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Introduction

These lectures will focus on some aspects of the dynamics of disordered
systems. Our main interest is to understand the long-term behavior of
these dynamics in situations when they the systems approaches equilib-
rium very slowly. In the physics literature, the paradigm of ageing has
been introduced to characterize this behavior.

1.1 Characterisation of ageing

The term ageing refers to properties of a system out of equilibrium. In
principle, this property refers to real (physical) systems. In the widest
sense we can describe it as follows. Assume a systems is prepared (pro-
duced) at some initial time ¢y. Then the system is left to itself. After
some time ¢,, (called waiting time, an experimentalist may perform some
measurement on the system. The question is, whether the experimental-
ist will be able to deduce the elapsed waiting time from his observation.
If the answer is yes, we will say that the system ages, otherwise it does
not.

Of course, this is a very general characterization and we will be inter-
ested in more specific situations. There are a number of clear real-world
examples:

many living beings, such as humans;
wine....

steel under stress
plastics
glasses

unmagnetized iron placed in a magnetic field
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e a magnetized material when the magnetic field is switched off

and many many more.

In these lectures we will be concerned with mathematical models that
correspond to this behavior. Again, one could look at very general dy-
namical systems, but we will confine our interest exclusively to Markov
processes.

Let us introduce some notation.

1.2 Trap models

The best studied models for aging are the so-called trap models, intro-
duced essentially by Bouchaud and Dean [10, 11]. These models were
introduced as caricatures of more realistic models, but they teach us
something about how one would like to think about ageing systems. Let
us give a general definition.

A trap model has the following ingredients:

(i) A graph, G = (£,V); this can either be an infinite graph or a family,
Gn, of finite graphs such that |Gn| T co.

(ii)) A random environment of traps, i.e. a family of positive random
variables, 7;, @ € V. The usual assumptions in trap models are that
these are independent and identically distributed, and, moreover that
they are in the domain of attraction of an a-stable distribution with
a <1, ie limyo t*P1; > t] = 1. In particular E7; = +o0.

(iii) For any realization of the random variables 7;, a continuous time
Markov chain, X; with state space V and transition rates

Tiere, if (i,§) € &,
P(i5) = Crames i “Th  ifi =) (1.1)
0, , else

for some parameter 0 < a < 1.

Note that with this choice, the Markov process is reversible with respect
to the measure (i) = 7, ' on V.

We will in these lectures mainly consider the case a = 0, which is the
original choice of Bouchaud. In that case the dynamics has a simple
description: starting in some site, ¢, the process waits an exponential
time with mean 7;, and then moves on uniformly to one of its neighbors
in the graph G. Now the random variables 7;, i.e. the trapping times,
have a very heavy-tailed distribution, so that as the process wanders
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about, it can find ever deeper traps, i.e. sites where it will wait longer
and longer. So if it is the case that the process, by time T is with large
probability in a trap whose waiting time is of order g(T"), then we can
indeed determine the age of the process by studying its current typical
sejourntimes. The nice feature of trap models in that respect is that
the state space has site by site a temporal characteristic, a feature that
more complicated models do not immediately show.

There has been a considerable amount of work done on trap models in
the case when G = Gy is the complete graph and when G = Z¢, mostly
by Ben Arous and Cerny [7, 2, 3, 3, 4].

We see that we will always be working with Markov process in random
environments. It will be convenient to fix some notation once and for
all.

Let (€, F) be the measure space on which the random variables 7; are
defined, and let (Do (V), B(Dy(V))) be the measure space of cadlagfunc-
tions with values in V. We consider the product space (2 x Dy(V), F x
B(Dy(V))), where F x B(Do(V)) is of course the product sigma-algebra.
On this space we define a probability measure, P, as follows:

(i) The marginal distribution of the random variables 7; under P is the
product measure with identical one-dimensional marginals given by
the distribution of the ;.

(ii) The conditional distribution of P, given F, P, = P[-|B(D(V))], is the
law of the Markov chain described above.

One can easily check that this prescription fixes the joint law of the pro-
cess X and the random variables 7;. The measure P is often called the
quenched law. Rather abusively, the marginal of P in (Dy(V), B(Do(V)))
is called the annealed law by some authors, but this should be avoided.

When studying trap models, the most commonly used correlation
functions are

Rlty,t] = P[X (tw +t) = X (tw)], (1.2)
respectively its quenched version
R [tw,t] = Pr[X (tw +t) = X (tw)]- (1.3)
Another correlation function is
Mfty, t] =PX (ty + 5) = X (tw), V0 < s <], (1.4)
respectively

I [t ] = Py X (to + 1) = X (tw),¥0 < s < 1]. (1.5)
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One could of course, instead of just asking that X (s) = X (¢,,) ask for a
milder version, like dist (X (s), X (ty)), for some distance, or one might
ask for the distribution of such a distance. However, as again we will
see later, it is in the spirit of the trap model to use the strict definition
above: for large times, very deep traps are quite isolated, and so the
right thing to realize the event is for the process to be in the same deep
trap (most of) all the time.

One now speaks about ageing systems, if these functions, as ¢ and ¢,
become large, do not become independent of ¢,,.

1.3 Glauber dynamics

Trap models may reproduce ageing behavior, but they are in some sense
ad hoc models, that are not motivated by microscopic physical models.
In particular, they have two features that seem artificial built in: the
independence of the traps and the heavy tails of the distribution of the
traps.

Models that are a step closer to reality are Glauber dynamics of (ran-
dom) spin systems. Here we consider as state space the hypercube
Sy = {—1,1}¥ (we could also be more general), and defined on this
an energy function (Hamiltonian) Hy (o) which may depend on a ran-
dom parameter, i.e. may be considered as a random process indexed by
Sn. The examples we will be concerned with here are so-called mean-
field spin glasses, where Hy is a centered Gaussian process with some
covariance

cov(Hy (o), Hy (o)) = N f(dist y(o,0")),

for some function f such that f(0) = 1 and dist ; a normalized distance.
The most prominent examples are the p-spin interaction Sherrington-
Kirkpatrick models, where

cov(Hy(0),Hn(0")) = NRy(o,0")P, (1.6)

with Ry(0,0’) = N1 3" | 0,0}. Given such a Hamiltonian, one con-

structs a Gibbs measure

2N exp(—Hy(0))
Zﬁ’N

pis.N (o) : (1.7)
where Zg n is such that ;13 n is a probability.

A Glauber dynamics is then a (discrete or continuous time) Markov
chain that is reversible with respect to this measure. In most cases, one
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assumes also that only transitions are allowed in which a single spin is
flipped at a time. Popular rates are: Metropolis rates:

p(o,0') = exp (=B[Hn(0') — Hn(0)l+), iflo —o'| =2 (1.8)
and zero else; particularly nice are random time change rates:
p(o,0') = exp(BHN(0)), iflc—0o'|=2 (1.9)

We see that in these dynamics, neither independence nor heavy tails
appear. Nonetheless, one expects that under suitable conditions, trap
model dynamics emerges as appropriate description of the long time
behavior of these models (when N T 00).
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Some equilibrium results: The REM

In this chapter I will briefly present some of the ideas surrounding
the equilibrium properties of spin-glasses in the simplest case the REM.
This will then motivate the REM-like trap model in a heuristic way, and
we will later see to what extend this heuristics can be justified.

