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Abstract. Gallager codes are the best error-correcting codes to date. In this paper we study them by using
the tools of statistical mechanics. The corresponding statistical mechanics model is a spin model on a
sparse random graph. The model can be solved by elementary methods (i.e. without replicas) in a large
connectivity limit. For low enough temperatures it presents a completely frozen glassy phase (¢gea = 1).
The same scenario is shown to hold for finite connectivities. In this case we adopt the replica approach
and exhibit a one-step replica symmetry breaking order parameter. We argue that our ansatz yields the
exact solution of the model. This allows us to determine the whole phase diagram and to understand the

performances of Gallager codes.

PACS. 75.10.Hk Classical spin models — 75.10.Nr Spin-glass and other random models —

89.70.4+c Information science

1 Introduction

Information theory [1,2] deals with the problem of reliable
communication through an imperfect (noisy) communica-
tion channel. This can be done by properly encoding the
information message in such a way to increase its redun-
dancy. If a transmission error occurs due to the noise, the
correct message can be restored by exploiting this redun-
dancy.

The price to pay for error-correction to be possible
is to increase the length of the transmitted message, i.e.
to decrease the information rate through the channel.
In 1948 Shannon [3] computed the maximal achievable
rate at which information can be transmitted through a
given communication channel (the so-called capacity of the
channel). Since then a lot of work has been spent for con-
structing practical error-correcting codes that could real-
ize Shannon prediction, i.e. that could saturate the chan-
nel capacity.

In the past few years it has become progressively clear
that such an objective is not unreachable. It has be-
come possible to construct error-correcting codes which
remain effective extremely near to the Shannon capac-
ity [4]. The reasons of this revolution have been the in-
vention of “turbo codes” [5] and the re-invention of “low-
density parity check codes” (LDPCC) [6]. The last ones [7]
were proposed for the first time by Gallager in 1962, but
were soon forgotten afterwards, probably because of the
lack of computational resources at that time.
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As it has been shown by Sourlas [8-10], error-
correcting codes can be mapped onto disordered spin mod-
els. This mapping allows to employ statistical mechanics
techniques to investigate the behavior of the former. Both
turbo codes [11,12] and LDPCC [13-19] have been already
studied using this approach. However all previous studies
were restricted to particular regions of the phase diagram.
The principal technical reason was the difficulty of imple-
menting replica symmetry breaking in finite connectivity
systems.

In this work we focus on regular Gallager codes (a
particular family of LDPCC), and we address the funda-
mental problem of determining the corresponding phase
diagram. There are two type of motivations for such a
task to be undertaken. First, the spin model correspond-
ing to Gallager codes is a disordered spin model on a di-
luted graph. The study of such systems has greatly im-
proved our understanding of glassy systems over the last
few years. Second, it is of great practical importance to
have a complete quantitative picture of the behavior of
Gallager codes. For instance, the existence of a glassy
phase can have important effects on the decoding algo-
rithms, and the knowledge of the phase diagram can be
used to improve them.

The model is presented Section 2. In Section 3 we prove
some exact properties which hold at inverse temperature
B = 1. The line § = 1 can be regarded as the Nishimori
line [20] of the phase diagram. In Section 4 we solve the
model in the large connectivity limit. We show that it be-
comes identical to a simplified model which we call the
random codeword model (RCM). The RCM is shown to
have a freezing phase transition analogous to the one of
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the random energy model (REM) [21]. In Section 5 we
adopt the replica approach [22] and prove that the same
scenario applies for finite connectivities. In particular we
construct a replica symmetry breaking solution of the sad-
dle point equations. The proposed solution is much sim-
pler than the generic one-step replica symmetry breaking
solution. Rather than being parametrized by a functional
over a probability space [23], it depends simply upon the
probability distribution of a local field. Such a probability
distribution can be easily computed numerically. It can be
also obtained from a large connectivity expansion, see Sec-
tion 6. In Section 7 we compute the finite-size corrections
of the free energy for the RCM, and compare the result
with exact enumerations. Finally in Section 8 we discuss
the validity of our replica symmetry breaking ansatz.

2 The model

Let us suppose we want to transmit an information mes-
sage consisting of L bits. There are 2% such messages. Each
of them is encoded in a string of N > L bits (codewords).

This motivates the following model. There are 2 pos-
sible configurations of the system (the codewords), each
one corresponding to a distinct sequence of N > L bits.
We shall denote the codewords as z(® = (asga), ey :Eg\(,x)),
with o = 1,...,2%. The set of codewords C is a linear
space. This means that 0 = (0,...,0) € C, and that, if
2@ 28 € ¢, then z(® +2¥ eC (where the sum has to
be carried modulo 2).

Like any linear space, the set of codewords C can be
specified as the kernel of a linear operator. In other words,
we can find an M by N matrix C = {Cj;}i=1..m, j=1...N,
with Cy; = 0,1, and M = N — L, such that

C= {g(a) :azl,...,2L} =
{ge 0,1}V (C_:Q(mod2)} C(21)

The condition Cz = 0 (mod 2) can be regarded as a set of
M linear equations (called constraints or parity checks) of
the form:

Ciix1 +Cippxo+ -+ Cinzny =0 (mod 2), (2.2)
withi¢=1,..., M.

To each bit x;, ¢« = 1,..., N, we assign an a priori
probability distribution p;(x;). In the information-theory
context, the a priori distributions p;(z;) are induced by
the observation of the channel output, and by the knowl-
edge of the statistical properties of the channel. We are
interested in studying the induced probability distribution
over the codewords z(®. In other words we want to con-
sider the following probability distribution over the strings
x of N bits:

(2.3)
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Fig. 1. Two Tanner graphs: a regular one with (k,1) = (6,3)
on the left, and an irregular one on the right. In both cases
N =8, M =4 (and therefore the rate is R = 1/2).

where Z is a normalization constant; 6[z] = 1 if z =
0(mod2), and J[z] = 0 otherwise.

There are several graphical representations of the
above model. The most used in the coding theory com-
munity makes use of the so-called Tanner graph [24], cf.
Figure 1. This is a bipartite graph which is constructed
as follows. A node on the left is associated to each binary
variable x;, and a node on the right to each constraint,
i.e. to each linear equation (2.2) with ¢ =1,..., M. There
are therefore N left nodes (variable nodes), and M right
nodes (check nodes). A given check ¢ is connected to the
variables z; which appear with nonzero coefficient in the
corresponding equation (2.2).

The model (2.3) has a spin-wise formulation [13-19]
which we shall employ hereafter. We replace any bit se-
quence z = (1,...,2N), with a spin configuration ¢ =
(01,...,0n), where o; = (—1)%i. The constraints (2.2) on
the sums of bits x;, get translated into constraints on the
product of spins o;. These have the form

ovt = H o; =+1,

JEwW;

where w; = {j € {1,...,N} : C;; = 1}. The other in-
gredient of the model are the a priori probability distri-
butions p;(x;). They can be encoded into properly cho-
sen magnetic fields: p;(z;) = €M7 /(2coshBh;), with
20h; = log(pi(0)/pi(1)), where we introduced the inverse
temperature 3 for later convenience. With these building
blocks, we can write down the spin model equivalent of
equation (2.3):

M N
Plo) = % jl;[lé[a“’j,Jrl] exp (52/%) . (2.5)

(2.4)

i=1

where 0[a, b] is the Kronecker delta function and Z(5) en-
sures the correct normalization (namely > _P(o) = 1).
This can be regarded as a spin model with infinite strength
multi-spin interactions (which enforce ¢*7 = +1) and a
random magnetic field.

