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We study the distribution of equilibrium avalanches (shocks) in Ising spin glasses which occur at zero
temperature upon small changes in the magnetic field. For the infinite-range Sherrington-Kirkpatrick (SK)
model, we present a detailed derivation of the density p(AM) of the magnetization jumps AM. It is obtained
by introducing a multicomponent generalization of the Parisi-Duplantier equation, which allows us to compute
all cumulants of the magnetization. We find that p(AM) ~ AM™" with an avalanche exponent 7 =1 for
the SK model, originating from the marginal stability (criticality) of the model. It holds for jumps of size
1 <« AM < N2, being provoked by changes of the external field by §H = O(N~'/2) where N is the total
number of spins. Our general formula also suggests that the density of overlap ¢ between initial and final states in
an avalanche is p(g) ~ 1/(1 — g). These results show interesting similarities with numerical simulations for the
out-of-equilibrium dynamics of the SK model. For finite-range models, using droplet arguments, we obtain the
prediction t = (d; + 6)/d,, where dt, dy,, and 6 are the fractal dimension, magnetization exponent, and energy
exponent of a droplet, respectively. This formula is expected to apply to other glassy disordered systems, such as
the random-field model and pinned interfaces. We make suggestions for further numerical investigations, as well

as experimental studies of the Barkhausen noise in spin glasses.
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I. INTRODUCTION

The low-temperature response of disordered systems often
proceeds in jumps and avalanches.!™ These processes are
beyond standard thermodynamic calculations and are therefore
relatively difficult to access and describe analytically.'*!> In
a recent article,'® we succeeded in calculating the statistics
of equilibrium avalanches (also called shocks) in a variety
of disordered systems described by mean-field theory based
on Parisi replica symmetry breaking. This encompasses in
particular the canonical Sherrington-Kirkpatrick (SK) model
for the Ising spin glass'”'® and elastic manifolds in the limit
of a large number of transverse dimensions. Although it has
been known for a while that the equilibrium magnetization
curve M(H) of the SK model undergoes a sequence of
small jumps as H is increased,'® their statistics had not been
obtained previously. The aim of this article is to provide
a detailed derivation of the distribution of avalanche sizes
for the SK model. We introduce replica techniques that
significantly extend the formalism developed in Ref. 20
to study velocity correlations in high-dimensional Burger’s
turbulence. It also generalizes previous studies of the variance
of equilibrium jumps to their full distributions.?'* We expect
this technique to be useful in several other contexts as well.
In particular, it should be helpful to describe the response of
complex systems to a small change of parameters, a problem
that arises in a variety of fields ranging from condensed-
matter physics of complex systems, optimization problems, to
econophysics.?+2

The main result of our calculation is that the distribution
of jumps takes a scale-free form, described by a power law of
the jump size. This is intimately tied to the criticality of the
spin-glass phase of the models analyzed,’® and we conjecture
that such a criticality is a feature of a large variety of frustrated
glassy systems. The exact result obtained in the SK model
finds a natural interpretation which allows for an extension to
finite dimensions via droplet scaling arguments. Those relate
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the equilibrium-avalanche exponent to critical properties of
droplet excitations.

Our results complement previous numerical simulations by
Pazmandi et al.?° on out-of-equilibrium hysteresis at T = 0
in the SK model, which exhibit surprising similarities, as we
will discuss. Understanding the relations between these results
requires further numerical investigations of dynamic and
static avalanches, both in mean-field and finite-dimensional
spin glasses. Our results suggest to look for power-law
distributed Barkhausen-type noise in spin- and electron-glass
experiments, as will be discussed.

This paper is organized as follows: In Sec. II, we revisit
the Parisi saddle-point equations in the presence of a small
varying external magnetic field. In Sec. III, we generalize the
Paris-Duplantier equations to compute the moments of the
magnetizations in different fields. From that calculation we ex-
tract the distribution of equilibrium jumps in Sec. IV. In Sec. V,
we consider the case of finite-dimensional spin glasses, and
using droplet arguments we obtain a power-law distribution of
equilibrium avalanches. In Sec. VI, we discuss the connection
with previous numerical studies on spin and electron glasses,
and propose experimental and numerical investigations.

II. MODEL AND METHOD

A. Model and aim of the calculation

We study the SK spin-glass model of energy

N

i

Hex § o,
i=1

where the J;; are independent and identically distributed (i.i.d.)
centered Gaussian random variables of variance J2/N, which
couple all N Ising spins, and H.y, is the external field.

Our aim is to follow the equilibrium state as a function of the
applied field H,, at low temperature S~ = kg7 =T < J.

N
H: - Z .I,‘jGin—

i,j=1

(1)
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We consider small variations of the applied field around a
reference value H, Hexyy = H + #

We are interested in the total magnetization in a given
sample,

M(He) = ) (0" )iy = =0, F )
where F = —kgT InTrexp(—pH) is the free energy. Since
upon variation of & of order one we expect jumps of the total
magnetization of order VN, we define

1 h
=—MH+ — | =-0,F), 3
my N ( +\/N> W F(h) 3)

where from now on we denote F(h) the free energy in the
external field H + \/Lﬁ With respect to sample-to-sample

fluctuations, my, is the sum of a constant part of order VN ,
)
mg = M
Hereby we denote by — the average over disorder.
To characterize the statistics of these order-one jumps in
my, we need to compute the following cumulants in different
physical fields h;,i =1,...,p

0, SP(hy ko, . hy) )

It is obtained from the cumulants of the sample-to-sample
fluctuations of the free energy

SP(hy,hy, ...k

plus a fluctuating part m;, — mg of order unity.

C
mp, my ¢ = 0Op,

R »

) =D Fh) - Fy . )

where —7*¢ denotes the connected average over disorder.
These can be obtained from the generating function

W[{h*}] = W[h]ofa = 1, ... ,nreplicasubmitted to different

fields h¢,

J

exp (W[h1) _exp|: ZF(h“j| . (6)

Note that fields 4% with replica index a are denoted with upper
index to distinguish it from the physical field #; with lower
index. Hence,

Wlh] = Z Z SD(h@, ... h%). @)

qO -----

We now derive a formula for W[h] from the saddle-point
equations in the large-N limit.

