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An expression for the moment of the partition function valid for any finite system size
N and complex power n [Re(n) > 0] is obtained for a simple spin glass model termed the
discrete random energy model (DREM). We investigate the behavior of this moment in the
thermodynamic limit, N — oo, using this expression, and we find that a phase transition
occurs at a certain real value of the replica number when the temperature is sufficiently
low. This represents a direct clarification of the scenario of replica symmetry breaking of
the DREM in the replica number space without use of the replica trick. The validity of the
expression is confirmed numerically.

§1. Introduction

The replica method (RM) is one of the few analytic schemes available to the
study of disordered systems.! In physics, this method has been well known since
the 1970s and has been successfully applied to the analysis of spin-glass models, 24
although the essential idea behind the method can be dated back to the end of 1920s,
when it appeared as a theorem for computing the average of logarithms.5)’7) More
recently, considerable attention has been paid to the similarity between the statis-
tical mechanics of disordered systems and the Bayesian method in problems related
to information processing (IP).8) Accordingly, the number and variety of applica-
tions of the RM to problems in IP research are increasing rapidly. They include
error-correcting codes,?>19 image restoration,'?):12) neural networks,'® combinato-
rial problems,'¥:15) and so on.

Although only the limiting value (1/N)(InZ) = lim,_o ((Z”)l/N - 1) /n is
usually considered relevant, the RM can be considered a systematic procedure for
calculating generalized moments (Z") of the partition function Z in the case N — oo
when Z depends on a certain external randomness. Here, IV characterizes the system
size, n € R(or C) is a real (or complex'®)) number, and (- -) represents the average
over the external randomness. For most problems, a direct assessment of (Z") is
difficult for general n € R(or C), although such an assessment for natural numbers,
n = 1,2,---, is possible in the thermodynamic limit N — oo. Therefore, (Z") is
first computed for natural numbers, and then their analytic continuation is used to
extend (Z™) ton € R(or C). This is usually termed the replica trick.
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662 K. Ogure and Y. Kabashima

However, the validity of the replica trick is doubtful. The most obvious analytic
continuation, obtained under the replica symmetric (RS) ansatz, sometimes leads
to incorrect results. The causes of these errors were actively debated in the 1970s,
until Parisi developed the replica-symmetry-breaking (RSB) scheme for constructing
reasonable solutions within the framework of the RM.* Since this development, no
examples have been found for which physically incorrect results have been derived
using the RM, in conjunction with the Parisi scheme if necessary. Therefore, the
RM is now empirically recognized as a reliable procedure in physics, although the
mathematical justification of the replica trick remains an open question. However,
this problem is now generating interest again, in particular, in the application of the
RM to IP problems. This is because most theories in IP research have conventionally
been developed with a high regard for mathematical soundness.!?)-18)

The purpose of this paper is to provide a method to approach the problems
of the RM. Specifically, we give a useful formula to compute (Z") directly for n €
C at finite N for a simple spin glass model, termed the discrete random energy
model (DREM).')"21) This formula is numerically tractable, and therefore one can
directly observe how the system approaches the thermodynamic limit with the aid of
a numerical calculation. Furthermore, this formula analytically clarifies the correct
behavior for N — oo, making a direct examination of the validity of the RM.

We have two main reasons for picking the DREM from among the various disor-
dered systems. First, this model is simple enough to handle analytically. It is already
known that the RM, in conjunction with the Parisi scheme, allows for the correct
evaluation of the free energy for a family of random energy models (REMs), including
the DREM, in the limit of n — 0.1%) However, the existing procedure seems at odds
with a theorem concerning analytic continuation proven by Carlson,??:2%) which
holds for the DREM of finite N, asserting the uniqueness of analytic continuation
from natural numbers n € IN to complex numbers n € C, when the temperature is
sufficiently low. For this, our approach shows that a phase transition occurs at a cer-
tain critical value if the replica number, n. € [0, 1], in such cases. This demonstrates
that the RM can be consistent with Carlson’s theorem. This may provide a useful
guideline to carry out analytic continuation from n € N ton € R (or C) in the RM.
The second reason for piking the DREM is that there exits a relationship between
the REM and certain problems of IP. Recent research on error-correcting codes has
revealed that the REM is closely related to a randomly constructed code.?) 10 Such
codes are known to provide the best error correction performance in information
theory,25) and the performance evaluation of such codes is similar to the computa-
tion of (Z") for n € R*) (see Appendix A). Therefore, the current investigation
should indirectly verify the RM-based analysis of error-correcting codes performed
previously.10):27),28)

This paper is organized as follows. In §2 we introduce the DREM and briefly
review how the RM has been employed in the conventional analysis of this system.
Comparing with Carlson’s theorem, we address why the conventional scenario for
taking a limit n — 0 seems suspect. In order to resolve this difficulty, we propose in
§3 a new scheme to directly evaluate (Z™) for the REM with finite N and complex
n without using the replica trick. Taking the limit N — oo, we analytically clarify
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Analytic Properties of the Discrete Random Energy Model 663

how (Z™) behaves in the thermodynamic limit and numerically verify this behavior.
In §4, we show how the RM can be consistent with the results obtained using the
proposed scheme. Section 5 consists of a summary.

§2. The replica method in the discrete random energy model (DREM)

In order to clearly state the problem addressed in this paper, we first review
how the RM has been conventionally employed in analyzing the REM.'9:29)  For
convenience in the later analysis, we mainly concentrate on the DREM, but the
problem addressed here is shared widely with other versions of the REM as well.

A DREM is composed of 2V states, whose energies, €4 (A4 = 1,2,---,2V), are
independently drawn from an identical distribution,

M
P(Ei):2‘M< le\i 5 > with (Ei:z’—7>, (2:1)
2 1

over M + 1 energy levels, E; = —M/2,—M/2 +1,--- ,M/2 — 1, M/2. For each
realization {e4}, the partition function

oN

7= exp(—fea) (22)
A=1

and the free energy (density)

kT
F = ——logZ (2-3)

can be used for computing various thermal averages. However, when the config-
urational average is required, one has to compute the average free energy, (F) =
—*L (log Z), whose direct evaluation is generally difficult. Here, (- --) represents the
configurational average with respect to {€4}. On the other hand, the moments of
the partition function (Z") can be easily calculated in various models for the natural
numbers, n = 1,2,---. Therefore, the replica method evaluates the average free
energy using the replica trick,

1
1 . (ZMrv -1
v (log Z) = lim ———, (24)
analytically continuing the expression of (Z") for n = 1,2,--- to that for real (or

complex) numbers n.
For a given natural number n, the moment of the DREM is calculated as

eSS S S () Yo (e) 3 P ()

A1=1As=1 Ap=111=0 i9=0 io,n =0

2N n
exp | —f Z EZ-(BB) Z dBA,
B=1 p=1

220z 18nbny 0z uo1senb Aq L.Z0G281/199/S/L L L/ejonue/did/woo dnoolwepeoe)/:sdyy wol pspeojumoq



664 K. Ogure and Y. Kabashima

_ nMe 22: QXN: 221\5 H (l—i—e b= 15BA;L>M

1A2 1 An 1 B=1

oN oN
= Z Z Hexp Nal ﬁzasA (2:5)

A=1As=1 n=1B=1
where a = M /N, and the function I(x) is defined as
I(x) = log <cosh %) . (2-6)

The identity HZBN:1 exp (—g Zzzl 6BAN> = exp (—%ﬁ) was employed to obtain the
final expression of Eq. (2:5). From this point, we focus on the case a > 1, in which
the replica symmetry can be broken when the temperature is sufficiently low.

