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Abstract: We consider a version of Glauber dynamics for a p-spin Sherrington—
Kirkpatrick model of a spin glass that can be seen as a time change of simple random
walk on the N-dimensional hypercube. We show that, for all p > 3 and all inverse tempe-
ratures B > 0, there exists a constant yg, p > 0, such that for all exponential time scales,
exp(yN), with y < yg p, the properly rescaled clock process (time-change process)
converges to an a-stable subordinator where o = y /B2 < 1. Moreover, the dynamics
exhibits aging at these time scales with a time-time correlation function converging to
the arcsine law of this a-stable subordinator. In other words, up to rescaling, on these
time scales (that are shorter than the equilibration time of the system) the dynamics of
p-spin models ages in the same way as the REM, and by extension Bouchaud’s REM-
like trap model, confirming the latter as a universal aging mechanism for a wide range
of systems. The SK model (the case p = 2) seems to belong to a different universality
class.

1. Introduction and Results

Aging has become one of the main paradigms to describe the long-time behavior of
complex and/or disordered systems. Systems that have strongly motivated this research
are spin glasses, where aging was first observed experimentally in the anomalous relaxa-
tion patterns of the magnetization [LSNB83,Cha84]. To capture the features of activated
dynamics, early on people introduced effective dynamics where the state space is reduced
to the configurations with lowest energy [DDOLS85,KH89]. The theoretical modeling of
aging phenomena took a major leap with the introduction of so-called trap models by
Bouchaud and Dean in the early 1990’ies [Bou92,BD95] (see [BCKM98] for a review).
These models reproduce the characteristic power law behavior seen experimentally,
while being sufficiently simple to allow for a detailed analytical treatment. While trap
models are heuristically motivated to capture the behavior of the dynamics of spin glass
models, there is no clear theoretical, let alone mathematical derivation of these from an
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underlying spin-glass dynamics. The first attempt to establish such a connection was
made in [BBG02,BBG03a,BBGO03b] where it was shown that, starting from a particular
Glauber dynamics of the Random Energy Model (REM), at low temperatures and at a
time scale slightly shorter than the equilibration time of the dynamics, an appropriate
time-time correlation function of the dynamics converges to that given by Bouchaud’s
REM-like trap model.

On the other hand, in a series of papers [BCOS,BCM06,BCOS,BCO7] a systematic
investigation of a variety of trap models was initiated. In this process, it emerged that there
appears to be an almost universal aging mechanism based on «-stable subordinators that
governs aging in most trap models. It was also shown that the same feature holds for the
dynamics of the REM at shorter time scales than those considered in [BBG03a,BBGO03b],
and that this also happens at high temperatures, provided appropriate time scales are
considered [BCO8]. For a general review on trap models see [BCO6].

However, both in the REM and in the trap models that were analyzed so far, the
random variables describing the quenched disorder were considered to be independent.
Aging in correlated spin glass models was investigated rigorously only in some cases
of spherical SK models and at very short time scales [BDGO1]. In the present paper we
show for the first time that the same type of aging mechanism is also relevant in correlated
spin glasses, at least on time scales that are short compared to the equilibration time (but
exponentially large in the volume of the system).

Let us first describe the class of models we are considering. Our state spaces will
be the N-dimensional hypercube, Sy = {—1, l}N. Ry : Sy x Sy — [—1, 1] denotes
as usual the normalized overlap, Ry (o, 7) = N -1 vaz 1 0iT;. The Hamiltonian of the

p-spin SK-model is defined as VNH N, where Hy : Sy — R is a centered Gaussian
process indexed by Sy with covariance

E[Hy(0)Hy ()] = Ry (0, T)7, (1.1)

for 3 < p € N. We will denote by H the o-algebra generated by the random variables
{Hn(0),0 € Sy, N € N}. The corresponding Gibbs measure is given by

Hp.n (o) = Zg el NN, (1.2)

where Zg y denotes the normalizing partition function.
We define the dynamics as a nearest neighbor continuous time Markov chain oy (+)
on Sy with transition rates

~1,~BYNHN(©)  if g -
wy (0. 7) = N~ e ,if dlSt('O’, 7)=1, (1.3)
0, otherwise;
here dist(-, -) is the graph distance on the hypercube,
| N
dist(o, 7) = Z; lo; — 7. (1.4)
i

A simple way to construct this dynamics is as a time change of a simple random walk
on Sy: We denote by Yy (k) € Sy, k € N, the simple unbiased random walk (SRW)



Universality of the REM for Dynamics of Mean-Field Spin Glasses 665

on Sy started at some fixed point of Sy, say at (1,...,1). For 8 > 0 we define the
clock-process by
k—1
Swik) =D eexp {BVNHy Yy )] 1.5)
i=0

where {¢;,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 {Yy (k), k € N,
N € N}. The o-algebra generated by the random variables {e;, i € N}, will be denoted
by £. For non-integer + > 0 we define Sy (f) = Sy(l7]) and we write Sg,l for the
generalized right-continuous inverse of Sy. Then the process oy (-) can be written as

on(t) = Yn(Sy' (). (1.6)

Obviously, oy is reversible with respect to the Gibbs measure jg y, and Sy (k) is the
instant of the k™ jump of oy. We will consider all random processes to be defined on an
abstract probability space (€2, F, P). Note that the three o-algebras, H, ), and &, are
all independent under P.

We will systematically exploit the construction of the dynamics given by (1.3) or
(1.6). The same dynamics was used in the analysis of the REM and in most work on trap
models. It differs substantially from more popular dynamics such as the Metropolis or
the heat-bath algorithm. The main difference is that in these dynamics the trajectories
are not independent of the environment and are biased against going up in energy. This
may have a substantial effect, and we do not know whether our results will apply, at
least qualitatively, in these cases. The fact is that we currently do not have the tools to
analyze these dynamics even in the case of the REM!

Let Vy(¢) be an a-stable subordinator with the Laplace transform given by

E[e 0] = exp(—11%). (1.7)

Our main technical result is the following theorem that describes the asymptotic behavior
of the clock process.

Theorem 1.1. There exists a function, £ (p), such that, for all p > 3, and y satisfying
0<y <min (B2 ¢(pB), (18)
under the conditional distribution P[-|)] the law of the stochastic process
Sy =e Ny ([ N2 ]) =0, (1.9)
defined on the space of cadlag functions equipped with the Skorokhod Mi-topology,
converges, Y-a.s., to the law of the y / ﬁz-stable subordinator, VV /82 (Kt),t =0, where
K is a positive constant depending on y, B, and p.

Moreover; the function ¢ (p) is increasing and satisfies

¢(3)~1.0291 and plew§(p)=J2ln2. (1.10)
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We will explain in Sect. 5 what the M1-topology is. Roughly, it is a weak topology
that does not convey much information at the jumps of the limiting process: e.g., it
allows for several jumps of the approximating processes at rather short distances in time
to merge to one big jump of the limit process. This will actually occur in our models
for p < oo, while it does not happen in the REM. Therefore, we cannot replace the
M -topology with the stronger Ji-topology in Theorem 1.1.

To control the behavior of spin-spin correlation functions that are commonly used
to characterize aging, we need to know more on how these jumps occur at finite V.
What we will show is that if we slightly coarse-grain the process Sy over blocks of
size o(N), the rescaled process does converge in the Ji-topology. What this says, is that
the jumps of the limiting process are compounded by smaller jumps that are made over
< o(N) steps of the SRW. In other words, the jumps of the limiting process come from
waiting times accumulated in one slightly extended trap, and during this entire time only
a negligible fraction of the spins are flipped. This will imply the following aging result.

Theorem 1.2. Let A} (t, s) be the event defined by

Ay (t,s) = {RN (O’N (te”N) ,ON ((t +s)eVN)) >1-— 8} . (1.11)

Then, under the hypothesis of Theorem 1.1, for all ¢ € (0,1), t > 0, s > 0, and
o = y/ﬁ2’

. 1/(t+s)
lim P[AS (. 5)] = Sm“”/ w1 = u) ™ du. (1.12)
N—o0 T 0

Remark. We will in fact prove the stronger statement that aging in the above sense
occurs along almost every random walk trajectory, that is

sin a7

t/(t+s)
lim P[A% (1, 5)|V] = / w1 —w)y%du,  Y-as. (1.13)
N—oo 0

Let us discuss the meaning of these results. ¥ is the time-scale at which we want to
observe the process. According to Theorem 1.1, at this time the random walk will make

about N'/2¢Nv?/26? < e¥N steps. Since this number is also much smaller than 2% (as
follows from (1.10)), the random walk will essentially visit that number of sites.
If the random process Hy were i.i.d., then the maximum of Hy along the trajectory

1/2
up to time N12eN7*/B® would be (2 ln(Nl/zeNyz/zﬁz)) ~ N2y /8, and the time

spent in the site with maximal Hy would be of order ¢”". Since Theorem 1.1 holds
also in the i.i.d. case, that is in the REM (see [BCOS]), the time spent in the maximum
is comparable to the total time and the convergence to the a-stable subordinator implies
that the total accumulated time is composed of pieces of order e”” that are collected
along the trajectory. In fact, each jump of the subordinator corresponds to one visit to a
site that has waiting time of that order. In a common metaphor, the sites are referred to
as traps and the mean waiting times as their depths.