We will work on the configuration space Sy = {—1,1}V, although for
some time that may look quite artificial. The simplest (from a proba-
bilistic point of view) energy landscape we can define are of course iid
random variables. Thus we set

Hy(o) = —VNX, (2.1)
where X,, 0 € Sy, are 2"V i.i.d. standard normal random variables.
The first things to look for are the minima of this function, i.e. the
maxima of the X,. Now for iid random variables, this is a well studied
problem in the field of extreme value statistics. We begin with a simple
observation.
Lemma 2.0.1 The family of random variables introduced above satisfies

lim max N~Y2X, = v2In2 (2.2)
Nloo oSN

both almost surely and in mean.
Proof Since everything is independent,

2N
1 > 2
< — P -z /2 .
P [;2%}1\(1 X, < u} = <1 \/%A e dm) (2.3)

and we just need to know how to estimate the integral appearing here.
This is something we should get used to quickly, as it will occur all over
the place. It will always be done using the fact that, for u > 0,

6
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1
e 24y < 567“2/2 (2.4)

1 2 oo
- —ut/2 _ -2
ue (1 2u ) S/

u
2N oo

V27T Jun(z)
then (for x > —In N/In 2)

un (@) = V2N 2+ \/2J$W - ln@%“ +o(1/VN)  (26)

e 2y = e (2.5)

Thus
N —x
P | max X, < uN(x)} =(1- 2*Ne*””)2 —e ¢ (2.7)
cESN
In other terms, the random variable uy' (max,esy X,) converges in
distribution to a random variable with double-exponential distribution

(known as the Gumbel distribution). O
Next we turn to the analysis of the partition function.
Zgn=2"N Z eBVNXo (2.8)
cESN

This will be important, because we will want to consider processes whose
invariant measure is given by the so-called Gibbs measure,

po.(0) = Zy ke PN (),

A first guess would be that a law of large numbers might hold, implying

that Zg n ~ EZg n, and hence
2

1
]1}%20(1)571\/ = ]%}TI{)lONIHEZ@N = %,a.s. (29)
Holds only for small enough values of 3!

Theorem 2.0.2 In the REM,
2 for B <
lim By — [;22, or 3 < f
NTeo -+ (B = Bc)Be, for B> B

where 3. = /21In2.

(2.10)

Proof We use the method of truncated second moments.
We will first derive an upper bound for E®g n. Note first that by
Jensen’s inequality, Eln Z < InEZ, and thus

2
Edj n < % (2.11)
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On the other hand we have that

d E, X, elVNXo
E—&yy = NV2EZ22O 2.12
a5 2o Zon (2.12)
< N7Y2E max X, < 4vV2In2(1 + C/N)
[ASISIN

for some constant C. Combining (2.11) and (2.12), we deduce that

{ X for 8 < B
% 4 (8- Bo)V2In2(1 + C/N), for B> By
(2.13)
It is easy to see that the infimum is realized (ignore the C'//N correc-
tion) for By = v2In2. This shows that the right-hand side of (2.10) is
an upper bound.

E(I)g_N S inf
: Bo=0

It remains to show the corresponding lower bound. Note that, since
dd—;ngN > 0, the slope of ®g y is non-decreasing, so that the theorem
will be proven if we can show that ®5 v — 3?/2 for all 3 < V2In2, i.e.
that the law of large numbers holds up to this value of 5. A natural idea
to prove this is to estimate the variance of the partition function One
would compute

EZ2 y = EgEqEePVN(Xo+Xor)

=272V [ N7 N N (2.14)

o#o'! o

— (NF? [(1 9Ny 2‘%”1

where all we used is that for 0 # ¢’ X, and X, are independent. The
second term in the square brackets is exponentially small if and only if
(% < In2. For such values of 3 we have that

Zg,n Zg N _eN Zg, N N
Plln 22N | s eN| =P | 22N < omeN op DN o
[ nEZg,N’>6 ] |:EZ,8,N<€ orEZﬁ’N>e

]EZELN/(EZ&N)Q -1
= (1 —e—<N)2
2N 4+ 9~ NeNB?

(2.15)
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which is more than enough to get (2.9). But of course this does not
correspond to the critical value of 5 claimed in the proposition!

Instead of the second moment of Z one should compute a truncated
version of it, namely, for ¢ > 0,

Zgn(e) = EgeYN Yo o (2.16)

An elementary computation using (2.4) shows that, if ¢ > 3, then
67N52/2
V2rN(c— ()

so that such a truncation essentially does not influence the mean par-

EZs n(c) = % <1 - (1+ 0(1/N)> (2.17)

tition function. Now compute the mean of the square of the truncated
partition function (neglecting irrelevant O(1/N) errors):

EZ3 y(c) = (1-2"M)EZs n(c)?+27 VEAVNoD, _ o) (2.18)

where
6252]\’, if 260 <c
E e208VNX, Iy .. yn= N J2esN— N herw (2.19)
m, otherwise,
Combined with (2.17) this implies that, for ¢/2 < 8 < ¢,
9-NE 28VNX, Ty & e—N(c=B)*~N(2In2-c?)/2
—Xo<eVN _ (2.20)
(E ZM) (28— c)VN
Therefore, for all ¢ < v/2In2, and all § < c,
~ ~ 2
Zﬁ,N(C)’V_ ]EZ/B:N(C) S eng(C,ﬁ) (221)
EZQ’N(C)
with g(c, 8) > 0. Thus Chebyshev’s inequality implies that
P [@,,N(C) —EZsn(0)| > 5E25,N(c)] < 572~ Na(eh) (2.22)
and so, in particular,
1 ~ 1 -
]\I}TI(I)IO NIEln Zs n(c) = 1\1/1%20 N InEZg n(c) (2.23)

for all § < ¢ < v2In2 = .. But this implies that for all 5 < (3., we can

chose ¢ such that
2

1 1 ~
1\1/1Trgo N InEZg n > ]1/1%1;10 N InEZs n(c) = % (2.24)

This proves the theorem. O
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Next we will turn to a more refined analysis of what happens if 3 >
Vv21In2. The key result is the following:

Theorem 2.0.3 Let P denotes the Poisson point process on R with
intensity measure e~ *dx. Then, in the REM, with o= = 3/v/2In2, if
G >+v2In2,

e—N[ﬁ\/Q1n2—1n2]+ﬁ[1n(N1n2)+1n47r] Zﬁ,N 2; / eazP(dz) (225)

and
N (®sn —Edgy) > 1n/ e*/“P(dz) — ]Eln/ e “P(dz).
B - (2.26)

