure (see
also [18]).

In order to deepen the glassy structure of these neural networks it is instructive to start with
a glance at the pairwise reference. Remembering that the Hamiltonian of the Sherrington—
Kirkpatrick (SK) spin glass reads as

Hsx = Z Jl/UlUj5
f l<j
with J;; quenched random couplings i.i.d. accordingly to A'[0, 1], if we consider the standard
Hopfield limit (i.e. we set P = 2 in the dense Hebbian network), we can write the related
Hamiltonian and partition function as

L NN K
Hpopfiela(0|8) = — Z Y &l'eloio), (5.1)
i<j p=1
2N
ZHopfield = Zexp (=BHHopfiela(@8)) . (5.2)

In turn, these can be rewritten, after minimal manipulations—i.e., for the former splitting the
signal (i.e. the pattern to be retrieved, say i = 1) from the quenched noise (i.e. all the other
patterns) and for the latter using its integral representation 4 la Hubbard-Stratonovich, as

2 N,N
m 1
Hiopfi =——1_ Ji with Ji; = Fely (5.3
Hopfield (@'16) = == Jﬁg joioj, with Jij <st £ (53)
2N , oo P , 1 NP
ZHopfield = Ze’gm‘ f H dz,e” %/ exp N Zfiuaizu , 5.4
o T =2 N i

hence, it shines that, if naively we send N — oo in Eq. (5.3) we note that J;; — N0, 11—
as in the Sherrington—Kirkpatrick model—and, correspondingly, the normalization of the
Hopfield Hamiltonian turns to the Sherrington—Kirkpatrick one (i.e. /N rather than N):
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certainly we are dealing with a spin-glass, we must now study what kind of spin glass it is.
A glance at Eq. (5.4) suggests a bipartite spin-glass made of by one party with N Ising spins
(binary neurons) o; = +1 and one party with K Gaussian spins (real valued neurons equipped
with a Gaussian prior). Indeed, in a couple of recent papers [25, 26], Guerra and coworkers
provided—at the replica symmetric level of description only—a representation theorem for
the standard Hopfield quenched statistical pressure in terms of the related quenched statistical
pressures of an hard spin glass (i.e. the Sherrington—Kirkpatrick model) and a soft one (i.e.
the Gaussian or spherical model): as the former is full-RSB (it is the archetype of models
where Parisi theory is correct) [28, 43, 66], while the latter is replica symmetric [27, 34], the
interplay among them confers a glassiness to the Hopfield model that is typical of that kind
of neural network and it is not the same nor of the hard spin glass alone neither of the soft
one alone.

Does the glassiness of the Hopfield neural network hold also for dense networks?

A glance at the self-consistencies for the overlap both at the replica symmetric level—see
equation (2.28)—as well as under the first step of RSB—see Egs. (2.67-2.68)—seems to
suggest that this is no longer the case as the self-consistencies for the overlap are the same
of the standard hard P spin glass (namely the Sherrington—Kirkpatrick model with P-wise
interactions [7, 11]) both in the RS and in the 1-RSB scenarios.

To prove this conjecture, in this section we generalize the Guerra’s representation theorem
in various directions: at first we focus on the standard pairwise Hopfield model to inspect if
such a decomposition holds also within a broken replica framework and we prove that it keeps
holding. Then we focus on dense networks and we prove that such a decomposition theorem
does not hold, rather these networks have quenched statistical pressures related solely to
those pertaining to the hard spin glasses. The soft part disappears and this turns to be true
both at the replica symmetric and within the first step of replica symmetry breaking: let us
prove these statements and deepen their consequences.

5.1 RS Scenario
5.1.1 Case P = 2 (Standard Hopfield Reference)

For sake of completeness, in this subsection we report the decomposition theorem for P = 2
case, namely standard Hopfield model, proved in [26].

