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Abstract

In this thesis, we contribute to the quantitative theory of random walks on graphs.

We first consider the cover time problem. On finite vertex-transitive graphs of bounded
degree, we find a necessary and sufficient condition for the properly rescaled cover time to
have asymptotically Gumbel fluctuations. More precisely, this holds if and only if Diam(T")? =
o(n/logn), where n = |I'|. Surprisingly, the condition is therefore purely in terms of the global
geometry of the graph. Furthermore, we prove that this condition is equivalent to the decorrelation
of the uncovered set.

The arguments rely on recent breakthroughs by Tessera and Tointon on finitary versions of
Gromov’s theorem on groups of polynomial growth, which we leverage into strong heat kernel
bounds. At the technical level the main innovation consists in obtaining refined quantitative
estimates for an exponential approximation of hitting times, first put forward by Aldous and
Brown.

In the next part we study the problem of mixing times, mostly with representation theoretic
techniques. First, we find an improvement of the Diaconis—Shahshahani upper bound lemma,
which is suitable for investigating limit profiles. Combining this with a novel identity involving
the characters of the symmetric group, this allows us to find the cutoff profile for random
transpositions. This admits an explicit expression in terms of Poisson laws.

Finally, we study an analogue of Brownian motion on free orthogonal quantum groups. We
find its cutoff profile, which involves free Poisson distributions and the semi-circle law.

Zusammenfassung

In dieser Doktorarbeit, tragen wir zur quantitativen Theorie der Zufalligen Irrfahrten auf Graphen
bei.

Wir betrachten zunichst das Problem der Uberdeckungszeit. Auf endlichen knoten-transitiven
Graphen mit beschranktem Grad, finden wir eine notwendige und hinreichende Bedingung
dafiir, dass die korrekt skalierte Uberdeckungszeit asymptotisch Gumbel-Schwankungen hat.
Genauer gesagt, gilt dies dann und nur dann, wenn Diam(I')? = o(n/logn), wo n = |T|.
Uberraschenderweise bezieht sich die Bedingung also ausschlieSlich auf die globale Geometrie
des Graphen. Auflerdem beweisen wir, dass diese Bedingung dquivalent zur Dekorrelation der
uniiberdeckten Menge ist.

Die Argumente stiitzen sich auf die jlingsten Durchbriiche von Tessera und Tointon zu finitdren
Versionen vom Satz von Gromov iiber Gruppen mit polynomialem Wachstum, die wir in starke
Schranken fiir den Warmeleitungskern umwandeln. Auf technischer Ebene besteht die wichtigste
Neuerung darin, verfeinerte quantitative Schétzungen fiir eine exponentielle Anndherung der
Trefferzeiten zu erhalten, die erstmals von Aldous und Brown vorgeschlagen wurden.

Im néchsten Teil untersuchen wir das Problem der Mischzeiten , hauptsachlich mit darstel-
lungstheoretischen Techniken. Zunéchst finden wir eine Verbesserung des Lemmas der oberen
Schranke von Diaconis und Shahshahani, die fiir die Untersuchung von Grenzprofilen geeignet
ist. Kombiniert man dies mit einer neuen Identitét, die die Zeichen der symmetrischen Gruppe
einbezieht, kann man das Schnittprofil fiir zuféllige Transpositionen finden. Dieses lidsst einen
expliziten Ausdruck in Form der Poisson-Verteilungen zu.

Schliefilich untersuchen wir ein Analogon der Brownschen Bewegung auf freien orthogo-
nalen Quantengruppen. Wir finden dessen Schnittprofil, das freie Poisson-Verteilungen und die
Halbkreisverteilung involviert.



Résumé

Dans cette these, nous contribuons a la théorie quantitative des marches aléatoires sur les graphes.

Nous considérons tout d’abord le probléme du temps de couverture. Sur les graphes sommet-
transitifs finis de degré borné, nous trouvons une condition nécessaire et suffisante pour que les
fluctuations du temps de couverture correctement renormalisé suivent asymptotiquement une loi de
Gumbel. Plus précisément, les fluctuations sont Gumbel si et seulement si Diam(I")? = o(n/logn),
ou n = |I'|. De maniére surprenante, la condition dépend donc uniquement de la géométrie globale
du graphe. Nous prouvons par ailleurs que cette condition est équivalente a la décorrélation de
I’ensemble des points non couverts.

Les arguments reposent sur des percées récentes de Tessera et Tointon, prouvant des versions
finitaires du théoreme de Gromov sur les groupes a croissance polynomiale, desquelles nous
déduisons des bornes précises sur le noyau de la chaleur associé a la marche. Au niveau technique,
la principale innovation est une amélioration des estimées d’Aldous et Brown sur ’approximation
exponentielle des temps d’atteinte.

Dans la partie suivante, nous étudions le probléeme des temps de mélange, principalement a
l’aide de la théorie des représentations. Nous trouvons une amélioration du lemme de majoration
de Diaconis—Shahshahani qui permet d’obtenir des profils limites. Combinée avec une nouvelle
identité sur les caractéres du groupe symétrique, cela nous permet de trouver le profil de coupure
pour les transpositions aléatoires, qui peut s’écrire avec des lois de Poisson.

Enfin, nous étudions un analogue du mouvement brownien sur les groupes quantiques orthogo-
naux libres. Nous trouvons son profil de coupure, qui implique des distributions de Poisson libres
et la loi du demi-cercle.

Resumo

En tiu disertajo, ni kontribuas al kvanteca teorio de hazardaj promenadoj sur grafeoj.

Ni unue konsideras kovrotempojn. Sur finiaj vertictranzitivaj baritgradaj grafeoj, ni trovas
necesan kaj sufican kondi¢on por ke la konvene reskalita kovrotempo asimptote havu fluktuajojn
de Gumbel. Pli precize, la fluktuajoj Gumbel-as se kaj nur se Diam(T")? = o(n/logn), kie n = |T|.
Surprize, tiu kondi¢o do nur dependas de la makroskopa geometrio de la grafeoj. Ni krome pruvas
ke gi ekvivalentas al la nekorelacio de la nekovrita aro.

La argumentoj bazigas sur freSdataj sukcesegoj de Tessera kaj Tointon pri finitaraj versioj de
la teoremo de Gromov pri grupoj kun polinoma kresko, kiujn ni konvertas al baroj sur la varmeca
kerno de la promenado. Tekniknivele, la ¢efa novajo konsistas en plibonigo de la kvantecaj taksoj
de Aldous kaj Brown pri eksponenciala aproksimado de atingotempoj.

Sekvaparte ni studas la problemon de miksotempoj, ¢efe per reprezentteoriaj metodoj. Ni
unue trovas plibonigon de la superbara lemo de Diaconis—Shahshahani, kiu konvenas por kalkuli
limesajn profilojn. Kombinante tiun kun nova identeco pri la karakteroj de la simetria grupo, ni
trovas la tranéprofilon por hazardaj du-cikloj. Gi eksplicite esprimeblas per distribuoj de Poisson.

Ni fine studas analogon de bratina movado sur liberaj ortaj kvantumaj grupoj. Ni trovas gian
tranéprofilon, kiu enhavas liberajn distribuojn de Poisson kaj la duoncirklan legon.
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Chapter 1

Introduction

How many times does one need to shuffle a deck of 52 cards to mix it well? What if the number
of cards tends to infinity? More generally, how long does it take for a random walk on a graph to
be close to stationarity? Precise answers to those questions started to be given in the 80’s in the
founding works of Aldous and Diaconis of what is now called the theory of mixing times.

Another question we consider is the following. How many steps does a random walk on a
graph need to cover the graph, that is to visit every vertex at least once? This is the problem of
cover times, which has received more attention since the works of Aldous in the 80’s.

In this introduction, we will first introduce cover times, which are simpler to define, and then
mixing times, with an emphasis on representation theoretic techniques.

1.1 Cover times

1.1.1 Definition and first examples

Let us consider the simple random walk X = (X;);>0 on a graph I'. How many steps does X
need to visit all vertices? This random time is called the cover time of I' and is denoted by

Teov = max Ty,
zel
where T, = inf {¢ > 0 : X; = x} is the hitting time of the vertex x. Of course, for T¢.y to be finite,
the graph I' has to be finite and connected. We will always make this assumption.
Let us give a few examples.

Example 1.1.1 (The complete graph). Consider the complete graph K,. At each step, the
walk moves to an (almost) uniform vertex, so the cover time problem on K, is equivalent to the
well-studied coupon-collector problem. It follows from [ER61] that we have for each fixed s € R

—s

P(7eov < n(logn+s)) —— e ¢ . (1.1.1)
n— oo
Example 1.1.2 (The cycle). Consider the cycle Z/nZ. In this case the cover time is of order n?
and is not concentrated.

Example 1.1.3 (The complete graph with an extra edge). Consider the complete graph K,, =
(Va, Ey) and let 0 € K,, be any vertex. By attaching a vertex z to K, at o, we get the graph
r, = (V, U{z},EU{{o,2}}). If the random walk on I'), starts at z then the asymptotic



behaviour is as for K,,. However, if the walk starts at any other vertex, then the walk will visit
all points in the complete graph after about n logn steps, but it will need order n? steps to visit

z: while it is in the complete graph it spends H%(l)-th of the time at o, and each time it is at o

it has probability o) ¢, jump to z. More precisely,

n

TCOV (d)
o o B, (1.1.2)

n—oo

where F is an exponential random variable of parameter 1. This illustrates that cover times are
very sensitive to small perturbations of the graphs, and to the starting vertex of the walk.

1.1.2 Some history and related problems

Cover times are one of the most natural quantities associated to random walks to consider. Aldous
found in [A1d83b], for random walks on finite groups and under mild geometric assumptions, the
value of E 7., and proved that the cover time is asymptotically concentrated around its mean:

T
cov 1 ,

E Teov |IT|—o0
where we use the notation I' also for the vertex set of I', with an abuse of notation which we
will also make below. A few years later Matthews [Mat88a] gave a sharp upper bound on the
expected cover time valid for all graphs:

IE:7—c0v S thit H(n - ]-)7 (113)

where thi; := max, yer Ey [T),] is the maximal hitting time, and H(n — 1) =1+ % + ...+ ﬁ is
the (n — 1)-st harmonic number.

Studying the cover time can be very hard, even on elementary graphs. It was only in 2004
that the first order of the cover time for the two-dimensional torus (Z/ nZ)2 was found by Dembo,
Peres, Rosen and Zeitouni in [DPRZ04].

S (1.1.4)
(nlogn)? n—ooo
This result was later refined, see [BK17, Abe21, BRZ20], but the precise profile is still to be
discovered.

More is known in higher dimensions: In 2013, Belius found in [Bell3], building on Sznitman’s
random interlacement model [Szn10], the fluctuations of the cover time variable around its mean
for tori of dimension d > 3: they follow a standard Gumbel law, as for the complete graph.

A related and more general question is to understand the structure of the uncovered set

Ut) =T\ {X, :u <t} (1.1.5)

for ¢ slightly to long before the cover time. This problem has been studied at a fraction of the
cover time on tori of dimension > 3 in [MS17], and refined results were proved in [OTS20], with an
elementary Chen—Stein approach. They prove that the uncovered set at time a t.oy is decorrelated,
that is close to a product measure, if @ > 7/8 (and a > 3/4 as d — oo) and correlated if a < P4,
where pg = P,(T,” < oo) for the simple random walk on Z<¢. Tt nevertheless still remains a
fascinating open question whether there is a phase transition, i.e. whether there exists a critical
value a* such that the uncovered set is close to (resp. far from) a product measure at time a tcoy
if a > a* (resp. a < a*). There was recent progress on this question in [PRS23] where a similar
type of phase transition was proved at a* = 12&.



Cover times are also related to the maximum of the Gaussian free field. Ding, Lee, and Peres
proved in[DLP12] that for any connected graph I' = (V, E), if (n,),cv is the Gaussian free field,

2
Ey 7eov < |E| | E v | - 1.1.6
max B, 7 | I( glea‘;w) (1.1.6)

This was later generalised in [Dinl4, Zhal§].
Finally, cover times of graphs are linked the mixing times of the associated lamplighter graphs
[PR04, DDMP19], where intriguing phase transitions can occur.

1.1.3 Universality of Gumbel fluctuations: main results of Chapter 2

The purpose of Chapter 2 is to prove that Gumbel fluctuations are universal in a large class of
graphs. Our main result characterises the cover time fluctuations with a geometric condition on
graphs. Write |I'| for the number of vertices of I', and let D = max, yer d(z,y) be its diameter.
Recall that tpi, := max, yer E; [T),] is the maximal expected hitting time of the chain.

Theorem 1.1.1 (Theorem 2.1.1). Let (T') be a collection of finite (connected) vertex-transitive

graphs of fized degree d, and let x be a standard Gumbel variable, i.e. P(x < s) =e~¢  fors € R.

Then

TCU'U _ IQg |F| (d)
that [P —=o00

if and only if
D?log T
T IT|—o00

(DC)

We could also complement it by a characterisation of the structure of the uncovered set. For
s € R, set tg := tpit(log(|T]) + s) and let L(U(¢s)) denote the law of the uncovered set at time ¢s.

Theorem 1.1.2 (Theorem 2.1.2). Let (T") be a collection of finite (connected) vertex-transitive
graphs of fived degree d, and s € R. Let u®' denote the product over all the vertices of the graph
of the Bernoulli law ps with parameter e */|T|. Then

drv(L(U(ts)), &) —— 0,

|IT|—o0
if and only if (DC) holds.

In words the uncovered set at t4 is decorrelated if and only if (DC) holds, i.e. if and only if the
graphs I" are at least slightly more than 2-dimensional. The local structure of the graph affects
this and hence the renormalisation, but it is the macroscopic condition (DC) which characterises
whether the cover time is close to a product measure and the cover time fluctuations are Gumbel.

Let us now explain the main ingredients of our proof. If |TI'| = D?, we will informally call ¢ the
dimension of I'. The hardest cases to prove decorrelation of the uncovered set are low dimensional
graphs, especially as the dimension approaches 2. To make things more concrete, let (I') be a
collection of vertex-transitive graphs of degree 8 and dimension 2.3, that is n := |['| = D?3. We
consider the simple random walk (in continuous time) on I started at a (fixed) vertex o € T'.

As a first main ingredient, we use recent breakthroughs by Tessera and Tointon [TT21, TT20]
on the geometry of finite vertex-transitive graphs. Those results tell us that the balls B(r) of
radius r in our I' have to grow at least as fast as 73, up to some radius 7o =< D3, and then (for
r > 1g) at least as fast as 7or2. This means that the slowest growing graphs, among graphs of
dimension 2.3, are the thin tori of side lengths < D, =< D, =< D93,

10



We then make use of the evolving set technique of Morris and Peres [MP05], to convert those
bounds on the growth of balls into diagonal heat-kernel estimates. In our example case, what we
obtain is that the probability to be at o at time ¢ satisfies

1
pt(07 0) S FEYS) (1.1.7)

ift < 7‘8 and
1
< 1.1.8
pi0,0) S (118)

if r2 <t < D%

Next, we use a refinement from Folz [Foll1] of the Carne—Varopoulos inequality, which also
takes into account that balls can grow faster than linearly. As a result we obtain (essentially) the
following off-diagonal heat kernel bounds: for x,y € T,

1 d(z,y)?
Pe(,Y) S 5575 oXP (—c ; , (1.1.9)
if t <72, and

t

L (_Cd(I,y)Z) , (1.1.10)

if ro <t < D?, where ¢ is some fixed constant.
Integrating those bounds, we finally deduce precise estimates on the expected local time before
time ¢t at any vertex x € I'

EoL.(t) = /Ot pt(0, x)dt. (1.1.11)

We can also deduce from the heat kernel bound (1.1.7), that whenever (DC) holds, E,L,(D?)
is finite. In other words, with positive probability, the walk doesn’t come back to o before time
D? (the mixing time). This good property of the walk is called local transience.

Observe that under local transience, expected local times E,L,(t) are proportional to the
hitting probabilities P, (T, < t). We can therefore (under (DC)) precisely estimate P, (T, > t).

Another key tool is the Aldous and Brown [AB92] estimates on exponential approximation of
hitting times. Vaguely stated (see Theorem 2.1.4 for precise statement), they give for any finite
subset set A C I" an approximation

P, (Ta > t) ~ e t/ExTa, (1.1.12)

where 7 is the uniform probability measure on I', and E, T4 is the hitting time of the set A from
started at a uniformly random vertex. Using our estimates on P, (7}, > t), we can deduce for sets
A which have two points at distance o(D) that even if individually their P,(T4 > t) is larger
than average, their overall contribution to the uncovered set is negligible.

Finally, we use the Bonferroni inequalities to convert our estimates on P,(T4 > t) into
estimates on P (T4 = t). We obtain that under (DC), we have as |I'| — oo, for each k£ > 0 and
s € R, uniformly over all macroscopic subsets A C T" of size k,

P(U(ts) = A) = ———(1 4+ o(1)), (1.1.13)
where t; = tpit(log(|T'|) + s), which gives the desired product structure.

11



When (DC) is not satisfied, the Aldous—Brown approximations are not precise enough to
estimate the cover time fluctuations.

One of our main technical contributions is an improvement of those estimates in Theorem 2.1.5.
Those refined estimates are precise also for low dimensional graphs. Combined with our estimates
on Green functions, we were able to prove that when (DC) is not satisfied, the fluctuations of the
cover time cannot be Gumbel.

1.2 Mixing times

1.2.1 Preliminaries

Let us come back to our deck of cards. Our intuition tells us that the more we shuffle the deck,
the better it is mixed, and that after many shuffles the deck of cards is very close to being uniform,
that the distance between the distribution of our shuffled deck of cards and a uniformly random
deck is small. We now see how to make such statements rigorous. There are different possible
notions of distance between probability measures, of which the most natural and standard for our
purpose is the following. The total variation distance between two probability measures p and v
on a finite set S is defined by the formula

drv (s, ) = mpae [u(4) = v(A)]. (12.1)

Elementarily but importantly, it coincides with the L' distance (up to a factor 2): we have

ey (1,0) = 5 3 ler) — v(a)] (1:22)
€S

Consider an irreducible aperiodic finite state Markov chain X. Let pu(t) be the distribution of X
after ¢ steps, and 7w be the stationary measure of X. We will only consider simple random walks
on graphs, started at a point, that is when p(0) is a Dirac measure. We define the distance to
equilibrium at time ¢ by

d(t) = drv(pu(t), ).

The convergence theorem [LP17, Corollary 1.18] ensures that d(-) is (weakly) decreasing and
that
d(t) —— 0. (1.2.3)

t—o0

We are somewhat reassured: if we shuffle our deck many times, it is well mixed. But what if
1000 riffle (also named faro, weave, or dovetail) shuffles are needed to mix properly a deck of
52 cards and prevent any cheating? This would be practically very inconvenient! More than
knowing that d(t) tends to 0 as ¢ tends to infinity, we are therefore interested in understanding
how large ¢ should be to have reasonably well mixed, for example to bring d(¢) under, say, 1/10.
This motivates the following definition.

Let € € (0,1). We call (total variation) mizing time at level € the first time ¢ at which d(t) < e:

tmix(e) = min {t € N: d(t) < ¢} (1.2.4)

We will also (and mostly) be interested in asymptotic results, as the number of cards tends to
infinity. Consider now a sequence (X, )nen of irreducible aperiodic finite state Markov chains.
For each n, we define as above puy,(t), 7, and d,(t).

Let us give some examples with different behaviours.
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Example 1.2.1 (The complete graph). Let o € K,, and consider the simple random walk the
complete graph started at o. pu,(0) is concentrated at o, and (1) is already almost perfectly
uniform, so d,(0) =1 —o(1) and d, (1) = o(1), which means that the walk mixes in one step.

Example 1.2.2 (The cycle). Consider the lazy random walk on the cycle started at 0, which
goes clockwise or anticlockwise each with probability 1/4, and doesn’t move with probability 1/2.
It is possible to show using Fourier analysis that there exists a function ¢ such that for every
a >0,

dp(an?) —— (). (1.2.5)

n—oo

See [Dia88, Chapter 3C] for the technique and [Sal20] for the formula for 1.

Remark 1.2.1. Except in some examples, we will only consider random walks on vertez-transitive
graphs, that is graphs which have the same structure viewed from any of their vertices. For
those graphs the starting point of the walk does not affect the distance to stationarity, and the
stationary measure is uniform.

However, for graphs I' = (V, E') which are not vertex-transitive, the starting point matters,
and it is standard to define the worst case distance to stationarity instead.

d(t) = meaa( dTV (/me,ta ’/T)a (126)

where p, ¢ is the distribution of the simple random walk on I' started at = after ¢ steps.

Example 1.2.3 (Two glued complete graphs). Consider two complete graphs with n vertices,
K9 = (v, E®) and 0@ € V@, for i € {1,2}. Let T, := (VO UV® ED uE® U
{{0(1), 0(2)}}) be the graph constructed by adding the edge {0(1), 0(2)} between Kfll) and KT(LQ).
The mixing time of I',, is analog to the cover time of the complete graph with one extra edge
from Paragraph 1.1.3: for each ¢ > 0,

d(cn?) —— e ¢, (1.2.7)

n—oo

1.2.2 The cutoff phenomenon
Let us give a last example, which is particularly important to us.

Example 1.2.4. Take a deck of n cards. At each step pick two cards uniformly at random and
swap them. This process can be realised (up to a small correction due to laziness) as a simple
random walk on the Cayley graph I'), = (&,,, {{01, o9} : 01051 is a transposition}), where G,
is the symmetric group of index n. Diaconis and Shahshahani proved in their landmark paper
[DS81] that for all € € (0,1),

d,((1 - E)Enlogn) ——1 and d,((1+ a)lnlogn) — 0.
2 n—oo 2 n—oo
It means that the walk goes from not mixed at all to very well mixed in a short amount of time:
there is a phase transition around time %nlog n, called cutoff. The method to prove this result is
also very interesting. For the upper bound, Diaconis and Shahshahani used non-commutative
Fourier analysis, that is group representations. Both their result and their method led to a vast
amount of developments, including ours in Chapter 3.

Let us give a more general definition of the cutoff phenomenon. Consider again a sequence
(Xn)nen of irreducible aperiodic finite state Markov chains, and let (¢,)nen be a sequence of
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times. We say that (X, )ncn exhibits a cutoff in total variation distance at time (t,)nen (or
simply ¢,, to lighten notations) if for all € € (0, 1),

d,(1—-e)t,) ——1 and d,((1+¢e)t,) —— 0,
n—oo n—oo
where we skipped integer parts for readability.
Once we know that a chain exhibits cutoff at some time ¢,,, the next natural question is to
know what happens if we zoom in around ¢,,.
If there exists a sequence (wy,)nen and a continuous function f decreasing from 1 to 0 such
that w,, = o(t,) and for all ¢ € R,

dp (tn + cwy) T> f(e),

then we say that f is the cutoff profile of (X, )nen. Exhibiting a cutoff means that the convergence
to equilibrium occurs through a sharp phase transition, falling rapidly from 1 to 0 around time ¢,,,
while the cutoff profile describes how the distance to stationarity falls withing the cutoff window.
Our main result from Chapter 3 is the cutoff profile for random transpositions. We will detail
those results in Section 1.2.5.

1.2.3 Some history and related problems

The theory of mixing times has considerably developed since the foundational works of Diaconis
and Shahshahani [DS81], Aldous [Ald83a], and Aldous and Diaconis [AD86]. We make below
a non-exhaustive list of results on mixing times. See also [LP17] for an introduction and more
references.

1.2.3.1 On random transpositions and related problems

The random transposition shuffle and its generalisations have attracted a lot of attention. The
cutoff was proved for k-cycles (k finite) in [BSZ11], for k-cycles (k = o(n)) in [Houl6], and for
conjugacy classes of support size o(n) in [BS19]. We can also mention an interesting proof for
transpositions via a strong stationary time [Whil9], and a generalisation to biased transpositions
[BCMR21]. Some weaker results we also found for random involutions [Ber18].

More recently, we found in [Tey20] a way to compute the cutoff profile for random transpositions.
Our technique was later generalised and led to several other cutoff profiles, including the cutoff
profiles for k-cycles [NOT21], star-random transpositions [Nes21], and the k-particle interchange
process on the complete graph [NOT22].

1.2.3.2 On other card mixing problems

The most emblematic shuffle is certainly the riffle shuffle. Aldous [Ald83a] proved that it has a
cutoff at %logQ n. A decade later, Bayer and Diaconis [BD92] found the cutoff profile, as well as
very precise estimations for finite n, in particular for n = 52 : the distance to uniformity is a bit
above 0.9 after 5 shuffles, and a bit below 0.1 after 9 shuffles.

Another common way to shuffle a deck of cards is by putting the cards on a table and smooshing
them. It was recently modeled and studied by Diaconis and Pal [DP22]. There are other ways
to shuffle a deck of cards, less convenient in practice, but mathematically very interesting. For
instance, one can at each step pick a card at random and insert it at random. This is the random
to random shuffle, which was proved in [BN19] to exhibit cutoff at time %nlog n, and for which
the profile is yet to be discovered.
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There are several open questions in this direction. What if we take two permutations g, h € &,,
uniformly at random? It was proved in [Bab89] that they generate the symmetric group with
probability 1 —o(1). Whenever g and h generate the symmetric group, what can we say about the
geometry of the associated Cayley graph, whose vertex set is &,, and has an edge between two
permutations o1 and o9 if and only if o1 O';l € {g, h,g~', hfl}? What is the typical behaviour of
the mixing time on such a random graph? The best known estimates, in [HSZ15], show that the
mixing time is typically O(n?(logn)¢) for some constant c. Even in concrete cases this problem
is very hard. The worst expected case is when g = (12) and h = (12...n), and it is called the
Rudvalis shuffle. Wilson proved in [Wil03] that its mixing time is ©(n3logn), but it is still an
open question to prove that this shuffle exhibits cutoff.

1.2.3.3 On continuous groups

It is also possible to study mixing times on continuous objects, such as the unitary group U(n) or
the (special) othogonal group SO(n). For instance, Méliot [Mé14] proved the cutoff phenomenon
for the diffusion on all classical simple compact Lie groups and several other objects associated
to them. Freslon [Frel9] also proved the cutoff phenomenon for the diffusion on the quantum
orthogonal group O;F. In Chapter 4, we push the analysis further and find the profile for the
diffusion on OXH which involves laws from free probability with atoms. On classical Lie groups
such as U(n), the profiles are still unknown.

1.2.3.4 On models of statistical physics

Another way to see the random transposition shuffle is as an interchange process on the complete
graph. On other graphs this process is very complicated to study and precise results are known
only for a handful of graphs. On a segment it corresponds to adjacent transpositions, and the
cutoff was proved by Lacoin [Lacl6b]. The order of magnitude of the mixing time was also
recently found on the hypercube [HS21].

More is known for the simple exclusion process, where particles have only two labels. We
can mention for example the cutoff profile for the (symmetric) simple exclusion process on the
circle [Lacl6al, and the cutoff profile for the totally asymmetric simple exclusion process on the
segment [BN22]. There was recently progress on variants of those models on the circle [SS], and
on the segment with boundaries [Sch, SE].

Cutoffs were also proved for the Gibbs samplers on models of statistical physics, such as the
Ising model [LS13, LS17] or the discrete Gaussian free field [GG]. Let us finally mention that
a general technique was recently developed to obtain bounds on the mixing time of such walks
[CE22].

1.2.3.5 On the general theory

It was proved that random walks exhibit cutoff on large classes of graphs. This was done for
example for Ramanujan graphs [LP16a], or on random graphs [BLPS18]. An interesting open
problem in this direction is to show that the cutoff phenomenon always occurs for vertex-transitive
(bounded-degree) expanders.

Mixing times were also related to other canonical parameters associated to random walks,
such as hitting times, first in [PS15] and then in [BHP17, HP18], or the entropy of the walks
[Sal22]. The relations between mixing times in different distances are fairly well understood
[CSCO08, HLP16].
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1.2.4 Representation theory of the symmetric group applied to random
transpositions

In this section we introduce some ideas about the representations of the symmetric group. We will
skip the algebraic framework (we refer to [M¢é17] for a complete exposition of the representations
of finite groups) and focus more on how one can use representation theory to study random walks
on the symmetric group. We will illustrate this on the example of random transpositions.

The Fourier transform is an amazing tool in analysis. It can be generalised to finite groups,
where frequences correspond to irreducible representations. In the specific case of the symmetric
group, the Frobenius-Schur isomorphism ensures that there is a (bijective) correspondence
between irreducible representations of &,, and integer partitions A - n. We will therefore make a
standard abuse of notations and use A both for the partition and its corresponding irreducible
representation.

To each representation A are associated a dimension d) and a character chA(-) : 6, —»C.

A key point is that to study Markov chains such as random transpositions, one only needs
information on d) and ch>‘(-), and that both quantities can be expressed by combinatorial formu-
las, the hook-length formula and the Murnaghan—Nakayama formula respectively. Estimating
dimensions is usually easy, but bounding characters can be much more challenging.

We will now briefly describe the arguments from [DS81] for random transpositions, for the
result which we described in Example 1.2.4. The random transposition shuffle on a deck of n cards
can be represented as the Markov chain X (we remove the dependence in n to lighten notations)
on the symmetric group &,, (started at the identity) such that Xo = Id and X; = 01...0¢, where
the o; are i.i.d. random variables following the law P,, defined by

1 2
P,(Id) = — and P, (1) = —; if 7 is a transposition.
n n

P, is called the increment measure of the walk. The law pu; of X; is therefore the convolution
product Pt. Moreover, since P, is constant on conjugacy classes (that is P,(ghg™!) = P.(h)
for any g,h € &,), by the Schur lemma its Fourier transform satisfies, for each irreducible
representation A

—

Pn()\) = a/\Id/\ (128)

A
L4+ 2=13A(7)), where x*(-) = ChdA(') is the reduced character, and 7 € &,, is any
transposition. Note that if we remove the laziness 1/n (by picking two different cards at each

step), we simply end up with ay = x*(7).

with ay = (

Applying the Cauchy—Schwarz inequality in (1.2.2), i.e. bounding the L!-distance by the

L2-distance, and then applying the Parseval identity, we obtain, denoting by é;* the set of
nontrivial irreducible representations of &,,, for any ¢t > 0

4d(t)? <dP(1)? =nl Y (M(U)— L >2— D (drad)?. (1.2.9)

n! —~.
o€Gn €S,

This last step is what is called the Diaconis—Shahshahani upper bound lemma. The rest of the
proof of the upper bound constists of technical estimates based on the hook-length formula for

dy, and on the formula
Y\7) = é) <Z (;) — <’\2/>> . (1.2.10)
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The lower bound is probabilistic and much simpler: at time ¢(g) = (1 — 5)%n10g n, by a coupon-
collector argument there are still around n® cards that have never been touched. Letting

A= {a € G,, : o has at least n°/? fixed points } , (1.2.11)

we have p;(-)(Az) = 1 —o(1) and 7(A.) = o(1) so by the definition (1.2.1) of the total variation
distance, we have d((1 —¢)inlogn) =1 —o(1).

1.2.5 Profile for random transpositions: main result of Chapter 3

The main result of Chapter 3 is the following theorem.

Theorem 1.2.1 (Theorem 3.1.1). Let ¢ € R, and set t, . = gnlog(n) + cn. Then we have,

dn (tn.c) —— drv (Poiss (14 %) , Poiss(1)) , (1.2.12)

where Poiss(a) stands for the Poisson law of parameter a.

There are two main ingredients to prove this result. The first one is to obtain a sharper
version of the Diaconis—Shahshahani upper bound lemma. Indeed, with computations similar
to those in [DS81], it is possible to find the profile for the L? distance to stationarity (which is
nothing else than the right hand side of (1.2.9)):

dPD(t, o) —— Ve ™ —1. (1.2.13)

The right hand side of (1.2.13) is larger than that of (1.2.12), and can therefore not be used to
bound sharply the total variation distance to stationarity within the cutoff window. In other
words, to find this profile, we cannot bound the L' distance by the L? distance. What we can do
instead is to use the inverse Fourier transform, which allows us to write directly

dM = 2d(t) = 1 S 1D daajeh’ (o). (1.2.14)

n!
O'Een /\eé':*

This is a complicated sum, since the inner sum depends also on 0. We therefore need to consider
combinatorial formulas for ch (o), a priori for all A and o. However, by an analysis similar to
that of [DS81], we can show that the only partitions A which matter are those for which n — Ay is
finite, that is, seeing A\ as a Young diagram, for which the first line of X is very long.

The second main ingredient is to understand the compensations between the characters of the
symmetric group, or in other words the interactions between the eigenvectors of the transition
matrix of the walk. An important observation is that most permutations have a long cycle, and
that for those permutations the Murnaghan—Nakayama formula (which gives an explicit formula
for ch* (o)) writes nicely. This allows us to express for most o € &,, a weighted sum of characters
as a polynomial depending only on the number Fix(c) of fixed points. Let us denote by A* the
truncated partition of A, that is, if A = (A1, Ag, ...) then \* = (Ao, A3, ...). Set

Si(o) = > dy-ch* (o), (1.2.15)

AES, : Ai=n—j
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and define the polynomial T} (on integers) by

Ti(2) :i( : )(_Z'l) (1.2.16)

i
=0 J

Our polynomial identity for characters (Lemma 3.4.3) states that for most permutations, we have

1

ﬁSj(0’> = T;(Fix(0)). (1.2.17)

We present in Section 3.5 a detailed proof of this result.
The rest of the proof is computational, and the Poisson laws arise naturally as the number of
fixed points of random permutations.

1.2.6 Cutoff profile for the quantum orthogonal group: main result of
Chapter 4

Let Oy ={M € My (R) : "M M = Id} be the (classical) orthogonal group and

Cij : M — [M}z}j
be its N? coefficient functions. Let O(Oy) be the C-algebra of regular functions on Oy, i.e. the
algebra generated by the (restrictions to On of) the functions ¢;;. We endow the algebra O(Oy)
with an involution %, the complex conjugation, making it a commutative *x-algebra.

Let A := C(u;; : 1 < 4,5 < N) be the x-algebra of non-commutative polynomials in the
indeterminates (ui;),¢; ;< =: U, with uj; = u;;. Let I be the #-ideal of A generated by the
coordinates of the matrices UU — Id et 'UU — Id.

The algebra of the orthogonal quantum group is the quotient %-algebra

0(0%) == A/I.

Informally, O(O};) is the algebra of non-commutative polynomials in an orthogonal matrix of
indeterminates, U = (ui;); ¢, ;< - Note that O(On) is the abelianisation of O(0%), so in this
regard quantum groups can be seen as a generalisation of classical groups.

We can also define a Brownian motion on those continuous objects, and defined a quantum
distance to stationarity dy. We refer to Chapter 4 for more comprehensive definitions.

The main result of Chapter 4 is the cutoff profile for the diffusion on OF.

Theorem 1.2.2 (Theorem 4.3.9). For the diffusion on O%, we have at time t. = NIn N + cN

dn(te) ——— dry (Meix® (=e™,0) .-, Meix™(0,0)) ,

where Meix™ is the free Meizner law.
The second main result is the profile for a quantum version of random transpositions.

Theorem 1.2.3 (Theorem 4.4.4). For quantum transpositions on the quantum symmetric group
S%, we have at time t. = 1N In N 4 cN

~ 1—e ¢ —e ¢
s+ . s+
d]\/‘(tc) m} dTV (D\/H? (MGIX <\/W, T+e )) * (Se—c, Meix (07 1)) .
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Let us give some ideas on the proof of Theorem 1.2.2. The proof of Theorem 1.2.3 is similar.
We use the simple structure of the representations of O(OX,). Indeed, they can be indexed by
integers, and they verify the same recurrence relation as Chebyshev polynomials, so they are
more tractable than those of SOy for example. In this non-commutative setting we however have
to replace probability measures by states, and find an appropriate analogue of Brownian motion.
This leads to extra difficulties: before time N In N + o(1), i.e. in the middle of the cutoff window,
the density of the Brownian motion is not absolutely continuous with respect to the Haar state.
This can be observed in the formula of the cutoff profile: the free Meixner law Meix™ (—e™¢, 0)
has an atom when ¢ < 0. Nevertheless, the profile is still continuous as a function of c.