B. Saddle-point equations
One has

VI — Zexp |:,3 ZO’;Ji_iUc{ + B Z (H + %)Uﬁ]
_ Z/l_[dQ”b l_[exp <”N 2]2)

a#b

X exp |:Xa:/6< jﬁ)a:|
X exp [,3212 > < -

a#b

J

N 2 [
EQab‘l' Qab0a0b> . )
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Note that on spins o/, we put the replica index a at the bottom,
and the site index i at the top. Now we define the /ocal partition
sum

eA(Q*h) = Zexp |:,32J2 Z Qup0a0p

{oa) a#b

+8 Z ( %)o} ©)

in terms of which we can write

2 2
N
e —/| |anb exp |:nN/3 - —p2J?

b 2 2
x Y 0%+ NA(Q,h):|. (10)
a#b

In the limit of N — oo we can perform a saddle-point
evaluation. For h¢ = 0 this is the usual SK saddle-point
equation in presence of a field H. In the low-temperature
phase considered here, it has a set of solutions, denoted
q, = 9x-'(@n—»)- They are obtained from the standard Parisi
solution g, by applying a permutation 7 € S(n) of the indices.
Each saddle point g,;, of the path integral over Q;, satisfies
the self-consistent equation for a # b:

(040b) A(g,0) = Gabs a1

where (. ..)4 refers to an average with action A from Eq. (9).
Since changes in the external fields are of size h%/+/N, they
alter the solution of the saddle-point equation from g = g to
qn = qo + O(ﬁ). Hence, we can compute the contribution to
Wh] of each saddle point in perturbation theory. For a given
saddle point, each contribution to "1 is of the form e"2:-"1,
with
2J: N
Pr e gqé, +NAlg.hl.  (12)

Vig.,h] :=nN

The saddle-point condition satisfied for any / reads as
94, VIgn,h] = 0. (13)

Using this equation, we obtain the following expansion in
replica fields h“:

Vign.hl = Vig,0] + Zh”(ahaV)[q,O]

1
h*h" (8., V)[q.0 0( )
Z e V) [q,01 + i

o+ = Zhahb

1
Sa 1 —6up)q4 ol — ).
X [8ap + ( b)qab] + (ﬁ)

In the first line we used the condition (13), its total derivative
w.r.t. h%, and that d,q; = O(ﬁ) to eliminate the terms

Vig.,0] +ﬂZh“
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9,0,V ong and 9;Vd,qdyg; in the second line we used
Eq. (11).

The final expression for W[k] is obtained by performing
the sum over all saddle points g}, = Gz -1(a)r-1()>

WI-WIO0l-B Y, hig

/
2 2 2 T papb
= 3 e Rty T i, (14)
b/

The prime on the permutation sum indicates that the sum
is normalized by Z; 1 = 1. For convenience, we have
introduced g, to be defined later.

Let us define the “nontrivial” part W{[h] of W[h] as

Wik := W[h] = W[0] - B ) h'mg
2
- % D (1 = qaa)

!
— In < Z e% b q«bhn(a)hn(k)) ' (15)
b

To obtain the pth cumulant, we need to consider W[{h“}] for
p groups of ny = an,ny =oon,...,n, = apn replica with
3P ;= 1. Each group is subject to a different physical
field h;, i = 1,...,p. This field is constant within a replica
group. We remind that we use superscript indices #¢ to denote
replicas and subscriptindices /; to label the replica groups. The
resulting W,[h] := W(hy, ... h,) ;== W[{h“}] (and likewise
for Wp[h]) has the cumulant expansion

B p P
Wylhl =" ?n" DD a0, SOy, k).

q ii=1 Q=1

(16)
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The magnetization cumulants for p > 1 can then be extracted
as

mp, .. .mhpj’c = ahl Ce 8hpS(”>(h1, Ce ,]’lp)

) 1 -
:’11141;1'(1) npﬂp—l—[ip:laiahl ...8]1pr[]’1]. (17)
This works since the terms in (16) with ¢ < p vanish after
the differentiation and the ones with ¢ > p vanish in the limit
n — 0, leaving the desired term g = p.

III. CALCULATION OF MOMENTS

A. Generalized flow equation

To proceed, we decouple the h,’s by a Hubbard-
Stratonovich transformation

eV — <Z ee ’1”“’%> : (18)
y

b2

where u, are Gaussian random variables with covariance
(Hatbp)y = B%qup, and (.. .)u denotes the average over them.

The sum over permutations in (18) is equivalent to a
normalized sum (indicated by a prime) over assignments
{i.} € {1, ..., p}, describing the permutation 7:

@O —

i 19)
Since the permutation preserves the number of equivalent
replica, we have the constraint ) §;; = no;. With this
notation we obtain

4

eWp[h] — < Z exp (Z h;, Mu) > . (20)
ig€{l,..., pi Za 8jia=ntj a H

As we prove in Appendix C, this can be rewritten as

RAC <fjooo T dyi 8( 2y uyi) Tlaey [ 2202 exp(hipa + )’i)]> 2D
S T dyi 8(XF ciyi) [ X0, exp(yi)]” M’

valid for any n < 0, and for any set of ; > 0, with Zf; o =
1. This identity generalizes the formula (D6) in Ref. 20, which
holds for two groups of replica.

In the case where ¢, is a hierarchical ultrametric matrix
of Parisi type, parametrized by the Parisi function g(x) with
n < x < 1, the average over u, of expression (21) can be
performed extending the methods of Ref. 30. We recall that
we use everywhere ) ; o; = 1 and rewrite

eWp[h] _ f,oooo Hip=1 dy; 5( Zi ai}’i) gx =n,{y})

— = (22)
Joo Ty dyi 8( 3 i) [ X exp(yi)]
We have defined
i P (x)
g(x; {yi}) = W = <]_[ (Z eYithina )> .23
a=1 i=1 s

The auxiliary fields ©) have Gaussian correlations

(Mﬁf)uf) )uw = B*[qar — q(x)]. For convenience, we define
Gaa = q(1).

Generalizing the method of Ref. 30 to several groups, we
find the flow equation for the function ¢(x,{y;}) defined above:

2 P 2
a_q):_ﬂ_zhih.w ¢ xa_q)% .24
! dx

ox 2 e 0y;0y; dy; dy;

It must be solved with the boundary condition

14

¢(x =L {y)=In <Zeﬁ> =H({y). (29

i=1

Here and below, we denote y = {y;}.
To simplify (22), we first evaluate the denominator. In the
limit of n — 0 one can show the general formula for any «;
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with constraint ) ;o; = l andn < 0:

foss( )

= /dpy5(20‘,')’5)6_(_")“1“()”')[1 + O(n)]
1
[lie

Expanding also the numerator and the exponential in (22) to
lowest nontrivial order in n, we find

(=)' ""[1 + O(m)]. (26)

Iy .. O, Wplh]
nfdPys(>; aiyi)on, --. 0,90,y

= (_n)lfp/ Hi Q; [1 + 0(7’1)]
14 00
=~ [ / d"y8<2a,~y,->ahl e O, $(0.)
i=1 - i
x [1+ Om)]. 27)

Inserting this into Eq. (17) we obtain the final formula for the
pth cumulant of the reduced magnetization:

—J.c
mp, .. .mhp

= —(=Ty / d”y(S(Zaiyi)ahl L, $(0.5). (28)

This expression is independent of the choice of «;, as it must be.
In case the order parameter function ¢ (x) has a plateau for x <
Xxm (as happens for the SK model in a magnetic field H # 0),

d(x =0,5) = ¢,y + 2Bh/q0) , (29)

where —* denotes an average over z, a unit-centered Gaussian
variable:

f@) = f T ey (30)
) V2r

[see Eq. (96) in Ref. 21].