Theorem 7 Fixed at noise level B, B1 and By as

VvB
= NP 5.5
h 1-p81-¢q) ©:3)

Ba=1—p(1-4q), (5.6)
the replica symmetric approximation of the quenched free energy of the analogical neural
network can be linearly decomposed in terms of the replica symmetric approximation of the
Sherrington—Kirkpatrick quenched free energy, at noise level B, and the replica symmetric

approximation of the quenched free energy of the Gaussian spin glass, at noise level 5, such
that

1
ARS (B, v) = AR (B, B1) + v AGauss (B, B2) — Zﬂf- (5.7)
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5.1.2 Case P > 2 (Dense Hebbian Network)

In this subsection we show that, as long as P > 2, the above representation does not hold
any longer and the decomposition reduces to a simpler version (where solely the hard spin
glass is involved). This is captured by the next

Theorem 8 Let us fix the noise levels By and B as follow
B Y
L= pNIZPRA=g"?) (5.8)

B =

Bo=1—p NP2 3P,

and recall the finite size expressions for the quenched statistical pressures of the Hopfield
model Ag\f]\),, the hard P-spin glass .A(SII? and the soft P-spin glass A(GI;)M“ obtained with
Guerra’s interpolation technique, that read as*

(P) g\ _ 7/3,71’ ppp1  yNPP 8" _yNP? 1—P)2 i
AVB vy = 2= SENTE G B e 5 I [1-p NP2 -]
+<ln cosh {gﬂ';ﬁ”*‘ +v /ﬂ’ygNP/ZflﬁqP/Zle
Y
_PT—lﬂ'r;lP_5')/;]—71\,1’/271‘7?/271(1 q)+VNN) (59)
AL B =ln2+<lncosh{§ﬂw”+ TR &'D -t
Y
1
+3A (1 Pagc 4 (P = naf) + v (5.10)
P) L gt 1 P B Gauss)
AGauss s 2) = Eﬁ_iln 1—A+ﬂ§5qG +(P—1)—2q{f+v< (5.11)
where we used
1 ' nP2—1 | B2 p
NN _ N P
vV = /0 (Am)) k—’gyf Z(,g)mp(mnp/”
k=1
)
+Z( ) ((ag)*)pgP 2k ds.
b2 t=s (5.12)
K B _p—
ViR = <<A Yoy Pk — ‘Z( ><(Aqs,<)">q§’,<" ds.

t=s

VA(/G““”)=/ [ Z( ) (Ag0))il "} ds
t=s

We can write the following decomposition of the finite size quenched statistical pressure
of the dense Hebbian network in terms of the replica symmetric quenched pressures of the
Sherrington—Kirkpatrick P-spin glass, at noise level By, and the replica symmetric quenched
statistical pressure of the Gaussian P-spin glass, at noise level B :

ﬂ y P/2—1

1 /
AN (B v) = A5E (B 1) - — P YN AGL (B B

2 While extensive statistical mechanical treatments of both the hard and soft P-spin glass are extensively
available in the Literature [7, 29, 37, 43, 62], in [11] we re-obtained sharply the expressions (5.10) and (5.11)
via the two techniques developed in this paper.
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yp22o P (B =N ?
Y ap B

(SK) P—2+,(Gauss) (NN)
—(VE 4y NPy N

(5.13)

Proof The proof for P = 2 is presented in [26]. The generalization to P > 2 is obtained
following the same steps but taking care of using the new definitions of the noise in (5.8).

Remark 14 Note that, in the thermodynamic limit, in the replica symmetric framework,

(NN) ,(SK) (Gauss)
VN ’ VN VN

and presented in (5.12) vanish.

Corollary 2 In the thermodynamic limit, for the case of P > 2 the glassy nature of the dense
Hebbian network is equivalent to that of a P-spin Sherrington—Kirkpatrick model with a

noise level ﬂ,ﬁ
AL B ) = ARB . BV (5.14)

Proof As we set P > 2, in the thermodynamic limit (N — 00), the definitions (5.8) reads
as

=By, B=1. (5.15)

Using Remark 14, from the replica symmetric expression of the quenched statistical pressure
of P-spin Sherrington—Kirkpatrick model presented in (5.10) with the new noise (5.15),
the self consistent equation for gsx in the SK P-spin model, in the thermodynamic limit,
coincides with the one for g in the dense Hebbian network:

