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Dynamical freezing in a spin glass system with
logarithmic correlations
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Abstract

We consider a continuous time random walk on the two-dimensional discrete torus,
whose motion is governed by the discrete Gaussian free field on the corresponding
box acting as a potential. More precisely, at any vertex the walk waits an exponentially
distributed time with mean given by the exponential of the field and then jumps to
one of its neighbors, chosen uniformly at random. We prove that throughout the
low-temperature regime and at in-equilibrium timescales, the process admits a scaling
limit as a spatial K-process driven by a random trapping landscape, which is explicitly
related to the limiting extremal process of the field. Alternatively, the limiting process
is a supercritical Liouville Brownian motion with respect to the continuum Gaussian
free field on the box. This demonstrates rigorously and for the first time, as far as
we know, a dynamical freezing in a spin glass system with logarithmically correlated
energy levels.
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1 Introduction

1.1 Setup and main result

Let Vv := [0, N)? N Z? be the discrete box of side length N and consider the random
field hy = (hn.o)sev, having the law of the discrete Gaussian free field (DGFF) on Vy
with zero boundary conditions. That is, hy is a centered Gaussian with covariance given
by Gy, the discrete Green function of a simple random walk on Z? killed upon exiting
V.

On the same probability space, define a process Xy = (Xy(t) : ¢ > 0) taking values
in the two-dimensional discrete torus V5 = 72 /N 72, whose vertices we identify with
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Dynamical freezing

those of V. The law of X is given conditionally on hy to be Markovian with transition
rates:

1. —BhN= if J* —
e g e it dy(zy) =1,
(2,9) = { 0 otherwise, (1-1)
where d} is the metric on V3, which is naturally induced by the Euclidean norm || - || on

Z2. Evidently, Xy is a continuous-time symmetric random walk on V; with mean holding
time e?"~.» at vertex z. Moreover, it is reversible with respect to its unique stationary

distribution u(ﬁ ) given by
(8) H(B) (8) h
Hy = (B)N , Py = Z efPhwes, (1.2)
:u“N (VN) zeVn

The aim of the present work is to derive a large IV distributional limit for the process
X n when time and space are scaled appropriately, and we therefore start by constructing
the limiting object. The first ingredient in this construction is a spatial version of the
K -process, which was introduced by Fontes and Mathieu in [20] (see Subsection 1.2.1
for further historical comments).

To define this process, let 7 = (74)52; be a decreasing sequence of positive values,
thought of as trap depths (the “trapping” terminology will become apparent in the next
subsection). For k > 1, let A, = (Ax(u) : u > 0) be independent Poisson processes with
rate 1, and let aj(k) denote the time of the j-th jump of A, with the convention that
aék) := 0. For u > 0, define the clock process T\ = (T(")(u) : u > 0) associated with 7
by,

0o A (u)
Tw)=TO W) =S 7 e (1.3)
k=1 j=

—

where (e; (k )) 5 k=1 are Li.d. exponentially distributed random variables with rate 1, which
are 1ndependent of the Ay’s.

By taking expectation, one finds that 7(") (u) < oo for all u > 0 almost surely, provided
that 3", 7 < oc. In this case, we may construct a process K(7) = (K(7)(¢) : t > 0) taking
values in IN* := INU {oo} via
koifte [T(o
oo otherwise.

)y, T(a;k))) forsome k> 1and j > 1,

K(t)=K"(t) = { (1.4)

We refer to K(7) as the K-process associated with depths 7.
Given an additional sequence & = (&), of points in V := [0, 1]?, we may also define
the process Y(&7) = (Y(&7)(¢) : t > 0) taking values in V* := V U {oc0} via

Ex@y i K(t) # o0,

1.5
00 if K(t) = (15

Y(t)= Y& (1) = {

We refer to £ as a sequence of trap locations and to Y(&7) as the spatial K-process
associated with trapping landscape (£, 7).

Next, we recall some results from the extreme value theory for the DGFF. To this end,
define the structured extremal process of hy as the point process on V x R x [0, oo)Z2
given by

NN = Z 02N @ Ony p—mn @ O(hy o—hnory)yen, hno>hn oty yEBL} 5 (1.6)
x€VN
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where my := 2,/glog N — %\/gjlog log N is an appropriate centering sequence and B, =
B,.(0) is the open Euclidean ball of radius  around 0 in Z?2. Setting g := 2/7 and a = /27,
it was shown in [11, Theorem 2.1] that there is a probability measure v on [0, oo)Z2 and
a random measure Z on V, satisfying |Z| := Z(V) € (0, 00) almost surely, such that with
Z = Z/|Z|, we have

NNy = 1~ PPP(Z(dz) ®|Zle~*"dh @ v(dg)) . (1.7)
N—o0

r—00

Above PPP stands for Poisson point process, and the law of 1 should be interpreted as
given conditionally on Z, which is assumed to be defined on the same probability space
as 7 itself. Also, here and after, whenever we write F'(p,q) — F(po, ¢o) in the limit when
p — po followed by ¢ — g0, we mean that lim,_,4, limsup,,_, d(F(p, q), F(po,qo)) =0,
where d is an appropriate metric on the range of F'.

The second ingredient in the construction of the limiting object is a point process
which we denote, for > a, by x = x(?). It is defined on the same probability space as
the measure Z and its law is given conditionally on Z as

X®) ~ PPP(Z(dz) @ kp|Z|t~172/8dt) (1.8)

where

Kg = %/( Z e_’@‘“y)a/ﬂl/(dw). (1.9)

yeZ?

The integral above, which involves the distribution v from the law of 1, was shown to
be finite in [11, Theorem 2.6]. Together with the stated properties of Z, this ensures
that x(#) is a well-defined random Radon point measure on V x (0, c0). Furthermore, the
almost-sure integrability of ¢t — (¢ A 1) under the second component of the conditional
intensity measure assures that we can enumerate the atoms of x(?) in descending order
of their second coordinate, and that if (£(¥), (%)) = (( l(cﬁ)771£ﬁ)))?;1 denotes such an

enumeration, then Zk Tlgﬁ) < oo almost surely (see Lemma 2.3). We refer to (5(5), 7(5))
as the limiting trapping landscape of the DGFF.

Combining both ingredients, we can now construct the process Y¥) = (Y () : t >
0) on the same probability space as that of x(?) by specifying its conditional law as

v () | 48 4y sy (1.10)

The process Y (?), henceforth called the y-driven spatial K-process, is the desired limiting
object.

For what follows, we endow V* with the metric d* which agrees with the Euclidean
distance on V and puts oo at a distance 1 from all other points (the choice of 1 is
arbitrary and any positive number would yield an equivalent metric). For t > 0, the
space L([0,t], V*) consists of all measurable functions from [0, t] to V*, and is equipped
with the metric || f — g|lLo,q,v+) == fot d*(f(s),g(s))ds for f,g € L([0,¢],V*). Observe that
under | - [|(jo,y,v+) (which is not a norm, despite the notation) this space is complete and
separable, and that this metric generates the topology of convergence in measure on
functions from [0, t] to V*. Here, the interval [0, t] is implicitly equipped with Lebesgue
measure. The next theorem is the principle result of this work.

Theorem A. Let 3 > a. Then with sy := gN?v97(log N)'~3v95/4 and for any t > 0,
(%XN(sNt) te [o,t]) — (YU”(t) te [o,t]) as N — oo, (1.11)

where the above weak convergence is that of random functions in L([O, t], V*).
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An equivalent formulation of this theorem, which is just an explicit rewrite of (1.11),
is as follows: for any ¢ > 0 if N is large enough, then there is a coupling between
Xy and Y® so that with probability at least 1 — ¢, the set of times ¢ € [0, with
d*(£Xn(snt), YP (1)) > € has Lebesgue measure at most .

1.2 Interpreting the limiting process

Theorem A states that on timescales of the order sy and when space is scaled by NN,
the process Xy tends to be close in law to the process Y(#). Understanding the large
N behavior of Xy therefore requires an understanding of the statistics of Y (%) and in
turn the probabilistic features of its two ingredients: the spatial K-process Y (¢7) and the
limiting trapping landscape of the DGFF (¢(%), 7(9)),

1.2.1 The spatial K-process

The process Y7 is a spatial version of the IN U {oo}-valued K-process of Fontes and
Mathieu, which was introduced in [20] to describe scaling limits of dynamics in effective
trap models. It is named after Kolmogorov [25], who considered a process similar to
K7, albeit with the clock process T'(u) in (1.3) modified by a linear term. Endowing
IN U {00} with any metric which makes it compact, Fontes and Mathieu show that K () is
strongly Markovian on IN U {co} and can be defined to have cadlag sample paths.

The evolution of K(7) is as follows. When at state k¥ € N, the process waits an
exponentially distributed time with mean 7, and then jumps to co. At oo it spends 0
time (that is the exit time is almost surely 0), after which it jumps to a new state ¥’ € IN
(possibly k£ again). Following a visit to oo, the hitting time of any finite subset of states
in IN is finite almost surely and the entrance distribution to any such subset is uniform.
Finally, the set of times at which the process is at oo has Lebesgue measure 0. In the
terminology of Markov processes, oo is said to be an unstable and fictitious state.

Thinking of IN as indexing countably many traps, with trap k£ having depth 7, the
process K(7) represents a dynamics of “uniform” trap hopping. That is, it evolves
by hopping from one trap to another, getting stuck at a trap for a time with mean
corresponding to its depth and then jumping to the next trap, which is chosen (formally)
uniformly at random. Facilitating such a jump is the state oo, in which the process
spends an infinitesimal amount of time, and which essentially captures this transitional
period.

In analog, if traps are thought of as placed on V, such that trap k is at location &,
then the spatial K-process with trapping landscape (£, 7), as given in (1.5), describes the
current location (instead of trap index) of a dynamics which is defined exactly as before.
Observe that the process is still Markovian and that oo, which still represents a state of
transition from one trap to another, remains unstable and fictitious.

1.2.2 The limiting trapping landscape of the DGFF

In view of the law of X(ﬂ), the depths of the traps in the trapping landscape are distributed
as the atoms, in descending order, of a Poisson point process on (0, co) with the Fréchet
intensity measure ¢~*/#~1dt, all multiplied by the global random factor (xs|Z|)?/®. The
corresponding trap locations are then i.i.d., and drawn independently of the depths from
distribution Z. Both |Z| and Z are determined from the random measure Z, which is
drawn beforehand.