B. Shock expansion

We now solve the flow equation (24) perturbatively in the
nonlinear term. This generates a low-temperature expansion
which is well suited to study shocks.?! We write

P(x.5) = ¢"(x.5) + ¢ (x.5) + - 3D
The successive terms satisfy
P 0 2 d 82 0
00 _ Ly, 2a) 00 32)
ox 2 7 dx Jy;0y;

with initial condition ¢°(x = 1,y) = H()), and

d¢p! 2 dq(x) ( 0%¢' 39" 0¢°

==Y ——)
ij

49°0) 33
ox ax \ayiay, oy oy, ) ©Y

with initial condition ¢'(x = 1,%) = 0.
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The leading-order equation (32) is a linear diffusion
equation, and integrated as (for x > x,,)

$°(.5) = HI + phva) —qml . (34)

Taking into account (30), we find the contribution of ¢ to the
magnetization cumulants

myp, ...mhpj’”’(o) = —(—T)P/dpy8<z(1i)’i)

Xp, - 0, H(F + 2Bhy/q(1)) . (35)

It is shown in Appendix A that at T = 0 this equals

——J.c,(0
mp, .. .mhp ©

(—DP + 117 ()
27 ’

=q(1)"*7P = [2q(1>]”/2[ (36)

which is a constant independent of 4;. In addition, g(1) — 1
as T — 0. For p =2 one finds at any temperature the
contribution

—1.c.(0)
my, =q(D). (37)

Even though at T = O this is the full result for the sample-to-
sample fluctuations of the magnetization, at finite 7" there will
be an additional piece from ¢' obtained below. Similarly, to
obtain the full finite-T expression of higher-order moments of
my,, contributions from ¢* >0 are needed. However, here we
focuson 7 = 0.

We now turn to the calculation of the contributions which
capture the information about jumps, which are of order
O(|h; — hj]) in the limit 7 — 0. It is contained in the contri-
bution of ¢! and only in that contribution, as was discussed
in Ref. 21. Higher-order functions ¢ contain contributions
of order O(|h; — h;|?) at T =0, encoding information of
multishock correlations. To first order in the nonlinear term

qc

Qm

[ [

1
0 Xm Xe

FIG. 1. The Parisi-function g(x), with its two plateaus for x <
x,, and x > x.. Note that this gives two §-function contributions
to the derivative of the inverse function d;—:‘” =Xu8(q — qm) + (1 —
x:)8(q — q.) + smooth part.
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we find, extending the calculation in Ref. 21,

- B dq(x’), 00 . B0 o
§'(x.5) = f ' G Y i 65 0 BRGS0

Yi

1,21,22

2~ dq(x)) oH _ - oH _ -
- / dx’ﬁ—z IO iy 0 + BhINDo + 21 D)5+ BhlnDes + 22D . (38)
. 2 dx’ ay; dy;

i

As in Eq. (30), n, z1, and z, are independent unit-centered Gaussian random variables, and D,/ := +/q(x’) — q(x).

We now change integration variables from x — ¢ and define £(¢) := x(¢)/T and A := h/T, the “thermal boundary layer
variable?! for the external field. Using Eq. (28), the contribution of the first-order term to the magnetization cumulant becomes,
denoting ¢, := g(x.) and g,, := q(0) (see Fig. 1),

= Ay, A

g T [4 . oo P S 3 S 2
iy g, W = (=1, ...aﬁﬁ/ dqx(q)f l_[dy,-S(Za,-yi>8A+8AH(y+hA+)H(y+hA)
4 = i

m

Ay A

T 1 < . 3
= (D", ... 0, f dq £(q) / F!dyi(S(Zaiyi)aAﬁA5[H(y+hA+)—H<y+hA_)]2

i

(39)
A are centered Gaussian random variables with correlations defined from the above independent Gaussian variables as
AL =0vVq — qn +21v4c — 4, (40)
A_=0Vq = qm + 228G — 4 - (41)
It is convenient to introduce
F:=A,+A_, G:=A, —A_ (42)

in terms of which one can integrate by part

F2 G2
T - - expl — - ~ Ag—
ml () _ ( 1)P3h a _ / dq )’(‘-(q)\/\ dF/ dG (3% _ 8(2;) ( 4ge+q—2gm] 4lgc qJ)
dm -0 -0

) 27/2[ge + q — 2qm]2(qc — q)
b poo 1 12 12 2
X 1_[/ dyi8<2a,~y,~)§ |:H <§ + Eh(F + G)) - H (55 + Eh(F — G)>:| . (43)
[ i

The differential operator d4,d4 = 97 — 33 acts only on the Gaussian measure. Note that its action is equivalent to 32 — 92 =
d/dq. One can thus integrate by part over g to get

—J,c,(1
mp, ... mhp M

1p+1T qc
_ e, ah,,f

dx(q) L1z L1z 2"
Hf dy; 8 Zalyl [H (y + Sh(F + G)) ~H (y + Sh(F — G))} . (44)

The measure over F and G is defined by

4

—————FG exp( I F22 1T 4102 J)
f(F.G)" f dF f Gt 2l T4 f(F,G). (45)
27T~/2[qc+q 2¢u12(qc — q)

Equivalently, one can write in terms of A, and A_

(_1)p+1T qc
my, g, oW = Ta,;] ...8;1[) dq

Al A—

d
x(CI)l—[/ dy; § <Zoe J’z)[H(Y+hA+)—H(y+hA NG (46)

with measure

_ _ (A +A_) (A, —A_)?
- = o exp(— pastA _ (Ad
f(A+’A )A+ A ._/ dA+/ dA_ ( 4gct+q—2qm] 4lg.—ql )f(A+,A_). (47)
—00 —00 w/2lgc + g — 29.]2(q. — q)

The boundary terms in the integration by part vanish, provided that whenever g (x) exhibits a plateau for 0 < x < x,, itis included
as a 6 function.
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Using the expression (25) for H(y), the formula (44) allows us to compute the thermal boundary-layer form of the pth

cumulant. We give here the result for p = 2:

GZ
_ 1[4 diq) [* [GXP(— Ta=qi ])] (hi — hy)G
Jeh— _— | (g dG | ——=2=2" |G3(hy — hy) coth | ————— ), 48
my, My, 1 /m q g ). Fr p— (hy 2) €O T (48)
recovering the form obtained in Ref. 21. For T > 0 and 7, — hj, one finds
1
g, = / q(x)dx —q(1). (49)
0

Added to Eq. (37), this gives the correct total sample-to-sample fluctuations of the magnetization. The fact that higher terms ¢”
do not contribute to this variance can be verified by a direct expansion of Eq. (24) in ¢(x).

For general p we only study the limit 7 — 0. For convenience we introduce the notation A, = max(A;,A_) =
(F+1G|)/2, A, =min(A;,A_) =(F —|G|)/2. The calculation is performed in Appendix B and we obtain for

p=2

Ay, A—
p—1

. 1 (% dX(q) - ym
mn, om0 = 5/ dq W(AM —Ap) | =h, AR+ Z(h,[,,m+1 — hpm)ANT" AT + hy AT, . (50)
qm

Note that we have put back the physical field & = T'h, making
evident the result in the limit of 7 — 0. As an example, for
p = 2 we obtain
qc $(g) —
0 == [ da i - 9 ER s
4 Jan dq

which is the 7 = 0 limit of (48). Note that this describes
the correction to order |h, — hy| to the two-point function
of the magnetization (37). This encodes the second moment
of the jump-size distribution, as was discussed in Ref. 21 for the
random-manifold problem. We now turn to the determination
of the full distribution from the above cumulants.