Unfortunately, performing the summation in Eq. (2-5) exactly is difficult. In-
stead, in the conventional RM, Eq. (2-5) is represented by the most dominant con-
tribution in the summation. This can be justified for natural numbers n in the limit
N — oo. Notice that the summation is invariant with respect to the permutation
of the replica indices ¢ = 1,2,--- ,n. This replica symmetry narrows the set of
candidates for the most dominant contribution to three possibilities, which are here
referred to as solutions of replica symmetric 1 (RS1), replica symmetric 2 (RS2), and
1-step replica symmetry breaking (1RSB).

e RS1
In RS1, all n replicas are assumed to occupy n different states B (= 1,2, ---,2V).
Therefore, for a given B, we have

i Spa = { 1 when B is one of the n occupied states, (2.7)
otherwise.
The number of ways to assign n replicas to n out of 2V different states is
N (2N 1) x o x 2V —n41) ~ 27, (2-8)
For each case, the configuration of this type contributes an amount
exp (nNal(3)) (29)

in Eq. (2-5). This means that the contribution to the moment from RS1 becomes
(77 = 2N exp (nNad (8))
= expnN <log 2+ alog <cosh g) ) (2-10)
e RS2

In RS2, all n replicas are assumed to occupy a particular state B. Therefore,
for a given B, we have

(2-11)

Z 5 n  when B is the occupied state,
BA. = otherwise.
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The number of ways to choose one out of 2V states is 2. For each case, the
configuration of this type contributes an amount

exp (Nal(ng3)) (2-12)
in Eq. (2-5), which indicates that the contribution from RS2 is
(z™) = 2V exp (nNad (nf))
=exp N <log2+alog <cosh g)) (2-13)
1RSB

In 1RSB, n replicas are assumed to be equally assigned to n/m states B, where
m is an aliquot of n. Therefore, for a given B, we have

(2-14)

zn: 5 | m when B is one of the n/m occupied states,
‘ BAw =1 0 otherwise.
/Jl:

The number of ways to select n/m out of 2V states equally assigning n replicas
to these n/m states is

(2N —n/m)! i (2:15)

For each case, the configuration of this type contributes an amount
exp (ﬁNoJ(mﬁ)) (2:16)
m

in Eq. (2-5). Taking all the possible values of m into account, the contribution
from 1RSB can be summarized as

= iexp (%N [log 2+ ol (mﬁ)])
~ exp (e}é;cr {%N [log2 + al (mﬂ)]}) . (2-17)

In the last expression, we have replaced the summation over m with the ex-
tremization with respect to m (extry,{---}), which is hopefully valid for large
N, analytically continuing the expression with respect to m from the natural
numbers to the real numbers. The extremization with respect to m yields the
condition

log2 + oI (mB) = amBI' (mp3), (2-18)
which implies that the moment is expressed as

(Z") = exp [nNaBI' (m.f)] (2-19)
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n
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bt n 1RSB
w
m *
— | 1 1 N
o B > B

Fig. 1. The configuration of replicas for each solution. In RS1, n replicas are distributed in different
states. In RS2, n replicas are concentrated in one state. In 1RSB, n replicas are equally assigned
to n/m states. For 1RSB, however, this figure does not directly correspond to the solution
because the critical value of m is not necessarily an integer and can be larger than n for 8 > (..

where m, is the solution of Eq. (2:18). Equation (2:6) indicates that m. can
be represented as m. = ./, where the critical inverse temperature . > 0 is
determined by

log2 + « (log <cosh %) - %tanh %) =0. (2-20)

This provides a simple expression of the 1RSB solution as

(Z™) = exp (nNaﬁI/(ﬁC))

= exp (n]\;ozﬁ tanh %) . (2-21)

The configurations of the replicas assumed for RS1, RS2 and 1RSB are pictorially
presented in Fig. 1. It should be emphasized here that the above three solutions are
derived for n = 1,2,---, assuming N to be sufficiently large. However, it is likely
that the obtained expressions hold for real n as well. Therefore, in the conventional
analysis, the replica trick given by Eq. (2-4) is carried out, selecting one possibly
relevant solution of the three, which is hopefully valid for large .

The existing prescription for selecting the relevant solution is as follows.!?) For
small n > 0, RS1, RS2 and 1RSB are ordered as RS2 > RS1 > 1RSB (RS1 = 1RSB
holds for 8 = f3.) with respect to their amplitudes (Fig. 2). The contribution from
RS2, however, converges to 2V rather than unity for n — 0, and therefore, the
replica trick leads to divergence. Hence, this solution is discarded. After excluding
this solution, the leading contribution always comes from RS1. This guarantees a
finite limit in Eq. (2-4).

Actually, the result obtained from this solution is correct in the case of high
temperatures satisfying 0 < § < (.. However, this solution becomes invalid for low
temperatures, i.e. 8 > ., for which the correct result is provided by 1RSB. It may
be worth noting that the value of m, in this low temperature case is in the interval
“[0,1]” when n — 0, which is out of the ordinary range, 1 < m. < nforn=1,2,---.
This prescription for taking the n — 0 limit has been empirically justified for a
family of REMs because it reproduces the correct results that can be obtained using
other schemes in the limit n — 0.19) However, the two issues discussed below require
further investigation.
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Analytic Properties of the Discrete Random Energy Model 667

The first issue concerns the reason for expurgating RS2. Carlson’s theorem,
which guarantees the uniqueness of the analytic continuation from the natural num-
bers n € IN to the complex numbers n € C, might be useful for solving this prob-
lem.?2):23) Unlike other systems, such as the Sherrington-Kirkpatrick model®) and

the original REM,') the modified moments of the current DREM <(6_Mﬁ/22)”>1/N,
which are extended from n € IN to n € C, satisfy the inequality