Proof Basically, the idea is very simple. We expect that for 3 large,
the partition function will be dominated by the configurations o cor-
responding to the largest values of X,. Thus we split Zg y carefully
into

Z]%Tﬁ = Egeﬁ\/ﬁx" ]I{XGSHN(QT)} (2.27)
and Z7% = Zg N — Zﬁgf\, Let us first consider the last summand. It is

convenient to rewrite this as (we ignore the sub-leading corrections to
un(x) and only keep the explicit part of (2.6))

>z _ o—N BVNun (uy' (Xo))
Ziyy =27 Y SNl

Y(Xo)>a)

(TGSN

— N(BV2In2-1n2)— 55 [In(N In 2)+In 47] (2.28)

a tuyt X
X Z € w )H{u;]l(Xg)>.7:} (2.29)
ogESN

1 —1, —1

= a tuy (Xe)

~ C(B,N) Z € N ]I{ufvl(Xa)>m} (2.30)
’ UESN

where C'(b, N) is defined through the last identity. The key to most
of what follows relies on the famous result on the convergence of the
extreme value process to a Poisson point process (for a proof see, e.g.,

[16]):
Theorem 2.0.4 Let Py be point process on R given by
Pv= D 0,1k (2.31)
gESN

Then Py converges weakly to a Poisson point process on R with intensity
measure e~ "dzx.
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Clearly, the weak convergence of Py to P implies convergence in law
of the right-hand side of (2.28), provided that e*/® is integrable on [z, 00)
w.r.t. the Poisson point process with intensity e~*. This is, in fact, never
a problem: the Poisson point process has almost surely support on a
finite set, and therefore e*/® is always a.s. integrable. Note, however,
that for 6 > v/2In2 the mean of the integral is infinite, indicating the
passage to the low-temperature regime.

Lemma 2.0.5 Let Z;fv, « be defined as above, and let P be the Poisson
point process with intensity measure e~ *dz. Then

C(B,N)Z3% 2 / ¢*/°P(dz) (2.32)
Next we show that the contribution of the truncated part of the par-

tition function is negligible compared to this contribution. For this it is
enough to compute the mean values

un (z)—18vVN p
2
EZSE ~ NB/2 o
B.N N
N2 e~ (un (2)=BVN)?/2
~ €

V2r(BVN — un(z))

— x O[*l_
2~ Nl 1)eN(ﬁ\/Qln2—1n2)—i[1n(N1n2)+1n47r]

T a1-1CBN) (2:33)

so that
ea:(a_lfl)

C(B, NYEZSE ~
(67 ) B,N Oéil—].

which tends to zero as x | —oo, and so C(3, N)IEZ;?V converges to zero
in probability. The assertions of Theorem 2.0.3 follow. ]

Now note that the right hand side of (2.25) really is a sum, i.e. if we
denote by z;,7 € N the atoms of the Poisson point process P, then the
right hand side of (2.25) can be written as

Zo=) enil® (2.34)

€N

which can be thought of the partition function of a model with state
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space N and Hamiltonian H (i) = x;, where x; are the atoms of our Pois-
son process, and temperature . This model then captures the asymp-
totics of the random fluctuations of the partition function of the REM.
Of course we can associate a Gibbs measure v, to this model, via
z

In the next section we will consider a model that effectively can be seen
as a Glauber dynamics corresponding to this model. This will be the
REM-like trap model of Bouchaud. In Chapter 3 we will than see how
the dynamics of the real REM is related to this one.

Ve (i) = (2.35)
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The REM-like trap model

We will now investigate in some detail the simplest of all trap models,
called the REM like trap model. The idea is that this should correspond
to the dynamics associated to the limiting model associated to the Pois-
son process that described the asymptotics of the partition function of
the REM. Thus, in principle, we would like to define a model with state
space N, reversible with respect to the measure v, defined in (2.35).
It remains to fix the probabilities to go from one state i to another.
The natural choice would be the uniform distribution, but of course this
makes non sense (immediately). Therefore, one goes through a limit-
ing proceedure: fix an energy —F, and consider only the sites ¢ with
x; > —F. We know that the number of these sites is Poisson with rate
ef. The values of the corresponding x; are independent exponential on
(—FE,00). Now condition on the fact that the Poisson variable takes
the value, N ~ e, and shift energies by E, i.e. set E; = x; + E (this
corresponds to a change of time scale). Then we have N sites with ex-
ponential random variables on [0,00). It remains to notice that if z is
an exponential random variable with mean 1 on [0, 00), the ¢*/ has the
distribution az~1~dz.

The resulting model is a trap model with G = Gy is the complete
graph on N vertices, a = 0, and the 7; have the form 7; = exp(+E;/a),
where F; are iid exponential random variables. We will assume that the
initial distribution at time zero is the uniform distribution.

We will present three ways to analyze this model.

13
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3.1 The renewal theory approach.

We first follow the approach initiated by Bouchaud to study the correla-

tion function Iy [t,,, t] in this simple model. We will always assume that

initially, the process starts from the uniform distribution on {1,..., N}.
Let us begin with the statement of the result.

Proposition 3.1.6 Define
1 o 1
Hy(w) = 7/ dx(i (3.1)

m cosec (rar) J,, 1+ x)xe

Then, for a > 0,

. 1_IN (twa t)
lim —————~ =1, P-a.s. 3.2
NToo H()(tw/t) ( )
Moreover, the asymptotic behavior of Ho(w) when w tends to zero or co,

respectively, is readily evaluated:

(i) If w | 0,
1 w 1 wl—e
Ho(w) =1- m/o dm(l + x)x® ~ 1= (1 — a)m cosec (rar)
(3.3)
(ii) If w1 oo,
1 o1 w®
Ho(w) ~ 7 cosec (mar) /w dma:“r"‘ - ()7 cosec (mar) (3.4)

In the remainder of this subsection we outline the proof of this theo-
rem.

Lemma 3.1.7 The function I (t,,t) satisfies the equations

My (tw,t) =1 — Fn(ty +1) + /t My(,t —u)dFn(u) (3.5)
0

Proof The proof of this lemma is elementary. Just notice that to realize
the event defining, the process may either never jump, or it has to make
a first jump before at some time u < t,. Since the jump takes the
system back to the uniform distribution, we can renew from that time.