To explain the appearance of x () in the definition of the trapping landscape governing
Y (®), we appeal to Theorem 2.6 from [11], which states that when 3 > «, the measures
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u%g) and ﬁg\é) from (1.2) admit the following large N distributional scaling limits:

PP (NY = gD =T e e AN = A=t (1.12)
where both limiting measures are purely discrete.

Thus, the process x?) is encoding the atoms (location and mass) of the limiting
measure ;%) and, after normalization by the sum of the masses, also the atoms of the
limiting stationary distribution 7i(?). It follows that in equilibrium N~'X is typically
found close to one of the locations 5;;3 ) with probability proportional to T,Eﬁ ), and it
is therefore no surprise that when timescales are tuned properly, this static behavior
translates into a hopping dynamics with respect to £(#) and (%),

We remark that when 8 < «, the measures uy(5) and ﬁg\é) still admit scaling limits
(with a different normalization), but the limiting measures are no longer discrete (see,
for instance, [12, 28]). In the terminology of spin glasses one says that 8 = « marks the

glassy transition point of the system (see Subsection 1.3.1).

1.2.3 The y-driven spatial K-process

Altogether, the large N behavior of N~! Xy (sy-) is that of uniform trap hopping dynam-
ics, with an underlying trapping landscape reflecting (up to a global multiplicative factor)
the atoms of the equilibrium distribution of X . Combining the descriptions above, we
see that X tends to get stuck in clusters of meta-stable states where its stationary
distribution is exceptionally large. These clusters have diameter o(N) (in fact O(1), see
Subsection 1.4.1), and Xy jumps over or tunnels through the remaining vertices in
negligible time (see [3] for a mathematical framework for meta-stability and tunneling,
which is aligned with our use of these terms).

1.3 Motivation and related work

Let us now discuss the motivation for studying the model in this work. A key feature
of the underlying field %y is its logarithmic correlations. Indeed, known asymptotics for
the discrete Green function (see Lemma A.1) yield

for x,y € Vy away from the boundary of V. Such fields have attracted considerable
attention in the past few years, but mainly for their “static” (structural) features. Never-
theless, logarithmic correlations are of considerable interest in the dynamical context as
well, and we proceed to discuss several possible interpretations of the model which lead
to different motivations for considering it.

1.3.1 Low temperature spin glass dynamics and effective trap models

One may view /755) from (1.12) as a spin glass-type Gibbs distribution for a thermody-

namical system at temperature 3~! with energy states (—hy_ : € Vy). In this context,
the process Xy models the Glauber dynamics by which such a system relaxes to its
equilibrium state. A conjectured universal feature of many spin glass systems, at least of
the mean-field type, is the occurrence of a glassy phase at low temperature. This phase
is characterized by a trapping behavior (also meta-stability or freezing) in the dynamics
which reflects a stationary distribution with few isolated and dominant energy states (or
clusters of these states).

So far this low-temperature dynamical picture has only been verified mathematically
in few instances, with Derrida’s random energy model (REM) and Bouchaud’s trap
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model (BTM) being the principal ones. The REM is defined similarly to our model,
only with V3 usually replaced by the hypercube Hy := {0,1}", where N = 2" and,
more importantly, where the Gaussian potential iy = (hy, : © € Hy) is uncorrelated
with variance diverging logarithmically in V. In the BTM, which was introduced as an
effective trapping model, one considers any underlying graph, but replaces hy , with
log 7., where the 7,’s are i.i.d. and in the domain of attraction of a stable law with
index 1.

At short (pre-equilibrium) timescales, both the REM and the BTM on various finite
graphs and with 8 > 1, have been shown to exhibit aging (see, for example, [4, 5, 7]).
The latter is a trapping phenomenon: the evolving dynamics encounters states with
progressively lower energy levels, around which it gets stuck for increasingly longer
periods of time and thus gradually slows down (or ages). Other cases in which pre-
equilibrium timescales were considered include Glauber dynamics for the SK p-spin
model [13] and the BTM on Z¢ [6].

Longer (in-equilibrium) timescales were studied in the BTM with 8 > 1 on various
finite graphs [20, 23] and under fairly general graph-topological conditions [24]. In all
cases, the dynamics were shown to converge, under proper scaling of time and space, to
the trapping dynamics given by the (non-spatial) K-process. As in our case, trap depths
are given by the atoms of a Poisson point process with the Fréchet intensity, albeit
without the random multiplicative factor as in (1.8). In-equilibrium timescales were also
studied in the case of Glauber dynamics for the generalized REM, see [21, 19].

In view of (1.13) and the discussion in Subsection 1.2.2, our work can be seen
as demonstrating dynamical freezing for a spin glass system with a logarithmically
correlated potential, throughout its glassy phase (8 > «), and observed at in-equilibrium
timescales. We stress that logarithmic correlations are natural to consider for such
systems, as they reflect the conjectured ultra-metric correlation structure of energy
states in more realistic spin glass models at low temperature.

Although we recover the K-process in the limit, as in the case of the BTM (thereby
strengthening its position as a universal object for in-equilibrium dynamics of spin
glasses in their glassy phase), there are three notable differences compared to the i.i.d.
case. First, traps are not single vertices but rather clusters having, essentially, finite
diameter (although this diameter disappears in the scaling limit). Second, traps are not
scattered uniformly on the underlying domain, but rather according to the non-trivial
distribution Z , which is itself random. Third, there is an overall random multiplicative
factor | Z| governing the depths of all traps, resulting in a global random slow-down or
speed-up factor for the evolution of the process. All of these are consequences of the
correlations in the model, which are absent in the BTM.

1.3.2 Supercritical Liouville Brownian motion

The measure ,ug\f)(N-) may also be seen as a discrete version (up to normalization) of

the Liouville quantum gravity measure (LQGM, also known as Gaussian Multiplicative
Chaos - GMC) associated to the continuum Gaussian free field (CGFF) on V. The latter
is formally defined as a random measure whose Radon-Nykodym derivative with respect
to Lebesgue measure is (up to formal normalization) e~ Ph where h is the CGFF on V. In
fact, one way of making sense of this formal definition is via a scaling limit similar to
that in (1.12) (see [28] for a general survey on LQGM/GMC and [2] for a construction of
general super-critical GMCs and their duality relation with the sub-critical ones).

In a similar way, X can be seen as the discrete analog of the Liouville Brownian
motion (LBM) on V, which is formally a Brownian motion B = (B(t) : t > 0) time-
changed by the inverse of the process ¢ fstzo e AhB()ds, where h is again the CGFF on
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V. Existence of this object as a continuous strongly Markovian process has been shown
in the subcritical case 8 < « [8, 22] and in the critical case f = a [29]. Our work may
be seen as the corresponding construction of LBM in the supercritical regime 5 > a.
It should be stressed that unlike in the case 8 < «, our object is not constructed as a
measurable function of the field & and the motion B, but rather only as a distributional
limit or, alternatively, by specifying its law directly. Both the LQGM/GMC and the LBM
are fundamental objects in the physical theory of two-dimensional Liouville quantum
gravity, whose mathematical formalization is an ongoing task.

1.3.3 Particle in random media

An alternative point of view is that of a particle whose motion is governed both by
thermal activation and the disordered media in which it diffuses. In this context, it is
perhaps more natural to study the process on an infinite domain (using the pinned DGFF
on Z? as the underlying media, for instance), where there is no stationary distribution.
It is believed [15, 16] that logarithmic correlations provide precisely the right balance
between the the depth (energy) and number (entropy) of valleys in the environment —hy,
giving rise to phenomena not present when correlations decay slower, as in Sinai’s walk
on Z [30], or faster, as in the random conductance model [9]. This model was recently
studied in [10], where predictions from [15, 16] were partially confirmed.

1.4 Heuristics and outline

1.4.1 The extremal picture

The emergence of Y (# as the scaling limit of Xy becomes more clear if one looks at the
extremal structure of the field for large N. Thanks to recent progress in this area, this
structure is now well understood, and we proceed to describe the relevant results in this
theory.

The principle extreme value, namely the global maximum of the field, was studied by
Bramson, Ding and Zeitouni [14], who showed the existence of a random variable M*,
finite almost surely, such that with my as in (1.6),

max (hyz —my) = M* as N — co. (1.14)
zeVy
(This convergence of the centered maximum is the fruit of a long effort, dating back to a
few decades before, and we invite the reader to consult [14] for an historical overview.)
Other extreme values can be studied by defining for A C R and N > 1 the set

I'ny(A) := {IGVN: hNyzmeEA}. (1.15)

Writing T v (v) as a shorthand for the extreme superlevel set T’ y([v, 00)), Ding and Zeitouni
showed in [18] that for all v € R,

lim lim sup P(Hw,y eTn(—v):ir<|z—y| < N/r) =0. (1.16)
00 N_oo

Thus, with high probability, the extreme values congregate in clusters of O(1) diameter,

which are N/O(1) apart.

This clustering of extreme values, which is a consequence of the short range corre-
lations of the field, motivates the structured form of the extremal process 7y, in (1.6).
This process captures all extreme values by recording the location and height of the
local maximum in each extremal cluster (the first two coordinates), and then separately
the relative heights of all extreme values around it (the third coordinate).

EJP 23 (2018), paper 59. http://www.imstat.org/ejp/
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In view of the convergence of ny , to 1 as given by (1.7), we see that the heights
of the cluster maxima (centered by my) asymptotically form a Poisson point process
with the exponential intensity |Z|e~*“dv. The locations of these cluster maxima are
asymptotically i.i.d. and chosen, after scaling by N, according to Z. Lastly, relative to
the cluster maximum, the field around each cluster is asymptotically chosen in an i.i.d.
fashion according to the law v.

This asymptotic picture suggests that the size of the extreme superlevel sets satisfies
log |T'(—v)| ~ av as v — oo with high probability for large N (see Proposition 3.1). This
indicates that when (and only when) # > «, the measure u%’f) from (1.12) concentrates
on vertices corresponding to the extreme values of i . In view of the definition of both

,ug\?) and 7y ., it then holds that

eI d(INY Y eﬁv( > efﬁwy‘smy/m) ~ ) (eﬁv 2 efﬂwy>5z'

("l;vvvw)e"]N.r yeBT (%’U,W)E??N,r yeBr
(1.17)
Recalling that the mean holding time of Xy at x is ug\?) (z) we see that each cluster
(x/N,v,w) € nn, traps the walk for a time proportional in mean to ”* > yeB, e By,

Since ny , converges to 7, the right hand side in (1.17) is approximately Z(m Hex® tdy,
where Y(?) is obtained from 7 via the pointwise transformation:
(z,v,w) —> (:meﬂv Z e_ﬂwy) ) (1.18)

yeZ?