‘<<€_Mﬁ/22)n>1/N‘ < <(6_Mﬁ/2Z)Re(n)>
il Re(n) 1/N
= < Zexp [—B(ea + M/2)] >
A=1

1/N

Re(n) 1/N

2N
< < Y1 > = 2R < O (exp [7]n]]) , (2-22)
A=1

for Re(n) > 0 and any finite natural numbers N, because €4 + M/2 is bounded
from below by 0. Suppose that we could construct another extension ¢ (n;N)
(n € C) that satisfies the growth condition, ¥(n; N) < O (exp [r|n|]),”) and is

identical to <(e*Mf3/QZ)”>1/N for all the natural numbers, n = 1,2,---. This
would imply that the similar inequality ‘w(n; N) — <(e*Mﬁ/2Z)”>1/N‘ < |(n; N)|+

‘<(6*M5/QZ)”>1/N‘ < O (exp[r|n|]) holds for Re(n) > 0, and that the difference

‘@b(n; N) — <(6_Mﬁ/2Z)”>1/N‘ vanishes Vn € N, as 1(n; N) and <(e‘Mﬁ/zZ)">1/N
coincide Vn € N. Then, Carlson’s theorem (Theorem 5.81 on page 186 of Ref. 22))
ensures that ‘w(n; N) — <(6_Mﬁ/2Z)">1/N‘ is identical to 0, implying that ¢ (n; N)

and <(6_M5/QZ)”>1/ N are identical. Therefore, analytic continuation of

<(6_Mﬁ/2Z)">1/N from natural n € IN to complex n € C' can be uniquely deter-
mined. Because e MB/2 is a non-vanishing constant, this means that the analytic
continuation of the moment (Z”>1/ N is also unique. However, this does not guaran-
tee that the obtained continuation remains analytic with respect to n in the limit
N — o0, because certain phase transitions may occur. Actually, for high tempera-
tures, 0 < [, a phase transition between RS1 and RS2 occurs in the region n > 1
in the limit N — oo. In such cases, it seems reasonable to select RS1, which is
dominant for n 2 1, as the relevant solution for n — 0, because n = 1 is the closest
to n = 0 among all the natural numbers, for which correct evaluation of the moment
can be carried out. This recipe successfully reproduces the correct result for the high
temperature region, 0 < 3 < (.. However, this is still not fully satisfactory because
RS2 becomes dominant Vn € IN in the case § > (., and, therefore, it should be
selected as the relevant solution for n — 0, unless analyticity is lost in the range

*) This condition is necessary to exclude a trivial multiplicity caused by the addition of certain
analytic functions that vanish at all the natural numbers, n = 1,2, - -, such as sin(mn).
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(A B<Bl (B)[B>p.] RS2

V%
]—Iog Z" ,//4 ]—Iog AR £
|c[;l b -5 707 N /' 1RSB
9 RS2, Rs1 7, ¥
7/ /// ;
/{RsB | L

/ <,

RS177 . log 2~ = 7~
Ve E V4 ;

1 n L

Fig. 2. Solutions obtained under the RS1, RS2 and 1RSB assumptions. RS1 and RS2 are identical
at n = 1, while RS2 contacts 1RSB at n = 8./8 = m.. (a) For 8 < (3, the contact point is in
the region of n > 1. (b) For 3 > ., contrastingly, it is located in 0 < n < 1.

0 <n < 1for N — oo, which, unfortunately, would lead to an incorrect result.
Hence, a certain phase transition must occur at a critical replica number 0 < n. < 1
for 8 > (.. It is worth emphasizing that determining the method for selecting the
dominant solution for 0 < n < n. is nontrivial in this case, because no natural num-
bers for which the moment can be correctly evaluated exist in the region 0 < n < 1.
However, to the knowledge of the authors, such a phase transition with respect to
n has not yet been fully examined for most disordered systems.??):24) This might
be because to this time attention has been paid mainly to the final results in the
limit n — 0. However, detailed analysis of phase transitions of this type may soon
be needed, as the replica calculation for non-vanishing n has recently begun to be
employed in problems related to IP26):30) and analysis of certain dynamics involved
with multiple time scales.3)

The second issue regards the origin of 1RSB. In conventional analysis in the limit
n — 0,19721:29) this solution is introduced by modifying RS1 in order to keep the
entropy of the correct solution non-negative for 5 > .. It would appear that 1RSB
originates from RS1. However, at least for positive n, this association seems unlikely,
because the two solutions cross only at n = 0 (see Fig. 2). Therefore, it is impossible
to relate the origin of 1RSB to RS1 for large n, from which the solutions for smaller
n are extrapolated. Contrastingly, 1RSB contacts RS2 at n = m,, implying that
1RSB bifurcates from RS2. As the contact point is located in the range 0 < n < 1
for 8 > [, this seems to be consistent with the extension of the aforementioned
possible phase transition at n = n. [see Fig. 2 (b)]. Nevertheless, such a scenario
cannot be so easily accepted, as RS2 dominates 1RSB even below the contact point; a
mere contact does not change the dominance relationship between the two solutions.

It may help in resolving these problems to analyze DREM employing a com-
pletely different methodology. In the next section, we present a scheme to calculate
the moments of DREM as a step towards clarifying the mysteries of RM. The pro-
posed method is powerful enough to evaluate the moments in the right half of the
complex plane, Re(n) > 0, for arbitrary finite N, without using the replica trick.
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§3. Direct calculation of the moments for the grand canonical DREM
(GCDREM)

3.1. General formula

In order to introduce a novel scheme for calculating the moments of the partition
function of the DREM, we first rewrite the partition function using the occupation
numbers n; (i =0,1,2,--- , M) as

2N M M
Z = Z exp (—fea) = an exp (—0E;) = W Zniwi (w=eP). (31
A=1

=0 =0

This means that the partition function of the DREM can be completely determined
by the set of occupation numbers {n;}, in which details of the energy configuration
{ea} are ignored. This makes it possible to evaluate the moments (Z") directly
from {n;}, without referring to the full energy configuration {e4}. This significantly
reduces the necessary cost for computing the partition function when the calculation
is performed numerically.

Two methods are known for generating {n;}. The straightforward method is to
count n; independently, drawing the 2V energy states from Eq. (2-1). The system
obtained in this manner is referred to as the canonical discrete random energy model
(CDREM). Although this yields a rigorously correct realization of the DREM that
satisfies the constraint Zi\i oM = 2N it requires 2V steps to count {ni} and, hence, is
computationally difficult. In order to resolve this difficulty in numerical experiments,
Moukarzel and Parga?:2) proposed the grand canonical version of the discrete
random energy model (GCDREM).*) In the GCDREM, the occupation numbers are
independently determined using the Poisson distribution

n;
P(m) = e I, (3 =2V P(E)) (3:2)

i)

where ~; is the average occupation number. The greatest advantage of the GCDREM
is that it allows for the drastic reduction of the necessary computational cost for
generating {n;} from 2%V to M + 1. One possible drawback of this model is that the
constraint Zf\i oMi = 2N is only satisfied on average, <Zf\i 0 n1> = 2N This implies
that this method does not correspond strictly to the original model. However, the
RM-based calculation indicates that thermodynamic properties of the GCDREM
become identical to those of the CDREM as N — oo. This calculation is given in
Appendix B. It can be shown that the difference rapidly vanishes as N becomes large
and they are almost indistinguishable even for N = 3, as shown in Appendix C. In
addition, this version of the DREM has another advantage in analytic calculations,

because the summation can be carried out independently, as is shown below.