1.3 Work in progress

Let C be a conjugacy class of &,,. Denote by f = f(C) the number of fixed points of any ¢ € C and
by k = n— f its support size. Call C-shuffle the random walk on &,, which starts at %(5&1 +d(12)),
and at each step multiplies by a permutation picked uniformly at random in C.

It was proved in [BS19] that if & = o(n), the C-shuffle exhibits cutoff at time % logn, and if C
consists of k-cycles (still & = o(n)), the profile is also known [NOT21].

On the other side of the spectrum, when k =< n, only partial results are known. Roichman
found in [Roi96] estimates on characters via the Murnaghan—Nakayama rule, and deduced the
correct order of magnitude of the mixing time when both k and f are of order n. Larsen and
Shalev later developed in [LS08] the technique of virtual characters and gave sharp estimates
on characters ch’ (o) when o has very few fixed points. It allowed them to find the mixing time
when f = n°1) extending works from Lulov and Pak [L.P02] and proving one of their conjectures.
The picture is however still very incomplete.

In addition to the above works we include a preview and short description of some ongoing
work with Sam Olesker-Taylor, which however was not sufficiently polished to be included in this
thesis. We developed a technique to estimate characters which is much more precise. It already
enabled us to find the mixing time profile for k-cycles for any k =< n, and therefore to complete
the picture for all 2 < k < n.

We are currently generalising our results to all conjugacy classes. We believe that our estimates
will allow us to understand the mixing time sharply (including the profile) forl all conjugacy

og

classes C of support size k < n, and in particular prove that whenever t(n, f) := m diverges,

the C-shuffle exhibits cutoff at time t(n, f). We also believe that the profile depends also on
the number of transpositions: that for example the C-shuffles corresponding to the cycle types

[n/2,17/2] and [2"/4,1"/2] will both exhibit cutoff at time logy(n), but with different profiles.
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Chapter 2

On the universality of fluctuations
for the cover time

We consider random walks on finite vertex-transitive graphs I" of bounded degree. We find a
simple geometric condition which characterises the cover time fluctuations: the renormalised cover
time =+ —log [I'| converges to a standard Gumbel variable if and only if Diam(T")? = o(n/logn),
where n = |I'|. We prove that this condition is furthermore equivalent to the decorrelation of
the uncovered set. The arguments rely on recent breakthroughs by Tessera and Tointon on
finitary versions of Gromov’s theorem on groups of polynomial growth, which we leverage into
strong heat kernel bounds, and refined quantitative estimates on Aldous and Brown’s exponential
approximation of hitting times, which are of independent interest.

2.1 Introduction

2.1.1 Context

Let I" be a finite (connected) vertex-transitive graph. Let (X;)¢>o denote the simple random walk
in continuous time, which at constant rate 1 jumps to a randomly chosen neighbour, starting from
a designated vertex called the root and denoted by o. Let us denote by T, = inf {t > 0: X; = x}
the hitting time of the vertex x. The cover time variable of I" by X is the first time that the
walk has visited every vertex:
Teoy = max Ty,
zel

where with a slight abuse of notation we have used I' to also denote the vertex set of the graph I'.
In this article we are concerned with obtaining general fluctuation results for the cover time 7oy
of random walks on vertex-transitive graphs, as the vertex set size |I'| tends to infinity. As we
will see this question is deeply intertwined with the study of the structure of the uncovered set
U(t)={x €T : T, > t}, for t close to the (expected) cover time.

Obtaining quantitative estimates on the cover time is a natural problem which parallels
the intensively studied question of mixing time and cutoff for random walks on graphs (i.e.
understanding how far the law of X; is from the stationary distribution, see Section 2.2.2 for
some definitions, and [LP17] and the references therein for an introduction). In common with
much of the literature on the subject, we will focus in this paper on vertex-transitive graphs. The
restriction to this class of graphs is natural in order to avoid pathological examples, which can be
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arbitrarily badly behaved. At the same time it allows for a very rich range of behaviours, as we
are about to discuss.

Results in this direction go back at least to the seminal work of Aldous [Ald83b] who proved
that for random walks on finite groups and under mild geometric conditions, the cover time 7oy
is concentrated around its mean teoy = E(7cov), i-€. that T“” — 1 in probability, and obtained the
leading order behaviour of t.o,. This was complemented a few years later by Matthews [Mat88a]
who obtained a general upper bound (valid for any graph) on the expected cover time. The
problem of the correlation structure of the uncovered set was raised in the physics literature
through the work of Brummelhuist and Hilhorst [BH91, BH92].

It is worth noting that even for basic graphs such as the d-dimensional torus of side-length n,
i.e. when I' = (Z/nZ)?, the problem is highly nontrivial. It was only in 2004 that the first order
of the cover time for the two-dimensional torus (Z/nZ)* was found by Dembo, Peres, Rosen and
Zeitouni in [DPRZ04]. This result was later refined, see [BK17, Abe21, BRZ20], but obtaining a
convergence in distribution for the fluctuations of the cover time in two dimensions remains an
open problem to this day (it is widely believed however that the fluctuations will be in any case
different from the higher dimensional regime described below).

In dimensions d > 3, it was proved by Belius [Bell3] in 2013 (solving an open question of
Aldous and Fill [AF]), building on Sznitman’s random interlacement model [Szn10] (who was in
fact motivated by the work of Brummelhuist and Hilhorst [BH91, BH92|), that the fluctuations
of the cover time are asymptotically distributed according to a standard Gumbel law:

P (TCOV —log ' < s) —e e,
Chit
where tpi 1= maxg yer Eq [Ty] is the maximal expected hitting time. (See also the results in
Prata’s thesis [PdP12] for partial results valid for more general graphs but under some restrictive
assumptions. )

The Gumbel law is significant because it describes the asymptotic maximum of i.i.d. random
variables, subject to some conditions on their common distribution. The Gumbel fluctuations in
the result above therefore suggest that the uncovered set at time ¢ := tpi(log(|T'|) + s) might
asymptotically be close to a product measure, where each vertex is uncovered with probability
e~*/|T'| independently of other vertices. More formally, if p; is a Bernoulli variable of parameter
e~ */|T'|, we might expect that as |T'| — oo,

duncov(ts) = dTV (E(U(ts))7 M?F) — 07 (211)

where L(U(%s)) denotes the law of the uncovered set at time ,, and the total variation distance
between two probability measures p and v on a finite space S is given by

drv(p, v) = max|u(4) — v(4)].

Part of the goal of this paper is to study the uncovered set and in particular prove (2.1.1) in a
general framework.

We note that questions concerning the geometry of the uncovered set (even when the cover
time is well understood) have recently become prominent. Even on the d-dimensional torus, a
number of basic problems remain open. For instance, it was proved in [MS17] and [OTS20] that
the uncovered set at time a teoy is decorrelated in the above sense if a > 7/8 and correlated (in the
sense that (2.1.1) does not hold) if a < H‘%, where pg = P, (T} < o) for the simple random walk
on Z%. Tt nevertheless still remains an open question whether there actually is a phase transition,
i.e. whether there exists a critical value a* such that for a # a*, duncov(@teov) = lacas-
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More generally, the study of the uncovered set fits into the theme of exceptional points for
random walks. In two dimensions the structure of those exceptional points has recently been
proved to be linked with Liouville quantum gravity, see [AB22], and, away from the cover time,
to an even more singular and in some way intriguing object called Brownian multiplicative chaos,
see [Jeg20].

Finally, we note that the expected cover time t.., of a graph is also closely related to the
typical value of the maximum of the associated Gaussian free field, see for instance [DLP12],
[Dinl4] and [Zhal8].

2.1.2 Main results

Let I' be a finite (connected) bounded degree vertex-transitive graph. Write I" also for the vertex
set of T' as above. We denote by d(x,y) the graph distance between the vertices x and y, by
D := max, yer d(z,y) the diameter of I', and by 7 its stationary distribution.

Our first main results shows that Gumbel fluctuations are universal. Perhaps even more
surprisingly we obtain a sharp (necessary and sufficient) geometric condition for this universality.

Theorem 2.1.1. Let (I") be a collection of finite (connected) vertex-transitive of fixed degree d,
and let x be a standard Gumbel variable, i.e. P(y < s) = e~¢ " for s € R. Then

Teov _og|T) — s (2.1.2)
hit || —o00
if and only if
D?log ||
DC
Tl Ir—es (bC)

For future reference we note that, trivially, if we let n = |T'| denote the number of vertices
of T' (which tends to infinity by assumption), then (DC) is equivalent to D? = o(n/logn), and
(2.1.2) is equivalent to the condition that for all s € R, as n — oo,

P(7cov < thit(logn + s)) — exp(—e™?).
We complement this result with a refined statement on the structure of the uncovered set.

Theorem 2.1.2. Let (I') be a collection of finite (connected) vertex-transitive graphs of fixed
degree d, and s € R. For s € R, let t, := ty;; (log(|T'|) + s) and let u® denote the product over
all the vertices of the graph of the Bernoulli law p; with parameter e=*/|T'|. Then

drv(L(U (), u2") —— 0 (2.1.3)

|IT|—o00
for every s € R if and only if the diameter condition (DC) holds.

This result will be strengthened in various ways under the assumption (DC) in Section 2.4.
For instance, in Theorem 2.4.2 we discuss the law of the uncovered set at the first time that
exactly k points remain to be covered.

In particular, we recover that (2.1.1) holds for the tori Z%, for d > 3 (this is in fact already
mentioned in the thesis of Prata [PdP12], although the result was never published).

To get a feel for the condition (DC), the reader might want to keep in mind a “thin” torus where
I' = (Z/mZ)* x (Z/hZ). This graph is nothing but a box (with periodic boundary conditions) of
sidelength m and height h = h,,,, where we assume that 1 < h,,, < m. (Thus the extreme cases
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hp = 1 and h,,, = m correspond to the familiar two- and three-dimensional situations respectively,
while very little is known in general about intermediate situations). Then the diameter D = m,
and the volume is n = m?h,,, so the condition (DC) holds if and only if h,, >> logm (we will
write a,, >> b, when a, /b, — co as n — 00) .

The reader might find it surprising that the condition (DC) determines the behaviour (2.1.2)
(and (2.1.3)). It would indeed be natural to expect that the local structure of the graphs plays
an important role in the decorrelation of the uncovered set. Theorem 2.1.2 tells us that it is not
the case: decorrelation in the uncovered set depends only on the relation of the diameter of the
graph to its size, a completely global geometric condition.

We also point out that despite considerable effort over the last 50 years, in the parallel problem
of the mixing time mentioned above, a simple characterisation of the cutoff phenomenon (and
even more so of the limiting profile) is currently completely out of reach.

In the proof that (DC) is necessary for (2.1.3), we will see that even the first moment of U (t;)
is different from that of 4®T. In that sense the theorem above does not capture the correlations
of the uncovered set close to the cover time. However, there are other natural ways to adjust the
time scaling, for instance by considering (for any s € R) the uncovered set at the time t: such
that |U(£,)| = e~*. Note that such changes of normalisation would not affect the above results
under (DC). That is, under (DC), both (2.1.2) and (2.1.3) hold with t, replaced t.. Indeed, we
will prove in Corollary 2.2.2 and Proposition 2.2.4 that under the assumption (DC), we have
ty = t. +o(n), where n = |T'| is the number of vertices of I. It is therefore natural to ask whether
U(t.) is close to a product measure. For this as well, we will show that the diameter condition
(DC) is the sharp criterion for decorrelation. However, in order to state this stronger result we
will need to make an additional geometric assumption.

Theorem 2.1.3. Let (I') be a collection of finite (connected) vertex-transitive graphs of fixed
degree d, and let n = |T|. Suppose that D?/n — 0. For s € R, let u®!" denote the product over
all the vertices of the graph of the Bernoulli law p, with parameter e=*/|T'|. Fix s € R. The
following are equivalent:

(1) dev(LU(8), pE") ——— 0,

|IT|— o0
(ii) The diameter condition (DC) holds.

Remark 2.1.1. In fact, we will prove an even stronger result: namely, the conclusion is valid
as soon as trel = 0(thit), where t is the relazation time, or inverse spectral gap. We will also
show that these conditions are equivalent to a third one, where instead of t: we use the time
tsy = tmiry(logn + s), where t,;yy := ET,; this is in fact an integral part of our proof. The
same statement also holds with ¢, instead of t:. In other words, if #.e = o(thit) holds, we can
strengthen Theorem 2.1.2, replacing “for every s € R” by “for some s € R”. The theorem will be
proved in these forms in Section 2.6.3, where we will also briefly explain why the assumption
D?/n — 0 implies t.e] = 0(tnit)-

We conjecture in fact that the theorem is valid without any assumption on . or tpi.

Central to the arguments of this paper will be exponential approximations for hitting times of
arbitrary sets of vertices (irrespective of the relative geometry of the points). Such exponential
approximations go back to the work of Aldous and Brown [AB92], who obtained quantitative
error bounds which we recall below. However, our proofs that the diameter condition (DC) is
sharp require us crucially to strengthen the quantitative bounds in these approximations, as we
now detail.
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Let us recall that t. is the relaxation time of the chain and define, for A C I', the A-
quasistationary distribution by, for z € T,

as(z) = 75ILIEOIP’(X,& =z |Ta>1). (2.1.4)

(See, e.g., (3.86) in [AF] for a proof of the existence of this limit). It is not hard to see that,
starting from the quasi-stationary distribution « 4, the hitting time of A is exactly an exponential
random variable. A seminal result of Aldous and Brown in this direction is the following.

Theorem 2.1.4 ([AB92], Theorem 3 and Equation (1)). Let (X;);>0 be an irreducible reversible
Markov chain on a finite state space V', and 7 be its stationary distribution. Let A C V, and
denote by T4 the first hitting time of A. Then for all ¢ > 0,

]P)ﬂ— (TA > t) lrel
0<l———"—"-5=0 , 2.1.5
- PaA (TA > t) EaATA ( )
and BT
L A lrel
0<1— =0 . 2.1.6
- EaA Tx (EQATA ) ( )
Among other things, these approximations are very useful to estimate the capacity g4 := %W%

of finite sets A, which play a crucial role in our analysis. Indeed, when the diameter condition
(DC) holds, the error term above is o(1/logn), which will turn out to be sufficient. However, as
soon as (DC) fails, this error term becomes too large (even to estimate the expected number
of uncovered points). To prove our results when (DC) does not hold, we will instead rely on
the following theorem, which is a refinement of Theorem 2.1.4, and which we view as the main
technical innovation of our paper. We expect the error bounds be sharp up to a constant factor
for any family of vertex-transitive graphs of fixed degree (without further assumptions).

Theorem 2.1.5. Let (T') be a collection of finite vertex-transitive graphs of fixed degree d, and
let k > 1. Then, uniformly over all sets A C " of size k, and ¢ > 0, we have as n = |T'| = oo

P (Ta >t) D* n /D s3ds
0<l——"7~—-=0 — 1+ = , 2.1.7
Po (Ta>t) “F <(1E7,T0)2 D [y V(s) 217
and
E-T4 D* n /D s3ds
0<1—- =0 — 1+ = , 2.1.8
EaATA d,k ((EWTO)Q ( D4 0 V(S) ( )
where V (s) denotes the volume of the ball of radius |s| > 0. Moreover, the right-hand sides of
(2.1.7) and (2.1.8) are Og i (trel /thie)? if D > n'/*logn and O4r(1/n)if D < ﬁ)lg/:.

The full version of this result will be stated in Theorem 2.5.1 and Theorem 2.5.3. See also the
other results in that section for complements.

We believe that those technical improvements will prove useful also for other problems, for
instance in order to establish the transition phase of the uncovered set at time ateo, for 0 < a < 1
on tori of dimension d > 3, which would answer the questions raised by Miller and Sousi in
[MS17] (see also [OTS20]).

This type of improvement is fundamental to handle borderline cases. It is in fact even significant
for 2-dimensional tori: if I' = (Z/mZ)?, then this error term is O(1/(logn)?) = o(1/logn),
compared to O(1/logn) in (2.1.5) and (2.1.6).

The setup of our improvements is actually fairly general: not all statements require the graphs
I" to be vertex-transitive, and the size of the sets A can be allowed to diverge. The interested
reader can find more precise statements in Section 2.5.
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2.1.3 Diameter condition and local transience

We have already mentioned that the sharpness of the diameter condition (DC) is a little surprising.
Initially (and this was in fact our own belief when we began this work), one might have suspected
that Gumbel fluctuations are perhaps more naturally linked with the following notions of local
transience which we now define. For this it will be useful to recall the definition of the mixing
time tnix(e) at level 0 < e < 1 for a positive recurrent Markov chain (X;)icr, on some state
space I' with invariant distribution 7:

tmix(€) = inf{t > 0: I;lealgchv(Pt(x, J;m(+)) < e}, (2.1.9)

where P;(z,-) denotes the law of the Markov chain at time ¢ starting from z € T".

Definition 2.1.6. We say that a sequence of finite Markov chains with state spaces I';,, transition
matrices P = P(™ and stationary distributions 7m = m,, satisfying lim,_,c maxger, m(x) =0 is
weakly uniformly transient (WUT), or uniformly locally transient, if

max Eo(L,(t)) = O(1), (2.1.10)

oel'y,

where ¢ = tyix(1/4), and L,(t) := fot 1{x,—z}ds is the local time of the walk at x up to time .
Again, writing ¢t = tix(1/4), we say that the sequence is (SUT) strongly uniformly transient, or
uniformly globally transient, if

lim limsup max E,(L,(t) — Lo(s)) = 0. (2.1.11)

5700 p oo 0€VR

We say that a sequence of graphs I, := (V;,, E,) is WUT (resp. SUT) if the sequence of simple
random walks on I',, is WUT (resp. SUT).

Clearly, (2.1.11) implies (2.1.10). The reason why one might suspect that this notion might
be related to Gumbel fluctuations is that uniform transience, especially strong uniform transience,
should prevent clusterisation and hence lead to decorrelation in the uncovered set.

For example, a torus in dimension d > 3 is strongly uniformly transient, but a torus of
dimension d = 1,2 is not even weakly uniformly transient. More generally, let us return to the
example of the thin torus I' = (Z/mZ)? x (Z/hZ) discussed above, where h = h,,. For which
values of h is this weakly/strongly uniformly transient? Since a two-dimensional random walk
returns to the origin roughly logm times by time ¢ =ty (1/4) < m?, it is not hard to see that
the thin torus is strongly uniformly transient if and only if A, >> logm (and weakly uniformly
transient if and only if h,, 2 logm). This condition coincides with (DC), as already observed.

This immediately raises the following question: could it be the case that the diameter condition
is equivalent to strong (or weak) uniform transience? We will see as part of our analysis that
any sequence of vertex-transitive graphs I'), = (V,,, E},) satisfying the diameter condition (DC)
satisfies that

lim limsu max Ey,(Lo(2 tmix(1/4))) = 0,

ISP Tz, Py L2 (/D))
where d(o,y) is the graph distance between y and o (see, e.g., Lemma 2.2.3). Strong uniform
transience can be deduced from this relatively easily (in Proposition 2.2.7 we give a more direct
argument). Thus

(DC) implies (SUT). (2.1.12)
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However the converse is, perhaps surprisingly again, not true. In Section 2.7 we will construct
a sequence of finite vertex-transitive graphs I';, of uniformly bounded degree which satisfy SUT
but not (DC). In particular, as a consequence of Theorem 2.1.2, despite being locally transient
in this strong sense, the uncovered set will display nontrivial correlations. This example will
be constructed by considering the product of a Ramanujan graph and a cycle of suitable sizes.
(Essentially, in this product, one direction is very recurrent, but the other is very transient). See
Section 2.7 for the precise definition.

The implication (2.1.12) is closely related to a conjecture of Benjamini and Kozma [BK05]. This
conjecture states that for vertex-transitive graphs of bounded degree, if we assume D? < n/logn
then the effective resistance R,y between vertices of the graph is uniformly bounded above by
some constant. This conjecture was recently solved by Tessera and Tointon [TT21]. Furthermore,
using the tools developed in their paper, it is not hard to show that the effective resistance is
uniformly bounded if and only if (WUT) holds. The implication (2.1.12) is therefore the direct
“strong” analogue of the Benjamini-Kozma conjecture (the left hand side replaces the assumption
D? < n/logn by D? << n/logn, and the weak uniform transience in the right hand side by the
strong uniform transience).

We end this discussion with an instructive comparison with the results in a recent paper of
Dembo, Ding, Miller and Peres [DDMP19]. This describes the first order (cutoff) behaviour of the
mixing time of the lamplighter walk on the thin torus I',,, = (Z/mZ)? x (Z/hZ) with h = alogm.
The (total variation) mixing time of the lamplighter group on the base graph I';, is known to be
closely related to the cover time of the simple random walk on that base graph I';,,. This led the
authors of [DDMP19] to use the ratio between the mixing time of the lamplighter on T',, and the
cover time on I',, as an indicator of low- vs. high-dimensional behaviour. Indeed, this ratio is
asymptotically equal to 1 for a completely flat, two-dimensional torus by results of [DPRZ04] and
[PRO4], whereas it is asymptotically 1/2 for a three-dimensional torus, by results of Miller and
Peres [MP12] (as well as on the complete graph, where the lamplighter walk reduces to the well
known walk on the hypercube). Surprisingly, the authors in [DDMP19] show that on a thin torus,
this ratio is strictly contained in the interval (1/2,1) for 0 < a < a4 and becomes asymptotically
equal to 1/2 (as in the three-dimensional case) for a > a., for some explicit a.. They interpret this
as a phase transition between low-dimensional (“recurrent”) and high-dimensional (“transient”)
behaviour; see the discussion after Theorem 1.3 in that paper. By contrast, our results show
that, at the level of fluctuations, high-dimensional behaviour only kicks in when a = a,,, — o0,
arbitrarily slowly, rather than for a > a.

2.1.4 Discussion of proof ideas and organisation of paper

Our starting point for this paper is the remarkable series of papers by Tessera and Tointon [TT21],
[TT20] which gives a quantitative form of Gromov’s theorem on groups of polynomial
growth. Recall that, since the graph is vertex-transitive, by results of Trofimov [Tro84] it is roughly
isometric to the Cayley graph of a finite group. Recall also that, for infinite groups, Gromov’s
theorem [Gro81] shows that if the volume of balls of radius r grow polynomially in the radius r
then the growth exponent a must be integer and the group is then (in the Gromov-Hausdorff
sense) close to a d-dimensional Euclidean lattice.

The diameter condition (DC), which says that the graph is slightly-more than two-dimensional,
combined with the results of Tessera and Tointon, therefore implies that at least for relatively
moderate distances the volume growth is at least three-dimensional. In combination with
isoperimetric profile bounds (coming for instance from the theory of evolving sets of Morris
and Peres [MPO05]), this translates into very good decay for the heat kernel at small times and so
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gives excellent control on the number of returns by random walk to its starting point in this time.
Later visits to this point are controlled using two-dimensional estimates. As we will see now, it
turns out this is at the root of the decorrelation in the uncovered set.

These heat kernel bounds are used as follows. Suppose that (DC) holds and we wish to
prove (2.1.2). Let us compute the kth cumulant of the size of the uncovered set Z; at time
b5y = thit (logn + s). It suffices to show that this cumulatnt converges to the kth cumulant of a
Poisson random variable with parameter e™®. Now, this cumulant can be expressed as a sum
over sets A of size k of the probability that A was not visited by time ), and we can assume
without loss of generality that the starting distribution is the uniform distribution 7, namely
Pr(Ta > t5)). The Aldous-Brown approximation [AB92] (recall also Theorem 2.1.4) shows that
this hitting time is approximately an exponential random variable.

It remains to get good approximation for the quasistationary exponential rate. We show
(using again the Aldous-Brown approximation) that this quasistationary exponential rate is close
to the ratio g4 := E(T,)/E.(Ta) of expectations of hitting time of A compared to that of a
single point; see Proposition 2.2.9. For sets A such that the points in A are well separated, we
typically expect ga =~ k, because the hitting time of A is close to the minimum of k independent
exponential random variables. The challenge is to quantify this approximation and show that
the contribution coming from sets where the points are not so well separated is negligible. It
is here that the heat kernel bounds are very useful: indeed, the on-diagonal decay of p:(z,y)
translates into a strong off-diagonal decay (using a subgaussian estimate, namely a recent
variant due to Folz [Folll]) and implies good quantitative bounds of the desired form for g4.
In the most delicate case where n is barely larger than D?logn, the analysis uses a somewhat
elaborate induction over scales which requires strong quantitative bounds.

In the opposite direction, when (DC) fails, the key task (both for Theorems 2.1.1 and 2.1.2) is
to show that the expected number of uncovered points at time t is strictly smaller (by a factor
¢ bounded away from 1) than e~*. Indeed this immediately implies Theorem 2.1.2, and implies
Theorem 2.1.1 by considering the tail at +o0o of 7¢oy and a simple union bound.

The proof of Theorem 2.1.3 is more complicated. It might initially be tempting to show that
the uncovered set is “too” clustered, i.e., the probability that two relatively nearby points are
uncovered is larger than it should be in an independent scenario. However, this turns out to
be very difficult to control (moments of order at least two of the size of the uncovered set can
explode when (DC) does not hold, precisely because of the contribution coming from nearby
points). Instead we show that the uncovered set is negatively correlated at large distances. This
requires controlling the macroscopic variations of the Green function, a task which occupies a
good part of Section 2.6.

Organisation of the paper. We start in Section 2.2 with the preliminaries in which we
setup the notations and obtain the heat kernel bounds (Corollary 2.2.1 for the on-diagonal
term, and Section 2.2.3 for the off-diagonal terms). We also discuss the original Aldous—Brown
approximation and some elementary consequences in Section 2.2.4.

Section 2.3 is the proof of the main theorem (Theorem 2.1.1) under the assumption (DC), and
discusses the cumulants of the uncovered set. A detailed strategy is provided in Section 2.3.1.

Section 2.4 contains the proofs of Theorem 2.1.2 under the assumption (DC) and its refinements
on the structure of the uncovered set.

Section 2.5 brings new insights to understand quasistationary distributions and proves Theorem
2.1.5 improving the Aldous-Brown approximations. Section 2.5.3 provides a somewhat shorter
(at least given the results of that section) proof of Theorem 2.1.1 under the condition (DC).

Section 2.6 studies the cover time and uncovered set of graphs which do not satisfy (DC) and
completes the proof of the theorems 2.1.1, 2.1.2, and 2.1.3.
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Section 2.7 contains the construction of an explicit example of graphs that are (SUT) but do
not satisfy (DC).
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2.2 Preliminaries

2.2.1 A priori bounds on the heat kernel

From now on and for the rest of the article to ease notations, we will write with a small abuse
of notation I" for the graph and will denote the size of the vertex set of I' by n. Our constants
will implicitly be allowed to depend on the degree d (and also on the size k > 1 of a set when we
apply the moment method to compute the size of the uncovered set). We will not always recall
this. This also applies to notations such as a,, = o(by), a, = O(b,,). We will also sometimes use
ap <& by, (which is by definition equivalent to a,, = o(b,), i.e., a, /b, — 0) and a,, < b, (which
by definition means a,, = O(b,,), i.e., a, /by, is bounded).

It will be at times convenient to allow the graph I' to not be vertex-transitive. Let P(-,-) be
the transition kernel of our walk. Define the conductance ®(.S) of a (non-empty) set S C I' by

Q(5,5%)

®(5) = 2.2.1
() 9 (2.2.1)
where for A, B C T,
Q(A,B)= Y w(a)P(a,b). (2.2.2)
acA,beB
We call conductance profile the function ¢ defined, for minger w(z) < u < 1/2; by
d(u) = inf {®(S) : 7(S) < u}. (2.2.3)

We first recall here a crucial consequence of the theory of evolving sets which allows us to get
bounds on the heat kernel given a conductance profile. Let £ > 0. Then we know by [MP05,
Theorem 13], considering only diagonal transitions, that for € such that 4/ < 1/2 and every
zel,

e 8du
t> /M(w) wo(u)? = p(z,x) < (1+¢e)m(x). (2.2.4)
Consider now the vertex-transitive case where 7(z) = 1/n for every n. When applying this
inequality it is essential to note that the condition on ¢ is such that 8 < e < n. It may be slightly
perverse to name € a quantity which by assumption is greater or equal to 8, but these notations
are by now relatively well established so we do not tamper with them. (w = n/e plays the role of
the relevant volume in the graph, namely we get p;(0,0) =< 1/w. Therefore ¢ will typically be
small compared to the volume n.)

Our first task will be to transform the condition on the conductance profile into a condition
on the volume growth, or equivalently, on isoperimetry. (Combined with the work of Tessera and
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Tointon on a quantitative form of Gromov’s theorem giving strong control on the volume growth,
this will give us excellent control on the return probabilities.)

Proposition 2.2.1. Recall that n = |T'| and assume that n > D?. Then, we have uniformly over
all t < D?, writing m = |¢| and R = D4},

1 1
pi(0,0) < max (t(mH)/Q, Rtm/Q) ) (2.2.5)

where the implicit constant depends on m and d.

Remark 2.2.1. For a given m = |q| this upper bound is sharp, as is easily shown by considering
“flat” tori of the form I' = (Z/LZ)™ x (Z/RZ) with 1 << R < L. In this case, the heat kernel
initially decays like in dimension (m + 1); but eventually (for ¢ > R?) the decay becomes only
m-~dimensional.

Remark 2.2.2. We will only apply this result with m < 5, so we don’t need to track the dependence
in m.

Remark 2.2.3. By using [MP05, Theorem 1] instead of [MP05, Theorem 13], the same estimate
holds for the discrete time transition probability pf&(o, 0), a fact which will also be useful in some
of the steps of the proof of Lemma 2.3.5.

Proof. The key is to observe that we have the following bound on the isoperimetric profile: for
every nonempty S C I' such that 7(S) < 1/2, then

D(8) 2 min (|| 71/, g1 S|71m). (2.2.6)

This is essentially [TT20, Theorem 6.1], which is in itself a simple consequence of their bound on
the volume growth [TT20, Proposition 5.1] and an isoperimetric inequality [TT20, Proposition
4.1] for vertex-transitive graphs. (In fact such an inequality can also be found in [LP16b, Lemma
10.46], and for the infinite case in [LMS08, Lemma 7.2].) For v < n/2, considering sets S such
that v/n < 7w(S) < 1/2, we get immediately that

¢(v/n) 2 min (v_l/(m“)7 Rl/mv_l/m) . (2.2.7)

We deduce, making the change of variables v = nu and setting w = 8n/e with 8 < e < n,

/4/6 8du = /4"/5 78dv < /4"/5 max <,02/(m-|—1)7 U2/m ) @
am up(u)® Sy vd(v/n)2 Ty RYm ) v

2/m
< max <w2/<m+1> w?/ )
~ 7R2/m .

w2/ ™

Consequently, there exists C' > 1 such that if t = C' max (wQ/(mH), SRl ), we may apply (2.2.4)
and obtain (recall that w = 8n/¢),

1+e¢ 1 8 9
pi(0,0) < =—4+—<-—.
n n o w_ w
Ast = C'max (wQ/(m“), %), we have in particular w 2 min (t(”‘+1)/2, Rtm/Q), and the bound
on p¢(0,0) can be rewriten as
< 71 1 2.2.8
pi(0,0) < max D72 e ) - (2.2.8)
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Finally, as we defined first 1 < w < n, and then t = C'max (wz/(m“), }‘%’z;m) (2.2.8) holds for all

t such that C' < t < CD?, and hence, as we took C' > 1 and up to changing the implicit constant
because of the values of ¢ smaller than C, for all + < D?, as desired. O

To avoid separating the proof into too many cases and cutting the integrals into several
pieces, the following Corollary will be helpful. It provides upper bounds on the diagonal return
probabilities which are true for all .

Corollary 2.2.1. Recall that n = D?f(n).
(a) Uniformly over all finite vertex-transitive graphs of degree less or equal to d such that
n>D?, andt > 0, we have

1 1
< 1<t<D? 2.2.9
pt(030) ~ t3/2 + f(n)t’ —_ —_ ) ( )
and 1 1
2

(b) Uniformly over all finite vertex-transitive graphs of degree less or equal to d such that n > D3,

and t > 0, we have
1 1

Moreover, the implicit constants depend only on d.

Remark 2.2.4. The bounds we give are not necessarily optimal if we fix the value of m = |¢], but
have the advantage that they do not depend on m and so can be used regardless. This leads to
fewer cases to treat separately further down the proof and so makes the argument more unified.

Proof. (a) First assume that f(n) < D. Setting ¢ such that n = D9, we have from Proposition
2.2.1, noting that in this case R = f(n), that for 1 <t < D?

1
S =+ 2.2.12
pt(ouo),\, t5/2 +f(n)t ( )
On the other hand, if f(n) > D, i.e. n > 3, we have, applying Proposition 2.2.1 with ¢ = 3 that
for all 1 <t < D?, p;(0,0) < 1575 Observing moreover that as t < D?, ﬁ < 7373, we get that
uniformly over all vertex-transitive graphs (of degree less or equal to d) such that n > D? and
t < D?, we have

1
0) S s . 2.2.13
p(0,0) S 372 + Fin)t ( )
For t > D? as t — py(0,0) is decreasing, we have, using the previous bound at time D2,

11
pi(0,0) < pp2(0,0) S 75 + (2.2.14)

This concludes the proof of (a). (b) This follows by Proposition 2.2.1 with ¢ = 5, proceeding
exactly as in the proof of (a). O
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2.2.2 Relaxation, mixing, and hitting times

Recall that the relaxation time of the chain is the inverse of the spectral gap:

1

trel = ———

2.2.15
— (2:2.15)

where Az is the second largest eigenvalue of the chain. By a classical argument (see e.g. [Chu97,
Theorem 7.6]) the following bound on the relaxation time is valid on every finite (connected)

vertex-transitive graph:
tel < dD?. (2.2.16)

We now show that for graphs of polynomial growth, t. = D?.