O

Remember that we study the solution of this equation in the limit
when N T co. Our first step will be to replace Fiy by its limit. Justifying
these passages to the limits can be done using concentration of measure
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techniques, but we will not go into these technical points here. Accepting
that this is justified, we get

Fot)y=1- a/ A
1

which is no longer random. Let I (s,t) denote the unique solution of
the equation

t
Moo (ty,t) =1 — Foo(tw + t) + / Moo (bt — u)dF oo (u) (3.6)
0
Lemma 3.1.8 For all t,,,t > 0,
1}/le Iy (tw,t) = oo (tw, t), P-a.s (3.7)

The limiting equation (3.6) is solved following standard procedures
(see e.g. [15]). One defines the renewal function M (¢) that solves the
equation

M(t) = Foo(t) + /0 "Mt — u)dFo () (3.8)
In terms of this function, the solution of (3.6) is then given as
oo (tu, ) = 1 — Foo(tw +1) + /Ot(l — Faty +t—w))dM(u)  (3.9)
Setting foo(t) = F!(¢),

foo(t) = oz/loo e T2y (3.10)

Denote by ¢* the Laplace transform of a function g, i.e. g¢*(u) =

fooo e_utg(t)'

o dx
u)=ut - — 11
Fi(u)=u 04/1 (uz + a0 (3.11)
— -l — qulHe /uoo i +dx) _
w T)x

In the last expression, the integration is understood to be along a trans-
formed path in the complex plane if u is complex. Performing the change
of variable z =y~ — 1,

X de VO dy ey )-att
/u, (1+ z)z> :/0 (T =)y /u/(l tu)eT (1=
(3.12)

One recognizes the Beta integral
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' dy _ T(r()
/0 (1—y)r—lyr=1 " T(u+v) (3.13)
Thus
< dx -
/0 Ot =Ta)'(l1—-a)= e — = 7 cosec (Ta) (3.14)

Thus, when v — 0, the integral in (3.11) converges to the constant
mcosec (mer). Similarly, we have that

f;‘o(u)za/loo L -1-agy (3.15)

14+ ux
In particular, % (0) =1, and

1— f2 (u) za/ 1- xil*adxzaua/ -
1 1+ ux w (@ 1)ao

(3.16)
Taking the Laplace transform of (3.8) this implies that
F* 1
M) = T —ut (3.17)

1— f2(u) aulte f:oo (1+df)m—a
and, by classical results on the asymptotics of the inverse Laplace trans-

form (see [Doe], Vol. 2, Section 7), this in turn implies that for ¢ 1 +o0,

M(®) ~ mal'(a) z(;sec (mar) (3.18)

Finally, we can compute the asymptotics of the solution of equation
(3.6). Here we will directly make use of the fact that the Laplace trans-
form of I (s, ) is given explicitly as

et Jx dx
a f v (uz+1)zl/o

1—f5(u)
we have already established the asymptotics of 1 — f% (u) near u = 0.

IT% (u, ty) =

(3.19)

We still need to treat the numerator. It will be convenient to write

> 1
P S — d 3.20
04/1 ¢ (ux—!—l / x/w/w um+1)xa( )
1
/ dve™ ”/ do————
Jont (uz + 1)z
= a/ dve™ ”/ dx;
tw/v (ur+ 1)z

1
—a/ dve™ ”/ do———
tw o /v (ux + 1)z
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Now the first term can be conveniently represented as u® times an ex-
plicit Laplace transform:

a/ dve*v/ dxia :auo‘/ dve*“”/ dxia
0 tw /v (UZ‘ + 1)‘7: ) 0 tw /v (.13 + 1)‘7: )

(3.21)
Note that since all integrands vanish at infinity in the right-half plane,
0/u and uoo can be replaced with 0 and oo, resp., i.e. the integration
contours can be deformed to integrations along the real line. We will
show that this term is the dominant one.
In fact, combining (3.16) with (3.20) we get from (3.19) that
fooo/u dve= f;:o/ov dxm
I s

oo vl
ft dve ftw/vd'x(quI}w)wa

a [ dx
u fu (14z)ze

HZO (U, tw) -

(3.22)

Now the integral in the denominator equals

[ arm [ arae ) oo (3.23)

o0

= 7 cosec (m/a) — ul "1/ Z(—l)”

n=0

u’ﬂ

n+l-1/a

where the last sum is convergent for |u| < 1. Thus the leading singular
(at w = 0) term from the first term in (3.22) is given by

Jo dve= f::/v dxm

7 cosec (ma)

(3.24)

which obviously is the Laplace transform of the function Hy(t.,/t).
It remains to consider the second term in (3.22). Here the numerator
converges to a constant as u tends to zero, in fact, at © = 0 it equals

00 1 o]
1 1
/ dve*v/ dr— = / dye Y [1 — ylfa} < const.e”tw
t t

w w/v x 1-« tw
(3.25)
Therefore the leading asymptotic of the second term is given by
Constu™*e ' (3.26)

The inverse Laplace transform of the second term has therefore the lead-
ing asymptotic behavior

Hi(ty,t) ~ Const.t* e tw (3.27)
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Note that while the asymptotics in ¢ looks the same as that of the second
term of Hy(t,/t) in the case t,, /t | 0, due to the exponential decay in t,,,
this term can be neglected if ¢,, is large. Thus we have now established
the “aging” asymptotics found in Bouchaud.

3.2 The spectral approach

A second way to analyze ageing in this model is via spectral analysis.
This looks rather appealing since on may hope that ageing in rather more
general situations may be characterized through the spectral properties
of the generator of the corresponding Markov chain. This method was
developed in a paper with A. Faggionato [14]

Setting x; = 1/7; = e~ Fi/*_ the infinitesimal generator of the REM-
like trap model is easily seen to be given by the following matrix:

WN-—Dz1 2y _a
N N N
_Z2 (N—1)z . _ Zo
N R (3.28)
_ TN _zN (N—.l)ﬂ?N
3

We start by giving a complete description of the eigenvalues and eigen-
vectors of L. Let 1 = py be the measure on Sy with (i) = a:;l =T7;.
Note that Ly is a symmetric operator on L?(u) and, trivially, LyZ = 0
where 7 is the vector with all entries equal to 1. The following proposi-
tion is based on elementary linear algebra:

Proposition 3.2.9 Let x1,xo,...,xN be all distinct. Then, Ly has N
positive simple eigenvalues 0 = Ay < Ao -+ < Ay such that
{A, A2, ANt ={Ae€C 1 9(N) =0},
where ¢(N) is the meromorphic function
N
A

A) = —_ Ae ). 3.29

M= oZ5 (e (3.29)

If the x; are labeled such that v1 < xo < --- < xn, then x; < Aig1 <

ZTit1, fori=1,...,N — 1. Moreover, for anyi =1,...,N, the vector
P e RN, defined as
() _ T .
wj :xj_)\i, forj=1,... N,
is an eigenvector of L with eigenvalue \;. V.. .. N form an or-

thogonal basis of L*().
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Since the z; have a absolutely continuous distribution, we trivially
have the

Corollary 3.2.10 The assertions of Proposition 8.2.9 hold with proba-
bility one for all N.