The theorem in the general case states that the same is essentially true in the p-spin
model. The difference is that now the traps do not consist of a single site, but of a deep
valley (along the trajectory) whose bottom has approximately the same energy as in the
i.i.d. case and whose shape and width we will describe quite precisely. Remarkably, the
number of sites contributing significantly to the residence time in the valley is essentially
finite, and different valleys are statistically independent.
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The fact that traps are finite may appear quite surprising to those familiar with the
statics of p-spin models. From the results there (see [Tal03,Bov06]), it is known that
the Gibbs measure concentrates on “lumps” whose diameter is of order N¢g,, with
£p > 0. The mystery is however solved easily: the process Hy (o) does indeed decrease
essentially linearly with speed N ~!/? from a local maximum. Thus, the residence times
in such sites decrease geometrically, so that the contributions of a neighborhood of size
K of a local maximum amounts to a fraction of (1 — ¢~X) of the total time spent in that
valley; for the support of the Gibbs measure, one needs however to take into account the
entropy, that is the fact that the volume of the balls of radius r increases like N". For the
dynamics, at least at our time-scales, this is, however, irrelevant, since the SRW leaves
a local minimum essentially ballistically.

The proof of Theorem 1.1 relies on the combination of detailed information on the
properties of the SRW on the hypercube, which is provided in Sect. 4 (but see also
[Mat89,BG06,CGO08]), and comparison of the process Hy on the trajectory of the SRW
to a simpler Gaussian process using interpolation techniques a la Slepian, familiar from
extreme value theory of Gaussian processes.

Let us explain this in more detail. On the time scales we are considering, the SRW
makes tN /2 exp(Ny?/28%) <« tNY?exp(N¢(p)?/2) < 2V steps. In this regime the
SRW is extremely “transient”, in the sense that (i) starting from a given point x, for times
t <v~ N? o < 1, the distance from x grows essentially linearly with speed one, that
is there are no backtrackings with high probability; (ii) the SRW will never return to a
neighborhood of size v of the starting point x, with high probability. The upshot is that
we can think of the trajectory of the SRW essentially as of a straight line.

Next we consider the Gaussian process restricted to the SRW trajectory. We expect
that the main contributions to the sums Sy (k) come from places where Hy is maximal
(on the trajectory). We expect that the distribution of these extremes does not feel the
correlations between points farther than v apart. On the other hand, for points closer
than v, the correlation function Ry (Yn (i), Yn(j))? can be well approximated by a
linear function 1 — 2pN~'|i — j| (using that Ry (Yn (i), YN (j)) ~ 1 —2N~1i — j|).
This is convenient since this process has an explicit representation in terms of i.i.d. ran-
dom variables, which allows for explicit computations (in fact, this is one of the famous
processes for which the extremal distribution can be computed explicitly [Sle61,She71]).
Thus the idea is to cut the SRW trajectory into blocks of length v and to replace the
original process Hy(Yn(i)) by a new one U;, where U; and U; are independent,
if 7, j are not in the same block, and E[U;U;] = 1 — 2pN~Yi — j| if they are.
For the new process, Theorem 1.1 is relatively straightforward. The main step is the
computation of Laplace transforms in Sect. 2. Comparing the real process with the
auxiliary one is the bulk of the work and is done in Sect. 3. The properties of SRW
needed are established in Sect. 4. In Sect. 5 we present the proofs of the main theo-
rems.

Our results exhibit considerable universality of the REM for dynamics of p-spin
models with p > 3. This dynamic universality is close to the static universality of the
REM, which shows that various features of the landscape of energies (that is of the
Hamiltonian Hy ) are insensitive to correlations. This static universality in a microcano-
nical context has been introduced by [BM04] (see [BK06a,BK06b] for rigorous results
in the context of spin-glasses). The static results closest to our dynamics question are
given in [BGKO06,BK07], where it is shown that the statistics of extreme values for the
restriction of Hy to a random set Xy C Sy are universal, for p > 3 and |Xy| = N,
for ¢ small enough.
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2. Behavior of the One-Block Sums

In this section we analyze the distribution of the block-sums, > ;_, eieﬂ‘mU" , where
{e;, i € N} are mean-one i.i.d. exponential random variables, and {U;,i = 1, ..., v} is
a centered Gaussian process with the covariance EU;U; =1 — 2pN7Vi—jliv =y
is a function of N of the form

v=|N?], withwe (1/2,1). 2.1)

As explained in the introduction, this process will serve as a local approximation of the
corresponding block sums along a SRW trajectory. We characterize the distribution of
the block-sums in terms of its Laplace transform

Fy@w) =E |:exp {—ue}’N Zeieﬁﬁu" }:| . (2.2)

i=1

Proposition 2.1. For all y such that y/B*> € (0,1) there exists a constant,
K = K(y, B, p), such that, uniformly for u in compact subsets of [0, 00),

lim NY20 1N 28 (1 — Fyw)] = Ku?/P. 2.3)
N—o0
Proof. For all N the argument of the limit on the left-hand side of (2.3) is continuous and
increasing inu € [0, 0o). The same is true for the right-hand side of (2.3). Therefore, the
uniform convergence claimed in the proposition is a direct consequence of the point-wise
convergence for u € (0, 0c0), which we will prove in the following.
We first compute the conditional expectation in (2.2) given the o-algebra, U, gene-
rated by the Gaussian process U,

v
E |:exp [ —ue vN Zeieﬁ‘/ﬁm} ‘Z/{i|
i=1

v

1
iI:[l 1+ ue—vNeBVNU;

oxp {_ S (MyNemUi)] |

i=1

(2.4)

where
g(x) =1In(1 +x). (2.5)

Note that g(x) is monotone increasing and non-negative for x € R,. We use the well-
known fact (see e.g. [Sle61]) that the random variables U; can be expressed using a
sequence of i.i.d. standard normal variables, Z;, as follows. Set Zy = (U1 + U,)/
4 —4p(v —1)/N)"/?and Zy = (Uy — Ux_1)/(4p/N)Y%, k =2, ..., v. Then Z; are
i.i.d. standard normal variables and

Ui=T1Zi+---+T1iZi = TiviZis1 — - = T2y, (2.6)

r, = /1—%(\;—1) and Ty=-..=T, = /%. 2.7)

where
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Observe that >, Fi2 = 1. Let us define G;(z) = G;(z1, ..., zy) as
Gi(m)=Tiz1+---+Tizi = Tiv1zis1 — - = Tyzy. (2.8)

Using this notation we get

dz S PIRES “ —yN BVNG;
1—}—N(u):/RUWe 32013 {1—exp|:—2g(ue YN B (z)) _

i=1
(2.9)

We divide the domain of integration into several parts according to which of the G;(z) is

maximal. Define Dy = {z € R" : Gx(2) > G;(z)Vi # k}.On Dj we use the substitution
i =bi +Ti(yN —Inu)/(BVN), ifi <k, 210
zi=bi —Ty(yN —Inu)/(BYN), ifi > k. '

It will be useful to define Z§=i+l aj as lezl aj— Z;zl aj, which is meaningful also
for k < i + 1. Using this definition

k
Gi(b) — Gi(b) =2 > T,b;. .11
j=i+l
Set 0 = —In(u)/(y N) and define
D, = beR“'Zb |k—z|(1+9)>0 Vi£ky. (2.12)

Jj=i+l

After a straightforward computation we find that (2.9) equals (up to a multiplicative
correction converging to one as N — 00)

v
€7NV2/2/32uV//32 Z/ db ze,%z;’:lb?e—%«/ﬁGk(b)(l+9)
= /o, @m)

%
x [ 1 —exp (_ Zg (eﬂ\/NGk(b)*ZﬁﬁZ(;zi+l b_,-2py|ki|(l+9)))] )

i=1
(2.13)
To finish the proof we have to show that asymptotically the only dependence in
(2.13) on u (or @) is through the factor uV/ﬂz, and that the sum is of order vN—1/2. We
change variables once more to a; = b;/(1 + 0) in order to remove the dependence of
the integration domains D;_ on u. Then the sum (without the prefactor) in (2.13) can be
expressed as

v

3 (A+60)"da 119257 a2 [e—%ﬁckm)uw)z

= o} )y ¢

X [1—exp( Zg( (ﬁka(u) Zﬁ\FZJ i+14j ZPVki|)(1+9)))]:|’ (214)
i=1

where Dy = fa e RY: 34 a;+ 5Pl =il 2 0 Vi # k).
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Let § > 0 be such that (1 +8)y/B% < 1,and let N > |Inu|/(y$), so that || < .
We first examine the square bracket in the above expression for a fixed k. On D/

v
exp I_ S e (e(ﬂWGk(a)—ZﬁﬁZ]}:i+1 a j—zpy|k—i|><1+9)) ]

i=1

> exp {—vg (eﬁ‘/NG"(”)(Hg))} ) (2.15)
Write G (a) as (recall (2.1))
E—wlnN
Gila) = =——"—. (2.16)
(1+0)BVN
The square bracket of (2.14) is then smaller than
e—ﬁy—z(s—wlnN)(HG) {1 —exp (—vg (eg_wlnN))}
0 i) 2.17)
<N # e # {1 —exp (—vg (e5/v))}.