Lemma 2.2.1. There exists a constant C such that for every finite (connected) vertez-transitive
graphs of degree d such that n = |I'| < D®,

CD? < t,q < dD?, (2.2.17)

Proof. We follow arguments from the proof of the lower bound of [DSC93, Theorem 3.1].
By the minimax characterisation of the spectral gap (see for instance [LP17, Lemma 13.7 and
Remark 13.8]) we have, setting g = d(o, -),

)

1-X < . 2.2.1
* = Var.(g) (22.15)
Since g is 1-Lipschitz, £(g) < 1/2. We hence have
1
et = 2Varr(g) = — > (9(z) —g(w)*. (2.2.19)
z,yel

Let z € T such that d(o, z) = D. We deduce that
1 , D2 (V(D/4)\?
ol 2 — > (D/2)* = —- <n : (2.2.20)
z€B(0,D/4),yEB(z,D/4)

Moreover, by [T'T20, Proposition 5.1], there exists a (universal) constant ¢ such that for all finite
(connected) vertex-transitive graphs satisfying n < D5,

V(D/4) > en. (2.2.21)

For those graphs, we hence have, setting C' = ¢?/4
CD? < tyq < dD?, (2.2.22)
O

Let us now define mixing times and the distance to stationarity. We restrict here to our
framework of simple random walks on vertex-transitive graphs, so the walk is in particular
transitive and the stationary distribution is the uniform distribution 7. See [LP17, Chapter 4] for
more general definitions. For 1 < p < 0o, we define the LP distance to stationarity of the chain
(X1)i>0 at time t by

1/p
4P () = <:L2|npt(o, z) - 1|p) . (2.2.23)

zel
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We also define the L> distance to stationarity as (see [LP17, Proposition 4.15]).
d(t) = npy(0,0) — 1. (2.2.24)
We define the LP mixing time at level ¢, for ¢ < 0 and 1 < p < o0, by
#P) (¢) = inf {t >0:dP(t) < 5} . (2.2.25)

Note that the total variation distance is just half of the L' distance. For all z,y € I and t > 0,
we set

hi(z,y) = pe(z,y) — % (2.2.26)

Proposition 2.2.2. For 0 < ¢ < 1, we have, uniformly over all finite (connected) vertex-transitive
graphs of degree d such that n = |T'| < D5,

175 (€) Zae e (€) ae et =<a D2, (2.2.27)

Proof. We already proved in Lemma, 2.2.1 that t. =<4 D?. By convexity, if 1 < p < ¢ < oo, and
t>0,dP(t) <d9(t), and hence for 0 < & < 1, we have #P) (e) < #9) (¢). By [LP17, Lemma

mix — "mix

20.11], we hence have d(>)(t) > dV)(t) > e~/ (since the total variation distance is exactly the
half of the L' distance) and thus for 0 < ¢ < 1,

129(e) > {1 (e) > log(1/e) tra (2.2.28)

Let us now prove that ¢/ () < tel- By spectral estimates, we have for all ¢, s > 0.

higs(0,0) < e/ 5 hy(0,0). (2.2.29)

Moreover, by Proposition 2.2.1, there is a constant C(d) such that uniformly over all finite
connected vertex-transitive graphs of degree d such that n < D%, hpz(0,0) < C(d). O

Hence, at time D? + i t.1, where i = [log(C(d)/¢)],

hp2yit.,(0,0) < e 'hp2(0,0) <&, (2.2.30)
so, recalling that te < dD?,
1550 () < D2+ [log(C(d) /¢) ] ket < D* (1 + d [log(C(d) /)], (2.2.31)

concluding the proof.

Remark 2.2.5. Proposition 2.2.2 shows that when n < D5, the relaxation time and the mixing
time are both of order D?. The explicit bounds (2.2.28) and (2.2.31) show in particular that

(59 (1 _
there is no cutoff, i.e. that for some 0 < e < 1, t“;;’;c(i)l(;)
€

mix

does not converge to 1 as n = |I'| = oo.
See [LP17, Chapter 18] more details on the cutoff phenomenon.

The following proposition is a classical result which can be traced back to [Ald82].
Proposition 2.2.3. Uniformly over all finite (connected) vertex-transitive graphs of degree d

such that n = |T'| < D?, we have
thit — tniey <a D°. (2.2.32)
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Proof. Let 7; for 1 <i < 4 be as in [Ald82], and set 75 := tpi; — finiry. From [Ald82, Equation
(17)], we have 75 < 75. On the other hand, we have

7y = max 7(2) |E. T, — E,T.| =2 max > 7(2) (B, T, —E,T.).  (2.2.33)
zel zel' : E. T, >E, T,

Moreover, for any z,y,z € I', we have E,T, — E,T, < tn;; —E,T%, and (by definition of tp;)
thit —E, 7> > 0. We deduce from this that

73 <2max » 7(z)(tnit —EyT%) = 275, (2.2.34)

so we have proved that 75/2 < 75 < 75. It finally follows from [A1d82, Theorem 5] and Proposition

2.2.2 that
e

mix

((2e)7") =q D*. (2.2.35)
O

- _ 1
T5AT1—§

Remark 2.2.6. Proposition 2.2.3 also holds if we replace tnity = ExTy by Eq, Ty, where «, is the
quasi-stationary distribution (defined in (2.1.4)) associated to A = {o}. This will be shown in
Proposition 2.6.8.

Corollary 2.2.2. Under the assumptions of Theorem 2.1.2, we have when (DC) holds,
thit((logn) 4 5) = tniey ((logn) + s+ o(1)). (2.2.36)

Proof. From Proposition 2.2.3, we have

D2
thit = t(hit) (1 + O (th-t>> . (2237)

Moreover, by [LP17, Proposition 1.19],

thit = maxE, T, > maxE,Tf —1=E,T;f —1=n—1. (2.2.38)
x,y x

We finally deduce (using that (DC) holds for the last equality), that

Zlogn
tnic((logn) + 8) = tnig ((log n)+s+ 0 (D;g>) = tmity (logn) +s+0(1)). (2.2.39)

O

Proposition 2.2.4. Recall that for s € R, #) = tnit)((logn) 4 s), and t. is such that E|U(t,)| =
e~*®. Then under (DC), we have
t, =t +o(n). (2.2.40)

Proof. First observe that we have for every ¢t > 0, setting a = «, the quasi-stationary distribution
associated to A = {o},

E[U(t)] = nPo(T, > 1) = nixTe > p p 4y nwe—t/EaTo. (2.2.41)

P, (T, >1t) P, (T, >t

It follows, since t +— E|U(t)| is decreasing, that ¢, is unique and satisfies

. P (T, > t.)
t. =E,T, | (logn) + s —log [ 2= 22 ) | 2.2.42
(( gn) g<Pﬂ(TO> U)) (2.2.42)

33



Since (DC) holds, te1 /thit < D?/n = o(1/logn) (by (2.2.16) and (2.2.38)). We deduce from the
Aldous—Brown approximation (Theorem 2.1.4) that E,T, = E,T,(1 + o(1/logn)), and (using

also that log(1 + z) < z for > —1) that log (%) = 0(1/logn) = o(1). This implies

ty =ty +0(tmity)-

To conclude it suffices to show that tniy = O(n). To see this, note that by the using reversibility
and the commute-time identity (see [LP17, Proposition 10.7]), we have for all z,y € T

E.(T,) + E,(T,) = dR(z <> y)n,

so it suffices to show that the effective resistance between vertices is uniformly bounded. However,
writing Rr 2 := max, yer R(x <> y), we have from [TT20, Theorem 1.12], that

1 D?logn 1
RreS -4+ ——>—=-= 1) =0(1). 2.2.43
ra o+ B0 =2 o(1) = 0(1) (2:2.43)
This concludes the proof. O]

A crucial part of the argument will be to obtain good bounds on the hitting time of a finite
arbitrary set A of fixed cardinality £ > 1. Problems usually arise when some points in A are
relatively close to one another. The following proposition shows that under (DC), the expected
hitting time of A is always of order n.

Proposition 2.2.5. Let A be a finite set of vertices of cardinality k& of I". Then, as n — oo,
E.Ta 2 n, (2.2.44)

and besides assuming (DC) we have
E T4 =xn, (2.2.45)

where the implicit constants depend on k and d.

Proof. Averaging (2.2.49) with respect to x, and taking y = o, we have for every ¢t > 0
Pr(T, <t) <eErLo(t+1)=e(t+1)/n. (2.2.46)
It follows that for every ¢t > 1, as t + 1 < 2¢, and taking ¢ = n/(4ek),
P, (Ty <t) < kP,(T, <t) < 2ekt/n < 1/2.
By Markov’s inequality, we deduce
E Tqa >tPr(Ta>1t)=t(1 —P(Ta <t)) >1t/22n,

which concludes the proof of the lower bound.
The upper bound is straightforward, since E;T4 < E;T, < tyj, and we have already observed
in the proof of Proposition 2.2.4 that under (DC), tpix = O(n).
O
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2.2.3 Off-diagonal heat kernel bounds

Our first task will be to translate the on-diagonal bounds described in the previous section into
off-diagonal bounds. A general upper bound can always be obtained with the Carne—Varopoulos
inequality, but we will need a sharper recent result due Folz, see [Folll, Corollary 1.2]. This
general result takes as an input a time-dependent bound on the on-diagonal heat kernel and
deduces from this a general off-diagonal bound. The result is actually quite general but we will
only use it in the most simple case where the Lipschitz function is taken to be the graph distance,
and the “volume” is measured with respect to cardinality.

Set 1/g(t) to be the function on the right hand side of (2.2.13), so that 1/¢(¢) is a bound on

pt(0,0); that is,
c 2
{t3/2 for 1 <t < f(n) (2.2.47)

£~ for f(n)? <t < D2

(Recall that if m = 2 then R = f(n).) A consequence of his result is the following inequality.
Assume that f(n) < D. Then there exists a constant ¢ > 0 such that for every x # y € I' and
d(z,y) <t < D2,

T 2
pe(z,y) < ﬁexp <cd< ;y) ) : (2.2.48)

where the implicit constant in < depends only on the degree bound. For smaller values of ¢, we
will simply bound the heat kernel via the Carne—Varopoulos bound,

pi(x,y) S exp(—cd(z,y)?/t) < exp(—cd(z,y))

when ¢ < d(z,y).

We will use (2.2.48) to get upper bounds on the off-diagonal heat kernel, and therefore by
integrating, on the expected local time at a given vertex. In turn, this can be used to upper bound
the probability to visit a vertex y far away from z in a relatively short time, via the following
elementary lemma.

Lemma 2.2.2. ]
E,L,(t+1)>-P, (T, <t). (2.2.49)
e

Proof. Let us define the event F by

E := {the walk stays for time at least 1 at y just after T),} . (2.2.50)
Then we have
B, Ly(t+1) > B, (Ly(t + )IT, < t, E) P, (T, <1, )
> P, (T, < t)P(E).

This proves the lemma. O
We now combine the above ideas to get the following bounds:

Proposition 2.2.6. Let 1 < ¢ < D/2. (a) Uniformly over all z,y € T such that d(z,y) > d, and
t>1,
1 log(D/d) t t
E,L,(t) S -4+ —=——F+—+ —. 2.2.51
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(b) If we moreover assume that D® < n, the bound becomes

1 t
E.Ly(t) S 55 + 75

S5 (2.2.52)
Note that by Lemma 2.2.2, the same bounds hold also for P, (T, < t).

Proof. Let x,y € T. Since for all s, ps(z,y) < ps(0,0) (see [AF, Lemma 20, in particular Equation
(3.60)))

d(z,y)?

t d(z,y) t
By = [ paeas < [T pmodst [ pnds e [ pilo0ds
0 0 z,y)’

(2.2.53)
The first integral is by the Carne—Varopoulos bound smaller or equal to § exp(—cd) < 1/6. Let us
consider the second integral. By (2.2.48), we have

[ s [ (594 ) eniat o
ps(x,y)ds < / (5 + > exp(—cd”/s)ds.
d(z,y) 0 f(n)s

Now, studying the function t ++ t =% exp(—A/t) we see that this is maximised at t = A/b and so
is always < (A/b)~°. Applying this with b = 1 and b = 3/2 as well as A < §2, we get

(z,y)

11,1
62f(n) = 4o f(n)

For the third integral, using Corollary 2.2.1, (a), we immediately get

t D2 1 i . , )
s(0,0)ds < o N 1o
/d(smy)zp (0,0)ds 5 /52 <s3/2 + f(n)s) s+ li>p2 /D2 <D3 + n) i

§%+bgpm) t ot

d(z,y)* 1
[ s g+
0

f(n) n D3
We finally have, as 1 < § < D/2,

1 log(D/s) ¢t t 1 1 log(D/d) t t
E,L,(t)<-+-229 v b - <- 0870 1 2.92.54
S5t TRttt T S5t Tt Ta T Do (2:2:54)
which proves (a). The second bound is proved the same way, using part (b) of Corollary 2.2.1
and taking 1/g(t) = C/t%/2 for 1 <t < D2. O

Corollary 2.2.3. Lett=t(n) =0 (min(n, D3)) and fiz a sequence w, — co. Then, uniformly
over x,y with d(x,y) > wn,

EyLy(t) — 0. (2.2.55)
In particular,

P, (T, <t) — 0. (2.2.56)

Proof. It follows immediately from part (a) of Proposition 2.2.6, Lemma 2.2.2, and the assumption
logn <« f(n). O

When we consider the diagonal case we get a similar bound, but this time of order 1; in this
case we can therefore afford to consider times that are as big as the volume. Such a bound is
also a signature of our local transience condition. As mentioned in the introduction, Tessera and
Tointon [TT20] proved (2.2.57). We present its proof for the sake of completeness.
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Proposition 2.2.7. Let T';, = (|V,|, En) be a sequence of finite vertex-transitive graphs of
uniformly bounded degree, and diameters D = D,, satisfying D? < |V,,|/f(n) = n/f(n). If
f(n) = logn then

E,Lo(n) = O(1). (2.2.57)

If f(n) >> logn then
lim limsupmax E, (Lo (tmix(1/4)) — Lo(s)) = 0. (2.2.58)

8§00 psoo 0EV,

Proof. We first prove (2.2.57). We start as in the proof of Proposition 2.2.6, cutting the integral
at time 1 instead of time d(x,y)%. At time t = D?, we have

1 D?
logD t t
E,L,(D?%) :/ pS(O,o)ds—i—/ ps(0,0)ds S 1+ <1+ gl
1

’ f(n) n+Dg) =0(1). (2259)

Recall from (2.2.16) that te < dD?. Furthermore, we have, for every t > D?, (see for instance
[LP17, Lemma 4.18 and Equation 20.18])

1 t—D?
pi(0,0) — - < exp <_W> pp2(0,0). (2.2.60)

/ ps(o,o)ds:/ (S(o,o)) ds+/ —ds
D2 D2 n DQ'n/
1 [ —t
<= —)ds+1
Nn/DQeXp<dD2> s +

=0(1),

Hence,

which concludes the proof. We now prove (2.2.58). By Corollary 2.2.1 we have that tpyix(1/4) << n.
The remainder of the proof is analogous to that of (2.2.57) and hence omitted. O

With this, it is easy to deduce that any point (distinct from the starting point) can be avoided
with positive probability up to a time slightly smaller than the volume.

Proposition 2.2.8. There exists a constant 5 > 0 such that for ¢ = ¢(n) <« n and uniformly
over x,y distinct points of I', we have

P.(T, > t) > B+ o(1). (2.2.61)

Proof. This can be proved using [TT20, Theorem 1.8], but we give a simple, self-contained
argument. We argue by contradiction and assume (without loss of generality, perhaps taking
a subsequence if needed) that there exists «,y such that P, (T, <t) =1 —o(1). As the law of
T, starting from y is the same as the law of T}, starting from x by symmetry (see the proof of
[A1dR9, Proposition 2]), this implies, using the Markov property, that we also have

P, (T, < 2t) > P, (T, < )P, (T <t) =1—o0(1). (2.2.62)
By the same argument, for every integer m > 1,

P, (the walk returns to x at least m times before time 2mt) > P, (T} < 2t)™ =1 — o(1).

(2.2.63)
Since ¢ = t(n) = o(n), we also have 2mt = o(n) and hence we deduce that E,(L,(n)) > m(1—o(1))
and so is unbounded. This contradicts Proposition 2.2.7. O
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2.2.4 Exponential approximation of the hitting time

The aim of this subsection is to approximate the hitting time of a fixed set A of cardinality k > 1
(starting from stationarity) by an exponential random variable with mean E,T4. The key tool to
do this will be to consider the quasi-stationary distribution a4, for which the hitting distribution
is exactly exponential. Such an idea goes back to the work of Aldous and Brown [AB92].

If @ # A C T, we will denote by a@ = a4 its quasi-stationary distribution. This is a distribution
whose support is contained in B := A°, and is unique and of support B when P, [T, < T4] for all
a,b € B. In fact, it is in principle possible for the set A to disconnect I'\ A into several connected
components, in which case there are multiple quasi-stationary distribution. However, under our
diameter assumption (in fact, as soon as n > D? say), only one of these components may be
of macroscopic size as n — oo while k > 1 is fixed (for a fixed k, under our diameter condition,
for all sufficiently large n the rest of the components are of bounded sizes, where the bound on
their sizes depends only on k& and the degree). In such a case we therefore consider a4 to be
the quasi-stationary distribution associated with that component, and we do so without further
commenting on this case. We start with an elementary lemma to bound the error term in the
Aldous—Brown approximation.

Lemma 2.2.3. Uniformly over all sets A C T of fized size k > 1, we have
bl 22
EQTA ~n ’

where a = aq denotes the quasistationary distribution associated to A.

Proof. From (2.2.16), we have t.q < D?. Moreover, from Theorem 2.1.4, E,T4 > E T4. Finally,
from Proposition 2.2.5, E; T4 = n. This concludes the proof. O

(2.2.64)

The following lemma shows that the quantities E;T4 and E,T4 are very similar.
Lemma 2.2.4. Let k € N*, and A a finite subset of I' of cardinality k. Then
1
E Th =E, Ty <1 +0 <)> . 2.2.65
7 (2:265)
Proof. This follows immediately from the Aldous—Brown approximation (Theorem 2.1.4) and

Lemma 2.2.3.
O

We now observe that P (T4 > t) and P, (T4 > t) are also very similar.
Lemma 2.2.5. Let k € N* and A be a finite subset of I' of cardinality k. Then for every t € RT,

P, (T4 > t) = Py (Ta > t) (1 +0 <f(1n)>) : (2.2.66)

where the implicit constants do not depend on t, nor on A (among sets of same cardinality k).

Proof. This follows again immediately from the Aldous-Brown approximation (Theorem 2.1.4)
and Lemma 2.2.3.
O

Remark 2.2.7. The most precise approximation stated in [AB92] (as Equation (1) and Theorem
3) is the following. For every t € R,

Po (T4 > 1) (1 - ES;A) <Py (T4 > 1) < Po (Ta > 1) (1 — 7(A)). (2.2.67)
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Combining those two lemmas leads to an exponential approximation of P (T4 > ty), which
will later be useful to rewrite the moments of the uncovered set at time ¢, which we recall from
the introduction is given by, for s € R fixed,

t(s) = EﬂTo(log(n) + S)
Proposition 2.2.9. Let A be a finite subset of I' of cardinality £ > 1. Then

P (Ta > t)) = exp ( nLo ° (log(n) + )) (1+ 0(1)), (2.2.68)

E Tx
where the o(1) is uniform over all the A of cardinality .

Proof. From Proposition 2.2.5,
Pr (Ta > tg)) =Po (Ta > ) (1+ 0(1)). (2.2.69)

Now, by the definition of quasi-stationarity and Proposition 2.2.4,

P, (Ta > t) = exp (— ]Et<ST>A> — exp ( 5 TA (1 +0 ﬁ))) (2.2.70)

Noting that IEE:;A = O(1) and recalling that ty), = E.T;(log(n) + s), this leads to

E.T, log
T = - 1 2.71
Pa( A>t<s>) exp< IE7rTA(Og +O<f )) (2.2.71)
As f(n) >> logn, this concludes the proof. O

Since exponential functions are approximately linear for small times, we obtain a relation
between P, (T4 > t) and E;T4 for not too large values of ¢.

Proposition 2.2.10. Let k € N*, let A be a finite subset of vertices of cardinality k, and t <& n.

o 2= gz (0 (i) 0 (3): -

Moreover, the O(-) are uniform over such A and ¢.

Proof. Let t > 0. From Lemma 2.2.5, which is true uniformly for all ¢ > 0,

P, (T4 > 1) = exp (-@) (1 10 (f(ln)» .

Suppose that t <« n, so that t/E,(T4) = o(1). Then by Taylor expansion of the exponential,

Pr(Ta >t) = <1 - ]Ea(tTA) +0 (]Ea(tTA)>2> (1 - O<f(1n))>

- Ea(tTA) o (Ea(tTA)>2 o (f(1”)> .

Hence, recalling that E,(T4) < n, we get

Po(Ta < t) = ]Ea(tTA) (1 10 (2) +0 (zﬁf?@)) . (2.2.73)
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The following corollary will be particularly useful in what follows.

Corollary 2.2.4. Uniformly over A C T of size k and t << n, we have

ET{'TO ]P7r (TA < t) n t
= 140 —— o(—-1]-. 2.2.74
E,Tqa P (T, <t + tf(n) + n ( )
Remark 2.2.8. The ratio ¢4 := ]E:;Z will play a crucial role in our analysis. In what follows we

will want to apply Corollary 2.2.4 with ¢t = D?\/f(n) = n/+/f(n). Hence for this choice of ¢ we

obtain:
ETI'TO - ]Pﬂ- (TA S t) 1
E.Ta P, (T, <1 (”O( f(n)>> : (2.2.75)

As we will see, this approximation is very useful, as the hitting probabilities P (T4 < t) are
easier to estimate than the expectations E,T4. This approximation is particularly good when
n 3> D%*(logn)?, i.e. f(n)>> (logn)?, as in this case error term will be small:

E.T, P (Ta<t) 1
e - Az <1 +o (k)gn)). (2.2.76)

As we will soon see (see (2.3.7)), an error term of o(1/logn) is indeed sufficient for our purpose.
However, when we merely have f(n) >> logn, this approximation is not precise enough anymore,
and more arguments will be required. We will show two related but distinct ways to deal with this
difficulty in the general case. The first approach will be to work directly with the expectations
E.T4, and through a bootstrap argument. It is technical but rather elementary. This will be
done in Section 2.3.7. The second will be to improve on the results of Aldous and Brown [AB92],
so that the approximation (2.2.76) still holds, even when we merely have f(n) >> logn. This
simplifies some aspects of the proof (essentially, the base case of bootstrap argument is simpler,
although the bootstrap itself remains needed). This second approach will be carried out in Section
2.5.

2.3 Convergence of the uncovered set

We now start the proof of the main result of this paper, and so recall our standing assumptions
where we fix s € R, and assume that f(n) >> logn. We also recall that Z = Z; denotes the size
of the uncovered set at time #(,, and we want to prove that for any fixed k > 1,

Er [Z%F] — e7F, (2.3.1)

as n — 00, where we recall that 2¥* = 2(2 — 1)+ (2 — k + 1). Indeed, once the convergence
(2.3.1) is known, a standard application of the method of moments shows that Z, converges in
distribution to a Poisson random variable with parameter e~?: that is,

e—k‘s
P(Zs = k) = exp(—e ") —— (2.3.2)
Consequently,
P(Teoy < tsy) = P(Zs = 0) — exp(—e™*),
as desired.
Our first task will be to rewrite these factorial moments in terms of the ratio
E.T,
= 2.3.
“=g 1, (2.3.3)

mentioned in the previous section, and which will play a crucial role in all that follows.

40



2.3.1 Strategy

We recall that t) = E.T,(log(n) +s). As Z =3 p 11,54, , We can see that

)

ASE YN VIS (2.3.4)
AcA

where A denotes the set of all (ordered) k-tuples of pairwise distinct elements of I'. Note that A
depends on k£ but we do not indicate this in the notation for ease of readability, and since k > 2
is completely fixed throughout the proof. (We made here another small abuse of notation, where
we identify the sets A € A with a subset of I".)

We can hence rewrite the expectation as

Er 2] = Pr (Ta > ty) - (2.3.5)
AcA

Now, let us consider the quantity g4 defined in (2.3.3) for A € A. Applying Proposition 2.2.9, we
get the approximation

E, [Zi’k] (1+0(1)) = Z exp (—M(log(n) + s)) = Z n~ 94145, (2.3.6)

E.T
AcA T A AcA

Let us first give some intuition on the rest of the proof. Our aim will be to get a good
approximation of g4. If all the points of A are “far away” from each other, then we expect that
hitting A occurs on average k times faster as hitting a single point. This suggests that ¢4 is
approximately equal to k.

Suppose for a moment that we were given the following uniform bound: for all A € A,

) . (2.3.7)

Then
n~9 =n7k(1 4 o(1))

and since |A| = n*(1 + o(1)), we would immediately get

Ex [ZH] = (1+0(1) Y n7%e %% = (14 o(1))nFnFe™ = (1 4 o(1))e*, (2.3.8)
AcA

which is exactly what we want. Therefore, for the proof of the main theorem it would suffice to
prove (2.3.7). Of course, such an approximation is wrong if some of the points of A are too close
to one another. The rest of the proof will develop arguments to show that the sets A for which
(2.3.7) fails are not too numerous (and of course we will also need to control g4 in those cases).
For now, it suffices to point out that as soon as (2.3.7) holds, we do not need to study further
the properties of A.

Remark 2.3.1. Note that for £k = 1, ga = 1 for every singleton A C I', which proves that

E.Z —— e 5. In what follows we will therefore assume that k& > 2.
n— oo

Initially it is not clear whether one needs to worry about the whole spectrum of possibilities
for the mutual distances between points of A or if a cruder bound on the minimum distance
between points of A is sufficient to distinguish between the good and the bad cases. As it turns
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out, we are rather lucky that this cruder strategy is sufficient. We will therefore introduce the
following quantity:
mindist(4) ;== min  d(z,y). (2.3.9)
z,YE€A, xF#y

It will also be convenient to introduce for 1 < ¢ < D the notation:

As ={A € A: mindist(A4) < ¢}, (2.3.10)
as well as the partial sums:
S(6) =Y n e, (2.3.11)
AeAs

With these notations, our aim is to show that
S(D) — e,

We record here a simple argument to say that if we assume (2.3.7) for a class of sets A with
mindist(A) <« D and that the remaining contribution is negligible, then we have the desired
conclusion. Although intuitively clear, this argument will appear several times in the next
subsections, so we prefer to state it here once and for all.

Lemma 2.3.1. Fiz a sequence 6 = §(n) such that 1 < § <« D. Suppose that
S(6) = o(1) (2.3.12)
and that (2.3.7) is fulfilled uniformly for all A ¢ As. Then
E. [Z"] = e % (1 + 0(1)). (2.3.13)
Proof. Let V(r) denote the volume of a ball of radius r. Observe that for r > 1,

3r
V(r) < 5n (2.3.14)

because we can fit | D/(2r+1)] disjoint balls of radius r in I". Consequently, since § = o(n), it
follows that V(§) = o(n) and therefore

| As| = o(n"). (2.3.15)

We therefore have

S(D) = S(8) + Z n~ 4148
Ac A\ As
=o(1) +n*(1 —o(1))n *e (1 + 0(1))
=e (1 +o0(1)),
and (2.3.6) allows to conclude. O

We also remark that we always trivially have
qa < k+o(1), (2.3.16)

by using (2.2.75) and a union bound P, (T4 < t*) < kP, (T, < t*) on the numerator. Such an
upper bound is useful since g4 appears not only in the term n~94 but also in the term e~%4%,
while s € R can be negative.
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2.3.2 Organisation of the section
The rest of the section is organised as follows.

e In Section 2.3.3 we simplify a set A into a modified set in which points are sufficiently far
away from each other, controlled by a threshold § which we can choose arbitrarily. We
call this the d-skeleton of the set A. We then derive estimates for the probabilities to
hit the skeleton within a suitably chosen timescale (and thus on g4) which will be useful
throughout.

o In Section 2.3.4 we show that if mindist(4) < (logn)'/? (the “microscopic case”) then
ga > k—1+p' for some ' > 0. Such a bound is sufficient to neglect the overall contribution
of such sets to (2.3.6).

o In Section 2.3.5, we make the strong assumption that n > D® (roughly speaking, I is at least
five-dimensional, so that we are in the “high-dimensional case”). In that case, we complement
the results of the previous section by sharper estimates on g4 when mindist(A4) > (log n)l/ 2,
and show directly that (2.3.7) holds. This concludes the proof of the main theorem in the
high-dimensional case.

o In Section 2.3.6, we suppose (logn)? <« f(n) and D5 < n. This is the “intermediate
regime” where I' is no more than five-dimensional but we assume slightly more than the
optimal condition f(n) > logn. In that case, we introduce an intermediary scale, the
“mesoscopic scale”, where (logn)'/? < mindist(A) < D'/2, and show in Proposition 2.3.7
that g4 > k + o(1) and therefore the overall contribution to (2.3.6) of mesoscopic sets is
negligible. The remaining (macroscopic) scales are handled in Proposition 2.3.8.

o Finally, we handle the most delicate case where f(n) is only assumed to be >> logn in
Sections 2.3.7 and 2.3.8. This is done using an elaborate bootstrap argument which will be
detailed later.

2.3.3 Skeleton of a set

We will need to group the points of A € Ay into subsets of points which are close to one another.
Let us define an equivalence relation which will allow us to realize such partitions in a convenient
way.

Definition 2.3.1. Let A CT'and 1 < § < D. We say that two points z,y € A are (A4, §)-linked
if there exist an integer r > 2 and a sequence x = 1, ..., 2z, = y of points in A such that for all
1<i<r—1,d(z;zi1) < 0. We will write A under the form

A=A U..UA,, (2.3.17)

where the A; are the (A,d)-connected components of A, and ¢s(A) is the number of such
components.

Remark 2.3.2. It is worth noting that some points can be closer to points in different connected
components than to some points in their own components. For example on Z, take 6 = 2 and
A =1{0,2,4,7}. The partition is then {{0,2,4},{7}}, though 4 is closer to 7 than to 0.

Let A € As. Then, since at least two points of A are in the same component (we assume
without loss of generality that |A;] > 2), we have ¢5(4) < k — 1. Let now t* = t*(n) be (a
sequence of times) such that D? << t* <& n. From Corollary 2.2.4 we have in particular

P (Ta < t%)

4= T, <) (1+40(1)), (2.3.18)
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where the o(1) is explicit and is of the form O(n/(t* f(n))) + O(t*/n).
Let v be the set of points visited by a random walk starting from the uniform distribution
7w and run for some time ¢*, which is independent of our underlying walk. With this notation

and Fubini’s theorem we can rewrite Pr (T, <t*) =P(o € v) and P (T4 < t*) =P(AN~y # @) =

P(Ufi(lA) {A; N~ # @}). It is then natural to define and study, for 1 < i < ¢5(A), the events

What we want to show is that as the sets A; are quite far from one another, the event E; are
essentially independent.

Proposition 2.3.2. With the same notations as above, we have

P(E; N E,)
— ) < Py (T, < t*). 2.3.20
B, (T, <t ~ D% (T, <t7) ( )

d(w,y)=5
Proof. First observe that for all x,y € T, if T, is the hitting of x by -, then
P{z,y} Cv, T, <Ty) =Pz e V)P(T, < T, < t* | T < t¥)
< P(x € v)P, (T, < t)

by the Markov property. On the other hand, P,(T, < t*) = P, (T, < t*) by symmetry, so
altogether,
P({z,y} Cv) < 2P(0 € 7)Po (T, < 1t¥).

Therefore,
PENE) =P | oy} ca (2.3.21)
.’EGAi,yEAj
< 1A 14, max P({z,y} C 7) (2:3.22)
z,yel’
d(x,y)>6
< 2K*P(o € 7) max P, (T, <t7). (2.3.23)
x,yec
dom)
The proof is concluded by noting that max , yer Po(T, < t*) = max 5 yer Po(Ty < t*). O
d(z,y)>8 d(z,y)=5

Let us conclude this subsection with a useful lower bound on 4.

Proposition 2.3.3.

Ls(A)
P(E;) t*
— _ ) s P, (T, < t* 2. 2.3.24
a4 ; BT, <) ~ | s Pa(ly <)+ 5mes + 3 (2.3.24)

d(z,y)=48

In particular, if § < mindist(A) and D?logn << t* <« n/logn we have

ga —k 2 — max P, (T, <t*)+0(
z,yel’
d(xz,y)=46

) . (2.3.25)

logn
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Proof. From the Bonferroni inequality, we have

£5(A) £5(A)
Po(Ta<t)=P| |JE|=D> PE)- >  PENE)). (2.3.26)
i=1 i=1 1<i<j<ls(A)
Dividing on both sides by P, (T, < t*), we obtain
L5(A)
P.(Ty < t* P(E; P(E;NE;
PrTa<t') > _P(E) - > PENE;) (2.3.27)
Pr(To <t*) = Pr(T, <t¥) £ P, (T, < t¥)
1= 1<i<j<Ls(A)
The result then follows from Corollary 2.2.4 and Proposition 2.3.2. O

2.3.4 Microscopic scale

The aim of this subsection is to show that the contribution of the A € A which have two very
close points is negligible. More precisely, we set dmicro = (log n)l/ 2 and we want to show that

S(Omicro) = 0(1). (2.3.28)

This will be proved in Proposition 2.3.5. First, we combine Proposition 2.3.3 with Corollary 2.2.3
and Proposition 2.2.8 to get a lower bound on g4.

Proposition 2.3.4. There exists 5’ > 0 independent of n such that for all n sufficiently large,
we have, uniformly over all A € A;

qa >l os(A) + 5. (2.3.29)

Proof. To lighten notations, we will write ¢ for dmicro in this proof. Let t* = ¢*(n) such that
D? «< t* <« min(n, D®). Applying the lower bound on g4 proven in Proposition 2.3.3, together
with Corollary 2.2.3, we have,

£5(A)

qa — ; E% > o(1). (2.3.30)

Let z,y be distinct points of A; such that d(z,y) < ¢ and E{ be the event {x € v} U {y € v}.
Then we have by symmetry,

P(E}) =P(z €7) +P(y € 7) = P({z,y} C )
= 2P(0 € ) — P (T, < t*, T, < t*) (2.3.31)

Now observe that

Po(Ty < 5, T, < t*) < Pr(Tiayy < t°)(1— )
= P(E})(1 - B) (2.3.32)

where 3 is the constant appearing in Proposition 2.2.8, Ty, .y is the hitting time of the set {z,y}
and we have used the strong Markov property at this time (together with Proposition 2.2.8).
Combining (2.3.31) and (2.3.32) together we get

P(E})(2 - B) > 2P(0 € v),
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so that
2

P(Ey) > B(B}) > 5= Pa(T, <#°).

Therefore we have proved that

P(E;) 2

P 2T 5 (2.3.33)

For the ¢5(A) — 1 other E;’s, a very crude bound is sufficient. As the sets A; are non-empty, we
have

P(E;)
2.3.34
P.(T, <t*) = ( )
and we finally get, putting everything together,
2
qa > T 5 + (bs(A) — 1) +o(1) = £5(A) + 8"+ o(1). (2.3.35)
for some 3’ > 0 independent of n. O
We are now able to conclude this subsection with the aforementioned result.
Proposition 2.3.5.
S (Omicro) = 0o(1). (2.3.36)

Proof. Let 1 < /¢ < k. As points in the same component are at distance at most kdpjcro from one
another, the number of sets A € As with ¢ connected components is

micro

N(6) := [{A € As,,.... : ls(A) = €} S0V (kbumicro)" < 1’ ((d + 1)k5,mcm)k : (2.3.37)

AS Omicro = 0(logn), we deduce that
N(£) S n(d+ 1)+ Omiero — o), (2.3.38)

Combining this with Proposition 2.3.4 gives finally (recalling from (2.3.16) that 1 < g4 < k+o0(1))

E

—1
S (Bmicro) < D N(On~FFetrlsl <=8 = o(1), (2.3.39)
1

~
Il

which concludes the proof. O

2.3.5 Convergence in the high-dimensional case

In this subsection, we treat the case n > D® where the diameter is very small compared to the
volume. As the growth is faster, the walk is “more transient”, and we can use cruder bounds to
conclude quickly. The point of including this calculation is that it is quick and illustrates the
ideas developed so far usefully, while preparing the ground for the more sophisticated arguments
below. Getting the high-dimensional case out of the way from the start is also useful to simplify
some arguments later on.

We will show that if mindist(A) > dmicro, then (2.3.7) is satisfied under the high-dimensional
assumption n > D?.
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Proposition 2.3.6. Assume that n > D5. Then we have
E. [ZF] — e7Fs. (2.3.40)
Proof. Let t* = D?*(logn)*!. Then, from Proposition 2.2.6, (b), and as D > logn, we have

uniformly over all z,y € I' such that d(z,y) > dmicro = (logn)'/?,
1 t* 1
P.(T, S —+ — = . 2.3.41

Combining this with Proposition 2.3.3, and noting that D?logn < t* << n/logn, we have,
uniformly over all A € A\ As

micro?