C?SK=<tanh |: B’ 1+Y51\/P61§K1:|> =q- (5.16)
Y

Similarly, we can verify that, with the new noise (5.15), the self equation for g in Spherical
P-spin glass coincides with the one for p in the dense Hebbian network

Ggo=p=pBq""*. (5.17)

where, we scaled N*/2=15 as p. It can also be shown that in the thermodynamic limit for
P > 2 the Spherical P-spin glass model reduces to
1

bl Noeo 1o 1 asp(ss)
4ﬂ1—>4yﬂ q 2Pyﬂ q

VNP AGauw(ﬂ ,32) yﬁ NP/2 ! P2

Moreover, the last term of (5.13) becomes

P>2

1 P2
Br— (1 — B) N— 1 _ 1 _
e 2 (BUGER) S f—r o

So putting all together in relation (5.13), for P > 2 in the thermodynamic limit, we have

A B )= AR BB V). (5.20)

Remark 15 This corollary is also verified by a direct calculation of the quenched statistical
pressure in the replica symmetric scenario of the dense Hebbian network in (2.26), that
perfectly coincides with the replica symmetric one of the Sherrington—Kirkpatrick P-spin
glass presented in (5.10) if we set ] = ,3/\/7.
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5.2 1-RSB Scenario

Do the above representations generalize to a broken replica picture? Yes, in the next sub-
sections we prove that these theorems can be generalized to the 1-RSB scenario: we show
separately the P = 2 (standard Hopfield in the broken replica regime) and even P > 2 case
(dense networks in the same broken replica regime).

5.2.1 Case P = 2 (Standard Hopfield Reference)

We claim the following

Theorem 9 If we set

B =1—(1—-q)B—08G—q1). Psy = i:g
G
— 21
ﬂ(z) ﬁ(l) 1—pg(1—-4q) @ _ BVY o
B +opma -1 gD

recalling the 1RSB expressions (see e.g. [6]) of Hopfield, SK and Spherical model, that read
as

(LRSB) 1) m* oy q1 _YBs s
Ay (By) =2+ ]E1 [InEz cosh” g(J, )] — =+ = (ISR vy Ty e W LUl
B, - B@2 —q1) 4 _
779(172112 = pqn)+ %ln [l 0= TSV T 761)} — 5 Inll -1 -g)p],
(5.22)
2
/ | £ £
ALRSB (g g0 R =2+ 7B [InE; cosh? g, (J, )] — 7m + ( 5:> _ ( 5;) G2 44
(phase)’ (pa%)’
+O (1= 0) Z .
(5.23)
2 2 2
ﬁ(z)q(z)) (ﬂmq(l)) (ﬁ(z)é(z))
(RSB) o) @) _ _ ( G 96 G 96 ¢i% ) 1 @) ;@
AL D) = —on o L B L i (52) 0]
2
ﬂ(z) -(2) ﬂ“) q(])
B RN 5 V)
L=ak (82) 0 0 (62) 0@ +o (52) 2
N (ﬁ(o”) v
2 sy (52;2')262) _0 (m}z)) i@ +o (ﬁg))Q P10 ’
(5.24)
where we used
-\ _ - 1) Vra
gywJ,m) = Bm+JB = —
M 1= —g2)B—0B(G2—q1)
+J(2),3 v(q2 —q1) ’
[1—(1—=g2)B—0B(g2— gl — (1 —g2)B]

gsx (0o = B+ 70 (857 '<”+J<2>/ p2) a2 - (8) '“>].

(5.25)
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We can have the following representation of the broken replica quenched statistical pressure
of the Hopfield neural network:
2
(#5)

(lRSB)(ﬂ ]/) A_(S‘II?’SB)(ﬂ ﬂ(]) ﬂ(Z))+yA1RSB)(ﬂ ,3(1) ,3(2)) .

Gauss

(5.26)

Proof Starting with the 1-RSB SK model with the two noise level ﬂ(l) and ,8_(9212 defined in
(5.23), using the definitions (5.21), we can verify the following relations

(#50) ase =vs'pr. (852) a5k = o. (5.27)

Putting these equations into (5.23), we get

AgIIfSB)(/S ,3(1) ﬂ(z))—ln2+ ]El [lnEzcosh g(NN)(J m)]

By .