— 25 (146
If (1 +6)y/B% < 1, then the function e A {1 — exp (—vg (es/v))} is uniformly
bounded in & € R and v. Indeed, if & > 0, then

_YE _YE
e ;2(1+9) {1 — exp (—vg (65/1}))} <e ;2(“9) <. (2.18)
If & < 0, then, since g(x) < x,
{1 —exp(—vg (eé/v))} <{l—exp (—eé)}, (2.19)

which behaves like ef, as & — —oo. This compensates the exponentially growing
prefactor if (1+6)y/ B% < 1. Thus, under this condition, the bracket of (2.14) increases
at most polynomially with N. Therefore, there exists § > 0 small, such that the domain
of integration in (2.14) may be restricted to a;’s satisfying

v v
p! Za} e(1—68,1+8), l|aj| <N, Z la;| < v, (2.20)

i=1 i=1

. .. 8’ .
The integral over the remaining a;’s decays at leastas e V" , for some 8’ > 0 (by a simple

large deviation argument). For all a satisfying (2.20), |Gy (a)| < N /4 L N—1/2) 148"
N2 and thus, for any fixed u, uniformly in such a’s, we have

— 5V NGi(a)(149)* —10+02 30, a?
e P N e 2 =19 N
~ 1, and 2. (2.21)

1 v 2
e 2 214

o~ 5VNGL@

Also, (1 +6)Y m 1. Hence, up to a small error, we can remove all but the last

occurrence of 0 in (2.14).
Finally, taking x; = a; fori > 2, x| = Nl/sz(a), and thus

— + P + — —_— e e e —
o= VP2 X — Xgt1 xv)’ (222)

le/ﬁ




Universality of the REM for Dynamics of Mean-Field Spin Glasses 671

(2.14) is, up to a small error, equal to

Z/ dxe™ DML y xl2 a% xl2
—=x; — expl —— +
 TiN2ry 2 P\ TN T aren )P\ T2 T

(2.23)
x [1 —exp (_ Z g (e(1+0)ﬂx1e—(2ﬂ\/ﬁz_l;=i+1 Xj+2PV|k—i|)(1+9)))] .
i=1
The last exponential term on the first line can be omitted. Indeed,
a% X% 2] N>
_?+2F% F2 [xh/_(xz+ —xv)—Zp(x2+---—xv)]————>O

(2.24)

uniformly for all [x;| < N9*9/2 and |x3 + - -- — x| < vI*/24f § > 0 is sufficiently

. .. . . 8 . e
small. The integral over the remaining x is again at moste " , again by a large-deviation
argument.

Now we estimate the integral over x3, ..., x, in (2.23). Namely,

Ly g2
/ dxe 2 Zi=2% | —exp _Zv:g (e(ne)ﬂxl(zﬁﬁzﬁzm xj+2py|ki|)(l+0)) ’
by m)=b/2 ,

i=1
(2.25)

where D;(’ is the restriction of D}/ to the last v — 1 coordinates (which does not depend on
the value of the first one). Let V = (V,, ..., V,,) be a sequence of i.i.d. standard normal

random variables and let Rl]f = Z";:i +1 V- Using this notation we rewrite (2.25) as

v
E |:1 —exp (_ Zg (e(1+9)/3x1e—(2ﬁﬁRf+2pV|k—i|)(l+9))); Ve DI/{/:| . (2.26)

i=1

Restricting the summation to i = k, we get a lower bound

E [1 —exp (—g (e(”e)ﬂxl)) Ve D”] ~ IBIPIY € D] asx) — —oo.
2.27)

The probability P[V € DZ ] is bounded from below by the probability that a two-sided
random walk (R(i),i € Z) with standard normal increments and R(0) = 0 satisfies
R(@i) = —y./plil/B for all i € Z. This probability is positive and does not depend on
N. This implies that there exists ¢ > 0, independent of k, N, and u, such that, for all
x1 <0,

(2.25) > ceI*DBx1 (2.28)
Using g(x) < x and 1 — e™" < x we get an upper bound for (2.25), namely

(2.25) < 1#96x1 ZE[ CovPRE2m I,y e B (2.29)
i=1
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Relaxing the condition V € D;{’ to Rf > —%ﬁ |k — i| in the i term of the summation

and using the fact that Rl{‘ is a centered normal random variable with variance |k — i|,
we get, by a straightforward Gaussian computation, that

C
Jk =1

where C depends only on S, y, and p.
The bounds (2.28) and (2.30) imply that (2.23) is bounded from above and from
below (with different constants) by

(2.25) < e1+0)Bx1 Z eV PIk=il/2BY) < cp(40)Bx1 (2.30)

2
c/val/z/dxlexp Yy - x; (1 A ceOBy — c"yN~12 (2.31)
R p 2I'TN

This proves that (2.23), and thus (2.14), are of the right order. Moreover, these bounds
imply that we can restrict the domain of integration over x; in (2.23) to a large compact
interval [—C, C] without losing precision.

Finally, observe that (2.25) is an increasing function of min(k, v — k). Therefore,
there exists a bounded function, ¢ : R — [0, 00), such that, as this minimum increases,
(2.25) converges to ¢(x1) (e1*9Px1 A 1), Using this fact and the bounds (2.28) and (2.30),
it is easy to see that there exists C > 0 such that (2.23) behaves as CvN~12(1 +0(1)),
as N — oo. Finally, observe thatif x; € [—C, C] then the derivative of the integrand in
(2.25) with respect to 6 is bounded uniformly in N and k. This can be used to show that
the constant C is independent of u. This completes the proof of Proposition 2.1. O

We close this section with a short description of the shape of the valleys mentioned
in the introduction. First, it follows from (2.10) and the following computations that the
most important contribution to the Laplace transform comes from realizations for which
max{U; : 1 <i <v}~ y\/N/,B with an error of order N=1/2. It is the “geometrical”
sequence in (2.30) which shows that only finitely many neighbors of the maximum
actually contribute to the Laplace transform. The same can be seen, at least heuristically,
from a simple calculation

14 YV N li]
U,=“~~N|=—-C r— 2.32
T8 } B Prr N (232

which means that, disregarding the fluctuations, the energy decreases linearly with the
distance from the local maximum and thus the mean waiting times decrease exponen-
tially.

E |:Uk+i

3. Comparison Between the Real and the Clock Process

We now come to the main task, the comparison of the clock-process sums with those
in which the real Gaussian process is replaced by a simplified process. For a given
realization, Yy, of the SRW, we set X ?v (i) = Hy (YN (i)) (the dependence on Yy will
be suppressed in the notation). Then X ?\, (i) is a centered Gaussian process indexed by
N with covariance matrix

A = EIXQ DX ()] = Ry (Yn (@), Yw ()P 3.1)
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We further define the comparison process, X 11v (i), as a centered Gaussian process with
covariance matrix

1—2pN~Yi—jI, if i/v] = Lj/v],

3.2
0, otherwise. (3-2)

A =EXNHXy()] = [

For h € (0, 1) we define the interpolating process X" v =+v1- X?V (i) +«/_X (i).
Lett eN,O=1r<---<tg,=T,and uy, ..., up € R; be fixed. For any Gaussmn
process X = (X (i), i € N) we define a function, FN(X) = Fy (X; {t;}, {u;}), as
4 - Lixr(N)]—1
Fy (X ) fu) = Eexp (=D =6 > a0 x| x)
k=1 i=[tg—1r(N)]
L r(N)J-1

=exp[->. > g(;’?v ﬁfxo))

k=li=lf_1r(N)]

(3.3)

where
F(N) = {Nlﬂe’wz/zﬁz] . (3.4)

Observe that E[F(X?; {#;}, {u; )| V]isa joint Laplace transform of the distribution of the
properly rescaled clock process at times #;. The following approximation is the crucial
step of the proof.

Proposition 3.1. If the assumptions of Theorem 1.1 are satisfied, then, for all sequences
{ti} and {u;},

Jim B[ Fy (X300 ) 91 —E[Fy (Xki () i) | =0, Y-as G35)

Proof. The well-known interpolation formula for functionals of two Gaussian processes
due (probably) to Slepian and Kahane (see e.g. [LT91]) reads in our context

1 r(N)T azF (X )
- N A
E[Fy(X%) — Fy(X\)IYV] = / dn > (A} AU)]E[BXO)BX(/) y]

i,j=1
i#]

(3.6)

We will show that the integral in (3.6) converges to 0.
Let k(i) be defined by [txy—17(N)] < i < [tk (N)]. The second derivative in
(3.6) is equal to

u(iyuk(H BN YN X ()
e2vN
uk() h uk( ) h
g (eyl SYNX, m)g (ewjv PVNXY (n)F (xh)

< U HBN g xxt irexly (i)
— e2vN

(3.7)

xexp[ 2g (uk(l) ﬂfXPI(/(l)) 2¢g (uk(j) ﬁfXN(I))]
ev
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where we used that g’(x) = (1 + )= exp(—g(x)) (recall (2.5)), and we omitted in
the summation of Fy (X f{,) all terms different from i and j. To estimate the expected
value of this expression we need the following technical lemma.