But then an elementary calculation (Proposition 3.6) using the finiteness of the integral
in (1.9) shows that Y(#) has the law of x(?) described in (1.8), which is consistent with the
first statement in (1.12). Thus the atoms of x(*) indeed encode the trapping landscape
for X in the limit.

As for the K-process, since the traps (or clusters) are N/O(1) apart and O(1) in
diameter, standard random walk theory on the two-dimensional torus can be used to
show that the number of returns to a trap, before exiting a ball of radius O(N/log N)
around it, scales to an exponentially distributed random variable, and that following this
exit, the next chosen trap is drawn approximately uniformly. This shows that for large N
the process Xy exhibits the uniform trap hopping dynamics, which is characteristic of
the spatial K-process.

We remark that such random walk analysis has been done in the case of the BTM on
the two-dimensional torus, both in in-equilibrium [23] and pre-equilibrium timescales [7].
In this case, traps are single vertices (not finite clusters) and are scattered uniformly in
Vy (not according to Z ). Nevertheless, this analysis essentially still applies (with small
modifications), and we therefore make use of some of the statements from these works,
notably the uniform selection of traps (Lemma 5.1).

1.4.2 Outline of the paper

Let us describe the structure of the rest of the paper. In Section 2, we construct a spatial
pre K-process from a given spatial K-process by forgetting all but the deepest M traps.
We then show that this process becomes close in law to the original process when M is
large. Section 3 is devoted to characterizing the limiting trapping landscape of the DGFF,
rigorizing the heuristic picture in the previous subsection. In Section 4, we introduce
the trace process. This process “fast-forwards” through vertices of V3, which are not
close to the M deepest traps. As in Section 2, the trace process is shown to be close in
law to Xy when M is taken large.

Next, in Section 5, we study the trace process and show that it exhibits the uniform
trap hopping dynamics of the spatial K-process, driven by the limiting trapping landscape
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of the DGFF. The outcome of this subsection is a coupling between the trace process and
the spatial pre K-process, in which they stay close to each other with high probability. In
Section 6, we combine this with the outcomes of Section 2 and 4, and use standard weak
convergence theory to complete the proof. Finally, Appendix A includes bounds on the
discrete Green function in two dimensions both on the torus and in Z?2.

2 From the K-process to the pre K-process

It is convenient to introduce a simpler variant of the K-process, in which we keep
only a finite number of the deepest traps. We call such a process a pre K-process (often
called a truncated K-process in the literature). The main result of this section is that the
pre K-process is a good approximation to the full K-process, when the number of traps is
taken to be large enough. We first consider a deterministic sequence of locations and
depths and then treat the y-driven version of this process.

2.1 Closeness of K-processes and pre K-processes

Let (&, Tk)k21 be a fixed collection of locations and depths, with the depths summable.
Given M € N and using the definitions and notation from the construction of the full
K-process in Subsection 1.1, define the pre clock-process (Tyr(u) : u > 0) as

i ) (2.1)

A (u)
e
j=1

M
T]w = TI(\;) (u) = Z’Tk
k=1

and then the corresponding pre K-process as

() k ifte [TM(o(k)—),TM(a(»k))) for some j > 1 and one 1<k <M,
K (t) =Ky, ()= N J
oo otherwise.
(2.2)
Observe that K, (t) # oo for all ¢ almost surely. In fact, K, is a random walk on the
complete graph with M vertices (self-loops included), with an exponentially distributed
holding time with mean 7;, at the k-th vertex. From K, and the locations ¢, define the

spatial pre K-process YA(f’T):

Yar(t) = YO (1) i= £y 0)- (2.3)

We start with a simple observation:

Lemma 2.1. Let ¢,t > 0. There is Uy(e, t, 7) > 0 so that with probability at least 1 — ¢, for
all M € IN, and whenever U > U, we have T, (U) > t.

Proof. This follows immediately from T (u) > T1(u) — oo as u — oo which holds almost
surely in light of, for instance, the strong law of large numbers. O

We now show that M can be taken large enough so that the spatial K-process defined
in (1.5) and the corresponding spatial pre K-process defined in (2.3) agree for most of a
given finite time interval. Below, we write Leb(A) for the Lebesgue measure of a Borel
set A C R.

Lemma 2.2. Let ¢,t > 0. There is My(e, t,7) € IN so that with probability at least 1 — e,
whenever M > M, we have Leb(By(t)) < ¢, where

Bu(t) := {t € 0,4 : YED (1) £ VST (1)) (2.4)
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Proof. It suffices to work with pre K-processes in place of spatial pre K-processes, and

we do so throughout the proof. Let M, M’ € IN, to be chosen later with M’ < M. For

e, >0, use Lemma 2.1 to extract U, depending on these parameters and the depths 7,

so that with probability at least 1 — ¢ we have T,,(Uy) > t for all m € IN. Work with this

Uy and within this high probability event, denoted &, for the remainder of the proof.
For m € IN let S(m) be the tail of the full clock process at time Uy:

%) A (Uo)
Sm)=>"m > €, (2.5)
k=m Jj=1

and let J(m) be the number of jumps made by the first m Poisson processes A at
time Up:

k=1

For § > 0, choose M’ large enough so that E(S(M'))/Uy = Y 7= ,p 7 < 62 and then
choose M so that E(S(M))/Uy =Y 7, 7 < 63/M’. Define the event

E = {S(M") < U} N{J(M') <6 'M'Up} N {S(M) < §°Up/M'} . (2.7)

By Markov’s inequality, P(£’) > 1 — 36. Work also within £’ for the remainder of the
proof.

Let {0;}2, be the jump times of K, and let £ € IN be smallest possible so that o, > t.
Setting o = 0, the intervals {I;}{_, = {[0y_1,0:)}{_, are disjoint and cover of [0, {|. The
process K, is constant on each interval, and we let Kj,(I;) denote the value of K, on
the interval I;. Call an interval I; extremely deep (ED) if K, (I;) € {1,... M'}, and call it
moderately deep (MD) otherwise.

If [0;_1, 0;) is extremely deep, then K and K, agree on [0;_1,0;)\ [05—-1,0;—1+ S(M)],
and thus,

By () C ( U [JZ‘1,O'Z'1+S(M)]> U( U IZ-> . (2.8)

I; is ED I; is MD

Within &, the number of extremely deep intervals is at most J(M’), and the total length
of the moderately deep intervals is at most S(M’). Thus,

Leb(B(t)) < J(M')S(M) + S(M'). (2.9)

By (2.7), on & we have Leb(By(t)) < 6UZ + 6Uy. Taking 6 = €/(1 + Up)?, we obtain
Leb(Bj(t)) < 2¢ with probability at least 1 — (36 + €) > 1 — 4e. Taking ¢/4 for € in the
first place completes the proof. O

2.2 Closeness of y-driven processes

For M > 1, we now define the y-driven spatial pre K-process, denoted Y]ff ) =

(YA(f ()1t > 0). This process is defined conditionally on (%), just as Y (¥ was defined in

8) (8
Subsection 1.1, using the spatial pre K-process ngf ) in place of the full one.

We wish to show that a statement similar to the one in Lemma 2.2 holds also for the
x-driven processes. We first establish that the y-driven spatial K-process is well-defined,
a task postponed from Section 1.1.

Lemma 2.3. Let § > a and let x(ﬁ) be defined as in (1.8). Then one may order the atoms

of x» in descending order of their second coordinate. Moreover, if ((f,iﬁ ),T]gﬁ )))?:1
denotes such an ordering, then ), T,Eﬂ ) < o0 almost surely.
EJP 23 (2018), paper 59. http://www.imstat.org/ejp/
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Proof. Suppressing the superscript 3, first note that the almost-sure finiteness of Z
and integrability of of t='~*/# on [t,00) for all ¢ > 0 implies x(V* x [t,00)) < oo for all
t > 0, almost surely. This shows an ordering is indeed possible. To show summability,
decompose the sum of the 7, as

ZT/C:ZTkl(l,oo](Tk)+ZT/€1[0,1](T]€), (2.10)

E>1 k>1 E>1

and observe that by the argument above, the first sum has finitely many finite terms
and hence must be finite. To handle the second sum on the right side of (2.10), take
conditional expectation with respect to Z:

9] 1
(Y mlon(m)| 2) = (Hﬂ\Z\)ﬁ/a/ /At (2.11)
k=1 0
This is finite almost surely since 5 > « and |Z| < oo with probability 1. O

The next proposition establishes closeness of the y-driven processes, and is the main
product of this section.

Proposition 2.4. Fix 8 > « and let ¢, t > 0 be given. There is My(5,¢€,t) € IN so that with
probability at least 1 — ¢, whenever M > M,

Hyw)(.) _ y]gp(_)HL([o ey (2.12)

Proof. Let B\ be defined conditionally on (%) as in (2.4) with (¢,7) = (¢, r(®). By

g

Lemma 2.3, we have ), ., < oo almost surely, and it follows from Lemma 2.3 and

the bounded convergence theorem that Leb(BJ(\g)(t)) tends to zero in probability as
M — oo. It remains to observe that the left hand side of (2.12) is bounded from above
by Leb(B](@)(t)) times the diameter of V*. O

3 The trapping landscape: DGFF extremes

At in-equilibrium timescales, large N and low temperatures, the dynamics are ef-
fectively governed by the extreme values of the underlying Gaussian free field, which
determine the trapping landscape. In this section, we introduce the formal notion of
a trap and collect various results concerning their joint geometry. The proofs of these
results are mostly straightforward adaptations of corresponding statements concerning
the extrema of hy.

3.1 Defining the traps
Let us introduce some notation. For r > 0 define the set of r-local maxima of iy by

An(r) = {x € Vn:hypy = max hN’Ier} , (3.1)
yEB,

yeB

where we recall that B,. = B,.(0) is the open Euclidean ball of radius 7 around 0 in Z?. As
X becomes localized near each z € Ay(r), we shall refer to x € Ay(r) (and sometimes
also to B,(z)) as a trap with corresponding depth

m(z) = 1P (2) == Z PN oty (3.2)
y€B,

EJP 23 (2018), paper 59. http://www.imstat.org/ejp/
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Let zn ; denote the k-th trap in an enumeration of the elements of Ay (r) in decreasing
order of their depth. For M € IN, define the set of deep traps as

AN(T,M)EAS\?)(’ﬂM) = {.%‘N’l,...7$N,M}. (33)

Thus, TL(ZL'NJ) > Tr(xN2) > 0 > (TN, ) > maXyep  (r)\Ax (r,M) Tr(y). For convenience,
we set Ay(r, M) := B,.(An(r, M)), where in general we write B,.(A) for Uyc4B,(z). The
remaining vertices are denoted as Ay (r, M) := Vy \ Ay (r, M).

