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Abstract. We consider a mean-field dynamical urn model, defined by rules which give the rate at which a
ball is drawn from an urn and put in another one, chosen amongst an assembly. At equilibrium, this model
possesses a fluid and a condensed phase, separated by a critical line. We present an analytical study of
the nonequilibrium properties of the fluctuating number of balls in a given urn, considering successively
the temporal evolution of its distribution, of its two-time correlation and response functions, and of the
associated fluctuation-dissipation ratio, both along the critical line and in the condensed phase. For well
separated times the fluctuation-dissipation ratio admits non-trivial limit values, both at criticality and in
the condensed phase, which are universal quantities depending continuously on temperature.

PACS. 02.50.Ey Stochastic processes — 05.40.-a Fluctuation phenomena, random processes, noise, and

Brownian motion — 61.43.Fs Glasses

1 Background: on dynamical urn models

Dynamical urn models are simplified models of physical
reality, which have always played an important role in the
elucidation of conceptual problems of statistical mechanics
and probability theory.

The ancestor and prototype of this class of mod-
els is the Ehrenfest urn model [1]. It was devised by
P. and T. Ehrenfest, in their attempt to critically review
Boltzmann’s H-theorem. Consider N balls, labeled from
1 to N, which are distributed in two urns (or boxes). At
each time step a ball is chosen at random (i.e., an inte-
ger between 1 and N is chosen at random), and moved
from the box in which it is, to the other box. Let Ny (re-
spectively, Na) be the numbers of balls in box number 1
(respectively, number 2) (N + N2 = N). If the process
is repeated indefinitely, for any initial condition the sys-
tem will relax to equilibrium, characterized by a binomial
distribution of balls in, say, box number 1:

freq =P(N1 =k) = <JZ> QLN : (1.1)

This result is both intuitively translucent, and easy to
derive (see below). The partition function of the system is
equal to (for 2 boxes and N balls)

2N
Z(2,N) = —

= (1.2)
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There are 2"V possibilities of distributing the balls amongst
the 2 boxes, however all N! labelings of the balls are equiv-
alent.

Finding the distribution of balls after n steps, fx(n) =
P(N1(n) = k), requires more effort. Kohlrausch and
Schrédinger [2] found the master equation for fj(n), which
they interpreted as the probability distribution of the posi-
tion at time n of a random walker (played here by Nj(n)).
The full solution of this master equation was given later
on by Kac et al. [3-6].

The Ehrenfest model is at the origin of a whole class
of dynamical urn models, which we name the Ehrenfest
class. They generalize the original Ehrenfest model in two
ways, which we detail successively.

The first generalization consists in considering M
boxes instead of two. Then, at equilibrium, the joint dis-
tribution of the occupation numbers Ny, N, ..., Ny,
with

M
> Ni=N,
i=1

is the multinomial distribution

N 1
P(Nl_kl,...,NI\/[_kM)_(kl kM>W,

as a simple reasoning shows. The marginal distribution

of N7 is obtained by summation upon the other variables,
and reads

fk,eq - P(Nl - k) - (J;f)%a
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which is a simple generalization of (1.1). In the thermo-
dynamic limit N — oo, M — oo, with fixed density
p = N/M, this yields a Poisson law:

k
P
fk:,eq =€ ,OH.

The partition function of the system is equal to (for M
boxes and N balls)

MN

Z(MaN):Wa

(1.3)
as a simple generalization of the reasoning leading to (1.2)
shows.

The dynamics of the Ehrenfest model and of its gen-
eralization to M boxes takes place at infinite tempera-
ture because there is no constraint on the move of the
drawn ball. The second direction of generalization con-
sists in defining these models at finite temperature, by
introducing energy. We assume that the energy is a sum
of contributions of independent boxes:

M
E(Ny,...,Ny) =Y E(Ny),
i=1

and choose a rule obeying detailed balance for the move
of the drawn ball. For instance, for the Metropolis rule,
the move is allowed with probability min(1, exp(—SAE)).
Heat-bath dynamics is another possible choice (see below).
The fundamental ingredients for the definition of the
models belonging to the Ehrenfest class are therefore

(i) the statistics: a ball is chosen at random, and put in
a box chosen at random,

the choice of the energy of a box E(N;), and of a
dynamical rule (Metropolis or heat-bath),

the geometry: for instance, boxes may be ordered on
a line, or on the contrary be all connected. For short,
we designate the latter geometry as the mean-field
case.

The backgammon model [7] is a representative of the
Ehrenfest class, corresponding to the choice (where ¢ is
Kronecker symbol)

E(N;) = —=§(N;,0). (1.4)
This model has been extensively studied, mainly in its
mean-field formulation [8-10].

The dynamical (and equilibrium) properties of the
Ehrenfest class depend crucially on the choice of statistics
described in (i), which we will briefly refer to as the ball-
boz statistics. However, other choices are possible, which
define new classes of dynamical urn models. The class
which we will refer to for short as the Monkey class, be-
cause it corresponds to the image of a monkey playing at
exchanging balls between boxes, is defined by:

(i) the statistics: a box is chosen at random, from which
any ball is drawn, and put in another box, chosen at
random (boz-box statistics),
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(ii) the choice of energy and dynamical rule (as above),
(iii) the geometry (as above).

A first example of a model belonging to this class cor-
responds to taking definition (1.4) for the energy [9]. This
model, referred to as model B in [9], possesses non-trivial
dynamical properties [9,10].

A second example, inspired from quantum gravity, cor-
responds to taking [11]

E(N;) = In(N; +1). (1.5)

It presents interesting properties both at equilibrium [11]
and in nonequilibrium situations [12]. In contrast with the
backgammon model, or with model B, it possesses a phase
transition between a fluid phase and a condensed phase at
finite temperature [11]. We will refer to this model as the
zeta urn model, for reasons which will appear clear in the
sequel. The present work is entirely devoted to the study
of the nonequilibrium behavior of the zeta urn model in
the mean-field geometry.

Before specializing to this model, let us first present, in
parallel, some formalism which applies to the two classes
of models defined above, in order to underline the funda-
mental role played by the choice of statistics for both the
equilibrium and nonequilibrium properties of the models.
Note that the equilibrium properties of the dynamical urn
models defined above are independent of the geometry, be-
cause boxes are independent.