Lemma 3.2. Let ¢ € [—1, 1] and let Uy, Uy be two standard normal variables with
covariance E[U1Us] = ¢, A a small constant, 0 < A < min{l — yp~2, yB72}

(Which will stay fixed), and u, v > 0. Define En(c) = En(c, B, v, u,v) and Ey(c) =
En(c, B, y,u,v,A) by

EN(C):’ZZ}#E [eXp(,B«/N(Ul +Us) — 2g (ueﬂmUI*VN) —2g (veﬁx/NszyN))]
(3.8)
and

cla-o 2 avNfep -], i1z pp2ea—1,

Enlo) = 5 ‘ B
CNexp{N(B*(1+c)—2y)}, ife<yB2+xr—1,

(3.9)
where C = C(y, B, u, v, A) is a suitably chosen constant independent of N and c. Then
En(c) < En(o). (3.10)

Proof. Setky = /2(1 £c¢). Let U,, Uy be two independent standard normal variables.
Then U; and U, can be written as

1 - - [ ;
Uy = §(K+U1 +txk-Uz), U= §(K+U1 —«-U2). G.1D)

Hence, Uy + Uy = k.U;. For x > 0 and y > 0 the function g satisfies g(x) + g(y) =
g(x +y+xy) > g(x +y). Moreover, ue* + ve™ > min(u, v)e!*!. Hence,

(ueﬂﬁul—yN) (UeﬁﬁUz—yN)
(3.12)
)

2 2 2
N d + 1 1 _
uvh —yexp Tty + BV Nksy) — 28 iie2 BV NYIH3k— BV NIy2|=y N |} |
e2vN 2 27 2

+8

NU
> g(min(u, V) exp(KJrﬂ\g_ ! +

Setting min(u, v) = u, we can bound E y (¢) from above by

8

k_B/NU,
2

(3.13)

Substituting z; = y1 — ﬂﬁfq and zp = yp we get

2 2
e2vN R2 27 2

X exp (—Zg (ﬁexp {«/ﬁ[(@ _ y) ;L ﬂikﬂ”)) .(3~14)

2 2
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The second line of the last expression is always smaller than one. Therefore,

En(e) < W =C(y.pou Nexp N1 +0) =20}, G.15)

which is the same expression as appears on the second line of definition (3.9) of . This

estimate is however not always optimal. Indeed, note that the function exp(—2g (ﬁe*/ﬁ )]
converges to the indicator function 1,9 as N — oo. The role of x will be played by
the square bracket in the expression (3.14). If ,321(_%_ /2 — y > 0, this bracket is positive
for z close to 0 and the integrand in (3.14) is typically very small.

We thus fix XA satisfying the assumptions of Lemma 3.2, and consider ¢ such that
¢ > yB~2+ 1 — 1. This is equivalent to f2«2/2 — y > A for some A’ = A’(1) > 0. In
this case we need another substitution, namely

= |:v =N (ﬁk 2y )}
1= —F/— 1 — —|v2| — + = )

“{5 K+ P (3.16)
2 = «/_ﬁ

This substitution transforms the domain where the square bracket of (3.14) is nega-
tive into the half plane v; < 0: The expression inside of the braces in (3.14) equals
Brv1/2. Substituting (3.16) into (z% + z%) /2 produces an additional exponential prefac-

2.2 A N2
tor exp (—%) Another prefactor N~! comes from the Jacobian. The remai-
+

ning terms can be bounded from above by

dv v2 2y K—
_ _2 _ 7 _ = —2g(ePreor/ L 3.17
/R2 7 CXPI N (ﬂ Ky ,3/<+) (Ul o |U2|) gue )} (3.17)

which can be separated into a product of two integrals. The integral over v, contains two
terms: one with v% and the second with |v;|. If we ignore the quadratic one (which can
be done only if k_ # 0, that is ¢ # 1), then the integral over v, can be bounded from
above by

-1

((/m — 2—’/) —) <Ck='<cona —o) 12, (3.18)
B+ ) K+

where C(A) is a constant depending only on A. If k_ = 0, then the term with |v;|

disappears and the integration over v, gives a factor C+/N.

To bound the integral over v; in (3.17) observe that the integrand behaves
as exp{—2v1y/Bk+} as v1 — 00, and as exp{(Bx+ — 2y /Bk4))v1} as v — —oo.
Therefore, the integral over vy is bounded uniformly by some A-dependent constant for
all values of ¢ > —1 + (y/B?) + A. Putting everything together we get

- 12 uvp? N N L _(BkE =2y)*N
HN(c)gc{(l )" /\\/_} veo (- mr

(3.19)
] = En(0).

yiN

=C(y,B,u,v, ) {(1 - c)_l/2 A «/N} exp {—m

This finishes the proof of Lemma 3.2. O
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We can now return to the proof of Proposition 3.1, that is to formula (3.6). Let
D;j = dist(Yy (i), Yn(j)). Observe that D;; is always smaller than |i — j|. Hence, for

Li/vl=Li/v],
AY = (1 —~ 2N’1D,~‘,’)p > (1 —2N"i - jl)p > A} (3.20)

Since Aj; = 0 for (i, j) with [i/v] # Lj/v], A); = A}; < 0if and only if A); < 0.
The absolute value of (3.6) is thus bounded from above by

1t A 9> Fy(X%) 0 82 Fy (X)
5/0 v ,»,Z_ll(A""_A””E axmax(h P DE axeax (| |
i#i

(3.21)

Given the sequence {u;} that was fixed at the beginning of this section, we define
En(e) = max{En(c, B,y uisuj, ) 1 < i, j <€) (3.22)

Clearly, © n(c) can be written as in (3.9) with a new large constant C. Observe that
En(c) is an increasing function of ¢ € [—1, 1]. Lemma 3.2 and the computation just
preceding it then imply that (3.21) is bounded from above by

1! & 0 1y = 0 1 0y =~ 0
5/0 dh 3 (% = AeEw (=A% + L) +(a%)-Ex (1= mA).
i j=1
i#]
(3.23)
We define, with a slight abuse of notation, A0 = (1 —2dN ’1)1’. That is to say, Ag is

the covariance of X ?v (i) and X 9\, (j) if D;; = d. Using this notation, (3.23) is smaller
than

1
> 1py; = d}(A2)+/ o ((1 — h)Ag) dh
d=0 ij=1 0
Lifoi#Li/v)
r(N)T
+ S Dy =aAY - A)EN (Ag) (3.24)
i j=1,i%j
LifvI=1i/v]

r(N)T
+ D UDj=d}AD-Ey (0
i,jili—jl=N/2
In the last two lines we used the fact that the integral over 4 is bounded by the supremum

of its integrand, and the fact that By is increasing. Finally, the definition of Sy implies
that, for ¢ > 0,

1 y2N 1
/ En((1 = h)e)dh < Ce Piso / ((1 — (I =he) V2 A Jﬁ) dh <2.
0 0
(3.25)
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To control (3.24) we need to count the pairs (i, j) with D;; = d. The following
proposition, that is proved in the next section, provides sufficiently good estimates for
our purposes.

Proposition 3.3. Let y and B satisfy the hypothesis of Theorem 1.1, let T > 0, and let
v be as in (2.1). Then, for any n > 0, there exists a constant, C = C(B, y, v, n), such
that, Y-a.s., for all but finitely many values of N, for all d € {0, ..., N},

F(N)T

Z D =d} <C |:T2r(N)22_N (2’) +r(N)Tv_le’7|d|i| . (3.26)
i,j=1

Li/vl#Li/v]

where ||d|| = min(d, N — d). Moreover, we can choose ¢ < 1 such that, Y-a.s., for all
but finitely many values of N,

r(N)T o .
Cvr(N)T{d Vv 1}N—=, ifd <eNv ',
S 1Dy =dyaY - ALy < { STV N, T .
o - Cr(N)Tv-N™—", ifv>d>eNv
i, j=1,i#]j
Li/vi=Lj/v]
(3.27)

This proposition and the estimate (3.25) imply that the first line of (3.24) is smaller
than the sum of the following two terms:

N 2
N N
C;) T2r(N)22—N(d)(A2)+ exp [ _,32(1:—+A2)} (3.28)
and
N
r(N)Teldl y2N

By (3.27), the second line of (3.24) is bounded by

eN/v
CZ r(N)Tv{d\/l}u V(A% 4 C Z %: (A%, (3.30)
d=eN /v

The third line is non-zero only if p is odd. By (3.26) it is smaller than

N

p
> c [Tzr(N)ZZN (]:l[) + r(N)Tvle"”d”] (1 — %) En(0). (3.31)

d=N/2
We estimate (3.28) first. Let / (u) be defined by
I(u)=ulnu+ (1 —u)ln(l —u)+In2, (3.32)

Ty (u) = 2—N<LA1;/“J),/”N NI, (3.33)

and let



678 G. Ben Arous, A. Bovier, J. Cem}’/

By Stirling’s formula we have that Jy (u) m (4ul —u))~ !, uniformly on compact
subsets of (0, 1). Moreover, Jy (u) < CN'2 forallu [0, 1]. From the definitions of
r(N) and Ep, we find that

p

al 2d d d
328)<C > TANV2 (1 -= NY —)tuvl=), @334
(3.28) = dZ:(:) v, exp rby \ N NN (3.34)

where

2 2

Y e
T (0= gz =10 = T 2y

(3.35)

Lemma 3.4. There exists a function, £ (p), such that, for all p > 2 and y, B satisfying
y <min{¢(p)B, ,32}, there exist positive constants 8, §', and ¢ such that

YppyWw) <=8, forallue[0,11\ (1/2—-35,1/2+6", (3.36)
and
YppyWm) <—clu— 1/2)%,  forallue (1/2—68,1/2+8). (3.37)
Moreover, £(p) is increasing and satisfies (1.10), that is,

2 =272 r(3)~1.0291, and pli)néo;(p)zx/Zan (3.38)

Proof. The function Y, g, and its derivatives satisfy Tp g, (1/2) =), 5 (1/2) =0
and

4 ﬁ—l), ifp=2,

ppy(1/2) = [_4(1 B (3.39)

otherwise.