Proof Let X be a generic eigenvalue and let us write the corresponding
eigenvector, 1, as ¢ = a(l,...,1)* + w, where Zjvzl w; = 0. Since
(Ln1); = xjw;, we have to solve the system

rjw; = Aa + Awj, Vj=1,...,N. (3.30)

Since z1, ...,y are distinct, it must be true that a # 0 (otherwise we
get ¢ = 0). Without loss of generality, we set a = 1. Note that A # x;,
for j = 1...N, since otherwise (3.30) would imply that A\ = 0 = z;.
Therefore we get w; = %—);)\ Since it must be true that Z;\;l w; =0, we
get that ) is an eigenvalue with ¢ s.t ¢; = %, being the corresponding
eigenvector, iff ¢(A) = 0. This implies that ¢ has at most N zeros. Since
¢(0) =0, and, for real A, limy|,, $(A) = —o0, limy1,, H(N) = 0o, we get
that ¢ has exactly N zeros. From here the assertions of the theorem
follow immediately. O

Proposition 3.2.9 has the following simple corollary:

Corollary 3.2.11 With probability one, the spectral distribution on =
AV;V:15>\J. converges weakly to the measure ax® tdx on [0,1].

We will now show that Proposition 3.2.9 allows to derive the asymp-
totics of the autocorrelation functions easily. In fact, it contains far more
information on the long time behavior of the systems (see [14]).

Recall that p;(i, j), the probability to jump from ¢ to j in an interval
of time ¢, can be expressed as p;(i,j) = (e‘tLN)i’ . In particular, by
writing v; for the probability distribution of Yy (¢) and thinking of the

Radon derivative ?1_7] as column vector,

dve _ —ien @0
du dp’
we see that
dp < k) k) >

k=1

e tegp() (3.31)

The above formulas are true for an arbitrary initial distribution. Taking
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Vg to be the uniform distribution, by Proposition 3.2.9, we get

N
dvo 1) k) SN T
Z%ﬂ/) , where v, - =< ¢\, >—JZ::1 @ — )2
Then, by Proposition 3.2.9 and (3.31),
Vi€ )‘kf“’ N—1
Ty (¢, tw) =ZZ T @5t (3.32)

j=1k=1
(3.33)

This formula admits a nice complex integral representation as follows:

Lemma 3.2.12 Let v be a positive oriented loop on C containing in

its interior \1,...,An. Let g be an holomorphic function on a domain
DccC with'yCD Then, foranyjzl... N,
Y6g(Ak) /
— = 3.34
= = Ak " 2mi ), o(X arj—)\ (3:34)

Proof Let us set X = {z1,...,an} and A = {1, \a,...,An}. Then,

@(A) is an holomorphic function on C \ X, where ¢'(\) = Zjvzl (T?T#)Q,

and, in particular, ¢’'(\;) = ’yj_l. Moreover, the function [¢p(X\)(z; —
A)] 71, a priori defined on C \ (X U A), can be analytically continued to
X as a meromorphic function with simple poles only at the points of
A. Now the conclusion follows from a trivial application of the residue
theorem. ]

We can obviously use Lemma 3.2.12 to rewrite Equation (3.32) in the

form
1 e tw
Ty (t ty) = — A / A .
vt = g [ S (A A (3.35)
where Av; denotes the average over j =1,2,..., N.

The above integral representation of Iy (¢,t,) has two advantages.
First, the appearance of averages allows to compute their limiting be-
havior as N T oo easily by using the ergodicity of the random field E.
Second, by means of the residue theorem, their Laplace transform can be
easily computed in order to derive the asymptotic behavior of Iy (¢, ¢,,)
for N, ty,t> 1.

The next step is now to show that the contour integral representation
converges to a nice limiting expression as N | oc.
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Proposition 3.2.13 Let us define

T0(t, t,) = % /7 e:’“‘zgiljw, (3.36)

where &, is the expectation w.r.t. the measure ax® tdx on [0,1] and ~y
is any positive oriented complex loop around the interval [0,1]. Then,

1\1/le TN (t, ty) = T0(t, L) Vt, tw, a.s.. (3.37)

Proof Recall (3.35) and fix 0 < § < 1/2. Due to analyticity, we can
choose the integration contour, v, to have distance 1 from the segment
[0, 1]. For each A € v, the random variables (z; —A)~!, j € N/, are i.d.d.
and bounded. Therefore, for a suitable positive constant ¢ > 0,
2N5+5> SeiCN% VA € 7.

N 1 B 1
P(Avj_lxj—)\ & A—x
(3.38)

Since for each z € [0,1] and A € 7, | & (z — A\)~!| < 1, a simple chaining
argument allows to deduce from the pointwise estimate (3.38) uniform
control in A. Using the Borel-Cantelli lemma, one can then infer that,

a.s.,
1 1
AviL — &
Vj_la:j—)\ € (/\—a?>

Similar arguments show that, a.s., given M € N, there exists a constant,
cnr, such that

sup <c¢N =t YNeN. (3.39)

A€y

N-—1

— x;t —x;t
N € TN e %
Avi, - &

a:j—/\ /\—Jij

sup  sup <ecum N*%”, VN € N.

M—1<t<M \e~y

(3.40)

Note that, for each \ € ~, AvéV:l(xj — \)~! is a convex combination of
points of modulus larger or equal than 1/2, contained in a angular sector
with angle non larger than a suitable constant, ¢ < 7. In particular,
|AVIL (z; = A)7Y > ¢/ > 0, for all N. From here the assertion of the
proposition follows from Lebesgue’s dominated convergence theorem.
O

It then remains to analyze the complex integrals in the expression for
II(t,ty). This again uses Laplace transforms and is rather standard.
I will omit the details. The result, in any case, is the same we have
obtained from the renewal approach.

This concludes the second proof. In itself this may not look easier
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or more instructive, but the added value arises from the fact that many
other results can be obtained in the same way. For details, see the paper
[14].
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3.3 Subordinators

We now come to the last, and maybe most instructive way to prove
Proposition 3.1.6. To do this we give present a slightly different way of
constructing the process Xy (t). We begin by describing the trajectories
of our process disregarding time. This will be given by discrete time
Markov chain, Yy, k € N, taking values in {1,..., N}. In our case this
is a very trivial process: Y (k) are iid uniform random variables.

Next we construct the clock process Sy (k),

k—1
Sn (k) = Z EiTY (i) (3.41)
=0

where e; are iid exponential r.v.’s with parameter 1. Note that Sy (k)
represents the total time the process spends in order to make k steps.
Then X (7T) is simply constructed as

Xn(t) =Y (Sy' (1)), (3.42)

where the right-continuous inverse of an increasing function, ¢, is defined
as

¢ 1 (t) = inf {(u: ¢(u) >t}. (3.43)

We are now interested in studying the limit of the clock process as first
N and then k go to infinity. More precisely, we are after a result of the
form

lim n~YeSx([0n]) = Vi (6), (3.44)
with convergence in the sense of weak convergence for the process (in-
dexed by #) in s suitable topology. We will see that naturally, the limit
will be identified with an a-stable subordinator.

Stable subordinators. Let us recall some standard terminology and
facts. First, a subordinator is just an non-decreasing process. A Lévy-
process is continuous time stochastic process that

(a) has cadlag paths,
(b) has independent and stationary increments.