*) Employment of the GCDREM is not essential to reduce the numerical cost. We have discov-
ered a scheme for generating the CDREM on a time scale similar to that for the GCDREM. This
scheme is given in Appendix C.
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In the GCDREM, the moments are expressed as

ZM =Y "> > Pno)P(m)-- P(na)Z"

no_O TL1_0 TLM_O

S A DI o o (Lo ) o

no=0mn1=0 ny=0

where an infinitesimal constant ¢ > 0 is introduced in order to keep Z positive,
even when all the occupation numbers vanish. This makes it possible to employ the
identity for a positive number ¢

Jy(—p) "t e=cvdp

"= ) [with ¢ > 0,1'(n) = —2isinnal(n)] (3-4)

(whose integration contour is shown in Fig. 3) for evaluating the moment as

(27) = 2~ tm [ (o) e Rty

(- n) =0
= w_T im —p) " lee 3 ngle "0 3 ny)e "¢
e )1—>0 H( p) p(ﬂ;{)P( 0) p) (g:op( 1) ”)
- ( > P(nM)e_nMpr> dp. (3-5)
ny=0

It is worth noting that the summation in this expression can be carried out indepen-
dently as

oo

> P(ny)e P =e Yy e ) =exp[~(1—e™ )] (36)

n; =0

Therefore, the moment can be summarized as

_nM M ]
n w2z —n—1 —w'
(77} = Fs tim | ew[-o-3 - nld @)

Because this is convergent for Re(n) > 0, the following expression gives the analytic
continuation of the moment to the right half complex plane of n:

w2 M i
@ = F e e[S an 6y

3.2. Thermodynamic limit

Using Eq. (3-8), one can analytically examine the behavior of the moments in
the thermodynamic limit N, M — oo, keeping o = M/N finite. For this purpose,
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AN Im(p)

I

H

- H ' Re(p)

Ay

Fig. 3. The integration contours.

we first convert the contour integration in the expression into an integration on the
real axis for p — 1 < Re(n) < p, where p is an arbitrary natural number. Further,
we define the function

M [e's)
f(p) =exp [ Z e p } Z fir" (39)
=0 7=0
and a series of truncated summations as
FP(p) Zfzp, (310)
which satisfy the identity
[ o= [ oD p)dp =0 (311)
H H+T

for p —1 < Re(n), because the contribution from the contour I vanishes. Using this
identity, the moment can be rewritten as

nM

(7 = & / (=)™ [ (p) — £ P (p)ldp (3:12)

Equation (3-11) guarantees that the infrared divergence is removed for Re(n) < p
in this expression. Therefore, the moment can be rewritten for p —1 < Re(n) < p as

_nM
w 2

@) = [ ) = 17l 313

where the function I” is replaced by the ordinary gamma function I'.
As we have particular interest in the case p = 1 (i.e. 0 < Re(n) < 1), let us
focus on the behavior of the expression

_nM
w 2

(@) = = [ )~ 1y
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_nM

2 0 M
i, e { R e

=0

To examine the behavior of the thermodynamic limit, it is convenient to introduce
the new variables

7

= — = ] 1
= Na VS Nag P (3-15)
in place of ¢ and p. This yields the expression
_nM e
w
zm) = NG 3-16
(7 = s [Ny (316)
for the moments, where
! i)
Gly)  =-—nafy+ log(l—e"),
1
Fly) = / N dye, (3-17)
0
1 [e3 —X
H(x,y) = (1—a)log2+aH (z) + 5 log(1 — —eNePwmy
\
and
H(z) = —zlogz — (1 — z)log(1l — x). (3-18)

Here, we have replaced the summation with an integration. This is valid when both
M and N are sufficiently large.
For further analysis, the identity

1 ey {0 (w20
g(u):Nlog<1—e {u
ub(—u) (3-19)

which holds for large IV, may be useful. The shape of this function is displayed in
Fig. 4. Because this becomes singular at © = 0, a phase transition may occur in n
space as N — oco. We examine this possibility below.

Equation (3:19) imply that the function H can be expressed as

H(z,y) = (1 —a)log2 + aH(z) + af(y — x)0(y — z) (3-20)

in the thermodynamic limit. As a function of x, this exhibits three types of behavior,
depending on the value of y, as shown in Fig. 5. Employing the saddle point method,
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g(u)a

0 u

Fig. 4. The shape of g(u) for N — co. This is not analytic at v = 0.

the maximum of H(z,y) given y yields F(y) for large N. This is

( L]
2 Y73 )

1
N _ 1 _
A}gnoo N log 7(y) (1 —a)log2+ aH(x) (mc <y< 5) , (3-21)
(1—a)log?2 +ozﬁ(ﬂ) +aby (y <),
where z. is a solution of
H'(zc) = 3, (3-22)

whose behavior is shown in Fig. 6. Here, the function H is the Legendre transform
of the function H:

H(B) = log <2 cosh g) — g (3-23)

The function G becomes

G(y) = —nafy + 1 log F(y)A(~F(y) (324)

for large N, which directly controls the behavior of the moment in Eq. (3-16). This
behavior depends strongly on the relation between z. and z* = <1 — tanh %) /2,
which satisfies the condition

(1 —-a)log2+ aH(z") =0. (3-25)

o (A) z* <z
As x. and z* are defined in Eqs. (3:22) and (3-25), respectively, the condition
z* < x. can be written

(1 —-a)log2+ aH(z:) > 0. (3-26)

This is satisfied for G < (., i.e. in the high temperature phase. Notice that for
a < 1, as Eq. (2-:20) does not have a positive solution, this is always satisfied
independently of 5. Then, Eq. (3-24) can be written

G(y) = —naBy + [(1 — a)log2 + aH(B) + aBylf(y. —y),  (3:27)
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H(x,y)

Hy>1/2 (i) 1/2 >y >x¢ (i) x¢>y

-

1
1
1
1
A
1
1
1
1

S REAR TR Y R

Fig. 5. The schematic shape of H(z,y) for N — oco. It depends on the value of y.