The second derivative is always negative for 8, y, p satisfying the assumptions of the
lemma. Therefore (3.37) holds.

For any 8’ > 0 and |u — 1/2| > &', the function I (u) is strictly positive and the
function ®(u) = 1 — 1/(1 + |1 — 2u|?) is bounded. Therefore, if y /B is sufficiently
small (how small defines the function {(p)), then Y, g, (u) < —8. This proves (3.36).
The monotonicity of ¢(p) follows from the monotonicity of ® in p.

The function Y7 g, () is increasing in )/2/,82 and I (u) > (1 — 2u)2/2. Thus, for
ally < 27128,

T L1 ! L w2 3.40
2,ﬂ,y(”)<§ —m —5( —2u)”. (3.40)

The right-hand side of the last inequality is equal to O for # = 1/2 and its derivative,

1

2(1 = 2u) (1 — —(1 FRTRE eSS

) =0, forallu<1/2, (3.41)

which implies that (3.36) is true for all y < 2-1/28, and so the first part of (3.38) holds.
Obviously, ®(0) = 1/2, ®'(0) = —2p, 1(0) = In2 and I'(0) = —oo. Hence, for
v/B = ~/21n2, there exists u > 0 small enough such that Y, g ,, (1) is positive. This
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Fig. 1. Function Y, , g for p = 2, 3, 4 and various values of y /8

implies that £(p) < v/2In2. If u € (0, 1/2) then lim, , .o ®(u) = 0. This yields the
third claim of (3.38). The value of ¢(3) was obtained numerically.

For illustration the graphs of the function Y, g ,, are plotted in Fig. 1 for p =2, 3, 4,
B =1, and y = 0 (solid lines), y = /1/2 (dashed lines), y = 1 (dash-dotted lines)
and y = +/21n2 (dotted lines). O

We can now finish the bound of (3.28), resp. of (3.34). Lemma 3.4 and the bounds
on the function Jy yield that, ford/N ¢ (1/2 — &', 1/2 +§’), the summands decrease
exponentially in N. Therefore they can be neglected. The remaining part can be bounded
by

(1/2+8")N

287172 _ % r _ _ 2
c > TN ) exp{—eN@/N —1/2)
d=(1/2—8")N +

!

< CTZNS/Z/ |x|pe—C/NX2dx (34’2)
= s

2773/2 A7 —(p+1)/2 > —cu?y, N—ooo
< CT>N3?N— // lulPe " du —= 0,

—00

however only if p > 3.
Similarly, for (3.29) we have

N
2d\" .
(329 <C> TN (1 — —) exp(NYT(d/N)), (3.43)
N +
d=0
where, setting ||u|| = min(u, 1 — u),
2 2
> 14 Y
T - _ . 3.44
rpor ) = 355 = g =gy (3.44)

It is easy to check that there are positive values of §, §’, and 7, such that 'Y"p,ﬁ,y (u) < =6,
for all |lu|| > &'. Therefore all such d can be neglected. Around d = 0 the function
fp)ﬂ,y (x) can be approximated by a linear function —cx, ¢ > 0, and the summation by
an integration. As an upper bound we get, using (2.1),

!

CTN3/2v—1/ e N¥dx < CTN
0

12,=1 N=o9 . (3.45)

An analogous bound works for d close to N and p even.
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For (3.30) we have

] eN/v pr12
d=1

i (3.46)
L C Z (=Y NTp oy (d/N)
1/2 N e .

d=¢eN /v

The first term converges to zero. The linear approximation of :fp, g,y and of the bracket
in the second term yields an upper bound

N—o0

&
CTN‘/ZU/ 22~ Neqy < cTN" Ty 222 0. (3.47)
0

—c'N /v

The third term is smaller than v3e , which is also negligible.

Finally, since o) N0 = Ce N v/ 52, it is easy to see that the contribution of the
second term in the bracket of (3.31) tends to 0. The contribution of the first term is equal
(up to a constant) to

N

2d P N
Z (F—l) TZNZ_N(d)
d=N/2
N3/
N N+i P P
<CT? N2V + —1) N2 /2N
S TR WED N G ED REE

d>N/2+N3/5

(3.48)

where we used that (i\i]) < CN_1/22Ne_i2/2N ford = (N +i)/2and i K N?/3. The
first term in (3.48) tends to O by a standard moderate deviation argument. The second
one can be approximated by
oo
CT2N'~(/2) / xPe¥ 24 X2 (3.49)
0

for p > 3. This completes the proof of Proposition 3.1. O

4. Random Walk Properties

In this section we prove Proposition 3.3. We write P, for the law of the simple random
walk Yy conditioned to start in x. Let Q = {Q;,i € N} be the Ehrenfest Urn Markov
chain, that is a birth-death process on {0, ..., N} with transition probabilities p; ;—1 =
1 — pii+1 = i/N. We use Py and Ej to denote the law of (the expectation with respect
to) Q conditioned on Q¢ = k. Under Py, Q; has the same law as dist(Yy (0), Yy (i)). We
define T} as the hitting time of k by Q, Tx = min{i > 1 : Q; = k}. It is a well-known
fact that, fork <[ < m,

I-1 (N—1y~1
o ()
IR
i ()
Finally, let px(d) = Po(Qx = d). We need the following lemma to estimate py (d) for
large k.

PIT, < T¢] = 4.1)
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Lemma 4.1. There exists K large enough such that, forallk > KN*In N = K(N) and

x,y € Sn,
‘Py[mm =xL;YN<k+1) =X _ | o posy 4.2)
and thus
‘Pk(d) +2Pk+1(d) N (Z’) < 24N, (4.3)

Proof. The beginning of the argument is the same as in [Mat87]. We construct a coupling
between Yy (which by definition starts at site 1 = (1, ..., 1) € Sy) and another process
Y} This process is a simple random walk on Sy, with initial distribution w}, being
uniform on those x € Sy with dist(x, 1) even. The coupling is the same as in [Mat87].
This coupling provides a certain random time, 7, which can be used to bound the
variational distance do, between p* and the distribution ;Lll‘v of Yy (k): for k even

doo (> 1y) = max |uh (A) — iy (A)] < P[Ty > kI. (4.4)
ACSy

The law of Ty is as follows. Let U = dist(Y},(0), 1). That is U is a binomial random

variable with parameters N and 1/2 conditioned on being even. Consider another simple

random walk, Y v, on Sy, started from 1. The distribution of 7y is then the same as the

distribution of the hitting time of the set {x € Sy : dist(1, x) = U/2} by Yy . Itis proved

in [Mat87] that P(Zy > N 1In N) — ¢ < 1. Itis then easy to see that,

P[Ty > K(N)] < KN < 278N (4.5)

if K is large enough. Thus, for even k > K(N), doo(uy, ,u’l‘v) < 278V and thus
[y (x) — pL’]‘v (x)] < 278N forall x € Sy. A similar claim for k odd is then not difficult
to prove. The second part of the lemma is a direct consequence of the first part. O

Lemma 4.2. Let y, B, v satisfy the hypothesis of Proposition 3.3. Then, there exists a
constant, C = C(B, y, v), such that, Y-a.s., for all but finitely many values of N, for all
def{0,..., N},
r(N)T
z 1{D;; =d} < Cr(N)T1{d < v}. (4.6)
ij=1,i#j
Li/vl=Lj/v]

Proof. The lemma is trivially true for d > v. For d < v, observe first that (4.6) is
bounded from above by an i.i.d. sum of m = [r(N)T/v] “block” random variables
which have the same distribution as Z;’ j=liskj 1{D;; = d}. To control these block
variables we first compute

%
p(d) = Eo » 1{Q; =d). 4.7)

i=1
We have p(0) > N~! and p(d) > Po[T; < v]. This probability is decreasing in d and
N N-1 N-v+l_ o

PylT, <v]=—
o[Ty < v] N N N =

(4.8)
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Thus p(d) > e‘”z/ N foralld < v. Using T, < v, the decomposition on the first visit
of d, and the standard relation between the Green’s function and the escape probability,
we get