- By
+(1 - 9)71;2(12 +0——p1q1-

4
(5.28)

Now using the 1-RSB quenched pressure for the soft model with the two noise ﬂ(Gl ) and ,3(02 )
(Eq.5.24), if we set A = ,3/, using the definition (5.21) we can verify the following relations

(BDY 3 =sa (52) a2 =4 629

so the expression (5.24) for the soft model quenched pressure becomes

’

’ ’ ! B
AURSD gy _ 0P 4.5 +0ﬁ ap +ﬁ b2+ 5
Gass 4122 S 2I=F == =) (530
1 B (@ —an) _
+—In|1+6 — ,__ —7ln1—6(1—q).
20 [ 1= —q)—08 (o —p1)| 2 [ 2]
()
Now, using the equations (5.28) and (5.30), if we compute A(IRSB) + yAgfusxf) — %
we get the proof. O
5.2.2 Case P > 2 (Dense Hebbian Network)
We claim the following
Theorem 10 If we set
B =1 (g NI g NI-PRGE2 gy ) ﬁ«g,
B
@ _ | _1=BNTPRA - 'P/2> o _Byy (53D
B =Bg N Bsk 5(2) ,
‘12

recalling the finite size Guerra’s expression for the IRSB quenched statistical pressure of the
Hopfield, hard P-spin glass and soft P-spin glass model, that read as

, ' 1 _ .
I s gy ﬂTyNP/Z—I + o [InEs cosh® g, (J. )] — (P — 1)%mP
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—LP‘ pr Lﬂ/ NPP1GP

4 & 2 g NI-PR(1 - —P/2 — 08 NI~ P/z(qP/2 qP/Z)
LN m[ 1-pN"PRPa-g" ]

20 B NI=P/2(1 — fP/2) 0B/ N'- 13/2(4’/2 fP/Z)
—By® - 1>—q2 PP+ B0 KT/ (5.32)

2)
P—1 Bsk
AR gl B =2+ ]El [InE> cosh” g (J.)] — ' ~—— m"+( 4)

+O(P — 1)7(/3%) (c}“’)P —p (ﬁ(Z)) (q(z’)H

SK 4 SK

@\?
(1—6)P — 1)@ (qg?,@)P 4 VSRURSE) (5.33)
1fx+(t3')2”( ‘2)) -

SR o (BT T

g7 ()"
* @\ p (-@\"! M2 p ()P

1-rk(63) 5 (@) a-o+(s8) 5 (@)

e ) )
+a-pl=t (ﬂ(z)) (at ))P+

1
P)(IRSB 2
‘A(Ga)zfxs )()‘" ﬁ ﬁ( )) - % log

(ﬁ(l)) (q(cl))P+vl$IGattxs)(1RSB)’
(5.34)

where we scaled NP>~ p — p and we used

N ‘P _p _ ’ _ _ppt - P
S (T 1) =ﬁ7m” ‘+J(”\/ﬂzyp Pg "> l+J(2)\/iPy[pzqff/2 Y- pig l],
1

st =3t ()5 (%)

e [08) @8) - () @)

(5.35)

We can have the following finite size representation of the broken replica quenched statistical
pressure of the dense Hebbian network:

2)
P)(IRSB) , ,/ P)(1RSB 1 2 ( SK)
A( )( )(ﬂ,y)=A§K)( )(ﬁ 13() 13()

4
2 (PY(IRSB), ,/ (1 2
+VNP 2“4&;&),4(” )(,3 , /3( ) /3( )
Pr_ _pp o P2
+yB F[pzqz/ —G(pzqz/ — P14, % )]

(SK)(IRSB) P—2+y,(Gauss)(1RSB) (NN)(1RSB)
~(vy +y NP2y — v )

(5.36)
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where the 1-RSB quenched pressure at finite size for P > 2 of Hopfield, SK and Gaussian
spin glass models are indicated respectively with Ag\flz,(lRSB), A(Si;()(lRSB) and AE;Z)LEL;?SB),
and we scaled NP/Z_]ﬁl/z as pi2.