C. Distribution of jumps

We now derive the distribution of jumps by showing that
the above result is identical to a p-point correlator of the
magnetization of a two-level system, whose characteristics
(jump size and jump location) are distributed in a simple
manner. We notice that the above expression (50) for the
cumulants can be reexpressed as

—J,c,(1
I’I’lh]...mh,7 e

1 /"” dx(q)
= - dq
2/, dq

m

m F,G
X IGI/h dhelp(hy) ... pu(hp) — 1(0)... u(0)]

(52)
in terms of the “random magnetization” variable
wuh) = 0(h —h)Ay +0(he — h)Ay
F + sign(h — h )lG| (53)
=75 1 — )=
2 T8 2

m=1

which exhibits a jump of size |G| at location h = h.. F/2
is interpreted as the mean magnetization. We integrate over
h. uniformly in a small interval [Ag,h;] containing 0 and
ho <0< hy <--- < h, < hg.Toprove Eq. (52), we have to
show that

p—1
_hPAgz + Z(hpferl - hp,m)Af;_mA’[cI + h1A§4
m=1

hr
th dhc[p(hy) ... uwChp) — u(0) ... w(0)].  (54)

To see this, we note that the contribution from #h. €
[hp—m,hp—m+1] yields the term proportional to (Ap_my1 —
hp—m) in the above sum. At the edge, when h. < hy, it
gives (h) — hO)A”M. When h, > h, it gives (hy — h,,)A;',’,.
Subtracting 1£(0). .. w(0) = hy Al — hoA}, yields (54). Both
the mean magnetization F'/2 and the jump size |G| are obtained
from Gaussian variables with a ¢g-dependent variance. The full
result in (52) is obtained by weighting with the probability
distribution of the various values of g.

Note that the physical fields must be chosen close together,
such that the interval [0,/,] contains at most one shock (or
none) with near certainty, but no multiple shocks. In other
words, the identity Eq. (52) is strictly valid to linear order in
the hi+1 — hi.SI

A given shock at field & = h; is characterized by its mag-
netization jump of size Am = m;+ — m;- (always > 0), and
its mean magnetization %[M(H + \/Lﬁ) + M(H)] =: V/'Nmy
at the shock. For very small intervals [0,%], the probability of
encountering a shock is proportional to 4. From the above
discussion it should be clear that all the prefactors of the
integral in Eq. (52) should be interpreted as the probability
density of such shocks per unit of 1. More precisely, we define
the joint density (per unit field) of shocks of size Am, and shift
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dm = my; — myg as

PHYSICAL REVIEW B 85, 214402 (2012)

M(H + ﬁ) — M(H)

1
p(Am,5m) = lhlﬂ)l 7 1) (Am — JN

M(H + =) + M(H) — 2M(H
>5<5m—( Jw) + MUH) ()), (55)

2N

where the limit 4 — 0 must be taken to eliminate contributions from multiple shocks. This density can be extracted from Eqgs. (52)
and (45), identifying 6m with F/2, and Am with |G| as discussed above. This leads to

(I(.
p(Am,5m) = O(Am)Am/ dq

Numerically, this quantity can be measured by the number

s em)? (Am)?
dx(q) exp( B [qc+q—2qm]) exp( B 4[‘10_‘1]) (56)
n dq J7lge +q —2qn]l Arlge — 4]
[
the thermodynamic (field-cooled) susceptibility
(T=0)

of equilibrium jumps of given size and mean magnetization
within a small finite interval, divided by the width of the
interval. However, strictly speaking there may be correlations
between successive jumps, which are not captured within
our analytic approach. A precise numerical verification of
our prediction would thus require a sample average of the
probability density for jumps within infinitesimal (<N ~1/?)
windows of fields.

Note that after integration over g, the jump size and the
magnetization shift become correlated. Integrating out the
magnetization shift, we obtain our main result, the density
of shock sizes per unit interval of 4 (at T = 0):

(Am)* )

% di(q) eXP\~ 3,
P(Am)=9(Am)Am/ dq 2(q) exp( Ha—a1)
I dg  Arlg. —q]

(57)

This formula is valid for a large class of models described
by replica-symmetry-breaking saddle points, as emphasized in
Ref. 16. Here, we will focus on its application to the SK model.
Apart from the prefactor Am, the above formula is essentially a
superposition of Gaussians (at fixed overlap distance g). Their
contribution is weighted by the density

di(g) 1

v(q) = dq 7 P@: (58)

where P(q) is the sample averaged probability distribution

of overlaps between metastable states sampled from the

Gibbs distribution.'® The weight v(g) can be interpreted

as the probability density of finding a metastable state at

overlap within [g,q 4+ dq] and energy within [E,E + dE],

with E close to the ground state. We will come back to this

interpretation below.

A useful check of Eq. (57) is provided by the average

magnetization jump. It is

9] q(xc)
/ p(Am)AmdAm = / dq
0

m

di(q)
dq

[gc — g (x)]

T—0

1
= lim l/ dx[g. —qx)], (59)
T Jo

where we remind that our definition of %(q) contains a
d-function contribution at each plateau, so that the final integral
over x runs again from O to 1. This formula is generally
valid.'® For the SK model, it can be rewritten in terms of

o0
/ p(Am)AmdAm = }in})[ch — Xxzecl = Xpc >
0 e

since in the SK model the intrastate (zero-field-cooled)
susceptibility xzrc = [1 — g.]/ T vanishes linearly as T — 0.
Thus, the response is entirely due to interstate transitions in
the form of avalanches (shocks). This is in contrast to other
mean-field models, where even at 7 = 0 part of the response
is due to smooth intrastate polarizability.'®

IV. APPLICATION TO THE SK MODEL
A. Study of the distribution of jumps: H = 0

In order to evaluate the distribution of jumps, we need
the full replica-symmetry-breaking solution of the SK model
in the limit of 7 — 0. The increasing function g(x) is well
characterized,’>>> even though no closed analytical formula
is known. g(x) has a continuous part up to the “break point”
x. ~ 0.55, and is constant for x, < x < 1.Inthe limitof 7 —
0, this constant g. behaves as 1 — 1.59272, and ¢(x) becomes
essentially a function of £ = x/7T that we call g(%). In the
absence of a magnetic field H =0, ¢,, =0 and ¢(*) =~ %

with v(0) = 1.34523 at small £.%° At large %, the function
crosses over to the asymptotic behavior 1 — ¢(&) ~ 4C? /%% +
BT? with C = 0.32047 and B = O(1). This leads to a power-
law tail for the weight of large overlaps ¢ — 1 (Ref. 33):

vgll>>1—g>TH=C—q) (60)

We can now analyze the jump-size density using formula (57).
We obtain analytical expressions in the limits of small and
large Am. Numerical calculations describing the full range are
shown in Fig. 2. For small Am the integral over g is controlled
by 1 — g < 1, and we can approximate

p(Am) ~ /l €4 AmeXp(_ i)
—oo (1 = q)*? VaAr(1 —q)
_2 A <1 ©61)
VT (Am)T’

with 7 = 1. The universal exponent 7 = 1 for jump sizes
N7Y2 « Am « 1 results from superposed contributions
from many overlaps, i.e., all scales, as illustrated in Fig. 2.
The asymptotics for large Am is controlled by smallg < 1,
i.e., by transitions between very distant states. Injecting the
density of states v(0) near ¢ = 0 and Taylor expanding in g
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p(Am)
100

0.1F

0.