1
ga > k+o <1ogn> . (2.3.42)

Then, since from Proposition 2.3.5 we know that S(dmicro) = 0(1) the result follows from
Proposition 2.3.1. O

2.3.6 Convergence in the case of moderate polynomial growth
In this section, we consider the case
D?(logn)? << n < D°. (2.3.43)

This time, Condition (2.3.7) does not necessarily hold over all A such that mindist(A4) > Omicro,
and we need to consider another scale, which we call mesoscopic. To this purpose we set

Smeso := D2, (2.3.44)

We will prove that Condition (2.3.7) is satisfied if mindist(A) > dmeso, but first we need to reach
this scale and prove that S(dmeso) = 0(1). This will be our first task. In fact, this estimate will
also be needed to start the bootstrap argument in Section 2.3.8 for the proof of Theorem 2.1.1
in its full generality. Therefore we state it under the condition D?logn << n < n®, so it can be
used there as well.

Proposition 2.3.7. Assume that D?logn << n < D°. Then
S(0meso) = 0o(1). (2.3.45)

Proof. We already know from Proposition 2.3.5 that S(dmicro) = 0(1). Therefore, we only have
to study the contribution of the sets A such that dmicro < mindist(A) < dpeso. We know from
Proposition 2.3.3 (see in particular (2.3.25)), Corollary 2.2.3, and (2.3.16), that for such sets we
have g4 = k + o(1). Moreover, from the volume bound V (r) < 32n (see (2.3.14)), and as n < D?,

D
V(0meso) S Hi7z < n%/10, (2.3.46)
Setting
Ameso = {A € A dicro < mindist(A4) < dmeso} (2.3.47)
we have
| Ameso] < 1F 71V (Omeso) S nF1/10, (2.3.48)
and we finally deduce that
ST eI S Aol TOW) < /1000 — (1), (2.3.49)
A€ Ameso
Since S(dmicro) = 0(1), this concludes the proof of Proposition 2.3.7. O
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Proposition 2.3.8. Assume that D?(logn)? << n < D5. Then we have
E, [Z"F] — e7Fe. (2.3.50)

Proof. Let t* = min <D2\/f(n),D2(log n)l'l), so that D?logn < t* <& n/logn. Then, from

Proposition 2.2.6, (a), we have uniformly over all z,y € T such that d(z,y) > dmeso = D2,
recalling that D > n'/5 and f(n) >> (logn)?,

1 logD t* t* 1
P, (T, <t*) < —+ — = — . 2.3.51
(T, )5 Omeso + f(n) + n + D3~ ° (logn> ( )

Combining this with Proposition 2.3.3 (once again specifically (2.3.25)), and noting that D? logn <&
t* << n/logn, we have, uniformly over all A € A\ A;

meso )

qa>k+o < ) . (2.3.52)

logn
Furthermore, from Proposition 2.3.7 we know that S(dmeso) = 0(1). The result thus follows from

Proposition 2.3.1. O

2.3.7 Bootstrap argument

The basis of the bootstrap argument is the following estimate. We first postpone its proof and
explain how this implies the desired estimate. Recall that dpeso = D/2.

Proposition 2.3.9. There exists a constant K such that for all dpeso < 6 < D/2 and A € A
such that ¢ < mindist(A), we have

Moreover, the constant K depends only on k and the degree bound d.

Remark 2.3.3. In reality this proposition will only be used with 6 = o(D), so the restriction
d < D/2 is not important.

Proof. We postpone the proof until Section 2.3.8. O

We now explain how Proposition 2.3.9 implies the desired estimate. Recall that

Ex [Z%] (14 0(1)) = Y n e 94* = S(D), (2.3.53)
AcA

and recall that by (2.3.16) g4 < k+ o(1), uniformly over all A € A, and by (2.3.52) g4 > k+o(1),
uniformly over all A € A, such that mindist(A) > D'/2. (The upper bound comes from , and see
e.g. (2.3.52) for the lower bound). As s € R is fixed, it follows that e=94% < e(k+DIsl = O(1), so
the only term we have to study is n~94. Let us also write

b(n) := f(n)/logn, (2.3.54)

which tends to infinity by the hypothesis n/(D?logn) >> 1.
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Lemma 2.3.2. For all dpeso < 6 < 8 < D/2, we have (with K the constant from Proposition

2.3.9),
: K/b(n)
S(8") — () < % (?) : (2.3.55)

where the implicit constant depends only on k, s.
Proof. From Proposition 2.3.9, we have for A € Az \ Ay,
n=94 < p~kpKlos(D/8)/f(n) — n—k(D/(S)K(lOg")/f(n) - n—k(D/(g)K/b(n)_ (2.3.56)

Moreover, from the volume bound V (r) < %n for r > 1,

As\As| < |As| < g V(6 )t < Y30kt = (R 30 (2.3.57)
2 2) D 2) D

For ¢ sufficiently large, since e=%4% < e+ Dlsl (since g4 = k + o(1)), we finally obtain
k 5/ D K/b(n)
N —ga —qas (k+1)]s] o (P
S()=8(0)= > et < (3e (2)> 5 <5> , (2.3.58)
AG.A(;/\.As
as desired. O

Lemma 2.3.2 allows us to increase the value of § iteratively in such a way that the contribution
to (2.3.6) is negligible (except for macroscopic scales). More precisely, set

loglogn J
J=Jn):=|d—F—— -1}, 2.3.59
= |y (2:3.59)
In particular, we have
loglogn loglogn
— = 2 J<4———"— — 2.3.60
log(v(n) log (b(n)) (2360
Furthermore, we define a sequence of scales (9;)1<;<.(n) by setting for all 1 < j < J(n),
o logn \ —1/b(n)/*
d; == Dexp (— b(n)j/4> =Dn . (2.3.61)

Note that d1 > dmeso, and that from (2.3.60), we have

b(n)7/4 > b(n)(lolosn)/ los(b(n)—1/2 _ 10871
B Vb(n)
SO
6y > Dn~ViW/leen — pe=vb(n), (2.3.62)

Plugging this into the estimate from Proposition 2.3.9, we see that ¢4 = k+ error, where the
error (if mindist(A) > d;) is at most

log(D/d;)  K+/b(n) _ K (1
K f(n) = f(n)  (logn)y/b(n) (10gn)' (2:3.63)

We already know that such an estimate suffices to imply the desired result (see (2.3.7)). Therefore,
it will suffice for our purposes to prove the following proposition:
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Proposition 2.3.10. We have S(d;) = o(1).

Proof. We already know from Proposition 2.3.7 that S(dmeso) tends to zero. Furthermore, using
Lemma 2.3.2, we see that we also have S(d1) — dmeso — 0.
Now observe that for 1 < j < J — 1, from Lemma 2.3.2 and some elementary computations,

S(8j11) — S(6;) <n™°?, (2.3.64)

where as before the implicit constant is uniform on j, depending only on k&, s, d, and

b= 1 K
Cob(n) b(n)itt
Hence, for n large enough (which we assume in the following), we have ¢ > W. Then,
J—1 J—1 G
S(87) = o(1) + D_(S(841) = 5(6;)) S o(1) + Y- n~H/ V), (2.3.65)
j=1 j=1
Note that from 2.3.60, we have
b(n)?/* < (logn)/b(n)*/*. (2.3.66)
Making the change of variables ¢ = J — j, we therefore have
- J—-1 v J-1
Z —1/(2b(n) GHD/Y) _ Zn—l/(zb(n)”““*”/“) <3 et )2 Zu (2.3.67)
=1 i=1 i=1

with u; := exp(—b(n)¥/*/2). Note also that for n sufficiently large, we have for all 1 <i < .J — 1
that
Bkl <9 /e. (2.3.68)
U;
The sum Z‘](") Y, being subgeometric, it is of the same order of magnitude as its first term,
u1, which tends to 0 since b(n) — oco. This concludes the proof of Proposition 2.3.10. O

2.3.8 Proof of Proposition 2.3.9

Let dmeso < 0 < D/2 and A € A such that § < mindist(A). To estimate g4 we start from the
definition of g4 as

Er(To)

Er(Ta)

We will rely on the following well-known identity relating the expected hitting time of a vertex
to the “fundamental matrix” of the chain. For this it is useful to introduce the discrete time
lazy random walk (Xt#7t =0,1,...) on I', which is the Markov chain with transition matrix
K = (I 4+ P)/2 where P is the transition matrix of simple random walk on I'. We note that if
T# and Tf denote its hitting times of 0 and A respectively, then by conditioning on the jump
chain we easily get

qa =

Er(T,) = (1/2)E«(T#) and Er(T4) = (1/2)E.(TF),

o

so that g4 = E(T7) /E,T(Tf). These expected hitting times can then be evaluated through the
following identity (see [LP17, Proposition 10.26] and [AF, Lemma 2.11]).
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Lemma 2.3.3. Let X be a discrete-time irreducible and aperiodic Markov chain on a finite state
space S with invariant distribution m = (7;);es. For j € S, let T; denote the hitting time of j by
X and let py(x,y) denote its m-step transition probabilities. Then

o0

D Ipms §) = 7).

m=0

1

m(j)

While this is stated for the hitting time of a single state, we can also use this lemma to
compute E; (Tf). One should however be a little careful. Indeed, as highlighted in [AF] (see
Section 2.3.3) one cannot naively hope that the last formula holds with replacing p,,(j,j) by
P.,[Xm € 4] in Lemma 2.3.3, where 74 denotes the uniform distribution on A. Instead, we
will apply this lemma to the lazy random walk on the following weighted collapsed graph
I"4 defined as follows. The vertices of I" 4 are obtained by replacing all the vertices in A by a
single vertex, which we denote (with a small abuse of notation) by A. The edges of I'4 are those
induced by the edges of T' and this wiring. Note that 'y may be a multigraph (there can be
several edges between A and a vertex z if « had several neighbours in A in the original graph T)
and may contain loops if A contained adjacent vertices in the original graph I". To the edges of
this (multi)graph I'y we associate weights w as follows: let e be an edge of I" 4. Then

Er(T) =

o if at least one endpoint of e is distinct from A we set w(e) =1

« if instead e is a loop from A to A then we set w(e) = 2.

Let p7 (x,y) denote the m-step transition probabilities of the random walk in discrete time
(X#,m=0,1,...) on this graph, with laziness parameter 1/2 at each vertex (including at A). In
other words, this is the m-step transition probability of the Markov chain X# whose transition
matrix is by definition K = (I + P)/2, where P(z,y) = n(z,y)w(z,y)/ Y, n(z, z)w(z, z), and
n(x,y) is the number of edges in the multigraph I'4 that lead from z to y. An elementary
computation shows that the Markov chain X# is reversible w.r.t. the distribution 7 given by
7(x) =1/n for x € T4 with x # A, and 7(A) = k/n. In particular, 7 is the invariant distribution
of X#. In other words, @ = 7, with a small abuse of notation (this is one of the reasons for giving
weight 2 to edges internal to A).

Note that until hitting A, the Markov chain X# on I'4 coincides with the original lazy random
walk X# on T, so that E (Tf) =E, (TX&), where Tj is the hitting time of (the vertex) A by X#.

Therefore, by Lemma 2.3.3,

EA(T) =~ 2 [7A (A, 4) ~ n(4)]
m=0

Since w(A)/m(0) = k, we can rewrite g4 under the discrete form

o0

> vt (0,0) = 7(0)]
qa = k=" (2.3.69)
> (A A) = m(A)]
m=0

and in order to prove Proposition 2.3.9 it suffices to show that

NE

[pf (0, 0) = (0)]
0 >1-— Cbi((?l{‘” (2.3.70)
[ (A, A) — m(A)]

(83
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for some constant C' depending only on k, s, d.
We start with the numerator, and observe that since the chain X# is lazy (hence all its
eigenvalues are nonnegative), p7. (0,0) > (o) for all m, therefore:

00 §2 52
S ph(0,0) = 7(0)] = (0,0 — =1 > | Y s (0,0) | —
m=0 m=0 " m=0 f(n)

where in the last inequality we used 62 < D? = n/f(n). The bulk of the proof of (2.3.70) is
therefore to give an upper bound to the denominator. We divide the proof into the following two
steps.

Lemma 2.3.4. We have, uniformly over sets A of size k such that mindist(A4) > § > dmeso,

52 52
D (A A) < ph(0,0)+ 01/ f(n)).
m=0 m=0

Lemma 2.3.5. We have, uniformly over sets A of size k such that mindist(A) > 6 > dmeso,

2D?
- log(D/4)

Before proving these lemmas, we first explain how they imply (2.3.70). By Corollary 3.27 in
[AF] we observe that the spectral gap of the collapsed chain is greater than that of the original
chain and therefore (as already remarked in (2.2.16)) the relaxation time of the lazy version of
the collapsed chain is at most 2dD?. From Lemma 2.3.5 and the Poincaré inequality it therefore
follows that -

S [ (A, A) — 7(A) < 08P/ (23.71)
2 7(n)
Indeed the Poincaré inequality (for the collapsed chain) implies that the summand decays
geometrically fast for ¢ > D? since the relaxation time is < D?. Hence the integral from D? to
infinity is bounded by a geometric sum which is itself bounded by its first term up to a constant.
This first term is at most the right hand side of Lemma 2.3.5.
Let us explain this argument in more detail. First recall that by spectral decomposition (since

K is reversible, see for instance [LP17, Lemma 12.2]) for every m = 0,1,... and
..,# n
P L, Y m
Pt 0) g S f @) ) (2372)
7(y) =
where 0 < A, < ... < Ay < A1 =1 are the eigenvalues of K (which are nonnegative since the

chain is lazy) and f1, ..., f,, are the associated eigenfunctions. We immediately deduce, that for
all t > 0 and a vertex z,

i n i i —
thrS(l‘,J}) 2\t+s Dy (.13,33) s D (.’L‘,Ji) —s/t
s = : s o (BT ) s < (20T rel
7}(1’) Zf] (-r) A] -~ ﬁ'(l') Az >~ ’ﬁ'(x) € 9
Jj=2
where fre1 = 1/(1 — A2). In other words,
s(w,2) = 7 (2) < /" (5 (@, @) — 7 (x)). (2.3.73)
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We can sum this inequality over intervals of length roughly tre1 to deduce that the sum from mit.e
to (m + 1)t of ﬁfé (z,2) — 7(x) decays exponentially in m. That is, taking x = A,

00 0o (m4+1)D?—1
> 17 (4, 4) - 7(4) Z Y A A) -7 (A)
t=D?2 = t=mD?2

o 2D?

S Z Z —(m— I)D /trel[ (A A) (A)]
m=1 \t=D2
2D?

< )T (A A) - 7(A)),

t=D2

where in the last line we used that 2D2/trel > 1/d, as it is easy to check that trel < 2t < 2dD?
(the inequality trel < 2ty follows easily from comparing the Dirichlet forms associated to K and
the original matrix K, see, e.g., Corollary 4.1 in [Ber16], or [LP17, Lemma 13.7]).

Therefore, Lemmas 2.3.4 and 2.3.5 together imply (2.3.70).

It remains to prove Lemmas 2.3.4 and 2.3.5.

Proof of Lemma 2.3.4. A key idea for this lemma will be a probabilistic construction of X# in
terms of excursions away from o of the original lazy walk X# on the vertex-transitive graph I'.
We explain this construction first. Let (e;,7 > 1) be a sequence of i.i.d. ezcursions of the walk
X# (on T') from o to o: that is, each e; is a lazy random walk on I starting at o, and killed upon
returning to o for the first time (let ¢; be this time). Consider also an independent and i.i.d.
sequence (a;);>1 such that a; is uniformly distributed on A for each ¢. Roughly speaking, we will
use a; to translate the excursion e;: that is, for a vertex v of I', fix ¢, a graph isomorphism such
that ¢,(0) = v. We then set

éi = ¢ai (ei)7
which defines an independent sequence of excursions based at a; (instead of o) respectively. The
idea is then to concatenate the excursions é; to form the Markov chain X# on the collapsed
graph I' 4. However, we need to pay attention to the fact that during the excursion ¢; it is also
possible to hit A through a different point than merely a;. Let us define

5= inf{t: 1,2,...:8(t) € A\{ai}}

with the usual convention that inf @ = co. To obtain the Markov chain X# on I'4, we simply
concatenate the truncated excursions 7; := (€;(¢),0 <t < {; A1; — 1). We leave it to the reader
to check by the Markov property the following claim:

Claim: the concatenation of (1;);> is a realisation of (X[, =0,1,...) on T'4.

When the stopping time 7; is infinite, this corresponds to the chain X# returning to A in a
way which we think of as “simple”, corresponding to an excursion from a point a; € A to itself,
when the walk is seen in I'; as we will see below the expected number of returns to A in this
fashion will be simply controlled by the heat kernel pfﬁ (0,0) on the base graph, for which we have
good estimates. We will therefore be especially interested in controlling returns to A that occur
in the opposite case when 7; < (;, i.e., when the excursion seen in I" corresponds to a path from a
point a; € A to a distinct point b; € A. We will refer to such an event as a thread transition
(from A to A).
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Let 7 denote the first time that there is such a thread transition. The main argument will be
to show that

P (7 < 6%) = O(1/ f(n)). (2.3.74)

Let us first explain why (2.3.74) implies the conclusion of the lemma. Let Eﬁ(m)) = Z;i_ol 1{X Z# =
A} and L#(m)) = Y2  1{X7 = 0}. We observe that

Ea(L% (7 A 6%)) = Eo(L¥ (1 A 6%)) < Eo(L¥(52)), (2.3.75)

since before 7 the only returns to A by X# correspond to the lifetimes ¢; of the excursions é;
or, equivalently, of e;. When we concatenate the excursions e; we get a random walk X# on
the original graph I', and so these returns correspond to X # hitting 0. Therefore, applying the
strong Markov property of X# at time 7, we get
Ea(L}(8%) = Ea(L4(r 7 6%) + Ea (L4 (8%) — L (7 7 6%))

< Eo(LF (6%) + P(r < 6°)Ea(L7 (5))

< Bo(LF(6%) + O(1/ f(n))Ea(L%(6%))
where the second inequality follows by (2.3.74), and the first by averaging over T and noting that

Eﬁ() is non-decreasing. Therefore, putting the last term on the right hand side in the left hand
side, we obtain

EA(L%(6%) < (1+O(1/f(n)Eo(L¥ (8%)) = Eo(L¥(5%)) + O(1/f(n)),
recalling that E,(L#(62)) = O(1), using continuous time estimates (see, e.g., Proposition 2.2.7)

and using basic properties of Poisson processes. This is the required bound for Lemma 2.3.4.

It remains to prove (2.3.74). For this we will again use the construction above in terms of
excursions and use the following crude bound.

Consider the finite set
B:= | ¢, (A\ {a}). (2.3.76)
a€A

In words, B represents “all the ways to see the rest of A, viewed from an arbitrary point in A”.
Note that B is a set of cardinality at most k(k — 1) < k2.

Note also that d(o,b) > § for all b € B (since mindist(A) > §). Furthermore, by Markov’s
inequality,

P(r < 6%) < Po(TE < 6%) < E, (L% (6%))
52
<> pioy).
yEB t=0

We bound the expected discrete local time by the expected continuous local time in order to
use our off-diagonal estimates on the heat kernel of Proposition 2.2.6. More precisely, note that
if N is a Poisson random variable with mean 1062 (corresponding to the number of jumps in
continuous time which occurred by time ¢ = 1052), then for some absolute constant ¢ > 0

a 1062
Z pih(0,y) < / pe(0,y)dt + 82°P(N < 26%)
— 0

< O(1/f(n)) +&” exp(—cs”),
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where for the first we used Proposition 2.2.6 and the fact that d(o,y) > §, and for the second
term, we used standard Chernoff bounds for Poisson random variables. Since & > dmeso > VD,
we clearly have that the second term is negligible compared to the first.

This concludes the proof of (2.3.74) and therefore also of Lemma 2.3.4. O

Proof of Lemma 2.3.5. We wish to argue as in Proposition 2.2.1, but we cannot directly apply
this result since the graph I'4 of the collapsed chain is not vertex-transitive. Nevertheless, it is
easy to see that the same bounds apply to this chain.

First observe that the conductance profile ¢ 4 of the collapsed chain is larger than that of the
original chain: that is, ¢(u) < ¢a(u).

Indeed, to every set S C I'4 corresponds naturally an uncollapsed set S of vertices in T (this
set S is nothing but S\ {{A}}U A), and since A is sparse (recall that mindist(A4) > 6,,es0), those
sets satisfy Q4(S,S¢) = Q(S,S5¢). Conversely, given any set S of vertices in I" such that S D A
or SNA =0 (ie., S does not contain just a portion of A) then we see that S corresponds to a
set S of vertices in I'4 such that Q4(S,5¢) = Q(S,5¢) and thus ®(S) = ®4(S5).

We deduce that for 1/n <u <1/2,

d(u) = inf {®(S) : 7(S) < u}
<inf{®(S):w(S)<uand [SDAor SNA=0g]|}
= 1nf{<I>A(§) m(8) < u}
=¢a(u)

Combining this inequality and (2.2.7), we see that Proposition 2.2.1 still applies here, even
without vertex-transitivity, and that only the constants differ (there is for instance an extra factor
kin (2.2.4), as w(A) = km(0)). This also holds in discrete-time, as noted in Remark 2.2.3.

Therefore, reasoning as in Corollary 2.2.1, we also have the following bounds: If f(n) < D,
then for every = € T4, for 1 < ¢ < f(n)2, p¥ (z,2) < t73/2, and for every f(n)? <t < D2,

1
tf(n)

As mentioned above, the only difference is that now the implicit constants depend also on k.
Using this, we immediately deduce (recalling that §2 > f(n)?) that

Py (z,2) <

(2.3.77)

D? D?
” 1 log(D/9)
t;z pr (A, A) < ;52 70 < O (2.3.78)

This completes the proof of Lemma 2.3.5 and thus also of (2.3.70). In turn, the proof of Theorem
2.1.1 is complete. O

2.4 Law of the uncovered set

The goal of this section is to show that the information on the law of the cover time can
be supplemented by a precise description of the law of the uncovered sets before the cover
time. From the results in Section 2.3 and in particular from (2.3.1), we know that at a time
tiy = ExTo(s +logn), the size of the uncovered set converges to a Poisson random variable with
parameter e~ °. We will then turn to describe the geometry of this uncovered set: roughly, we
aim to show that the uncovered points are approximately uniformly chosen from the vertex set of
the graph.
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There are two different ways to express this idea. The first one is to consider the fixed time
t(sy and condition on the size Z, = [U(t,))| = k of the uncovered set at this time, and show that
the law of the set U(f) itself is close (in the total variation sense) to a uniformly chosen set
of size k. This is carried out in Section 2.4.1. Another way is to consider the stopping time 7
which is the first time at which the size of uncovered set is equal to k (so 79 = 7cov), and prove
the same approximate uniformity. This is carried out in Section 2.4.2.

As we will see, a stronger form of convergence (namely, convergence in total variation) for the
cover time itself will follow relatively quickly from these results. This will be explained in Section
2.4.3.

2.4.1 Convergence to a product measure

In this subsection, we prove the first form of uniformity for the uncovered set mentioned above.
The statement is as follows. We recall that from the proof in Section 2.3, in all growth cases,

there exists §, = o(D) such that g4 > k —o (hén) uniformly over sets A of size k such that

mindist(A4) > 0.. (Indeed, d. can be taken to be dmicro in the high dimensional case, dmeso
in the intermediate regime, and dmacro i the most difficult regime, the low-dimensional case).
For convenience, let A, denote the subsets A C I' (i.e., A is a set of vertices of I') such that
mindist(A) > d..

Theorem 2.4.1. Let k > 1 and s € R. Uniformly over sets A € A, of size k,
k!
P(U(t<5>) =AlZ,=k)= ﬁ(l +o(1)). (2.4.1)

In particular, if Unify denotes the uniform law on subsets of size k, and if U (%, |k) denotes the
law of U(t,) conditionally given Z, = k, then

dTv(U(t<S> |k); Unif,) — 0
as n — oQ.

Remark 2.4.1. It is not hard to see (using the thinning property of Poisson random measures)
that an equivalent formulation of Theorem 2.4.1 is as follows: without any conditioning, the
law of U(t)) is close in the total variation sense to the law of the set obtained by tossing an
independent coin for each vertex, with probability of heads given by e™*/n. In other words, the
law of U(t,) is close to that of a product measure 1T where the product is over all vertices of
the graph, and the law u, is Bernoulli with parameter e=%/n. Thus,

dTV(U(t<S> )a M?F) - 07

where, as is standard, if X is a random variable and p a law, dTv (X, 1) denotes the total variation
between the law of X and pu.
We start the proof of Theorem 2.4.1 with the following simple lemma.

Lemma 2.4.1. Let k > 1 and s € R. Then we can neglect sets that are not sufficiently well
separated:

> P(U(ty) = A) = o(1). (2.4.2)

A AL [Al=k
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Proof. This follows from the trivial bound

P(U(t)) = A) <P(Ta > ) (2.4.3)

and bounds obtained previously. Indeed, by Proposition 2.2.9 we have
P(Ta > ty) = n"9e%45(1 + o(1)), (2.4.4)
and by choice of d,, as shown in Section 2.3, for all growth cases, S(d.) = o(1). This implies that
Z P(U(t) = A) < S(0:)(1+0(1)) = o(1), (2.4.5)

A€ A |Al=k,

as desired. 0
The proof of Theorem 2.4.1 will therefore follow from the following lemma and Lemma 2.4.1.

Lemma 2.4.2. Let k > 1 and s € R. Then, uniformly over sets A € A, of size k,

P(U(t<s>) = A) = 7]6(1 + 0(1)). (2.4.6)

Proof. We cannot directly apply here the moment method (or factorial moment method) as we
did in Section 2.3 but we note that there is a relatively simple way to use the work done in this
section nevertheless, by exploiting instead the Bonferroni inequalities.

Let us fix a set A as in the lemma, and observe that we can rewrite

P(U(t)) = A) = P(A is not touched but all the points in T'\ A are) (2.4.7)
=P {TA > ﬁ<s>} N m {T:c < t<5>} . (2.4.8)
zel\ A

For X C T'\A, set Ex := {TAuX > t<s>}, with the standard abuse of notations when X is a
singleton. Then

P(U(t<é>) #A)=P {TA < t(s)} U U {Tz > t(s)} (2.4.9)
zelM'\A
=P(Ta < tiy) +P [ {Ta>tyin |J {Tw>ty} (2.4.10)
zelM\ A
=P(Ta<ty)+P| J E:|. (2.4.11)
z€l\A

By Proposition 2.2.9, uniformly over sets A € A* of size k,

—ks
P(Ta > ty) = (1+ 0(1))677. (2.4.12)
Consequently, we have
ks
P(U(t) = A) = (1+0(1))— P U E.|. (2.4.13)
zel\ A
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Observe that Ex N Ey = Exyy. Note also that if mindist(A U X) > §, and | X| = j, then
gaux > k+j—o(1/logn). Therefore,
e—(k+j)s

4!

n* > P(Ex) —

XCI\A,| X |=5,AUX €A,

(2.4.14)

Choose J = J(k, ¢, s) such that
o (ki)

D

j=J+1

Having chosen J, proceeding as in the proof of Lemma 2.4.1, we can ignore sets AU X € A¢ and
write for every 1 < j < J+1,

n* 3 P(Ex) < ; (2.4.15)
XCT\A,|X|=j,AUX € A¢

We deduce from the Bonferroni inequalities that for n large enough, and separating according to
whether AU X € A, or not,

J
nFPl U B | =D (-1 > P(Ex)| < > P(Ex) (2.4.16)
zel\A J=1 XCI\A,|X|=j XCI\A:| X |=J+1
€ e(k+J+1)s
<-4 2.4.17
ST ter s te 41D
< 3e. (2.4.18)
Consequently,
J .
nfP ) B | =D (-1 > P(Ex)| <3¢+ Je/J =4e.  (2.4.19)
zelM\A j=1 XCI\A,|X|=7,AUX A,
By (2.4.14), we may assume that n is large enough that for 1 < j < J,
—(k+j)s
n > P(Ex) | — i <5 (2.4.20)

XCIN\A,| X |=5,AUX €A,

Combining this with the definition of J and by another triangle inequality, we obtain, as

—ks - i+1 67(k+j)s —ks _—e”*
e =y (—1) = (2.4.21)
j=1
that for n large enough, we have
‘n’w@(U(t(s> )= A) —eksee | < 6, (2.4.22)
which concludes the proof. O
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2.4.2 Convergence of the last & points
In this section we are interested in the first time at which the uncovered set has size k, that is:
T = inf{t > 0: |[{ Xy, u < t}°| = k}.

We want to show that the distribution of U(7y) is close to the uniform distribution Unify, over
sets of size k.

Theorem 2.4.2. As n — oo, we have
dTv(U(Tk), Unifk) — 0. (2423)

We will need two ingredients.

Our first lemma improves on Theorem 2.4.1 by showing that the position of the walk at time
t(s is approximately independent of U(#,) and is distributed (approximately again) according to
.

Lemma 2.4.3. Let s € R. Recall the product law p%* from Remark 2.4.1. Then
dTV[(U(t<S))7 Xt<5> )7 (H?F ® ﬂ-)} - O
Proof. Recall that Z, = |U(t))|. Fix s’ < s in such a way that

D* & by — tgy < n = D*f(n). (2.4.24)

The upper bound of (2.4.24) implies that s — s’ = o(1) and so that E(Zy — Zs) — 0. As moreover
Zs < Zg, we deduce that

P(Z, # Zy) =P(Zy — Zy > 1) <E(Zy — Z,) — 0. (2.4.25)

Furthermore, we already know from Theorem 2.4.1 that dTv(U(t@:));u?,F) — 0. But since
|s — s'| = 0, we also have dry (U (t)), p$") — 0.
To conclude, let us compare P(X;, = x,U(#s) = A) with our target 7(z)A(A), where we set

MA) =e¢ Te 1Al /plAl e, A = u®". Then

IP(Xy,, =2, Ulty)) = A) — m(@)AA)] < [P(Xy, =2,U(ty) = A) — P(Xy, = 2,U(tyy) = A)|
+ [P(Xe, = 2,U(tey) = A) — m(z)A(A)]
<SP(Xy, =2, U(l)) = A Zs # Zsr)
+[PU(4)) = AP(Xy, = 2|U (L)) = A) — m(2)MA)]

Summing over all z, A, for the first term in the right hand side above, we get

ZZP(Xt@ =, U(t(s’)) = A; Zs 7& Zs’) = P(Zs 7£ Zs’)a
z A

which converges to zero by (2.4.25). The second term, on the other hand, can be written by
Theorem 2.4.1 (or more precisely Remark 2.4.1) as

IMA) A +o(D)P(Xy, = 2|U(ts)) = A) — m(2)A(A)]
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But observe that by choice of s’ compared to s, in the interval from tisy to 1y the walk has
had time to mix. More specifically, the lower bound of (2.4.24), D? < tsy — tey =: t, implies,
through [LP17, Proposition 4.15], (2.2.60), and Corollary 2.2.1, that uniformly over z,y € T',

) = 1ol < ploro) =Y <o (<2 Yot =0 (3). (2a20)

i.e. that py(z,y) = 7(y)(1 + o(1)).

Thus, by averaging over Xy, we have P(X;, = z|U(#y)) = A) = 7(x)(1 + o(1)), and we
conclude that this second term is equal to A(A)m(z)o(1). Summing over all x and A, we see that
the sum is o(1) and we deduce that

SO P(Xy, =2, U(ty) = A) = m(2)A(A)] > 0
x A

which is the desired result. O

Lemma 2.4.4. Let k> 2 and A € A, of size k, and let x € A. Then the probability that = is
the first point of A to be touched by the walk starting from uniformity is 1/k + o(1):

Pr(Ta =T,) = % +o(1). (2.4.27)

Proof. By going in discrete time it would be possible to prove this via a reversibility argument
and some simple estimates. We opt however for the following idea using the skeleton of Section
2.3.3. Let « be the quasi-stationary distribution associated to A, and let

pi=Po(Ta = Tp). (2.4.28)

Remark that as dpv (7w, @) = o(1) (either by Aldous—Brown, or more precisely by Theorem 2.5.2),
we have P (T4 =T,) =p+ o(1).

Moreover, we have by the memoryless property of the hitting time of A under the quasi-
stationary distribution, that for every t > 0,

p= PQ(TA =T.|Ts < t)P(TA < t) + P (T4 = TI|TA > t)]P)(TA >t)
=Po(Ta =T|Ta <t)P(T4 <t)+pP(Ta > t),
so simplifying this identity and doing the cancellations,

Po(Ta =T, Ta <t)
Pa(TA < t)

p=Po(Ta=T,|Ta <t)= (2.4.29)
From now on, fix ¢ such that D? << t << min(n, D3).
For the numerator, let us use again the uniform distribution instead of the quasistatonary
distribution. From the Cauchy-Schwarz inequality and Theorem 2.5.2 we have:

IPo(Ta = Ty, T < t) — Pu(Ta = Ty, Ta < t)| < dpy(rm, @) = O(1/n). (2.4.30)

To estimate P, (T4 = T, T4 < t) we make use of our results in Subsection 2.3.3. Recall the
notion of skeleton, and note that under the assumption A € A,, the set A has k §,-components,
which are all singletons. We can write for instance A = {ay, ..., ar}, and we have F; = {a; € v},
where v is a path starting from uniformity and of time-length ¢. In particular, assuming without
loss of generality that = a1, we have a trivial upper bound

Pr(Ta = To,, Ta < t) < Pr(Ty, <) (2.4.31)
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For the lower bound, observe that

{Ty=T,,,Ta <t} D{Ty, <tand T,, >t forall 2 <i <k}

={T., <t}\ |J {Tu, <tand T, <t}.
2<i<k

Hence, as for each 2 <4 < k we have from Proposition 2.3.2 and Corollary 2.2.3 that

Pr(To, <tand T,, <t)=P(E1NE;) <P.(T, <t) max P,(T, <t)=Pr(T, <t)-o(1).

z,yel’
d(z,y)>6x
(2.4.32)
which finally proves that
]P)ﬂ'(TA =14, Ta < t) = IP)TF(TO < t)(l + 0(1)) (2433)

As P, (T, <t) 2 t/n>>1/n (for instance by considering again the quasi-stationary distribution
of 0), we have also using (2.4.30)

Po(Ta=T;,Ta <t)=P(T, <t)(1+0(1)). (2.4.34)
We deduce that P(T <t
b= Mu +o(1)). (2.4.35)

Note that this obviously does not depend on the choice of z in A, and so must be 1/k + o(1).
Alternatively, by Corollary 2.2.4 and the fact that 7 and « are close, the quotient on the right
hand side is (1 4+ 0(1))/qa, so it is indeed equal to 1/k 4 o(1). O

Lemma 2.4.5. Let A € A, of size k, and let y be such that d(y, A) > .. Let x € A. Then
starting from y, the probability that x is the first point of A to be touched by the walk is 1/k+o(1):

P, (Ta =T,) = % +o(1). (2.4.36)

Proof. This follows simply from the previous lemma (Lemma 2.4.4) if we allow a burn-in period
during which the walk can mix but is unlikely to touch A. Let t* be such that D? <« t* <«
min(n, D). Note that by Proposition 2.2.3 (see in particular (2.2.56)), P,(T4 < t*) — 0.
Furthermore, since tyi, < D? << t*, the distribution of the walk at time t* is o(1) away (in the

~

total variation sense) from 7. Hence

P, (T = Ty) = Py(Ta = To; Ta < t*) + Py (Ta = Tp; Ta > t¥)
=0(1) + Po(Ta = Ty) + o(1)
=1/k+o(1),

as desired. 0
We can now prove the main result of this subsection.