For the Ehrenfest class, the partition function reads

PN, PNy
ZIM,N)=Y .. 5 Ni,N |,
( ) ; = Nl Ny! (Z )
1 M 3
(1.6)
where
P, =e PP

is the unnormalized Boltzmann weight attached to box
number 4. For the Monkey class we have

Z(M,N)=> -3 " pn, - PNy (ZNN) :
N1 Nm i
(1.7)

Using the integral representation 2ird(m,n) =
$dz 2™~ we obtain

dz

ZMN) = § S P )
where
P(z) = i % 2" (Ehrenfest), (1.9)
k=0
= Zpk 2" (Monkey). (1.10)
k=0

The equilibrium properties of the models are therefore
entirely encoded in the temperature-dependent generat-
ing series P(z). The presence or absence of the factorial
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term k! has direct implication on the analytic structure of
the series, and by consequence on the possible existence
of a phase transition at finite temperature.

The equilibrium probability distribution of the occu-
pation number N7 reads, for the Ehrenfest class,

fk,eq - P(lek):<6(N1;k)>
1 PN PN
= <Yy 0 (N1, k R
Z(M, N) POREDBLICALY Nyt Nyl
N1 Ny
X 8 (Z Ni,N>
i
Z(M —1,N —
_ nZ N k) (1.11)
k! Z(M,N)
For the Monkey class one obtains
Z(M —1,N — k)
freq = Pk Z0LN) (1.12)
At infinite temperature, equation (1.8), together

with (1.9), and (1.10), respectively lead to (1.3) and
to

(M+N -1

Zw“WZ(Mme!

(1.13)

In the thermodynamic limit at fixed density p, the free
energy per box is defined as

1
BF = — lim Man(M’N)’

M—o0

N ~ Mp.

At infinite temperature, equations (1.3, 1.13) yield

mao BF = plnp—p (Ehrenfest),

=plnp—(p+1)In(p+1) (Monkey).

At finite temperature, the free energy can be obtained
by evaluating the contour integral in (1.8) by the saddle-
point method. The saddle-point value z, of z is a function
of temperature and density through the equation

zsP'(z5)
—— =, 1.14
Py " (1.14)
and the free energy per box reads
OF = plnzs — In P(z,). (1.15)

Similarly, we obtain the following expressions for the equi-
librium occupation probabilities in the thermodynamic
limit

k
2
freq = B P2 (Ehrenfest), (1.16)
k
ZS
= Monkey). 1.17
P B0 (Monkey) (1.17)

This formalism will be illustrated below on the zeta urn
model, studied in this work.
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For both classes of models, the temporal evolution of
the occupation probability

fi() = P(N1(t) = k)

is given by the master equation

dfi(t)
de

oo
= (Tht1,6 + To k=1 — Tt — T k) 5 (1.18)
=0

where 7, ¢ denotes the contribution of a move from the
departure box, containing k balls, to the arrival box, con-
taining ¢ balls. Restricting our study to the mean-field
case, we have (for k,¢ > 0)

T = kfr foWro(1 — ky0)
= frufeWie(1 — 01,0)

(Ehrenfest),

(Monkey),  (1.19)

where the term 1 — §; 0 accounts for the fact that the
departure box cannot be empty, and where the accep-
tance rate W, depends on the dynamics chosen. With
the Metropolis rule we have

Wk,ﬂ — min (1’ pk—1p2+1)

PrDe

while the heat-bath rule leads to [12]

0o —1
DPe+1 De+1
Wie=— fo— ,
Pe (Z De

£=0

(1.20)

which only depends on the label ¢ of the arrival box.

In all cases, equation (1.18) can be seen as the master
equation of a random walk for N, i.e., over the positive
integers Kk =0,1,...,

%t(t) = pht1 frr1 + Ae—1 fr—1
—(u+ M) frr (k>1),  (1.21)
%t(t) =1 f1 = oo, (1.22)

generalizing the result of Kohlrausch and Schrédinger for
the Ehrenfest model. In these equations,

o0 o0
VR . N Tyt
=3 mem
=0 ‘F =0 ‘F

are, respectively, the hopping rate to the right, corre-
sponding to Ny =k — Ny = k + 1, and to the left, corre-
sponding to N1 = k — N; = k — 1. The equation for fj is
special because one cannot select an empty box as a de-
parture box, nor can IV; be negative, hence A_; = po = 0.
In other words a partially absorbing barrier is present at
site k = 0. The random walk is locally biased, to the right
or to the left, according to whether its velocity Ap — pg
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is positive or negative, respectively. It is easy to verify
that (1.21) and (1.22) preserve the sum rules

ka(t) =1,
k
Sk ilt) = (Na(t) = p,
k

(1.23)

(1.24)

expressing respectively the conservation of probability and
of the number of particles.

The equilibrium occupation probabilities (1.16, 1.17)
are recovered as the unique stationary state (dfx/dt = 0)
of the master equations (1.21, 1.22). In contrast, except
at infinite temperature, where Wy, o = 1, so that the rates
Ar and py simplify, the master equations cannot be solved
explicitly. The difficulty comes from the fact that the rates
Ar and ug are functions of the fi, hence the master equa-
tions are non-linear. However, as will be illustrated by the
present work, the long-time behavior of these equations is
amenable to analytic computations.

To summarize, for the two classes of dynamical urn
models described above, finding the properties of their
equilibrium states is in general easy, but attaining dynam-
ical properties is much more difficult to achieve. However
if one restricts the study to the fluctuating number of balls
in a given box, denoted by Ny(t) all throughout this pa-
per, it is, in some cases, possible to predict the long-time
behavior of its probability distribution, fx(¢), and also
of its two-time correlation and response functions. This
has been done in previous studies for the backgammon
model [8-10].

In the present work we focus our interest on the mean-
field dynamical urn model defined by the choice of en-
ergy (1.5), and box-box statistics —the zeta urn model.
We pursue the investigation of its nonequilibrium prop-
erties, initiated in [12]. The next section is devoted to a
more complete presentation of the model and to an outline
of this paper.

2 The zeta urn model

At equilibrium, the zeta urn model is defined by its par-
tition function (1.7), where the Boltzmann weight
PN, = e BEWN) — (Ni =+ 1)—5 (2_1)
corresponds to the choice of energy (1.5) [11]. The equilib-
rium phase diagram of the model [11] easily follows from
the analysis of the previous section (see (1.8-1.17)).
At low enough temperature (8 > 2), there is a finite
critical density:

P (=) =)
Y ¢(B) ’
where ¢ denotes Riemann’s zeta function.