FIG. 2. (Color online) Power-law density of jump sizes for the
SK model. The power law receives contributions from all overlaps
1 — g. The curves in the lower part show the contributions from
(1—g)=27%k=1,...,12, each of which takes the form of the
jump density in mean-field glasses with one-step replica symmetry
breaking. The three nearly coinciding lines on the top show p(Am)
evaluated from Eq. (57), for external fields H = 0, 0.25, and 0.5,
respectively, using approximations for ¢(X) described in the text. The
increase of H decreases the cutoff at large Am, while the avalanche
distribution for Am < 1 is a universal power law, not affected by H.

inside the exponential yields the estimate

_ (A1n)2(1+q))
7
a4

Am > 1 (62)

p(Am) ~ v(0)Am /oo dq exp (
0

20(0) e~ A/
JT (Am)T

with t/ = 1. We see that avalanches with Am > 1 (AM >
V/N) are exponentially suppressed.

Plots at intermediate Am = O(1) are shown in Fig. 2 for
three different values of the external field. As no analytical
closed form for ¢ (%) is available, we have used approximations
of the type £(¢) = (aq + bg*)//T — g witha = 1.28 and b =
—0.64, proposed in the literature.3>3¢

B. Distribution of jumps: H # 0

In the presence of a finite field H, Parisi’s solution develops
a plateau at low x:

q(& < X)) = gu(H), (63)

where g,,(H) ~ 1.0H*? and %,, ~ v(0)g,,(H) for small H,
while ¢(%) is nearly unchanged for £ > £,.'833% It is
convenient to rewrite formula (57) as

amrtsman s,
1% m) = m m qv\q)—F———————,
qm(H)~ \% 477(‘]6 - Q)

where the density of states v(g) contains a piece 8(q —
qm)Xm/T when g(x) exhibits a plateau at x < x,,, hence the
notation ¢, in the integral. Thus, the effect of a magnetic field
is to change the behavior of the jump distribution at large Am,
where it is now dominated by the plateau:

exp (- 4[1(—Aq’7,1,)(}1>])

Jar[l — g, (H)] -

p(Am) = 0(Am)Am x,,

(65)
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Comparing with Eq. (62) we find an effective exponent " =
—1 (instead of 1) in the tail of the distribution. The formula (65)
holds only if we can neglect the contribution of the continuous
part of ¢g(x). A simple comparison with the previous section
shows that this holds when Am > Ampy ~ 1/)2,1,/2 ~ H™13,
For 1 « Am <« Amyg, the behavior crosses over to a formula
similar to (62) with T/ = 1. Note that a small random field also
produces a plateau in g(x), and hence, we expect its effect on
p(Am) to be rather similar to that of a uniform field.

C. Interpretation for the SK model

To find a natural interpretation of formula (57), we consider
what happens upon increasing /& from h; to h;. If we take
hy; = hy — hy < 1, we only need to consider the possibility
that the ground state and the lowest-lying metastable state
cross as we tune h, corrections due to higher excited states
being of order O(h%2).

We now argue that the disorder-averaged density of states
of this two-level system is given by v(q)dq dE, where v(q)
was defined in Eq. (58). Indeed, the definition of the overlap
distribution P(q) is

P(q) =) waw,8(q — qay). (66)

o,y

where w, = exp(—BF,)/ Zy exp(—pBF,) is the Gibbs weight
of the metastable state «. At low 7', we can restrict to the two
lowest states, which yield the leading-order term in

P(q) = (1 =T)3(q —qc) + Toi(q) + O(T?)  (67)

as
—BE

YT 2
(+ePEY Tv(q,0)+ O(T?).

Tpi(q) = fo dE v(q.E)
68)

Here, v(q, E) is the joint probability density of overlap ¢ and
free-energy difference E between the ground and first excited
states. Hence, Eq. (58) holds with v(g) = v(g,0).

The two states differ in Ny = N(1 — g)/2 flipped spins.
In the SK model, the magnetization is uncorrelated with the
energy, and one thus expects the magnetization difference
between the states to be a Gaussian variable of zero mean
and variance (at fixed overlap):

(Am?), = 4Ng/N =2(1 — q). (69)

When & increases, the energy difference between the first
excited state and the ground state changes from E (for h = h;)
to E — hyy Am,where hyy := hy — hy > 0.Thus,if Am > 0,a
jump at equilibrium occurs when h,; = E/Am. For the shock
probability per unit # one thus expects

qc 00
o(Am) = lim dq/ dEv(gq,E)
ha1d0 J g 0

(Am)?
exp - m E
R L
2 (Am?), Am

reproducing Eq. (57) upon integration over E.
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This argument strongly suggests that the joint density (per
unit of /) of jumps with characteristics ¢ and Am is given by

2
eXP( - 2222%,1)

V2r(Am?),

Integrating over Am we find the density of jumps with overlap

q as
[1—¢q
p(q) = v(q), (72)
b g

(1=¢)N
2

p(Am,q) = 6(Am)Am v(q) (71)

or for the density of flipped spins Ny =

D(Ng)d Ny = ! 2,/2Nﬂ _1 - 2N (73)
=——,—vlg=1—— .
wem =Ny N "¢ N i

Note that large jumps (small g) are favored by the driving
field, as one can see in Eq. (72) from the factor /1 — g, which
multiplies the equilibrium probability of finding an overlap
q between two low-lying states. Note that jumps in overlap
of order O(1) are indeed expected due to the so-called field
chaos.?” Let us now consider avalanches with N <« N. Using
Eq. (60), we find

c 1
pq) = —F=—, (74)
Vrl—g
and the power-law density
Cc 1
D(Np) = —=—75> (75)
VT Ny

with p = 1.

D. Comparison with numerical work

For the SK model, there is no numerical study of equilib-
rium magnetization jumps to date. However, in a pioneering
work, avalanches at 7 = 0 were studied numerically along
the hysteresis loop,”’ and found to exhibit criticality, i.e., a
power-law distribution of magnetization jumps. The external
field H is increased adiabatically slowly until a single spin
becomes unstable. The latter is flipped and triggers with finite
probability an avalanche of further spin flips, during which
H is kept fixed. Note that despite the adiabaticity, since
the dynamics is restricted to single spin flips, the system is
driven out of equilibrium and explores metastable states. The
typical difference in applied magnetic field between adjacent
jumps scales as N~!/2, which is the same scaling as in our
calculation. During the avalanche a sequential single-spin-flip
update was used to ensure the decrease of the total energy.
Interestingly, they observe the same scaling of the jumps of
total magnetization AM ~ N'/2, and the number of spin flips
(which we assume to be of the same order as the number of
spins that have flipped an odd number of times) Ng ~ N as in
our present calculation for equilibrium. It is interesting to note
that this implies that a typical spin flips on the order of N!/2
times along one branch of the hysteresis loop. A very similar
density of avalanches with the same exponents T = p = 1 and
a crossover at Am ~ 1, as analytically obtained for the statics
here, was observed in the numerics. This similarity is surpris-
ing since the states reached along the hysteresis curve are quite
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far from the ground state, as evidenced by the width of the hys-
teresis loop. Nevertheless, the visited states share an important
feature with the ground state: self-organized criticality. Indeed,
the distribution of the local fields h; = 3, Jijo; + H, i.e.,
the energy cost to flip spin i only, is observed to display a linear
pseudogap® as in the equilibrium,*® marginally satisfying the
minimal requirement for metastability.