Proof of Theorem 2.4.2. Let k > 2 and ¢ > 0. Let s = s(k,e) € R be such that for n large
enough,
]P(Tk- > t<s>) > 1—e. (2437)
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Let also K = K(s,k,e) > k + 1 be such that for all sufficiently large n we have that,
]P)(TK S t(s>) Z 1—e. (2438)

In particular, with probability at least 1 — 2¢, there are between k£ + 1 and K uncovered points at
time t<s>:
P(k+1§Z5§K):P(TK§t<S)<Tk)21—2€. (2439)

Fix j such that £ + 1 < j < K, and condition on the event Z; = j. Let us now describe
the evolution of U(%sy), up to events of probability o(1), in order to get an approximation of
U () in the total variation sense. Conditionally on {Zs = j}, we know by Theorem 2.4.1 that
U(ty) is a uniformly chosen set of size j, Unif;, which we may assume is in A.. Furthermore, by
Lemma 2.4.3, the position of the walk at time ., is uniformly distributed on I', independently
from U(t)). (Again these descriptions refer in reality to approximation in the total variation
sense.) By Lemma 2.4.4, the next point that is removed from U () is therefore uniformly chosen
among U (t,)). Applying next Lemma 2.4.5 j — 1 — k times successively, from this point onwards,
at each successive stage until time 75, points are removed uniformly at random. Since U(#)
was uniformly distributed among sets of size j initially, it therefore follows that (still under the
conditional law given {Z; = j}) that the law of U(7y) is (close to, in the total variation sense)
Unify. Since this is true for every k + 1 < j < K, we deduce

dTv(U(Tk), Unlfk) <2+ 0(1)

The result follows. 0

2.4.3 Convergence in total variation of cover time

We illustrate the results above by strengthening the mode of convergence for the rescaled cover
time: namely the distribution v, of the random variable Y,, = 7%~ —logn, converges in total
variation to a standard Gumbel distribution v:

Theorem 2.4.3. As n tends to infinity, we have
dTV(Vn, l/) — 0. (2440)

Proof. We need several ingredients. First, we saw in Theorem 2.4.2 that for each & > 1,
U(7y) is approximately uniform, in particular, at time 71, the walk is with probability 1 — o(1)
macroscopically far from the last point xy to be visited, and hence, with the same arguments
as for the convergence of the k last points, the walk with probability 1 — o(1) get mixed again
before touching xy. Recalling moreover that the distance in total variation between the uniform
distribution and the quasi-stationary distribution associated to xg is o(1), we have that

T0 — T1
—_— 1 .
drv (]EW(TO)’EXP( )) -0

Let Veony denote the law of ﬁ + X, where X is an independent exponential random variable
with mean 1. Note that v.o,t is obtained by convolution with an exponential law and so has a

1-Lipschitz density with respect to Lebesgue measure. Furthermore, since 7oy = 70 = 71+ (70— 71),

7-COV
d ——— Veon 0. 2.4.41
TV (EW(TO)W t) — ( )
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Second, we have already shown that for each fixed s € R,
Fo(s):=P(Y, <s)=P(Z,=0) - e ¢ =:F(s). (2.4.42)

Let now € > 0 and let us fix S = S(e) large enough such that for n large enough, we have
F,(S) > 1—¢ and F,(—S) <. In particular, for such n’s, we have

vn([=S,8]) =P(Y, € [-5,5]) > 1 — 2. (2.4.43)

Let fy be the density of Y (which is just the density of the Gumbel law) and let f,, denote the
density of veont after translating by logn. Since drv(vy, frn) — 0 it suffices to show that

Ay ) = (/) | 1109 = r(s)lds =0, (24.44)
sE
Observe that f,, is 1-Lipschitz over [—S, 5], since it is a convolution of some given law with an
exponential law. It is also pointwise bounded at, say s = 0 (indeed, since f,, is Lipschitz, it cannot
be large at any point without its integral being large, which is not possible by (2.4.41)). It is
therefore uniformly equicontinuous, and by the Ascoli-Arzéla theorem has subsequential uniform
limits. However, the limit can only be fy, again by (2.4.41). Thus f,, converges to fy uniformly
over [—S, S], and hence also in the L' sense over [—S,S]. This proves (2.4.44). O

2.5 Refining the Aldous—Brown approximation

In this section we provide a refinement of Aldous and Brown’s result about hitting time from
stationarity ([AB92], our equation (2.2.67)). We believe this refinement is of interest in its own
right. Indeed, in recent years there has been much interest in understanding the quasi-stationary
distribution, and the rate of convergence to it for the chain conditioned on not hitting the
corresponding set, e.g., [DM09, DM15, DHESC21]. The results below should be useful in that
context too.

We first explain why such a refinement is needed here. In the examples studied in §2.7 we
have that telogn < E;[Ta]. As always, denote the quasi-stationary distribution of A by «
(suppressing the dependence of & on A from the notation). Then by (2.2.67) we get that

Ea[Ta] — Ex[Ta] = O(Ex[T4]/logn).

Since we consider P, [Ty > t] for times t < E;[T4]logn, in order to replace E,[T4] with E;[T4] in
the term exp (—t/E4[T4]) in (2.2.67), it is crucial for us that E,[T4] — Ex[Ta] = o(E[Ta]/logn).
Indeed, for t = (1 + 0o(1))E,[Ta]logn, if E,[Ta] — Ex[T4] 2 Eq[Ta]/logn, then

exp (—t/Ea[Ta]) _ (t (EalTa] - EW[TAD) -
oxp (—1/Ex[Ta)) Ea[TuE.Ta] )~

whereas we need this ratio to be 1+ o(1) for our purposes. However, when t.jlogn < E,[T4]
(2.2.67) only implies that Ey[T4] — Ex[Ta] = O(E,[T4]/logn). A refinement of (2.2.67) is
therefore required.

Consider a reversible Markov chain with a finite state space V. Denote the transition matrix
of the chain by P and its stationary distribution by 7. Let @ # A C V. Throughout this section
we assume without repeating this assumption that for all a,b € A® we have that P,[T, < Ta] > 0.
(The next remark explains how can this condition be relaxed.)

For any non-empty B C V', we write mp for the distribution of 7 conditioned on B. That is,

m(-)1y.
ma() = TSR
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Remark 2.5.1. If the above condition fails, one can consider equivalent classes By, ..., By of the
equivalence relation (on B) a ~ b iff P,[T, < Ta] > 0. By reversibility this relation is indeed
symmetric, whereas transitivity follows by the strong Markov property. In this case

71'
Pr,.[Ta>t] =

TK'B TBc > t]

:MN

=1

The theory we develop below can be applied to Py, [Tpe > t] for all 4.

Before stating our refinement of Aldous-Brown we need to introduce some additional notation.
We denote by a/m : V — R the Radon-Nikodym derivative of o w.r.t. w. That is (a/7)(a) :=
a(a)/m(a) for all a € V' (with the convention that a(a) =0if a € A). For f,g: V — R we define
the inner-product (f, g)» := Ex[fg] (where Ex[h] := 3", .\, m(@)h(z)), L? norm || f|l2 := \/{f, [)=
and variance w.r.t. 7, Var, f := ||f — E.[f]||3 . Lastly, we denote the ¢ total variation mixing time
of this chain by tmix(¢) and its relaxation-time by t.. Below we consider the continuous-time
setup. We first state all of our results for this section.

Theorem 2.5.1 (Refinement of Aldous-Brown). In the above setup and notation we have that
forallt >0

0<P,[Ts>t] - mexp (-EQFTAO < (W - W(A)> exp (—ttl) . @251

Consequently, integrating over t > 0,

1 /][5 — 1
0< BTl — ———F,[Ta g(—wA trel, 9.5.2
T fagag Pt =\ agey ") 5 252
and in particular
/][5 — 1
0 < B[] — B [Ta] < ( Ea[T4). (2.5.3)
lloe/l3
The L? norm (with respect to ) of a signed measure p is defined as ||p||2,= := ||p/7||2. Observe

that [lo/7]|3 — 1 = [la/m — 1|3 is exactly || — 7|3 . We also observe that by Cauchy-Schwarz
2
la/m||37(B) > Ex [(o/m)1p]" = [la/7||F = 1.
1
fayang = O
Remark 2.5.2. If instead of E[T4] or P [T4 > t] we consider Er,[Ta] or P, [Ta > t], respectively,

then the term % —m(A) in (2.5.1) and (2.5.2) is replaced by w
flee/mll3 llae/ 13

llo/mlz—1 — _
Hence =7 w(A) =n(B)

To make use of Theorem 2.5.1 we require an upper bound on % — 7(A). The next
2
theorem gives such a bound whenever . /E4[T4] is small.
Denote by Pg the transition matrix of the chain killed upon hitting A (that is, Pg(z,y) =
P(z,y)1{z,y € B}). Observe that by the reversibility of P we have that Pg is self-adjoint with

respect to the inner-product (f, g)r = E;[fg] on the space
Co(B) :={f €RV : f(x) =0 for all a € A}.

Hence Pg has m := |B| real eigenvalues 1 — A =1 > 79 > -+ > v, > —|71/|, where the last
inequality follows by the Perron-Frobenius Theorem, which also asserts that 7, = —|y1| if and
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only if the restriction of Pp to B has period 2, and that 2 < 1, due to our assumption that
ming pe g Po[Th < T4] > 0, which is equivalent to the restriction of Pg to B being irreducible. A
fairly standard application of the interlacing eigenvalues theorem (see Lemma 2.5.2) yields that

1=y >1/te. (2.5.4)

Denote ¢; := Ex[f;] = >, m(x) fi(x) and \j :=1 — ;.
We shall show later in this section that the law of T4 under P, can be written as a mixture
m(A)do + > v, c?v;, where for all i,j € [m] we have that v; is the Exponential distribution

with parameter \;, where for some f1,..., fm : V — R in Cy(B) we have for all 4,j € [m] that
ci = Ex[fi], Ex[fif;] = 1{i = j}, where Ex[g] := >_ .y m(x)g(v), and that Ppf; = (1 — \;)fi.
Moreover, we may take f1 := %, where « is the quasi-stationary distribution on B, which

satisfies a«Pg = (1 — A1)c. In particular,

Y @ =PiTa>0l=n(B) and c¢}/\ <EL[Ta]=> cl/\ <7(B)/A,
=1

i=1

Jo/l3 — 1 o o/l - 1 (2:5:)
2 2~ 2 2 32—
cg=1—-——F*5— and p:=)» c¢;=7(B)—c]="——="5— —7(A).
! /7|3 JZ:; ! ! e/ 13
Finally, let us define 04 by
icz(l — g7 Mitmea)Z — li c?
. (3 2 . 7"
=2 =2
By (2.5.4) we have that tpeq < log(1l+ %)//\2 <log(1l+ %) trel < % trel.
Theorem 2.5.2 (Bounding ||a/7||3 — 1). For all @ # A C V we have that
/7|3 =1 2 1 At )2
e —m(A) =2 7(2) (Py[Th < tmed])” — 27——5 (1 — e MPmed)?, (2.5.6)
le/7|3 ; le/7ll3

2
Note that when 7(A) is small (2.5.6) offers an improvement over the estimate % <
2

trel /Ea[Ta] of Aldous and Brown. Indeed, if t,o) = ¢E,[T4] for e < 1/2 then by (2.5.1)

Y w(@) (Po[Ta < trat])” < Pr[Ta < tyat] < 21 /Ea[Ta] = 2¢.

x

Of course the first inequality can be very wasteful. As we shall see in the next theorem, in many
cases we have that > 7(x) (P,[Ta < teet])® = (tre1 /Ea[T4])?. We now specialize Theorems 2.5.1
and 2.5.2 to the case of vertex-transitive graphs. For the applications in this paper we are mostly
interested in the “two-dimensional case” m = 2 (in the next theorem m no longer stands for the
cardinality of B). In that case the main term of the right hand side is of order < 1/R? which
corresponds to < 1/f(n)? in the notations of Theorem 2.1.1.

Theorem 2.5.3. Let G = (V, E) be a connected vertex-transitive graph of degree d with n
vertices, o € V, and a = a,,. Then

/7|3 — 1 3 < D* n/D s3ds
Jafng "W S0k @ \ MY vy ) (25.7)
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In particular, if D™ R =n where 1 < R < D and 2 < m € N, we have

D? =1,2
L (TD? 1 m=5
2 D Rlog R _
lo/lE 1y, Nty (1 252) m=s (2.5.8)
ae/7l|3 e (B+1log(R)) m=
1/n m >

2.5.1 Preparation towards the proofs

We now present some background on quasi-stationary distributions and their relation to hitting
times. Let @ # A C V. Denote B := A°. We begin the analysis by recalling (e.g. [AF, Ch.
4]) that the quasi-stationary distribution @ = ap corresponding to the set B satisfies that
the first hitting time of A under P, has in continuous-time an Exponential distribution whose
parameter A is the smallest eigenvalue of Ig — Pp, where Pp(z,y) := P(x,y)1{z,y € B} and
Ip(a,b) := 1{a = b € B}. Note that A > 0 since Pp is sub-stochastic. The matrix Pp is
the transition matrix of the chain killed upon hitting A, and Pg — Ig is the Markov generator
corresponding to the rate one continuous-time version of this killed chain. As we shall work in
continuous-time, we introduce the notation P; p := e */B=FB) = ¢~ ZE’iO(PB)Z%.

We now prove the above claim. It is an immediate consequence of the Perron-Frobenius
Theorem that there exists a distribution a such that a«Pg = (1 — M)« from which it follows that
for all ¢ > 0 we have that

—t(Ip—Pp) _ et i [(1 — )‘)t]z —At

aPp = e 7 a=e “a,

£=0

and so P,[Ta > t] = aP;, g(B) = e ™, where we used the fact that for all , aP; g(z) =
Ypab)Pp(bx) = Po[Xy = 2,T4 > t]. It follows that starting from o« the law of T4 is
exponential with mean 1/X, and so 1/A = E,[T4].

The identity aP; p = e *Ma also implies that for all z € B and all £t > 0

Po[X: =2 | Ta > t] = MPL[X; = 2, Ta > t] = eMaP, p(x) = az).

The last equation justifies the name “quasi-stationary distribution”.

We now present the derivation of the well-known fact that for continuous-time reversible
chains, the hitting time of a set A starting from the stationary distribution 7 is a mixture of
exponentials. In other words, this law is completely monotone. The proof we present for this
well-known fact shall play a role in our refinement of Aldous-Brown.

It is natural to identify P, p as an operator with its extension to Cy(B) defined as follows: for
f:V — R supported on B

(Paf)(a ZPtB a,b) f(b) = Ea[f(X¢)1{Ta > t}].

Denote m = |B|. Let f1,..., fm be an orthonormal (w.r.t. the inner-product (-, -) ) basis of Co(B),
such that Pgf; = v;f; for all i. By reversibility we can take f; = ”;/:” Then 15 =>"1", ¢ fis
where ¢; == E.[f;] and P, glp = > i c;e * 177 ;. Hence, by orthonormality, we have that

Pr[Ta > t] = (P, plp,15)x Zc2 —t=m) = e~ t/Ea TA]+ZC2 —t=7)  (2.5.9)

I\a/7T||2
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(similarly, in discrete time we have that P [T4 > €] = (P5lp,15), = Y iv, c2vf). Taking t = 0
2
we see that 7 2 = 7(B). Hence 3™, ¢2 = le/rla2l — 74 and so

i=1Ci i=2 % le/= I3

1 —t/Eq[Ta) —t/Eq [T, lo/m[l3 — 1 —t(1—
e~ e <Pr[Ta >t < e t/Ballal L (12— _ 7(4) ) e7t(1772),
v/ |3 llev/I3 llov/lI3
(2.5.10)
Since Py [T > t] = e t1-7) = ¢=t/Ba(Ta) " the last inequality can also be written as
1 lov/m||3 — 1 (1
0<P[Ty >t] — ——5Pu[Ta > 1] < ( —m(A) ) e t1772), (2.5.11)
llee/ I3 v/ I3

For the sake of completeness, we recall the following lemma of Aldous and Brown [AB92, Lemma
10], which in conjunction with Lemma 2.5.2 and (2.5.10) immediately implies that for all ¢ > 0,

Pr[Ts >t] > (1 — ki) e t/FalTal which is the non-trivial direction of (2.2.67). We note that
Eo[TA]

while the next lemma is taken from [AB92], the derivation of the (2.2.67) in [AB92] is considerably
more complicated than the one presented here.

Lemma 2.5.1. In the above setup and notation we have that

||OL/7TH% -1 Trel '
lee/7ll3 ~ Ea[T4

Proof. Since f; = /" is supported on B we get that ((I — P)fi(z)) fi(z) = Af1(x)? for all 2.

lloe/7ll2
This, together with the fact that ||fi]2 = 1 gives that
]_ I — P T I - P 9 e
PR Clut. ) 15} VL SRV Cl 0110 1V (2.5.12)

Eo[T4] I£1113 - Var, fi
Using the extremal characterization of the relaxation-time (see, e.g., Theorem 3.1 in [Ber16]), this
implies that {U=2VLf)n 1/ t.el and observing that Var, f; = lo/m=1ll; _ llo/mliz—1

Vary f1 la/xll3 = lle/ll3

conclude
the proof.

We recall the construction of the auxiliary Markov chain in which A is collapsed into a
single point. Its state space is B U {A}, where B = A°. Its transitions are given by K(z,y) =
Pla,y), K(z, {A}) = P(z, A), K({A},2) = ye s ma(@) Pla, ) for 2, € B and K({A}, {A}) =
Y acaTala)P(a, A). This is a reversible chain w.r.t. the distribution 7 given by #({A}) = n(A)
and #(z) = m(x) for all x € B. Denote the relaxation time of K by te(K).

Lemma 2.5.2 (Interlacing eigenvalues theorem). We have that
1
L=

< trcl(K) < brel - (2513)

Proof. Denote the second largest eigenvalue of K by A By the extremal characterization of the
second largest eigenvalue (e.g. [LP17, Remark 13.8]) we get that

1 =P (1= P)f /)

= min
trel  f:Varg f#£0 Var, f T fiVary f#£0,f(a)=f(b) for all a,b€ A Var, f

Observe that for f such that f(a) = f(b) for all a,b € A we have that ((I;/fr)ff’f)ﬂ = <(I:/fr)fff)w’

where f(z) = f(z) for all € B and f({A}) = f(a) for a € A. Hence the r.h.s. of the last display
equals 1 — A = 1/ t,q1(K). To conclude the proof it remains to show that A > 5. Observe that
Pp is obtained from K by deleting the row and column corresponding to {A}. It follows from

the interlacing eigenvalues theorem that indeed > 2, as desired. O
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2.5.2 Proofs

Proof of Theorem 2.5.1. This follows at once by combining (2.5.10) and Lemma 2.5.2. O
Proof of Theorem 2.5.2. Denote t := tyeq. Let f1 = %, f2,..., fm be an orthonormal basis
of Cy(B) such that Pg s fi = e i f; for all i € [m] and s > 0. We see that for all z,y € B

PoIX: = 0. Ta > = (Prply =) = D ) ) e 0
:a(y)wet(lm)+zﬂ( Vi () fi(z)e —t(1=7i)

Summing over y (and recalling that ¢; := E, f;) gives

P.[Ta > t] = |< )//;Il(z —t-m) +Zc, i(@)e =), (2.5.14)

Let h(z) :=P,[T4 < t] —c1fi(x)(1 — e M*). By (2.5.14) we have that h(z) = >1", ¢; fi(z)(1 —
e~ Mty and P, [Ta < t] = Y10, cifi(x)(1 — e=™t), where ¢; := E,[f;]. Hence, by orthonormality

of fi,..., fm, the definition of tyeq and the fact that > ;" c? = % —7(A) (as explained
above (2.5.10)), we get that
G Y 1 & 1 (|le/7||2 -1
m(x)h2(z) =Y (1 —e M2 = - 012:(2—%,4 ,
Sronn) =Yt - =5 > et =5 (M -
D w@)(Pa[Ta <1])> =D (1 —e M)
x 1=1
Hence
D ow(@)(Po[Ta < 1) =) w(@)h?(w) + (1 — e M)
! ¢ (2.5.15)
1 (|la/m3 -1 ) 1 CAity2
= (1T )+ (1—e MY O
2 (o ) + e

Proof of Theorem 2.5.3. We first prove (2.5.8). Let A be of size k and o € V. Denote

™ P, [Ta<t])? .
t = tma < % tiel- By Theorem 2.5.2 our goal is to show that Z* c(,g(cr)rf)(‘d[k)’z_t]) is upper

bounded by the r.h.s. of (2.5.8). Let 7 ~ Exp(%) be independent of the random walk, where

t1 := 2 te). Then P(7 > )2 > exp(—%) > % and so by transitivity (used to argue that P, [T, < 7]

is independent of a),

fz )(P.[Ta < t])? Z P, [T4 < 7])? Z (ZPT<T>
(2.5.16)

acA
<12 wl@)(B, [T, < 7))2,

x

by the Cauchy—Schwarz inequality. Let N = L,(7) be the time the Chain spent at o by time 7.
Note that Py[X, =y, 7 > s] = Py(z,y)e” r. Hence E,[N] = [~ Py(x,0)e” ' ds. By the memory
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property of the exponential distribution x := E;[N | N > 0] = Eo[N] = [;° Ps(o, o)e i ds.
Using

Ey[N]
E.N|N >0

and reversibility, and the change of variables s + r = u, we get that
2
3 w(@) (BT, < 7)) QZ (/ Py(z,0)e” d)

_ —zz </ Pomends>(/ Pr(z,0)e fld) (2.5.17)

(/m)ﬂ/ nuP,(0,0)e” 7 du
0

=:J.

P.[T, <7]=

Let fi,..., f, be an orthonormal basis of RV with respect to (-,-),, such that P, f; = e=% f; for
all i. We now argue that

oo n
/ nsPs(o,0)e” ids <]+ B;° (2.5.18)
0 i=2

Indeed, [ nsPs(o, o)e irds =12+ Iy ns (Ps(o,0) — m(0)) e~ "rds and so by transitivity, we get
that

/ nsPy(0,0)e Tids — t3 = / Z s (Py(z, @) — m(x)) e Trds = Z/ se PitT i ds
0 i=2 70

Z Bz + 1/tl)

1=

Similarly, using the fact that j3; + - - < 3; for i > 2 (by the choice of t1)

nk —t; = / Z(Ps(:c,x) —7(x)) e ds
0 x
_ Z/ o= 5(Bit1/t1)
i=1"0

where we used the eigentime identity Y"1, 87 ' = 3", 7(2)Ex[T] = EA[Ty] (see e.g. [AF, p. 117]),
where the last equality holds by transitivity.

We now bound 1 "7 , 872 from above. Let = (1/n) Y"1, ds, be the spectral measure and
recall that 31 = 0. It will be convenient to also consider v = p — ;o3 /n. Let X ~ p. Then, since

(0, 7]) = p((0,7]) = 1/n = v([0, 7)),

1 572 ,872
- > B =EX?1{X >0} = / : Pls < X% < oods < 1/4+/ ’ Pls < X2 < oo]ds
: 0

1 /2 2 1
=-+ —P[0 < X <r|dr (change of variables r = —)
4 B2 T3 \/g
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2
= i +/B —v([0,r])dr < i +/ %V([Oar])dﬁ

where we used the fact that by transitivity Sz > -5z (see e.g. [LOG18, Theorem 1.7]).
Denote the number of vertices in a ball of radius [p] by V(p). Theorem 1.7 in [LOG18] (with
their paramater « set to a = 1/2) asserts that

v ([0,7]) < 4

~V(/@dr)"T)

Substituting this bound, and using the change of variables s = \/(2dr)~! yields

2 9 D/V2 g3

il < 64d? Z

/1 2 ([0, 7])dr < 64d /L o
Vd

dD2

Putting everything together we get that

£+ 1/4+ 64d2n [7/V? a8
J < vd

(tr + 2B, [Ty))?

Recall that from (2.5.15), (2.5.16), and (2.5.17), % — m(A) <5k%J. Since t; < 2dD? (and
2
D > 1), we deduce that

5d2D4 64d2 D/\/5 s3ds
le/mlls —1 T(A) < 5k%J L i nj% )
v/ I3 - 4 (ExTp)*
D4 +n D 43ds
L0

B , D* n D s3ds
= 720(kd) 7(]EWT0)2 <1+ D4/0 V(s))

The proof of (2.5.8) is concluded by substituting the bounds on V'(s) of Tessera and Tointon
[TT21, Corollary 1.5

c(m)s™tl g
V(s) > {cgm;Rsm . i ﬁ, (2.5.20)

and using for m > 5 the fact that E.[T,] = > ", & > 1(n—1) > 2. Note that replacing c(m)
by minj<,,<5 ¢(m) removes the dependence in m of the constant. O

2.5.3 Alternative proof for the low dimensional case

In Section 2.3, we proved that if f(n) >> logn, then the factorial moments E,Z+* converge
to e~*s. A difficulty was that the approximation (2.2.76) of g4 did not hold if f(n) < (logn)?2.
To prove that the result holds under the sharp diameter condition n 3> D?logn, we had to
approximate directly the expected hitting times E; T4 using auxiliary chains. The reason for this
is that the approximation appearing in the results of Aldous—Brown, which we recalled in (2.2.67),
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is not precise enough. We will show as a consequence of Theorem 2.5.3 that (2.2.76) holds even
in the sharp case n > D?logn, and we will give a simpler proof of Proposition 2.3.9. We will
first prove an approximation under the more general assumption n > D?, which will be useful in
Section 2.7 where we will have n < D?logn, and then specify it to the case n > D?logn. The
first proposition we prove refines Lemma 2.2.5 when ¢ is not too large.

Proposition 2.5.4. Assume that 1 < f(n) < D. Then we have uniformly over A C T" of size k
and ¢t > 0 that

0 < Pu[Ta > f] - Ba[Ta > 1] = O (Jc(;)Q) , (2.5.21)

where the implicit constant depends on d and k.

Proof. We have, from Theorem 2.5.3, noting that f(n) = R and that we are in the case m = 2,

lo/mll5-1
o~ ") @D n(D2 — fw)?)  nD2(1+ 2/fm) Q) o
C@)dr)> = f)ELT])? T f)(ER[T])? T f(n)*(ExTo)?
We deduce from Theorem 2.5.1, that (uniformly) for every ¢t > 0,
0 < PoTh > ] — ——Po[Ta > < C(d k)<n>2ex (—t) (2.5.23)
ST gl T SRR, ) T ) a
Note also that from (2.5.22) (for the right hand side), we have
llo/m]|3 — 1 ( n )2
0< < , (2.5.24)
llee/[13 f()E<T,
S0
1 n 2
= =1-0 () . (2.5.25)
e/ |3 f(n)E-T,

We deduce finally, as e~*/ < < 1 and using that E,T, > n/(8¢) (see the proof of the lower bound
of Proposition 2.2.5) that uniformly over every ¢ > 0,

0< Po[Ta >t] —PalTu > 1] < <f(n;;EWTO> < f(i)?' (2.5.26)

where the implicit constant depends on d and k. O

Corollary 2.5.1. Assume that 1 < f(n) < D. Then we have at time t = E,Ta/f(n), uniformly
over A C T of size k, that

P.(Ta <t) 1
=———71 —_— . 2.5.2
w= sy (0 (7)) (2020
In particular, if f(n) >>logn, we have at time t = D?, that
P.(Ts <t) 1
=——— 1 . 2.5.2
i Pr(T, <) ( +0(10g”)> (25:28)

Moreover, the last estimation still holds if we take t = n/\/f(n)logn instead of t = D?.
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Proof. We know from Proposition 2.5.8 that EqT4 = E+T4 (1+ O(1/f(n)?)), and from the proof
of Proposition 2.2.5 that n/(8ek) < E.T4, so E,T4 2 n. Consequently, we have for ¢ < n that

Po[T4 > t] = exp(—t/EaTy) > 1. (2.5.29)

We deduce from Proposition 2.5.4 that for t < n,

P, (T4 > 1) = exp (E;T) (1+0 <f(;)2)> .

Assume now moreover that ¢t <€ n, then we can follow the proof of Proposition 2.2.10. The only
difference is that we do not upper bound E, T4 by n as they are not necessarily of the same order
of magnitude. First, we have

t EaTA l
et~ gz (0 () +© (e (2:5:30)
Taking quotients, we get
_ P, (TA < t) E,T 4 t
w=gr g (0 (ar) +o (em)) (2231

and we finally have at time ¢t = E,Ta/f(n),

P, (Ts < 1) 1
=——(14+0 | —= . 2.5.32
=g 2y (40 (7)) .
For the last point, if f(n) >> logn, we know from Proposition 2.2.5 (and Proposition 2.2.4)

that E,T4 =< n. At time t = n/+/f(n)logn, we have both n/(tf(n)?) = o(1/logn) and
t/n = o(1/logn) so the error in (2.5.30) is o(1/logn). Taking quotients, we get the desired
result. O

This allows us to strengthen the results of Section 2.3.3. In particular, the second part of
Proposition 2.3.3 becomes:

Proposition 2.5.5. Assume that n >> D?logn and § < mindist(A). Then at time ¢ =

n/+/f(n)logn, we have

1

—k2z— P, (T, <t .

A ~ ;r;aé oy )+O<logn>
d(z,y)=4

We can now give a simpler proof of Proposition 2.3.9.

Alternative proof of Proposition 2.3.9: Let 0 such that dpeso < 0 < D/2 and A C T such that
|A] =k, and mindist(A) > §. Then from the intermediate step of (2.2.54), and Lemma 2.2.2 we

have immediately, at t = n/+/f(n) logn,

1 log(D/6) ¢t t 1
P < S < Ty n D3 f(n)
xH;;ae}f‘ PL(Ty <t) S EILy(t) ~§ + f(n) + n + D3 * f(n)

d(z,y)=48
~ log(D/6) 1
 f(n) Jro(logn)' =
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2.6 When the diameter condition fails

2.6.1 Green function estimates

In this section T’ = (V, E) is a vertex-transitive graph of degree d. Denote the transition matrix of
simple random walk on I" by P and the time ¢ transition probabilities for the rate 1 continuous-
time simple random walk on I' by P, = e *U=F) (so that we have P(z,y) = pi(z,%)). Recall

that for z,y € V and t > 0,
1
hi(z,y) = pe(z,y) — —. (2.6.1)

We start by adapting a gradient inequality, due to Diaconis and Saloff-Coste [DSC94] for Cayley
graphs, to vertex-transitive graphs. The main difference is that we need to use the mass transport
principle.

Proposition 2.6.1. Let I' = (V| E) be a finite vertex-transitive graph of degree d. Then for all
s,t > 0 and o,y,z € V we have that

d

|hits(0,y) = hiys(o,2)| < d(y, 2) %ht(& 0). (2.6.2)

Proof. By the triangle inequality it suffices to prove the inequality when y and z are neighbours.
Let then y, 2z € V such that y ~ z. First observe that

ht+s <0a y) - ht+s(07 Z) = thrS(Oa y) - pt+8(0? Z)

= Z pt/Q(va)(pt/2+S(wa y) — Pt/2+s(w7 z))
weV

= Z ht/Q(va)(ht/Q—&-s(w»y) - ht/2+s(w72))
weV

because, by reversibility, > i (hej24s(w,y) — hyjays(w, 2)) = 0. By reversibility again, we have

Z hy /2 (0, w) (Z Pe/2(0, w)py 2 (w, 0)) - % = pt(0,0) — % = h¢(0,0). (2.6.3)

weV weV

It follows from the triangle inequality and the Cauchy—Schwarz inequality that

|hits(0,y) = hits(o0, 2) (Z ht/2 0, w) ) <Z ‘ht/2+s(w7y) - ht/2+s<wvy)|2>

w

= ht 0’ o Z |pt/2+s(ya w) — pt/2+s(7«”w)|2

< h¢(0,0) Z Z Pt /245y, w) _pt/2+s<y/7w)‘2

w oy y'~y

= hi(o,0) Z F(y,w)

(2.6.4)

where )
F:(a,b) Z ‘pt/2+s(a7b) —pt/2+s($,b)| .

T xr~a

Observe that for any v € Aut(I'), and a,b € V, we have F(y(a),v(b)) = F(a,b). Moreover
Aut(T") is a discrete group of automorphisms, so by [LP16b][Corollary 8.9] is unimodular. Since
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T is vertex-transitive, Aut(T") is (by definition) transitive, so we can apply the mass transport
principle. By [LP16b][Equation (8.4)], we hence have, for all y € V, that

Z F<y’w) = Z F<w’y) = Z Z |pt/2+s(way> _pt/2+s(w/ay>|2' (265)

weV weV weV w' : w' ~w

Denote P, := 4(I + P). For f,g:V — R denote (f,g) =m(0) >,y f(v)g(v) and || f|13 := (f, f).
Since I — P, is self-adjoint and ((I—Py,) f, f) > 0forall f : V — R, we may consider K := /I — P,
which is a self-adjoint operator satisfying K2 = I — P, and (I — P.)f,g9) = (Kf, Kg) for all
f,9:V — R. Noting that P, = e=2U="1) we have that K P, = q(I — P.,), where ¢ : [0,1] — [0, 1]
is defined by q(u) = Jue=2*, notation which we also extend (slightly abusing notation) to
matrices. Since the spectral measure of I — Pj, is supported on [0, 1], it is standard that
IK P13 = lla(I = Pr)l5 < maxuefo,1 ¢(u)® = 545, where [ K Pyllo := supsepv.,—1 [KPsf|2 is
the operator norm of K P;.

For r > 0 and w € V, denote f,(w) = h,(w,y). By reversibility, the sum on the right hand
side of (2.6.5) equals 2d times (see e.g., [LP17, Lemma 13.6])

1 1 1 hi (0, 0)
—(({ = A = —(K?P, P, < —|IKP,|2 2 - ulo
7r(o) <( L) ft/2+saft/2+s> 7r(0)< ft/2a ft/2> > 7r(0) || ||2||ft/2||2 =" Jes
where in the last inequality we used that ||KPs||3 < ;- and (2.6.3).
It follows that the right hand side of (2.6.5) is less than %, which in conjunction with
(2.6.4) concludes the proof. O

We now prove that at times ¢ proportional to D? the distribution of the walk is still far from
being uniform.

Proposition 2.6.2. Assume that n < D3. There exists a constant 0 < a = a(d) < 1 such that
for all t < aD?,
nhi(o,0) > 1/2. (2.6.6)

Proof. Recall the off-diagonal heat kernel bound (2.2.48). Note that the constant C' in (2.2.47),
as well as the constant ¢ and the implicit constant in (2.2.48) (call it C” for this proof), depend
only on the graph degree, and the growth of the function g defined in (2.2.47). We can hence
take the same constants for all (connected) finite vertex-transitive graphs of degree d such that
D3 > n.

First assume that D? < n < D3, and let x such that d(o,z) = D. We have for every
D <t<D?

pi(o,x) < C/g(lt) exp (CD:) = Clmin(f(g’)t,ti"m) exp <CD:> . (2.6.7)
Let 0 < a < 1. At time t = aD? we have
min(f(n)t, t*/?) = min(an, a®2D%) > a/?n. (2.6.8)
It follows that oo 1 .
pi(o,2) < —3/3 5, OXP (—ca> . (2.6.9)

Fixing a = a(c, C, C") small enough, we hence have at time t = aD? that np;(o,z) < 1/2, i.e.

nhy(o,x) < —%. (2.6.10)
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Finally, we have h;(0,0) = max, yer |he(z, w)| by [LP17, Proposition 4.15] and vertex-transitivity.
We conclude that

1
nh(o,0) > 5 (2.6.11)
The proof for D < n < D? is similar.
O
We define the Green function between two points x,y € V by
G(z,y) = / hi(x,y)dt. (2.6.12)
0

The following proposition collects some useful identities involving Green functions.

Proposition 2.6.3. Let I' be any finite connected vertex-transitive graph. We have the following
identities.