Instead of insisting on the motivations for the proba-
bilistic model (2.5) coming from coding theory, we shall re-
mark that, as it stands, it is remarkably general. Any spin-

model Hamiltonian H (o) = — Zil...ip Jis...ip0iy - - Oy, CAN
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be written in the form (2.5). This can be done by intro-
ducing the auxiliary spin variables oy, .. ;,. The Kronecker
delta functions in equation (2.5) can be used to enforce
Oiy..i, = Oy ...0;,. The couplings J;,. ;, become mag-
netic fields acting on the variables Tiy i

Until now we have been pretty generic in the pre-
sentation of the model. In order to be more precise, we
have to choose the constraint matrix C, and the magnetic
fields {hi}izl 77777 N-

Following Gallager [7], we shall take C to be random
and sparse. More precisely C will be constrained to have
k non-zero elements for each row and [ non-zero elements
for each column (with [ < k), and not to have two iden-
tical rows!. This choice corresponds to taking the Tan-
ner graph (cf. Fig. 1) as a random bipartite graph, with
variable (left) nodes of fixed degree I, and check (right)
nodes of degree k. We shall choose among the matrices of
this ensemble with flat probability distribution. We shall
use the pair (k,[) to denote the spin model (or the error-
correcting code) defined by this ensemble of matrices. An
important characteristic of the code is its rate R = 1—1/k,
which measures the redundancy of the encoded message
(in fact R = L/N).

The magnetic fields h; will be random i.i.d. vari-
ables with probability distribution py(h;). We consider
pr(hi) to be biased towards positive values of h; (i.e.
Jdh; pr(hi)h; > 0). We shall refer often to two simple
examples: the two-peak distribution

pr(hi) = (1 = p)d(hi — ho) + pd(hi + ho),

with p < 1/2 and hy > 0, and the Gaussian distribution

(2.6)

pr(hi) = (2.7)

1 { (hi — ho)? }
— €Xp | — =~ )
V 2mh? 2h?
with hg > 0. It can be shown that, if the model describe

communication through a noisy “symmetric” channel, the
condition

pr(—hi) = e 2ipy (k)

follows. This implies hg = (1/2) log(1 —p)/p for the exam-
ple (2.6) (which corresponds to a binary symmetric chan-
nel), and hy = h? for the example (2.7) (corresponding to
a Gaussian channel). Hereafter we shall denote with (-),
and (-)c the averages with respect to the magnetic fields
{hi}, and the ensemble of matrices C.

More details on the model introduced in this sec-
tion, and on analogous examples can be found in refer-
ences [11-19].

(2.8)

3 The Nishimori line

Nishimori [20, 25] showed that the physics of disordered
spin models simplifies considerably on a particular line

! Remark that, with this choice, some of the parity check
equations (2.2) may be linearly dependent. However, such an
event is rare for k > 1 [7].
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in the phase diagram. In particular, it has been recently
shown [26] that replica symmetry breaking is absent on
this line. The Nishimori line plays a distinguished role
in the correspondence between error-correcting codes and
disordered spin models. As shown in references [27, 28],
mazimum a posteriori symbol probability (MAP) decoding
for a given error-correcting code is equivalent to comput-
ing expectation values on the Nishimori line of the corre-
sponding spin model.

In this section we extend the results concerning the
Nishimori line to the model (2.5). We shall consider a
generic magnetic field distribution pp,(h;) satisfying equa-
tion (2.8). In this case the Nishimori line is simply given
by 8 = 1. Although the proofs are very similar to the ones
of references [25,26], we present them for sake of complete-
ness. Some consequences of the exact results of this section
will be outlined in Section 5.

Let us start with some convention. Notice that there
are two sources of disorder in our model (2.3): the mag-
netic field h; (which is determined by the channel output),
and the check matrix C. Different C correspond to dif-
ferent error-correcting codes. In this section we keep the
parity check matrix C fixed, and average uniquely over
the random magnetic fields {h;}, with distribution pp,(h;).
Our results will remain valid after averaging with respect
to any ensemble of check matrices C (i.e. to any ensem-
ble of codes). It is convenient to introduce the notation
dc[o] to denote the product of Kronecker delta functions
in equation (2.5). In other words dclg] = 1, if and only if o
satisfies all the parity checks encoded in C, i.e. if the cor-
responding string of bits x is a codeword. We assume that
the parity check matrix C selects 21 = 2NE codewords.
This means that there are 2% distinct configurations o,
such that dclg] = 1. Finally we shall take the distribution
of the random fields to satisfy the identity (2.8).

We start by writing down the definition of the (field av-
eraged) free energy density fc(3) for a given parity check
matrix C:

—+oo

—00

N
~oNge®) = [ T dhimn)

x log ¢ Y " dclg] e it (3.1)

Then we notice, following reference [25], that the integral
over the field h; can be decomposed into an integral over
its absolute value and a sum over its sign. Using equa-
tion (2.8), we get, for any function O(h;)

+oo
/ dhs pr(hi)O(hs) =

— 00

—+o0
/ dhi p(hi) Y " O(himi),  (3.2)
0 ™

where p(h;) is given by

pr(hi) + pr(=hi)
2 cosh h;

p(h;) = (3.3)
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By using the decomposition (3.2) into the definition (3.1),
we get

400 N
i=1 -

x log Z bcla] P Xihimios (3.4)

To be more compact, we shall use hereafter the shorthand
() = 0+°°Hij\;1 dh; p(h;) (+) for the average over the ab-
solute values of the fields {h;}.

The next step consists in performing a gauge transfor-
mation 7, — o7, 0; — 0,0;. Because of the constraint
term dclg], the free energy (3.4) is not invariant with re-
spect to such a transformation for a generic choice of {a}}.
However, if dclo’] = 1, i.e. if ¢’ is a codeword, then the
gauge transformation leaves invariant the free energy. We
can sum over all such “allowed” transformations, and di-
vide by their number, namely 2V%, obtaining

x log Z 5C[Q] ef > hiTio;

> . (3.5)

p

where the constraint dc[o’] forces the gauge transforma-
tion ¢’ to be an allowed one.

In equation (3.5) we wrote the sums over quenched and
dynamical variables in a symmetric form. This allows to
derive several exact identities for 5 = 1, where the symme-
try is complete. In particular, let us consider the internal

energy per spin ec(8) = 9g(Bfc(8)). From equation (3.5)
we get

ec(B=1)=

1 1 Y S hiros
- W—Rzg&c[g] N;hiﬂgi eevi T
- (3.6)

We can now perform a second gauge transformation 7, —
T;0;, sum over the {o;} using the constraint, and finally
sum over the 7,. We obtain ec(8 = 1) = —(htanhh)y.
Analogously to reference [25], we can further simplify this
result, obtaining

(3.7)

which is the first important result of this section.

We want now to prove the absence of replica symmetry
breaking on the Nishimori line of our model (2.3), i.e. for
B = 1. As in reference [26], we consider the magnetization
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distribution

ROTR R
5,c(m) = Hdhi pr(hi)
i=1

Zg dcla] eP i hioi §(m — N1 S o)
" Zg 6C[Q] eﬁ > hios P

(3.8)
and the overlap distribution

+oo N
2
PP(q) = / T1 dhs pn(he)
X =1

> dclo)dclg] e i Mot O Mot §(g — N1 Y, 0y0)

a0’

> dcla] dcfo’] e i hioitl By hic

(3.9)

As before, we keep the parity check matrix C fixed. We
shall prove that the two probability distributions defined
above are indeed identical on the Nishimori line § = 1,
i.e. Pl(lé(:n) = Pl(?(:n) Since the probability distribution
of the magnetization is expected to be a single delta func-
tion? [22], this implies the absence of replica symmetry
breaking for § = 1.

We begin by using the decomposition (3.2) in equa-
tion (3.8). This yields:

Py (m) =

S hiTi Zg dcla] B2 hiTio 5(m — N-1 Zi o)
27_: ) Zg dc [Q] eB X hiTios

(3.10)

Then we notice that the above distribution is invariant
under an “allowed” gauge transformation ;, — ol7;, 0; —
olo;. As before, “allowed” means that dclg’] = 1. We can
therefore average over these transformations, obtaining

Xezih"riffi Zz 5@[Q] B> hiTioi 5(m7 N1 Zz Uiag) .
NS dclo] PSP
= p
(3.11)

We  then insert 1 = (35 dc[gleXi himioiy/
(32, dcla’le: himiod) | perform a second gauge transfor-
mation 7, — 0,7, 0y — 0,04, 0, — 0;0;, and sum over g.
Finally we set 3 = 1, obtaining P1(,1<c)(m) = Pl(?(g(m), as
anticipated above.