F(y)

1
N/°9F

Fig. 6. The schematic shape of F(y) for N — oo obtained from the maximal value of H(z,y).

which is shown in Fig. 7. Here, y, is defined by F(y.) = 0 (Fig. 6), which yields

e = —5l(1 ) log2 + afi(B)]. (3.28)
The moments are then calculated as
w2 [ e i
(Z™y = —Naﬂm [/_Oo exp (1 —a)log2+ aH(B) + af(l —n)ydy
+ /OO exp (—naﬂy)dy}
~ BN (5-ye) [F(ll— 5 + F(2n— n)] . (3-29)

Therefore, the asymptotic behavior of the moments are given by

1 . 1
A}gnooﬁlog<2)—aﬂn]\f (2 yc)

=n <log 2 4+ alog cosh g) (3-30)
in this phase. This is consistent with RS1, as can be seen from Eq. (2:10).

e (B) z* > =z,
The condition x* > x. is satisfied for 8 > (., which may correspond to the low
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G(y)

Fig. 7. Schematic figure of G(y). The maximal value determines the behavior of (Z™).

temperature phase. The function G(y) has the form
G(y) = —naBy + [(1 — a)log 2 + aH (y)|6(z" — y). (3-31)

Its behavior of which is further classified into two cases, depending on the replica
number 7.
— (i) H'(z*) > np
Because x* is located in z, < x* < %, there exists a critical replica number
0 < n. < 1, which is characterized by
1 Be
ne=—-H'(z*) = =
G 5
The condition H'(xz*) > nf is satisfied for n < n.. The function G(y),
shown in Fig. 7, is maximized at y = x*. Therefore, the moments can be
expressed as

= me. (3-32)

1
lim —log(Z") = nap <§ - :c*)
- # tanh % (3-33)

This behavior is identical to that of the 1RSB predicted by the RM, as
can be seen in Eq. (2-21).

— (ii) H'(z*) < np
The condition H'(x*) < nf is satisfied for n > n.. The function G(y) is
maximized not at y = x* but at y = y.. Therefore, the moments can be
asymptotically expressed as

.1 o npg
A}gnoo N log (Z™) = log 2 + alog cosh 5 (3-34)
This coincides with the behavior of RS2 obtained using RM, as can be

seen in Eq. (2-13).

The results are summarized in Fig. 8. In the high temperature phase, § <
0c, the behavior of the moments is simple, being expressed by RS1 of RM. In the
low temperature phase, 8 > (., the behavior of the moments has two possibilities,
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(A) [B<B.] / (B)[B>B.I RS2

V4
]—Iog <" _ ]—log <" f
N b -2 77 N %/ -1RSB
log RS2 /| RS At
s

/ /

RS]//1RSB IogZ——-,L
g s Z7G0) 4G

'I n nC 'I n

Fig. 8. The behavior of the moments in the thermodynamic limit obtained from the exact expression
(solid curves). This line is shown only in the region 0 < n < 1 because the expression Eq. (3-14)
is valid for 0 < Re(n) < 1, while the original expression Eq. (3-8) is valid for 0 < Re(n). In
the high temperature phase, 8 < B, the behavior of the moments is simple and corresponds
to the result obtained from RS1. In the low temperature phase, 8 > ., the behavior of the
moments has interesting properties. The moments correspond to those obtained from RS2 for
n > ne = /B = me and correspond to those obtained from 1RSB for n < n.. A phase
transition occurs at n = nc.

depending on n. More specifically, in the limit N — oo, the moments approach RS2
for n > n., whereas 1RSB represents the correct behavior for n < n.. This means
that there exists a phase transition in the space of the replica number at n = n..
In conclusion, these are consistent with the known results obtained using RM in the
limit n — 0.192)

3.3. Numerical validation

Equation (3-8) is formulated as a two-dimensional summation with respect to
peCandi=0,1,---, M and is numerically tractable. This means that Eq. (3-8)
or Eq. (3:16) can be utilized to numerically examine the behavior of GCDREM for a
finite system size N, and to study how fast the results obtained for N — oo become
relevant as N increases.

Figure 9 plots the logarithm of (Z™) calculated using Eq. (3-16) and (Z™) evalu-
ated numerically from 10, 1000 and 100,000 experiments, with N = 10 for GCDREM.
One can see that the data from the numerical experiments converge to the results
obtained from Eq. (3-16). This verifies that our expression provides accurate values
for the moments, even for a finite system size.

We next compare the results from our expression and the RM in Fig. 10. At
high temperatures, our result is consistent with RS1 as expected. The difference is
negligible for all of the range 0 < n < 1 even at N = 10. At low temperatures,
our result fits RS2 for larger n > n., while 1RSB exhibits excellent consistency for
smaller n < mn.. There is a slight difference between our expression and 1RSB for
N = 10. The difference, however, becomes indistinguishable for N = 100. This
strongly indicates that there occurs a phase transition between RS2 and 1RSB at
n = n. in the limit N — oo.
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5t 10 samples
VAN 1000 samples
< 4} | 100000 samples ...
N
\V4 Exact
o> 3
o
—| = 2
11
e
/

o 01 02 03 04 05 06 07 08 09 1

n

Fig. 9. The logarithm of (Z™) calculated from Eq. (3:16) and data obtained from numerical ex-
periments of Eq. (3-1) using 10, 1000 and 100,000 samples for GCDREM. The system size is
N = 10. The points indicated as “Exact” are the results obtained from Eq. (3-16).

§4. Origin of 1RSB: Extreme value statistics

The results found in the preceding two sections indicate that the DREM exhibits
a phase transition with respect to the replica number n at a certain critical point
ne € [0,1] when the temperature is sufficiently low. In this section, we discuss
how this transition can be understood in the framework of the RM. A formalism
analogous to that previously introduced for examining the domain size distribution
of multi-layer perceptrons is useful for this purpose.3?)

Because the partition function of the DREM typically scales exponentially with
respect to IV, we first express this dependence as

2o [-vas (3] )

where y—% represents the free energy normalized by the scale of the energy amplitude
M for a given realization {ea} [A = 1,2,---,2V) (or {n;} (i = 0,1,--- , M)]. Clearly,
y is a random variable. Let us assume that the probability distribution of y, P(y),
scales as

P(y) ~ exp[-Ne(y)], (4-2)
where ¢(y) ~ O(1) for large N. Note that the inequality
c(y) 20 (4-3)

must hold in order for P(y) to satisfy the normalization condition [ dyP(y) =1 for
N — oo0. Equation (4-2) indicates that the moment of the partition function can be
calculated as

@)= [dyeso | -xnas (v 3 )] P
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0.8 —
07| T
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Fig. 10. The logarithm of (Z™) obtained from our expression and the RM. The points indicated
as “Exact” are the results obtained from Eq. (3-16). The lines indicated “RS1”, “RS2”, and
“1RSB” are the results obtained from the RM, using Egs. (2-10), (2:13) and (2-21), respectively.
At high temperatures, 8 = (./3 < (., our result is consistent with RS1. The difference is
very small even for N = 10. At low temperatures, 8 = 38. > 3, our result fits RS2 for larger
n > ne. = B./B = 1/3, while 1RSB provides good consistency for smaller n < n.. There is
a slight difference between the results obtained from our expression and those obtained from
1RSB at N = 10. The difference, however, is imperceptible for N = 100.

