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Abstract
We study the cover time 7..v by (continuous-time) random walk on the 2D box of side length n with

wired boundary or on the 2D torus, and show that in both cases with probability approaching 1

as n increases, \/Teov = V2n2[y/2/mlogn + O(loglogn)]. This improves a result of Dembo, Peres,
Rosen, and Zeitouni (2004) and makes progress towards a conjecture of Bramson and Zeitouni
(2009).
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1 Introduction

We consider the random walk on a 2D box/torus and study a fundamental parameter, the cover
time 7.oy, Which is the first time when the random walk has visited every single vertex of the
underlying graph.

Let A C Z? be a 2D box and denote by 94 = {v € A : Ju € Z? \ A such that u ~ v} the boundary
set of A. We say a random walk on A with wired boundary if we identify 0A as a single vertex and
run the random walk on the wired graph. Formally, the transition kernel of the random walk is
given by

@ v)_{}llmu, ifucA\0A,
P, o 7(11)’&4 ]-UEA\BA s if u S 8A,

D wearoa Gw,0a

where d, g4 = |[{v' € A : v/ ~ v}|. Throughout this work, we consider continuous-time random
walk, where the random walk makes jumps according to a Poisson clock with rate 1 and the jumping
rule follows the transition kernel (of the corresponding discrete walk).

We give the following estimate on 7., for a random walk on 2D box of side length n with wired
boundary condition. Throughout the paper, the notation “with high probability” means that with
probability approaching 1 as n — oo.

Theorem 1.1. The cover time 7., for a random walk in an n x n 2D box with wired boundary with
high probability satisfies the following for an absolute constant ¢ > 0,

V2/mlogn — cloglogn < v/Teov/2n% < v/2/mlogn + loglogn .
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Denote by Z2 a 2D torus with total number of vertices n?. We prove an analogous result to the
preceding theorem for the random walk Z2.

Theorem 1.2. The cover time 7., for a random walk on Z? with high probability satisfies the
following for absolute constants c¢,C > 0,

V2/mlogn — cloglogn < \/Teov/2n2 < v/2/mlogn + Cloglogn.

Remarks. (1) Our results extend to discrete-time random walk as the number of jumps made up to
time ¢ is highly concentrated with a standard deviation v/¢. (2) It is clear from our proof that the
expected cover time t.,, satisfies that y/tcov/2n? = \/2/710gn + O(loglogn). (3) By analogy with
regular trees, we believe that loglogn is the correct order for the second term of the normalized
cover time. (4) The upper bound in Theorem 1.1 holds if we replace loglogn by an arbitrary se-
quence a,, with a,, — oo (as indicated in the proof). Since we believe the true value of the cover
time should be around \/2/710gn — c*loglogn for a positive constant c*, we decide such potential
improvement is irrelevant. (5) The wired boundary corresponds to Dirichlet boundary condition for
2D Gaussian free field, and the torus case corresponds to the GFF on a torus. Among other things,
one connection is that the covariances for the GFF are given by the Green function (see (1.2)) of
the corresponding random walk.

Our estimates improve a result of Dembo, Peres, Rosen, and Zeitouni [7], in which they show
that with high probability \/7cov/2n% = (1/2/7 + 0o(1)) logn for Z2. The question on the limiting law
for \/7cov/n? was initialized in [7], and it was explicitly conjectured by Bramson and Zeitouni [5]
that \/7cov/n? is tight after centering by its median. Our results can be seen as progress toward
this conjecture.

The cover time on a graph, turns out to have an intimate connection with the maximum of the
discrete Gaussian free field (GFF) on the graph. The GFF {n, : v € A} on 2D box with Dirichlet
boundary is a mean zero Gaussian process which takes value 0 on 9A and satisfies the following
Markov field condition for all v € A\ 0A: 7, is distributed as a Gaussian variable with variance 1/4
and mean the average over the neighbors (in graph distance) given the GFF on A \ {v} (see also
Section 1.3). Throughout the paper, we use the notation

M, =supn,, and m,, = EM, . (1.1)
veEA
where A is a 2D box of side length n and 7, is the GFF on A with Dirichlet boundary condition. We
compare our cover time results with the following result on the tightness of the maximum of the
GFF on 2D box due to Bramson and Zeitouni [4], which serves as a fundamental ingredient in our
proof (note that definitions of the GFF in our paper and in [4] have different normalization - by a
factor of 2).

Theorem 1.3. [4] The sequence of random variables M, — m,, is tight and

my, = /2/7(logn — STegz loglogn) + O(1).

We remark that in view of the analogy to the GFF, it is not at all obvious why the cover time
seems to exhibit the same behavior on a box with wired boundary and a torus, as the maximum for
the GFF does have different deviation in two cases. In order to see that the maximum for GFF on
2D torus (with a fixed vertex being 0) has deviation of order /log n, we take a box of side-length n /2
in side the torus and argue that (i) the average (or a suitable weighted average) for the GFF over
the boundary of the small box is a mean zero Gaussian variable with variance of order logn; (ii) the
deviation of the average of the GFF over this boundary will propagate to the maximum, since the
GFF of every vertex in a slightly smaller and centered box has (roughly) the average as the mean
conditioning on the GFF over the boundary.

1.1 Related works

In a work of Ding, Lee, and Peres [9], a useful connection between cover times and GFFs had
been demonstrated by showing that, for any graph, the cover time is equivalent, up to a univer-
sal multiplicative constant, to the product of the number of edges and the square of the expected



supremum for the GFF. This connection was recently strengthened by [8], which obtained the lead-
ing order asymptotics of the cover time via Gaussian free fields in bounded-degree graphs as well
as general trees (together with an exponential concentration around its mean for the case of trees).
We will use some of the ideas therein.

Before the work [9], the connection between cover times and GFFs for certain specific graphs,
has already been a folklore. This was highlighted through the analogy in 2D lattice. Bolthausen,
Deuschel and Giacomin [3] established the asymptotics for the maximum of GFF on 2D box, by
exploring a certain tree structure in the 2D lattice; in [7], the asymptotics for the cover time was
calculated through an analogous tree structure but the proof was significantly more involved. A
similar tree structure also appeared in the work of Daviaud [6] who studied the extremes for the
GFF. The key idea of [4] is to construct a tree structure of this type but with conceptual novelty.

For regular trees, Ding and Zeitouni [10] computed precisely the second order term for the
cover time, improving the asymptotics result of Aldous [2] and complementing the tightness result
of [5].