In the fluid phase (p < pc), the equilibrium distribu-
tion (1.17) decays exponentially, since z; < 1.
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At the critical density (p = p.), we have z, = 1, hence

f Pk (k+1)°

k, = = y
P ¢(8)

which is known as the zeta distribution. In the regular part

of the critical line (8 > 3), the mean squared population
is finite, and equal to

(2.2)

o\ — 2 o (((B=2)=20(B-1)+((B)
<Ni>_zk fk,eq—ﬂc— C(ﬁ) y

k=0

while it is infinite in the strong-fluctuation case
(2 < B < 3). Throughout the following, we shall restrict
the study to the regular part of the critical line.

In the condensed phase (p > p.), a macroscopic con-
densate of particles appears. Indeed, equation (2.2) still
applies to all the boxes but one, in which an extensive
number of particles, of order N — Mp. = M(p — pc), is
condensed.

The dynamical definition of the model was given in the
previous section. For heat-bath dynamics, equation (1.18),
together with (1.19) and (1.20), leads to [12]

df(;(t) = frr1(t) +o(t)rr—1fe—1(t)
— (I +o)rk) fu(t) (k> 1),
S~ 11(0) — 0ot (2.3
with
ry — Pk+1 _ fk+1,eq o <k+ 1>ﬁ
b Pk B fk,eq B k+2
and

1 — fo(t)

> refilt)
k=0

We assume that at time t = 0 the system is quenched
from its infinite-temperature equilibrium state to a finite
temperature 7' = 1/3. Hence, by (1.14) and (1.17), the
initial occupation probabilities read

o(t) =

o

fe(0) = At

(2.4)

In the fluid phase (p < pc), the equilibrium distri-
bution feq (1.17) is a stationary solution of (2.3), cor-
responding to oeq = zs. The convergence of fi(t) to-
wards fjoq is characterized by a finite relaxation time,
depending on § and p.

The long-time behavior of the distribution fi(t), both
at criticality (p = pc) and in the condensed phase (p > pc),
is the subject of the next section. In Section 4 we es-
tablish the dynamical equations obeyed by the two-time
correlation and response functions of the population of
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a given box. It is indeed well-known that nonequilib-
rium properties are more fully revealed by two-time ob-
servables [13,14]. Section 5 is devoted to the analysis of
the equilibrium properties of these functions at critical-
ity. Section 6 is devoted to the analysis of their nonequi-
librium properties at criticality, including the violation of
the fluctuation-dissipation theorem. In Section 7 we briefly
investigate the nonequilibrium properties of the model in
the condensed phase.

3 Long-time behavior of occupation
probabilities

3.1 At criticality (p = p¢)

We investigate how, starting from the disordered initial
condition (2.4), the occupation probabilities fi(t) con-
verge toward their critical equilibrium values fj o, given
by (2.2), which are the stationary solutions of equa-
tions (2.3) corresponding to oeq = 1. In analogy with the
analysis done in [12], we anticipate that o(t) converges to
this value as a power law:

o(t) =1+ At™,

and consider two regimes:

Regime I k fixed and t > 1

This is the “short-distance” regime, considering k as
the position of a fictitious random walker, as in Section 1.
It is therefore analogous to the Porod regime for phase-
ordering systems [15,16].

Setting

fk(t) ~ fk,eq (]- + vk t_w) 5 (31)

equation (2.3) yields

v = vg + Ak, (3.2)

where vg and A are determined below.

Regime II: k and t simultaneously large (scaling regime)
In this regime, we look for a similarity solution to (2.3)
of the form

Ji(t) = freq F(u),

The structure of the master equations (2.3) indeed dic-
tates that the scaling variable is the combination kt~1/2,
Starting from a random initial condition, for a large but fi-
nite time ¢, and for £ much smaller than an ordering size of
order t'/2, the system looks critical, i.e., the distribution
fx(t) has essentially converged toward the equilibrium dis-
tribution fy eq. This implies F/(0) = 1. To the contrary, for
k> t'/2, the system still looks disordered, i.e., the fi(t)
fall off very fast. Hence F'(0c0) = 0. It will indeed be shown
below that fi(t) ~ exp(—k?/(4t)), as the scaling function
falls of very fast for u > 1: F(u) ~ exp(—u?/4). Note the
close analogy between the present situation and critical

=kt /2, (3.3)
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coarsening for ferromagnetic spin systems [15,17], where
the scaling variable is |r|¢~/#, and where the role of fx(t)
is played by the equal-time correlation function C(|r|,t).

In order to determine the exponent w, we use the sum
rules (1.23) and (1.24), which yield respectively

7 (vy + Apc) =t~ D2y,

L Oou_ﬁ — F(u))du
)/0 (1—=F(uw)du, (3.4)

=

e ('UOPC + A:U'C) = t_(B_Q)/QIQa

— u P (1 —F(u))du. (3.5)
¢(B) Jo

These equations are compatible only if the right-hand side
of equation (3.4) is subleading. In the case of a regular
critical point (5 > 3), we thus obtain

-2 1

2 2

I =

and
L vy = — Pc I2 .
pre — P2’ fie — p2
Inserting the form (3.3) into (2.3), and using the fact
that w > 1/2, leads to the differential equation

A:

DF(u) =0, (3.6)
where D is the linear differential operator
2
N
The solution of (3.6) is
Flu) = —2 (3.8)

= 5 ?/4
= Y /4 qy.
e

We present in Appendix A an alternative way of solv-
ing equation (3.6), using the Mellin transformation. In
particular (A.2) yields the explicit expression

_Mi_p(5-2) ml/291=F .
@ a-2r(B) o)

As an illustration of the above, let us determine
how the variance of the population of box number 1,
Var Ni(t) = (Ni(t)?) — (N1(t))® = (N1(t)?) — p2, con-
verges at long times to its equilibrium value j. — p2. Only
the scaling regime matters for the long-time behavior of
this quantity, and of all the quantities at criticality to be
considered hereafter. Using (3.3), we obtain

I

Var N1 (t) — (pe — p?) = —At=F=3)/2,
with, by (A.2),

A M,_r(B—3) _

¢(B)

230 .
(B-3)1(%) o)
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3.2 In the condensed phase (p > p.)
We set
o(t) =1+ At™1/2,

and consider the same two regimes as at criticality (see [12]
for more details).

Regime I. k fixed and ¢ > 1 (short-distance regime)
Equations (3.1) and (3.2) still hold, but now with w =
1/2, for any S > 2.