A Lévy process, V,, is called a-stable, if for any t,s € Ry, V,,(¢) and
5719V, (ts) have the same law. Recall the special case a = 2 which is
Brownian motion.

An non-decreasing a-stable Lévy process is called an a-stable subor-
dinator.
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The importance of a-stable Lévy processes is that they are the natural
candidates for limit of sums of independent random variables.

Due to the assumptions of stationarity and independence of the in-
crements, a Lévy process is fully characterized by the one-dimensional
distribution. In the case of the subordinator, the latter is characterized
by its Laplace transform.

Theorem 3.3.14 For each b € R and each measure, v, on R\{0}, that
satisfies

/min(|a:|, Dv(dx) < oo,
the function
P(0) = exp(—¢(0)),
where

W(0) = bo + / (e=0%) — 1) (dx), (3.45)

is the Laplace transform of a Lévy subordinator. Moreover, the Laplace
transform of any Lévy subordinator can be written in this form with
uniquely determined (b,v). The subordinator is stable with index o €
(0,1), if, for some K € R,
K
v(dz) = “

—1l—«
T0—a) a)a: dz, (3.46)

and hence ¥(0) = K0%.

Since we will more or less see an explicit construction in the sequel, 1
will not dwell more on generalities about Lévy process.

In any case, if the random variables 7y (;), i € N, were all independent,
then Sy (k) would be a sum of independent random variables, and we
could simply invoke classic convergence results for iid random variables.
Since the random variables e;7y ;) are positive and in the domain of
attraction of an a-stable law, this would give us immediately that (3.44)
would hold with V,, an a-stable subordinator.

Now of course the random variables 7y ;) are not all independent,
since there are only N of them. Thus, a result like (3.44) can only hold
in the limit a NV T co. Indeed we will show that

Theorem 3.3.15 Let o > 1. Then
lim n~¢ Al/le Sn([n]) = V4 (0), (3.47)

nToo

in distribution in the Skorokhod Ji-topology.
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Proof We will first show that the finite dimensional marginals of n=*Sy ([0n])
have the right limits. Let us first consider the set A, x = {Y : o k<r<n :
Y (k) =Y (£)}. We clearly have the estimate

P[A, n] <n?’N~! (3.48)

Thus limnpee Sn([0n]) has the same distribution as
[n]—1

Sn)= > e (3.49)
=0

We will now study the convergence of S (nf) asn 1 co. In the process we

will construct and study the a-stable subordinator. We shall see that

this is closely linked to extreme value theory and Poisson processes.
Let us start by noting that

nPle;r; > n'/ % — (1 — a)c?. (3.50)

Now, a standard result from extreme value theory states the following
[16]:

Theorem 3.3.16 Assume that X; are iid random variables that satisfy

lim P[X; > un(c)] = v(c). (3.51)

nToo

where v is an increasing (respectively decreasing) function. Then, the
point process

n—1
Z O /m iz (X.)) (3.52)
=0

converges in distribution to the Poisson point process, R on Ry xR with
intensity measure dt x dv(x) (respectively —dv if v is decreasing).

Applying this theorem to our case gives us that

Corollary 3.3.17 The point process
n—1
R, = Z 5(1'/”,7”71/.1@1.77) —R (353)
i=0
converges to the Poisson point process on (0, 1] x Ry with intensity mea-
sure dt x T'(1 — a)c™17%dc.

We will now prof two facts. First, we will show that form the process
R we can construct an a-stable subordinator. Then we will show that
our process S(0n) converges to that process.
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Proposition 3.3.18 Let R be the Poisson process from Theorem 3.3.16
and assume that the measure dv has support on R is such that
J(x A1)dv(z) < oo. Then the integral

V() = /0 t /0 " R(ds, dr)a (3.54)

exists and is an increasing process with independent increments, i.e. a
Lévy subordinator.

Proof Let us decompose V(t) into two pieces, V= (t) and V<(¢), where

V= (t) = /Ot /100 R(ds,dz)z, (3.55)

and

V<(t) = /Ot /01 R(ds,dx)z. (3.56)

Notice that the two processes, if they exist are independent. Moreover,
the intensity measure of the set [0,¢] x [1,00) is finite by hypothesis.
Thus there are only finitely many points of R on this set, hence V= ()
is a finite sum and thus almost surely finite. On the other hand, v<(t)
is positive and

EV<(t) = t / ' dv(z) < o0 (3.57)
0

also by hypothesis. Thus also V'<(t) is almost surely finite and hence
V(t) is almost surely finite and well defined. Since we really should think
of it as the distribution function of the measure [ R(-,dz) on Ry, is is
also right-continuous. Since it has independent increments, it satisfies all
hypothesis of a Lévy process. Since it is increasing, it is a subordinator.

O

For later use we note that it is quite simple to compute the Laplace
transform of this process. In fact, Let V(°)(t) be the truncated version

Ve (1) = /0 t / " R(ds, dv)z. (3.58)

Set M = fg [% dsdv(z). Then
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k
e = M* t [ e dy(x)
Ee V00 = Y T oM l— (3.59)
2] M

=e Mexp (t /:o e”du(x))
= exp (t / h (e —1) dz/(x)) .

Again by our assumptions on v, the limit ¢ | 0 exists and yields the
Laplace transform of the Lévy subordinator in the standard form

Ee MV ® = exp (t /OOO (e —1) du(a:)) . (3.60)

If for dv(z) we take a measure Kz~ '~%dz, then it o < 1 the integrability
conditions are satisfied and the resulting process is a stable subordinator
(with zero drift). The measure v is called the Lévy measure. This is all
for the moment we want to know about Lévy subordinators.

Now let us turn to the proof of the fact that our process S converges
to such an object.

Theorem 3.3.19 Let o < 1. Then

1¥nrr4/%§wn)::v;@x (3.61)
where V,, is the stable subordinator with zero drift and Lévy measure
I'(1—a)z=t~%dx. Convergence is in distribution on the Skhorohod space
of cadlagfunctions equipped with the Ji-topology.

Proof We could proof this in two ways: either compute the Laplace
transform, or as follows. Set, for fixed ¢ > 0,

[n]—1
nMeS(0n) =0 YT M, s e (3.62)
1=0
[n]—1
—|—TL—1/04 Z ]Ieingcnl/‘*ein
1=0
= S,(0) = 5> (0) + S=(6)

Now
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_ S en~ ez
ESS(0)+ = Gnl_l/“a/ e_zdz/ x %z (3.63)
0 1

= B0 (o r(a) - ) e,

—

which tends to zero as ¢ | 0. On the other hand, (I) is a function of the
point process R,,:

52(0) = /0 ' / h Ry, (ds, dz)x. (3.64)

This converges for any positive ¢, as n T oo, to foe fcoo R(ds,dz)x, and
finally, as we have seen, also as ¢ | 0. Since in this limit S<(0) tends to
zero, we have proven the assertion.
The advantage of the prove is that it gives the convergence in a strong
topology, the so-called J;-topology. The J;-topology is the topology
given by the Ji-metric: for f,g € D

ds,(£,9) = I 0 A= glloe v IA = ellach, (3.65)

where A is the set of strictly increasing functions mapping [0, 7] onto
itself such that both A and its inverse are continuous, and e is the identity
map on [0, 7.