1.2 A brief discussion

We remark that it was highly nontrivial for [7] to explore a tree structure and succeed to demon-
strate the asymptotics for the cover time in 2D torus. However, it seems unlikely to obtain better
estimate using the method employed therein. A natural attempt would be to use a modified tree-
structure (the so-called Modified branching random walk) as in [4] to obtain a precise estimate for
the cover time. Among other things, there appear to be two significant challenges when trying to
implement such strategy: For one thing, the structure in [4] comes arise from a random partition-
ing of 2D box (alternatively, a smoothed branching Brownian random walk) and it is not clear how
such a structure shall apply to random walk. For another, the linear structure for Gaussian process
great simplifies the issue of controlling the correlations. In particular, the well-known comparison
theorems for Gaussian processes (see [24, 15]) allowed [4] to conveniently switch between several
modifications of GFFs/branching random walks. A lacking of such comparison theorems for cover
times raises a conceptual challenge. The proof in our work, get around these two issues by explic-
itly using a two-level structure, which in a sense amounts to bury (use) a tree structure as of [4]
for GFF instead of random walk — this is validated by the connection between the random walk
and the GFF. Finally, as demonstrated in [10] there is a difference of order loglogn between the
normalized cover time and the maximum of GFF on a binary tree of n vertices. Such a difference
should presumably also exhibit in 2D lattices, which suggests an obstacle for attempts to improve
our estimates on the cover time using its connection with the GFF.

1.3 Preliminaries

Electric networks. In this work, we focus on random walks on 2D lattices and thus have no
attempt to touch the general setting for a random walk on network. Nevertheless, we occasionally
use the point of view of electric network, which is obtained by placing a unit resistor on each edge
of the graph. Associated to such an electrical network are the classical quantity Reg : V XV — Rxo
which is referred to as the effective resistance between pairs of nodes. We refer to [18, Ch. 9] for a
discussion about the connection between electrical networks and the corresponding random walk
(where the random walker started at « moves to a vertex v with probability proportional to edge
conductance on (u, v)).

For convenience, we will mainly work with continuous-time random walks where jumps are made
according to the discrete-time random walk and the times spent between jumps are i.i.d. exponential
random variables with mean 1. See [1, Ch. 2] for background and relevant definitions. We remark
that our results automatically extend to discrete time random walk. Note the number of steps N(¢)
performed by a continuous-time random walk up to time ¢, has Poisson distribution with mean ¢.
Therefore, N(t) exhibits a Gaussian type concentration around ¢ with standard deviation bounded
by v/t. This implies that the concentration result in Theorems 1.1 and 1.2 hold for discrete-time
case.



Gaussian free field. Consider a connected graph G = (V, E). For U C V, the Green function
Gy (+,-) of the discrete Laplacian is given by

Gula,y) = B (X707 1{Sk = y}), forallz,y € V, (1.2)

where 7y is the hitting time to set U for random walk (S} ), defined by (the notation applies through-
out the paper)

v =min{k >0: S, €U}. (1.3)

The discrete Gaussian free field (GFF) {n, : v € V} with Dirichlet boundary on U is then defined
to be a mean zero Gaussian process indexed by V such that the covariance matrix is given by the
normalized Green function (Gy(z,y)/dy).yev, Where d, is the degree of vertex y. It is clear to see
that n, = 0 for all v € U. For more preliminary background on Gaussian free field, we encourage
the reader to refer to [16, 22] for a good account.

Cover times and local times. For a vertex v € V and time ¢, we define the local time L} by

1

t
LY = d—/o 1(x,—n)ds. (1.4)

It is obvious that local times are crucial in the study of cover times, since
Teoy =inf{t >0: Ly >0forallveV}.

For that purpose, it turns out that it is convenient to decompose the random walk into excursions
at the origin vy € V. This motivates the following definition of the inverse local time 7(¢):

7(t) = inf{s : LY > t}. (1.5)

We study the cover time via analyzing the local time process {LZ( HVE V'}. In this way, we measure
the cover time in terms of 7(¢) and we are indeed working with the cover and return time, defined
as

7O =inf {t > Teov : Xt = Xo}. (1.6)

cov T

In the asymptotic and concentration sense considered in this work, the difference between cover
times 7.,, and TC%V is negligible. In order to see this, define t,;; = max, , E,7, (where 7, = 7(,y is

defined as in (1.3))and note that

o)
Tooy = Teov T Thit »

cov

where < means stochastic domination, and 7,;; measures the time it takes the random walk to goes
back to the origin after 7..,. Using the recursion that

max IPU(TU } thhit) = max(IPU(Tu } Zkthit ‘ Tu Z chit)IPv(Tv 2 2thit)) < %max IPv(Tu } Q(k — 1)thit);

’ u)v

we see that P (i, > 2ktni) < (1/2)%, and hence 7y, is negligible.

Dynkin Isomorphism theory. The distribution of the local times for a Borel right process can be
fully characterized by a certain associated Gaussian processes; results of this flavor go by the name
of Dynkin Isomorphism theory. Several versions have been developed by Dynkin [12, 11], Marcus
and Rosen [20, 21], Eisenbaum [13] and Eisenbaum, Kaspi, Marcus, Rosen and Shi [14]. In what
follows, we present the second Ray-Knight theorem in the special case of a continuous-time random
walk. It first appeared in [14]; see also Theorem 8.2.2 of the book by Marcus and Rosen [22] (which
contains a wealth of information on the connection between local times and Gaussian processes). It
is easy to verify that the continuous-time random walk on a connected graph is indeed a recurrent
strongly symmetric Borel right process. Furthermore, in the case of random walk, the associated
Gaussian process turns out to be the GFF on the underlying network.