3.2 Dominance of deep traps
Below, in Proposition 3.1, we show that the Gibbs distribution in (1.2) is asymptotically
“carried” by deep traps when 5 > a.

Proposition 3.1. Let 5 > «. Then for any € > 0, there is My(¢, 5) € N, ro(M, ¢, 5) and
No(M,r,e,B) € N so that for all M > My, r > ro and N > Ny with probability at least
1—e¢

Z ePlhne—mn) ¢ (3.4)
z€AY (r,M)

We prove two lemmas to deduce Proposition 3.1. Recall the notation I'y(A) defined
in (1.15), and recall also the shorthand I'y(v) for I'y([v,00)); let us also abbreviate
VN \FN(U) as F?\/(U)

Lemma 3.2. For all € > 0, there is ug(e) > 0 and Ny(e,u) so that u > ug and N > Ny
imply that with probability at least 1 — ¢,

Z BN a—mn) ¢ (3.5)
z€l'Y (—u)

Proof. By Proposition 6.8 in [11], there is 5’ € (a, §) and ¢ > 0 so that for all v > 0 and
N € NN large enough,
P([Tn(-v)| >e”) <e . (3.6)

Summing the above probabilities along v = k£ € IN and using the union bound, we see
that for any € > 0 there exists ky € IN so that for all IV large enough, with probability at
least 1 — ¢, we shall have |I'y(—k)| < ¢?* for all k > ko. But then, if [u] > ko, the sum in
(3.5) is bounded above by

ST TNk + )\ Tn(=k)|e ™™ < 7 [Dn(=(k+1)]e? < Ce= =7 (3.7)
E>|u) k>|u]

which will be smaller than ¢ for all v large enough. O

The next result relates deep traps to the extreme superlevel sets of the field.

Lemma 3.3. Let v > 0 and let € > 0. There are My(e, u), 79(e, M, ) and No(e, M, r,u) so
that M > My, r > rg and N > Ny imply

P(Cn(—u) C An(r, M) >1—e. (3.8)

Proof. Fixu > 0. For M € IN, r > 0 and v > u, let A; be the event that (3.5) holds with v
in place of v and with € = e~”*, namely:

Ar = { Paers, (v &) < e_ﬁu} ) Sa
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and define events A, and A3 as follows:
Ay = {|Tn(=v)| < M}, (3.10)
VERES {Vm,y € Vn, z,y € I'y(—u) implies ||z — y|| & (r, N/r)}. (3.11)

Observe that the event in (3.8) contains the intersection .4; N .4; N A3. Hence, by the
union bound it is enough to show that the probability of the complement of each goes to
0 in the limit when N — oo followed by » — co then M — oo and finally v — co. Indeed,
this holds for Af in light of Lemma 3.2, for .A§ by Proposition 6.8 in [11] as in (3.6) and
finally for A§ thanks to (1.16). O

Combining these lemmas, we can easily present

Proof of Proposition 3.1. Fix § > « and € > 0 and use Lemma 3.2 to find u > 0 such that
the event in (3.5) occurs with probability is at least 1 — ¢/2 for all N large enough. Then
using Lemma 3.3 find My, ro(M) and Ny(r, M) such that whenever M > My, r > ro(M)
and N > Ny(r, M) the event in (3.8) occurs with probability at least 1 — ¢/2. But on the
intersection of the last two events, which has probability at least 1 — ¢, the inequality
in (3.4) holds. O

3.3 Separation of deep traps

Next we address the separation of deep traps. Let OV denote the vertices of Z?
which are neighbors of vertices in Vy, but are not in Vy, and define ry := N/log N. We
say the field hy is (r, M)-separated if all deep traps are at least a distance of r from
one another and from the boundary of Vy, that is:

min le —yll > rn and min |z —z|| > rn . (3.12)
z,y € An(r, M) zEAN (r,M), zEOVN
v #y

Henceforth we denote the event that hy is (r, M)-separated by Sy (r, M) = S](f) (r,M).

Proposition 3.4. Fix 8 > a and let ¢ > 0 and M € IN be given. There is ro = r¢(M, ¢, 3)
and Ny(r) = No(r,M,e,3) so that r > rp and N > N, together imply that hy is
(r, M)-separated with probability at least 1 — e.

We first show that when r and M are fixed, we may choose u large enough so that
An(r, M) C I'y([—u,u]) with high probability.
Lemma 3.5. For all M € IN and r > 0. There is uo(M,r) > 0 and No(M,r,u) € IN so that
when u > ug and N > N,

P(An(r, M) C Dn([—u,u])) > 1 —¢ (3.13)

Proof. Fix the parameters M and r. Let v’ > r and choose v € [0, u]. Let A; be the event
from (3.9). Recall the definition of 7y, from (1.6), and define the following events:

Ay = {nNW([o, 112 x [=v,0] x [0,00)%") > M}7 (3.14)
Ay = {FN(u) = (Z)}. (3.15)

Observe that for any v € [0, u], the event in (3.13) contains the intersection .4; N A4 N As.
As before, it is therefore sufficient to show that the complementary probabilities go to
zero when N — oo, followed by u — oo, then 7’ — oo and finally v — oc.

Indeed, this is true for 4; thanks to Lemma 3.2. For A, this holds in light of (1.7)
which implies that P(.A5) tends, when N — oo followed by ' — oo, to the probability
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that a Poisson random variable with conditional mean Za~!(e®” — 1) is smaller than
M. In light of the almost-sure finiteness of Z, this probability will go to 0 when v — oo.
Finally, As is handled by (1.14). O

It is now a short step to

Proof of Proposition 3.4. Fix > « and let ¢ > 0 and M > 0 be given. Use Lemma 3.5
to find u > 0 so that the event in (3.13) holds with probability at least 1 — ¢/3 for all N
large enough. By (1.16) we may then find r large enough so that for all N > Ny(r), any
z,y € I'n(u) not within Euclidean distance r from each other, must be at least N/r from
one another with probability at least 1 — ¢/3. Thus, any distinct z,y € Ax(r) NT'n(u)
must be at least ry apart for large N.

At the same time, recalling the law of n from (1.7) and the fact that Z does not charge
the boundary of [0, 1]> almost surely, we may find § > 0 so that with with probability
at least 1 — ¢/6 there is no mass in ([0,1]2\ [§,1 — 6]2) x [~u,u] x [0,00)%" under 7. In
light of the convergence in (1.7), this translates into the assertion that for all r large
enough and then N large enough, Ax(r) N (Va \ [rv, N = rn]*) N (T (w) \ Tn(—u)) =0
with probability at least 1 — ¢/3.

Combining the above, we see that Sy (r, M) occurs with probability at least 1 — e,
once r and then N are chosen sufficiently large. O

3.4 Law asymptotics for the structure of deep traps

The last task of this section is to address the convergence of the locations and depths
of deep traps to the atoms of the process x(#) from (1.8) in the limit of large N.

Proposition 3.6. Fix § > «. Then for all M > 1, as N — oo followed by r — oo, we have

M
= (&, 75)1% (3.16)

(IN,j/Na e*BmNTr(ﬂﬁN,j)) X
j:

where (¢;,7;) ;”il enumerate the first M atoms of (%), ordered in a decreasing manner
according to the second coordinate.

Proof. For any R,ry € (0,00), let us define the function fg ., from [0,1]? x (—oco, R] X
[0, 00)Br0 to [0,1]2 x (0, 00) via

TRro (T, hyw) == (m, Z eﬂ(h*“’y)) ) (3.17)

y€Bry

Notice that fr ,, is continuous in the product topology and that preimages of compact
sets under fr,, are compact. In particular, fr,, induces a continuous function Fg
from the space of Radon point measures on [0, 1]? x (—oco, R] x [0,00)E to the space of
Radon point measures on [0, 1] x (0, 00) via

FRJ’O (77) = Z 6fR,,.0 (z,h,w) » (3.18)
(%h’w)en

where continuity is with respect to the vague topology.

Let 77]1\%,’,:0 and 1" denote, respectively, the restriction and proper projection of NN,
and 7 from (1.7) onto [0, 1]? x (—oo, R] x [0, 00)Br0. It follows from (1.7) and the fact that
[0,1]2 x (—o0, R] x [0, oo)Z2 is stochastically continuous under 7, that 77]1\%,’):0 tends weakly
to 7o when N — oo followed by r — co. But then, continuity of Fr,, implies that when
N — oo and then r — oo,

XN = Frap(Nye°) = Fra, (n™70) =m0 (3.19)
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Next we wish to take ry and R to infinity in both X%T and y*"°. We begin with the

former object; let e > 0 and use Lemma 3.2 to find v so that for all large N, and with
probability at least 1 — ¢,
D el e (3.20)

z€l, (v)

Assuming that this event holds, we have that x’,. does not charge N~'TI'§(v) x [¢, 00) for
all 7o < r. Furthermore, by (1.16), we may find rq large enough, such that all z,y € ' (v)
are either at most ry or least N/ry apart with probability at least 1 — ¢, provided N is
large enough. Assuming that this event holds as well, we have for all » > rq,

> > efhwermma) < ¢ (3.21)

2zEAN(r)NI' N (v) yEB-\Br

as all x + y in the above sum are distinct and included in I'$;(v).
This implies that if ¢ € C§°([0, 1]? x (¢, R]), then for all ry and then N large enough,
we shall have

’/(p(:E,T) xﬁ’;(dzdﬂ — /(p(l‘,T) XZZ:OM(diUdT)‘ < ||V<p||ooe, (3.22)

with probability at least 1 — 2¢, where the norm on the right is the usual supremum
norm. But as ¢ and ¢ were arbitrary, this shows that Xﬁ’j}’” converges to Xﬁ’; vaguely
in probability as ryp — oo, uniformly in N and r.