We will need a criterion for tightness of probability measures on D. To
this end we define several moduli of continuity,

wy(9) = sup { min (|f(t) = f(t)], [f(t2) = F(O)]) 1 St <to STty —ty <3},
vp(t,8) = sup {|f(tr) — f(t2)] : t1,t2 € [0, T]U (t — 6,t + 6) }. (3.66)
The following result is a restatement of Theorem 12.12.3 of [17] and
Theorem 15.3 of [9].
Theorem 3.3.20 The sequence of probability measures { P,} is tight in
the Jy-topology if
(i) For each positive ¢ there exist ¢ such that
Polf i 1fllec > ] <e, n > 1. (3.67)
(ii) For each € > 0 and n > 0, there exist a §, 0 < § < T, and an
integer ng such that

P,[f :ws(0) > 1] <e, n > no, (3.68)

and
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P,(f :vf(0,0) > n] <e and P,[f : vs(T,0) >n] <ce, n > ng.
(3.69)

O

Let us check that these criteria are verified in our case. (i) is already
checked. Condition (iii) amounts to checking that there is no jump at 0
and at T'. In fact, using that all our processes are increasing,

P [vs (0,8) > n} —P [§n(5) > n} (3.70)
<P[3:50) > n/2| +P (55 (6) > /2]
< 2BES<(8)/n + onP {ein > cn_l/“}
<25¢7%/n+T(1 — a)dec ™.
Clearly, for any n > 0 and € > 0, the right-hand side of (3.70) can be
made smaller than € by an appropriate choice of § and c.
The task to check (ii) is not much harder. We may check this condition

again for §,f and 57? separately. For the former, we need a second
moment estimate,

ESS(6)? < const.d2¢>~ @,
and then a standard partitioning argument tells us that
Plwg=(6) > 1/2) < P [Bierys : 55 ((k +1)8) — S5 (k0) > n/2]
< const. T6c¢* /. (3.71)
For 520, the event {wg<(0) > n/2} can only occur if two atoms of

R,, have distance smaller than 2. The probability of this to happen is
controlled by

Ton*Ple;; > n/“c]? < TOT(1 — a)?c2e, (3.72)

Again, both (3.71) and (3.72) can be made smaller than e by suitable
choice of ¢ and d, no matter what 7 is. This proves the theorem. Ol

The main advantage of having convergence in the J;-topology is that
it ensures convergence of the jumps: If the limiting subordinator has a
jump of given size, then the approximants had jumps converging to the
same size, and it cannot be the case that there were many small jumps
of the approximants that merged together to produce that of the limit.



30 8 The REM-like trap model

But the jumps of the clock process Sy are closely linked to the corre-
lation function. Indeed, if This implies in particular that X (s) remains
constant on the interval ¢,,, t,, + ¢, if and only if the clock process jumps
over this interval, i.e. if (¢, t,, +t) in not in the range of Sn. Combining
these observations, we get the following fact:

Lemma 3.3.21 The correlation function Iy satisfies

tli%n Jlfle Iy (ty, 0ty) =P[(1,1+0) & range(Vy)] . (3.73)

Of course, the probability on the right is well-known (see e.g. the
book by Bertoin [§]) and given by the expression that we already know.
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From the REM to the REM-like trap model

One of the central questions is of course how simple model that exhibit
aging can be derived from the more realistic models. The first step in
this direction is to see how the REM-like trap model can be understood
as a simplification of its namesake, the “real REM”.

4.1 Dynamics of the REM

Recall that the Random Energy model is defined by a assigning to each
vertex of the hypercube, o € Syr = {—1,1}" an energy

Hy(0) = VNX,, (4.1)

where X, 0 € Sy, are iid standard Gaussian random variables. Glauber
dynamics of this model is then a continuous time Markov process on Sy
whose rates, py (0, 0’) are non-vanishing when o and ¢’ differ in at most
one coordinate and that are reversible with respect to the measures
e~ PH~(?) A popular choice for such rates is the so-called Metropolis
algorithm, where

p(0,0") = exp (=B[HN(0") — Hn(0)]4)

if 0/ is obtained from o by “flipping” one spin. We are not able to treat
this choice (yet). Instead, we will consider another choice for transition
rates that is sometimes called random time change dynamics (RTCD).

It will be very convenient for us to define this dynamics as follows.
We denote by Yy (k) € Sy, k € N, the simple unbiased random walk
(SRW) on Sy started at some fixed point of Sy, say at {1,...,1}. For
8 > 0 we define the clock-process by

k—1
Sn(k) = eiexp {BVNHy (Yn (i)}, (4.2)
=0

31
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where {e;,i € N} is a sequence of mean-one i.i.d. exponential random
variables. We denote by ) the o-algebra generated by the SRW random
variables Yn (k),k € N, N € N. The o-algebra generated by the random
variables e;,7 € N will be denoted by £. Then the process

on(t) = Yn(Sy' (1)) (4.3)

is a continuous time Markov process on Sy that is reversible with respect
to the measure g, v; its generator is given by

N-1e=BYNHN(9) it dist (o, 7) = 1,
Ly(o,7) =4 —e=AVNHNGO)  if g =1 (44)

0, otherwise;

here dist (-, -) is the graph distance on the hypercube,
N

dist (o, 7) = % Z o — 7l (4.5)
=1
One important point now is that we must choose time-scales when
studying this dynamics. In the trap model we took the limit N T oo
first and then let time go to infinity. We could also have chosen diag-
onal limits (see [14, 3]), but here this will be quite more relevant and
interesting.

4.2 Random walk on the extremes

The first results on the REM were obtained in two papers [5, 6]. The
idea in these papers was as follows. It is well known (see e.g. [13]) that
the equilibrium measure of the REM at temperatures below the critical
temperature is concentrated on a essentially finite set of individual spin
configurations, whose renormalized energies are well approximated by
a Poisson point process with intensity measure e”PdE. This means in
particular that the process spends eventually all of its time in these
favored configurations. Thus the dynamics of the process at sufficiently
large times should be described by a process on such a set of states,
called the “top”,

Tp={0€Sy:—Hy(o) > VNuy(—E)}, (4.6)
where

x ~ 1In(NIn2) +Indn
V2NIn2 2 V2N 1n2

(4.7)
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The natural candidate for this dynamics would then be the REM-like
trap model with N = |Tg|. Why? First, the waiting time in a extremal
state of the REM has mean

7= C@N@’G/\/Q In2FE;
where FE; are exponential random variables of mean 1. This means that
the rescaled waiting times

are distributed according to the law ax=1=%dx where a = v2In2/4.
To complete the picture, one would need to prove two more things:

(i) The process jumps from one state in Tgr to another with uniform
probability.