2 Notice that our model (2.3) has no spin-reversal symmetry.
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4 The random codeword limit

The limiting case k,l — oo, with I[/k =1 — R fixed, plays
an important role. We shall call it the random codeword
limit for reasons which will be clear later. It is a non-
trivial limit since the redundancy of the error-correcting
code is kept fixed. From a theoretical point of view, it
allows a simple solution of the model without changing
its qualitative features. Our methods will be similar to
the ones used by Derrida to solve the REM [21]. Finally,
we will show that the corrections for finite values of k
and [ are exponentially small in k. Therefore this limit is
interesting also from a quantitative point of view.

4.1 The limit k,| — oo

Let us consider the probability for a given sequence of
bits £ = (x1,...,2n) to be a codeword with respect to
the ensemble of parity check matrices C. This coincides
with the probability P, for a given spin configuration o
to satisfy the constraints (2.4). In other words:

1 M
Py=-> ] 60, +1],

€ j=1

(4.1)

where the sum over C runs over all the matrices of the
(k,l)-ensemble , and N is their number.

Clearly P, depend upon ¢ uniquely through the mag-
netization ms = (1/N) >, 0. In general it has the form

P, ~exp [N2FD (m,)] . (4.2)

The function Eﬁ’”(m) is computed in Appendix A for
general values of k£ and [, and is not particularly illumi-
nating. However, in the limit k,] — oo, [/k =1 — R fixed,
we have
for any —1 < m < 1. In other words any spin configura-
tion ¢ has the same probability P, ~ 2=(1=HN of heing
a codeword. In addition we must keep track of the com-
pletely ordered configurations o; = +1 for i = 1,..., N,
and o; = —1fori=1,...,N. The positive one satisfies all
the constraints for any &k and [/, and for any matrix C (this
configuration is quite important for the thermodynamics
of the model). The negative one satisfies the constraints
for k even, but it is irrelevant for the thermodynamics.
Let us now turn to a slightly more complicated quan-
tity. We consider the joint probability P, , for two differ-
ent spin configurations 7 and ¢ to satisfy the same set of
constraints (2.4), corresponding to some matrix C taken
from the (k,1)-ensemble. In formulae:

1 M w Wi
PQ,I:ATCZH(S[U P10 [, 4], (4.4)

C j=1
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As before we can argue that P, ; depends upon ¢ and
7 only through their magnetizations m,, m.,, and their
overlap ¢ = (1/N) ", 047;. The form of P, , in the ther-
modynamic limit is

Py, ~exp | NI (my,m., q)} : (4.5)

The function Eék’l)(ml, ma,q) is computed in Ap-
pendix A. Again, we shall not report here the result, but
we remark that in the &k, — oo limit

S50 (my,ma, q) — —2(1 — R)log 2, (4.6)

for any —1 < mq,mo,q < 1. In other words, the proba-
bility for two configurations ¢, and 7 to satisfy the same
set of constraints is P, , ~ P,P; ~ 2720=RN: the two
configurations can be regarded as independent ones.

4.2 The random codeword model

The previous considerations allow us to replace (in the
k,l — oo limit) the original model (2.5), with the fol-
lowing random codeword model (RCM). The model has
2NE possible states which we shall index with the letter

a=1,...,2Y8 To each of these states we associate a ran-
dom spin configuration ¢(® = (a§a), ce O'%X)
(e)
i

the others, and that aia) = +1 or —1 with equal probabil-
ity. Let us underline that, in the random codeword model,

). By random

we mean that each spin ¢, is chosen independently from

the afa) are quenched variables, the dynamical one being
the index a. There is a second set of quenched variables:
the magnetic fields h;, with i = 1,..., N. As in the origi-
nal model we take them to be random i.i.d. variables with
distribution pp,(h;). The energy of the state a reads

N
E@ = =3 hio!®. (4.7)
1=1

To the 2VE “disordered” states described above we add
the ordered state o = 0, and the corresponding spin con-

figuration ¢(©, with ogo) = +1 for ¢ = 1,...,N. This
corresponds to the “all zeros” codeword 0. Its energy is
obviously E©) = — " h;.

The random codeword model can be solved through
elementary methods. Here we shall solve it for the £hg
distribution of fields, see equation (2.6). At the end of
this Section, we shall quote the result for a general dis-
tribution pp(h;). For sake of clarity we shall report the
calculation for this case, which is slightly less straightfor-
ward, in the Appendix B.

We begin by taking into account the “random” states
a = 1,...,2N% Later we shall consider the contribu-
tion coming from the ordered state o = 0. Let us con-
sider a fixed configuration of the magnetic fields {h;}.

Since the probability distribution of the Uga) is flat,

P({al(a)}) = 27N’R e can apply a gauge transforma-
(@) (@)

tion o,/ — €;0; ', with ; = £1, without changing their
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0.4

s(e)

0.2

00, ® -1 0 1 2
e
Fig. 2. The microcanonical entropy density of the RCM
with binary field distribution, cf. equation (2.6). Here we set
R =1/2, p=0.025, hg = arctanh(1 — 2p). Notice the continu-
ous contribution coming from the random configurations (solid
line), and the isolated ordered configuration (filled circle).

statistical properties. If we choose ¢; = sign(h;), the en-

ergy (4.7) becomes E® = —hy", O',ga). We conclude
that, for what concerns the “random” states, the £h field
distribution is equivalent to an uniform field h; = hg.

Now we would like to compute the typical number
Niyp(€) of states having a given energy density E(*) /N =
€. This is equal to the typical number of states having mag-
netization m(® = —¢/hg. This is a very simple problem.
Define the function

1 1-—
H(z) = — = log(1 +2) — ——

log(1—z). (4.8)

Then Niyp(€) ~ exp{ NRlog2+NH(e/ho)}, when |¢] < e,
and MNyp(e) = 0 otherwise. The critical energy e. =
ho€(R) is the positive solution of Rlog2 + H(e/ho) = 0.
The entropy density of the system s(e) = log Niyp(€)/N is
depicted in Figure 2. Since s'(—¢.) > 0 the (sub)system of
the random codewords undergoes a freezing phase transi-
tion at the critical temperature 3. = s’'(—e.). This phase
transition is analogous to the one of the REM [21]: it sep-
arates an high—temperature paramagnetic phase from a
low—temperature frozen one.

Let us now consider the ordered state a = 0, whose
energy is given by E(®) = — >; hi. In this case we can
apply the central limit theorem. For N — oo the energy
density of the state a = 0 is €(©) = —(1 —2p)hg with prob-
ability one. We have therefore the following picture of the
energy spectrum of the model: a single ordered state at
€®) = —(1—2p)hyg, plus a bell-shaped continuum between
—éc(ho) and e.(hg). The ordered state is thermodynami-
cally relevant as long as it is separated by a gap from the
continuum. This happens if p < p.(R), where p.(R) is the
unique solution between 0 and 1/2 of the equation

Rlog2 +H(1 —2p)=0. (4.9)

Notice that equation (4.9) coincide with the equation de-
termining the capacity of the binary symmetric chan-
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nel [1]. This means that, in the k,I — oo limit, Gallager
codes saturate Shannon capacity.
The free energy is easily determined from the entropy:

$8) =min e~ 550 | (4.10)

€ B
The phase diagram includes three different phases: a para-
magnetic (P) and a spin-glass (SG) phases, associated
with the continuum part of the energy spectrum; a fer-
romagnetic (F) phase, associated with the ordered state.
The free energy of the paramagnetic phase is given by:

fr(B) = B log2 — 1 log cosh Bhyg.
B B

The paramagnetic-spin glass phase boundary is given by

the zero-entropy condition dfp/05 = 0. We obtain the

curve Shg = arctanh(l — 2p.(R)) = h*(R). At the tran-

sition the system freezes and the free energy in the spin-

glass phase is

fsa(B) = fe(B=h"(R)/ho) =
— ho(1 = 2pc(R)).

The ferromagnetic free energy is nothing but the energy
of the ferromagnetic state:

Jr(B) = —ho(1 —2p).