Theorem 1.4 (generalized Second Ray-Knight Isomorphism Theorem). Consider a continuous-time
random walk on graph G = (V, E) with vy € V. Let 7(t) be defined as in (1.5). Denote by n = {n, :
x € V} the GFF on G with the choice U = {vo} when defining Green functions as in (1.2). Let P,,
and P, be the laws of the random walk and the GFE respectively. Then under the measure P, X P,,
foranyt >0

T 1 law [ 1
{LT(t) + ing cx € V} z {Q(nx +V2t)? iz € V} : (1.7)

2 Random walk on 2D box with wired boundary condition

In this section, we study the random walk on 2D box with wired boundary and prove Theo-
rem 1.1. The main work goes to the proof for the lower bound, for which we employ the sprinkling
method that was used in [8]. As we wish to show a fairly sharp bound on the cover time, we can
only afford to decrease the time from ¢ to (1 — 1/logn)t in the sprinkling stage, such that for each
“trial” there is merely a chance of Poly((logn)~!) to detect an uncovered point. To fight with such
a slight probability, we need to have Poly(logn) number of candidates for trial. Apart from other
things, this gives arise to the issue of controlling correlations of all these trials. We make use of
the strong boundary condition in the wired case (which decouples the random walk), together with
carefully chosen candidates, to solve this issue.

2.1 Concentration for inverse local time

In this work, we typically measure the cover time 7., by the inverse local time 7(¢). This is an
efficient measurement only if 7(¢) is highly concentrated, which we show in this subsection.

Lemma 2.1. For an n X n 2D box A, consider a random walk on A with wired boundary (where
we identify OA as vertex vg). Let 7(t) be defined as in (1.5), for t > 0. Then, the following holds
uniformly for any A > 0 andt > 1

P(|7(t) — 4tn?| > An?Vt) < O(1/)?).
To prove the preceding lemma, we need the next simple claim on the joint Gaussian variables.
Claim 2.2. Let (X,Y) be joint mean 0 Gaussian variables such that Cov(X,Y) = p. Then
Cov(X?,Y?) = 2p%.

Proof. Let 02 = Var X and 03 = VarY. It is clear that we can write X = 07Z; and Y = L7+

\/U% — (p/o1)?Zy, where Z; and Z5 are independent standard Gaussian variables. We can now use
standard moments estimates for Gaussian variables, and obtain that

Cov(X2 Y?) = B(X?Y?) — 0}02 = p°T(Z}) + (0203 — p*) — olos = 2p°. O

Define the Poisson kernel a(z,y) = a(z —y) = Y oo (Po(Sn = 0) — Po(S,, = = — y)) where S, is
a simple random walk on Z? started at the origin 0. We will need the following standard estimates
on Green functions for random walks in 2D lattices (in terms of the Poisson kernel). See, e.g., [17,
Prop. 4.6.2, Thm. 4.4.4] for a reference.

Lemma 2.3. For A C Z?, consider a random walk (S;) on Z? and define 794 = min{j > 0: S; € A}
be the hitting time to 0A. For z,y € A, let Gypa(z,y) be the Green function as in (1.2). Then

GaA(Ivy) = E-’C(a(STaAvy)) - a(a:,y) .
Furthermore, a(z,y) = 2log |z — y| + M + O(|z — y|=2), where v is Euler’s constant.

Proof of Lemma 2.1. Forall z € A\ 04, define

Zy =12 —En?, and Z = Z Z .
TEA\OA



By Claim 2.2 and definition of Gaussian free field, we get that for all z,y € A\ 94,
Cov(Zs, Zy) = Goa(x,y)?/8.
Combined with Lemma 2.3, we have that
Cov(Za, Z,) < (2(logn — log [z — y|) + O(1))”

It follows that

2n
VarZ =Y Cov(Zy, Z,) = O(1)n? Y k((logn — logk) + O(1))* = O(n"). (2.1)
x,y k=1
In addition, we can estimate that
Var(}~,12) ZCOV Na, My) ZG@A x,y) =1 ZE To4) = O(n ) (2.2)

Recall that vg is the vertex obtained from identifying the boundary 0A. Notice that
T(t) =tdy, + Y dLly =4nt +4 Y LY.
v#vg v#V
An application of Theorem 1.4 gives that

T(t) + 2 "% 2| B + 27 + V24>

where |E| counts for the number of edges in the wired graph and so |E| = 2n? — 2n. It follows that
P(|7(t) — 2t|El| > MEW?) < 2P(1Z] = MEVt/6) + P(I,m0| > AE|/10) < O(1/X%)

where the last transition follows from an application of Chebyshev’s inequality together with esti-
mates (2.1) and (2.2). O

2.2 Proof for the upper bound

We prove in this subsection the upper bound for the cover time. Note that an upper bound on the
expected cover time t..,, can be obtained by an application of Matthews method [23], as illustrated
in [1, Ch.7: Cor.25]. The point of our proof below, which follows from an application of a union
bound, is to give an upper bound on the deviation of 7.y .

Set ty = L(logn + A)? for A > 0. By Lemma 2.3,

Regi(x,0A) = Goa(z,x)/4 < 5=logn + O(1), forallz € A. (2.3)

The marginal distribution for local times satisfies that

’T(t)\) ZX’L 9 (24)

where N is a Poisson variable with mean ¢y /Reg(z,0A) and X; are i.i.d. exponential variables with
mean Rqg(x,0A). This follows from the following several observations.

» The number of excursions at vy (9A) that occur up to 7(¢)) follows a Poisson distribution with
mean d,,t.

» Each excursion at vy has probability 1/d,, Reg(x, 0A) to hit vertex z, independently (see, e.g.,
[19, Eq. (2.5)]).

» Starting from z, the local time accumulated at x before hitting vy is an exponential variable
with mean Reg(z,0A).



By (2.3) and (2.4), we have that for all z € A,
P(L% ;) = 0) < exp(—tx/Regt(z,04)) <n 20(e™).
A simple union bound then gives that

P(Teoy 2 7 ZIP T(tx = O(e_k).

Together with Lemma 2.1, we conclude that
P(Teoy = 2n%(logn)? + An®logn) = O(1/A?),
completing the proof of the upper bound.

2.3 Proof for the lower bound

A packing of 2D box. We carefully define a packing for a 2D box as follows. Let k > 0 be a
constant to be specified later. For an n x n 2D box A with left bottom corner o = (0,0), consider a

. K~/
collection of boxes B ={B; : 0 < i < m} withm = L%J — 1 such that for every i € [m]:
* The side length of each box B; satisfies L = W.
* The left bottom corner of B; is v; = ((logn =, n/(logn)?").
We give a high level explanation for the choices of the parameters for the packing.

(@) The side length L guarantees that |m,, — my| = O(loglogn) (this is the main reason for an error
term O(loglogn) in Theorem 1.1).

(b) The distance between each box B; and the boundary 9A is of distance nPoly((logn)~1), which
implies that the number of excursions that visited each box is Poly(logn).