1. Fix o € I'. We have
E,T, =nG(0,0) > n— (1+logn). (2.6.13)

2. For every z,y €T,
E,T, =n(G(o,0) — G(z,y)). (2.6.14)

3. For any subset set A = {x,y} of size 2 of T,
2

g

A (2.6.15)

Proof. The equalities in the first two points are stated in [AF] in a more general framework, as
Lemma 2.11 and Lemma 2.12, respectively, and Section 2.2.3 explains why they also hold in
continuous time. We moreover have, lower bounding the probability to be at o by the probability
to have never jumped:

logn 1 1 1
G(o,0) > R PR L L (2.6.16)
0 n n

proving the ineqiality from the first point.

For the third point, let us denote with tildes the collapsed chain where A is reduced to a
point which we denote A (which, if 2 and y are neighbours, has a loop at fl), and jumps at rate
1. Then by [AF], Lemma 2.11, and transitivity of the original graph I', we have

E Ty =E:T; = (IA)C:(A, A) = %(G(o, 0) + G(x,y)), (2.6.17)

using the same idea as in the proof of Lemma 2.3.4 (the difference being that the set A here has
size two, so the argument is much simpler, and we are in continuous time with the walk jumping
out of every vertex — including A — at rate 1).

=R

Therefore,
E.T, nG(o,0) 2
- = = 2.6.18
M= E. Ty~ G0 +Gy 1+ emy ( )
as desired. ]
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We first show that the tail of the integral defining the Green function above decreases
exponentially fast (this is similar to arguments already used in Section 2.3.7 although this was
written in discrete time).

Lemma 2.6.1. There exist constants cy,co depending on d such that uniformly over all real
b > 1, we have, uniformly over all finite (connected) vertez-transitive graphs of degree d such that
n < DS,

[e%s} D2
hi(o0,0)dt < cre . (2.6.19)
bD?2 n

Proof. By spectral estimates, we have for all ¢,s > 0.
hiys(0,0) < e/ by (0, 0). (2.6.20)

We deduce, splitting the integral into parts of length D?, that

00 (i+1)D? 2D? 00 L,
Z/ hi (0, 0)dt < / hi(o,0)dt | Y emIP"/ Tt (2.6.21)
i=17iD? D2 =0
By (2.2.8) and since t — h:(0,0) is decreasing, there exists a constant ¢y = ¢o(d) such that
2D? D2
/ hi(0,0)dt < hpz2(0,0) - D* < ¢g—. (2.6.22)
D2 n

Finally, by Lemma 2.2.1, t,o < dD?, hence e~ P/ tel < ¢=1/d We deduce

o jD?/ tre 1
Ze J L < v (2.6.23)
j=0

We have proved the claim for integers b. The claim for real b follows immediately, since b —
Jyp2 he(0, 0)dt is decreasing. O

Proposition 2.6.4. Let (T') be a sequence of finite (connected) vertex-transitive graphs of fixed
degree d, such that |T'| = n < D3. There exist positive constants n = n(d),C' = C(d) such that
for all = € B(o,nD),
D2
G(o,z) > CT' (2.6.24)

Proof. Let € > 0, to be chosen later. By Lemma 2.6.1, we can chose b = b(d, ¢) > 1 large enough
such that

e} D2
/ hi(o,0)dt < e—. (2.6.25)
bD?2 n
We hence have
eD? bD? 0o
G(o,z) = / hi(o,x)dt + hi(o, x)dt +/ hi(o,x)dt.
0 eD? bD2

Since for every t, hi(o,z) > —1/n, and hi(o,x) > —hi(0,0), we deduce that

bD? D2
G(o,z) > / hi(o,x)dt —2e—.
eD?2 n
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By Proposition 2.6.1, we have

bD? bD? bD* [
/ hi(o,x)dt > / hi(0,0)dt — d(o, x)/ \/ = hey2(0, 0)dt. (2.6.26)
eD? eD? eD?2 et

By Proposition 2.6.2, we have, assuming without loss of generality that ¢ < a/2, that
bD? aD? a D?
/ hi(o,0)dt > / hi(o,0)dt > ——. (2.6.27)
eD? aD?/2 4 n
Finally, from (2.2.13) there exists a constant C' = C(d, ¢) such that h.p2/, < C(d,€)/n, so we

have, setting C' = Cb i, for every x € B(o, & D), that

bD?
y d
(0, ) / . \/> o lr2(0,0)dt < d(o,2) (b — e) D7y [ 5 hep2/2(0; 0) (2.6.28)

2 2
< C’Mg < EDil
D n n

The arguments above show that taking ¢ = a/24, we have, for some 7 > 0 (depending only on
d), that for every x € B(o,nD),

D? _ aD?
ar (2.6.29)

which concludes the proof. O

Lemma 2.6.2. Let (I') be a sequence of finite (connected) vertex-transitive graphs of fized degree
d, such that |T'| = n < D3. There exists a constant C = C(d) > 0 such that for all x € T,

D2
G(o,x) > 707. (2.6.30)

Proof. We have

Glo,y) = /O " b0, 2)dt > /0 ” (-i) dt — DO: ha(0, 0)dt. (2.6.31)

Applying Lemma 2.6.1 to the second integral on the right hand side concludes the proof. O

Let us set, for every z € I" and ¢ > 0,

D2
So,c = {z el': G(o,2) < —c} . (2.6.32)

n

Corollary 2.6.1. There exist constants ¢ = c(d) > 0 and ¢’ = (d) > 0 such that for all finite
(connected) vertex-transitive graphs of degree d such that n = |T'| < D?, we have

[So.c| > 'n. (2.6.33)
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Proof. Let us call for this proof C; the constant from Proposition 2.6.4 and C5 the constant
from Lemma 2.6.2. Also, by [TT20][Proposition 5.6], there is a constant C5 = C3(d, n) such that
V(nD) > C3n. We hence have

0= Z G(o,z) = Z G(o,z) + Z G(o,z) + Z G(o, )

zel zel zel zel
G(o,z)>0 C1Cy i C1C3 sz
0>G(o,2)>= "5 = -5 T 2G(ew)
=:A; + A + As.

The first term can be lower bounded using Proposition 2.6.4:

2
A > > Glox)> C’lD—V(nD) > C1C3D?. (2.6.34)
z€B(o,nD) "

Since the second sum is over at most n terms, we have the raw bound

Ay > —01203 D2 (2.6.35)
Finally, since by Lemma 2.6.2 for every z, G(o,x) > —CQDTf,
D2
AS Z - ‘So,cl 027 (2.6.36)
where ¢ = C1C3/2.
All in all, dividing by D?, we have proved that
c,Cs C C
0> 0105 — =22~ 2215, | = c— =2[S,.], (2.6.37)
2 n n
i.e., setting ¢ := % and ¢ :=¢/Cy = C2lcc23, that
|Sp.c| > ¢, (2.6.38)
as desired. O

i

Roughly speaking, one should think of the set S, . as the set of points which are “far away’
from o. However, it turns out that the variations of the Green function are macroscopically
continuous, and hence that the set S, . contains a ball of size < n. This is the content of
Proposition 2.6.5 and Proposition 2.6.6.

Proposition 2.6.5. Let (T') be a sequence of finite (connected) vertex-transitive graphs of fixed
degree d, such that |[I'| = n < D3. Let 0 < p < 1. For every £ > 0, there exists a constant
0 = d(p,e,d) > 0 such that for every z,y,z € I" such that d(o,z) > pD, d(z,y) < éD, and

d(o,z) < 6D, we have
D2
|G(o,x) — G(z,y)| < e (2.6.39)

Proof. Let € > 0. We first assume that z = 0 and D? < n < D3. Let a,b > 0 to be fixed, and let
x,y € B(o, pD)°. Denote for this proof, for 0 < ¢; < to < o0, I(t1,t2) := f:lz |hi (0, 2) — he(o,y)|dt.
By the triangle inequality,

|G(0,2) — G(0,y)| < I(0, D)+ I(D,aD?) + I(aD* bD?) + I(bD?, ). (2.6.40)
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By the Carne-Varopoulos inequality, we have I(o, D) = o(D?/n). Now observe that for all ¢,
|hi(0,2) — he(o,y)| = |pt(o, ) — pe(0,y)| < max(pt(o,x),p:(0,y)). To bound p:(o, z) (and p:(o,y))
we proceed as in the proof of Proposition 2.6.2 to get (2.6.9). (Now d(o,z) > pD instead of
having d(o,z) = D.) Let c as in (2.6.9). Observing that the bound on p;(o, z) in the integral is
maximised at t = aD?, we have

aD? 2 —cp?/a N2
11 e D
1(D.ab%) 5 /D 73 P (“’pa) S = (2:6.41)

which is less than eD?/n if we fix a > 0 small enough. Let us also fix b > 0 large enough so that
(2.6.25) holds. Then by the triangle inequality (and since for all ¢, h¢(0,0) = max, |h:(0, x)]), we
have I(bD?,00) < 2eD?/n. Finally, by Proposition 2.6.1 with s = aD?/2 and making a change
of variables, we have

(b—a/2)D? 2

I(aD* bD?) < \/d/e—"2> h dt Sq
(a I ) — /e .D D2/2 t(070) ~ 7d D n ’
so for § > 0 fixed small enough, if d(x,y) < 6§D, we also have I(aD? bD?) < e¢D?/n. Putting
everything together, we have proved that for a,d > 0 fixed as above and z, y such that d(z,y) < éD,
we have |G(o0,z) — G(o,y)| < (4 + 0(1))%2. We can bound similarly |G(o,y) — G(z,y)l|, and
hence by the triangle inequality we have |G (o, z) — G(z,y)| < (8 + 0(1))%2, concluding the proof
when D? < n < D3. The proof for D < n < D? is analog. O
Proposition 2.6.6. There exist constants ¢,p > 0 (depending on d) such that for all finite
(connected) vertex-transitive graphs of degree d such that n = |T'| < D3, there exist two (disjoint)
balls S; and S5 of radius pD such that for every z € S; and y € So,
D2
G(z,y) < —c—. (2.6.43)
n

In particular, for such ¢, p, S, . contains a ball of radius pD.

Proof. By Corollary 2.6.1, there exists ¢ > 0 and = € T such that G(o,z) < —cD?/n. Therefore,
d(o,z) > nD where 7 is as in Proposition 2.6.4. Therefore, by Proposition 2.6.5 (where the role of
p there is played by 7 here) we can find 6 > 0 such that for every y € B(z,0D), and z € B(0,0D)

D2
IG(z,y) — G(o,z)] < <= (2.6.44)
2 n
It follows that for such y, z, we have G(z,y) < 75%2, concluding the proof. O

We will also need the following bound on tp;s.

Proposition 2.6.7. Let C > 0. Let (I") be a collection of finite (connected) vertex-transitive of
fixed degree d, such that n = |I'| < CD?logn. Then

tnity Sd,c D?logn. (2.6.45)

Proof. Recall that we have ti;y = nG(0,0) from Lemma 2.11 in [AF]. We split the proof into
two cases, depending on the diameter of T'.
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First, if D? < n < CD?logn, we write n = D?R. Integrating the bound on p;(0,0) from
Proposition 2.2.1, and bounding the tail of the integral with Proposition 2.6.1, we have
1 log(D/R) D2 logn
R

o0
Glo0) = [ huloo)dt a1+ 3+ + 7 Zac
0

Lo
7 7 = ﬁD logn, (2.6.46)

as desired.
Suppose now that D < n < D?, and let H such that n = DH. Proceeding as above, we get

D D? D
G(o,0) gdl—l-logH—&-ﬁ-i-?glogn—i—ﬁ. (2.6.47)
We hence have
nG(o,0) < DHlogn + D* < D?logn, (2.6.48)
which concludes the proof. O

2.6.2 Proof that the diameter condition is necessary in Theorem 2.1.1
and Theorem 2.1.2

In this section, we prove that when the diameter condition (DC) does not hold, then the
renormalised cover time TC“; — log|T'| does not have asymptotic Gumbel fluctuations. We
first prove that Proposition 2.2.3 still holds when the average hitting time is replaced by the
quasistationary hitting time.

Proposition 2.6.8. Uniformly over all finite (connected) vertex-transitive graphs of degree d
such that n = |T'| < D?, we have
thit —Eo T, =<q D2, (2.6.49)

where « is the quasistationary distribution associated to o.

To prove Proposition 2.6.8 we will need a few lemmas. For 1 <r < D, set B, := B(o,r), and

Lemma 2.6.3. For every 2 < { < D andt > 0, we have, writing r := |£/2], that

BolTpion >t 2 max PolTpeone >t 2”70, (2.6.50)
veB(o,r
]Po[Xt S B(O7 E)] ]P)O[TB(O 0)e > t} e_tﬁ(r)
> > ; > . .
4v(e)
f) < e 2.6.52
B(l) < Vi (2.6.52)

Proof. Let v € B(o,r). The first inequality in (2.6.50) follows by noting that if Xy = v then
d(X¢, Xo) < 2r <L forall t <Tpg(orye and 50 Tp(or)e < T(v,e)c- It follows by transitivity that
Py[TB(o,rye > t] < Py[Trwee > t] = Po[TB(o,0c > t] for all t > 0, as desired.

Let A = B(o,7r)¢, and @ = a4 be the quasi-stationary distribution associated to A. The
second inequality in (2.6.50) follows from the fact that

ax Py[Tome >t > Po [Tpiorye > t] = e B0,
vené(g(,r) T[B(’) ]_ OCT[ B(o,r) ] €

The first inequality in (2.6.51) follows from the fact that by transitivity p;(o, 0) = max,er pt(o, x),
while the second is trivial and the third is exactly (2.6.50).
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We now prove (2.6.52). For a distribution v on V and g,¢9’' : V — R we write (g,¢"), :=
E,[99'] = > ey v(x)g(x)g'(x). Let C; be the collection of all g : V' — R whose support
{r € V : g(x) # 0} is non-empty and contained in B(o,¢), and denote by m, the uniform
distribution on B(o, £). Observe that for all g € C, we have that

(I = Ppo,9))9,9)m, = (I = P)g, 9)m, = (I = P)g, 9)/m(B(0,£))
= 5mEe T B [0 — (%)
2 14+1{X;1 ¢ B(o,0)}
]

(2.6.53)

_E, [@(Xo) (X))

(c.f. [LP17, Lemma 13.6] for the third equality). Since 3(¢) is the spectral gap of the chain killed
at B(o,£)¢, we have by the Courant-Fischer characterization of 5(¢) that

<(I - PB(O,E))979>M }
Exr,[9?] '

Using (2.6.53), and since the test function f:z — d(z, B(o,¢)¢) is 1-Lipschitz we get that
((I = PB(o,0)) [, f)=, < 1. Since moreover f € Cy, we have

B(¢) = min { (2.6.54)

g€l

1 Ex,[f?] 2 ) 2V (r)
> - >E.[f°] > (¢ —r)°me(B(o,r)) > ,
50 =TT Poa)Fofl = 2 7 Bom) = Gy,
where we used the fact that f(z) > ¢ —r for all x € B(o,r). This concludes the proof. O

Lemma 2.6.4. Let (I') be a sequence of finite (connected) vertex-transitive graphs of degree d
such that n = |U'| < D5, and let a,b > 0. There exists C = C(a,b,d) > 0 such that

Po(Tpe, > bD?) > C. (2.6.55)

Proof. Let £ := 2|aD/2|, r = £/2, and t = bD?, so that £ is even and P,(Tge > bD?) >
Po(Tp; > t). By [T'T21, Corollary 1.5] (which we recalled in (2.5.20)), we have V(r) 2 n.
Plugging this into (2.6.52), we deduce that B(r) < r~2, and therefore that e 3"t > 1. Plugging
this into (2.6.50) concludes the proof. O

Lemma 2.6.5. Let (T') be a sequence of finite (connected) vertex-transitive graphs of degree d
such that n = |T| < D®, and let € > 0. There exists ¢ > 0 such that

ao(Bep) > c(e). (2.6.56)

Proof. The intuition of this proof is that if a walk starts more than D away from o, there should
be a positive probability that, after time of order D2, it finds itself in the ball B.p (indeed,
mixing times are hitting times of large sets, see [PS15]) but has not touched o yet (since starting
from the quasistationary distribution «, and conditioning on hitting o, the distribution at any
given later time remains ).

Suppose x € BS,. Then

oo 1V(eD/2
<A (1/2)) 2 Po(X 0y ) € Bepya) = VeD/2) (2.6.57)

mix ft 5 n ~

HD:E(TBED/2 <
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Furthermore, by Lemma 2.6.4 (recalling that tl(nofx)(l/Z) = D? by Proposition 2.2.2), given that

the walk enters B.p /2, the conditional probability that it remains in the annulus Bs.p/4\B:p/4

until time t(oo)(l/2) is at least ¢ for some constant c. Therefore, setting ¢ = t(oo)(l/Z),

OZ(BED) = Pa(Xt S BED|T0 > t)
2 a(BgD)EodBcD (Xt € BaD|To > t)

> Q(BgD)wei%f; P,(X: € B.p;T, > t)
eD

2 a(Bp).

Thus a(B:p) is bounded away from zero, as desired. O

Proof of Proposition 2.6.8. By Proposition 2.6.3, for z,y € T', we have E, T, = E.T, — nG(z,vy),
so E, Ty < E.T, if and only if G(x,y) > 0. Combining this with Proposition 2.6.4, there exists
n > 0 such that for every « € B(o,nD) =: B,,

E,T, < E.T,. (2.6.58)

Therefore, since «(B,,) 2 1 by Lemma 2.6.5, and from Proposition 2.2.3, we conclude that

thit ~EaTo > Y a(2) (thit ~E<T,) = a(Byp) (tnie —E«T,) > D?, (2.6.59)
r€B,

as desired. O

Proposition 2.6.9. Let (') be a collection of finite (connected) vertex-transitive of fixed degree
d, and assume that as n = |I'| — oo,
D?logn > n. (2.6.60)

Then there exists a constant k < 1 such that for s € R large enough, we have at time t; =
thit((logn) + )
P(Teov > t5) <k (1 - e*e_s) . (2.6.61)

In particular :f"tv —log || asymptotically does not have Gumbel fluctuations, and for s large
enough, drv(L(U(t,)), u®") does not converge to 0.

Proof. From Proposition 2.6.8, there exists a constant ¢ > 0 such that
D2

thit
>1 .
E.T, —  E.T,

(2.6.62)

It follows from Proposition 2.6.7 that there exists a constant C' > 0 (depending on d, on ¢ and
the implicit constant in (2.6.60)), such that
bnit C

1 )
E. T, — + logn

(2.6.63)

From a simple union bound and (2.6.63), we deduce that

thi s
P(Teov > t5) < nlPr(T, > ts) < nPy(Tp, > ts) = nexp <_Eh7t’ ((logn) + s)) <efeC.
(2.6.64)
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Hence, for s larger than some sy = so(C'), we have

B (I Clog || > S) = P(reoy > 1) S P(x>5) < (1-e7 ), (2.6.65)

hit

where 1= 1<% < 1. This proves that = — log IT'| does not have Gumbel fluctuations. Since
P(Teov > t ) (U(ts) @), it also shows "that for s > S0, we have

drv (LU (1)), u€F) > (1 — &) (1 - e—e“) . (2.6.66)

O

2.6.3 Proof that the diameter condition is necessary in Theorem 2.1.3

In this section, we assume that t,o; = o(tnit). We want to show that the law of the uncovered
set at time £, is far, in the total variation sense, from the product measure u®C. Note that
this immediately implies Theorem 2.1.3: indeed, since t < dD? by (2.2.1) and ty;; > tinity =
nG(o,0) > n(1—o(1/logn)) by Proposition 2.6.3, the assumption D? << n implies that t] << thit.
Therefore, it suffices to prove the result under the sole assumption t.o; = o(tnit)-

To prove that the law of the uncovered set is far from a product measure when the diameter
condition fails, we might initially be tempted to show that the uncovered set is “too” clustered,
i.e., the probability that two relatively nearby points are uncovered is larger than it should be
under the independent scenario. However, this turns out to be very difficult to control as the
contribution to the moments of order k of the size of the uncovered set coming from nearby
points start exploding when the diameter condition fails. We cannot translate this into estimates
about events of positive probability for the uncovered set; roughly speaking, either the Bonferroni
inequality goes in the wrong direction, or one would need to keep track of moments of higher
order and compare how they blow up.

Instead, we show that points that are sufficiently far apart are negatively correlated. It turns
out that this enables us to use the Bonferroni inequality (i.e., union bound) as this is an upper
bound.

Proposition 2.6.10. Let v > 0, and (T") be a collection of finite (connected) vertex-transitive
graphs of fixed degree d, such that n = || < yD?logn and te; = o(tnit), and let (for every s € R)
u®T denote the product over all the vertices of the graph of the Bernoulli law 1, with parameter
e */|T). Then for every fixed s € R, there exists a constant ¢* = ¢*(s, d, ) such that as |T'| — oo,
for t € {t ys b }

drv(LU (1), ") = ¢ + o(1).

We start by comparing t, and t.. Recall that tsy = ity ((logn) 4 s) and t. is such that
E[U(t,)] = e™*.

Lemma 2.6.6. Let s € R. For n large enough, we have E(U(t)) > e™*, or in other words
gy < t:.

Proof. Set a = «a,, and let s € R. We have

]P)ﬂ—(TO > t<s>)6_ t<5) /]EQT _ nPﬂ'(To > t<s>)e—%((logn)+s).

EUtS :n]PTrTO>tS =n
U(ts)] ( ) Po(T, > t) Po(To > b))

(2.6.67)
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By Theorem 2.5.1, setting 6§ := 1 — IIa/lﬂH , we have
2

P (T, > Us) )

= >1-0 2.6.68
P, (T, > t<s>) o ’ ( )
and,
ET{'TO trel
<1—-6+6 . 2.6.69
E, T, — TR T ( )

Since te] = 0(tnit) by hypothesis, we have Etf—e% and # — 0. Therefore, using the inequality
e > 1+ x, valid for all x € R, we have

E|U(ts)| > e (1 = 0)(1 + flogn + o(flogn)) = e *(1 + 0logn + o(flogn)), (2.6.70)
which concludes the proof. O

We now prove a technical lemma.

Lemma 2.6.7. Let (T') as in Proposition 2.6.10, and ¢, S1,S2 as in Proposition 2.6.6. There
exists a constant C > 0 such that for every (z,y) € S1 X So and s € R, we have (as [I'| — o0),

setting A = {x,y},
—2s
Po(Ta > ty) < %e—“o(”. (2.6.71)

Proof. Let us fix s € R. For every (x,y) € S1 X S, we have by (2.6.15)

2 2 D?
qa = o 2 5 > 2 (1 + c) . (2.6.72)
1+ 7G((o:g)) 1- CnGlo,0) nG(Oa O)

Moreover, using Equation (1) in [AB92] (which we recalled in Theorem 2.1.4) for the first
inequality, and by Theorem 2.1.5, we have uniformly over all A C T" of size 2,

2
Pr(Ta > b)) < Pa, (Ta > b)) = exp <—qA ts) (1 +0 (ttrd) )) : (2.6.73)
hit

It follows, recalling that %jo) = tt;—ei, that there exists a constant ¢ > 0 such that for every

(mvy) € Sl X S?a
e % trel s trel
P.(Ta > tg) < —2¢ == (1 1+ —+0(= ) 2.6.74
(T4 > 1) = o (2 o) (14 0 (2 (26.74)

From Proposition 2.6.7, there exists a constant C' such that (recalling that #,. < D?)

26/ trel 10g n
thit

>C, (2.6.75)

which allows us to conclude, using that t..] << tpjt, that

—2s
Pr(Ta > ty) < e o), (2.6.76)
n

as desired. 0
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Proof of Proposition 2.6.10. Let s € R. By definition of the total variation distance, it is enough
to find a subset B of P(I") and a constant ¢* such that for t € {t<s>, t, ts},

p2Y(B) = P(U(t) € B) > c*. (2.6.77)

Let ¢, Sy, 52 as in Proposition 2.6.6, and C > 0 from Lemma 2.6.7. Set b = b(s) = e~* and let
a > 0 be small enough such that |S1| > an (for all T as in the statement of the proposition), and
1—2e79% 4 e7290 > (gb)2(1 + e~¢)/2. (Such a choice for a is possible since as a — 0, we have
1 —2e7% 4 e72ab = (gb)? 4+ O(a®).) Let 1 and S} be sub-balls of (respectively) S; and Sy such
that |S1| = |S5] = (a + o(1))n, and set

B:={ACT:ANS]#2and ANS, #2}. (2.6.78)

By a union bound and Lemma 2.6.7, we get the following upper bound on P(U () € B)

AT
PUG eB) < Y Ba(fny) cUU)) < R -2 om0y o)
(2.y)€S) x5} (2.6.79)

= (ab)?e™¢ + o(1).

Let us now lower bound u®T'(B). Let B; = {ACT:ANS!# @} for i € {1,2}. Since
B = By N By, we have

pdt(B) =1 — pd"(BY U Bs) =1 — (u(BY) + pd" (B5) — " (Bi N B)). (2.6.80)
Moreover,
r - b (a+o(1))n , .
pdt (BY) = udt (Bs) = (1 - n) = e obtoll), (2.6.81)

and we have similarly p&' (B N BS) = e~ 20+ 1If follows that

p8Y(B) > 1 — 2eabto(l) 4 o—2abto(1) (2.6.82)

9

and hence, by definition of a, that

el
sl—e

2

5 14+e ¢

pE(B) —P(U(t)) € B) > (ab) 5

— (ab)?e=% + o(1) = (ab) +o(1). (2.6.83)
Recall that ¢, > t (for n large enough) and &, > t, (for all n), so since t — Pr(Ta > t) is
decreasing for every A, (2.6.79) also holds with P(U(t;) € B) or P(U(t,) € B) on the left hand

side. Therefore, (2.6.83) also holds with t: or ts instead of #, and the proof is complete. O

2.7 A strongly uniformly transient graph without Gumbel
fluctuations

In this section, we construct an example of a sequence of vertex-transitive graphs which satisfy
the strong uniform transience (SUT) of (2.1.11), but not the diameter condition (DC).

The idea is to consider the following graph: for m > 2 even, let I' = C,,, x G be the Cartersian
product of a cycle C,, of length m, together with an expander Cayley graph G (in fact it will be
convenient to take a Ramanujan graph of degree greater than three, see Morgenstern [Mor94] for
an explicit construction generalising the famous construction of Lubotzky, Phillips and Sarnak
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[LPS88]) of size mh, where h = h,, > 1, and say h,, < m, say. (The interesting examples will be
those for which h < logm.)

Thus the total size (number of vertices) of I' is n = m?h and the diameter is < m and for
h < logm, T' does not satisfy the diameter condition (DC).

Proposition 2.7.1. The graph I' above satisfies the strong uniform transience (SUT) condition
whenever h,, — oo, no matter how slowly.

Proof. For a vertex x € I', let us write x = (&, ) with Z € C,, and ¥ € G so that & denote the
cycle coordinate and & the Ramanujan coordinate. Since both C,, and G are vertex-transitive,
for a continuous-time random walk X; = (Xt,Xt) € I', the coordinates X and X are in fact
independent continuous time random walks with rates 2/d and 1 — 2/d respectively (where
d = deg(x) is the total degree on I.)

Since the coordinates are independent, we have that for every ¢ > 0,

pt(x7y) = ﬁt(ivg)ﬁt(1‘7g)a

where p; denote the transition probabilities of the random walk on the cycle C,, (with rate 2/d),
and p; denote those on the Ramanujan graph G (with rate 1 — 2/d).

Furthermore, by Proposition 2.2.2, tmix = tmix(1/4) < m?. It is therefore easy to estimate
both p; and p; for t < m?: namely, on the cycle we know (for instance from Proposition 2.2.1)

that
1

t+1’

ﬁt (6a 6) /S
and on the Ramanujan component, by (2.2.29),
D:(6,0) — #(3)] < e

where A > 0 is the spectral gap on the Ramanujan component (which, by definition, is bounded
away from zero), and 7 is the uniform distribution on G. Since 7(3) = 1/(mh), we deduce that
P:(6,0) < 1/(mh) + e,

For each fixed s > 0

1 —At
— +e dt
s Vi+1 (mh )
ix o — 1
S Vtm +/ e At dt
mh s vVi+1
Since tmix < m? and h = h,, — oo, the first term tends to zero. The second term does not

depend on m, and is the integral of a function which is clearly integrable. Consequently, the
limsup as s — oo is zero. Thus

lim sup lim sup Eo, (Lo (tmix) — L(s)) = 0,

§—00 n—oo

which shows (2.1.11). O
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Chapter 3

Limit profile for random
transpositions

We present an improved version of Diaconis—Shahshahani upper bound lemma, which is used
to compute the limiting value of the distance to stationarity. We then apply it to the random
transposition shuffle.

3.1 Introduction

3.1.1 Main results
Let &,, be the symmetric group of indice n and P,, the probability on &,, defined by

1 2
Py(ld) =~ and P,(7) = — if 7 is a transposition. (3.1.1)
n n
This is the random transposition shuffle on &,,, as studied in a landmark paper of Diaconis and
Shahshahani [DS81].
Let also U,, be the uniform probability on &,,. If E is a set and pu, v are probabilities on F,
we define the total variation distance! between p and v by the formula

v (,v) = 5danv) = 3 3 ) — ()] (3.1.2)
xeFR

In [DS81], Diaconis and Shahshahani showed that this random walk undergoes a cutoff phenomenon
at inlog(n), that is, letting f(n) = $nlog(n), that for all 0 < e < 1,

drv (P,jfUH)f (”)J,Un) — 1 and dpy (P;UHe)f <”>J,U,,,) ) (3.1.3)
n—oo n—oo
Despite a lot of work on mixing times in general and on random transpositions in particular (see
references below), obtaining a precise description of the way this transition occurs has remained
an open problem, formally asked at an AIM workshop on Markov chains mixing times in 2016
(http://aimpl.org/markovmixing/5/).

1In the proofs we will use the L! distance, noted di, in order not to carry the factor %
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Problem 5.3. [Nathanaél Berestycki] Can we obtain the cutoff profile for the uniform
random transposition walk on 5,7

Our main result is the following.

Theorem 3.1.1. Let ¢ € R. Then we have

* ln og(n cn .
dpy (P2 ) s dry (Poiss (1+ e7%) , Poiss(1)) (3.1.4)
n—o0

where Poiss(a) stands for the Poisson law of parameter a.

3.1.2 Limiting profile conjectures

We anticipate the limiting profile
drv (Poiss (1 + e_c) ,Poiss(l)) ,

which we obtain in our problem if we replace the time L%n log(n) + cn] by a slightly more natural
time, [$(nlog(n) + cn)], to arise for many other mixing time problems on &,, namely the
problems where the last things to be mixed are the fixed points. It seems to be often the case
when the probability P, is constant over conjugacy classes. For example, using the formulas in
[FJRO3], one can adapt the present proof for random k-cycles (k fixed) at time |} (nlog(n)+cn)],
and we conjecture that the same limiting profile still holds for random conjugacy classes of size
o(n), as studied in [BS19], but that it would be technically much harder to adapt the present
proof in that case. For this general case, a beautiful formula (Proposition 10.15 in [Mé17]) used
in the proof of the Stanley—Féray formula, which allows to compute any reduced character as an
expectation, x*(u) = E[(—=1)™(?x)], might be very useful.

We conjecture that this profile also holds for the random involution walk studied by Megan
Bernstein in [Ber18], at time | —%— (log(n) + ¢)|. For other problems where the limiting profile is

log(p)
known, see [BD92] and [Lacl6a].

3.1.3 Links with previous results and idea of the proof
3.1.3.1 Links with previous results

In 1981, Diaconis and Shahshahani showed in [DS81], using representations of the symmetric
group, a cutoff? at L%n log(n)| for the random transposition shuffle, giving asymptotic inequalities
at time [4nlog(n) + cn], ¢ > 0 fixed. In 1987, Matthews gave in [Mat88b] a very precise lower
bound, which matches with the limiting profile. (However, the upper bound part of Matthews’
proof has a flaw, as pointed out in 2017 by Graham White in [Whil9]. In 2019, Graham White
presented in [Whil9] an alternative probabilistic proof of the upper bound.) In 2011, Berestycki,
Schramm and Zeitouni generalized in [BSZ11] the previous result to the shuffle by random k-cycles,
for k fixed as n — oo, proving a cutoff at L%nlog(n)], conjectured by Diaconis. Finally, in 2014,
Berestycki and Sengiil generalized again this result, in [BS19], to any conjugacy class whose
support is o(n), and without representation theory.

Before giving more details about our proof, let us mention some other interesting related
works and sources. For a study of couplings for the random transposition walk, see Blumberg’s
thesis [Blull]. For other bounds on the characters of the symmetric group, see [LP02], by Lulov
and Pak. Also, an intriguing cutoff at %nlog(n) — %nlog log(n) for the random to random card

2In fact their lower bound is 1/e so it is not exactly a cutoff.
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shuffle was proven by Bernstein and Nestoridi in [BN19]. About spacial mixing, see the very
recent article [DP22] by Diaconis and Pal. For polynomial bounds on the diameter and mixing
time of shuffles with random sets of generators, see [BH05] by Babai and Hayes, and [HSZ15]
by Helfgott, Seress and Zuk. Finally, about cutoff on compact quantum groups, see [Frel9] by
Freslon.

To learn about mixing times, an excellent source is the book [LLP17] by Levin and Peres. Another
very good source is the lecture notes by Salez, [Sal20]. About representation theory, the first
part of Serre’s book, [Ser78], gives nice and clear introduction. To study more specifically the
representations of the symmetric group, see the very complete book by Méliot, [Mé17], which
contains many recent results.

The proof in [DS81] relies on the so-called Diaconis—Shahshahani upper bound lemma, which
leads to a sum over irreducible representations which they delicately bound with representation
theory and analysis. Actually we can observe that the only place where a lot of information (we
lose a factor e in the limit ¢ — oo of the limit profile) is lost on the limit profile is at the very
begining, when the Cauchy—Schwarz inequality is used in the proof of the upper bound lemma.
Section 3.2 presents a remedy to this information loss, improving the upper bound lemma to an
approximation lemma (Lemma 3.2.1) which is asymptotically much more precise. Section 3.4.1,
which is quite technical, generalizes the asymptotic bounds of Diaconis and Shahshahani to any
ceR.

Another crucial point of our proof is to pack together, in the sums over the irreducible repre-
sentations A = (A1, ...) of &, all the partitions with the same A;. More precisely, Section 3.4.2
shows that when j € N* is fixed, we can study the sum over the partitions with A; equal to n — j
as a sum over the partitions of the integer j, resulting in explicit manipulable formulas.

To understand where the limiting profile comes from, observe that, thanks to the lower
bound of Matthews, the key observable is the number of fixed points. The limit profile is the
distance between the asymptotic distribution of the number of fixed points of our walk at time
| 2nlog(n)+cn], which is a Poiss(1+e~2¢) distribution, and that of a permutation taken uniformly
at random, that is, Poiss(1).

Theorem 3.1.1 stated above gives support to the following conjecture of Nathanaél Berestycki.

Conjecture 3.1.2. Let 7,, be the first time that all cards have been touched, and let X, be the
state of the deck of cards at this (random) time. Then drv (X, ,U,) — 0 as n — 0.

In other words, the conjecture says that 7, is a stopping time at which the random permutation
is well mixed for all practical purposes. Note that at time 7, — 1 the permutation contains at
least one fixed point, so that dry(X,, —1,U,) cannot converge to zero. Hence, the conjecture
implies that 7, is in some strong sense optimal for mixing the deck of cards.