The ferromagnetic-spin glass phase boundary has there-
fore the simple form p = p.(R).

For sake of clarity, let us consider the magnetic field
distribution which describes a binary symmetric channel,
i.e. let us fix hg = ho(p) = arctanh(l — 2p), cf. equa-
tion (2.8). The resulting phase diagram is reported in
Figure 3. The ferromagnetic-spin glass phase boundary
is at p = p.(R). The paramagnetic-spin glass boundary
is Barctanh(l — 2p) = arctanh(l — 2p.(R)). Finally the
ferromagnetic-paramagnetic phase boundary is given by

(4.11)

(4.12)

(4.13)

Rlog?2 + log cosh Bho(p)
— Bho(p) tanh hy(p) = 0.

The triple point is at 5 = 1, p = p.(R), and lies on the
Nishimori line.

Until now we treated the simple case of a two-peak
distribution of the magnetic fields: py(h;) = (1 —p) §(h; —
ho) + pd(h; + ho). What does it happen for a generic
pr(h;)? In Appendix B it is shown that the same scenario
applies with some slight modification. The free energy in
the paramagnetic phase becomes

R 1

=——1log2——

fe(B) 5los2— 5

The system undergoes a freezing transition at a crit-
ical temperature (. determined from the condition
9f/9B|5, = 0. For 8> f3, the system is in a glassy phase
with free energy fsa(8) = fp(B:). Finally, the ferromag-
netic phase coincides with the ordered state o = 0, and

has free energy fr(3) = —(h)n.

(4.14)

(log cosh Bhy),, . (4.15)
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Fig. 3. The phase diagram for binary (left, see Eq. (2.6)), and Gaussian (right, see Eq. (2.7)) field distribution. In both cases

the field distribution was chosen to satisfy equation (2.8).

To be specific we report in Figure 3 the phase diagram
for the Gaussian distribution
112
(R

which describes a Gaussian channel with noise variance
w. The triple point is located at § = 1 and w = w.(R),
we(R) being the solution of the equation below

Rlog?2 + (logcoshh)p, — (htanhh)p, =0.  (4.17)

It is easy to show that the solution R(w) of the above
equation correspond to the capacity of a Gaussian channel
with constrained binary inputs [2].

5 The replica calculation
As always [22] we compute the integer moments (Z™), ¢ of

the partition function by replicating the system n times.
To the leading exponential order we get

(Znc ~ / [Jar@)dr(e)e V0N, (5.1)

where
~ ~ l
SN =1 A@A@) — 7 D Ao) - Aow)
x [ ole? ... of,+1]
a=1

(5.2)

—log{ZX(a)l <eﬁhza‘7a>h} —l+é,

and o = (0!,...,0") is the replicated spin variable. The
calculations which lead to equation (5.2) are completely
analogous to the ones of references [17,19]. To be self-
contained we shall sketch them in Appendix C. The free
energy f(f) is obtained by taking the saddle point of the

integral (5.1) (let say A = A}, X = 2%) and evaluating
the n — 0 limit: Sf(8) = lim,—0 0, S[A%, A%]. The saddle
point equations are

Noy= > Aop) Aok—1)
X ﬁé[aaaf...ag_l,Jrl] , (5.3)
_ A(o) 1 (5, .
o) = S, o) (e Taoy, (5-4)

The above equations are satisfied by the totally or-
dered solution Ao(o) = Ao(0) = 0,0y, Where oy =
(+1,...,41). The corresponding free energy is fr(8) =
—(h)p. Such a solution is is possible because of the infinite-
strength ferromagnetic interactions in our model (2.3).
Physically it is related to the configuration {o; =
+1}i=1,...~, which satisfies all the constraints>.

5.1 Stability of the ferromagnetic phase

In the ferromagnetic solution found above (as in the ferro-
magnetic phase found in Sect. 4) the system is completely
ordered (i.e. the magnetization is m = 1). This correspond
to no-error communication in the coding language. Know-
ing the boundaries of the ferromagnetic phase is therefore
of great practical relevance. Here we shall investigate the
issue of local stability. The calculation is similar (although
much simpler) to the one carried out for turbo codes in
reference [12].

We start by computing the replicated action (5.2) for

Ao), X(a’) “near” the ferromagnetic saddle point, namely

3 Notice that, for k even, there are 2" solutions of the type
Ao) = M) = 6o,-. The “spurious” solutions with T # oo
are related to the {o; = —1};=1,... .~ configuration. Since we
took (h), > 0, these solutions do not have thermodynamical
relevance.
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Mo) = Xo(o) + 8(a), Mo) = Xo(o) + 3(o). We first

consider the case [ > 2:

S[ho, Ao] =1 5(0)8(e)
)Y d(a)?

g

_%Mk— +%ﬁ@m2+owﬂ,(5®

where 65[A\o, o] = S[Ao + 6, X0 + 0] — S[ho, Ao). Tt is
convenient to integrate over A(c) using the saddle point
equatlon (5.3), which, for M(o) = Ao(o) + 6(a), No) =

Xo(0)+6(0), gives (o) = 8(a)/(k—1)+O(62). We finally
get

24+ 0(6%),

an

where (5, = lk/(k—1), and (; = 1/(k — 1) for o # oy.
We conclude that, for I > 2, the ferromagnetic phase is
always locally stable and its boundaries must correspond
to first order phase transitions.

For [ = 2 the situation is physically different. Equa-
tion (5.6) is still valid, with {5, = 2k/(k — 1) and

(5.6)

L)
(o =2 [kl o (eBhny, h‘|

for o # 0. We have therefore n different eigenvalues ¢,

Z), where 2w =n—)"_o®. The first

(5.7)

with degeneracies

instability occurs for w = 1. The corresponding critical
line is given by (k — 1)(e=2%h), = 1. This local stabil-
ity condition is already known [29] in the coding commu-
nity, although it has been obtained by completely different
methods.

Hereafter we shall focus on the case [ > 3.

5.2 Replica symmetric approximation

The simplest approximation for treating the n — 0 limit,
consists in choosing A(o) and /)\\(0') to be replica symmet-
ric, i.e. to depend upon o uniquely through the symmetric
combination ) o A commonly adopted parametriza-
tion [30] is the following

/damr

and the analogous one for X(a’) (with a different distribu-
tion 7(y)). The replica symmetric order parameters ()
and 7(y) have the physical meaning of probability distri-
butions of cavity fields. In particular

::/ﬁxw@g/ﬁy%@%ﬂﬂ

is the probability distribution of the effective fields H; =
(1/B)arctanh(o;).

eﬁzz o

(2 cosh Bz)»’ (58)

—z—y), (5.9)
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Using the ansatz (5.8), we easily obtain the replica
symmetric free energy:

Bfplm, 7] = élogQ — (log cosh 3h),

+ / Ao () / dy#(y) log[1 + ta(2)ts(y)]

_ é/d:m 7T(3:1)~~'/dfﬂk7r(mk)

x log [l +tg(xy)...tg(xy)]

— /dy1 %(y1)~-/dyl7?(yl)

X <1OgFl(hay17"'ayl;ﬁ)>ha (510)
where we defined tg(z) = tanh Sz and
Fi(yo,vn, - 3 8) =
! !
[T+t + T —ts(wi) . (5.11)
i=0 i=0

The field distributions 7 (x) and 7(y) are determined by
the saddle point equations:

7(y) = /da:l m(xy)- - /dxk,l m(Tp—1)

o) [y - %arctanh(tﬁ(m) o tg(@e—1)) ]

(5.12)

m(x) = /dy1 (Y1) - /dylﬂ m(Yi-1)

X (6(x—h—y1— = yi—1))n. (5.13)

The above equations can be solved either numerically or in
some particular limit. In the next section we will see that
the expansion around the random codeword limit provides
rather accurate results.

5.3 One step replica symmetry breaking

To go beyond replica symmetric approximation, one has
to divide the n replicas into n/m subgroups of m repli-
cas (with 1 < m < n). The order parameters A(o),
and X( ) depend upon o through the n/m variables
oY = a m( am1) 410% As discussed clearly in refer-
ences [23,31], in the n — 0 limit the order parameter
becomes a functional over a probability space and the cal-
culations becomes rather cumbersome (see Refs. [31,32]
for two viable approaches).