For a similar statement when R — oo, first use the almost-sure boundedness of the

support of ny  to define

X = Hm XL = D Oy, exp(— ) (a) - (3.23)
z€AN(T)

Using the tightness of the centered maximum, as implied by (1.14), for any € > 0 if R is
large then 7y, ([0, 1]2 x (R, 00) x [0, 00)") = 0 with probability at least 1 — e for all 7 and
N. On this event we must have Xﬁ,’: = Xn,r, and it follows that Xf{: converges vaguely
in probability to xn , as R — oo, with the convergence uniform in N and r. Altogether
we have shown that when r; — oo and then R — oo,

XN — XN (3.24)
vaguely in probability uniformly in N and r.

Turning to x*", recall that n" is, conditionally on Z, a Poisson point process
on [0,1]2 x (=00, R] x [0,00)Br and let 1" (dz dhd¢) := Z(dz) ® e~*"dh ® v(d¢) be its
(conditional) intensity measure. An elementary “change-of-variable” calculation shows
that

(Ig’”’ fg;o) (dzdr) = Z(dz) ® 7'70‘/571/@?’”) (7)dr, (3.25)

where 7 — KBR’TU(T) is a positive function on [0, c0) which is pointwise increasing in r
and R, and which pointwise converges to kg from (1.9), when ry and R tend to infinity.

It follows from the monotone convergence theorem that, conditional on Z, that the
measure (1" frr,)(dzd7) tends vaguely to Z(dz) ® kg7~ */#~1dr when ry — oo and
R — oo. Since these are the conditional intensity measures of /" and y(#) respectively,
which are both conditionally Poisson, it follows that when ry — oo and R — oo,

xBro = x#) (3.26)
This is true conditionally on Z almost surely, but then thanks to the bounded convergence

theorem, also without the conditioning.
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Combining (3.19), (3.24) and (3.26) and using standard weak convergence (or metric
space) theory, we see that xn, =— x# as N — oo followed by r — oco. It remains to
observe that (zn,;/N, e "™~ 7. (zn;): j =1,...,M) as defined in (3.3) are exactly the
top M atoms of yy , ordered by their second coordinate. The convergence in (3.16)
will therefore follow by standard theory of point processes, provided we show that
e MmN (zy,1) is tight in N and r. But since 7,.(zn,1) < Y, ¢y, €V, this follows from
Theorem 2.6 in [11], which shows that ), e ("x.==™~) admits a proper limit in law
when N — oo. O

4 From the random walk to its trace

In this section, we introduce the random walk trace process, or trace process for
short. Conditionally on hy, this process evolves like the original random walk Xy,
except that it spends zero time at vertices not belonging to a deep trap. As with the pre
K-process, the key output of this section is that the trace process can be made to be
arbitrarily close to the original random walk in the || - ||,([o,g,v+)-metric, provided that we
consider enough deep traps.

Let us now define this process explicitly. Fix » > 0 and M € IN, and let the time spent
by Xy in Ay (r, M) up to time ¢ be defined via

t
(r,M) ._
FN (t) .—/O 1{XN(s)eKN(r,M)}dS' “4.1)

)

The random walk trace process X](\}"’M is constructed from X via the time change:

T, 1V <_ T
XQMNQF:XN(FQMRQ), (4.2)
where ?E\T,’M) is generalized inverse of FJ(VT ’M), namely
FOM (1) = inf {s > 0: FM(s) > ). (4.3)

Recall that in Theorem A, the process Xy is observed for time syt where,
sy = gN*V9(log N)lf?’\/gﬁ/4 = ge”™N log N . (4.4)

Proposition 4.1. Let 8 > «, ¢ > 0 and t > 0. There are My(3,¢,t) € N, ro(B,¢,M,t) >0
and No(B, ¢, M,r,t) € IN so that when M > My, r > ro and N > N, the event

1 Xy (sn:) — Lx 0™ -H 45
HN N(sn) = w Xy (sw) L([0,8],V*) =€ (4.5)

occurs with probability at least 1 — e.

The proof of this proposition makes use of two constructions, that we introduce in
Subsections 4.1 and 4.2. These constructions will also be used in other parts of the paper
and we refer to them when necessary. Subsection 4.3 includes the remaining argument
needed to complete the proof of the proposition.

4.1 From time to steps: the random walk clock process

The process Xy is a continuous time symmetric random walk with exponentially
distributed holding times having mean e?"~.= at vertex z. As such, we may construct Xy
using a discrete time simple random walk Xy = (Xn(j) : > 0) on V3 and a collection of
i.i.d. exponential random variables (ENJ 1] > 1) independent of X, and the field. Using
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these we can express Xy as Xn(s) = Xy ((t (s) — 1)), where

n—1

t(n) = exp (Bhnxy () Eny (4.6)
=0

and where 1 (s) is the generalized inverse of ¢ as in (4.3). The process ¢(-) is the clock
process associated with X . It is no coincidence that the same name is also used in the
literature for the process T from (1.3), as both processes essentially serve the same
purpose. Nevertheless, to avoid confusion, we refer to ¢(-) as the random walk clock
process.

The corresponding trace clock process, namely the clock process associated with
XM, is (#M) (n) : n > 0) where,

n—1
ﬁ(7,M)(n> = Z exp (ﬁhN,XN(j)) EN7j 1{XN(j)6KN(T7M)} 5 4.7)
=0

so that X" (s) = Xy (T M) (s) — 1)*) for s > 0.

The advantage of using Xy and ¢(-) to describe Xy is that the motion is decoupled
from elapsed time. As such, “spatial” statements can be proved using simple random
walk theory for Xy, provided that we translate the elapsed time for Xy to the number of
steps of Xy. The next lemma shows the corresponding number of steps of Xy is

In(n) :==n[N’logN] , (4.8)

with n properly chosen. In fact, we may choose n so that the desired statement holds
also for the (r, M)-trace process, and even uniformly in r and M.

Lemma 4.2. Let § > «, ¢ > 0 and t > 0. There is ng(8,¢,t) € N so that for all » > 0,
M € NN, all N sufficiently large and n > ny,

trM (9 (n)) > st (4.9)
occurs with probability at least 1 — e.

Proof. Let =}, denote the argmax of hy, and write ¥ (n) as ¢. Define

9
ly(zy) = Z Toxn (k)=a%} 5 (4.10)
k=0

and for (Ej),>1 a collection of i.i.d. mean 1 exponentially distributed random variables
independent of the A and Xy, also define the random variable

—

Zﬁ IT\I)

t* (19) = exp(BhN,I;;]) Ek . (411)
k=1

Letting Gflv (0,y) be the expected number of visits X,y makes to y in n steps starting from
0, by the ergodic theorem for X and the weak law of large numbers for the sequence
(Ek)k>1, there is Ny large so that with probability at least 1 — ¢, we have

Ly (z}y)

I 1
Gy (0’ x?v) by (x}k\/

Ep>1/2. (4.12)
|t
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when N > Ny. Invoke Lemma A.2, taking N larger if necessary so that

GY(0,z%) S on

— 4.1
log N 2 (4.13)

and use (4.12), (4.13) to obtain
P(Sz_vlt*(ﬁ) > exp(B(hn.ay, — mN))%’hN> >1—e. (4.14)

Using the tightness of the centered maximum, per (1.14), choose t > 0 according to € so
that

P(sy't () = ;ﬁe—ﬂt) >1- 2. (4.15)
g
As t(mM)(99) stochastically dominates t*(1), the proof is complete. O

4.2 From steps to trap visits: macroscopic jumps

To understand how X and its trace X](\;’M) move within the landscape, we further

decompose the trajectory of X, according to the visits it pays to deep traps. In light of
Proposition 3.4, we recall that such traps tend to be at least ry apart — thus we think of
a segment of the trajectory of Xy starting at the first entrance to B, (xy ) and ending at
the first exit from B, (zn k) as a visit to the deep trap =y ;. Between successive visits
to deep traps, we say X makes a macroscopic jump.

To formalize the above construction, introduce the following sequence of stopping
times, which are almost surely finite by recurrence of Xy :

Ri:=inf{n >0:Xy(n) € An(r,M))} (4.16)

Sy :=inf {n >Ry : Xn(n) ¢ By (An(r,M))} (4.17)
and for k > 2,

R :=inf {n > Sp_1: Xn(n) € An(r,M)} (4.18)

Sy = inf{nz Rk : Xy (n) %BTN(AN(T,M))}. (4.19)

At each time Ry, say Xy has made a (r, M)-macroscopic jump. For ¢ € N, define the
number of (r, M')-macroscopic jumps made by Xy in ¥ steps as

S5 (0) == max {k >0 : R, <9}. (4.20)

Next, we wish to show that within ¥ (n) steps, the number of macroscopic jumps is
bounded from above with high probability uniformly in N. To do this, we need the next
lemma, which is a nearly immediate consequence of (6.18) from [23]. For what follows
let Hy (A) be the hitting time of A C Vy by Xy and write Hy (z) for Hy ({z}). When we
make general statements concerning Xy, we will allow it to start from any vertex x, and
use Piv and Ei\' to denote the underlying probability measure and expectation in this
case.

Lemma 4.3. For all e > 0 and r > 0, there exists ny = ng(e) and Ny = Ny(e, ), such that
for all N > Ny,

sup Pi}’(HN(BT(y)) < ﬁN(no)) <e. (4.21)
z,y € VY
dy (2y) > 7 /2
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Proof. It follows from recurrence of the simple random walk on Z? that for any r > 0
there is m < oo such that

min min PY (Hy(0) < m) > 1/2. (4.22)
2€B, N>1

Conditioning on Xy (Hyx (B, (y))) and using the strong Markov property, we have

PY (Hn(y) < On(2n0)) > PY (Hy(y) < In(no) +m) > 3PY (Hn (B, (y) < In(no)),
(4.23)

for all N large enough, depending on r and ng, and any «, y as in the supremum in (4.21).
But (6.18) from [23] (which corresponds to the case » = 1) says that the left hand side
above will be smaller than ¢/2 for all such x and y, provided we choose ny > 0 small
enough and N large enough, both depending only on e. The result follows. O

We can now prove:

Lemma 4.4.Let ¢ > 0, M € IN and n € IN. There is v(e, M,n) > 0, ro(e, M) > 0 and
No(e, M,r) € N so that when r > ro and N > N,, we have

15 (95 (n)) < (4.24)
with probability at least 1 — e.