(c) The distances between the boxes are significantly larger than the distance from boxes to the
boundary, such that with high probability the random walk starting from one box would hit the
boundary first before hitting other boxes.

Property (a) bounds the magnitude of the slackness; properties (b) and (c) control the correlation
for the random walks on different boxes B;; the choice for the number m ensures that we have
enough number of trials in the sprinkling stage.

In what follows, we will abuse the notation: we denote by B both the collection of boxes {B;}
and the union of boxes {B;}, whose meaning should be clear from the context. Following this rule,
we denote by 9B = UgcdB the union of the boundaries over all boxes in B.

The following lemma implies that our boxes in B are well-separated.

Lemma 2.4. For ann X n box A, define BB as above. Then, for any B € B and v € B, we have
Py (To4 > Tan\op) < C(logn)™ "2
where C > 0 is a universal constant.

Proof. We consider the projection of the random walk to the horizontal and vertical axises, and
denote them by (X;) and (Y;) respectively. Define

_n
(logn)~

It is clear that 794 < T, and Ty < 7op\ap. Write t*

TX:min{t:Xt—X0|> },andTY:min{t:Yt:()}.

W. Is is obvious that with probability
1 —exp(—€2(t*)) the number of steps spent on walking in the horizontal (vertical) axis is at least ¢* /3.
Combined with standard estimates for 1-dimensional random walks, it follows that for a universal
constant C' > 0 (recall that v has vertical coordinate bounded by 2n/(log n)?*)

C C
P(T, >t"')  ————~, and P(T, <t*) < ———
(T, 1) < (o @A P, <1 < o
Altogether, we conclude that P, (754 > Top\05) < 2C(log n)~"/? as required. O



Thin points for random walks. In this subsection, we consider the embedded discrete time
random walk, which is obtained by following the jumps in the continuous-time walk and ignore the
exponentially distributed waiting times between the jumps. For v € A, denote by N, (¢) the number
of times that v is visited in the embedded walk, which corresponds to the continuous-time walk up
to 7(t). We aim to show the following lemma on thin points of random walks, i.e., points that are
visited for only a few times.

Lemma 2.5. Write t = m? /2 and assume k > 8. Consider the random walk on A up to 7(t). For
B € B, define

Rp ={3v € B: N,(t) <120}.
Then, P(Rg) > 1075,
The following are two crucial ingredients for the verification of the preceding lemma.

Proposition 2.6. [8, Prop. 4.10] Consider a network G = (V, E) with maximal degree A and an
arbitrary t > 0. Forv € V, assume that {{,, : w € V'} are positive numbers such that ¢, (, < 1/16 for
allu ~v. Define I' = {L},) = {,, for allw € V'}. Then

P(N,(t) > 30A | T) < 1/2.

Lemma 2.7. Consider the Gaussian free field {n,},c with Dirichlet boundary condition, and con-
sider the collection of packing boxes BB defined as above. For B € B, define

Ep={FveB:|n,—mpg|-|nu—mr| <1/4 forallu ~ v} .
Then, P(Eg) > 10~%/16.

Proof of Lemma 2.5. Consider a B € B. Lemma 2.7 gives that P(Eg) > 10~%/16. Combined
with Theorem 1.4, this implies that with probability at least 10-*/16, there exists v € B such that
LYy - LYy < 1/64 for all u ~ v. Combined with Proposition 2.6, it follows that P(Rp) > 1076, O

It remains to prove Lemma 2.7. To this end, we will use a detection result from [8].

Proposition 2.8. [8, Proposition 3.4] Given a graph G = (V, E) with maximal degree bounded by
A, let {n,}vev be the GFF on G with n,, = 0 for some vy € V. For any M > 0,

PEveV:|n, — M| |n,— M| <1/4 for all u ~ v) P(supn, > M).

> 4.104

Though Proposition 2.8 was stated in [8] for the case that the GFF was defined with the value at
a single vertex vy pinned at 0. The precisely identical proof shows that the same result holds if the
values of the GFF are pinned to be 0 in an (arbitrary) set of vertices U (that is, the covariances are
given by Green functions as defined in (1.2)). This slightly new version of the preceding proposition
directly yields

P{Jve B:|n,—m*(1/4)| - |n, —m*(1/4)| < 1/4 for all u ~ v} > 1/16,

where m*(1/4) = sup{z : P(sup,ep v > 2) > 1/4} is the (1/4)-quantile for sup,cp 7,. It remains to
prove that my, > m*(1/4). This is an immediate consequence of the following lemma.

Lemma 2.9. Foragraph G = (V,E), considerV; C V, C V. Let {ngl)}q,ev and {nf,Q)},,eV be GFFs on
V such that n"|y, = 0 and 1?|y, = 0 (that is to say, the covariances are given by Green functions
as in (1.2) with U = Vi and U = V; respectively.). Then forany A > 0and V' C V,

P(Sup1)€V/771()1) 2 )‘) 2 %P(Supvevr]f) 2 A) .



Proof. Note that the conditional covariance matrix of {nél)}vevl given the values of {nf}l)}vevg\vl
corresponds to the covariance matrix of {n,(f)}vev/. This implies that

D0 eV = P+ BOD | () we Vo \ Vi sve v,

where on the right hand side {771()2) :v € V'} is independent of {n,(f) cu € Vo \ V1 }. Write ¢, = ]E(m(,l) |
{777(}) :u € Vo \ V1 }). Note that ¢, is a linear combination of {777(}) :u € V2 \ V1 }, and thus a mean zero
Gaussian variable. By the above identity in law, we derive that

P(sup,cy S = A) = P(sup, eyl + ¢y > A) = P(sup,eynl® > A, ¢e > 0) = 3P(sup,cyn > N),

where we denote by £ € V'’ the maximizer of {777?) :u € U} and the second transition follows from
the independence of {77751)} and {¢,}. O

Application of sprinkling method. We are now ready to employ the sprinkling method and prove
the lower bound on the cover time. As a preparation, we show that random walks on all the boxes
B € B are almost independent. To formalize the statement, we decompose the random walk up to
7(t) into a collection £ of disjoint excursions at the boundary 0A, where an excursion is a minimal
segment for the random walk such that the starting and ending vertex both belong to JA.

Lemma 2.10. Fort < 10(logn)? and x > 8, we have
P(3Ex € £AB,B' € B:ExNB #0,ExN B’ #0) = O(1/logn) .