In our case there exists a very simple solution to the
saddle point equations (5.3, 5.4) incorporating one step
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replica symmetry breaking:

ofe ol s

/\(0’) = Z /dmﬂ'm(I)W
n/m am
[T 1I

a=1a=(a—1)m+1

o[o®, s, (5.14)

and the analogous one for A(o) (with a different distribu-
tion 7, (v)). It is easy to see that the above ansatz satisfies
the saddle point equations as soon as m,, (), T, (y) are so-
lution of the replica symmetric equations (5.12, 5.13), with
the substitution ~ — mh. The phase described by the
solution (5.14) is completely analogous to the spin-glass
phase found in the random codeword model. The system is
frozen in a large number of “optimal” configurations (with
self-overlap gg4 = 1). The overlap between two such con-
figurations is go = [dz mm (z) [dyTm(y) t5(z +y).

Such a simple scenario (and the simple solution (5.14))
is possible because the multi-spin interactions of the
model (2.5) have infinite-strength. The existence of other
replica-symmetry-breaking solutions is an open issue, see
Section 8. In the next section we will show that our
ansatz gives back the RCM solution, see Section 4, in the
k,l — oo limit.

The free energy of the solution (5.14) is fsg.m(8) =
fr(Bm), see equation (5.10), and has to be optimized
over m with 0 < m < 1. This procedure yields the spin-
glass free energy fsa(8) = fr(Bc), and m = 3./5. The
critical temperature (. is given by the marginality condi-
tion O, fsa,m (8)|m=1 = 0, which coincides with the zero-
entropy condition dg fp(5)|s=g. = 0.

Let us now draw some consequences of our solu-
tion (5.14) for the phase diagram of the model. Since both
the spin-glass and the ferromagnetic free energies are tem-
perature independent, the ferromagnetic-spin glass phase
boundary must stay parallel to the temperature axis. If,
for instance, we consider the binary field distribution (2.6)
with hg = arctanh(1 — 2p), this boundary is simply given
by p = pc(k,1). Moreover we notice that the energy den-
sity on the line 5 = 1, see equation (3.7), is equal to the
ferromagnetic free energy. This implies that the entropy
vanishes at the ferromagnetic-paramagnetic boundary for
[ = 1. Since the paramagnetic-spin glass boundary is de-
termined by the zero entropy condition, this point must
be the triple point. In synthesis, the main characteristics
of the phase diagram depicted in Figure 3 remain valid for
finite connectivities.

6 Large k, | expansion

Here we show that the replica solution exhibited in the
previous section goes to the random codeword model so-
lution (cf. Sect. 4) when I,k — oo at [/k =1 — R fixed.
Moreover we want to stress that this limit can be useful
from a quantitative point of view. In fact, the corrections
for finite k are exponentially small in k.
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Fig. 4. The phase diagram for the (6,3) code as computed
from the large k, | expansion (continuous lines), and the one

of the RCM (dashed lines). The vertical dashed line is the
Nishimori line 8 = 1.

Notice that the free energy in the spin glass phase
fsa(B) is easily obtained from the paramagnetic free en-
ergy fp(0). In fact we have fsq(8) = fp(8:), where the
freezing temperature . is given by the zero-entropy condi-
tion Og fp() = 0. Moreover the ferromagnetic free energy
is fr(B) = —(h)p, and does not depend upon k and I. It is
then sufficient to solve equations (5.12, 5.13) for large k,
and evaluate equation (5.10) on the solution. The result

is fl(pr) (6) (exp stands for “expanded”), and allows to
reconstruct the whole phase diagram as explained above.

The expansion is obtained by noticing that the product
tg(zy) -+ tg(zk—1) which appears on the right-hand side
of equation (5.12) is exponentially small in k as long as
m(x) is supported on finite values of . We then expand
the the right-hand side of equation (5.13) for small values
of y and plug the result in equation (5.12).

The calculations are straightforward. For sake of sim-
plicity we show some consequences for the two-peak field
distribution (2.6). We refer to Appendix D for the general
results.

In Figure 4 we report the modified phase diagram for
k = 6,1 = 3, as computed using the expansion of Ap-
pendix D (c¢f. Eq. (D.8)) for the paramagnetic free energy.
We consider the two-peak distribution (2.6) with hy =
arctanh(l — 2p). The paramagnetic/spin-glass bound-
ary is obtained by imposing the zero-entropy condition
A (B) = 0. We set £S5 (8) = £ (3.). The fer-
romagnetic spin-glass, and ferromagnetic/paramagnetic

boundaries are obtained by imposing fr(3) = S(Z(p) (B),

and fr(8) = /5™ ().

The triple point is at § = 1, p = pc(k,1). As we
stressed in Section 3, the line § = 1 is of great practical
importance, since it correspond to a widespread decoding
procedure (MAP decoding). The critical noise p.(k,!) has
the meaning of the threshold for no-error communication
under MAP decoding. Since the ferromagnetic-spin glass
phase boundary stays parallel to the temperature axis,
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Fig. 5. The error probability per bit (filled circles and upper
curves), and the entropy (empty triangles and lower curves)
for the (6, 3) model with binary field distribution (2.6). We set
B = 1 and ho = arctanh(1 — 2p). The symbols are obtained
by solving numerically the saddle point equations (5.12, 5.13).
The dashed lines are the RCM results. The continuous lines
are the results of the large-connectivity expansion.

pe(k, 1) is also the threshold for any “finite-temperature”
decoding [27] for 5 > 1. We get

1-R
N =0 -~ (1 -2
pe(k,l) = pc 471’(1*22?8)( Pe

+o((1-20)"), (6.)

where the function H(x) has been defined in equa-
tion (4.8). In the k,l — oo limit, we recover the threshold
p? = pe(R) of the random codeword model, given by the
solution of equation (4.9). The deviations from the opti-
mal properties of the random-codeword model are expo-
nentially small for large k.

Equations (5.12, 5.13) can be solved numerically
by a “population dynamics” algorithm. One represents
the distributions #(z) and 7(y) by two populations
{z;}i=1,...,c and {y;};j=1,...c, and then iterates the equa-
tions (5.12, 5.13). This method has been already used,
for instance, in reference [31]. In Figure 5, we consider
once again the line § = 1 and compare the results of
large k,l expansion with the numerical solution of equa-
tions (5.12, 5.13). We plot both the entropy and the aver-
age error probability per bit (Pe)n ¢, where:

)2k

PUNER o SR 62
e*NEQ( *Slgn<01>), ()

As conclusion let us consider the problem of calcu-
lating the critical noise p.(k,l). This can be obtained
either by solving numerically equations (5.12, 5.13), or
from the expansion (6.1). The numerical solution yields
pe(k, 1) =0.0997(2),0.1071(2), 0.1091(2), for, respectively,
(k,1) = (6,3), (8,4), (10,5). From the expansion (6.1) we
get p>P(k,1) ~ 0.103965, 0.107783, 0.109195 for the same
values of k and .

The European Physical Journal B

7 Finite size corrections and numerical results

In this section we compare the analytical predictions with
numerical results in order to confirm the validity of the for-
mer and to investigate the nature of finite size corrections.
Needless to say, the last one is a point of utmost practical
importance in coding theory. Indeed it is known that the
thermodynamic limit is approached exponentially fast in
the ferromagnetic phase, at zero temperature [2]. We ex-
pect the same behavior to hold in the whole ferromagnetic
phase.

Here we focus on the paramagnetic-spin glass phase
transition. We compute the finite size corrections to the
free energy of the RCM. This calculation is compared with
exact enumeration calculations on small systems. Then we
switch to the complete model (2.5) and compare the the
numerical results with the outcome of the replica calcula-
tions, cf. Section 5.

7.1 The random codeword model

Let us consider, for sake of clarity, the binary distribu-
tion (2.6) with p > pc(R). This corresponds to focusing
on the paramagnetic-spin glass phase transition. Under
this condition the ordered state o = 0 belongs to the con-
tinuous part of the spectrum and there is no energy gap.
We shall therefore neglect this state. Its contribution is
exponentially small in the thermodynamic limit.