Proof. For e > 0 and M € N given, use Proposition 3.4 to choose ry > 0 large so that
when r > ry and N is sufficiently large, we have P(Sy(r, M)) > 1 —¢/2. Then, let § > 0
and use Lemma 4.3 to find ny > 0 and Ny > 0, so that whenever N > N, the statement
in (4.21) holds with 6/M in place of e. Using the strong Markov property and the union
bound we shall have

P (Ris1 — Sk > In(no)[Sn(r,M)) > 146, (4.25)
for all kK > 1. Now, for m € IN, define the event &, as
& ={3j €{0,...,m — 1} such that Ryx+j11 — Smrtj = In(n0)}, (4.26)

and note that iterating the Markov property and using (4.25) gives, for each k£ > 1, the
bound P(&;|Sy (1, M)) < (MS)™. Thus,

P (&N N Emymo |Sn(r, M)) > 1= [n/ng](Ms)™. (4.27)
Observing that & N« -+ N Efyne| C {JS\?’M) (In(n)) < 2m[n/ng}, it follows that
P (1™ 0n (m)) < 2mln/no]) 2 P (€10 0 Epmg)|Sn(r, M)P(Sy (1, M)) . (4.28)

It remains to choose m sufficiently large so that the right hand side above is at least
1—e O

4.3 Closeness of the random walk to its trace

We are finally ready to prove that the trace process and the random walk process
are close. Our strategy is similar to the one employed in Section 2. Setting A("M )(n) =
t(n) — t"M)(n) to be the size of the “time lag” between Xy and X" after n steps
of Xy, the first lemma shows that for M large enough, A("™)(n) is small in the scale
considered.
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Lemma 4.5. Let 8 > o, lete > 0 and letn € IN. There is My(8,¢,n) € N, ro(8,¢, M,n) > 0
and Ny(8,¢, M,n,r) so that M > My, r > ro and N > Ny implies

sx,lA(T’M) (In(n)) <e (4.29)
occurs with probability at least 1 — e.

Proof. Write 9y (n) as 9 throughout the proof, and recall that Ay (r, M) = V3 \ A (r, M).
For any realization of the field hy, it follows from (4.7) that

v—1

ACI(G) = 3 exp (B x5 )Y e iy oy P (4:30)
=0

where we recall the Fy ; are i.i.d. mean one exponentially distributed random variables
independent of A and X,. Conditional on Ay, we then have:

E(ACY@)|hy) = D exp(Bhua)GH (0,2). (4.31)
IEK(;V(’I‘,M)

where we recall that G (0,z) is the expected number of visits to z in n steps for the
random walk Xy stating from 0.
We take N sufficiently large so that the estimate of Lemma A.2 is valid to obtain:

sy E (A(T’M)(ﬁ)‘hzv> <g'Cn Z exp(B(hne —mn)), (4.32)
z€AY (r,M)

For € > 0, define the event £ which depends only on the field A y:

2
€
£ = jz exp(ﬂ(hN,x—mN))<zgcn : (4.33)
€Ny (r,M)

where C in (4.33) is as in (4.32). Using Proposition 3.1, take M, then r and then NV large
enough depending on n, € and S so that P(€£) > 1 — ¢/2. We find

P(s;A(WD W) > e) < /24 e B(E[sy AT (9)[hy|1e) <€, (4.34)

where we have used (4.32). O

In what follows, abbreviate ¢(n) = t"™)(n). The next lemma shows that [0, c0)

is partitioned by the intervals F(Rk),tN(Sk)), and that for most of each interval, the

processes Xy and X](J’M) are not too far apart.

Lemma 4.6. For each r > 0 and M € N, the intervals {[t(Ry),t(Sx))}7> , form a partition
of [0, 00). Moreover, for each ¢ in an interval of the form

[E(RL), (k) \ [E(R), E(Ri) + ATO(Ry)] (4.35)

we have || Xy (t) — X](J’M)(t)H < 2ry.

Proof. By construction, ¢ is constant when Xy (n) ¢ Ax(r, M), from which it follows that

t(Sk) = t(Rg41) for each k > 0. This settles the first claim.
Turning to the second claim, observe that Xy and X 5\?’”]) are at distance of at most

rn on the intersection [t(Ry),(Sk)) N [t(Rx),(Sk)). We complete the proof by noting
t(Ry) — t(Rg) is identically AM)(R,), and that #(Sy) > #(Sy). O
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The next lemma is the analogue of Lemma 2.2; we show that for » and M chosen well
and N sufficiently large set of times at which X](\?’M) and X are far has small Lebesgue
measure.

Lemma 4.7. Let 8 > a,¢ > 0 and t > 0. There are My(8,¢,t) € IN, ro(8,¢, M, t) > 0 and
No(B,€,M,r,t) € N so that whenever M > My, r > ro and N > Ny, the event

Leb (t € [0,sn) < [ Xn(t) — XM 0)| > 2rN) < esy (4.36)

occurs with probability at least 1 — e.

Proof. Let e > 0. As tis fixed, use Lemma 4.2 to choose n = n(f,¢,t) € N sufficiently
large so that with probability at least 1 — ¢, the event £ := {t(dy(n)) > sxt} occurs for all
r > 0and M € N, provided N is sufficiently large. Treat this n as fixed for the remainder
of the proof and write ¥ for 9y (n).

Write B](\;’M)(t) for the set in (4.36), which plays the same role as the set of times
By (t) defined in (2.4). Appealing to the strategy used in the proof of Lemma 2.2, let

M, M’ € N with M > M’, to be determined later and consider the intervals:

)M (9) 41

Lo { [E(Re), £(Sk)) }k:O , (4.37)

which by Lemma 4.6 and the definition (4.20) of J(T’M )(19) are disjoint and cover the
interval [0,¢(¥)]. Call an interval I} in this collection extremely deep (ED) if Xy (Ry) €
An(r,M'), and call the interval moderately deep (MD) otherwise. By Lemma 4.6, and

within the event &, we find

B%*Mkt)c( U [?(m)i(Rk)+A<T7M><Rk>1>U< U fk>- (4.38)

I is ED I, is MD

Observe that on Sy (r, M), the number of ED intervals in the collection (4.37) is at most
J(M")(19) and the total length of all MD intervals in (4.37) is at most A(>") (). Thus, on
the event £ NSy (r, M) we have,

Leb(B](\;"M)(t)) < J(r,M')(ﬁ)A(r,M) (0) + A(r,M’)(lg)_ (4.39)

We now calibrate parameters. Use Lemma 4.5 to choose M’ = M’'(¢,3,n) and
then r = r(¢, 3, M, n) sufficiently large so that & := {sy'A"M)(9) < €} occurs with
probability at least 1 — € when N is sufficiently large. Next use Lemma 4.4 and choose r
larger if necessary, so that & := {J(NT’M’)(ﬁ) < v} happens with probability at least 1 — ¢
for N sufficiently large. Note that v depends only on the parameters (e, M’, n), and recall
that n has been fixed. Finally, apply Lemma 4.5 once more to choose M even larger than
M’ so that & := {sy'AM)(¥) < ¢/v} occurs with probability at least 1 — . We may
take r larger if necessary so that P(Sy(r, M)) > 1 — e. For all N sufficiently large then,
by using (4.39), we have

Leb(BY ™ (1)) < 2esn (4.40)

on the intersection ENE NE NE NSy (r, M), and hence with probability at least 1 — 5e.
This completes the proof. O

We are finally ready for:
Proof of Proposition 4.1. Thanks to the bounded diameter of V*, the proposition is an

immediate consequence of Lemma 4.7. O
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5 Trap hopping dynamics of the trace process

As we have seen from the analysis in the previous section, Subsection 4.2 in par-
ticular, the trace process spends most of its time at deep traps, making macroscopic
jumps between deep traps almost instantaneously. In this section we show that, scaled
properly, the accumulated time in each visit to a deep trap converges to an exponentially
distributed random variable whose mean is the depth of the trap. Moreover, at each of
the macroscopic jumps, the next trap to visit will be chosen approximately uniformly. We
will show that these exponential and uniform random variables are in fact independent,
thus the trace process bears the trap hopping characteristics of a spatial pre K-process,
as constructed in Section 2. The end product of this section, namely Proposition 5.4, will
be a joint asymptotic description of both this trap hopping behavior and the underlying
trapping landscape.

5.1 Simple random walk estimates

We start by providing the needed random walk estimates for X, . Recall the notation
PYN, EY for the probability measure and expectation when Xy (0) = x and Hy(A) and
Hy (z) for the hitting time of the set A and vertex z, as introduced in Subsection 4.2

The first lemma, which we borrow almost verbatim from [23], concerns the hitting
measure of separated balls in Vy;. This lemma will be used to show that deep traps are
selected almost uniformly at each macroscopic jump of Xy . Specifically, we consider
AN C Vy such that

(1) |An| =M,
(2) minx?éyEAN d?v(xvy) > TN/Z'
Then,

Lemma 5.1. Lete >0, M € Nand r > 0. Let Ay = {zn1,..., 2z~ )} satisfy (1) and (2)
directly above. There is Ny(r, ¢, M) € IN so that whenever N > N,

1
sup PZJ/V HvBr(zn1)) <HN(Br(An1))] — i <e€, (5.1)
ye(BrN/Q(AN))

where we write Ay ; for the Ay \ {zn;}.

Proof. We sketch changes that need to be made to the proof of Lemma 6.9 in [23]. Key
inputs to this proof are (6.15), (6.16) and (6.18) in [23]. To prove Lemma 5.1, we use
(6.15) unchanged, but we replace (6.16) and (6.18) with corresponding estimates for
hitting times of B, (zx ;) in place of zy ;. These estimates follow from (6.16) and (6.18)
immediately via a union bound, and it is here that Ny inherits its dependence on r. The
rest of the proof goes through, again replacing instances of zn; by B, (zn ;). O

The next estimate concerns the scaling limit of the time spent by the walk inside a
ball of radius r, before exiting the ball of radius . This will be used to show that the
time spent visiting a deep trap scales in law to an exponential random variable. Here,
we lose no generality working with a simple random walk X on Z2, writing law and
expectation as P, and E,.

Let H"™ be the first time X exits the ball B,., C Z? and for y € B,, define

Ln(y) := #{n € [0,H™] : X(n) =y}, (5.2)

to be the the number of visitis of y before step H™V. Let us also define

Ly (y)
Ln(y) = Y Ej, (5.3)
k=1
EJP 23 (2018), paper 59. http://www.imstat.org/ejp/
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where (E; : j > 1) are i.i.d. mean one exponential random variables, independent of X,
exactly as in Subsection 4.1. The random variable Lx(y) can be thought of as the local
time of a continuous version of X with unit mean holding times, and we shall refer to
Ly (y) as such.