Let us now explain in what way Theorem 3.1.1 above is related to this conjecture. For any
time ¢, let Gy be the random graph which contains an edge (i, j) if and only if the corresponding
transposition has been applied at least once prior to time t. Then G} is essentially a realisation
of the Erdés—Rényi random graph with parameters n and p = 1 — exp(—t/ (Z)) It is easy to
check that any cycle of the random permutation X; at time ¢, considered as a set, is a subset
of a connected component of G;. Hence, it makes sense to consider the cycle structure of the
permutation restricted to any particular connected component of Gy. Let €; be the largest
component of Gy (which is macroscopic if ¢ > ¢n for some ¢ > 1, and actually contains all vertices
with high probability after time 7,,). €; is called the giant component of G;. By a famous result of
Schramm [Sch05], the distribution of the lengths of the largest cycles of X; within €;, normalised
by the total size |€;| of the giant component, converges to a Poisson—Dirichlet distribution (in
the sense of finite dimensional distributions). Hence, these largest cycles can be seen to coincide
in the limit with the distribution of a uniform permutation on the giant component (see, e.g.,
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[BSZ11]). A stronger version of Schramm’s theorem would be the following conjecture (also by
Nathanaél Berestycki).

Conjecture 3.1.3. Suppose t > cn/2 for some ¢ > 1. Given €, the distribution of X|¢,, is
approximately uniform, in the sense that drv(X¢|e,, Ue,) — 0 in probability as n — oo, where
Ug, is a uniform permutation on the giant component ;.

It is not hard to see that Conjecture 3.1.3 implies Conjecture 3.1.2. Indeed, Conjecture
3.1.3 implies a very precise description of the structure of X; close to the mixing time: if
t= L%n logn + cn ], then according to this conjecture X; would consist, if 7, > t of a permutation
that is approximately uniform on n — 1 points, plus an extra fixed point; and would otherwise be
indistinguishable from a uniform permutation if 7,, > ¢. Such a description would imply that

dTV(Xt; Un) = dTV (FiX(Xt), POiSS(l)) + 0(1)7 (315)

where Fix(X;) is the number of fixed points of X;. It is furthermore relatively easy to check that
P(7, > t) — e~2¢ and hence, still assuming Conjecture 3.1.3, we would deduce

drv(X¢,Uy,) = dry (Poiss (14 e7>¢) , Poiss(1)) , (3.1.6)

where the extra term e~2¢ in the right hand side accounts precisely for the probability that 7,, > ¢.
Of course, this last display is precisely the content of our Theorem 3.1.1.

3.1.3.2 Organisation of the article

In Section 3.2, we present the improvement of Diaconis—Shahshahani upper bound lemma, using
the non-commutative Fourier transform, which brings us back to group representations. In
Section 3.3, we will recall some results on the representations of the symmetric group, get precise
estimations of the hook-length and Murnagham—Nakayama combinatorial formulas when the
size n of our partitions tend to infinity with n — Ay constant, and we will prove some upper
bounds useful in the sequel. In Section 3.4, we will prove the announced theorem decomposing
approximation by approximation. From now on, k will denote without ambiguity the integer

k=k(n,c) = L%nlog(n) +en|. (3.1.7)

3.1.3.3 Idea of the proof

The algebraic objects 6/5;, triv, dy, sx and ch® will be defined at the beginning of Section 3.2.
For all o0 € &,,, Fix(c) will denote the number of fixed points of the permutation o. For j € N*,

let us also define the polynomial Tj(z) by the formula Y>7_ (;%,) (7,“1)1. The idea is to first fix
¢ € R, and then to define for all € > 0 an integer M = M (c, €) such that when n tends to infinity,
all the following approximations are true up to e.

Rewriting the sum using the Fourier transform and the improvement of Diaconis—Shahshahani

lemma,

1 1
di (P2*,U,) =5 > > daskeh’ (o) ~ Yol DD daskeh’ (o). (3.18)

TE€SN | Ae&,\ {triv} 7ESH [M2n—M
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Then, thanks to the polynomial convergence lemma and letting M — oo, we will get

M
%Z > dasich’ (o) n' > D e ¥y (Fix(o))
j=1

T o€G, (M>n—-M cEG,
1 o0
~ Z Ze_QJCTj (Fix(0))|.
€S, [j=1

Finally, letting n — oo,

=Dy S e, (Fis(o LS e ez

‘o€, |j=1 L
~E 676_26 (1 " 672C)P0i35(1) _ 1‘
d; (Poiss (14 e>°), Poiss(1)) .

3.2 Improvement of Diaconis—Shahshahani upper bound
lemma

In this section, we present the improvement of Diaconis-Shahshahani upper bound lemma. We
will stay in the framework of finite groups, but this lemma can be used in a wider framework, of
compact groups for example. Our aim is to get a better approximation than in [DS81] by not
using Cauchy—Schwarz before Fourier. R
Let G be a finite group, CG the group algebra of G and G the set of the irreducible
representations of G. We recall that the convolution product on CG is defined, for all fi, fo € CG
and z € G, by the formula
(fixf2)(2) =Y hlx (3.2.1)

TYy=2

We note triv the trivial representation of G and G* = @\{triv}. For o € G, we also name pq
the matrix of the representation «, ch® its character and d,, its dimension. Let us first recall
the inversion formula for the non-commutative Fourier transform, well-explained in [M¢é17]. For

f:G— Cand g € G, we have

Z@Tf< J?( ))

acCG

We deduce that for all £t € N,

dl P*t Z !P*t |

geG

- Y & T (P U@ ))

acG

= Z 1G] (P*t )p <g)*)'

9€G aGG*
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In addition, as P is a function which is constant on every conjugacy class, we know that for each
a, by Schur’s lemma, P(«) is a homothety, of ratio

Tr(P(a)
),

Sa —

We hence obtain

dy (P, U |G|Z stch“ 9)| -

9e€G aGG*

Now, if instead of having a single group G we have an increasing sequence of groups (Gp,)nen,
each group being provided with a probability measure P,, and if ¢ = ¢(n) is a well-chosen time
depending on n (and possibly on another parameter), we will wish to make n tend to infinity
inside our sums, and thus obtain a convergence to an explicit formula which will prove a cutoff
or give a limiting profile. The idea of the following lemma is to spot a finite set of irreducible
representations which will (asymptotically) have most of the mass, in order to approximate the
sum over all irreducible representations by a sum over only finitely many terms, uniformly in n,
and then be allowed to make n tend to infinity inside the finite sum.

Lemma 3.2.1 (Approximation lemma). Let G be a finite group, P a probability on G constant
on every conjugacy class, and S C G*. Then,

\G|Z stcho‘

geG |aeS

dl (P*t

< Y dalsal’

aE@*\S

Proof. Using the fact that ||a| — ||| < |a — b| and triangle inequalities,

d, (P, U dost,ch®(g)
(

gEG’ a€es

|G|Z Z dscha

9€G | 4eG\S

z S dalsal' [ch®(g)]

QGGaeG\s

> da |5a| Z |ch®(g)|. (%)

aea\S gEG

Now, for every irreducible character «, by Cauchy—Schwarz inequality and orthonormality of the

characters,
6] 240 < g, 612 ) -
9eG geqG
Plugging into (x), this concludes the proof. O
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3.3 The symmetric group and its representations

3.3.1 Hook-length formula

We recall a few facts from the representation theory of the symmetric group, that we will naturally
index by integer partitions A. In a diagram associated to a partition, the hook of a box is the
number of boxes which are above or on the right of our box (including our box). We call équ(\)
the product of the hooks of the partition A. For example, consider the partition A = (7,3,2,1,1)
of the integer 14 filled with its hooks:

1

2

4 11

6 [ 3 |1

111816 (4|3 (2|1

In this case, we have:

équ(7,3,2,1,1) =11 x8x6x (4x3x2x1)x (6x3x1x4x1x2x1)
=11 x 8 x 6 x 4! x équ(3,2,1,1).

We now recall the hook length formula, a proof of which can be found in Chapter 3 of [Mé17].

Proposition 3.3.1 (Hook-length formula). If X is a partition of some integer n, then dy = éqg(!x)'

In particular, d(,—j a,x,..) < (?)d(,\Q,)\g,...)~

If A = (A1, Ao, A3, .. .) is an integer partition, we will denote by A\* the truncated partition
(A2, Az, Ag, - . .), where the largest row has been removed. For example if A = (n —7,3,2,1,1),
A* =(3,2,1,1) and in this case we have when n — oo,

n! 1
(n—7T+4)(n—8+2)(n—9+1)(n—10)! équ(\*)
n! 7

1
= e & TR FOGR):

dy =

This can be easily generalized and gives the following asymptotic formula.

Proposition 3.3.2 (Asymptotic hook-length formula). Let j > 1 and Mg, As, ... be fixed integers

such that Ay + A3 + --- = 5. Then when n — oo,
n J 1
Ain—jxsNs,.) = j d(>\27)\37~-)(1 n + O(ﬁ))

Proof. Let n € N* and A = A(n) = (n — J, A2, A3, ...). Then when n — oo, denoting by A the
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conjugated partition of the partition \* = (A2, As,...),

n! 1
dn_‘ - - 3 7 . 7 . N 7
(nmdAzdas) (n—=F+ A7) =7 —=1+A) - (n—=2j+1+ A7) équ(Ag, A3, ...)
B n! n—j n—j—1 n—2j+1
(n—j)équre, Az, .. )n—F+ A n—7—1+ X5 n—2j+1—|—)\;’
n! Ay 1 Ay 1
= 1 2L 4y o(=)---(1=L 1+0(=
(n—j)!équ()\g,)\g,...)( n + (n2)) ( n + (n2))

n J 1

3.3.2 Character ratios

Let 7 be a transposition. We define as in [DS81] the character ratio r(\) = Ch;#. We can give
different explicit formulas for this object, among which is the following symmetric one, which
follows from Lemma 7.14 in [Mé17].

If A= (A1, Ae,...,\,) is a partition of the integer n, then we have

o= ()-(E)

where X denotes the conjugate partition of \.

The modified character ratio, as defined in Section 3.2, writes as sy = 1 + 2=1p()) and takes
into account that we pick the identity with probability 1/n. The following upper bounds are
given in [Dia88].

Proposition 3.3.3. If ) is a partition of the integer n, then

sy < M and |r(\)] < ﬁ
n n

Moreover, if A\; > 7, then

2\ + 1)(n — )\1).

sy <1-— 5

n

We will also need an asymptotic expansion of sy, easily obtainable from the explicit formula
for r(A\): If j € N* and As > A3 > --- > )\, are non-negative integers such that A\g 4+ -+ A\, = j,
then when n — oo,

=) = (M5 ) oy =1- 2 v o),

(2)°\ 2
and so o )
J
=1-—= —). 3.1
Sx n+0(n2) (3.3.1)

Remark 3.3.1. In the general case, to guess the cutoff time, we want to find a ¢ = ¢(n) for which
dy |sa|" = 0(1) as n — oo, for the representations a which have the most mass. In the case of
the symmetric group, as d) ~ n’, we want to find ¢ such that \s,\|t ~ n~7. For instance, for

random transpositions, it is very natural to expect a cutoff at %nlog(n) from the formula of sy,

as (1 — %)%nlog(n) ~nd.
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3.3.3 Mass transfer in the Young graph

It will be convenient to use the formalism of the Young graph for some calculations. We will need
them in Lemma 3.4.3, to study the behavior of the main term.

Let us first recall the definition of a Young diagram, quoting [Mé17]. Given an integer partition
A, we call Young diagram of A the array of boxes with A1 boxes on the first row, Ao boxes on the
second row, etc.

We will write A = m for some m > 1 to indicate that A is a partition of the integer m. We
will also write A /A if A\Fm and A+ m + 1 to say that the diagram of A can be obtained from
the diagram of A by adding a box.

The Young graph is the infinite oriented graph of all integer partitions with an edge from A to
A if and only if A ' A. We are going to study, in the Young graph, a measure transfer from a
row to the next one, which can be extended by recurrence to several lines.

Let us fix an integer 7 > 1. We recall the transition formula for the dimensions of diagrams,
which we can find in [Ker03] or [Mé17]. If we fix A I j, then we have the following transfer, which
may be of independent interest:

Z dr = (j + 1)dx.

AN A

Let j be an integer and (), a sequence of real numbers. We extend this line to the next line,
j + 1, as follows, following the edges of the graph. If A+ j + 1, we set yp = ZA/A Yx. Then we
have the following transfer.

Proposition 3.3.4.

D wmda =G+ nda

Abj+1 AFj
Proof.

Doomda= D> (D> Mda

AFj+1 AFj+1 XA A

=> > Lyamada

Aj AFj+1

:Z’YA Z da

A ANASA

=+ 1Y mda

AFj

3.3.4 Permutations usually do not have only little cycles

We set, for n € N*and 1 < j < n,
S,.,; = {o € 6,, : all the cycles of o are of length < j}.

Let us show that when j is fixed, &, ; is asymptotically much smaller than &,,.
We will use the next proposition in the proof of Lemma 3.4.2.
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Proposition 3.3.5. Let j > 2 be a fixed integer. Then for n large enough,

|6n7j|
[CAY

—nlog(n)
TG

log( ) <

where T(j) =142+ --- 4.

Proof. We can see that in &, ;, there are at most (n + 1)7 conjugacy classes, because such
a conjugacy class is determined by the number of fixed points, 2-cycles, ..., j-cycles of a
representative, each one necessarily between 0 and n. Let us give an upper bound on the
cardinality of such a class. Let n > j be a large integer, u = (i1, ..., 1) a partition of the integer
n such that p; < j and p, > 1, and C,, the associated conjugacy class. Then if k, denotes the
number of u; equal to g, we have for n big enough:

n!
Cul = 2k23ks o ki kolkgl -+ kjl(n — 2kg — 3kg — -+ — jk;)!
n!
< .
kz'kg'kj'(n—2k2—3k3——]kj)'
(ng,,jkj,(Tl*QkQ**jkj)) kQ' k]'
<< n ><2k2>!,_,<jkj>!
NG Ny ;!
L R Ghy)!
o ;!

Moreover this latest product will be greater if the k; increase, so we can assume without loss of
generality that 2ks 4 --- + jk; > n — 1. One of the k; is therefore necessarily of cardinal greater

than 2+§:_1_+j = T?Bil' Furthermore, as (2k2)!--- (jk;)! < nl, we obtain:

Cul <"

n—1

(zt7=1)"

Thus for n large enough,

SIF] <+ 1) ——— T (3.3.2)
&, =)
i.e. S ) log(n)
n,j : . n— nlog(n
log 20) < jlog(n + 1) + nlog(j) — log , )~ ——— .
(52 < 1ogn + 1)+ n1os() ~ oal(g7 =7 )0 ~ 7oy
As %(j) — 1 < Z(j), this leads to the desired asymptotic upper bound. O

|‘66n,]"|
multiplied by any power function, or polynomial. It is this fact that we will use. The case j=1

that we did not process is trivial because in this case |&,, 1| = 1.

Besides, if we had proceeded more carefully, we could have shown that k; ~ & maximizes
the heavy terms of the cardinality of the conjugacy class, and therefore that log(|&,, ;|) ~
(1= 3)nlog(n).

Remark 3.3.2. This upper bound proves in particular that the ratio tends to 0, even
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3.3.5 Upper bound on the number of ¢-cycles

For every permutation o € &, and g € N*, let Ny(o) = N,En)(a) denote the number of g-cycles in
the cycle decomposition of 0. We recall the well-know law for the number of fixed points of a
random permutation®

0<m<n. (3.3.3)

(-
1

7

P(aGGnle(o):m):%i

1=0

In particular, we deduce that for all0 < m < n, P(oc € &,, : N1(0) =m) < % Now we generalize
this upper bound to the number of g-cycles.

Proposition 3.3.6. Let ¢, m € N*, then

1
P(oc €&, : Nyo)=m) < e

Proof. As in the previous paragraph, if p; is a partition of the integer n, we denote by k, the
number of u; equal to g.

P(o € &, : Ny(o) =m)

1
:a Z ‘CM|

pkEn
kq=m
:i > 2k23k3...rmklkl...kl(;_Qk; ks — - — k)
r=1 pu=(p1,..,tr>1)Fn 2-h3- T 2 3 )]
1
= o
- 1
XZ Z ko k- k | | | '
=1 p= (1o g > D n—qm 2k23k3 ... ]{}2.]{53_ . kr(n —qm — 2]{32 — 3k3 . — T’kr).
=0
1
<
= qmm'
. 1
XZ Z ko k k | | | '
A ARkl R0 — g — 2k — 3k — -~ Th)
1
= m'P(O' € 6n—qm : Nq(O') = O)
1
<
= qmm'

3.4 Proof of Theorem 3.1.1

For this whole section, we fix ¢ € R. We recall that k = k(n,c) = [$nlog(n) + cn].

3For m = 0, we apply the inclusion-exclusion principle to U?:l F;, where F; = {0 € G, : 6(i) = i}, and then
generalize for any m.
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3.4.1 Bounding the error

The upper bound is similar to the upper bound of the sum appearing in [Dia88] after applying
Diaconis—Shahshahani upper bound lemma. However, as we want a more precise result, there
will be some additional technical difficulties as ¢ may be negative.

We can observe that the representations of the symmetric group which contribute the most in
the sum

1
d (P*,U,) = . Y1 daskeh o)
"l ses, /\eé:*

correspond to partitions with a large first row. We will therefore naturally split according to A;.
We set for all M € N*| and integer n large enough,

SM(n):{/\Eé\n*:)\lznfM}.

From Lemma 3.2.1, we get that for all M > 1,

1
di (PR, U,) — = dysheho)|| < dy sl
(G

o€ [A€Sm(n) AEG A <n—M

It remains to prove that the right-hand side of this inequality tends to 0 uniformly in n when
M — oo, and to estimate the second term in the left-hand side. Our first task is to bound the
error in the approximation.

Lemma 3.4.1 (Upper bound on the remainder). For all € > 0 there exist M = M(c,€) > 1 and
ng = ng(M) € N such that if n > ng, then

Z d)\|8)\|k Se.

A <n—M

Proof. We recall that sy = 1 4+ 2=1r()\). Observe that if ) is a partition of n such that r(\) > 0,

n n
then r(\') = —r()) and so sy = [sx| > [sx/|. Let us first bound 7y ., _; dx |sx|" splitting the
sum into pieces. Note that A\; = n corresponds to r(A) = 1, that is, to A = (n), the trivial
representation, which disappeared when we used the Fourier transform. Likewise, r(\) = —1
corresponds to A = (1™).

k
Z d)\|8)\|k :d(ln) |S(1n)| + Z d)\‘S)\|k+ Z d)\‘SA|k+ Z d)\|5)\‘k
r(A)<1 —1<r(A)<-2 —Z<r(N)<2 2<r(N)<1

=51+ 52+ S3+ Sa.

Let us bound these different pieces separately, using Proposition 3.3.3. The first one is the
easiest.

2
S1= (1= J)lmiestrend — o(1),
3 3 3.1

Ss< D0 )<Y BT Swl(f)EmEn e = o1),

_%<7(A)<% )\EG?L*
Si= Y dlal- s Y sl (- 2 <ot
2 = AUSA n = AISA n’ = 4 = n 4

2<r(N)<1 Z<r(<t
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where we used in the upper bound for Sy that |sy| < 1. If we succeed in proving that Sy is
bounded (in 1), then we will be able to conclude that 3, ) dx sx|* is bounded (in n). We

will bound a sum a little larger than Sy, namely > o, )< da |sx|¥. Let us begin by a crude
bound which will prove useful in the sequel. If 1 < j < n, we have

3 dA<Z<>d,\*_(j> DRDIOIS: g— 271 _"W/Q (%)

A1=n—j A*j A*Ej A*j v

where the two first inequalities come from Proposition 3.3.1 and Cauchy—Schwarz, and the before
last inequality comes from the fact that each partitions of the integer j can be seen as one of
the 27 subsets of the set with j elements. Therefore we have, using Proposition 3.3.3 (note that
r(A) > 0 implies that s(\) > 0)

Si< > dash

0<r(\)<1

¥ T a

=1 \i=n—j

0<r(A)<1
Ln/lOOOJ ne1
+1
< Y (Y apa-HUTIEYe S agn - Ly
j=1  Ai=n—j j=|n/1000]+1 Ai=n—j
= A; + As.

Let us bound A;. We have, using (%) and 1 + 2 < expz,

Ln/1000]  joi/2 2j(n—j+1),
j=1 '
[n/1000] _ . o
W;ej ()~ S (L og(n) +on)
- J!
Jj=1
Ln/1000] ;o
_ 23/ )(10g(n)+2c)
2
[n/1000] _
_ ﬂe—zjcej(j—l)w.
j=1

Let a;j(n) be the summand in the right-hand side, and note that

log(2)
ajy1(n) e"z % g los(n)tac

an)  FI

As a function of j when n is fixed, this is decreasing until j =

m and then increasing.

If the first and the last ratios are (strictly) less than 1, then we will have a subgeometric sum,

which will hence be bounded. The last ratio, at 1545, is equal to

log(2) .
v 1000e 5 _2C+1goon10200_% — 0.

n—oo
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For the first ratio, we need to be a little more careful. At j = 1, we can have a ratio much larger
than 1, all the more when c is little (i.e., negative and far from 0). So we will need to split
once more and consider the sum starting at a suitably chosen M, depending on ¢ but not on n.
Thus, though the convergence is fast in the case of a positive ¢, already treated by Diaconis and
Shahshahani, if ¢ is very negative, we will have to consider a very large amount of terms, and the
convergence will be much slower. Let M be such that

log(2)
egT —2c

1
M+1 4
and n large enough such that

log(n)+2c
2 M tosmt2e ’

and that the ratio % at j =n/1000 be less than 1/2. Then as all the ratios from j = M are

less than 1/2, we have:

a;(n) < a;(n) +am(n) - ——e I ——e M,
j=1 j=1 o 2 oo j=1 Vil M!

Thus, as ¢ € R is fixed, A; is bounded uniformly in n. Let us now treat As, which will be slightly
easier.
We observe that for all j > 0, 57 < 5137, hence by (),

nigi/?
Y das TE

/\1:7l—j
Let j be an integer between n/1000 and n — 1. Then
W62 Gy 2 W g
jj/2 n jj/2

nigi/?
UGINERLY
jirz € !

- nj6.7/2
- iz

IN

o~ (3 l0g(n)+) (i 5-255)

n

— /23 108(3) p—clit 5i5) o~ 1ige v log(n)

< 6j/26% 10g(1000)6\c|(j+ﬁ)6—ﬁn log(n)
< enwen log(1000)€|c|(n+ﬁg)e—ﬁgn log(n)

_ _Kn—K'nlog(n)
=e ,

where K is a real constant and K’ is a positive constant. Thus,

Ay < neKn—K'nlog(n) 0.

n— 00

Now we are able to conclude, using the bounds in the proof for A;. Let ¢ > 0, and let
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log(2) _,

M = M(c,€) > 1 such that % < 1land 2%6721%6 < €. Then for n large enough,
7./1000
Yo dalsaF<Si+ S+ S5+ Y aj(n)+ A
A<n—M j=M
7,/1000
< a;(n) +o(1)
=M
< ap(n) 3 % +0(1)
—~ 2

<e+o(l) asn— co.

3.4.2 Polynomial convergence lemma
We now start to estimate the main term.
Lemma 3.4.2. Let { € N*. Then when n — oo,

4

D3 S Y asdaio) %Z > e T (Fix(@)| + o(1),

ceS, |j=1 Ai=n—j €6, =1

ZZJ:(J—@) )

Let us first show how the polynomials T}, a key element of the proof, arise naturally.

where we recall that

Lemma 3.4.3. Let j € N* be a fized integer, and o € &,, a permutation with at least one cycle
of length greater* than j (i.e., o0 € 6,\&,, ;). Then

% S dychMo) = T; (Fix(0)),

)\Eé\n:)\lzn—j
where we recall that \* = (Aa, A3, Ag, . ..) is the truncated partition of A = (A1, Aa, Az, .. .).

Proof of Lemma 3.4.3. This proof is combinatorial and strongly relies on the
Murnagham-Nakayama rule (Formula 3.10 page 108 in [Mé17]). We first consider o € 6,\&,, ;
as an indeterminate in ch*(c) and recall that, for any permutation ¢ and ¢ € N*, N, (o) is the
number of g-cycles in the cycle decomposition of o. For example, if A= (n —4,1,1,1,1) and o
has a cycle of length greater than 4, we have, using the Murnagham-Nakayama formula and
writing N; for N;(o),

ch* (o) = (T) + N3Ny + (J\;Z) — N, - ((]\;1> — NNy + Ns) + (@1) —N3)— N, + 1.

41t still works for o € G \Gp,j—1-

101



We can observe that ch*(s) is a polynomial in Ni(0) = Fix(o), Na(0),..., N;(o). The key
observation is that we will be able to compute everything when we take the sum at A\ = j
constant, and that our polynomial, which seemingly has j indeterminates, will in reality be a
polynomial in only one variable, Nj(c), the number of fixed points of o. This comes from the
orthogonality of some characters and the mass transfer (Proposition 3.3.4), which will make all
the other terms cancel. Let us give a little more details.

~ For the polynomial algebra C[z1, 22, ...], we will not use the canonical basis generated by the
2], but rather the one generated by the (zj), better suited here.

Let 0 € 6,\6, ;. If A is a partition of n such that Ay = n— j, then the coefficient of (Nlj(”)) in

ch? (o) is naturally the number of ways we can fill the Young diagram of A* with all the numbers
from 1 to j with line and column growth, that is, the number of standard tableaux of A\*, which
is dy- = ch™ (1d).

More generally, if ji,...,j. € N are such that j; 4+ 2jo + - - - + rj, = j, then the coeflicient of

() ()

ch™ (rir, ... 202 1)

in ch*(0) is

Thus, by orthogonality of the characters, the coefficient of (N}SU)) (Njio)) e (Ng.(a)) in the sum
Z dy-ch*(0)
AEG LA =n—j
is
Do dyech (9,220 = Y N (Jd)eh (rir,. ., 272,10) =0
Aéé\ni/\1=”—j )\eé\n:)q:n—j

By mass transfer (Proposition 3.3.4), we can also observe that for 1 < j’ < j;, if o has at least j’
fixed points (if it has less, the coefficient is zero), the coefficient of

)0

Z dy-ch*(0)

)\Eazhznfj

in the sum

is (—1)7" times j(j —1)---(j —j’ 4+ 1) times the coefficient of
<N2(0)) (Nr(0)>
j2 jr

Z dy-ch™ (o),

AeS, i h=n—j+j’

in the sum
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where ¢’ has j’ less fixed points than o, but as many i-cycles for each i > 2, coefficient which is
zero except when js = - -+ = j,. = 0, where it is equal to 1. To summarize, we have shown that

D = () () )

)\GGHZ)\IZ’ﬂfj

=T; (Fix(0)) .

Proof of Lemma 3.4.2. Using the fact that ||a| — |b|| < |a — b| and the triangle inequality,

¢ ¢
ll D120 D dasieh’(o) —% > e ¥°T; (Fix(0))

" 0€G, |j=1 A=n—j ' oeG, |j=1

‘
gnl Z Z Z dyskch*(0) Ze 2Ty (Fix(o))
j=1

ceS, [j=1 Ai=n—j
1 ¢ _
<= YD dushe o) - e HET; (Fix(o)
ceS, j=1| AMi=n—j

Let us now split the sum on &, into two parts, along &, and 6,\&, ¢, and let us bound
each of these two sums separately. We recall that &,,, = {0 € &, : all the cycles of o are of
length < ¢}. We begin by the sum on &, ,. By triangle inequality,

¢
1 —aic .
S, = ] Z Z Z dyskch? (o) — e 2T} (Fix(0))

0€G, 0 j=1 | A1=n—j

Sni Z Z Z (d)\SA‘ChA ‘—l—‘e_QJCT (Fix(o ))D

0€G, ¢ J=1 Ai=n—j
Moreover, 0 < s5 < 1, ch*(¢) < dy, and T;(Fix(0)) < ZLO Fix(o)/ =% < (£ + 1)n*

o L XY S @),

'OGG,LZJ 1 Ai=n—j
By Proposition 3.3.1, dy < (;.’)af)\*7 SO
R S DI DI T A
'UEG e J=lXi=n—j

Finally, using (?) dy- < n d)\* nd < nt and Equation (3.3.2) in the proof of Proposition 3.3.5,

Se,. < K(L, c)n2é||66’| =o(1),

where K (¢, c) is a constant depending only on [ and c.
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Let us treat the second sum, which we rewrite using Lemma 3.4.3.

¢
% Yoo DY dasheh0)) — e ¥ (Fix(o))

’ €S, \Sp ¢ J=1| Mi=n—j

£
s
S DD M D SRCIE Sl SERE
L 0€G,\Gp o j=1 [A1=n—j
1 a k 2 d)\* A
S XXX ke ).

0EGN\Gn ¢ J=1 A1=n—j

TLet 1 <j </l 1<r<gj,and Adg > A3 > --- > \. > 1such that Ay +---+ A\, = j. Let
A=(n—7j,...,\) so that A* = (Aa, ..., A\p).

From Equation (3.3.1), we have
20 L oLy Lanostten) _ -ip-2s log(n)
2 —))LEnlog(n)Fen] °(1 . 41
oyt ne o1+ 0(E)) (3.41)

sh=01-
Using Equation (3.4.1), Proposition 3.3.2 and n~7 (?) = %(1 + 0(1)), we deduce that

_2jc%(1 n O(logén) ))’

dysk =e

which we can rewrite as J log(n)
_ x og(n

dysh —e 20 =0 .

ASX € ]' ( n )

(3.4.2)

As ¢ is fixed, there are only a finite number of such ), so the O(log(" ) can be used for all these A
simultaneously.

We split the right-hand side according to whether max(Ny(0), ..., Ni(0)) is larger or smaller
than n3. On the one hand,

l
1 o Ay
— E E E dAslf\ _ e e 2D
n! . J!
€6, \Gn ¢ Jj=1X1=n—j
max(N1(0),...,Ne (o)) <nt/ (20

¢
:O(log(n))i Z Z Z K (£, ¢) max (Ny(c), ..., Ny(o))"

n nl
UEG’IL\G’IL,Z Jj=1Xi=n—j
max(Ni(o),...,N¢(o))<n'/ (20

4
I 1
S D VD WD IR ()
v 0E€EG L \Gn e J=1A1=n—j
max(Ni (0),...,N¢(o))<n'/ (20
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On the other hand,

1
] > >
€6, \Gy ¢ j=1X1=n—j
max(Ni (0),...,N¢ (o)) >n 30

¢
1 log(n ;
= > S S 0 ke, ) max (W0, ., Ne()
0€6,\Gy 0 j=1Xi=n—j
max(N1(0),...,Ne(0))>n2?

<P (a € &, : max (Ny(0), ..., N(0)) > n) ocee) (n*)

¢
< ZIP’ (a € 6, : N;(0) > nflf) O(IOg(n))O (n")

1 log(n)

)O (nz) from Proposition 3.3.6

3.4.3 Neglecting polynomials of high degree

Lemma 3.4.4. Let € > 0. There exists Mo = My(e,c) such that for all M > My and n € N*,

M
%Z Ze_QjCTj (Fix(0))| — — Ze_QJCT (Fix(0))|| <e.

€6, [j=1 oebﬂ j=1

Proof. Let M,n € N*. Then we have, using again ||a| — |b]| < |a — b, and splitting the symmetric

group according to the number of fixed points of permutations,

M >
1 —2j¢ 5 ¢
n! > D e ¥y (Fix(0))| - — Z T (Fix(0)
cc6, |j=1 Uebn =1
1 . —2jc :
< - Z Z e~ T} (Fix(0))
0€G, |j=M+1
o0
=Y P(ce,: Ni(o Z eIl
—o j=M+1
[e%e] 1 0
Z 1 Z o—2ic T (r from Proposition 3.3.6 again.
= =M+

Now we observe that if » > j,

i(]-l) =%

1=




and if r < 7,
J

1 1
ol |T5(r)| = ] Z

i=j—

(o)

r

We therefore conclude that

(o) o0
] Z “HENTy(r))|
r=0 = j=M+1
) J
-y ey lmee Y Y Revmo)
j=M+1 =0 J=M+1r=j+1 m
oo o0
> ¢ z by Y ey
= J
Jj= M+1 5 j= 1\/I+1r—]+1 !
e
9i+1 Z Z 2r\c|2r
S e
j=M+1 2 j=M+1r= j+1

when M — oo. O

Before proving the last approximation, let us rewrite the infinite sum inside the absolute

values. Let us define .,
ferz—se (14 6726)1 -1
Proposition 3.4.1. Let N € N. Then
Ze_ZJCT fC( )

Proof. We just need to make a change of variables and swap the two sums.

22 %( >
-2y ?;:

> (0)r
> (!

76—2(‘.

—2ic

N c
> —2ic e ¢ —2 -1

(1+e2)" —1.
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3.4.4 Conclusion of the proof

Before proving Theorem 3.1.1, let us show where the Poisson law comes from.
Lemma 3.4.5. When n — oo, we have:

1
P>

ceS,

1o (N (@) | === EIfe (Poiss(1)]

where Poiss(1) denotes the Poisson law of parameter 1.

Proof. As factorials grow much faster than exponentials, and hence than f., we have as n — oo,

E |f. (Poiss(1)) —% > S (Nf")(o)))‘
ceS,
r=0 r=0 =0
- %( > (= 1)l)|fc( N+ Y er;,\fc(r)\
i=n—r—+1 ' r=n-+1 ’

=0
0(1)

We are now ready to combine all our estimates.

Proof of Theorem 3.1.1. Let € > 0 and M, ng such that for n > ng, all the approximations be
true up to €. Let n > ng.
From Lemma 3.2.1 and Lemma 3.4.1,

d, (P;k,Un)—E Y1 Y daskehMo)]| < e

T 0EG, [ M>n—M

From Lemma 3.4.2,

M
1 1 e
— S Y. dasheh’ o) - > e P (Ni(0)|| < e
" 0€G, (M >n—M toe6, |j=1
From Lemma 3.4.4
1 Mo 1 >~
o Y ¢ HP; (N1(0)) - Yo Do HP (Ni(o)|| < e
foes, |j=1 Co€6, [j=1
From Lemma 3.4.5
1 oo
— Z > eP; (N1(0))| — E|fe (Poiss(1))]| < e.
n! €6, |j=1
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Consequently, by triangle inequalities,
|di (PrF,U,) — E|f. (Poiss(1))]] < 4e.
Thus, we proved that for all ¢ € R,
d; (P;k, Un) — E|f. (Poiss(1))].
To conclude, let us rewrite this expectation into the natural form of the wording.

E|f. (Poiss(1))]

> e 1 —2¢ r
=Y e (e —1‘
— !

o0 1+e 2y —1 -1
_ (6 ) (1 + 6720)7 _ 6717"
= rl 7l
= d; (Poiss (1 + e %) , Poiss(1)) .
This concludes the proof of Theorem 3.1.1. O
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3.5 A detailed proof of the polynomial character identity

In this section we present a detailed proof of Lemma 3.4.3. We thank Pierre-Loic Méliot
for expaining to us how to translate abstract formulas on symmetric functions into concrete
combinatorial formulas via an exponential specialization in order to obtain Lemma 3.5.1. We also
thank Evita Nestoridi and Sam Olesker—Taylor for helpful comments on this proof.

3.5.1 Preliminaries

In this section, we briefly present some definitions and statements from [Mé17, Section 2], related
to symmetric functions. We denote by 2),, the set of partitions of the integer n € N, and by
) := UpnenDn the set of all integer partitions. In the following, X = {x1,x2,...} is an infinite set
of (independent) commuting variables (that is x;x; = z;z; for all i, 7).