Proof. For B € B, denote by ex(B) = |Ex € £ : ExN B # (| the number of excursions that visited B.
By our choice of the packing 5, we trivially have that R.g(B,0A) > 1 for all B € B, and thus ex(B)
is stochastically dominated by the sum of i.i.d. Bernoulli(1/|0A|) where the number of summands is
an independent Poisson random variable of mean ¢|0A|. Therefore,

P(ex(B) = 20(logn)?) = O(1/logn).
Combined with Lemma 2.4, we obtain that
P(IEx € £3IB' € B:ExNB #0,ExN B’ #0) = O(1/(logn)""2).
Now a simple union bound over B € B yields the desired estimate. O

Thanks to the preceding lemma, we can now assume without loss of generality that all the
excursions visited at most one box B € B. Since the visits to all the boxes belong to disjoint
excursions, the independence among the excursions then implies the independence for random
walks within all the boxes B € B.

Write ¢t~ = (my, — 1)2/2. For B € B, let Qp be the event that the box B is not covered by time
7(t7). By Lemma 2.5, we have P(Rp) > 107%. Assume that Rp indeed holds, and take v € B such
that IV, (¢) < 120, and thus &, = {Ex € £ : v € Ex} has cardinality at most 120. Given the collection
& of excursions at the boundary 0A (note that here we do not yet reveal the order for excursions to
occur), the times for the excursions to occur (measured by the local time at boundary 0A) are i.i.d.
uniformly distributed over [0, ¢]. Therefore,

P(Qp) > P(Rp)P(Ex occurs in (¢, ¢] forall Ex € &, | B,&) = 107%(1/m )™ .
Recall from Theorem 1.3 that
mp, =+/2/m(logn — (2k + @) loglogn) + ﬁ’b logloglogn + O(1) . (2.5)

Now choose x = 400, and we will have m = |B| > (logn)3°/40. By our justified assumption on the
independence of events {Qp : B € B} and a standard argument on concentration, we conclude that

P(reoy < 7(t7)) = O(1/logn).

Using (2.5) again and applying Lemma 2.1, we compete the proof for the lower bound.



3 Random walk on 2D torus

In this section, we consider the random walk on a 2D torus and prove Theorem 1.2. We wish
to employ the same roadmap as the proof for the wired boundary case, and we come across the
following two conceptual difficulties:

(i) The inverse local time 7(t) is not concentrated enough. Indeed, it is not hard to see that 7(¢)
has a deviation of order n?v/ty/logn > n?lognloglogn, for t = ©((logn)?).

(ii) Essentially regardless of the choice of packing boxes, the random walk starting from one box
would strongly prefer to hit other boxes before going back to the origin (since the origin, as
a single point, is very likely to miss). This reinforces the challenge to control the correlation
between the random walks in different boxes.

The hope (and the reason) that the deviation of the inverse local time does not give the right
order for the deviation of the cover time, is that the number of excursions required to cover the
graph (or alternatively, the local time at the origin at time 7..,) also exhibits a fairly large deviation
(as opposed to the wired boundary case). Furthermore, these two random variables are negatively
associated such that their deviations will cancel each other, and hence the cover time 7., is still
fairly concentrated.

It seems rather challenging to study (or even to formalize) the negative association between the
inverse local time and the number of excursions required for covering. Alternatively, we pose an
artificial boundary over a suitable subset of the torus and argue that:

* The cover times with or without this artificial boundary are almost the same.

* The inverse local time exhibits a significantly smaller deviation with the boundary condition.

» It is possible to carefully select a collection of packing boxes such that the random walks on
these boxes are almost independent.

Our proof, as demonstrated in the rest of this section, is laid out precisely in this manner. Since we
have been through the proof for the wired boundary case, we focus on the new issues for the case
of 2D torus.

3.1 A coupling of random walks

Consider Z2 and o € Z2. We imagine that Z?2 is placed on a two-dimensional lattice where o is
the origin and the boundaries are properly identified. Throughout this section, we use the notation

ny =n/(logn)* forall k > 0.
For r > 0, define C, to be the discrete ball of radius r, by
Cr={xeZ?: x|z <r}.

Let k > 10 be an absolute constant selected later. For convenience of notation, denote by A = Z2 in
this section. Let A be obtained from A by identifying all the vertices in C,,, (as vg). We consider a
random walk (S;) on A and a random walk (S‘t) on A, respectively. The following coupling says that
with high probability these two random walks have the same behavior on A\ C,, .

Lemma 3.1. Define 7(t) as in (1.5) to be the inverse local time for the random walk (S,). For
t < 10(logn)?, with probability at least 1 — O(1/logn), we can couple the random walk (S,) and (S,)
together such that for a random time 7 satisfying |T — 7(t)| < n?/logn, we have the random walks
(S,:0<r<7)and (S, :0<r<7(t) are the same in the region A\ C,,_.

Remarks. (1) Note that in the coupling, we do not insist that the total amount of time spent at the
two random walks are the same. All that we require is that if we watch the two random walks in the
region A\ C,,,, we will observe the same sequence of random walk paths (P;, Ps,...) where each P;
is a random walk path with starting and ending points in 9C,,.. (2) As we will see in the proof, the
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same result holds if we shift the disk C,,,, within distance n/3. We will use this fact in the derivation
for the upper bound on the cover time.

In order to prove the preceding coupling lemma, we need to study the harmonic measure Hp(z, )
on B (for B C Z? and x € Z?) defined by

Hp(z,y) =P,(S;, =y) forally € B.
The following lemma (see, e.g., [17, Prop. 6.4.5]) will be used repeatedly.

Lemma 3.2. Suppose that m < n/4 and C, \ C,, C B C C,,. Suppose that z € Ca,, with P, (S

TOB €
dCp,) > 0 and z € OC,,. Then,

P, (Sryy = 2| Srpy € OCn) = Hoc, (0,2)(1 + O(mlog(n/m))/n).
Furthermore, we have that c¢/n < Hyc, (0, z) < C/n for two absolute constants ¢, C' > 0.

For two probability measures p and v on a countable space (2, we define the total variation
distance between p and v by
ln = vilrv =5 ) ln(z) = v(@)].
e
We will use a well-known fact that there exists a coupling (X,Y) such that X ~ u, ¥ ~ v and
P(X #Y) = ||u—v|Tv- See, e.g., [18, Prop. 4.7]. The following is an immediate consequence of
Lemma 3.2.