(ii) The times between consecutive visits of different states in T are
asymptotically exponentially distributed.

In [5, 6] these things were proven, using essentially a very elaborate
version of the renewal approach. This was technically very elaborate.
Here we will not go at all into the details, but rather present a new
approach based on the study of the clock process.

4.3 Extremes on the random walk

Following the discussion of subordinators in the REM-like trap model,
we see that there should be way to study aging that is completely or-
thogonal to that of [5, 6]. Instead of studying the process on the extreme
states, we should study the extreme states on the random walk Y ! Once
we adopt this point of view, thing fall nicely into place.

Let us begin with a heuristic explanation of what is going on.

We first fix a scale, K (that later should depend on the volume, N
and the inverse temperature temperature, 3. We are interested in the
time the process takes to make a number of steps of order K. Thus, we
consider the trajectory of the radom walk Yy of length K.

We are interested in the distribution of the elapsed time along the
trajectory, i.e. the rescaled clock process

[sK]—1
Sn(sK) = Z e;e PHN()
i=0

Aging should be expected when this time is distributed in a very irregular
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way on the trajectory, notably when after rescaling the clock converges
to a stable subordinator.
Let us now introduce the Gaussian process

Zn (1) = Xvy (i) (4.8)
indexed by ¢ € N. Clearly it has the covariance
cov(Zn (i), Zn (7)) = Tyy (i)=vn (j)- (4.9)

Let us first make the naive assumption that the random variables
Zn (i) are an independent family for i = 0,..., K; this were justified if
the random walk was self-avoiding. We will later see that this is not such
a bad assumption if K is not too large. Under this assumption, things
will be quite easy. To simplify matters, take K = 2™. As is well known,
the maximum of K independent standard Gaussian random variables is
of order v21In K, and the point process

K—1
D Suizwiiy)
1=0

converges (as K 1 o0) to a Poisson point process with intensity e~ *dz.
Thus the time spent in one of the extreme states is of order

e\/ma\/Q InK _ eﬁ\/Nn\/Q In 2

The question is whether it is this time is bigger or smaller than the time
spent in the remaining states. This is checked as in the trap model: one
splits the sum into two parts, the terms for which Zy (i) > u,(—FE), and
those which are smaller. Then the mean of the contributions from the
second gives at most

1 un(—E) 2
K—/ e~ /2eBVNz
V2T J—so

{K@N’G2/2, if u,(—F)> 8vN,

eBVNua(=E)  otherwise

In the second case, which corresponds to

5>,/%2ln2zg, (4.10)

this contribution vanishes compared to that from the extremes, while in
the other case a law of large numbers holds. Let us assume that n is
proportional to N such that ¢ € (0,1) is fixed.
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Now note finally that

PVNZN (i) = oAVNun(u, (28 () = oAVNun(0)pgur" (Zn (1)

Thus, if (4.10) is holds, we should expect that

s(K—1) s(K—1)
e~ BV Nus(0) 3> e;eBVNZN () eeatn EN@) Ly (s),
=0 =0

where « = ¢/, and V,, an a-stable subordinator.

We see that then only assumption that is not justified in the above
discussion is the independence of the process Zy (7).

To do this, we need some properties of the simple random walk on the
hypercube.

4.3.1 Random walk on the hypercube

We want to show that the simple unbiased random walk on Sy started
in some point ¢ behaves as follows:

(i) The first step takes the walk to a distance 1 from the starting point.

(ii) With probability of order 1 — 1/N, the walk than reaches a distance
N/2 before it returns to the starting point. This takes at least time
N/2.

(iii) From distance N/2, the probability that the walk reaches the starting
point before returning to distance N/2 is 2=, Thus, the probability
that the walk returns to the origin before L unsuccessful trials (returns
to distance N/2), is smaller than L2,

(iv) After time K N?In N, the walk is exponentially close to equilibrium,
i.e. for any 0,0’ € Sy

Po[Yn(k)=0"UYN(k+1)=0"] g—N
2

< 278N, (4.11)

Statements (i) is trivial. Statement (ii) follows form Lemma 8.3 in [12].
Statement (iii) follows from Lemma 8.4 of [12] and reversibility (see also
the proof of that lemma). Statement (iv) is well know and a proof can
be found in [1].

Thus, as long as the T' < o(1) x 2"V, then the probability that the walk
returns ever to a point it has once visited is of order 1/N + o(1).

Let us fix this observation:
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Proposition 4.3.22 Let L < 2%V with a < 1. Let Y be the SRW on
Sn, and let

Ry(L)={oc €Sy :3k < L:Yn(k) =0} (4.12)
denote the range of the random walk of length L. Then
P [L(1 — N~Y2) < |Ry(L)| < L} >1- N2, (4.13)

Proof We use the facts stated above. We will characterize the range as
follows as a union of disjoint points:
L

Ry(L)= |J (), (4.14)

k=0
Y AY) VE>k

i.e. we collect each last visit of a point . This gives for the cardinality
(we simplify in the sequel Yy (k) = Yy)

L
IRy (L)| = Z Uiy, 2y, vesky- (4.15)
k=0
Hence
E|Ry(L)| = LP[Yy # Yy, V€ > k] > L(1 —cN ™). (4.16)
Hence the claimed result follows from Chebeychev’s inequality. ]

Remark 4.3.1 The estimate on the probability in (4.12) can be im-
proved to allow to show that the event considered holds with probabil-
ity one for all but finitely many N. To do this we have to use a second
moment estimate and some de-correlation of the variables Wy, 2y, vesk}
and iy, v, vesm}. if m —k > N2, say. This follows easily from the
fact that the random walk reaches equilibrium on a time scale of order
NlIn N. I leave the details to the reader.

4.3.2 The subordinator on the SRW trajectory

We have now enough information on the SRW trajectories to conclude
that the self-intersections do change the extremal properties of the pro-
cess.

In fact, the argument is simple: We have to show that with probability
tending to one, an iid process on the missing N /2L sites will not reach
the level of the maximum over L sites: Clearly,
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LNT'/? ] —1/2 ] _ ar—1/2 —E
P ax X; >up(E)| <N LP[X; > ur(E)]=N e ™10,

i=1
(4.17)
for any E. Thus, we can ignore the exceptional sites, as they do not
contribute to the sum for any value of the truncation parameter E.
This allows us to conclude deduce the following main theorem.

Theorem 4.3.23 Let a < 1 be fized. Then,
e‘ﬁW““N(O)SN(sTN) — Vo (s), (4.18)
in distribution (i.e. the law of the process defined on the Skorokhod space

equipped with the Ji-topology converges), for almost all realizations on
the SRW'Y . Here a = v2aln2/p.

As a consequence, one can prove the same convergence result for the
correlation functions as in the REM-like trap model.
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