S )

This formula, however, may not be useful for computing (Z™), as directly assessing
c(y) is rather difficult. Instead, it can be utilized to evaluate c(y) from (Z™), as
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Eq. (4-4) implies that ¢(y) can be obtained from

cly) = extr {—naﬁ (y - %) - %m <zn>} , (45)

where (1/N)In (Z") can be computed using the RM for any real number n. This, in
conjunction with the normalization constraint in Eq. (4-3), offers useful information
to identify the origin of the phase transition with the aid of the RM.

For 8 > 3., RS2 provides the dominant solution for the natural numbers n =
1,2,--- in the thermodynamic limit. Therefore, let us first insert this solution, from
Eq. (2-13), into Eq. (4-5). This yields

cly) = extr {—naﬁ (y _ %) g2 — alog <cosh ”75> }
~(a—1)log2 - aH(). (4-6)

Note that this does not satisfy the necessary condition given in Eq. (4-3) for y > x*,
and the critical value y = a* corresponds to n = n. = H'(z*)/ = (./8 = me, which
signals the occurrence of a phase transition at n = n. within the framework of the
RM.

The following considerations concerning the energy configuration provides a
plausible scenario for this transition. As has already been pointed out,??) the par-
tition function Z in the low temperature region, 8 > (., can be considered to
be dominated by only the minimum energy, €nin, of a given energy configuration
{ea}, i.e., Z ~ exp|—Lemin|. This implies that P(y) of the normalized free en-
ergy y — % = —(logZ)/(Nap) is given by the distribution of €p;,/M under the
assumption that each energy level €4 (A = 1,2,---,2") is independently drawn
from an identical distribution, given in Eq. (2-1), which has already been studied
in the context of extreme value statistics (EVS).>?) 1In the present case, the av-
erage occupation number of an energy level E; = i — %M =M (37 — %), that is,
v = 2N-M M/2M+Ei ) = expN ((1—a)log2+aH(z)) (i =0,1,---,M and
x =1i/M € [0,1]), grows exponentially with respect to N for x > z*. This indicates
that P(y) is very small for y > z*, because z > z* does not provide ey, /M for
a given energy configuration {€4}, except in very rare cases, as energy levels lower
than E; = M (a; — %) are included in the configuration with a very high probability.
On the other hand, 7; decreases exponentially for 0 < x < z*, which means that the
probability of having an energy level labelled by some x in this interval in the energy
configuration is low. Therefore, P(y) also becomes small for 0 < y < z*. However,
the functional form of P(y) is not symmetric between y > z* and 0 < y < z*. Actu-
ally, detailed analysis of EVS29):32) shows that P(y) exhibits the asymmetric scaling
forms

exp [—exp [-N ((a —1)log2 — aH(y))]], (" <y)

Py) ~ { exp[~N ((a —1)log2 — aH(y))], (0<y<az) (4-7)

for large N, which yield a singularity at y = «* in the limit N — oco. It may
be worth noting that 1 — exp [~F(y)], which appeared in Eq. (3-16) after inserting
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Eq. (3-17) in the analysis presented in §3, corresponds to the cumulative distribution
[?. dyP(y). Equation (4-7) implies that the extremum point in Eq. (4-4) for large
n (>n.)isin 0 < y < z*. This leads to RS2 and consistently provides the exponent
of Eq. (4-6). On the other hand, the constant y = 2* gives the extremum for all
small n (< n.), which corresponds to 1RSB in the framework of RM. The intuitive
implication of this is that (Z") is dominated by an atypically low minimum energy
generated with a small probability for n > n., whereas the typical minimum energy
€min = M (1:* — %) provides the major contribution to (Z") for n < n.. Thus, the
origin of the phase transition can be identified as the singularity of the free energy
distribution P(y) exhibited in the case of low temperatures, § > (..

Our analysis also demonstrates that Carlson’s theorem is not necessarily useful
for validating the RM, because an analytic continuation formulated for finite N can
exhibit a singularity in the limit N — oo, and therefore, taking the limit N — oo
prior to n — 0 in determining the continuation on the basis of the expressions for
n = 1,2, -+, which is usually done in the RM, sometimes yields an incorrect result
for n < 1. However, in the present system, this drawback can be overcome by taking
a constraint on the free energy distribution [i.e. Eq. (4-3)] into account. This leads
to the conventional 1RSB. Although the importance of the concept of EVS in the
RM has been already addressed with regard to the limit n — 0,29 to our knowledge,
the present analysis is the first that directly clarifies how the properties of EVS
relate to the corruption of the analytic continuation in the RM, expressed as a phase
transition with respect to the replica number n.

§5. Summary

In summary, we have offered an exact expression, Eq. (3-8), of the moments
of the partition function (Z™) for the GCDREM, without employing the replica
trick. This expression is valid for an arbitrary system size N and complex number
n [with Re(n) > 0]. Simplifying the expression for the case 0 < n < 1, we have shown
that a phase transition with respect to the number of replicas n occurs at a certain
critical number n. € [0, 1] in the thermodynamic limit NV — oo when the temperature
B! is sufficiently low, if the ratio & = M/N is greater than unity. This implies that
Carlson’s theorem, which guarantees the uniqueness of the analytic continuation
from the expressions for n = 1,2, -+ to those for n € C, is not necessarily useful
for validating the replica method, because taking the thermodynamic limit N — oo
prior to the continuation results in an incorrect result when the analyticity is lost for
n < 1 in the case of infinite N. However, it has also been shown that this drawback
can be overcome by taking the statistical properties of the minimum energy level
into account. This clarifies how 1RSB originates from a replica symmetric solution
(which has been conventionally discarded) at the critical replica number n.. We
hope that the results obtained here can provide a useful insight into the remaining
mysteries of the RM.

Because Eq. (3-8) is valid throughout the right half complex plane Re(n) > 0
for any finite IV, one can directly observe how the singularities of (Z™) approach the
real axis of n as N — 00.23) This is sometimes referred to as Lee-Yang’s scenario of
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33) Analysis of this point is currently under way.3%

the phase transition.
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Appendix A
—— Relation between the DREM and Error-Correcting Codes

As was shown in Ref. 9), certain types of spin glass models can be related to
error-correcting codes. Here, we show that a known evaluation scheme of the error
correcting ability of a random code ensemble can be reduced to a calculation of the
general moment of the partition function with respect to the DREM.3%):36) A remark
on this relationship is made in Ref. 37).