The following lemma shows that the (Ly(y))yen, converge weakly under proper
scaling to the same exponential random variable. Below we write 1,. for a vector of ones
indexed by B,..

Lemma 5.2. Let » > 0 and « € B,.. Then under P,,
Ly/logN = (Ln(y)/logN :y € B;) o el (5.4)
— 00

where e is an exponential random variable with mean g.

Proof. Suppose first that z = 0. In this case Ly(0) is geometrically distributed with
parameter py := 1/Gg, (0,0), where for a set A C 72, we recall that G4 denotes the
Green function associated with a simple random walk killed upon exit from A. Since
Gg,, (0,0) ~ glog N as N — oo (see Lemma (A.1)), it is elementary that Lx(0)/log N
converges weakly to an exponential random variable e with mean g.

Next, we use a result by Auer [1]: if £(y,n) denotes the number of visits to vertex y
within the first n steps of X, then

£(y,n)
£(0,mn)

lim sup
n—oo yGBr

_1’:0’ (5.5)

almost surely. Observe that as H™Y — oo with IV, we also have

lim sup
N—oo yEB,.

Ly (y) _
O 1’ -0, (5.6)

By recurrence, Ly(y) — oo as N — oo almost surely, and the strong law of large
numbers implies Ly(y)/Ln(y) — 1 for all y € B, almost surely. It follows that (5.6)
holds with Ly (y) replaced by Ly (y). Dividing then both the numerator and denominator
in (5.6) by log N and using the weak convergence of Ly (0)/log N to ¢, we obtain (5.4)
when x = 0.

For general z € B,, let H(0) be the hitting time of 0, and write Ly(y) as the sum
Lg\l,) (y) + L%)(y), where LS\I,) (y) is the number of visits to y before step H"¥ A H(0), while
LE\Q,) (y) is the remaining number of visits to y until time H™~. Let Lg\}) (y) and Lg\Q,) (y) be
the corresponding local times; recurrence of X and the Markov property show that

H™N AH(0)
(1) < (2) T
yseué)r Ly’ (y)/(logN) < Tog N kZ:l Ey el Oas. , Ly'/logN fondl el,. (5.7)
This shows (5.4) in the general case and completes the proof. O

5.2 Trap hopping dynamics at large NV

We now use the estimates from the previous subsection to describe the limiting joint
law of the indices of visited traps and the local time spent near these traps. The end
product of this subsection, namely Proposition 5.4, will be the convergence in law for
these variables together with the trapping landscape of the field.

Recall that Sy (r, M) from (3.12) denotes the event that hy is (r, M )-separated and
that the stopping times Ry, S from Subsection 4.2 mark the beginning and end of visits
to a deep trap. For each k > 1, when Sy (r, M) occurs, Xy (Rg) is closest to a unique trap

EJP 23 (2018), paper 59. http://www.imstat.org/ejp/
Page 23/31


http://dx.doi.org/10.1214/18-EJP181
http://www.imstat.org/ejp/

Dynamical freezing

in An(r, M) and we let I’y ~ .k De the index of this trap. Formally, I}y ; is the unique ordinal
in {1,..., M} such that XN(Rk) € By (zn, 1 ) where we recall that TNA1,---,TN,M are
the deep traps listed in descending order of their depth, per (3.1).

If hy is not (r, M )-separated, I} ~ x might not be well-defined, and for this purpose we

take (U N.k)k>1 to be a collection of independent uniform random variables on {1,..., M}
which are also independent of everything else, and set

IN,k = I;\f,k]-SN(T,M) —+ ﬁN,k]-SN(r,]\l)C . (5.8)

As for the local time spent during the k-th visit to a trap, we again assume first that
Sn(r, M) occurs and, in this case, for all y € B, define:

Sk
Ne®) = Y Yk mman, iy 401 B (5.9)

J=Rgk

where the F; are as in the previous subsection. We then take in addition a collection
(€x)r>1 of i.i.d. mean g exponential random variables, independent of everything else
and set:

Ing(y) == (Lyx(y)/10g N) Lsy (rany + €x1r sy (rarye - (5.10)

We shall write ¢y ;. for the collection ({n x(y) : y € B,.).
The following lemma shows that the joint law of (I x)k>1 and (¢ x)k>1 for large N
is approximately that of independent uniform and exponential random variables.

Lemma 5.3. Let (e;)r>1 be i.i.d. exponential random variables with mean g and let
(Uk)k>1 be i.i.d. uniform random variables on the set {1, ..., M}, with both collections
independent of each other. For K € IN, let A = [[—, (Ax x {u)}) where uy,...,ux €
{1,...,M} and A, ..., Ax C RB are A; measurable and continuous with respect to the
law of e;1,. Then,

P((nse Invk) gy € Al b ) — P((exTy Un)y, € A), (5.11)

as N — oo, where convergence takes place in the L°°-norm on the underlying probability
space.

Proof. Treat the parameters (r, M) as fixed in this proof. By the definitions of I ; and
Un i, on the event Sy (r, M)° that hy is not (r, M )-separated, both probabilities in (5.11)
are equal to each other and hence it suffices to show L>°-convergence on Sy (r, M). For
what follows, we shall write /7 for the sigma-algebra generated by the stopping time T
with respect to the natural filtration of Xy.

The proof goes by induction on K. Recall that R; and S; are the entrance and exit
times of the k-th trap visited by Xn. For K = 1, condition on Fg, and use the strong
Markov property to write the probability P(¢y1 € Ay, Iny = u1 |hy) as

E(1{IN,1:u1}PXN(R1)7IN,u1 (LN/logN € A1> ‘hN) s (5.12)

where Ly is as in (5.3), and where Xy (R1) — 24, is thought of as a vertex in B, C 72
Writing Ay, for the set Ay (r, M)\ {zn v, }, we have

]P(INJ = Uz ’ hN) = P(I)V(HN(BT(JTN7UI)) < HN(BT(AN,ul))) . (513)

Since all traps are at least a distance of /2 from Xy (0) = 0 when Sy (r, M) occurs
and N is large enough, Lemma 5.1 shows that the above probability converges to
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P(U; = u1) =1/M as N — oo under the L>°-norm. At the same time, by Lemma 5.2 and
the fact that Xy (R1) — zn,4, € By on {In1 = u1}, which is a finite set, the probability
in (5.12) converges to P(e;1, € A1) as N — oo in the L>°-sense on {Iy 1 = u; }. It follows
from Holder’s inequality under the conditional measure P(-|hy) that (5.12) converges to
P(U; = up)P(e11, € Ap) in L™ on Sy(r, M). This settles the base case.

Let K > 2 and assume the statement of the lemma holds with K — 1 in place of K.
Write A = A’ x (Ag x {ug}) with A’ = [[r,' (Ax x {ux}), and let A} be the event
{(tnw, I Mk)f:_ll € A’}. Conditioning on Fs,_, and Fg, and using the strong Markov
property, the left hand side of (5.11) is equal to

E(lA;\, S (1{HN(BT(1N,uK))<HN(B,,,(AN,uK))}PXN(RK)—zN,uK (Ln/logN € AK)) ‘hN)-
(5.14)
Since Xs,. , is by definition at least r /2 away from all traps, it follows as before, that
the middle expectation in (5.14) converges in L>-sense to P(Ux = ui)P(ex1, € Ax) as
N — oo on Sy(r, M). On the other hand, the induction hypothesis gives that P(A/y|hn)
converges to P((e1,, Uil e A') as N — oo again in L. Using these together with
Holder’s inequality for P(-|hx) shows that (5.14) converges as N — oo to the product

P ((6kTr, Uk)szzl € A/) IP(UK = uK)IP(eKL S AK) (5.15)
under the L°°-norm. This is precisely the limit in (5.11). O

Finally, we treat the asymptotic joint law of both the trap hopping dynamics of the
trace process and the trapping landscape of the underlying field.

Proposition 5.4. Fix § > a and let M € IN, K € IN. The joint law of

K —_Bm M
(Ener INg) ey » (/N e P2 )i (5.16)
converges weakly as N — oo followed by r — oo to the joint law of
- K M
(erToo, Uk)p_y » (&, 7'j>j:1a (5.17)

where ((ex, Uy))p_, are as in Lemma 5.3 and ((¢;, Tj))jlvil are as in Proposition 3.6, with

both collections independent of each other, and where 1., is a vector of ones indexed by

Z2.

K
M =1

and (§j, Tj)jzl respectively, with A having the form in Lemma 5.3. Conditioning on hy

write,

Proof. Letr > 0 and take A and B to be any measurable continuity sets for (ekTm Uk)

P((fzv,m IN,k)szl €A, (zn;/N, efﬁmNTr(xNJ))?; € B)

= B[P ((tvx Ina)iey € A| ) 1s((an /N, e Py on )L )| (5.18)

By Lemma 5.3, the first term in the expectation goes to P((ex1,, Uk)kK:1 €A)as N — oo
in the L*°-norm, for any » > 0. At the same time, by Proposition 3.6 the expectation of
the second term goes to P((¢;, Tj)jM:l € B) as N — oo followed by r — co. It follows by
Holder’s inequality that the right hand side of (5.18) converges in the stated limits to
the product of the last two probabilities. This product is precisely,

P((exTr, Ur)y, € A, (&5, 75),7, € B) (5.19)

Jj=1

The proof is completed by observing that the collection of events of the form appearing
in (5.19) is a convergence determining class for the distributions in question. O
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6 Conclusion of the proof

In this section we complete the proof of Theorem A. We first use the results from
the previous section to prove that the trace process can be coupled together with
the y-driven spatial pre K-process, so that with high probability, they are close in the
| - ll(fo,g,v+)-metric. We then use the closeness of random walk to its trace (Section 4)
and the closeness of the K-process to the pre K-process (Section 2) to complete the proof.

6.1 Closeness of the trace process and the pre K-process

Recall that Y]\(f ) denotes the x-driven pre K-process, as introduced in Section 2. The

goal in this subsection is to show that X](\;’M) and Y]\(f ) can be coupled so that they
are close in the || - ||1([o,g,v+)-metric with high probability, provided we choose N and r
appropriately:

Proposition 6.1. Fix § > aand lete > 0, M € IN, and t > 0. There is r¢(¢, M,t) > 0 and
No(e, M,r,t) € N so that when r > ry and N > Ny there is a coupling between Xy and
Yléf) so that

L o (ra) (8) H
— X\ =Y . 6.1
HN N =Y () L([0,4,V*) <€ 6.1)

hold with probability at least 1 — e.