Regime II: k and t simultaneously large (scaling regime)
Looking for a similarity solution of equations (2.3), of
the form
. Pl

fe(t) ® —=,

w=kt/?
t )

(3.9)
we obtain for the scaling function F'(u) the linear differ-
ential equation [12]

d?F U 6\ dF B
W+<§A+E>a+<1E>FO. (3.10)

Following [12], we notice that the amplitude A is deter-
mined by the fact that equation (3.10) has an acceptable
solution F'(u), vanishing as v — 0 and v — oo. The nor-
malization of the solution F'(u) is determined by the sum
rule (1.24), which yields

/OoouF(u)duzp—pc. (3.11)

The parameter vy entering regime I is determined by the
sum rule (1.23), leading to

voz—ApC—/ F(u) du.
0

At variance with equation (3.6), the differential equa-
tion (3.10) cannot be solved in closed form. It can be recast
in Schwarzian form, without first derivative, by setting

with
Y (u) = uP/271 eAu/2—u*/8, (3.12)

We thus obtain for H (u) a differential equation of the form

HH =0, (3.13)
with
d2

and where the potential W (u) reads

u?  Au B—3+A2_ﬂ+ﬂ(ﬁ+2).

16 4 4u?

W =173 4 2
(3.15)
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Equation (3.13) is a biconfluent Heun equation [18].
We will therefore refer to H as the Heun operator, denot-
ing its discrete eigenvalues by F, and the corresponding
eigenfunctions bu H, (u). Equation (3.13) implies that the
ground-state eigenvalue reads Ey = 0, while the associ-
ated eigenfunction Hy(u) is simply related to the scaling
function F'(u):

F(u) = cuY(u) Ho(u). (3.16)
By (3.11) we have
c=———FLLe (3.17)
/O W2V (u) Ho(u) du

The spectrum of the operator H, and related quan-
tities such as the scaling function F(u), can be further
investigated in the limiting regimes of high and low tem-
perature.

High temperature (6 — 0)

The analysis of this limiting situation will be helpful
in Section 7, although it is of no direct physical relevance,
since the condensed phase only exists at low enough tem-
perature (G > 2).

For 8 = 0 and A = 0, the potential (3.15) becomes
W(u) = u?/16 — 3/4, so that H is the Hamiltonian of a
harmonic oscillator on the half-line © > 0, up to a scale,
with Dirichlet boundary condition at v = 0. Its spectrum
is E,=n (n=0,1,...), and the (unnormalized) ground-
state eigenfunction reads

Ho(u) =ue /8, (3.18)

hence

_ P~ Pc —u?/4
F(u) = S e . (3.19)

Perturbation theory can then be used to determine the
small-(3 behavior of the amplitude A. Expressing that the

lowest eigenvalue reads Ey = 0 with no correction, we
obtain
/OOO (AquﬁJri—g) HZ(u)du+---=0,
hence
A~ %/26 (3.20)

Low temperature (8 — 00)

In this other limiting situation, the operator H sim-
plifies as follows. If we rescale A and u according to
A~ u ~ (/2 all terms in the expression (3.15) for the po-
tential W (u) scale as . In other words, 8 plays the role
of 1/h in quantum mechanics, and § — oo is the semi-
classical regime. Expressing that the minimum of the po-
tential is at zero yields the first estimates A ~ u ~ (26)/2.
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A more refined analysis consists in expanding the po-
tential W (u) around its minimum. Setting

A=28)"Y2 —a, u=(28)"?+pY5,  (3.21)
the operator H becomes
a? —2 1 d? a
~ -1/4(_= % 2
H~ 1 + 4 ( 102 + 25/21) ) . (3.22)

The expression in the parentheses is again proportional
to the Hamiltonian of a harmonic oscillator. Expressing
that the lowest eigenvalue of the right-hand-side of (3.22)
is Eyp = 0 determines a = 2%/2 — 2-1/23-1/4 hence

A~ (25)1/2 _9l/2 { 9-1/23-1/4

The spectrum of H reads B, ~ 3~ Y4n (n=0,1,...),
and the (unnormalized) ground-state eigenfunction reads
Ho(u) ~ e /% e,

u— (28)1/2)2

Hy(u) ~ exp (%) . (3.23)

Both this expression and the function Y (u) become sin-

gular in the § — oo limit, so that a direct analysis of

equation (3.10) is needed in order to derive the behav-

ior of the scaling function F(u) at low temperature. The

above analysis suggests to look for a solution depending

on the scaling variable y = (2)~/2u. The term involv-

ing the second-order derivative d2F/du? is then negligible.
The simplified form of equation (3.10), namely

+ 2y —1)F =0,

dF
1)2 _ —1/2
yly —1) Qy y=(26)" " u,

admits the normalized solution

1
ﬂmnﬁa—w““{F$> O<y<1)

where E; is the first exponential integral (Ei(l) =
0.219383934). The scaling function F(u) is therefore
nonzero in the § — oo limit only for y < 1, d.e., u <
(28)'/2. The upper bound y = 1, i.e., u = (26)'/2, co-
incides with the point where the eigenfunction Hy(u), as
given by equation (3.23), peaks at low temperature.

4 Two-time observables: dynamical equations

In this section we will successively establish dynamical
equations for the two-time correlation function C(¢, s), for
its derivative 9C(t,s)/0s, and for the response function
R(t, s). (See [10] for similar techniques.)

We consider the (connected) two-time correlation func-
tion C(t,s) between the population of box number 1 at
times s (waiting time) and ¢ (observation time), with
0<s<t:

C(t,s) = (N1(t)Ni(s)) — (N1 (1)) (N1(s))
= (N1(t)Na(s)) — p*.
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This definition can be recast as [10]
C(ta S) = Z k')/k(ta 8) - PQ,
k=1
with

Ye(t,s) = ijj<s)P{N1<t) =k | Ni(s) = j}-

The evolution of the 7 (¢, s) with respect to t is given, for
t > s, by a master equation similar to (2.3):

0k (t, s
% = Ye+1(t, 8) + o(O)re—17k-1(t, 5)
(A 4o)rr)w(ts)  (k=1),

0o(t, s

% =v(t,8) — o(t)rovo(t, s). (4.1)
These equations preserve the sum rule >, vi(t,5) = p.
At t = s, the initial conditions are yx(s,s) = k fr(s),
implying

Cls,s) =Y K fiuls) = p”,
k=1

which is the variance of the population of box number 1
at time s, as it should.