T T,
v v 1
0(d) < Ey |:21{Q,» :d}i| =1+E, |:21{Qi =d}i| =1+ T < Tul

i=1 i=1

4.9)
However, using (4.1),
N-1y~1
N —d N —d _
PylTy < Tyl = PaalT, < Ty) = Co) T =1-00WN".
N v—1 (N—1
2i—d ( i )
(4.10)
Since v K N, p(d) < 2.
Consider now the one-block contribution to (4.6),
v
> 1D =d) =2 (4.11)
i j=1
Of course, Z € [0, 1] and, using the results of the previous paragraph,
eV IN0V) 2 < E[Z] < 407l (4.12)

Denoting by Zia sequence of i.i.d. copies of 7, we obtain from Hoeffding’s inequality
[Hoe63]:

P [Z Zi > 2m]E[Zk]:| < exp{—2mE[Z¢ ) < exp{—me 2" /N 2v)™4),  (4.13)
i=1

where we used the lower bound from (4.12). Since v2/N <« N, by the Borel-Cantelli
lemma, the left-hand side of (4.6) is a.s. bounded by

v?2mE[Z] < Cr(N)T, (4.14)
for all N large enough and all d < v. This completes the proof of Lemma 4.2. O

Proof of Proposition 3.3. We prove (3.27) first. Since it is trivially verified for
d € {v — 1,v}, we will assume that d < v — 2. Observe that, for i, j in the same
block,

2d\* 2pli — 2p(li — j|—d d?
A —al = (1=22) — (i - pli — j| _ pli — jl )+0 ay
J N N N N2

4.15)

The contribution of the error term is smaller than the right-hand side of (3.27), as follows
from Lemma 4.2.
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To compute the contribution of the main term, let

v v

p(d) = Eo [Z(i ~ Qi = d}] =D (i —d)pi). (4.16)
i=1 i=1

We need upper and lower bounds on p(d) to proceed with a Hoeffding-type argument.

The lower bound is easy: by considering the path with Q> = 0 and Q4.2 = d, we get

using (4.8) that 5(d) = N~'e~"*/N_ The upper bound is slightly more complicated,

(v—d)/2 (v—=d)/2 k
d + 2k d+k
5(d) = 2 2 a~r
pldy= D 2kpaar(d) < D k( i )( ~ )
k=1 k=1
3 C(“f/zk(mzk)k (d+k)k
T & ke tVk\ N (4.17)
(v—=d)/2 w—d)/2 .
<c > eof@k ! +foNn Y e > (c(d+2)vN*1)
k=1 k=1

<C@dv 1)vN~!

if d < eN /v for some small . Otherwise, trivially, 5(d) < v2. The one-block contri-
bution of the first term of (4.15) to (3.27) is then given by

2P~ .. . 2p 55
v Z (i = jl —dUD;j =d} = Tz (4.18)
i,j=1
with Z € [0, 1], E[Z] = ¢N~'e="*/Ny=3_ and

C{dv )N~y 1, ifd <eN/v,

4.19
1, ifv>d=>eN/v. ( )

E[Z] < [
Then, as in the proof of Lemma 4.2, Hoeffding’s inequality and (4.19) imply that the
contribution of the first term of (4.15) to (3.27) is smaller than Cr(N)T{d v 1}vN~2 or
Cr(N )TU2N -1 respectively, which was to be shown.
Finally, we prove (3.26). We restrict the summation to i < j, since the terms with
J > i give the same contribution. We first consider the contribution of pairs (i, j) such
that j —i > KC(N), so that in particular, |i/v]| # | j/v]. With R = r(N)T, Lemma 4.1
yields

R R

N
2~A—N
E Z 1{D;; = d} = Z pj—i(d) < CR*2 (d). (4.20)
Jj—i=IC(N) J—i=K(N)

Moreover,

R
Var | > 1{Djj =d}

J—i=K(N)

421

R R
= > > P[Dij =Dij, =d] —P[Di j, =d|P[Dy , =d].
J1—i1=KC(N) jo—i2=K(N)
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We can again suppose that i1 < i>. The right-hand side of (4.21) is non-zero only if
i1 <ip < j1 < jpori; <iy < j» =< ji. We will consider only the first case. The
second one can be treated analogously. In is not difficult to see, using Lemma 4.1, that
ifip —i; = IC(N) or jo — ji > K(N) then the difference of probabilities in the above
summation is at most 2~V . Therefore, the contribution of such (i1, 12, j1, j2) to the
variance is at most R*2~4N

Ifip — i1 < K(N) and j, — j; < K(N) then, using again Lemma 4.1,

N
P[Dj,.j, = Di,.j, =d] <P[Dj, j, =d] < cz—N(d). (4.22)

We choose ¢ > 0. For ||d|| < (1 —¢)N/2 we have

> > P[Dij =Dy =d]

J1—i1=K(N) ja—i2=IKC(N)
ip—ir<K(N) j2—j1<K(N) (4.23)

< CK(N)?’R*27N (Z) < CK(N?R2-N1=2/2/) o N=3p2,-2.

say. For ||d|| = (1 —e)N/2, thatis |[d — N/2| < ¢N/2, we have, for ¢ small enough
(how small depend on y and g), that 2~V (2] ) > N7R72. Then,

z Z P[Dihh = Dy, j Zd]
J1=i1=2IC(N) jo—i2=KC(N)
ir—i1 <K(N) jo—j1<K(N) (4.24)

N N\?>
< CN4R22—N<d> < N—3R42—2N(d) .

We have thus found that the expectation of the summation over j — i > K(N) is
smaller than the right-hand side of (3.26) and the variance of the same summation is
much smaller than N3 times the right-hand side of (3.26) squared. A straightforward
application of the Chebyshev inequality and the Borel-Cantelli Lemma then gives the
desired a.s. bound for pairs j —i > C(N) and alld € {0, ..., N}.

Choose again & > 0. For j —i < K(N), observe first that if ||d|| > (In N)!** > In N
then the summation over such pairs (i, j) in (3.26) is always smaller than IC(N)R <
Rv~'eldll for all n > 0. For the remaining d’s, that is ||d|| < (In N)'*¢, let Ky >
K be the smallest constant such that KyN2In N is a multiple of v. Since v <« N 2
Ky — K < 1. As the difference between K and Ky is negligible, we will use the same
notation JC(N) for Ky N?1In N and we will simply suppose that KC(N) is a multiple of
v. The summation in (3.26) for j — i < IC(N) can be bounded from above by

r(N)T K(N)—=1TR/K(N)] K(N)
Z ID;; =d} < Z z Z DNy ek, KNy eskrm = d},
0<j—i<IC(N) k=0 =0 m=j

Li/vi#Li/v]
(4.25)

where ji is the smallest integer such that |[(JC(N)€ + k)/v] # [(IC(N)E +k + jx)/v],
which does not depend on £. We define random variables, Z;(j, d), by

IC(N)

Ze(j,d) = (<05 Z D (vyerk, IC(N )y e+k+m = d}. (4.26)

m=j
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The sequence {Z;(j, d) : £ > 0}, for fixed j and d, is a sequence of i.i.d. variables with
values in [0, 1].
Let Ey = {d : ||d|| < (InN)'*¢,d > N/2}. Ford € Ey, we have

PIZe(k, d) > 0] < Po[Ty < K(N)] < (Z)Pzdm < KV

4.27)
< (N)exK]EZd [e—m/N2 In N:I ’

d

where z; is any point on the hypercube with dist(1, z7) = d and, with a slight abuse
of notation, 77 is the hitting time of 1 by the simple random walk Yy. According to
Lemma 3.4 of [CGOS],

E., [exp(=2Tim)™h ] = @V m )T +Ev@)(1 o), @28)

for NInN <« m(N) < 2V, with & (k) = 2’"’%(2)71 Z’;;If (kij)f Taking

m(N)=N InNandd € E N it is not difficult to check that, for & small enough,
E., [e—ATl/NZ lnN] < p-N(-e) (4.29)

Hence,

K(N)—1[R/K(N)]

PlUL D D ZiGd=o0
k=0 £=0

deEy (4.30)

S C N R(ln N)1+82—N(1—8) S C2_8/N,
[(In N)!*+]

for some ¢’ small. Hence, d € Ey do not pose any problem, by the Borel-Cantelli lemma
again.

Totreatd < (In N)'*¢ « v we will distinguish two cases: jx < d+6and ji > d +6.
For the first case, observe that, for any d < v, there are at most (d +6)/C(N) /v values of
k€{0,...,K(N)— 1} such that ji < d +6. Clearly, Z;(jx,d) < Z;(0, d). Moreover,
by similar arguments as in Lemma 4.2, E[Z,(0, d)] > 1/(NK(N)), and E[Z,(0, d)] <
C/K(N). Hence, by Hoeffding’s inequality, the probability

[R/K(N)T

CR
P | K(N) Z Z0(0,d) > —— 4.31)
= K(N)

decreases, for C large, at least exponentially with N. Hence, for jiz < d + 6, Y-a.s,

[R/K(N) [R/K(N)

. CR
K(N) g Ze(jk, d) < K(N) ; ze«),d)sm. (4.32)

For j > d + 6 and N large enough, Z,(j,d) < Z¢(d + 6, d). We claim that

cN~O0 < KK(N)E[Z¢(d +6,d)] < v . (4.33)
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Indeed, the lower bound is trivially obtained by considering a path that returns 6 times
to its starting point in the first 12 steps and then continues without backtracking to a
distance d. To get the upper bound in (4.33), we first bound the probability that the chain
Q started at 0 hits d between times d + 6 and KC(NN). This probability is bounded by

Po[Tar6 # d + 6] + Po[Tar6 = d + 6] Pyis[Ty < KK(N)]. (4.34)

The first term is smaller than c(d + 6)2N ~1 « v~ For the second term, Py.[Ty <
Tyr6) < CN ’5(1n(N ))5 (+8) « N—*. Moreover, before time IC(N), there are at most
IC(N) trials to reach d, so Pyy6[Ty < KC(N)] < K(N)N™* < v~!. So (4.34) « vl
If Q hits d after d + 6 it spends there on average a time less than 2. This gives the upper
bound in (4.33).