To understand better the relation between static and dy-
namic avalanches in the SK model, it would be useful to per-
form both equilibrium and dynamic simulations. In particular,
it would be interesting to determine the prefactor of the power
law for the density of jumps, which we have computed here
for equilibrium, but which has not been determined in Ref. 29,
because they normalized the jump density. It would also be
interesting to compute the probability density of overlaps
between states before and after an avalanche, and compare
with the expression (71) derived in equilibrium.

One could measure the joint density of overlaps and
avalanche sizes,

A -—<5 _p 4 2N 8<A _aM >

where the average is taken for fixed external magnetic field
(i.e., in practice for H € [H — 6 H,H + 6 H], with § H small).
It would be interesting to check whether this joint density takes
a form as in Eq. (71) with (Amz)q = 2(1 — gq). In this case,
this might allow us to define a dynamical overlap distribution
v(q) [to be interpreted as the T = 0 limit of Pyyn(q)/T].

’

H
(76)

V. DROPLET ARGUMENT IN ANY d

Let us now discuss the Edwards-Anderson model in
dimension d. We first give a scaling argument to predict the
avalanche exponent based on a droplet picture. Subsequently,
we will show how the previous result for the SK model can be
recovered and interpreted in the same spirit.

To determine the first avalanche as the field is increased,
we need information about the lowest-energy excitations of
a given magnetization, which will scale inversely with the
volume. More precisely, we expect the lowest excitation energy
for a dropletlike excitation of linear size L to scale as

1L

Emin(L) ~ =

VI (77)

This is argued as follows: Standard droplet arguments> stipu-
late that the lowest-energy excitation of linear size L, including
a given spin, grows typically as LY. These droplets are in
general objects of fractal dimension df < d. We thus assume
that one can cover the system of volume V by V /L% droplets,
and that they are uncorrelated.*’ This implies the scaling (77)
for the droplet of minimal energy. The density o of such single-
droplet excitations near the ground state thus behaves as*!
dL 1 dE dL _ vy dE dL

o =24 ~ — b L o dBan
VUL VEwm(L) L L& L L

(78)

The magnetization jump associated with the overturn of
a droplet of size L is assumed to scale as L% Of course,
dm < dr. The numerical study*? suggests that d,, is rather close
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to dr. We assume the total magnetization of droplets of size L to
be uncorrelated with the energy, and distributed as P (AM) =
L=y (AM/L%). In a vanishing field, low-energy droplets
are believed to exist at all length scales.

We make the standard assumption that droplets at scale
L are uncorrelated from droplets at scales >2L. By analogy
with the reasoning given for the SK model, one argues that the
density of avalanches per volume, per unit field H, and per
unit magnetization change AM is given by

.1 [*®dL [* dE

o(AM) ~ lim —/ —/ — (79)
SHL0V 1 L 0 Emin(L)

E

Using the above expressions, one finds

1 Vo o0
AM) ~ — d ° 80
p(AM) AMY d, /0 2Ym(2)z (80)
valid for AM > 1, with the avalanche exponent
di + 6
= . 81
T i (81)

This prediction is very general. As discussed in Ref. 16, it also
gives reasonable predictions for elastic interfaces in random
media. The formula was recently rediscovered in the context
of the ferromagnetic phase of the random-field Ising model,*
in which case d,, = dy, and thus T = 1 + 6/d;.

It is interesting to point out the close analogy between
the exact expression for the SK model (57) and the heuristic
dropletargument (79). In the SK model, the role of spatial scale
is played by the overlap distance 1 — ¢, and the logarithmic
sumover scales [ dL/L goes over into an integral dg /(1 — g).
The equivalent of E.,(L) is given by the typical gap at
distance 1 — g, which is known to be*® Ay =(1~- Q).
Finally, the distribution of magnetizations at fixed droplet scale

(Am? )

EXP(— 4]

P (AM) is given by P (AM) = =i Putting these
elements together and substituting them into Eq. (79) without
the volume normalization factor, one recovers expression (71)
with v(g) given in (60). Note that changing variables from H
toh = N'/?H and AM to Am = N~ AM does not change
the density of avalanche sizes per unit field and unit jump size.

In the presence of a finite field H, droplets are believed to
be suppressed above a scale Ly ~ 1/HY (with y > 0). This
implies that integration over droplet scales in Eq. (79) is cut
off at Ly leading to

__ b ow ¥ :
p(AM) = AN d /AM/L# dzym(2)z", (82)

which cuts off the power-law decay of the avalanche-size
distribution at AM ~ L‘;}“.

At small but nonzero temperature, we expect several effects.
First, there is a thermal rounding of all the magnetization
jumps, which is apparent in Eq. (48) and was discussed there.
The equilibrium jumps are smeared out over an interval Ah ~
T/«/T xec. In order to be distinguishable from the sample-
averaged increase of magnetization, the avalanches should be
bigger than the latter Am > Ahypc ~ /T xpc ~ T. Above
this scale, the avalanche distribution is unchanged for T <« T..
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VI. CONCLUSION

We have introduced a method based on replica techniques
to compute the cumulants of the equilibrium magnetization
in the SK model at different fields. From their nonanalytic
part, we have extracted the distribution of magnetization
jumps at T = 0. It exhibits an interesting power-law behavior,
characteristic of the criticality of the spin-glass phase. We
have also obtained a prediction of the avalanche-size exponent
for spin glasses in any dimension using droplet arguments.
We have compared with numerical simulations of the out-of-
equilibrium dynamics of the SK model and found striking
similarities with the static calculations presented here.

It would be very interesting to investigate avalanches in
small fields in realistic models, as the finite-range Edwards-
Anderson model in two and three dimensions, to test some
of the predictions that we obtained using droplet argu-
ments. Furthermore, experimental measurements of power-
law Barkhausen noise in spin glasses (e.g., by monitoring
magnetization bursts®**) could provide complementary insight
to earlier investigations of equilibrium noise.*

We expect similar critical response upon slow changes
of system parameters in many other systems described by
continuous replica symmetry breaking, as, e.g., in various
optimization problems (minimal vertex cover,”* coloring,?
and k satisfiability®® close to the satisfiability threshold, and
in the unsatisfiability (UNSAT) region at large k. Likewise,
in models of complex economic systems, one expects a
power-law distributed market response to changes in prices
and stocks.?’ Avalanches have also been predicted to occur in
electron glasses with unscreened 1/r interactions, and have
been studied numerically in detail in Ref. 46. They find an
avalanche exponent T = 3/2, which is reminiscent of the value
found for disordered interfaces and random-field systems at the
upper critical dimension.