In the discussion of the fluctuation-dissipation the-
orem, we will need expressions of the time derivative

0C(t,s)/0s. We have

aC(t,s) >
9 ;k@k(t, s),

with

0y (t, 8)
t,s) = k)
ilt, s) 0s
The evolution of the (¢, s) with respect to t is again
given, for ¢ > s, by equations similar to (2.3):

&%T(f"ﬂ = prt1(t,5) + o()rr-10k-1(t, 5)
= +o)re) ee(t,s)  (k=1),
Bo0L2) — 1 (1,5) — o(t)ragolt, ), (4.2
with initial conditions at ¢t = s
or(s,8) = = frr1(s) + o(s)rr-1fr-1(s) (k=>1),

(100(575) = _fl(s)a
so that

<acfgts) S)> =0(s) Y kri fr(s) +2(1 = fols)) — p.
t=s k=1

The two-time response function R(t,s) is a measure
of the change in the mean population of box number 1



480

at time t, induced by an infinitesimal modulation of the
conjugate variable, i.e., the local chemical potential acting
on the same box, at the earlier time s.

In the presence of an arbitrary local, time-dependent
chemical potential u(t), the energy of box number 1 at
time ¢ reads

E(N1(1)) = In(N1(t) + 1) — p(t) N ().

The occupation probabilities of this box now depend on
w(t): we denote them by f{'(¢t). In the thermodynamic
limit, 4.e., to leading order as M — oo, the occupation
probabilities of all the other boxes (i = 2,..., M) are still
given by the fi(t).

The response function reads

(AN S

with

hk@,s>“<iiigy>uzo'

The modified occupation probabilities f£(t) obey the
dynamical equations

n
dfgt(t) = fl ) +o(t) P Oy ff (1)
) (1 i U(t) eﬁu(t)rk) f]g(t) (k 2 1))
dfi(t) = fi'(t) — o(t) eﬁﬂ(t)rofou(t). w3

The initial values f£(0) = f(0) and the parameter o(t)
are unchanged. The dynamical equations (4.3) preserve
the sum rule -, fr(t) = 1.

Equations (4.3) imply that the hy(t, s) obey, for t > s,

M) _ (1 5) + otrishi (t.5)
— (1 4o(t)re) he(t,s) (K >1),
% — hu(t, s) — o(t)roholt, ), (4.4)
with initial conditions at ¢t = s
hi(s, s) = Bo(s) (re—1fe—1(s) —efu(s)) (K =1),

ho(s,s) = —Ba(s)rofo(s),

so that

R(s,s) =B (1— fo(s)).

The behavior of the two-time observables will now
be successively investigated in the next three sections,
first at criticality (p = p¢), both at equilibrium and in
the nonequilibrium regime, and then in the condensed
phase (p > pc).
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5 Equilibrium critical dynamics

When the waiting time s becomes very large, keeping the
difference 7 = t — s > 0 fixed, two-time quantities reach
their equilibrium values, which only depend on 7, both
in the fluid phase (p < pc) and along the critical line
(p = pc). This section is devoted to the latter case.

The equilibrium correlation function Ceq(7) reads

Ceq(T) = Z k Vheq(T) — Pga
k=1

where the equilibrium values g cq(7) of the v4(t, s) obey

dVg eq(T
%;17?() = Vtl,eq(T) + The1Vk—1,eq(T)
— (1 +76) Yhea(r) (K =1),
dY0.eq (T
%Tq() = 71,eq(7') - TO'YO,eq(T)a (5'1)

with initial conditions g cq(0) = k fi,cq. This implies con-
sistently that Ceq(0) = pe — p? is the equilibrium variance
of the population of a generic box.

As the time difference 7 gets large, we have v oq(7) —
Pc freqs 50 that Ceq(T) — 0. The decay of Ceq(7) for
large 7 can be investigated along the lines of Section 3.1.
The two regimes I and II are again to be considered sep-
arately, although results concerning the former will not
be needed explicitly. In the scaling regime, we look for a
similarity solution to equations (5.1) of the form
—1/2

)

Veoq(T) & freq 7% Geq(u), u=kr (5.2)

for which equations (5.1) yield the differential equation

(D + %) Gloq(u) = 0, (5.3)

with boundary conditions Geq(0) = 0 and Geq(u) =~ u
as u — oo. The differential operator D was defined in
equation (3.7).

Equation (5.3) can be solved by the method of Ap-

pendix A. With the definition (A.1), we have the func-
tional equation

Mg, (2 +2) B z—1
Me.,(2)

20 +2)(B-1-2)

whose suitably normalized solution reads

m/2p(55h) 1(25)
%) 1(3)

The decay of the equilibrium correlation function at
large 7 is again dominated by the scaling regime, and the
scaling form (5.2) yields

Mg, (z)= (I <Rez < p+1).

922+1 [‘(

Cog(7) = Agq 7~ F=3/2] (5.4)
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with

7TF( 223) .
297(5) ¢(8)

As expected, the fluctuation-dissipation theorem holds
at equilibrium. Indeed the equilibrium values ¢ cq(7) and
hi,eq(T) of i (t,s) and hi(t,s) obey the same equations,
identical to equations (5.1), with initial conditions:

_ Mg, (8-2)
Aea = ¢(B)

hk»GQ(O) = ﬁ‘pk,eq(o) = ﬁ (fk,eq - fk—i—l,eq) (k > 1),
hOﬂQ(O) = ﬁ‘pO,eq(O) = _ﬁfl,eqa
hence the identities
hk,eq(T) = ﬂ@k,eq (T) (55)
and
dC.
Req(r) = - 55,

The last formula is the fluctuation-dissipation theorem in
its usual differential form.

6 Nonequilibrium critical dynamics

We now turn to the nonequilibrium critical behavior of
the two-time correlation function C(t,s), response func-
tion R(t, s), and fluctuation-dissipation ratio [13,14]

R(t, s)
oC(t,s)’
b 0s
in the scaling regime where both time variables s and ¢

are large and comparable. Hereafter  will denote the di-
mensionless time ratio

X(t,s) = (6.1)

r=->1.