Let Cjps denote the limiting objects in Proposition 5.4, namely the random variables
in (5.17). To prove Proposition 6.1, we first show that there is a coupling between
(Xn, hn) and Cys so that the time spent by the trace process during visit & to trap j is
close to ey T;.

Lemma 6.2. Let e > 0, K € N and M € IN. There is ro(e, K, M) and Ny(e, K, M,r) so
that whenever r > rp and N > Ny, there is a coupling of (X, hy) with Cjy, so that both

<e (6.2)

K
Z ‘S;Vl |t(T’M)(Sk) — t(T’M)(Rk)| — €Ty,
k=1

and

sup sup H%XN(n) — EUkH <e (6.3)
k<K nE[Rk,Sk)

occur with probability at least 1 — e.

Proof. Treat M and K as fixed throughout the proof. For 6 > 0 and ¢ > 0, apply
Proposition 5.4 to find ro(e, M) > 0 and No(e, M, r) € IN so that when r > rg and N > N,
we may couple (X, hy) with Cps, such that (1) - (4) below hold with probability at least
1—¢/2:

(1) Fork e {1,...,K}and y € B,,
(2) FOI‘]CE{L...,K}, IN,k::Uk-
(3) Forje{l,...,M}, ||zn;/N — & < 6.

(4) Forj e {l1,...,M}, e PN r.(zn ;) — 7] < 6.

gN,k(y) —6k| < 4.

Recall from (4.7) that for n € IN, ¢(»M )(n) denotes the time accumulated by the trace
process in n steps of the embedded discrete time simple random walk. Since, by
definition, during steps [Ry,Si) the walk is visiting trap Iy i, the total time spent in this
trap is

Sr—1
M ) _ ,
j](;" ) — t(r,]\l)(sk) _ t(r,]%)(Rk) = Z eﬁhN’xN(”)EN,TL]'{XNGBT(TN,IN D (6.4)
TL:Rk '
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Divide through by sy and decompose the sum defining Jg’M) using the local times in
(5.10):
s = 3 dalyle e (6.5)

yEB,

Note that, for equality to hold directly above, we must work within the high probability
event Sy (r, M) from Proposition 3.4 that hy is (r, M )-separated, which we can guarantee
by taking r and then N larger if necessary.

Thus, using (1),(2) and (4) in (6.5), we find

K K
ST syt Il M — vt | S KS@E+T) +0 er, (6.6)
k=1 k=1

where we have used that 7, > 7; for all j > 1. Finiteness of 7, and ey, ...,ex almost

surely imply that we may further find L = L(e, K) > 0 such that with probability at least
1—e¢

K
S Isyt a0 — ey, | < LS. (6.7)
k=1

Letting 6 = ¢/L implies (6.2). At the same time, it follows by definition that on [Rg, S) we
have ||Xy(n) — #n.1y,|| < . Thus on the event that (2) and (3) hold, we also have (6.3)
for all N large enough. O

We are now ready for:

Proof of Proposition 6.1. Fix M, (3, € and t. Begin by using Lemma 4.2 and Lemma 4.4 to
find K € IN so that with probability at least 1 — ¢/2, we have sy't("™M)(Rg, ;) > t for all r
and then N large enough. With this K and our fixed M, increasing r and N if necessary,
invoke Lemma 6.2 to find a coupling of (X, hx) and Cys, under which, with probability
at least 1 — ¢, both (6.2) and (6.3) hold with € replaced by ¢/(2K (t+ 1)).

The random variables in Cj; may be used to build a y-driven pre K-process. Indeed,
take A = (A(u) : u > 0) to be a Poisson process on R, independent of Cj; and having
intensity measure Mdu. For k € {1,..., M} construct A; = (Ax(u) : u > 0) by setting

A(u)

A = 37 1(U;) (6.8)

Standard Poisson thinning shows (A;)2. , form independent Poisson processes with
intensity 1du. Setting also e§k) := ey where / is the smallest index such that Zle 1,.(U;) =
j, it follows that (egk) : j,k > 1) are are i.i.d. mean one exponential random variables,
which are also independent of (A);L,. Using (A)L, together with (¢;,7;)}Z, from M
we can define Ty, (-), Kz(vT[)(') and YJ\(f’T)() as in (2.1), (2.2) and (2.3) and use these to
construct Y](wﬂ ) as before.

Let B(t) denote the following set of bad times:

B(t) == {t 0,4 | ExTM (snt) - YO )| > e/(2t)} . (6.9)

It is immediate from the construction and the choice of coupling that Leb(B(t)) < ¢/2 with
probability at least 1 — e¢. Recalling that V* has finite diameter, the proof is complete. O
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6.2 Proof of Theorem A

Fix 8 > «, t > 0 and ¢ > 0. Using Proposition 2.4, we find My(¢,t) € IN so that
M > M, implies that
Hy(m >(.)H <e (6.10)
L([0,t],v*)
occurs with probability at least 1 —e. Take M larger still if necessary, and use Proposition
4.1 to deduce that, for r and then NV taken sufficiently large, with probability at least
1—c¢
1 1y (rM)
LXn(sn) — X : H <e. 6.11
ERSIOPEE S sG] (6.1)
Finally, increasing r even more if needed and taking NV large enough, we use Proposi-
tion 6.1 to find a coupling between (X, hy) and ijf ) under which

LxEM gy v B H < 6.12
H N =Y () Lo.gv) (6.12)
occurs with probability at least 1 — e.

Altogether, there is a coupling between (Xy,hy) and Y(#) so that for all N large
enough,

1x Y& () H . 6.13
HN G otv)<36 ( )

with probability at least 1 — 3e. Since € was arbitrary, this shows (1.11) and completes
the proof.

A Discrete potential theory in two dimensions

In this section we include bounds for the Green function associated with the simple
random walks on the torus V3 and on Z2. We denote the latter by X,y and X respectively,
and recall that Piv ) Eév and P, E, respectively denote the underlying probability measure
and expectation, when the starting point is . The hitting times of a set A and vertex y
are denoted by Hy(A), H(A) and Hy (y), H(y) respectively. Finally, the associated Green
functions are defined below:

n H(A%) -1
GY(w,y) =EY > 1,(Xn(k)) ,  Galz,y) =E: > 1,(X(k)), (A.1)
k=0 k=0
for z,y in V3 or Z?, n > 0 and A C Z2.

We start with standard bounds on Gy,,, where we recall that Vy = [0, N)? N Z2. They

can be found, for instance, in [17].

Lemma A.1. There is an absolute constant C > 0 such that forall N > 1, z,y € Vy,

N

Moreover for any € > 0 there is C = C(¢) > 0 such that

N
Gy (z,y) > glog <||a:—y||\/1> -, (A.3)

forall N > 1and z,y € Vy with min.cve {|lz — z[| Aly — 2|} > eN.

Next, we provide bounds on GQIN (n)- Tecalling that Jy(n) = n[N?%log N]. Although
these bounds are standard, we could not find a reference for them and hence their short
proof is provided.
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Lemma A.2. There are C, ¢ € (0,00) so that when N is sufficiently large, for all x € V3
and n > 1 we have

Gy (my (0, 2)
< NPT oy A4
cn < log N < Cn (A4)

To prove this lemma, we need an upper bound on G/ (0, 0) for n on the order of N2.
Lemma A.3. Let v € IN. There is ¢(y) > 0 and Ny € IN so that N > N, implies

GIy2(0,0) < clog N . (A.5)

Proof. Let Byx = [-LN, LN)?NZ?2. Consider the simple random walk X on Z?, and first
choose L € IN large enough so that the following estimate holds:

p:=Po(H@BLN) < yN?) < 1/2, (A.6)

where the choice of L depends on +, and is fixed henceforth, and where such a choice is
possible by Proposition 2.1.2 of [26], for instance. Through the natural coupling of X and
X, and via the fact that the Green function is maximized on the diagonal, the following
bound holds:

Gly2(0,0) < cp(1—p) > kp*Gp,,(0,0) (A.7)
E>1
where the constant cy, is positive, depending only on L, and results from the finite number

of points mapped to 0 € V3 from By C 7 by the natural quotient map ¢y : Z2 — Vy-
Via (A.6),

Gy2(0,0) < 4cGp,, (0,0) (A.8)
<d4crglog LN + 4cpc, (A.9)

where (A.9) follows from Lemma A.1. As L depends only on v, the proof is complete. O

Proof of Lemma A.2. Let X ~ be the lazy simple random walk on V3 which waits at each
vertex with probability 1/2. Write P, for the law of Xy started at = € V., suppressing
the N in the law for notational convenience. Recall that the e-uniform mixing time of Xn
is defined as

~n

P (z,y) —7n(y)
TN (Y

7(€) := min {n >0:

Seforall:c,yevji}} , (A.10)

where ﬁn(x, y) := P,(Xy(n) = y), and where Ty is the stationary measure associated to
Xy, uniform on V- The discrete isoperimetric inequality on V3 gives a > 0, uniformly in
N for all N large, such that for each nonempty subgraph S C V3, we have |AS| > a|S|'/2.
Here AS denotes the edge-boundary of S in V}. Using this bound in conjunction with
Theorem 1 of [27], we obtain v € IN so that 7(1/2) < yN2.

~N
Let G, be the analog of G, for the lazy walk, and notice that
~N
Gy (n) = 2Ghy (n) - (A.11)

Decompose the trajectory of the lazy walk based on its location at time yN?:

~N ~N
19N(n)(0 :E) 'yN2 O I’ Z P 0 y 19N(n)—'yN2(y7'r)' (A.12)
yeVvy
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By (A.10), the second term on the right side of (A.12) obeys:

1 ~yN?2 ~N
5(” IOgN - 7) < Z P (Ovy)GﬂN(n)f'yNz (y7x) <
yevy

N w

(n[log N1), (A.13)

while by Lemma A.3, the first term on the right side of (A.12) obeys
0 < GJy2(0,z) < clog N, (A.14)

where we have used Cauchy-Schwarz to bound G,JYVNZ (0,z) by Gfl\nyg (0,0), for instance.
Thus the constant c in (A.14) depends only on v. We combine (A.11), (A.13) and (A.14),
taking N larger if necessary to complete the proof. O
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