Proof The generalization to P > 2 is obtained following the same steps presented in the
proof for P = 2 in Theorem 9, but taking care of using the new definitions of the noise in
(5.31).

Corollary 3 In the thermodynamic limit, for the case of P > 2, also in a broken replica sym-
metry framework, the dense Hebbian network’s quenched statistical pressure is equivalent
to that of the hard P-spin glass model.

Proof To simplify the notation in this proof, since all the formulas will refer to the 1-RSB
assumption, from now on we will omit the label /-RSB for the sake of clearness.

First of all, we can verify that, as P > 2 in the thermodynamic limit, from the definitions
of noise (5.31), we get

B g . B B . (5.37)
From the quenched pressure, in the 1-RSB assumption, of the SK model with P spin inter-

actions presented in (5.33)—(5.35), if we scaled, as usual, NP/Z_lﬁl/z as p1/2, we can find
the relations

(BR) (a52) " = v mal ™ (B2) (a2) T = v mal? . (538)

Thus, (remembering that, in the thermodynamic limit, V(NN) Vlg,SK) and V(Ga””) ill

vanish) for the 1-RSB assumption the SK quenched pressure reads as

I ’ ! l — — -
AGR BB 7.8 ) = n2+ 2y [InEycosh? gy (J. i) | - " e (- -na)
'P—1 '2y
' TP P - 1)ﬁ—”(qf/2‘ T |)+’34

(5.39)

Focusing, now, on the soft model in the 1-RSB assumption in the case of P-spin interactions
(Eq. 5.34), if we set A = /3 NI-P/2 , using the definition (5.31), we can get the relations

(ﬁm) r < 8))” = N1-Pg P (ﬁm) 1 ( (GZ))P = N1-PPg P2 (5.40)

Thus, in the thermodynamic limit, for P > 2 the quenched pressure for the soft model in the
1-RSB assumption reads as

_ )’,3 N> 1 1 -
yNPRAD (BB BE) TN 2 gt ogl — gt e (af —af )
| )

Moreover, the last term of (5.36) becomes

’ _ 2—P _ _P)2 _ _P _P/2 N—o0 1_
yB NP2 17[172‘]2/ —«9(172612/ —mal’ )] ——= —yp?—qf
4P P>2 4

. 1 A
+J//3/219 (q{’ —qu) +Vﬁ’zﬁqu —)//3’259 (qu —61{’) :
(5.42)

So putting all together in relation (5.36), for P > 2 in the thermodynamic limit, we have

AGn(B . y) = APSED B B 7 B ). (5.43)
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6 Conclusions and Outlooks

In this paper we focused on replica symmetry breaking in dense Hebbian networks (namely
generalized Hopfield networks whose neural dialogues are broader than pairwise) and we
gave both mathematical instruments to address this phenomenon as well as physical insights.
In particular, regarding the methodology, we adapted to these dense networks two differ-
ent approaches, the first consists in constructing effective PDE—the transport equation in
particular—in the space of the coupling constants and then relying upon the arsenal of mathe-
matical results available in PDE theory while the second is a generalization of the celebrated
Guerra’s interpolation scheme [43, 44], more grounded on Probability Theory. Whatever
the route, at the end of the calculations, we obtained a set of self-consistent equations for
the order parameters whose solutions trace their evolution in the control parameter space,
ultimately allowing the construction of phase diagrams that we provided both at the replica
symmetric level and under one step of replica symmetry breaking level of description.

Restricting to the Baldi-Venkatesh regime [19], i.e. the high storage regime for dense
networks, at first we recovered in the replica symmetric scenario, the Gardner’s picture [41]
(achieved in the eighties via heuristic techniques, i.e. the replica trick) in every detail, even
the scaling of the divergence of the critical storage y.(P) ~ P/In(P) as P — oo, then
we inspected the replica symmetry breaking phenomenon just at the first step of symmetry
breaking: as expected, the critical storage is mildly affected by RSB, however a glance at
the phase diagrams in the two frameworks (RS and 1-RSB) immediately reveals that the
spin-glass phase (that naively shrinks to zero in the RS picture) gets stabilized and actually
enlarged by the RSB phenomenon.