Cfal”~

We first analyze the scaling behavior of the correla-
tion function C(t,s). Looking for a two-variable scaling
solution to equations (4.1) of the form

Yty 8) = froqt'/? Glu,z), u=kt /2 x=t/s,
(6.2)
we obtain the partial differential equation
0 1
_ D — = .
(mam +D+ 2) G(u,z) =0 (6.3)

for the scaling function G(u,z), with initial condition

G(u,1) = uF(u), (6.4)

and boundary condition G(co,z) = 0 for all z > 1. The
function F'(u) is known from (3.8), and the operator D is
given by (3.7).
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As shown in Appendix B, equation (6.3) can be solved
explicitly by the method of separation of variables. Equa-
tion (6.2) implies the scaling law

C(t,s) ~ s~ P=3/2p(z), (6.5)
where
l‘_(ﬁ_3)/2 /OO
P(r) = ——— w' =P G(u, z) du.
D==cm ) )
Using (B.4), we obtain
x) =P Z Az~ (6.6)
n=0
with
A = a’ﬂMGn(ﬁi 2)
" ¢(B)

More explicitly, equations (B.3) and (B.5) imply that the
leading coefficient of the expansion (6. ) reads

6
—op( 8+
771/2 23 BF(T)

33+ 1)1 (%) cs)

while the coefficient ratios are rational functions of 3:

Ay = (6.7)

2 1L 2 2k 1 3)kk(n — K]

i.€.,

Ay (25 +3

)
A, 10(3+3)°

Ay B(B+2)(88 + 528+ 45) ot
Ay 280(B+3)(B+5) '

The expansion (6.6) is convergent over the whole phys-
ical domain (z > 1). For z — 1, i.e., T =t — s < s, the
equilibrium result (5.4) is recovered as

D) & Agg(z — 1)~ B=3/2,

(6.9)

These properties can be checked by noticing that the ex-
pression (B.1) for the Laguerre polynomials simplifies to

9 pl/2 (B+1)/2
L%ﬁ+1)/2(u2/4) ~ ( ) J(5+1)/2 (u n1/2) )

u

where J is the Bessel function, in the scaling regime where
the order n is large and w is small. The subsequent inte-
grals can be estimated for n large, yielding

T B-9)/2

A, ~ 5
200 (5) ¢(8)
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This asymptotic expression ensures the convergence of the
series (6.6) for all z > 1, and establishes (6.9), including
the prefactor.

We now turn to the derivative dC(t, s)/ds of the corre-
lation function. Looking for a two-variable scaling solution
to equations (4.2) in the scaling regime, of the form

0k (t,8) = freq t7126W (u, x), (6.10)
we get the partial differential equation
0 1
—+D—=-)GW = 11
<x8x+ 2>G (u,z) =0, (6.11)
with initial condition
F
G (u,1) =p % — 2F'(u). (6.12)

Equation (6.11) can again be solved by the method of
Appendix B. We thus obtain

808(75,8) ~ s B-D/2 () (), (6.13)
S
where
~(B-1)/2 oo
o) (z) = xi/ WP GO (uz) du. (6,14
B Jo ) (o1

This expression will not be made more explicit, as equa-
tion (6.5) yields more directly

do

3-8
MWp)y =2~ B il
& (x) 5 P(z) —x o (6.15)
i.e.,
oW () =202 " AP a7, (6.16)
n=0
with
(1) _ 3

The scaling behavior of the response function R(t,s)
can be determined by the same approach. Looking for a
two-variable scaling solution to equations (4.4) in the scal-
ing regime, of the form

hi(t,s) = freq 12 G (u, ),
equations (4.4) yield the partial differential equation
0 1

= — @) =
<x8x +D 2) G (u,z) =0, (6.18)
with initial condition

G (u,1) = 52M — BF'(u). (6.19)

u
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We thus obtain

R(t,s) ~ s~ B=D/2¢(2) (g), (6.20)
where
—(B=1)/2  poo
) () = xi/ w' PGP (u, z) du, 6.21)
(z) ROE (u, ) (
i.e., explicitly
P () =202 " AP (6.22)

n=0
The leading coefficient of this expansion reads

T (%) _ss3+1)
r(s) e A0

while the coefficient ratios are again rational functions

of 3:

05

n—1 n

AP 1 ‘ (=) 2k +B+1)
AD BRCESWE [[ei+2. (2k + 1)k!(n — k)!

§j=0 k=0
"ot B+2
x H 20+ 5+3’
£=0
i.e.,

AP pes+1

AP 6(B+1)7

AP BB2BFP W)

AP 1208+ 1)(B+3) '

The scaling results (6.13) and (6.20) imply that
the fluctuation-dissipation ratio X (¢, s), defined in equa-
tion (6.1), only depends on the time ratio « in the nonequi-
librium scaling regime. We have indeed

@) (g
X(t,s) = X(z) = E;T)((az)

(6.23)
The scaling function X'(x) turns out to be universal,
whereas ®(z), M) (z), and ¢(? (z), which respectively en-
ter equations (6.5, 6.13, 6.20), are only universal up to
a scale fixing. (A definition of universal quantities in the
present context will be recalled in the Discussion).
Equations (6.16) and (6.22) yield the expression

Ag?) z "

NE

X(z) ==
B

= ign ", (6.24)
n=0

A%l) "

[]8|L

n=0
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which is again convergent for z > 1. The limit fluctua-
tion-dissipation ratio, Xoc = X(00) = &p, takes the simple
value

+1

+

=

Xoo =

(6.25)

IS
)

Equation (6.24) also yields

52
)
£ = B%(—28% + 2% + 786 + 117)
27 T 45(8+2)(B+3)2(6+5)

The behavior of the fluctuation-dissipation ratio X (x)
close to equilibrium (i.e., for z — 1) is also of interest.
Equations (6.14) and (6.21) for z = 1, together with (6.12)
and (6.19), imply

, etc.

~ W(2) — 6@ () = — L Mp(5 -
tim (52 (@) — 22 (2)) = — o Mo (8- 2)
2!70
r(e) s
This expression, together with equations (6.9) and (6.15),
yields
21 (%) i
X(z)~1 1)6-1/2,

RIConC

confirming that the fluctuation-dissipation theorem is re-
stored for x — 1, and explicitly giving the leading vi-
olation of that theorem in the scaling regime, which is
proportional to (7/s)(#=1/2,

7 Nonequilibrium dynamics in the condensed
phase

We finally turn to the long-time behavior of the two-time
quantities C(t,s), R(t,s), and X (t,s) in the condensed
phase (p > pc).

In regime II, we look for two-variable scaling solutions
to equations (4.1, 4.2), and (4.4), inspired by (3.9), of the
form

| &

Yi(t,s) = = G(u,x), @r(t,s)~ gG(l)(u,x),

k
hi(t,s) =~ 2 G (u,z), (7.1)

where u = kt~/2 and = = t/s.