Finally, we comment on possible future avenues to explore.
It would be interesting to study analytically the dynamics
of avalanches in the SK model. In principle, one could use
methods developed for the aging dynamics.*’ In the simplest
framework, one studies relaxation from a random initial state,
in which case the overlap between initial and final states
vanishes at large time. Presumably the hysteresis cycle selects
asequence of states which have nontrivial subsequent overlaps.
This remains a challenge to describe analytically. A more
modest, but still nontrivial goal consists in describing the
dynamics starting from an equilibrium state upon an increase
of magnetic field by a small amount ~N~!/2,

It would be interesting to study whether the states visited
dynamically along the hysteresis curve, and the avalanches
triggered, have any relation with the marginal TAP states at
high energies and their distinct soft modes.*® In a first study in
this direction, Eastham et al.* showed that the dynamics does
not explore the most numerous metastable states at the relevant
energies. The latter do not feature the linear pseudogap in the
distribution of local fields, which is common both to the states
visited on the hysteresis curve and to the equilibrium ground
states. It would be interesting to determine whether these
states feature preferred directions for avalanches, similarly to
phenomena observed in jammed granular materials.>® It would
also be interesting to analyze the multishock terms O(|a[*>!)
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APPENDIX A: ZEROTH-ORDER CUMULANT FOR THE MAGNETIZATION

Here we evaluate the contribution of ¢° [Eq. (35)]. At T = 0, one can set H[y] — max;{y;}, to simplify to

iy oy, O = —(—T)”/d”yt?(Zaiyig) O, ... O, max(F + zph/q(1) — qu}

> ,
=TY""Vq() — gn / d’y 8<Zaiyig) Oy - 0,2 [ OO = yi 4+ Bev/a(1) = gl — hil)
i i=2

> :
=vq(l) - qmp/d”yé‘(zaiyig> 2 []801 = v + Bzv/a(l) = guliy — hil)
i i=2

p
= mpfdyl 5 <y1 + Y @iBzy/q() = gulhy —hi]) 2
i=2

L [(=D7 + 110 (2)
2J7 ’

= [q(1) — gu1"* 2P = [2(g(1) — gu)] (A1)

which is the result given in the text.

APPENDIX B: MAGNETIZATION CUMULANTS TO FIRST ORDER IN THE SHOCK EXPANSION

Consider formula (46). In the limit of 7 — 0, i = h/ T becomes very large, and we can approximate H(y) = max;(y;). The
idea of the following calculation is that taking a field derivative yields a derivative of H(¥), which is a § function, eliminating

one integration. To evaluate (46), we start with the cross term, and choose without loss of generality 7, < b, < -+ < h
wo) P Aed=
ro[re di(g) > -7 -7
—1)?9: - A -
(D785, - 85,7 fq - dag, 1:! f _dwi IZaly, HG+hAnHG +hAD (B1)

where we have denoted Ay, := max(A+,A_) and A,, := min(A;,A_). The derivatives can be written as

> > 4 > >
O, -+ O [HG + hAWHG +hAN =Y Y~ 8 .05, HG +hAwd;, .. O, HG +hAy), (B2)
m=0 {ji},{ki}

where the sum is over partitions of the p fields A; into two groups of m and p — m fields with j, < --- < j,andk; < --- < kp—pm.
The multiple derivative (with at least one derivative) of the first factor of H can be written as

m

p—m
0, -0, H(y+hAM)—( D" Ay T1805 + hjAu — i — ki Au) TT ©Gi + A Au = i, — hi,Aw). (B3)
(=2 i=1

This equation is proven by noting that
() max(yr, ..., ¥p) = 20y ¥i [1 0 = 1)
(i) 9y, max(yy,...,yp) = I £i 0(y; — y1), since derivatives of the 6 functions cancel in pairs.
(iii) A further derivative of 8(y; — y;) w.r.t. y; gives —8(y; — y;).
This result is a consequence of the fact that the maximum of m variables depends on p < m variables if and only if these
are mutually equal. We note that this expression is symmetric in the {/ s h jn}» and that a similar expression holds for the
second factor.
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The terms m = 0 and m = p have to be considered separately, which we do now, starting with m = p: Using (B3) and
eliminating all the § functions from the derivatives of H yields

14 o0 N N
]_[/ dy; 8 (Z ot,y,-) O, .- 0 HY + hAum)HG + hA,)
i=1Y 7% i

o0
= (_1)p71APM/ dy 5(2%‘[)’1 +hiAy — hiAM]>maXi{y1 +hiAy — hi(Ay — An))}

i

= (=D 'Ay (AM > aihi = hy(Ay — Am)), (B4)

where to get to the last line we have used Zi o; =1 and mini{fz,-} = le.
Likewise, the term m = 0 gives

p 00 5 >
]‘[/ dy; 8 ( Zaiy,) H( +hAw)d;, ... 05 HG +hAy) = (1)’ AL (Am > aihi + hy(Ay - Am)>. (B5)
i=1v7"% i i

Let us now discuss the terms m = 1, ...,p — 1. Consider

P 00 > >
]_[/ dy; 3( » oziy,->8,;” O HO+hAw, .0, HG+hA)
i=1Y7% i

— (—1)P2AT AP m/ dyJI/ dykl O(vj, + hjy Au — Yo = hi, A — (An — Adhi) [TO(= [y + hji A
i=1 =1

— Yk — flkl Am] +(Am — AM)};J}@)S(ZO‘Z[}]}] + AM(EJI - ]/Aljz)] + ZO[,' [ykl + An (ﬁkl - ﬁk:)])
= (— 1)1’ 2Am AP m/ dy]l[ dyklO(y]l +h]1AM - Vi, — hkl —(Ay — Ap)max;—;, ,,_,,,lAzk‘.)@(—[yjl +flleM

— Vi — hi A ] + (Ay — Ay)ming_y b )8 ( Zae [vj, + Au(Rj, — hj)] + Zai [V, + Am(hr, — ﬁk,-)])- (B6)
¢ i

Note that by going from the first to the second line, we have used the § functions to fix y; =y, + (h Qi h ji)Aum, and

Yk, = Vi, + (iAzkl — fzki)Am. From the second to the third line, we have used that Ay, — A,, > 0 to simplify the products of ®

functions. The product of the two © functions implies that the contribution is nonzero only if the partitions satisfy / i > h K, forall

i,£. Since we ordered ﬁl <K ﬁp, this identifies the set ofﬁki to be {fll, . ,ﬁp,m}, and the set of fzjl to be {ﬁp,mﬂ, . fzp}.