With this assumption, we obtain the following result
for the free energy density

F(8,N) = 1olB) + -Fi(8,N) + O(/N?), (7.1

The leading term has been already computed in Section 4.
The first correction f1(3, N) vanishes in the paramag-
netic phase and depends weakly upon N. Explicit formu-
lae are given in Appendix E. In particular fi(8,N) ~
(1/28.)log N as N — oo. The leading correction in the
paramagnetic phase is exponentially small in N. In or-
der to compute it, the ferromagnetic state cannot be ne-
glected.

It is very easy to compute numerically the finite- NV free
energy for the random codeword model with binary field
distribution (2.6), as long as we neglect the ordered state.
All we need, for a given sample, is the energy spectrum.
Let us call vy, with kK =0,..., N the number of states «,
such that E(®) = —ho(N — 2k). The probability distribu-
tion of the spectrum {vy} is

Plin) = =2 T

(7.2)
ITrio ! i
where Y, v, = N = 2NVE and
1 (N

Once the {vy} have been generated with probability dis-
tribution (7.2), the partition function is given by Z(3) =
S v exp{ Sho(N — 2k)}.
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Fig. 6. Finite size correction to the free energy (a) and to the entropy (b) of the RCM. The continuous lines are the results of
numerical computations for N = 40, 80, 120, 160, 200 (error bars are not visible on this scale). The dashed lines are the analytical
results for the leading finite size correction, for N = 40,200 (a) and N = 200 (b).

We considered the RCM with rate R = 1/2 and bi-
nary field distribution (2.6) with hg = arctanh(l — 2p).
The phase diagram of this model is depicted in Figure 3.
We fixed the flip probability p = 0.2 to be greater than
the threshold p.(1/2) ~ 0.110025, and computed the tem-
perature dependence of the free energy by averaging over
10° realizations of the spectrum {vy}.

In Figure 6, graph (a), we plot the quantity
Af(B,N) = [f(B,N) — fo(B)]N, together with the the-
oretical prediction fi(8, N) for several values of N. In
Figure 6, graph (b), we consider the entropy density
s(B,N) = 3205 f(3, N): we plot the difference As(3, N) =
[s(B, N)—s0(B)]N, for the same values of N, together with
s1(8,N) = 205 f1(3, N) for N = 200 (the N dependence
of s1(8, N) is rather weak).

Two remarks can be made by looking at Figure 6.
First, the O(1/N?) terms in equation (7.1) seems to be
rather small. If the temperature is not too close to the
critical point, the finite size corrections are well described
by f1(8, N). Second, the curves for Af (3, N), see Figure 6,
graph (a), seem to cross at the critical point. This is ex-
pected since Af(3,N) ~ (1/28;)log N for 8 > [, and
Af(B,N) ~ e "N for B < B.. The crossing point By -
between the curves Af (3, N) and Af(3, N') can be used
to estimate .. From the data of Figure 6 we get

Bao,80 = 1.52(1), Bs0,120 = 1.51(1),

B120,160 = 1.51(1), B160,200 = 1.51(1), (7.4)

which is in good agreement with the exact result §. =~
1.50794.

7.2 The (6, 3) model

In this case we are forced to consider quite small systems
since we do not know any simple form for the probability
distribution of the energy spectrum. We must enumer-
ate all the codewords (i.e. the spin configurations which
satisfy the constraints in Eq. (2.5)): this takes at least
O(2V) operations. Notice that finding the codewords is
a simple task. It suffices to solve the linear system Cx = 0

(mod2). A standard method (we used Gaussian elimina-
tion) takes O(N?3) operations [33].

As in the previous Subsection, we fixed considered the
binary field distribution (2.6) with hg = arctanh(1 — 2p),
and p = 0.2. In Figure 7 we plot the results for the
free energy and the entropy densities for systems of size
N =20, 30,40 (averaged over Ny, = 1000 samples) and
N =50 (with Ngat = 20 samples). The numerical results
converge quite well to the theoretical calculation at high
temperature. Below the critical temperature the conver-
gence is very slow, as expected from the analogy with the
RCM example.

The sizes considered here are too small to reach any
definite conclusion on the glassy phase.

8 Discussion

The main result of this paper is the determination of
the phase diagram of regular Gallager codes, see equa-
tion (2.5). This is depicted in Figure 3 for the infinite
connectivity limit. The phase diagram for finite connec-
tivities has been obtained by resorting to the replica
method and looks qualitatively similar. The most impor-
tant quantitative difference is the critical noise level for the
ferromagnetic-spin glass phase transition. This quantity
determines the performances of the corresponding code. It
can be determined either by solving the mean field equa-
tions numerically, see Section 5, or in a large connectivity
expansion, see Section 6. The result of the last computa-
tion is reported in Figure 4.

The replica computation was made possible by the par-
ticularly simple one-step replica symmetry breaking solu-
tion exhibited in equation (5.14). We weren’t able to prove
that the saddle point (5.14) is either unique or the dom-
inant one. There are however several independent indica-
tions which confirm this conclusion:

— The proposed solution is consistent with the absence
of replica symmetry breaking on the 8 = 1 line, which
has been proved in Section 3.
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— It has been shown [19,34] that the critical noise level is
the same both for zero-temperature and for tempera-
ture one decoding. This implies that the ferromagnetic-
spin glass phase boundary must pass through the
points (p = pc(ka l)a 1/5 = O)a and (p = pc(kv l)v ]-/ﬁ =
1), see Figure 4 (for sake of simplicity we referred to
the case of a binary field distribution). This consistent
with our phase diagram.

— Our numerical results, although we restricted to fairly
small systems, do not contradict our conclusions.

It can be interesting to notice that recently [35] a “fac-
torized ansatz” has been proposed as an exact one-step
replica symmetry breaking solution for some diluted spin
models. The solution used in this paper is, in some sense,
complementary to the one of reference [35].

I am grateful to B. Derrida for an illuminating discussion on
the random codeword model, and to N. Sourlas for his constant
support and encouragement. I thank M. Mézard and G. Parisi
for their interest in the subject of this paper. This work was
supported through a FEuropean Community Marie Curie Fel-
lowship.

Appendix A: Codewords in the k,| — oo limit

In this appendix we compute the one-codeword, and two-
codeword probabilities, see equations (4.1, 4.4), for generic
values of k and [. Then we show that, in the k, [ — oo limit,
different codewords become statistically independent, i.e.
Py~ P,P:.

The one-codeword probability is, to the leading expo-
nential order:

P, N/Hd)\ o) exp{NAI (M Xie)}, (A1)
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Fig. 7. The free energy (left) and the entropy (right) of the (6,3) model computed by exact-enumeration (symbols), and the

corresponding theoretical predictions (continuous lines). The various symbols refer to different system sizes: N = 20 (triangles),
30 (circles), 40 (stars) and 50 (filled diamonds).

where
A1(\ A 0) 712)\ (o
k k
<ZA(0)> + (Z/\(O‘)O‘)
l

)1 —— A2

+zz )log A(o) +1 r (A.2)

and c(o) = (1/N)3>", 00,0, characterizes the configura-

tion g. The above result can be proved by noticing that
Yo Peexp(Bho )", 0i) = (Z(ho))c, where Z(hg) is the
partition function for the model (2.5) with uniform mag-
netic field h; = hg. The average (Z(hp))c is easily ob-
tained from equations (5.1, 5.2) by setting n = 1 and
pn(hi) = 6(hi — ho).

The integral (A.1) can be done through the saddle
point method. Saddle point equations are more conve-

niently written by eliminating :\\(g), and using the vari-
ables \y =3 _A(o) and A_ =) _A(o)o. We get:

MR =2,
F AN =2, (A.4)

—
;]>
w

S~—

AN

where m = >~ _¢(o)o = (1/N)>, 0;. For large k, these
equations imply A, = 25 +0(m*), \_ = 2/ *m+0(mF),
as soon as —1 < m < 1. Substituting in equation (A.2),
we get the result anticipated in Section 4, see equa-
tions (4.2, 4.3).