In the general scenario of error correcting codes, an N-dimensional binary vector
s = (81,82, ,8n) (si = 0,1, ¢ = 1,2,--- ,N) is encoded as a codeword t =
(t1,t2,- -+ ,tar) (L;=0,1,9=1,2,--- ;M) of an M (> N)-dimensional binary vector
and transmitted via a noisy channel. Here, we concentrate on a binary symmetric
channel (BSC) in which each component of the codeword ¢; is independently flipped
to the opposite letter in the alphabet (0 or 1) with a probability 0 < p < 1/2. This
implies that the vector » = t + n (mod 2) is received at the other terminal of the
channel, where n is the noise vector, whose components become 1 independently with
probability p and are 0 otherwise. However, as the codeword is represented somewhat
redundantly, decoding r provides the correct message s with a high probability for
sufficiently small p.

It is known that the performance for the task of correctly retrieving s from
r becomes good when a code C (i.e., an invertible map C : s < t) is randomly
constructed,??):3%) providing a code ensemble. Let us evaluate the average probability
of failing to correctly retrieve s in order to characterize the potential error correcting
ability of the ensemble. We focus on the maximum likelihood (ML) decoding, which
selects the codeword closest to the received vector r and returns a message vector
corresponding to the codeword as an estimate § of s. ML decoding minimizes the
decoding error probability Pr(C) when codeword vectors t are equally generated at
the transmission terminal.3®)

Note that the message s can be correctly identified if its codeword ¢t is provided,
because the code is constructed as an invertible map. Therefore, to evaluate Pg(C),
it is convenient to introduce an indicator function Ay, (t,7|C), which returns 1 if
7 is not correctly decoded as the correct codeword t and 0 otherwise. Thus, the
decoding error probability can be computed as

Pg(C) =) P(tIC)P(r[t) AywL(t, 7C). (A1)

t,r
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Hence, its average over the code ensemble can be represented as

C—ZP S P([C)P(r[t) Ayiw(t,r[C), (A-2)

teC,r

where P(t|C) is the probability that the codeword vector ¢ is generated given C, and
P(r|t) is the conditional probability that r is received when ¢ is transmitted. P(C) is
the probability that a code C is generated. The symbol ) , - represents summation
over the 2V codeword vectors, given C.

We assume that the code C is designed by the source coding technique such that
t is uniformly generated as P(t|C) = 1/2V.35) In addition, for BSC, the conditional
probability can be represented as

exp [ FZ£1 (l — (57,1.,752.)}

2
(2 cosh g)M 7

P(r|t) =

(A-3)

where d,,, is 1 if z = y and 0 otherwise, and F' =log[(1 — p)/p].
Unfortunately, expressing Ay, (8, 7|C) in a rigorously treatable form is difficult.
However, Gallager’s inequality,

n

i P(rlt))\ T _
A (&, 7(C) < t,%t(mrrt)) | Ay

which holds for arbitrary n > 0, offers a good upper bound.?%)-36)

Here, Zt/EC\t
represents a summation over the 2V — 1 codeword vectors t' of C, excluding the

possibility of the correct codeword ¢. Inserting this into Eq. (A-2) provides

O)e <Y PE)S PP (rlt) [ S P (rft)
C

n

t,r t'eC\t
n
=ZP<C>ZP1+%<1~|0> S Pra(rt) |
C t'eC\0
£ (Lo "
el+n 2 'L

-5

F
— (2 cosh 5

e[ v e_Hani”il(%—%t;) , (A-5)
C

t'ceC\0

where we have carried out the gauge transformationt — 0, t' —t — t andr—t — 7,
assuming that any code C contains the zero codeword ¢ = 0.3%) Minimizing the final
expression with respect to n > 0, we can obtain the tightest bound on the average
decoding error probability.

Here, we discuss the fact that E(t) = M, (2 —0,,4,) in Eq. (A-5) satisfies
Eq. (2:1) independently of » when each codeword t is generated with an equal prob-
ability in the ensemble in such a manner that each component is independently

selected from an identical unbiased distribution P(¢; = 1) = P(t; = 0) = 1/2. This
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condition holds for the random code ensemble,2?):3%) although non-trivial correlations
of the ‘energy’ E(t) between ‘states’ t arise. This causes the energy distribution to
differ from Eq. (2-1) in the case of practical linear codes. Therefore, for the current
random code ensemble, Eq. (A-5) can be simplified as

cosh =E—\ " 2N—1 "
<PE<c>>cs<ﬂ> < > e |- > (A6)

F
cosh 5 et

where (---) denotes the configurational average with respect to the ‘energy states’
€a (A=1,2,--- 2V — 1), following Eq. (2:1). Regarding F/(1 + n) as the inverse
temperature, this means that the evaluation of the average decoding error probability
can be related to calculating the general moment of the ‘partition function’ Z =

52" T exp [—H_Lne A] of the DREM.

Appendix B
—— The Replica Analysis of the GCDREM ——

As found in §3, the generalized moment of the partition function can be evaluated
without using the RM for the GCDREM, even when the system size N is finite.
However, for direct comparison to the conventional analysis, it may be helpful to
demonstrate the conventional RM-based analysis as well. Therefore, here we provide
a brief sketch of the replica calculation of the GCDREM.

From Eq. (3-1), we first obtain the expression

(Z7) = w2 Z Z Z <H%>wzz:1zu
v M oM ns .
— Z Z Z H (<ni2u:1 w>wzzg:15i,iu) 7 (B1)

for n = 1,2,---, where (---) represents the average over the Poisson distribution,
Eq. (3-2). Let us next evaluate the candidates for the most dominant contribution
in the limit N — oo under the RS1, RS2 and 1RSB assumptions, following the
conventional scheme of the RM. We focus on the case o > 1 in accordance with the
calculation of the CDREM.

Before proceeding further, it may be worth mentioning that the dynamical vari-
ables in the GCDREM are not single states, but the energy levels 7 =0,1,2,--- , M,
each of which is composed of multiple states. This difference makes composition of
the solutions slightly different from that in the CDREM, presented in §2, although
the final result is the same.

e RS1
In RS1, all n replica levels are assumed to be allocated to n different levels
i (=0,1,2,---,M). Therefore, for a given level i, we have

(B-2)

zn: 5o — 1 when i is one of the n allocated energy levels,
1 Y1 0 otherwise.
p
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When i is an allocated level, the relation
(nEHr 0 = gy exp [N (1~ ) log2 + aH (2))] (B3)
and
w' 2h=1%in = exp [—Bi] — exp [-Nafz] (B-4)
hold for large N. This yields the contribution

(5 T i exp [N (1~ ) og2 + a(H(@) — 8], (B

)

where x = i/M = i/(aN). This takes its maximum,

exp N <log2 + alog <cosh g) - %ﬂ> , (B-6)
at . = (1 — tanh g) This maximal value represents the contribution from a
certain replica level i, (= 1,2,---,n). Contributions from other replicas are
smaller than that in Eq. (B-6), as any two replica levels must be located at
different levels under the current assumption. However, the difference becomes
negligible, because there exist many levels in any vicinity of x = x. in the limit
N — oo. Taking the prefactor w™"3" of the summation in Eq. (B-1) and the
number of permutations over replica indices into account, this implies that the
dominant contribution under the RS1 ansatz is given by

(Z"™) = n! x expnN (log2 + alog (cosh g))
~ expnN <log2 + alog <cosh g)) , (B-7)

which is identical to the RS1 solution of the CDREM, Eq. (2-10), and is equiv-
alent to Eq. (3-30).