Corollary 3.3. Denote by H(-,-) and f[(-, -) the harmonic measures for random walks on A and A
respectively. For all x € C,,,,, we have

|Hac,, (x,-) = Hac,, (vo,-)llrv = O(1/(logn)®).
Proof. Let B =C,, \Cp,, and m = nay,. It is clear that

|Hac,, (2,") — Hac,, (vo,)|lTv
S max [Py (Srop = | Srop € OCh,.) = Po(Srpp = [ Sryp € Cr, )|V -
Y,2€0Cam

Now, an application of Lemma 3.2 with n = n,, completes the proof. O

Proof of Lemma 3.1. In order to demonstrate the coupling, we consider the crossings between
0Cp,,. and OC,,, for (S,), where each crossing is a minimal segment of the random walk path which

starts at 9C,,, and ends at 9C,,; for (S,.), we consider the crossings between vy and 9C,,,,. We denote
by K the number of crossings for (S,) up to time 7(¢), and denote by (Z), <z be the sequence of

ending points for these crossings. Similar to the justifications of (2.4), we see that K is distributed

as a sum of i.i.d. Bernoulli variables with mean Wmc) and the number of summands is an
uo € 9 Ny

independent Poisson variable with mean deg, ¢, where deg, is the degree of the identified vertex

vo in A. Since Rt (vo,0Cp,,) = 1, we have
P(K > (logn)?) = O(1/logn).

In what follows, we can then assume that K < (logn)3. Now, we consider the first K crossings for
random walk (.S,) and denote by (Z), <k<i the sequence of the ending points for these crossings.
Observe that

IP(Zk € ) = P(Zk € )|l1v < hax |Hoc,, (z,-) — Hac, (vo,")|lrv = O(1/(logn)®).

N2k

Therefore, with probability at least 1 — O(1/(logn)®), we have Z;, = Z, forall 1 < k < K. In what
follows, we assume that we indeed have 7, = Z;..

11



Now, the coupling is natural and obvious. Since starting from the same point at 9C,,_, the random
walks on A and A follow the same transition kernel until they hit dC,,,, . Thus, we can couple the two
random walks together such that the sequences of the random walk paths watched in the region
A\ C,,, are identical to each other.

It remains to control the difference between 7 and 7(¢). Due to the coupling, we see that the
total time that these two random walks spent on the region A\ C,,, are the same. So the difference
only comes from the time the two walks spend at C,,. We denote by 7" and T these two times
respectively. Note that

ET < (logn)® max E;7sc, < (logn)30((nx)*logn) = O(n?/(logn)'%).

rE€Cn,,,

Since x > 10, we have

ET = Y dit< Y dyt=0(n?/(logn)"®).

vECH,, v€ECn

At this point, an application of Markov’s inequality completes the proof. O

Thanks to the coupling, it suffices to study the covering for random walk (S,.) in order to under-
stand the cover time for (S,). In what follows, we will focus on the random walk (S'T). For easiness
of notation, we drop the tilde symbol except for the underlying graph A (to remind us which graph
we are working on in case of ambiguity). One of the purposes to identify C,,. is to give better

concentration for the inverse local time, for which we first prove the next preparation lemma.

Lemma 3.4. Let G.(-,-) be the Green function of random walk on Z?. Forx,y € A,
Gy(w,x) = 2 (loglz —ylzz) + O(1),

where |z — y|z2 = min, jez |z — y + (in, jn)| is the Euclidean distance between x,y in Z,.

Proof. By homogeneity of Z2, we can assume that z = o and y; > y» > 0. Let L be a vertical

line segment of length y; centered at y/2, and let L' = {v € L : P (7, < 7,) > 1/2}. Without
loss of generality, we assume that |L’| > y;/2 (otherwise we exchange the role of o and y). By our
assumption, we have G,(0,0) < 2G1/(0,0). In addition, we have

Gr(0,0) = Goac, ,,(0,0) + max G,(z,0) = Zlogy; + max G/ (z,0)+O(1), (3.1)

K

i/ z2€Cy, /4 2€Cy; /a

where in the second equality we used Lemma 2.3. Let B be a rectangular centered at o with side
lengths y; X 2y;. So in particular L C 9B. Applying [17, Proposition 6.4.3], we obtain that the
random walk started from z will hit 9B before returning to o with probability 1 — O(1/logy;) for all
z € Cy, /4. Also note that the harmonic measure of L] with respect to starting point z and stopping
set OB is at least ¢ > 0 for a certain constant c (see, e.g., [17, Prop. 8.1.5], and note that L’ consists
of a constant fraction of 0B; alternatively, one could approximate the harmonic measure by that of
the Brownian motion.) Therefore, we have deduced that P, (7, < 77-) = O(1/logy;). In addition, we
could get G1/(0,0) < Gac, ,,(0,0)/c = O(logy1). Altogether, we get that max.ec, ,, Gr/(z,0) = O(1).
Combined with (3.1), this completes the proof of the upper bound.

In order to prove the lower bound, we use a connection between Green functions and effective
resistances as follows (see [16, Thm. 9.20])

Gu(z,y) = 2(Ret(2,U) + Rest (y,U) — Regr(2,9)) - (3.2)

Now, let By and B; be cubes of side-length y; /4 centered at o and y respectively. Using preceding
inequality and Lemma 2.3, we see that

Rest(0,0B1) = Ret(0,0B3) = ﬁ logy1 + O(1).
Using Rayleigh monotonicity for the effective resistances (c.f., e.g., [19]), we deduce that
Regr(0,y1) = = logyr + O(1) .
Combined with (3.2), this yields the desired lower bound. O
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The following lemma (whose lower bound we did not attempt to optimize) will be useful.
Lemma 3.5. For m < n/4, we have { log(n/m) + O(1) < Re(9Cp,, 0Cp) = 5=log(n/m) 4+ O(1).