Let us now consider the two-codeword probability, cf.
equation (4.4). Analogously to equation (A.1) we get:

Py~

[T dX @ 7)dX(o, 7) exp{N Az(X, A; )} (A.5)

o, T
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The corresponding “action” is

2(AAje) = —ZZ)\O'T
Z Z )\ UlaTl (O.k‘)Tk)
01...0 T1...Tk
< l
1 - - (A
+1) clo,m)log Moy ) +1— 1. (A6)

o, T

where c(0,7) = (1/N) Y, 00;,007,-, and the sums > are
restricted to o1 ---0r = +1 and 71 --- 7, = +1. As before
we notice that Za,r Py rexp(Bhy1 ) ;00 + Bha >, 1) =
(Z(h1)Z(h2))c can be obtained through a standard replica
calculation, see Section 5 and Appendix C, with n = 2

replicas.
We now define the variables g = > (o, 7),

Ao = Yo Ao T)o, A = 3, Mo, T)T, and Aot
Za; Ao, T)JT The saddle point equations can be written
in terms of these variables as follows:

PYIEED LT LD L)
D N Y D W e e
AL A AEL N AN — a4
Aor g+ AAETE XN p Ao NEDT = 4,

(A7
(A8
(A9

— ~— ~— ~—

(A.10

where m, = . _c(o,7)o = (1/N)> 06, m; =
2077 c(o,7)r = (1/N) >, 73, and ¢ = 2077 clo,T)oT =
(1/N)>, 0. From equations (A.7-A.10), we get, for
k — 00, Ao =~ 41k N, ~ 40Kk X~ 40K/ Ky
Aor ~ 40-R/kg a5 soon as —1 < me,mr,q < 1.
The corrections to this asymptotic behavior are of or-
der O(mk,mk g¢¥). Substituting this solution in equa-
tions (A.5, A.6), we get the results (4.5, 4.6).

Appendix B: The random codeword model
for a generic field distribution

In this appendix we solve? the RCM for a generic field
distribution pp, (h;). The strategy is to start from a discrete
distribution

M
pu(hi) = pgd (hs = b)),
q=1

and then approximate a generic py, (h;) by letting M — oo.

Let us consider the distribution (B.1). In the typical
sample there will be N1 ~ Np; sites with field h; = r
(which we can suppose, without loss of generality, to be the
sites i = 1,...,Ny), Na ~ Nps sites with field h; = h(?)
(let us say for i = N7 +1,..., N7 + N2), and so on. For
a given spin configuration g, we define the partial mag-
netization my (o) as the magnetization of the sites whose

(B.1)

4 I am deeply indebted with B. Derrida who explained to me
how to treat this general case.
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Fig. 8. The RCM for pp(hi) = (2/5) 6(hi —1/2)+(3/5) 6(hi —

1). The continuous line encircles the region {2 (see text). The
dashed line is the curve m; = tanh /2, mz = tanh 3, which
intersect the boundary of {2 for 8 = (..

magnetic field is h(?). With the labeling of the sites chosen

above we get
1 N

Fq - Oi, (B2)

=Ng-1+1

my(a) =

where Ny = Ny + -+ + N,. We call {mg4(c)} the magne-
tization profile of the configuration o.

We now consider the 2V% states a = 1,...,2N%. To
each of them it is associated a random codeword o(®),
where the oga) are quenched variables drawn with flat
probability distribution. We ask ourselves what is the typ-
ical number Ny, ({mgy}) of states o having a given magne-
tization profile m,(c(®)) = m,. The answer is quite easy.
Define the function G({mg}) as follows

M

= Rlog2 + qu’l-((mq),
q=1

G({mq}) (B.3)

where H(z) is given in equation (4.8). The typical number
Niyp({mq}) is obtained from G({m,}) through the usual
construction: Niyp({mq}) ~ exp[NG({mq})] if G{mq}) >
0 and Nyyp({mq}) = 0 otherwise. The convex region

= {{mg}|G({mqs}) > 0} is depicted in Figure 8 for
the case M = 2.

The energy of a state a can be written in terms of
its magnetization profile: E(®) = —N quqh(Q)mq(g(o‘)).
The free energy density can therefore computed from
Niyp({mq}) as follows:

, 1.
f(ﬁ)—gg{g ({mq}) — quh mq} (B.4)

where G({my}) = (1/N)log Niyp({mq}) (i-e. G({my}) =
G({my}) inside 2, and G({my}) = —oo outside).
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If the expression (B.3) is used in equation (B.4), one
gets the saddle point condition m, = tanh Sh,. This de-
scribes a curve in the {mgy} space which start at mg =0
for B = 0, and ends at m,; = signhq for 3 = oco. The
corresponding free energy reads

R 1
fr(B) =—=log2 — = qu logcosh Bh,. (B.5)
3 5
At some critical temperature 8 = (. the curve m, =

tanh Bhg crosses the boundary of (2. The saddle point
mg = tanh Shy is no longer valid for 8 > .. The crit-
ical temperature can be computed from the zero entropy
condition 93 fp|g=g. = 0. For > (. the entropy vanishes
and the free energy is frozen to its value at the critical
point: fsa(8) = fp(B:). As in Section 4, we must include
in our analysis the ordered state & = 0 whose free energy
is fr(8) = —(h)n-

The solution for a continuous field distribution py,(h;)
follows from the above results by taking the M — oo
limit in equation (B.5). This yields equation (4.15). Al-
ternatively we could have started with a continuous mag-
netization profile m(h) from the very beginning of this
appendix.

Appendix C: The derivation of equation (5.2)

We start by writing down the partition function of the
model (2.5):

(C.1)

M
= Z H [0, 1] eXi hioi,

o j=1

We rewrite the constraint term (i.e. the product of Kro-
necker delta functions) by introducing the quenched vari-
ables D, = 0,1, where w = (i, ...,¢) runs over the k-
plets of site indices. The variables D, are defined by set-
ting D, =1 if w =w; for some j=1,...,M and D, =0
otherwise. With this definition we can write the replicated
partition function as follows

TSI,

NG
x [[{1 = Do + Dudnle®]}, (C.2)

k k
where ¥ = ([],_, oil;g, s oie),  dnlo]

[10_, 6[c*, +1], and N is a normalization constant (to be
computed later).

According to our choice of the ensemble of check ma-
trices, we must impose ) . D, =, foranyi =1,..., N.
This can be done by using the identity

dz, 1 > wsi Do
oS0 fa g B

w3

(C.3)
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where the integration path encircles the origin in the com-
plex z; plane. We get

dZL 1 th s
@) -3 311 74 o 1 (" 57),
{o'}z 1
xHZ w){1 = Dy, + Dy,d,[0%]} 2D, (C.4)
where z, =[], #zi- The weights w(D,,) have been intro-

duced for later convenience, and correspond to a rescaling
of the {z;}. Their contribution can be readsorbed by the
normalization constant N”. We set w(1) = I(k —1)!/Nk~1

and w(0) = 1 — w(1). Now we can sum over the D,,, ob-
taining
(Zmy = Z H dz 1 ﬁh 5, ot
N 2mi LT h
{o}i=1
Nl S u

X exp 4 =~ Z cz(al)...cz(a'k)H(S[ol...Uk,—i—l] ,

T1,...,0} a=1

(C.5)

(1/N)>’, 2i00,o,. Finally we introduce the

order parameter A(o) and its complex conjugate X(a’), by
using the following identity

where ¢, (o) =

exp{NFlc }—/H —dA(o)dA(0)

Xexp{ NZZA

o) + NF[) +NIZ)\ )}.
(C.6)

The use of the above identity allows to integrate over the
{zi}, obtaining equations (5.1, 5.2). The overall normaliza-

tion constant can be fixed by requiring (Z") ~ 2N?(1=1/k)
for h; = 0.