From (4.33), it follows by another Hoeffding’s type argument that, for j > d + 6,

[R/K(N)

R
PlEWN) . Zi(jod) = Ses (4.35)
=0

decreases at least exponentially in NV and thus the inequality question fails )-a.s. for all
but finitely many values of N.

Putting together all arguments of the last three paragraphs and summing over k£ we
get, V-a.s., for all but finitely many N,

K(N)—=1TR/K(N)

: | CR o
Ig Z(;) KN ZeCe d) < dKN W s + KOV) s < CRu e,

(4.36)

This completes the proof. O

5. Convergence of Clock Process

We will prove the convergence of the rescaled clock process to the stable subordinator
on the space D([0, T'], R) equipped with the Skorokhod M{-topology. This topology is
not commonly used in the literature, therefore we shortly recall some of its properties
and compare it with the more standard Skorokhod J1-topology, which we will need later,
too. The reader is referred to [Whi02] for more details on both topologies, and to [Bil68]
for a thorough account on the Ji-topology.

5.1. Topologies on the Skorokhod space. Consider the space D = D([0, T],R) of
cadlag functions. The J;-topology is the topology given by the Ji-metric d,,

dy (f.8)=Inf{lf ok —glloVIr—elo} fgeD, (5.1

where A is the set of strictly increasing functions mapping [0, T'] onto itself such that
both A and its inverse are continuous, and e is the identity map on [0, T'].

Also the M1-topology is given by a metric. For f € D let I'  be its completed graph,
namely

Tf={(t,2) €l0.TIxR:z=af(t—)+(1 —a)f@),a c[0,1]}.  (5.2)
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A parametric representation of the completed graph I' s (or of f)is a continuous bijective
mapping ¢ (s) = (¢1(s), ¢2(s)), [0, 1] = T 7, whose first coordinate ¢ is increasing. If
IT(f) is the set of all parametric representation of f, then the M;-metric, dy, , is defined
by

dy, (f, &) = inf{[l¢1 — Yilleo V 2 — V2lleo : @ € TI(f), ¥ € TI()}.  (5.3)

The space D equipped with both M- and Ji-topologies is Polish. The M-topology is
weaker than the Jj-topology: As an example, consider the sequence

H=Y[1—-1/n, D}+2-1{[1, T]}, (5.4)

which converges to f = 2 - 1{[1, T']} in the M;-topology but not in the J;-topology.
One often says that the M1-topology allows “intermediate jumps”.

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

wy () =sup{min (| f @) — fE), | fC") = f®O)) ' <t <i" <T,t" -1 <5},
w'(8) = sup[ iﬁ)f” lf@) —af(t) —A—a)fa"):t' <t <t" <T,1" =1 < 8] ,

ve(t,8) =sup{lf (") — f) ' 1" €0, TIN(t —8,1+8)}.
(5.5)

The following result is a restatement of Theorem 12.12.3 of [Whi02] and Theorem 15.3
of [Bil68].

Lemma 5.1. The sequence of probability measures { P} on D([0, T], R) is tight in the
Ji-topology if
(i) For each positive ¢ there exists ¢ such that
Polf il flloc >cl<e, n=>1 (5.6)
(i) Foreache > 0andn > 0, there exista 5,0 < § < T, and an integer ng such that
Pulf :wyp(d) =0l <e, n=no, (5.7
and

Pulf :vr(0,0) = nl <eand P,[f :vp(T,8) =nl<e, n > ng. (5.8)

The same claim holds for the M-topology with w ¢ (8) in (5.7) replaced by w’f(cS).
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5.2. Proof of Theorem 1.1. To prove the convergence of the rescaled clock process
Sn(-) = e "N Sy (-r(N)) to the stable subordinator V, V2> We check first the conver-
gence of finite-dimensional marginals. Let £ € N, 0 =1t < -+ < tg =T and
ui, ..., ur € Ry be fixed. Then,

¢
E [exp [— > i (Sn() — SN(tkl))] V1

i=1 (5.9

= E[Fy (X3 ), i) V] = B[ Fy (X} (), (i) | + o1,

as follows from Proposition 3.1.
The value of E[Fy (X} {#i}. {u;})] is not difficult to calculate. Define jy(i) =
Ltir(N)/v]. Then

4 trr(N)—1
1. Uk NXxL G
E[Fy(Xk: ), (i) | = | exp Doy 2 eV
k=1 i=tx_1r(N)

(5.10)
Jn (k) i v—1 .
. o BYNXL v+
>E H H exp( _eVN E €jv+i€ N )
k=1 j=jy(k—1)+1 i=0

Since the process lev is a piecewise independent process, the product in (5.10) is a
product of independent random variables. The expectations of all of them can be then
bounded using Proposition 2.1. We get, for § > 0 fixed and N large enough,

Jn (k)

E [ Fy(Xks ). i })]>1'[ [T Zvo

k=1 j=jn(k—1)+1

4 . .
(i (k1)1
zH(l—(1+5)vN*1/2e*NV2/252Ku,f/ﬁz)m ]N (5.11)
k=1

;N

= [Texe [+ 2000 = nnkal ™).
k=1

which is (up to 1+26 term) the Laplace transform of V,, 42 (K -). A corresponding upper
bound can be constructed analogously.

To check the tightness for Sy in D([0, T],R) equipped with the Skorokhod
M -topology we use Lemma 5.1. Since the processes Sy are increasing, it is easy to see
that condition (i) is equivalent to the tightness of the distribution of Sn(T), which can
be checked easily from the convergence of the Laplace transform of the marginal at time
T (the limiting Laplace transform tends to 1 as u — 0).

Since Sy are increasing, the oscillation function w’gjv (8) is always equal to zero. So

checking (ii) boils down to controlling the boundary oscillations v Sy (0,é8)and v Sy (T, $6).

For the first quantity (using again the monotonicity of Sy) this amounts to check that
P[Sn(8) = n] < e if § is small enough and N large enough. Using the convergence of
the marginal at time 4, it is sufficient to take 6 such that P[V. /52(1(8) >n] <e/2,and
to take Ng such that, for all N > Ny,

[PLSN(8) = nl — PLV,, )52 (K8) = nl| < /2. (5.12)

The reasoning for s, (T, $) is analogous. O
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5.3. Coarse-grained clock process. To prove our aging result, that is Theorem 1.2, we
need to modify the result of Theorem 1.1 slightly. Let Sy be the “coarse-grained” clock
processes,

, 1
Sn(t) = ey—NSN(thr(N)u*‘J). (5.13)

For these processes we can strengthen the topology used in Theorem 1.1, that is we can
replace the M- by the J;-topology.

Theorem 5.2. [f the hypothesis of Theorem 1.1 is satisfied, then

Svi) =BV, (KD, Y —as, (5.14)
weakly in the Jy-topology on the space of cadlag functions D([0, T], R).

Unfortunately, we cannot prove the theorem with the estimates we have already at our
disposition. We should return and improve some of them. First we show that traps with
energies “much smaller” than y+/N /B almost do not contribute to the clock process.

Let B,, = y+/N/B —m/(B+/N) and let

Ltr (V)]
Sy =V S ¢ exp{ﬁx/ﬁX%(i)}l{X?v(i) < By). (5.15)
i=0

Lemma 5.3. For every T and n, ¢ > O there exists m large enough such that
PSN(T) = n|Y] <&,  Y-as. (5.16)

Proof. To prove this lemma we should improve/modify slightly the calculations of
Sects. 2 and 3. With the notation of Sect. 2 define

v
i =E|:exp[—eVNZe,~eﬂ‘/ﬁUil{U,' < Bm}H (5.17)
i=1
(comparing with (2.2) observe that we set u = 1). We will show that
Jim N2y N2 [ iy = K, (5.18)
—00

with K,,, — 0 asm — oo. The proof of this claim is completely analogous to the proof
of Proposition 2.1. One should only modify the domains of integrations. More precisely,
the definition of Dy which appears after (2.9) should be replaced by D' = Dy N {z :
Gi(z) < By}. Hence, D) becomes D" = D, N{b : Gi(b) < —m/(B/~/N)}, which
then restricts the domain of integration in (2.31) to (—oo, —m/B]. Hence, the constant
K, can be made arbitrarily small by choosing m large.