Proof. By Rayleigh monotonicity principle, we have Reg(0,0C,) = Reg(OCpm,0Cp) + Regt(0,0Ch).
Combined with Lemma 2.3, the upper bound follows. In order to prove the (non-optimal) lower
bound, it suffices to consider the cut-set II; where II; are the edges connecting centering boxes of
side length 2k and 2(k + 1). Applying Nash-William (c.f. [19, Ch. 2]) criterion, we obtain that

Reg(8Cn, 8C,) = Sp2 ()™t = Llog(n/m) + O(1),

k=m

completing the proof. O

The next corollary is immediate.
Corollary 3.6. Forall z,y € A\ C,,, we have

2 Jog |z| + 3 log ol < Ge,, (z,x) < 2log|z| + 2log % +0(1), (3.3)

N2k

Ge,, (z,y) = 2(logn —log|z — y|z, + O(rloglogn)). (3.4)

Proof. By Rayleigh monotonicity, we have Reg(x,0) > Reg(x,0Cp,,. ) + Re(0,0Cp,, ). Combined with
Lemma 2.3, it follows that

Rei(2,0Cn,,) < 3= log|z| + 3= log % +0(1).
Using Rayleigh monotonicity again, we get

Ret(2,0Cny, ) = Re(z,0C,(12/3)) + Ret(Crays OClaij3) = 5= log |z + Llog 121+ 0O(1),

[
where C.(|z|/3) is a ball of radius |z|/3 centered at x and C|,|,3 is a ball of radius |z|/3 centered at
the origin. Therefore, we obtain (3.3) in view of (3.2). An analogous bound holds for Reg(y, 9Cp,x)-
Writing r = |x — y|z2 A na2,, we have
Rfﬂ(x, Y) = Rem(x,0C;(r/4)) + Ret(y,0Cy(r/4)) = %logr +0(1) = % log |z — y|ZgL + O(rloglogn) .

By Lemma 2.3 and Rayleigh monotonicity, we see from Lemma 3.4 that

Rig(x,y) < Rg(w,y) = +loglz — ylzz +O(1).
Thus, Rfﬁ(m,y) = %log |z — y\zi + O(rloglogn). Combined with (3.3) and (3.2), (3.4) follows. O
Lemma 3.7. Fort > 0, define 7(t) as in (1.5) to be the inverse local time for the random walk on
A. Then, for any A > 0

P(|7(t) — 2t|E|| > An?\/loglognv/t) < O(k/\?).
Proof. Our proof follows the same outline as that of Lemma 2.1. We only emphasize the different
estimates required due to the change of the underlying graph. As in the proof of Lemma 2.1, we
consider the GFF {n, : x € A} on A (that is, the covariances are given by Green functions as in (1.2)
with U = C,,, ), and define Z, = n? — En? and Z = ) Z,. Applying the Lemma 3.4, we obtain that

Var Z < Z (Ge,,,, (=, y)? < n?0(1) Z k(logn —log k + kloglogn)? = O(kn* loglogn) .
z,yGA\CnN k=1

Furthermore, we have
Var(3_,1s) = Z E.7oc,, = O(rn*loglogn).

Using the above two estimates and following the proof of Lemma 2.1, we can easily deduce the stan-
dard deviation for the time spent by random walk on A \ C,,. up to time 7(t) is O(n?\/xloglog n\/t).
It remains to control the deviation for the time spent on C,,, , for which a simple Markov’s inequality
suffices (as the volume of C,, _ is significantly smaller than n? and thus the time spent by the random
walk on it is negligible compared to 7(¢)). Altogether, the proof is completed. O
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3.2 Proof of Theorem 1.2

We first explain the proof for the upper bound on the cover time for random walk on A, based
on which we derive an upper bound for the random walk on A. By Corollary 3.6, we get that for all
reA,

Ge

Applying this estimate and following the proof in Subsection 2.2, we can derive that

(z,2) < 2logn + O(k)loglogn.

M2k

IP(TCOV(A) > 7(ty)) = 0(1/)‘2) )

for ¢y = %(logn + Ckloglogn + \)? with a large enough absolute constant C' > 0. Combined with
Lemma 3.7, we obtain that

P(Teov(A) = 2t5|E| + MW1EA| E|y/loglogn) = O(k/\?) .

Now, applying Lemma 3.1 twice (with Cy,; centered at o and (n/3,n/3) respectively), we conclude
that

P(Teov(A) = 2t5|E| + MWEx|E|/loglogn) = O(k/N\?),
completing the proof for the upper bound.
The proof for the lower bound is more involved. To this end, we specify a packing of balls in

A. Throughout this subsection, we denote by vy the vertex obtained from identifying C Let
m = (logn)"/2/2, and define B to be a collection of packing balls {B; : i € [m]} such that:

N2k *

* Take {0; € 9C,,_,, : i € [m]} such that |o; — 0| > n, forall 1 <i < j < m.

Ny /2

» For i € [m], the packing ball B; is a disk of radius ns, centered at o;.

We show that the packing balls in 5 are well-separated in the sense that the random walks watched
in each B € B are almost independent.

Lemma 3.8. Fixt < (logn)? and sett' =t — k%lognloglogn. For all B € B, let Lp be the law for
the path of random walk (S,) watched in the region B up to 7(t). Let {Pp : B € B} be independent
random walk paths such that Pg ~ Lp. Let {P}, : B € B} be the random walk paths in B € B that
are generated by (S,) up to 7(t'). Then for k > 1000, we can construct a coupling such that with
probability at least 1 — O(1/logn), we have P C Pp forall B € B, i.e., Uyepzy € Uyepy7-

Note that the random walk in ball B can influence the random walk in ball B’ only by either
influencing the number of times for the random walk to enter B’ or the hitting vertex at which the
random walk enters B’. In order to prove the preceding lemma, we only need to control this two
types of correlations. In what follows, we formalize this intuition.

For B € B, let Ug = {vg} U B\ B. We consider the crossings from Up to B, that is, a minimal
segment of the random walk with starting point in Up and ending point in B. To be formal, we
define o =7y =0 and forall k € N

T, =min{r > 7,_,:S. € B}, and 75, = min{r > 7, : S, € Up}.
Then the set of crossing points up to time 7(s) are defined by
Np(s) ={Sr k= 1,7, <7(s)}.
In view of Lemma 3.8, define
N =Np(t'), for BC B.

In addition, let {Ng}pecp be independent such that Ap has the same law as Np(t). To prove
Lemma 3.8, it suffices to prove that there exists a coupling such that with probability at least
1-0(1/logn)

N}, C Ng, forall B € B. (3.5)

Naturally, a preliminary step is to show that |[N};| is smaller than |Np
following lemma.

, as incorporated in the
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Lemma 3.9. Suppose that « > 1000. Then with probability at least 1 — O(1/logn)
INE| < |NB| < (logn)? forall B € B.