Appendix D: Large k, | expansion: general
formulae

Let us define ¢, = (tanh $h);,. We assume formally ¢, =
O(t?) where t is “small” and expand in t* to the order
t3%. All the observables can be expressed in terms of the
order parameters 7(z) and 7(y). The solutions of equa-
tions (5.12, 5.13) admit an expansion of the form

(@) = pr(x) + > B (@);

m=1
+Z7r

where pgbm)(a:) = 0™py(x) and 6 (y) = 9;;(y). Moreover
one gets T, Tm = O(t™F). The results for the first few
coeflicients are listed below:

B (y (D.1)
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=== Dt — (k= 1)1 — 1)%(1 — to)t3+ 3
= 2= DT = Sk (k=2 - 10— ) — (k= 10 - 1)1 - )
+ (k=11 — 1)t — ta)tE 572 4 (k= 1)(1 — 1)2(1 — 2)(t1 — t3)t5* 7 + O(t*F), (D.2)
o — %(z 1)eh1 l(z 1)1 — 2y
+ (k=1 -1)° (tl —ta)ty i (k= 1= 1) = 2)(1 - )87+ O(™), (D.3)
s — —%(z )kt 5(1 ) — 2y %(z 1)1 = 2)(1 — 33 4 o™, (D.4)
o=t = (k=11 —1)(1 — to)t3% 3
7%(1@71)(1@72)(171) (1—12)*7*7° — (k= 1)*(1 = 1)°(1 — t2)*t]*°
+ (k=)= 1)t —ta)ts 52 4 (k= D= 1)1 = 2)(tr — ta)t7" = %té‘l +0(t"), (D.5)
Fo = %t’;-l (k= 1)1 = D)t — ta)t5251 £ O™ (D.6)
Fy = —%t’;-l + o™, (D.7)
See equations (D.2-D.7) above. For 8 > f. we get equation (7.1), with
The result for the paramagnetic free energy is fo(B) =
Bfe(B) = —1?10g2 1— (log cosh Sh)n L H(B,N / dg p(¢) e + /B, (E.2)
— 10— 1)1 = )22~k
llf 2 2k v & 0.577216 being the Euler constant. The function p(¢)
— (k= DI = 1)2(1 — t,)23k—4 is defined as the (unique) solution of
SO DI 120 - 1)
%za S = 2) (s — t)tPk Bep +log W (—Ne+ p) =
1 T
1 - 2 2 )
L Y ]it3 + O, log(¢) + 5 log [QN (1-¢ )} » (E3)

(D.8)

Appendix E: Finite size corrections
for the random codeword model

Let us consider the binary field distribution (2.6) with
ho = 1. The results for a generic value of hy are ob-
tained after a trivial rescaling of energies and tempera-
tures: f(83, ho; N) = hof(Bho,1; N).

As explained in Section 7, the finite size corrections at
the paramagnetic-spin glass phase transition can be stud-
ied by neglecting the ordered state. This introduces expo-
nentially small errors. The calculation of the free energy
can be done along the lines of reference [21], Appendix B,
which starts from the identity:

dt

o0
1 Z = J— -t _
(log Z) /0 ; (e
We limit ourselves to quoting the outcome of the calcu-
lation. For 8 < f3, we get f(3,N) = fp(3) + O(e™"N)5.

5 Obviously the ordered state cannot be longer neglected in
computing k.

e ') . (E.1)

where —€(R) is the ground state energy density in the
thermodynamic limit, see Section 4. The function ¥(z) is
defined as follows

Z e~ Pe2a+e) [ — exp (—eﬁ(Qquz))} .(E4)

g=—00

Notice that ¥(z + 2) = ¥(z). The log¥ term in equa-
tion (E.3) gives therefore an oscillating N dependence to
f1(B, N). Moreover, since ¥(—N€ + p) remains finite for
any N and p, f1(8,N) ~ (1/206.)log N as N — oo. Fi-
nally we remark that the sum in equation (E.4) diverges as
0B | Bc. This gives the singularity of the free energy correc-
tions at the critical point: f1(8, N) ~ (1/8.) log(1—8./5).

References

1. T.M. Cover, J.A. Thomas, Elements of Information The-
ory (Wiley, New York, 1991).

2. A.J. Viterbi, J.K. Omura, Principles of Digital Communi-
cation and Coding (McGraw-Hill, New York, 1979).

3. C.E. Shannon, Bell Syst. Tech. J. 27, 379-423, 623-656
(1948).



136

4.

5.

6.

®

10.

11.
12.
13.
14.
15.

16.
17.

18.

19.

The European Physical Journal B

S.-Y. Chung, G.D. Forney, Jr., T.J. Richardson, R.
Urbanke, IEEE Comm. Lett. 5, 58 (2001).

C. Berrou, A. Glavieux, P. Thitimajshima, Proc. 1993 Int.
Conf. Comm., pp. 1064—1070.

D.J.C. MacKay, IEEE Trans. Inform. Theory 45, 399
(1999).

R.G. Gallager, Low Density Parity Check Codes, Research
Monograph Series Vol. 21 (MIT, Cambridge, MA., 1963).
N. Sourlas. Nature 339, 693 (1989).

N. Sourlas, Statistical Mechanics of Neural Networks, Lect.
Notes Phys. Vol. 368, edited by L. Garrido (Springer Ver-
lag, 1990).

N. Sourlas, From Statistical Physics to Statistical Inference
and Back, edited by P. Grassberger, J.-P. Nadal (Kluwer
Academic, 1994), p. 195.

A. Montanari, N. Sourlas, Eur. Phys. J. B 18, 107 (2000).
A. Montanari, Eur. Phys. J. B 18, 121 (2000).

I. Kanter, D. Saad, Phys. Rev. Lett. 83, 2660 (1999).

I. Kanter, D. Saad, Phys. Rev. E. 61, 2137 (1999).

Y. Kabashima, T. Murayama, D. Saad, Phys. Rev. Lett.
84, 1355 (2000).

I. Kanter, D. Saad, J. Phys. A. 33, 1675 (2000).

R. Vicente, D. Saad, Y. Kabashima, Phys. Rev. E. 60,
5352 (1999).

R. Vicente, D. Saad, Y. Kabashima. Europhys. Lett. 51,
698 (2000).

Y. Kabashima, N. Sazuka, K. Nakamura, D. Saad,
Tighter Decoding Reliability Bound for Gallager’s Error-
Correcting Code, cond-mat/0010173.

20.
21.
22.

23.
24.

25.
26.

27.
28.
29.

30.

31.

32.

33.

34.

35.

H. Nishimori. J. Phys. C 13, 4071 (1980).

B. Derrida. Phys. Rev. B 24, 2613 (1981).

M. Mezard, G. Parisi, M.A. Virasoro, Spin Glass theory
and Beyond (World Scientific, Singapore, 1987).

R. Monasson, J. Phys. A 31, 513 (1998).

R.M. Tanner, IEEE Trans. Infor. Theory 27, 533 (1981).

H. Nishimori. Prog. Theor. Phys. 66, 1169 (1981).

H. Nishimori, D. Sherrington, Absence of Replica Symme-
try Breaking in a Region of the Phase Diagram of the Ising
Spin Glass, cond-mat/0008139.

P. Rujén, Phys. Rev. Lett. 70, 2968 (1993).

N. Sourlas, Europhys. Lett. 25, 159 (1994).

T. Richardson, R. Urbanke, The Capacity of Low-Density
Parity Check Codes under Message-Passing Decoding,
IEEE Trans. Inform. Theory, to appear.

K.Y.M. Wong, D. Sherrington, J. Phys. A 21, L459 (1988).
M. Mézard, G. Parisi, Eur. Phys. J. B 20, 217 (2001),
cond-mat/0009418.

G. Biroli, R. Monasson, M. Weigt, Eur. Phys. J. B 14, 551
(2000).

W.H. Press, B.P. Flannery, S.A. Teukolsky, W.T.
Vetterling, Numerical Recipes (Cambridge University
Press, Cambridge, 1986).

D.J.C. MacKay, On thresholds of codes, available at http:
//wol.ra.phy.cam.ac.uk/mackay/abstracts/theorems.

S. Franz, M. Leone, F. Ricci-Tersenghi, R. Zecchina, Phys.
Rev. Lett. 87, 127209 (2001).