We define, similarly as in Sect. 3,

Tr(N)—1
X =exp(- > g(e_VNeﬁ“/NX(i)l{X(i)gBm}) . (5.19)
i=0
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As in Proposition 3.1 we show

Jim E [FN X9 V1 - [F}v"(x}v)] —0, Y-as. (5.20)
We use again (3.6) to show this claim. Although the indicator function is not diffe-
rentiable, we will proceed as if it was, setting (1{x < B})’ = —8(x — M), where §

denotes the Dirac delta function. As usual, this can be justified e.g. by using smooth
approximations of the indicator function. The second derivative of F (X) equals

2
BN 5 /Nx X)) /( BN X (i) yN) (ueﬁfxm yN) FI'(X)

e 2yN
202
< Meiljv_eﬁﬁ(xu)m(j)) exp (—2g (ueﬂ«/ﬁxm—yN) _2g (ueﬂWX(j)—yN))
< (1060 < Bl - 53}3(%) (10x = 81 - N 5l ERCEDY

We should now bound the contributions of four terms. The one with the product of two
indicator functions is easy, because we can use directly the result of Lemma 3.2. For the
remaining three terms, those with the product of one indicator and one delta function,
and the one with two delta functions, the calculation should be repeated. However, in the
end we find that (5.21) is bounded by Z(Cov(X (i), X (j))) as before. The presence of
the delta functions actually simplifies the calculations slightly. The proof then proceeds
as in Sect. 3.
We can now finish the proof of Lemma 5.3. By (5.17) and (5.20),

E [exp(=Sp(M)IY] = E[ Fit (X1Y] = E[ Fit (31 ] + o)

. (5.22)
= (1= Kp f(N) LNV 2B TT N 4 o1y = ¢ KnT 4 (1),
Since K,, — 0asm — o0,
BISYT) 2 piy) < L ELEPCHTN Y] (5.23)

1—e"
can be made arbitrarily small by taking m large enough. O

We study now how the blocks where the process visits sites with energies larger than
B,, are distributed along the trajectory. To this end we set for any Gaussian process X,

sy X)=13j riv < j <@+ 1Dv, X(j) > B} (5.24)
We define the point process Hy/ (X) on [0, T] by

Tr(N)/v
HY (X;dx) = > sp(is X)8irny (dx). (5.25)
i=0

Lemma 5.4. For every m € R the point processes Hy; (X ) converge to a homogeneous
Poisson point process on [0, T'| with intensity p,, € (0 oo) Y-a.s.
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Proof. To show this lemma we use Proposition 16.17 of Kallenberg [Kal02]. According
to it, to prove the convergence of Hy; (X (}3,) to a Poisson point process with intensity o,
it is sufficient to check that, for any interval 7 C [0, T],

lim P[HZ(X%; 1) =0|Y] = e Pl (5.26)
N—o00
and
lim sup E[Hy (XR; DIV] < pwl1], (5.27)
N—o0

where |/| denotes the Lebesgue measure of /.
The proof of the first claim is completely similar to the previous ones. We start with
a one-block estimate for (5.26):

lim N2y 1eN7? 28 ST, U)] = pp. (5.28)

N—o0

Using the notation of Sect. 2, we get
dz
E[53/(0, )] = / et En, (5.29)

where A, = {z : 3k € {1,...,v}Gk(z) > By}. Dividing the domain of integration
according to the maximal G (z), this is equal to

Z/ (2n)v/2 ~E T, (5-30)

where D = {z : Gr(z) > Bm, Gi(2) < Gi(2)Vi # k}. Using the substitution
zi = bj £ ' By, on Dy (where + sign is used for i < k and — sign fori > k) we get

NV /28 my/ﬂZZ/ e =3 Zio1 B g BuGi(b), (5.31)
/ (27'[)”

where Dl/c ={b:Gr(b) >0, ZI;:HI bj+|k—i|I"y B, > OVi # k}. The same reasoning

as before then allows to show that the last expression behaves like p,,, VN -l 26’7’2"’ / 252’
as N — oo.
To compare the real process with the block-independent process, let

Fy(I; X) = 1{max{X (i) : iv/r(N) € I} < By). (5.32)

The difference between E[Fy (I; X9 M)IY] and E[Fy (I; XN)] is again given by the
Gaussian comparison formula (3.6). ThlS time the second derivative equals

3(X (@) — Bn)d(X(j) — Bm) H H{X (k) < By} <8(X(@) — Bu)S(X(j) — Bm).
ki, j

(5.33)

If the covariance of X (i) and X () is equal to c, then the expectation of the last expression
is given by the value of the joint density of X (i), X (j) at the point (By,, B;;), which is

2
v'N } (5.34)

2=l ,—B%/(l+c) 21 __ra
Qr(l—c%) e < C(l —c¢9) exp[ B2+ 0)
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The exponential term is the same as in E(c). The polynomial prefactor is however

different, it diverges faster as ¢ — 1. We should thus return to (3.24) with E replaced
by the right-hand side of (5.34). First

1 _
/ (1 —(1- h)2c2) D= ! arg tanh(c) ~ —% In(1 —¢) (5.35)
0

as ¢ — 1, which is not bounded for all ¢ as before. The estimates (3.28) and (3.29) are
influenced by this change. For (3.28) we can actually neglect this change, because the
main contribution to this term came from the neighborhood of d = N /2 (or ¢ = 0) and
was exponentially small in the neighborhood of d = 1 (or ¢ ~ 1/N). In the treatment
of (3.29), the change has a stronger effect and after some computations (3.45) turns into

!

CINY2y! / In(c/x)eNMdy < NV N 2250, (5.36)
0

Finally, the change of the polynomial prefactor of E implies a change in the control of
(3.30). Equation (3.46) becomes

v
(330) < C D tNTdP[1 = (1= 2dN"")pI ™ exp(NT, g, (d/N)), (5.37)
d=0
and the linearization of Y p.B.y gives a new form of (3.47), namely

N—o0
1/2

&
CtN3"? / xe “N¥dx < CtN~ 0. (5.38)
0

Therefore, using (5.28)

PLHZ(XS: 1) = 01Y] = E[Fy(I; X3)|1V] = E[Fy(I; X\)]1+0(1)

= (1 = E[s%(0, 1)PHIr/v s o=pulll, 539
This completes the proof of (5.26).
It is easy to check Eq. (5.27). By definition,
E[Hy (X3: DIVI= D Elsya, X3V (5.40)

i:iv/r(N)el
Since Ay, > A}, fori, j inthe same block, E[sy; (i, X{)| Y] < E[s} (i, X §,)]. Therefore,
(5.40) < |1|r(N)/vE[s} (0, U)] = pmlI|. (5.41)
This completes the proof of Lemma 5.4. O

Proof of Theorem 5.2. Checking the convergence of finite-dimensional marginals as
well as condition (i) and the second part of (ii) of Lemma 5.1 is analogous to the case of
the original clock process Sy. We should thus only prove the first part of condition (ii).
Namely, for any 1 and ¢ there exist § such that

Plwg, 8) = n] <, (5.42)

for all N large enough.
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Let

wr([z, T +8]) = sup{min(| f () — fOI, [f() = f@DD:T <t <t <tr <T+4}.
(5.43)

Fix m such that P[S%(T) > n/2] < &/2, which is possible according to Lemma 5.3. If
H (X9 [t, 7 +68]) < 1 then

w, ([T, T +8]) < S{(t +8) — S{ () < SY(D). (5.44)
Hence,

Plwg, ([r, T +8]) = nliS{(T) < n/2] < PLHY (XY: [t, T +68]) = 2] < Cpnd”.

(5.45)
We can now show (5.42). The estimate
wSN(S) < max{wSN([t, T+28]):0<t<T,T=k8,keN} (5.46)
yields
T85!
Plwg, (8) = nlV] < > Plwg, (k8. (k +2)8]) = e|V]

k=0

) 757! (5.47)

< PISi(T) = n/21+ > PLHR(XY: (k8. (k +2)8]) > 2]

k=0
<e/2+CT8 'p,82 <e¢

if § is chosen small enough. This completes the proof. O

Proof of Theorem 1.2. Let Ry be the range of the coarse grained process Sy . Obviously,
forany 1 > ¢ > 0,

A5 (t,8) D{RN N (t,s) =0}, (5.48)

because if the above intersection is empty, then oy makes less than v steps in the time
interval [re” Y| se? V], and thus the overlap of o (te?V) and oy (se?V) is O (v/N).

If Ry N (¢, s) # @, then there exist u such that S N (u) € (t, s). Moreover, it follows
from Theorem 5.2 that, for any 8, there exist 1 such than

P[Sy(u+n) € (s,1)] > 1 —36. (5.49)

This means that the process oy makes at least nr(N) steps between times ¢ and s and
thus the overlap between oy (te”") and oy (se? V) is with high probability close to 0.

Hence ]P’[A?V(t, s)|V] is very well approximated by P[Ry N (¢, s) = #])]. Since
the stable subordinators do not hit points, that is P[Ju : Vy /82 (u) = t] =0, and SN
converge in the Ji-topology,

P[Ry N (1,8) = BIV] ~=5 PV, ;o) 1 = 0} (s,0) =B, (5.50)

The right-hand side of this equation is given by the formula (1.13), as follows from the
arc-sine law for stable subordinators. 0O
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