Making in (B6) the shift of variables y; — y; + y, eliminates y;, from the ® functions, and allows us to do the integral
over the latter, resulting into

o]

(B6) = (_1)P72A’A'11A5,7m\/ dyj1®(yjl +hleM hkl (AM - ,,,)max, 1,..., p— m{ﬁk;})
n{hj})
(-

Yii + (AM - Am)iip—m)

x O(=[yjy +hj, Ay — hiy An] + (Ay — A,) ming_;

00
= (_l)p_zAnAZ[AZ_m/ dyj1®(yj1 - (AM - Am)hp—m 1)®

= (=D AR AL" Ay — Ap)hpir — hp ). (B7)

Putting all terms together, (B1) becomes
P poo 2 =
=0T / dy; 8 ( Zaiyi)a,;l O [HG + hAy)HG + hA,)]
i=1Y7% i

p—1
—(AZF 4+ APTYR - (Ay — Am)(—ﬁpA{; + Z(ﬁ,,_m+, — by ) AP AT 4 ﬁ,A@), (B8)

where h= Do h;. The first term ~h dlsappears once we subtract the contributions from the noncrossed terms 2[H &+
hAM)H(y + hAy)) and 1 [H(y + hAm)H(y + hAm)]. This leads to the formula (50) given in the text.
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APPENDIX C: PROOF OF EQ. (21)

Here we prove that for all sets of w, with replica indices a = 1, . .. ,n the identity

/

- Ty 505wy T [ explistaty,
2 exp | D hi,ia =f*°°n';1 yp (XF lo‘y)l_[a,l[ zp,lexp( un+y)]
S Ty dyi 8 (27 cavi) [ 272, exp(yi)]

holds. By definition of the primed sum, the left-hand side reduces to 1 for i, = 0, in which case the identity is trivial. We now
prove the identity by series expansion in p, # 0. We define

(ChH

i €1, PY 22, 8jig =001

exp(h; iq)
Ki(pq) == -1, (C2)
1 p =1 eXP(hj Ha)

which has the property that K;(u, = 0) = 0, as well as Zle K;(iu,) = 0. We can then write

12
explhita) = 1+ Kiua)] = > explhita)- (€3)
j=1
Analogously, we define

NG) = Zexp(y, (C4)

S eXP(yi)
A,’ = S 1, C5
) NG) (€5)

sothat Y 7, A;(y) = 0, and exp(y;) = N(3)[1 + A;(5)]. With this one finds

p p . . 1 P . P 1 P .
Y oot =SNG+ A+ Kilua)l > explhjpa) = N3)Y_ explh ,»ua)[l o > A,-<y>K,»wa>}

i=1 i=1 j=1 j=1 i=1

N ]
_ N expliy ) [ " Z Ml@ (ua)} (c6)

j=1

With this notation, the identity (C1) to be proven can be restated as

/ n

3 [T+ Ko ()] = /de, (Zayl)w(y)] ]‘[[ +kaa 20 = ”(y)}, C7)

ia€{l,.. p} 2oy 8jig=natj a=1

where we have divided by the common factor ]—[Z:l(% Zf:l exp(h jj1q)) on both sides. The normalization N is defined as

p p
N :=/Hin3(ZaiYi>[N(§)]"~ (C8)
i=1 i—1

This identity holds if and only if the coefficients of linearly independent products of factors of K;(1,) are identical on both sides.
Since Z/ is normalized, the identity holds for K;(u,) = 0, 1.e., £, = 0. We now consider products over factors K; with i ranging
over 1 <i< p—1since K, =— Zf:ll K;. Consider a product with k; factors K;(u,) (with all u, different). The coefficient
on the left-hand side is obtained from combinatoric considerations: A factor of K; either comes directly from a term (1 4+ K;)
in (C7), or it results from a term (1 4 K ), upon replacing K, = — Zf: K;. There are (”,’f’ ) = k;!/ri!(k; — r;)! different ways
to have r; factors of the latter origin [each contributing a factor (—1) to the coefficient] and k; — r; of the former. Then, k;
of the (na;) p indices with i, =i are already assigned, while the remaining no; — k; indices i need still to be assigned to a

subset of the n — f:ll k; replica with yet unfixed i,. The number of possibilities to make disjoint assignments for all indices
i=1,...,pis

(n - k)
(”ap > ”z) Hlel(nai —ki 1)l

(€9
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This is normalized by the number of assignments of na; indices i to unconstrained replica a,
n!
P :
i=1 (na;)!

Putting all elements together, the sought coefficient follows as

ky kp—1 _ p—1g
C{k[}EZ... Z (n L l)' [ ](na) l_[( 1)"( ) (Cl11)

r=0 r,,71=o(”0‘p P r,) ni=1 (natj — ki +ri)! n!

On the other hand, the coefficient on the right-hand side is given by

ok
{k} - /del (Z Ol:)h) l_[ [w} [N(i;)]n

(C10)

—1, ki ="k
_ LTI (S o) TS (@ — )b (S )
o Ty dyi (i i) (2 ev)”
Our task is to show that Cy,, = C{,.,. We note that a priori Cy,y is only defined for integer and positive ne;, while Cy, , is
only defined for n < 0, but not necessarily integer. We will show that C{/k’,} has an analytic continuation to positive n and no;
which indeed coincides with Cy,) where the latter is defined. Thus, we interpret Cy; , as the analytical continuation of the replica

expression, which can then be continued to n 1 0.
Let us proceed by computing the numerator in Eq. (C12) (recalling that everywhere we assume Zf’:l o = 1)

0 P 14 p—1 14 n=31 ki
By = / Hd)’i5 (Z%‘M’) H(eyi — ) (Z ey')
=1 i=1 i=1 i=1

(C12)

-1
X ki

0o P—1 p—1 p—1 n=3io
/ l_!dyi’dyM (;aiy{ +yp> " l_[(ey‘ — 1) (1 + Ze )
0o P—1 p—1 "‘Zi:] i
= de, H[e (¥ — 1] (HZ”’)
i=1

1 *° d)\. ° e e ZF*I v{) e / ’ k
= — — dy] e It xizr et [e™ " Yi(e¥ — 1) ]. (C13)
s h e L] Il

Now, we change variables to a; = ¢ and expand the powers

1 o d)\' e_)‘ p—1 00 ki kl- e
Buiy = p—1 / 1 Pl H/ dai Z (r- ) (—l)r’af’ imnai =l g=ha;
F(—n + Zi:l ki) 0 Aln-Xi i=1 Y0 N

! ©_dret TN 5 D(ki —ri —no;)
- - 4)/0 x1+r1—z;’,'kf1_[2< >( Y

F(_n—i_zpilk’ i=1r;=0
kp-1 pfl
+ i
_ Z Z nap Zl 1 r 1—[ (kl > ( l)r,F(k - nai). (C14)
r1—0 rp— 1_0 —-n + Z i=1

Finally, we use the relation I'(x) = to rewrite this (using that k; and r; are integers) as

sin(ﬂx)[‘(l—x)

| _ p—1 p—1
NG AL T P +n =30 k) I (’j ) —". (€15
[T, sin(na;m)/m (0o ek) 1"(1 +na, — Y0 r,) ]_L-:l Il +no; —ki +ri),_; \'i

The ratio of I" functions in Eq. (C15) can be continued to positive n. When n and all na; become integers, the latter can be
written as

(n—Z” ‘k)
(”O‘p_Zf)_ll ’"l) - (”O‘t — ki +”t)'

(C16)

Dividing by the normalization factor yields indeed Cy,;, which completes the proof.
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Note that the normalization factor in the denominator of Eq. (C12), for n — 0, is given by

(=P~ Lsin(nm)/m

Nn — 0) =

(C17)

[T, sin(roym)/m

[1+ 0],

which tends to N — 1/[(—n)?~! []; @il whenn 4 0, as calculated previously in Eq. (26).
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