Indeed the type of glassiness underlying these networks is rather different w.r.t. the type of
glassiness of the standard Hopfield neural network. The quenched statistical pressure (or free
energy) of the latter can be written (both in the RS and 1-RSB scenarios) as a weighted linear
combination of the quenched statistical pressures of two spin glasses, one being the hard
spin glass (the Sherrington—Kirkpatrick model) and the other being the soft spin glass (the
Gaussian model). However, this is no longer true in dense networks where the soft contribution
disappears: as the Sherrington—Kirkpatrick model is full-RSB (it is the harmonic oscillator
for Parisi theory) while the Gaussian model is solely replica symmetric, the disappearance of
the soft contribution makes dense networks different w.r.t. the Hopfield reference. A subtle
point is that, in the 1-RSB picture for neural networks, the ziqqurat prescription introduced
in [24, 61] (that naturally generalizes Parisi’s ansatz to the case) breaks the permutational-
invariance both for gio as well as for pj»: the breaking of self-averaging of pj; is not
a property of the pairwise Gaussian spin-glass per se, but—rather—a consequence of the
interactions among these spin glasses (interactions that shines in the integral representation
of the partition function of these Hebbian neural networks, see e.g. eq. (5.4)), hence for the
soft overlap the transition is not spontaneous, but driven by the hard one [22] in the shallow
limit.

The inspection of replica symmetry breaking phenomenon in dense networks in the high
resolution regime [8]—rather than in the high storage regime—is entirely missing at present:
we plan to report in a separate paper investigations in that regime.
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Appendix A: Proof of Theorem One

In this appendix we provide the explicit calculations behind the proof of Theorem 1.

Proof Since the potential Vy (¢, r) vanishes in the thermodynamical limit, we solve the
following transport equation

aA‘P ) p aA”’ ) P aAL) A‘P )
~P/2 2@, m5aP2—1 | RS ) v 1 — ~P/2
TS - B'q “ar > B’y pq By B d—qg"'*) S

P 9AL) P—-1  _ Pﬂ)/__P/z 1
Eﬂ/’,nP—l ( RS - _ ﬂ’mP 11—,

ow 2
(A.1)
We compute the solution using the characteristic method on the transport equation:
AL 11y = AL, 7 — Ft) + S, )1 (A2)

where F = (x, y, z, w). Along the characteristics, the fictitious motion in the (¢, r) time-space
is linear and returns

x=x0—pB'g"" y—yo—*ﬂ 'y pgt*
P (A3)
z2=20— B =gt w=wy— 5P 'mP=1t

where ro = (xo, Yo, 20, wo) = (x(t = 0),y( = 0),z(t = 0), w(t = 0)). The Cauchy
condition at ¢+ = 0 is given by a direct computation at finite N as

AP0, r —F1) = AP0, ro) = —]E{ Z/Drexp |:won(a)+\/on‘ P/2 ZJ,LTM

{o} n>1

Nl P2
R

n>1

= N]Eln { ;exp [Z(wo + mji)m'”

1 K dr, 1-P/2y,2 2j By
_ Rl n L (=zgN'P) 2R 243/ xoN1=P12 ] oy | PV na—P/2
+N n{ l_[ / 7271 e 2
/ K
=In2— ﬂTyN”’P/Z +(1ncosh [wo + L/yo])l Ty In (1 — zONI’P/Z)

K xoN'-P2

N TN A

Giving the suitable values of parameters, namely r = 1 and r = 0 we have the following

’
AP B) ::1n2_'82y1\’a_1)/2+<1ncosh|: p'mPf- I+YW:|>

a1
P—-1  _ __
—— B~ BY p pgrr-11— g -

, P2

yNafP/Z B g
D) 1 _ﬁ,lep/z (1 _gP/Z) .