Proof. Consider B € B and let N = Np = |N|. Following the justifications for (2.4), we can write

K
N=> X, (3.6)

where K ~ Poi(t/Reg(vo, B)) is the number of excursions at vy that enters B, and X}, is the number
of crossings to B in the k-th excursion that visited B and thus clearly independent. In addition, it is
not hard to see that

1+ Geom(py) = X = 1+ Geom(ps),

where we use the definition that P(Geom(p) = k) = p*(1 — p) for k£ > 0, and that

p1 = mi]r31 P, ( there is at least one crossing from Up to B before hitting vg),
xre

pa = mag P, ( there is at least one crossing from Up to B before hitting vy) .
xe

Let C be a discrete ball of radius ng, with the same center as B. By Lemma 3.2, we have
P1=P2 S pax, |Hac(x,-) = Hac(y, -)|rv = O((logn)~2%+1).

Next, we give an upper bound on p;. To this end, we apply Corollary 3.6 and obtain that for all
xz € Up

Gy (@, @) > 3= (log|z| + T log 12) + O(1), and Gp(z,2) < 5 (log|z — o'| + log =21 + 0(1),
where o' is the center of B. It follows that for n large enough, we have
Reg(x,v9) = Rest(z, B) . (3.7)
Based on preceding inequality, we now claim that
P.(78 < Ty,) <1/2. (3.8)

In order to verify the claim, we consider a reduced network (for network reduction, see, e.g., [9,
Lemma 2.9]) on vertices {z, vy, b} where b is for the vertex obtained by identifying B in the original
graph. Let ¢; 4, Cy,. and ¢, be the conductance between pairs of vertices in the reduced network.
Since the effective resistances are preserved by network reduction, we deduce from (3.7) that
Cug,x < Cyg,b- Combined with the fact (c.f. [9, Lemma 2.9]) that the original random walk watched
on {vg, b, z} has the same law as the random walk on the reduced network, (3.8) follows since in the
reduced network the random walk (started at vg) has probability at most 1/2 moving to z instead of
b. By definition of ps, it is clear that
po < max Py(15 < 7,) < 1/2.

zeUp
Applying Rayleigh monotonicity principle again, we obtain that
Re(vo, B) € Rei(0,0") — Regt(0,0C,,, ) — Regt(0',0B) < 10k 1loglogn,

where in the last transition we used Lemmas 2.3 and 3.4. Denoting by a = Reg (v, B)/k loglogn, we
therefore have o < 10. Combining all the estimates for the parameters to determine the distribution
of N, we see that

EN — E|N}| > 2% Var N < < Aogn)®  “ong Var INB| < A(log )"

= akxloglogn ? = akxloglogn *

At this point, a standard concentration argument yields that (recalling (3.6))
P(N < [NE[) S P(IN - EN| > 5952) 4+ P(||N5| - ENG]| > 552) < O(1)(logn) /1% .

Combined with the fact that o < 10 and |B| = (logn)*/? (recalling the assumption that x > 1000),
the desired estimates follows from a simple union bound. O
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Next, we prove that both A}, and N are almost a collection of i.i.d. random points from B. To
this end, we need to control the harmonic measure on 9B when the random walk is started at a
vertex outside of B, as incorporated in the next lemma. For a proof, see [17, Prop. 6.6.1] and its
proof therein.

Lemma 3.10. Form < n and z,y € Z*\ C,, we have that

2
|He,, (x,) = He, (y, ) |[rv = O(™CE2E) .
The following is an immediate consequence.

Corollary 3.11. For a random walk started at an arbitrary x € Upg, let P be the random walk
watched in the region Ug. Let P, and P, be two arbitrary traces in region Up before hitting B.
Then,

IPo(Sry €| P =P1) = Py(Sry €| P =P)|rv = O((logn)>**2).

Proof. Let C and C’ be discrete balls of radius ny. and ng,/, with the same center as B. Clearly,
the random walk needs to hit C before hitting B. Consider y,z € 9C. We have the following
decomposition for y (and thus similarly for z)

Py (Sry = u) = Py(Srp=u | T8 < 70)Py(75 < 7¢) + Py(75 > 1) Z ty (V)P (S =), (3.9)
vedl’!

where ,uy() is a certain probability distribution (whose particular form is of no care). We also need
the following lemma.

Lemma 3.12. [17, Prop. 6.4.1] Form < n and z € C, \ C,,,, we have

log |z| —logm + O(1/m
]PI(TBC" < Tacm) — gl | g ( / )

logn —logm
Applying the preceding lemma, we obtain that
P,(tp < Toc’) = 1/100, and [Py (75 < Tac’) — P, (18 < Tac’)| = O(1/v/n). (3.10)
Combining (3.9) and (3.10) with an application of Lemma 3.10, we obtain that
1Py (Srpe | 7B < 1) = Po(Srpe. | 78 < 7er)[lrv = O((logn) ~**+2).
Combined with (3.10), this immediately implies the desired estimates. O

Proof of Lemma 3.8. By Lemmas 3.9 and 3.11, a union bound would imply that with probability
at least 1 — O(1/logn), we have N}, C N for all B € B. Together with the discussion around (3.5),
this completes the proof. O

The lower bound for the cover time now readily follows. For each B € B consider a box B’ C B
of side length L = nj,./4. Let my, be the median for the GFF on a L x L box with Dirichlet boundary
(recall Theorem 1.3 for its estimate). For D C A, denote by Teov(D) the first time that the set D
is covered. Let Q- be the event that the box B is not covered by random walk path Pp defined
as in Lemma 3.8. By Lemma 3.8, (Qp- are independent events such that with probability at least
1—0(1/logn) for all such B’

Qb € {Teov(B') = 7((my, — 2x7 loglogn — 1)*/2)},

where
P(Qp) = ]P(TCOV(BI) > 7((mg — 1)2/2))-

We need to relate my, to M = maxye g 7, Where 7). is the GFF on 2D torus with Green functions given
by (1.2) with U = {vp}. In light of the Lemma 2.9, we see that P(M > m) > 1/4. Following the
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proof for the wired boundary case (first show a vertex with small local times at it and its neighbors,
and then do a sprinkling argument), we can show that

P(Qp/) > 107°(my ).
Choosing x = 1000 and applying Lemma 3.8, we obtain that
P(r5 > 7((mr, — 2k%loglogn — 1)?/2)) =1 — O(1/logn).

Combined with Lemmas 3.1 and 3.7, this completes the proof for the lower bound.
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