The three scaling functions obey partial differential
equations of the form (6.3, 6.11), or (6.18), where the dif-
ferential operator D is replaced by

d? +2) d 3 A
+(—3+A—ﬁ )———+—-
2w

D=
du? 2 U du

(7.2)
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This differential operator is related to the Heun opera-
tor H (3.14) and to the function Y (u) defined in equa-
tion (3.12) by the conjugation

Y(u)H =DY (u). (7.3)

Hence D and H share the same eigenvalues E, (n =
0,1,...), which are not known explicitly, as already men-
tioned, except Eg = 0.

The two-time scaling functions defined in (7.1) are
then determined in analogy with the critical case. We thus
obtain

Gu,z) =Y (u) Z anz P V2 H (u),

n=0

G (u,0) =Y (u) Y alPa™ BTV H (), (T.4)
n=0

. 1,2
where the coefficients a,,, asl )

tial conditions

are determined by the ini-

G(u,1) = F(u),
6W1) = (5 -2 ) Pl - 2 P
G (u,1) = ng’(u). (7.5)

Using the expansions (7.4), as well as the linear de-
pendence of F(u) in (p — p.) (see Egs. (3.16, 3.17)), we
obtain the following scaling forms for the correlation and
response functions:

C(t, s)~s'? (p—pe) (), &(z) = ZA” B,
n=0

oC(t, s)
0s

rs 2 (p—pe) 8V (2), B ()= AV 2P,

n=0
R(t,s) 572 (p— po) 8P (z), ) (x) = 3 AP 2=,
n=0

(7.6)

The scaling functions ®(x), (2 (x) only depend on f3.
They take finite limit values, both at x = 0 and at z = co.
The fluctuation-dissipation ratio
o) ()

again only depends on the time ratio x in the nonequi-
librium scaling regime. The whole scaling function X(x)
is universal, just as in the critical case. In particular,
the limit fluctuation-dissipation ratio Xoo = X(o0) =
ASQ)/Aél) in the condensed phase is universal, and only
depends on (. Using equations (3.16) and (7.5), we can
derive the following expression for X, in terms of the
ground-state eigenfunction Ho(u):

/OOo <%A+§> H3(u)du
Xo = :

/ wHE (u) du
0

(7.7)
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Fig. 1. Plot of the limit fluctuation-dissipation ratio Xoo
against inverse temperature (3. Upper curve: critical point
(B > 3, p = pc) (see (6.25)). Lower curve: condensed phase
(B> 2, p> pc) (see (7.7)). Thin dashed lines: continuation of
the results to high temperature.

The above expressions cannot be made more explicit
in general. More quantitative results can be derived at
high temperature and at low temperature, using results of
Section 3.2.

Let us consider the limit fluctuation-dissipation ra-
tio X, as given by equation (7.7). In the high-
temperature case, by (3.18) and (3.20), we obtain

Koo =3 —(m—2)f 4

; (8 — 0). (7.8)

In the low-temperature case, using (3.21) and (3.23), we
obtain

—3/4
Xo=p2 - o) (@9)

It is instructive to compare the limit fluctuation-dissi-
pation ratios corresponding to the critical point and to the
condensed phase. The value of X, at criticality is given
by the analytical expression (6.25). The value of X, in
the condensed phase is obtained by a numerical evaluation
of (7.7): the ground-state eigenfunction Hy(u) is obtained
by numerically solving the differential equation (3.10)
or (3.13), and then used to evaluate the integrals enter-
ing the result (7.7). The values thus obtained smoothly
interpolate between the limiting laws (7.8) and (7.9). In
Figure 1, thick full lines show the physical values of the
fluctuation-dissipation ratios, while thin dashed lines show
their continuation to high temperatures. Both fluctuation-
dissipation ratios start from 1/2 at infinite temperature,
and converge to the limit values Xoo = 0 and X, = 1
at zero temperature, respectively in the condensed phase
and at criticality (see Discussion).
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8 Discussion

At the onset of this paper we gave a comparative presenta-
tion of two classes of dynamical urn models, the Ehrenfest
class and the Monkey class. All these models have simple
static properties, because their Hamiltonian is a sum of
contributions of independent boxes. They possess however
interesting nonequilibrium dynamical properties, even in
the mean-field geometry. The backgammon model [7-10]
is a prototypical example of the Ehrenfest class, while
model B of reference [9], and the zeta urn model [11,12]
which is the subject of the present work, are examples of
the other class.

Let us come back to the role of statistics in the defi-
nition and properties of such models. The essential differ-
ence between the Ehrenfest class and the Monkey class
indeed resides in matters related to a priori statistics.
Statistics enters the dynamical definition of models: the
proposed moves for the Ehrenfest class (respectively, the
Monkey class) are chosen according to ball-box statistics
(respectively, box-box statistics). Consistently, statistics
also enters their equilibrium definition: the partition func-
tions (1.2, 1.3) of the original Ehrenfest model, and of its
generalization to M urns, involve a factorial of the total
number of particles in their denominators. Inverse factori-
als 1/N;!, taking into account equivalent labelings of par-
ticles within each box, are also involved in the evaluation
of the partition function (1.6).

In statistical mechanics with Maxwell-Boltzmann
statistics, the presence of inverse factorials has its origin
in the indiscernibility of identical classical objects. These
factorials are absent for the Monkey class, in which the
populations N; are involved in flat sums, such as (1.7),
just as occupation numbers are in quantum-mechanical
statistical mechanics with Bose-Einstein statistics. There
is of course nothing quantum-mechanical in the urn mod-
els considered here. It can be said for short, follow-
ing reference [19], that the equilibrium statistics of the
Ehrenfest class is Maxwell-Boltzmann, while that of the
Monkey class is Bose-Einstein. Table 1 illustrates this dis-
cussion.

The main focus of this work concerns the nonequi-
librium properties of the zeta urn model, with emphasis
on the aging behavior of the two-time correlation and re-
sponse functions of the fluctuating population of a given
box, and of the corresponding fluctuation-dissipation ra-
tio. We considered successively the critical line (p = p¢)
and the condensed phase (p > p.). We summarize these
two cases below.

The critical line in the temperature-density plane cor-
responds to a line of fixed points, parametrized by inverse
temperature § [11]. In other words, critical exponents,
both static and dynamical, and more generally universal
quantities, depend continuously on temperature. In the
present context, a universal quantity ought to be inde-
pendent:

— of the initial state (provided it is homogeneous and
disordered, i.e., the fi(0) decay rapidly),
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Table 1. Comparison of a priori statistics for the Ehrenfest class and the Monkey class of dynamical urn models: dynamical

and equilibrium aspects.