Y

In (1 _ ﬂ,Nl—P/Z <1 _qp/z))

+

(A.5)
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Now, expanding the two last member of (A.5) for large value of N, (remembering the
conditions @ > 1 and P > 2 given in Definition 1) it is possible to write the expression

APy, B) :=ln2+<lncosh|: gmF 1+y\/ﬁ:|>
Y

P—-1,._ P __ppo _ 1 _ _ _
- ﬂ’mP—ﬁ/yzqu/z 1(1_q)+ZNa+1 PVﬁIZ(l_qP)+O(Na P).

(A.6)

Thus, since we need that, in the thermodynamic limit, the quenched statistical pressure must
be intensive in N (we want that the terms in O(N~ ") vanish), it is necessary to ensure that

a<P—1 (A7)

Moreover, it is easy to check that the only no trivial case is @ = P — 1, otherwise our model
turns into a ferromagnet [39] with polynomial interaction of degree P.

So, if we consider P > 4 (since we have rescaled N*/2=1 j in p), the previous expression
reads as

P [P
AP (y, B) :=In2 + <lncosh |:2;3’th_1 +Y\BY 5 ﬁép/2_1:|>

P—-1 ,_ P __ppH _ 1 _ _
—— B =By pa" P A=+ v (1-3") + o (V) :

2
(A.8)

Y

in the thermodynamics limit (N — oo) the correction terms will vanish. m}

Appendix B: Proof of Proposition 2

Hereafter we give all the details regarding the proof of Proposition 2.

Proof Similar to the case RS (2.18-2.19) and we have fora = 1,2

P2 P/2

P
<plzqﬁ/2>a=2<k) 70> (A pa) (Aga) ) Z( ) 70> B (Aga))a

k=1
_P/2 P _pp-1- P _pp_

+da " (p12)a + Eqa/ Palq12)a — E(Ia/ Pa (B.1)
where we use AX, = X — X,,. Now, starting to evaluate explicitly 3 .A( ) by using (2.45-
2.50) we write

P P

3 _B L; (2)<<m1 — i)}y 4P (1= Py + P~ ‘<m1>]+

’

B'K

TR S

P/2 P/2

d P/2 P2
gAgvp) =+@®-1 |:Z < Ié )qp/z Ko = p(g — %) + Z ( Ig )qZP/Z P2(q2 — 3% )2
K=1 K=2

3 P P 822
(P) P/2 P/2— _P/2 - _P/2—K _ _ K
= - - = 0 2 - -
a:AN =+q, (p12)2 + 242 'palgin) 2q2 pz} Kil( X )ql ((p12 — p1)(gi2 —q1) ")
9 e P P
_P/2—K - _ P2 - P/2 -
*BTA%))=+ E < I'% )qlp/ KPI((’{IZ*‘]I)KN‘F‘I]P/ (p12>1+511|P/ pi ((112)1*5%/ P1 }
K=2
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Bml(1—P) BKO-DP_ _pp BKO P ol BP _pi, P
=Vvn 2 ~ oy a PRt e g P+ o Ay
B'K B K B'K P_ _ppo
o P @ = Day i) + W(e ~ D5 pa; " )
enl. K K
+ﬂqlp/2 [alv(l)Ax))_ile’/Z (pu1) — ZNP/Z(O )(p]z)z]
/ ~ _P/2-1
KP 11
% |: oAy — 57 50- 1)(‘]12)2}
=Vy(t. 1)+ S(t.r)+ gm”*‘almﬁv’” +83"%0.0 AL + 8@ =G0, AP
K 'KP _ _ ,
+ fN,,,z ma* "o mA%’)+fN—m<ﬁzéf/2 Ll P a0 AP + B (1 -l o, Al
(B.2)
Thus, by placing
. '_P/2
D = -8 q, / (B.3)
. 1._P/2  -P)2
i@ =g Gt / — g /% (B.4)
(1) _ ﬂKP ~ —P/2 1
.2 BKP _ _ppi _ _ppei
¥ = sz/z(quz/ - pg?h (B.6)
t=—pU-5" (B.7)
P _
W= —’BTm"’*l (B.8)

and N4~ P/2 5, Ne=P/2 5, with p,, p; we reach the thesis.

Appendix C: Proof of Theorem 2

In this section we provide all the details regarding the proof of Theorem 2.