RS2

In RS2, all n replica levels are assumed to be allocated to a certain single level.
Therefore, for a given level i, we have

= - J n when i is the allocated energy level,
Zéw { 0 otherwise. (B-8)
pn=1
When i is the allocated level, the relation
<n.ZZ:1 6¢,¢M> N Y —exp [N ((1 —a)log2 + aH(x))], (x> %) (B-9)
g vi —exp [N (1 —«a)log2+ aH(x))], (x < a*)

where x* is determined by Eq. (3-25), and

w' 2h=1%in = exp [—npBi] — exp [-nNafz] (B-10)
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ZZ:l 51’,1'“

hold for large N. Note that <nZ

and = < z*. Therefore, the behavior of the dominant contribution obtained

> behaves differently for z > x*

ni 5 . . n . .
=t Z’”‘>wlzu=15“ﬂ depends the relation between z* and

by maximizing <nZ
the position of the maximum x.. For § < . and sufficiently small n > 0,
z. = (1 —tanh g)/Q becomes greater than z*. This results in the RS1 solution,
Eq. (2-10), in spite of the fact that the RS2 ansatz is presently employed. This
is because the RS2 ansatz for energy levels does not necessarily imply that
the n replica states are identical, in particular, when the occupation number
n; increases exponentially for large N, which is the case for x, > z*. In such
cases, even if n replica states are allocated to the same energy level, they are
typically distributed into n different states at the energy level. This corresponds
to the RS1 ansatz of the CDREM, and, therefore, Eq. (2-10) should be repro-

10 Al S
duced. On the other hand, for 3 > (., the quantity <nz”_1 o > w! Li=1 % ig

)

maximized at x. = (1 — tanh %)/2 < x*. This yields

(Z") =exp N <log2 + alog (COSh %)) , (B-11)

which is identical to the RS2 solution of the CDREM, Eq. (2-13), and equivalent
to Eq. (3-34). As Eq. (2-13) can be dominant at n = 1,2,--- only for 8 > f,,
this is consistent with the result of the replica analysis of the CDREM.

1RSB

In 1RSB, n replica levels are assumed to be equally allocated to n/m levels.
Therefore, for a given level i, we have

(B-12)

zn: 5., — 4 m wheniisthe n/m allocated energy levels,
1 b 0  otherwise.
/,L:

When 7 is the allocated level, the relation

R EAN v —exp[mN (1 —a)log2+aH(x))], (x> %) .
(ni ) { i = exp[N (1 - a)log?2 + aH(z))], (v <z )

and
w' 2i=1%in = exp [-mfi] — exp [-mNafz] (B-14)

hold for large V. Similarly to the case of RS2, this reproduces the RS1 solution,
Eq. (2:10), for f < (. and sufficiently small n > 0. Therefore, we focus on

104, AN . .
the low temperature phase 8 > (.. Then, <niz“*1 ””><,uZ =10 takes its
maximum value,

exp N (10g2 + alog <cosh %ﬁ) — mTozﬁ> , (B-15)

at x. = (1 — tanh mTﬁ) /2 < z*. This maximal value represents the contribution
from one of the n/m allocated levels. The number of ways to select n/m from M
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levels, equally allocating n replicas, is negligible in the subsequent calculation.
Taking contributions from all n/m allocated levels and the extremization with
respect to m into account, we obtain

(27) ~expN <eXtr {ﬁ <log 2 + alog (cosh m—ﬁ>) })

1
= exp Nnaf 3 —z*

=exp N <%ﬁ tanh %) , (B-16)

which is identical to the 1RSB solution of the CDREM, Eq. (2-21), and is
equivalent to Eq. (3-:33). As Eq. (2:21) can be dominant at n = 1,2,--- only

for 8 > (., this is consistent with the result of the replica analysis of the
CDREM.

Appendix C
—— Efficient Sampling in the CDREM ——

Here, we show that {n;} can be sampled with an O(M) computational cost in
both the CDREM and the GCDREM. With the probability distribution for each
level,

M M
N — 9—M R Sl .
rEy =2 (0 ) (Bmim ). (©1)
the probability to sample a configuration (ng,ni, -+ ,nyr) is
N
P(no,nu, -+ nar) = {P(Eo)}"{P(E)}"™ - AP(EM) )™ —————-(C-2)
no:nil---Mpre
To generate a sample (ng,n1,--- ,ny) in practice, we first determine ngy according
to the probability
P, arbitrary) = (o) (1= po)?" "0 — 2 (©3)
’ no!(2N — ng)!
(po = P(Ep)). (C-4)
We then determine n; according to the probability
P(no; ny, arbitrary) = (p1)™ (1 —pp)* ~"0~™ (C-5)

??,1!(2N —Nng — nl)!

Repeating this procedure up to ny;—1, we have
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6
5| | CDREM +
A 4| || GCDREM -~ o
N ""/db
Vv o
o 3 o
O
— Z 2 .r""/ B = 3ISC
,0"', - N = 3
1 »—,»""*"* (X. - 2
o e
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n

Fig. 11. The free energies obtained from the sets {n;} using the CDREM and the GCDREM. We
find that the two models give the almost same results, even for N = 3.

n oN Mol 21
P(no,n1, -+ sny—1,nm) = (pv—1)"" (1 — par—1) =0 T - ——
7”LM_1!(2 _Zi:O nl)'

(pM—l = PEy-1) )
1- 3152 P(E))
(C7)

and thereby obtain a set of (ng,n1,---,ny7). This guarantees that the identity

> ng=2N (C-8)

holds. This identity characterizes the CDREM. As in the case of the GCDREM, this
can be performed in an O(M) computation.

A comparison between the numerically evaluated moments of the partition func-
tions for the CDREM and the GCDREM is presented in Fig. 11. It reveals that
results of the two models are almost indistinguishable, even for N = 3. Because the
consistency becomes better as N increases, 2?2 using the GCDREM instead of the
CDREM is justified when N is large.
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