Class Ehrenfest Monkey
Dynamical rule ball-box box-box
Equilibrium weight of box 4 I])\;\’l‘ DN;
7.
Statistical-mechanical analogue classical quantum-mechanical

(Maxwell-Boltzmann)

(Bose-Einstein)

— of the specific form of the energy of each box (provided
it diverges logarithmically, as E(V;) = In N;, for large
occupation numbers),

— and of details of the dynamics (such as Metropolis
versus heat-bath).

Our results (6.5) and (6.20) for the two-time corre-
lation and response function have the expected product
form (see [17] and references therein), involving: a common
non-universal prefactor, a negative power of the waiting
time, related to the anomalous dimension of the observ-
able, and a universal scaling function of the time ratio, or
temporal aspect ratio, x = t/s. Accordingly, the fluctua-
tion-dissipation ratio (6.23), X (¢, s) &~ X'(z), only depends
on x in the nonequilibrium scaling regime. The limit value
Xoo = X(00) has been recently emphasized [16,17] to be
a new universal quantity, characteristic of nonequilibrium
critical dynamics. For the zeta urn model, the result (6.25)
applies to the regular part of the critical line (5 > 3),
so that 4/5 < X, < 1, as shown by the upper curve
in Figure 1. This range is unusual for a critical system.
Indeed, statistical-mechanical models such as ferromag-
nets are observed to have 0 < X, < 1/2 at their critical
point. The upper bound X, = 1/2, corresponding to the
mean-field situation [17], is also observed in a range of
simpler models [13,14,16]. It is worth noticing that the
backgammon model also has a high fluctuation-dissipa-
tion ratio at its zero-temperature critical point, namely
X(t,s) ~1—C/(Ins)? for s < t, where the amplitude C
depends both on the observable and on the dynamical
rule [8,10].

The present analysis of condensation dynamics for
p > pc extends and completes that begun in [12]. We
have investigated various quantities related to the occu-
pation probabilities in the scaling regime, describing the
growing condensate. An approximate analysis of the Heun
operator (3.14) has allowed us to obtain asymptotic ex-
pressions for various quantities at high and low tempera-
ture. The fluctuation-dissipation ratio admits a non-trivial
limit value X, throughout the condensed phase, shown
by the lower curve in Figure 1. Expression (7.9) shows
that Xoo ~ B7/2 slowly goes to zero at low tempera-
ture. This behavior is very different from that of conven-
tional models. It is indeed currently accepted [20] that
coarsening systems, such as ferromagnets quenched from
a high-temperature initial state, have identically X, =0
throughout their low-temperature phase, i.e., for any tem-
perature below Tt.. These unusual features of the zeta urn
model are less of a surprise if one remembers that the
condensation dynamics of the present model is basically

different from a domain-growth or coarsening dynamics.
In the latter case, phase separation takes place in a statis-
tically homogeneous way, at least for an infinite system.
To the contrary, in the present situation, condensation
takes place in a very inhomogeneous fashion. The form of
equation (3.9) indeed demonstrates that the condensate of
particles is shared by an ever decreasing fraction of boxes,
scaling as t~1/2, each of them having a population grow-
ing as t1/2 (until size effects eventually become important
for t ~ M?).

Appendix A: Solving equation (3.6) by Mellin
transformation
The Mellin transformation provides an efficient alternative

way of solving the differential equation (3.6).
We define the Mellin transform My(z) of a func-

tion f(u) by

My(z) = a

f = [ 550 My (o)
(A1)
Equation (3.6), together with the boundary condition

w7 f(u) du

F(0) = 1, is equivalent to the following functional
equation
Ml—F(Z + 2) . z
Vi r() 2219

for the Mellin transform of 1 — F'(u). The solution of this

functional equation, with boundary condition F'(co) = 0,
reads
F(BJrlfz)
2
Mi_p(z) = —————— (0<Rez< (B+1). (A2)
z 27 F(%)
Similarly, for Re z < 0, the Mellin transform of F(u),
()
Mp(z) = —————— (Rez < 0), (A.3)
z 27 F(%)

is the formal opposite of equation (A.2).
We also give for further reference the expression of the
Mellin transform of the derivative F’(u):

Mp(2)=—(z+1)Mi_p(z+1)=(z24+1)Mp(z+1)

—1<Rez<p Rez<—1

= ( ) (Rez < ).

ERC)

(A4)
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Appendix B: Solving equation (6.3)
by separation of variables and spectral
superposition

Partial differential equations such as (6.3), with given ini-
tial and boundary conditions, can be solved explicitly by
the method of separation of variables and spectral super-
position.

To do so, we need a basis of eigenfunctions of the differ-
ential operator D of equation (3.7). Inspired by the explicit
form of the solution (3.8), we set

G(u) :uﬁ“e*“rz/‘lL(v), v =u?/4.

The eigenvalue equation (D — E)G(u) = 0 becomes

2L (5+3 )dL
&L e+ )4

EF—-1)L =
a2 2 var( ) 0,

which is the differential equation obeyed by the Laguerre

polynomials L% (v) [21], with « = (8+1)/2 and n = E—1.
The eigenvalues of the operator D therefore read E,, =

n+ 1, with n=0,1,... The associated eigenfunctions,

Gn(u) _ uﬁ+1 e—u2/4 L%ﬁ+1)/2(u2/4),

with [21]

n D0+ 20) (o

LB+HV/2(y) = , (B.1)
" ;F(k‘—l— %) k'(nfk)'
obey the orthogonality property
o0 2
/ Gm(u) Gp(u) uwPe"/*du =N, Smny
0
20+2 F(n + %)
N, = - (B.2)

n!

The Mellin transform Mg, (%) of these eigenfunctions
can again be evaluated in closed form:

2

I (52)

Qﬁ—zp(n+ z+2) F(6+217z)
Mg, (2)=

(Rez < B+1),
(B.3)

where the normalization has been fixed by the condi-
tion [21] LLTV/2(0) = 1.

The method of spectral superposition consists in look-
ing for the solution G(u,z) of equation (6.3) as a linear
superposition of the form

G(u,z) = Z anz~"TIG, ().

n=0

(B.4)
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The coefficients a,, are determined by the initial condi-
tion (6.4). Using the orthogonality property (B.2), we
obtain

1 o0
ap, = —/ u? F(u) LY/ (42 /4) du.
NTL 0
Then, using (B.1) and (B.3), we are left with

216 'i (—)k F(k + %)
r(es "L 2k 3R — k) by )
( ) - ( ()3.5)

ap =
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