Proof Since the potential Vi (¢, r) vanishes in the thermodynamical limit, we can apply

Remark 9 and solve the following equation

AP £ Ma. AP @ AP) 45 AP) 50 AP) 25 AP) 4 g, AP

/
. . pmfa—-py ) P
+z3z«4(P)+w8wA(P):f—ﬂ y(9—l)fpzqz/ + 80— qul —ﬂyzp 3

5P/t

(C.1)

We use the characteristic method to solve it and, after one body computation in the similar

way as RS assumption, we find the explicit solution

1 P , _ _
AP = CE, <1HE2COSh9 (ﬂ S By Pag 0 VB Pl - il ‘>J<2>)}

Vﬂ’NufP/Z—P/Z
_P 2 P2 _P/2
2[1-p NP - —op NP - )]

Na—l
+1In2+ Y

In(1 = g'N'"P21 =3
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_ _P 2
N VNa 1 n :3 Nl P/Z(l / ) ~ ﬂNa—P/Z
20 1 _ﬁ’Nl—P/Z(l _ P/2 0/3 Nl P/Z(qp/2 _P/Z)) 2
+ P - gy @ -0Ta e+ B v Ll h (C2)

Expanding some factors of (C.2) for large value of N, (remembering the conditions a > 1
and P > 2) it is possible to write the following expression for the quenched pressure

’

. 1 _ '
AP =In2 + gy NP2 4 5IE1 InE; cosh? g(J, m) — N‘”'*P%)/Pﬁzézp/z "y %Iﬂp(l - P)

)ﬂl(_P/Z_ _p/2

1 2
—0(P — P2 —q; p1)+1ﬁ V. (C.3)

Similar to RS assumption, a must satisfy the conditiona = P — 1 and the previous expression
for even P > 4 reads as

AP =12+ JEllnIEzcosh*’g(J i) — 2 q{’/z '5, (P—(P—l)qz)

’

B By P2

+ i’ (1= P) = 6(P ~ 1)—(q -3 + ﬁ 2y ol (Ca)

in the thermodynamics limit (N — oo) the correction terms will vanish.

Appendix D: Proof of Lemma 2

We prove only (2.44) regarding Lemma 2, being the proofs for the others obtained in the
same way. First of all, using (2.43) we see that

B |
B,AN=5(me)+ = IZN\[EOElEz Wr Y Elw(oi, ... 01,,T0) (D.1)

i

Now, using Stein’s lemma (2.16), we may rewrite the second member of (D.1) as

ﬂ,
P W gEOEﬂEz an:; Wh(oiy ... 0ippTu) ) | = D1+ D2+ D3 (D.2)

Let’s investigate those three terms:

| B 1
D) = WW%EOEIEZ Wzaéiuw(a,-l e Oip )y T)

:Zflip Z]EOEIJEZ I:Wza)((n'il .. 'UiP/sz)z)] NP ZEOEIEZ I:Wza)((fll ~(7ip/2‘[/t)2]
i, i,
'K P2
=2f/7p/2 [<P11> - <P12!112/ )2] (D.3)
) 3 uZzf
B ne 2
Dy = ZEOEI]EZ (07 - Ojp )y Tp) =<
P—1 1 P2
N 2Nf { E, (Zg)

’

-5 ZJEO {1 [2 (Waotor, 01, p10) |} = shp 0 tpraaty (D4)
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’

B 1 P)? 1
D3 = — ZEOE]]EQ @ (0 ... Ojp T2 0 p——F———c
3 P_1 1 P/2 2 n; 0
NP-LaNE i "B (ZEP) )
ﬁ/e 3n{LZ§P)
== oNP ZEOEIEZ o (0;T)WhlEy Wzlzéim
i

/

=— zfjvigl’ Z]EOIEIIEz [w(cxil <+ Tipp T)WhIEy (w(ail ...aiP/ZIM)Wz)]

i,

B K P2
== ng (Plz‘hz/ >1 (D-S)

Putting (D.3), (D.4) and (D.5) inside (D.2), and (D.2) inside (D.1) we find (2.44).
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