Definition 3.5.1. ([Mé17, Definition 2.7]) We call symmetric function a power series P €

C[[z1,x2,...]], bounded in degree, such that for any bijection o : N* — N*,
P(wl,xg,...) = P(ma(l),xa@),...). (351)
There are several bases of the algebra of symmetric functions C [[z1, z2, ...]]. We will use the

power sums py(X) and the Schur functions sy (X). We refer to [Mé17, Section 2.2] for definitions.
Let also, for 4 - n € N*, C,, be the conjugacy class of &,, of cycle type p, and z, = n!/|C,|.
We will need two identities which relate those families of symmetric functions. We also refer to
[Mé17, Section 3.1] for the definitions of ribbon and ribbon height.
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Theorem 3.5.1. (Frobenius—Schur isomorphism, [Mé17, Theorem 2.32] ) For every n € N* and

AeY(n),

s\(X)= Y chA(u)M. (3.5.2)

HED(n) “n

Theorem 3.5.2. (Pieri rule, [Mé17, Theorem 3.9]) For every k > 1 and partition A € ) (allowed
to be empty), we have

Pre(X)sx(X) =D (~1)"MWgy (X), (3.5.3)
A

where the sum is over partitions A such that A\X is a ribbon of size k.

3.5.2 Mass transfer and mass compensations

Lemma 3.5.1. Let n be an integer, and A+ n. Then

> dimA = (n+1)dim), (3.5.4)
A:ASA
and if k > 2,
> (=P AN gim A = 0. (3.5.5)

A A\X ribbon of size k

Proof. By [Sta99, Proposition 7.8.4 b)] we can take the exponential specialization (with ¢ = 1),
that is instead of X we can use an alphabet E such that pi(E) = 1 and p;(E) = 0 for i > 2.
Theorem 3.5.1 then becomes

Pin dim)\
E) =ch*(1")—" = : 5.
sx(B) = ch™(1") . (3.5.6)
Injecting this in Theorem 3.5.2, we get for k£ > 1, and A of size n,
dim A dim A
5 =) (—1)PMY 3.5.7
The result follows, noting that if k = 1 we have (—1)MMN) =1, O

Example 3.5.2. Consider the diagram X\ = [1%]. There are three possibilities to add a ribbon
of size 2 to \: we can add it at the top, leading to the diagram A; = [1°], and on the right,
vertically or horizontally, leading to Ay = [22,1%] and A3 = [3,13]. The dimensions of Ay, Ag, A3
are 1, 9, 10, and the height-sign of the added ribbons (the coefficient (—1)ht(A\>‘)) are -1,-1,+1,
respectively. The sum in (3.5.5) is therefore (—1) 4+ (—9) + (+10) = 0.

We well need an iterated version of Lemma 3.5.1.

3.5.3 Polynomial coefficients in characters

Let 7 >0, 0 € 6,,, and A - n such that Ay =n — j. In particular, the truncated partition A* of
A is of size j. Let u - n be the cycle type of o. Since characters depend only on the conjugacy
class (i.e. of the cycle type) of o, we may write ch®(u) for ch* (). We refer to [Mé17, Section
3.1] for the definitions of ribbon tableau and height of a ribbon tableau. We call RT(A, i) the set
of ribbon tableaux of shape A and weight p.
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The Murnaghan—Nakayama formula for ch)‘(u) writes as

chMp)= D (=, (3.5.8)

meRT(A,p)

Assume now that o has a cycle of length at least j + 1, i.e. that u; > j 4+ 1. A key observation
is that in this case, calling m; the i-th ribbon in m (which is of size p;), the diagram A\m; is
disconnected: if ht(m;) = ¢, then A\\m, consists of two diagrams, of shape A\*\[1¢] (which is a
skew diagram if ¢ > 1 and is potentially disconnected itself), and a line [A\; — p1 + ¢]. We can
therefore rewrite, setting & = [uy — £,1%],

-1
ch () = Y (—1)f > (=1)ht(mY), (3.5.9)
=0 m/ERT(A\Ee, ™)

Let 0 < ¢ < )\]. Call )\1(;,2 the part of A\& above the first line, and )\Elo)wn the part of A\& on the
(0)

first line. Since A, is simply a horizontal line, all its possible ribbon tableaux have height 0.
The height of a ribbon tableau of A\, is therefore determined solely by the ribbon configuration
in /\7(3.

Recall that we can write any partition v = (115, ...) also under the form v = [191(*) 202(») ]
where a;(v) = #{k>1: v, =1}.

If prup = j — £, and my, € RT()\SQ, Lup), the number of ribbon tableaux m’ € RT(A\&, u*)
which have the same shape (as an ordered union of ribbons) as my, in )\1(2 is exactly

I (o)) =T(0) @10

i>1 a; (,uup

The equality above holds since |p,| < j and p1 > j + 1, so a,, (up) = 0, that is (aa“%ff‘))) =
1 (Hup

(é) = 1. Note also that we can extend the first sum over ¢ in (3.5.9) up to j since if £ > A} — 1
then the sum over m,,, is empty. We can therefore rewrite,

ch™( z]: Y H< Mup) > (—1)htOmun) (3.5.11)

£=0 fupFj—Lix1 Mup ERT(AL )

)

3.5.4 Building diagrams with ribbons

Let j > 0 and 0 € G,, with a cycle of length at least j + 1. Denote again the cycle type of o by
un. We set

Sj(o) = > dy-ch* (o). (3.5.12)

AEG, : Ai=n—j

In (3.5.10), we rewrote the character ch™(u) as a big sum. We now plug this formula into S;(o),
and exchange the sums. This gives

So= Y 4y > I, M) T ()

A Ai=n—j £=0 upbj—£i>1 M GRT()\(Z),;Lup)

o zdzngw) S

£=0 vhj o pupbi—€i>1 Mup ERT(V\[14],1tup)

(3.5.13)

110



We now want to look at the inner part of the sum iteratively, starting at [1¢] and completing it
with ribbons until it has size j. We call ribbon tableau completion of a diagram X, with weight ji,
a sequence of ribbons m = (my, ma, ...) such that |m;| = fi;, and for each i, A\Umq U...Um, is a
Young diagram. With a small abuse of notations we will write dgr(m) = Um; for the diagram it
corresponds to. Note that m € RT(dgr(m), i). We call RTC(), /i) the set of such m’s. With this
definition we can write

Z Z H( " )> Z (_1>ht(mup)d[1g]udgr(m). (3.5.14)
‘= P

HupFj—£i>1 Mup ERTC([14], ttup)

We are almost ready to conclude. Fix 1 < ¢ < j and let g,y - j — € such that p,, # 177, Let
io = max {7 : fyp; > 2}. We therefore have by the first part of Lemma 3.5.1 iterated ai(gtyp)
times,

Z(_l)ht(mup)d[lz]udgr(m) = Z(_l)ht(m{up)d[ll]udgr(m’ )jial(uup) (3515)

’
Mup mi,

where the first sum is over m,,;, € RTC([1%], jt.p), and the second over My, € RTC([1], (fup1s s Hupiio))-
Splitting now the sum also according to m;,, we have

D (=P dy (g g = D (1)) [N (—1)htimi) | jles(in) g, (3.5.16)

’ N
Maup my, Mg

where the three sums are over m,, € RTC([1*], ftup), my,, € RTC([14, (tup,1, -+ Hupig—1)), and

mi, € RTC([1]Udgr(m],,), ftup,i;)- In the last equality above, we used the second part of Lemma
3.5.1, since the term between parentheses is a sum as in (3 5.1), where m;, is the k-ribbon,
A= [14] U dgr(m/,,) and the A correspond to the [1°] U dgr(m/, p) Ui

The same argument as in (3.5.15) shows that if j,, = 19~ - we have

up)

m -lj— j'
Z ( )ht( up)d [1’3 — d[le]j‘l'-j ¢ = E (3517)
Mup ERTC([1, ) '

Plugging (3.5.16) and (3.5.17) into (3.5.14) and since the only non-zero term is p1,, = 197, we
get

Si(o) => (-1)f (a.l(“)> %: (3.5.18)

This is the desired result, since a1 (1) = Fix(o).
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Chapter 4

Cutoff profiles for quantum Lévy
processes and quantum random
transpositions

We consider a natural analogue of Brownian motion on free orthogonal quantum groups and
prove that it exhibits a cutoff at time N In(N). Then, we study the induced classical process on
the real line and compute its atoms and density. This enables us to find the cutoff profile, which
involves free Poisson distributions and the semi-circle law. We prove similar results for quantum
permutations and quantum random transpositions.

4.1 Introduction

Let (Xn)nven be a sequence of irreducible aperiodic finite state Markov chains, py(t) the
distribution of Xy after ¢ steps, and puy(00) the stationary measure of Xy. Let also

dy(t) = drv(pn(t), pn(o0))

be the distance of the process to equilibrium at time ¢, where the total variation distance drv (s, V)
between two probability measures p and v on a finite set E is defined by the formula

ey () = 3 3 nla) — v(a).

zEE

Let (tny)nen be a sequence of times. We say that (Xn)nyen exhibits a cutoff in total variation
distance at time (¢tn)nyen if for all € > 0,

dN((l—E)tN) —— 1 and dN((1+€)tN) — 0.
N—oo N—co
This means that the convergence to equilibrium occurs through a sharp phase transition, falling
rapidly from 1 to 0 around time ¢y'.

To get a better understanding of this phenomenon, one may try to zoom in on the window
where the “fall” occurs. The cutoff phenomenon tells us that the width of this window is negligible

We do here (and sometimes in the sequel) a common abuse of notations, not writing the sequence indices. We
also do not always write integer parts for random walk times.
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with respect to the sequence (tn5)nenN, and the next step is therefore to find the next significant
“higher order term”. Here is a way to formalize this. If there exists a sequence (wy)nyen and a
continuous function f decreasing from 1 to 0 such that for all c € R,

dn(tn + cwn) o f(e),

then we say that f is the cutoff profile or limit profile of (Xn)neN-

Computing the cutoff profile is a difficult task in general, but it could already be done for some
important families of Markov chains and commonly involves important probability distributions
shaping the profile. For instance, for the lazy random walk on the hypercube (which is equivalent
to the Ehrenfest Urn) we have by [Voi96, Sal20]

dy <;NIH(N)+CN> deV (_/\f(e_c,l) VN(Ovl))’

involving Gaussian distributions. Similar profiles were found for the dovetail shuffle [BD92],
simple exclusion process on the circle [Lacl6a], Ehrenfest Urn with multiple urns [NOT21], or
Gibbs Sampler [NOT21]. For random transpositions, we have by [Tey20]

dn <;(N In(N) + cN)) m drv (Poiss (1 + efc) , Poiss (1)) ,

involving Poisson distributions. The same profile appears also for k-cycles [NOT21].

This last result on random transpositions, by the second-named author, is one of the motivations
of the present article, where we endeavour to compute the cutoff profile for some specific processes.
One important difference however is that we will not work with finite classical groups, but with
infinite compact quantum groups.

Compact quantum groups were introduced by S.L. Woronowicz in [Wor98] as a generalization
of classical compact groups. In particular, many results from the representation theory of compact
groups carry on to this setting, providing tools similar to those used in the study of random
transpositions. A recent work of the first-named author [Frel9] showed that indeed, there are
natural quantum Markov chains on compact quantum groups exhibiting a cutoff phenomenon in
a way paralleling the classical case. However, the cutoff profile was not studied there.

In the present paper, we will push further the study of the cutoff phenomenon for stochastic
processes on compact quantum groups in two ways. First, we will consider continuous processes
instead of discrete ones and second, we will study and describe the cutoff profiles.

The most natural continuous process on a simple compact Lie group is certainly Brownian
motion. Recall that this is the process whose diffusion kernel is the heat kernel corresponding
to the canonical Riemannian structure on the group. Unfortunately, for quantum analogues of
compact Lie groups there is to our knowledge no canonical Riemannian-like structure available
to provide an analogue of the heat kernel. However, a result of M. Liao in [Lia04] shows that if
(9t)ter, is a Lévy process on a simple compact Lie group which is invariant under the adjoint
action, then its infinitesimal generator is the sum of the Laplace-Beltrami operator (which is
the infinitesimal generator of Brownian motion) and a “jump part” given by a so-called Lévy
measure. It turns out that a similar decomposition also holds for some compact quantum groups.
Indeed, F. Cipriani, U. Franz and A. Kula proved in [CFK14] that on the quantum orthogonal
group O;{,, there exists a distinguished process (¢¢);er, such that for any Lévy process which is
invariant under the adjoint action, the corresponding infinitesimal generator splits as the sum of
the infinitesimal generator of (¢y)icr, and a “jump part” characterized by a Lévy measure. As a
consequence, (1t)ier, can be seen as an analogue of Brownian motion.
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Our main result is the computation in Section 4.3 of the cutoff profile for this Brownian
motion on the quantum orthogonal group O?{,, a compact quantum group which can be thought
of as analogue of the group SO(N), for which the cutoff phenomenon was proven by P.-L. Méliot
in [Mé14]. More precisely, we prove in Theorem 4.3.9 that for any ¢ € R and suitable extensions
HN of the distances dy to the quantum setting,

dy (NIn(N) +¢N) m drv (Poiss+ (6207 —e_c) * Ogeqomc, l/sC) .

where vgc denotes the semi-circle distribution and Poiss™ denotes the free Poisson distribution.
It is known that the correspondence between SO(N) (or rather O(N)) and OF; has to do, at the
probabilistic level, with the Bercovici-Pata bijection [BP99] (for instance the law of fundamental
characters change under the liberation procedure according to that bijection, see [BS09, Sec 5]).
From that point of view, the appearance of the semi-circle distribution in the cutoff profile is
quite satisfying. On the contrary, the appearance of the free Poisson distribution is surprising
because it is not a priori a “deformation” of the semi-circle distribution. The picture becomes
clearer when written in terms of free Meixner distributions (see Section 4.3.2 for the definition) :

dy (NIn(N) 4+ ¢N) —— dpy (Meix™ (—€7¢,0) # 5., Meix™(0,0)) .
N—o0

Let us briefly comment on the proof. On the one hand, the quantum group Oj\', is easier to
study than SO(N), because its representation theory is simpler (the underlying combinatorics is
essentially that of the representation theory of SU(2)). This enables to reduce the problem to
the study of a classical process on the interval [—N, N]. But this is compensated by an analytic
issue which is absent from the classical case : the measure associated with the quantum process
has atoms as soon as ¢ < 0, hence is not absolutely continuous with respect to the limiting
distribution. These issues are the translation of a failure of absolute continuity of the process with
respect to the Haar measure, which is a purely quantum phenomenon (see Proposition 4.3.6). As
a consequence, our strategy is first to compute the cutoff profile for ¢ > 0 in Proposition 4.3.10,
where we have absolute continuity and can therefore reduce the problem to the convergence of
the densities, and then to guess from it the form of the cutoff profile for ¢ < 0. With this in hand
and a method inspired from P. Biane in [Bia08], we are then able to compute the measure of the
process also for ¢ < 0 and prove the convergence to the cutoff profile in Proposition 4.3.14.

In the end of Section 4.3, we investigate other types of convergence and prove that the
convergence to the cutoff profile for ¢ > 0 also occurs in LP-norm for all 1 < p < oco. Let us
mention that for ¢ < 0, the aforementioned analytic issues enter the picture again, making the
very definition of the LP-norm problematic, but we nevertheless have convergence of the absolutely
continuous part. We furthermore investigate analogues of Brownian motion on some homogeneous
spaces of OX, called free real spheres, the computations essentially boiling down to the previous
ones for OF.

The article concludes in Section 4.4 with a second family of examples called the quantum
permutation groups and denoted by Sj\',. Despite bearing strong analogies with the classical
permutation group Sy justifying its name, SX, is an “infinite” compact quantum group. In
particular, it has a well-defined Brownian motion, given by a Lévy-Khintchine decomposition
similar to that of OJJ{,. After computing its cutoff profile, we turn to a problem which was left
open in [Frel9] : the quantum random transposition walk. Here, the absolute continuity issue of
the orthogonal case becomes critical : the measure of the corresponding classical process always
has an atom so that we cannot resort to densities for ¢ > 0. We therefore have to resort to another
idea, which is to compare the process with the so-called pure quantum transposition random
walk and prove that they asymptotically coincide. This is a specifically quantum phenomenon
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connected to the fact that the pure quantum transposition walk has no periodicity issue because
there is no quantum alternating group. More precisely, we show in Theorem 4.4.4 that for ¢ > 0,

~ 1 1—e ¢ —e~¢
2 it et
dn (2(Nln(N) + cN)) —>N drv (D s (Melx ( — ] ec>) * 0g—c, Meix (1,0)) .

As Meix™*(1,0) = Poiss™(1,1) * d_; is the standard free Poisson distribution, this provides a
quantum analogue of the result of [Tey20].
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4.2 Preliminaries

Compact quantum groups will be one of our main objects of studies in this work, and the one
the probabilist reader may be least acquainted with. We will therefore devote this preliminary
section to some definitions and fundamental results concerning them. In order to keep things
simple, we will only introduce free orthogonal quantum groups for the moment, as well as some
results concerning Lévy processes on them. Details on quantum permutation groups will be given
when needed later on.

4.2.1 Free orthogonal quantum groups

Free orthogonal quantum groups are examples of compact quantum groups in the sense of S.L.
Woronowicz [Wor98] which were first introduced by Sh. Wang in [Wan95]. The original definition
uses C*-algebras, as may be expected for objects of noncommutative topological nature. We
will nevertheless use a different definition which we believe may be easier to understand for the
non-expert reader, by focusing first on the purely algebraic aspects. We refer to the books [NT13]
and [Tim08] for a comprehensive treatment of the theory and proofs of the main results.

4.2.1.1 Definition and representation theory

We recall that a x-algebra is an algebra A endowed with an involution z — z*, i.e. an antim-
ultiplicative linear map such that (z*)* = and (Az)* = A\z* for all z € A and A € C. Also, a
x-ideal B of A is a x-subalgebra of A such that {ba,ab} C B for all a € A and b € B.

Definition 4.2.1. We define (’)(O'}\}) to be the universal *-algebra generated by N? self-adjoint
elements u;; (i.e. u}; = w;;) such that for all 1 <,j < N,

ij
N N
E UipUjk = 045 = E Uk Ul -
k=1 =1
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In other words,

O(0%) = Cluij : 1 < i, j < N)/I,

where C(u;; : 1 <14,j < N) denotes the %-algebra of noncommutative polynomials in variables
wij, uj; with 1 <4,7 < N, and I denotes the *-ideal generated by the elements

{ — Ugj, Zuikuﬂc 51]>Zukzukj zg; 1 < ,j < N} .

Let On be the usual orthogonal group, let ¢;; : Oy — C be the function sending a matrix to
its (7, j)-th coefficient and let O(Op) be the algebra of regular functions on Op, i.e. the x-algebra
generated by the functions c¢;;, where the involution corresponds to the complex conjugation :
¢;; = Gij. Then, quotienting (’)(OE) by its commutator ideal yields a surjection

m:0(0%) = O(Oy)

so that O;{, can be seen as a “noncommutative version” of Oy. The group structure can be
encoded in this setting thanks to the following remark : for any two orthogonal matrices g and h,

N
Cij gh Z Czk Ck_] Z Cik ® ij h),
k=1

where we identify O(Ox x Oy) with O(On)®O(Oy). The “group law” of O(O%) will therefore be
given by the unique *-homomorphism A : O(0F;) — O(0%) ® O(0%,), called the comultiplication,
such that

uz] E Uik @ Uk -

The existence of A follows from the universal property of O(O3;), since the elements U;; =
>k @ uy; satisfy the defining relations of the algebra O(O%).

Probability measures can be generalized to this setting by identifying them with their integra-
tion linear form. They then correspond to states, i.e. linear maps

Y :0(0f) = C

such that (1) = 1 and 1 (z*x) > 0 for all 2. There is a particular state which plays the role of
the uniform measure on OX‘,

Theorem 4.2.2 (Woronowicz). There is a unique state h on O(O};) such that for all z € O(0}),
(id®@h) o Alx) = h(z) @1 = (h®id) o A(z).
It is called the Haar state of OF.

Since the founding works of P. Diaconis and his coauthors, it is known that representation
theory is a powerful tool to study the asymptotic behaviour of random walks on groups (see for
instance [Dia88, Chap 4]). For OX,, the representation theory was computed by T. Banica in
[Ban96]. However, for our purpose we will only need to understand the subalgebra O(O;{,)Central
generated by the characters of the irreducible representations (we refer the reader for instance to
[NT13, Sec 1.3] for the definitions of these notions and details).
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Theorem 4.2.3 (Banica). Let us set xo = 1 and x1 = Zf;l us;.  Then, the irreducible
representations of O?\', are labelled by the integers such that if y,, denotes the character associated
to the integer n € N, we have the recurrence relation :

Y21, XiXn = Xnt+l1+ Xn-1-

Note that this implies that ), = x» for all n € N. This recurrence relation is reminiscent of
Chebyshev polynomials, and one can indeed express X, in terms of x; using them. More precisely,
let (Py)nen be the sequence of polynomials defined by Py(X) =1, P;(X) = X and

XP,(X)=Pyt1(X) + P11 (X).
In particular, P,(2) =n+1, P,(=2) = (=1)"(n + 1), and for 6 €]0,n[ and n € N,

sin((n + 1)9).

P, (2cos(9)) = Sin(0)

Then, the map ¢ : x, — P, yields an isomorphism between O(O})Central and C[X]. Moreover,
by [Ban97, Prop 1], the restriction of the Haar state to this subalgebra coincides with integration
with respect to the semicircle distribution vg.. More precisely, for any z € O(O} )central We have

Moy = [ @

where v, denotes the measure on [-2,2] with density

1
dvee = 2—\/4 — 22dz.
™

The polynomials P,, are exactly the orthogonal polynomials for this measure. Moreover, denoting
by d,, the dimension of the n-th irreducible representation, we have for n € N,

d, = Po(N).

4.2.1.2 Central Lévy processes

Let us now describe what the analogue of a Lévy process is on Oj\',. On a classical group, this is
a cadlag stochastic process (X;);er, with independent and stationary increments. In particular,
if py is the distribution of Xth_l then we have

e o =014,

o Utk lhg = ity

e lim py = po weakly.
t—0

In other words, we have a right-continuous convolution semigroup of probability measures. Because
this semigroup contains most of the probabilistic information about the process, and in particular
concerning its asymptotic behaviour, we will focus on it and define a quantum Lévy process to
be a right-continuous convolution semigroup of states. More precisely, given two states ¢, ¢’ on
O(0%), their convolution is defined by ¢ * ¢’ = (¢ ® ¢') o A. A family (¢):er, of states on
O(07%;) is called a right-continuous convolution semigroup of states if it satisfies
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e Yy =g, where ¢ : (’)(O]J\r,) — C is the co-unit, i.e. the unique *-homomorphism determined
by e(uij) = 6ij,

o Yrxihs = (¢t®¢s)OA=¢t+s,
. %51(1)1/),5(3:) = tpo(z) for all z € O(OF).

Let us mention that the theory of Lévy processes on compact quantum groups can be developped
in full generality (not just restricted to marginals), see for instance the survey [Fra06].

As mentioned in the introduction, we will be interested in the case where the Lévy process
is invariant under the adjoint action. In other words we will focus on states which are central,
in the sense that they are invariant by conjugation (see the beginning of [CFK14, Sec 6] for the
definitions). By [CFK14, Prop 6.9], such states have a specific form. First, there is a conditional
expectation

E: O<O]J\r]) — O(O]J\r])central )

that is to say a linear map satisfying E(z*z) > 0 for all =, and E(z) = z for all = € (’)(OE)Central.
Then, a state 9 is central if and only if there exists a state @ on O(O;{,)Central such that

d):tZOE

Definition 4.2.4. A central Lévy process on OJJ(, is a continuous convolution semigroup of states
(Y¢)ter., on (’)(O;{,) such that 1); is central for all ¢.

Central Lévy processes on O]J{, were classified by F. Cipriani, U. Franz and A. Kula in [CFK14,
Thm 10.2] through an analogue of the Lévy-Khinchine formula. Note that because of centrality,
it is enough to know the image of x,, for all n € N.

Theorem 4.2.5 (Cipriani-Franz-Kula). Any central Lévy process (¢;)icr, on O, is of the form
’l/)t P Xn Pn(N)eit)\na

where

P (N) 1 /N P,(N) —Pn(w)dy(x) (4.2.1)

Ap = b
V) By N-z

for some b > 0 and a finite measure v on [—N, N| such that v({N}) = 0.

Comparing this formula with the one proved by M. Liao for classical compact Lie groups in
[Lia04], we see that the process corresponding to A, = P/ (N)/P,(N) plays a role analogous to
the one associated to the Laplace-Beltrami operator. As a consequence, we will call this process
the Brownian motion on O;{,. The term is further justified by a recent result of M. Brannan, M.
Junge and L. Gao. They show in [BGJ22, Prop 3.9] that the semigroup (1;)cr, can also be
constructed from the usual Brownian motion on Oy (that is to say with infinitesimal generator
given by the Laplace-Beltrami operator) through an averaging procedure.

4.2.2 The cutoff phenomenon

This work is mostly concerned with the diffusion of central Lévy processes and in particular
the time needed for the process to spread all over the group. This can be rigorously defined by
measuring the distance between ¢, and the Haar state h. Classically, one interesting and widely
used distance for this is the total variation distance

drv(p,v) = [ = vilry = sup [u(A) —v(A)],
ACG
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where the supremum is taken over all Borel subsets A of the classical group G. For quantum
groups, the corresponding definition requires the introduction of a suitable version of the Borel
o-algebra.

To this end, one may consider the universal enveloping C*-algebra (see for instance [Bla06, Sec
11.8.3]) C(O};) of O(0};). By definition, any state on O(O%;) has a unique extension to a state
on C (OX,), hence yields an element of the Fourier-Stieltjes algebra, which is the topological dual
C(O%)* of C(O%). In view of the Riesz representation theorem, this dual space is thought of as
a noncommutative analogue of the measure algebra equipped with the total variation norm. Let
us denote by || - || s the norm on this dual space and call it the Fourier-Stieltjes norm. Moreover,
the topological double dual C(OF)** of C(O%) is known to be the universal enveloping von
Neumann algebra of C' (OE), which is regarded as a noncommutative and universal analogue of
measure spaces. Using the theory of Haagerup’s noncommutative LP-spaces, we may easily adapt
the argument in [Frel9, Lemma 2.6] to show that

%H@ —Yllrs = sup [o(p) — ¥ (p)|,
peEP

where P denotes the set of orthogonal projections in C(OF;)** (thought of as indicator functions
of Borel subsets). We omit the details of the proof since we do not need it in this paper. We will
use this generalized total variation distance in our cutoff statements and write :

1
11l = 50 es.

In the classical setting, a particularly important case is that both p and v are absolutely
continuous with respect to the Haar measure. We may consider the similar situation in the
quantum setting. Let us define an inner product on O(O}) by the formula (z,y) = h(zy*).
Then, taking the completion yields a Hilbert space L?(O%), and O(OF;) embeds through left
multiplication into B(L?(0%;)) (see [NT13, Cor 1.7.5] and the comments thereafter). The weak
closure of the image is denoted by L>°(O};) and is a von Neumann algebra. If ¢ : O(0%;) — C
is a linear map which extends to a normal bounded map on L*°(0};), then ¢ becomes an
element of the Fourier algebra, which is the Banach space predual L>(0};). of L>(0};) and
lellrs = HSDHLoo(o;)* (see for instance [BR17, Prop 3.14]), which further implies by [Frel9, Lem
2.6]:

o = Il = sup [¢(p) — ¥ (p)],
peP
where P is the set of orthogonal projections in L (O]J(,) Note that in order for this formula to
make sense, the states ¢ and ¥ must extend to the von Neumann algebra L>(O%;). This is not
always the case due to absolute continuity issues (see for instance Proposition 4.3.6).

Let us mention an elementary but useful fact on the monotonicity of that norm which is

well-known in the classical case.

Lemma 4.2.6. For N fized, the map t — ||t — h|| is decreasing.
Proof. First note that for any two bounded linear forms ¢, on C' (Oj\',),

lo*Yllrs = [[(¢ @) o Allrs < [l @ Yllrs < |l¢llrsll¥] Fs-

Thus, for any t > s,
[t = hllrs = |(¥s — h) % Yi—sllrs < [[oos = Rl|ps,

where we used the fact that any state ¢ on a C*-algebra has norm one (see for instance [Tak02,
Lem 9.9]). The result follows. O
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The evolution of the distance from the process to the Haar state can exhibit various behaviours.
One which is especially striking is the so-called cutoff phenomenon. Here is a precise definition of
what we mean by this :

Definition 4.2.7. Let (Gy, (%/Jt(N))terﬁ)NeN be a family of compact quantum groups with a

Lévy process (?/JfN))teRJr on each of them. We say that the processes exhibit a cutoff phenomenon
at time (ty)nen if for any € > 0,

: (N) _ ; (N) _
NLHEoo ||7’[}(1—s)t1v —hy[ =1 and NEIEOO ||1/}(1+€)tN — hyl|[ =0.

One very useful tool to prove that such a phenomenon occurs is the following lemma originally
due to P. Diaconis and M. Shahshahani in [DS81] for finite groups and to J.P. McCarthy in
[McC19] for finite quantum groups. A proof for compact quantum groups can be found in [Frel9,
Lem 2.7], but we simply state it in our particular case.

Lemma 4.2.8. Let ¥ be a central state on Oj\',. If for some t > 0 the sum Z:z d2e2An s

finite, then
+oo

1
2 2 2 =2ty

n=1

Remark 4.2.9. The right-hand side is nothing but the L?-norm of the density of 1 — h with
respect to h, computed using the Plancherel formula. We recover in that way the fact that as
soon as a state has an L?-density with respect to the Haar state, it has an extension to L>°(O%).

Let us end these preliminaries with some computational results concerning the Chebyshev
polynomials introduced above. First, there is an explicit formula to compute these numbers for
t > 2 : setting

it is easily checked by induction that

q(t)f(n+1) _ q(t)nJrl

Fal®) = ¢ '—q

This enables us to give a precise expansion of the polynomials P,.

Proposition 4.2.10. For any n > 1, we have as t — oo

P (- vo(H)

Proof. Let n > 1. First, as t — oo, we have

2
q(t)—w—1+1+0(1> andq(t)l—t1+0<1>.

2 t 3 t5
We deduce, writing ¢ for ¢(t), that for ¢ > 2 we have

—(n+1) 1— q2(n+1)

In(P,(t)) =In (q ) =nln(g”) +1n (1 - q2(”+1)> —In(1-¢%).

gt 1-¢?
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Note that —In(1 —¢*) =¢*+ 0 (¢*) = 2+ O (%) and 2(n+1) > 4soIn (1 — q2(n+1)) =0 (&),
hence

(P, (1)) = n (ln(t) _ t% +0 (;)) +0 (;) 4 tlQ +0 (;) .

Hence, putting the three O (%4) together (it might change the implicit constant, but we can still

take it to be independent of n), we finally have

In(Py (1)) = nIn(t) + (n — 1) (—; +0 (;)) ,
Po(t) = " exp (—; +0 (;))M _m (1 - +0 (;))nl .

4.3 The quantum orthogonal brownian motion

i.e.

In this section we study the cutoff phenomenon for the analogue of Brownian motion on OF,.
As explained above, this means that we will take v = 0 in Equation (4.2.1). Once that choice
is made, changing the value of b is equivalent to rescaling the time, so that there is no loss in
generality in fixing b = 1 for all NV, leading to

4.3.1 The cutoff phenomenon

We first want to prove that the process (1;)icr, exhibits a cutoff phenomenon. It turns out
that this result can be recovered as a consequence of the existence of a cutoff profile, proven in
Theorem 4.3.9, as will be explained in Remark 4.3.17 below. Nevertheless, the proof below is
independent of the computations of the cutoff profile and is interesting in its own right. One
reason for this is that, in particular as far as the lower bound is concerned, the argument below
fills a gap in the proof of previous similar theorems in [Frel9] and [Frel8] (see in particular
Remark 4.3.2). Another reason is that to compute the profile, one must know the cutoff time and
guess what the next order is, which we do when proving the cutoff phenomenon. That being said,
let us give some additional details concerning the Fourier-Stieltjes norm needed for the proof.
As explained in Section 4.2.2, proving a cutoff phenomenon requires precise estimates for the
Fourier-Stieltjes norm. As soon as the right-hand side of Equation (4.2.2) is finite, we can use
it to bound the total variation distance, which is then well-defined and coincides with the half
of the Fourier-Stieltjes norm. This is the strategy which was already used in [Frel9] and the
computations will be similar. To obtain the lower bound, however, we need to deal directly with
the Fourier-Stieltjes norm and this will require an alternate description which we now detail.
By [Bral2, Lem 4.2], the closure of O(O?\})Ccntral in C(Oj\',) is a commutative C*-algebra
isomorphic to C([—N, N]). Moreover, if ¢ = ¢ o E is a bounded central linear form, then

Ielles = vz

N)central

< llellrs =l o Ellrs < ||©llFs
S
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so that the problem reduces to the computation of the norm of a bounded linear form on a
commutative C*-algebra. By the Riesz Representation Theorem, there exists a measure p on

[~ N, N] such that
N
Ha) = [ adu
-N

and moreover, the Fourier-Stieltjes norm of ¢ coincides with twice the total variation of wu.

Using that observation, we can now establish that Brownian motion on OX, exhibits a cutoff
phenomenon.

Theorem 4.3.1. Brownian motion on O, exhibits a cutoff phenomenon at time ¢y = N In(N).

Proof. We start with the upper bound and we will obtain an estimate which is finer than what
is actually needed. It was proven in [FHL ™17, Lem 1.7] that (we will give in Lemma 4.3.5 on a
finer estimate, but that one is sufficient for our present purpose)

n n
~SM< -
N N -2
Using this and the estimates of [Frel9, Lem 3.3], and writing ¢ = ¢(NN) for simplicity, the sum in
the right-hand side of Lemma 4.2.8 applied to 1 can be bounded as soon as ¢~ le */N < 1 by

+oo —92n —9 _
— (1—¢?)? (1—¢2)21—q 2 2/N — (1—¢2)2g2e2/N _1°

For ¢ > 0 and t = NIn(N) + ¢N, we get, using 1/2 > ¢(N) > 1/N (see for instance [Frel9, Lem
3.8]),

1 1 e2¢

4
<- .
(1 -¢?)2¢?N2e2¢ -1 "~ 31—e2

Taking ¢ = eln(N) with e > 0 then yields the upper bound part of the cutoff phenomenon.

For the lower bound, we will show that the character x; is a good witness of the distance
between 1; and h. To do that, let us first estimate its mean and variance. We have, for ¢ < 0
and t = N1In(N) + ¢N,

wt(Xl) — Neft/N — e

and the variance vary, (x1) = ¥:(x3) — ¥:(x1)? is given, using the fact that x? = 1 + ya, by
vary, (x1) =1+ (N? — 1)e—2tN/(N2—1) _ N2e-2t/N

<1+ N2 2t/N _ N2e—20/N
<1

Let us now view X1 as a continuous function on [—N, N] and consider the Borel subset
B={se[-N,NJ||xi(s)] <e™/2}.

The indicator function p = 1pg can be seen as a projection in the von Neumann algebra
L>°([—N, N]) of essentially bounded functions. If we denote by v}, (respectively ) the unique
Borel probability measure on [—N, N] such that for any x € O(O?\})Central,

N N
h(x):/ zdvy, <respectively wt(x):/ mdut>,

-N -N
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then these formulee provide norm-preserving extensions of the states h and ; to L ([—N, N]).
Moreover, because 1:(x1) = e~ ¢, we have B C {s € [-N, N] | |x1(s) — ¥:(x1)| = e ¢/2} so that
by Chebyshev’s inequality

oy —2 .
pe(B) < (e7¢/2) “vary, (x1) < 4e*.
Using again Chebyshev’s inequality for v}, with h(x1) = 0 and vary(x1) = 1, we eventually get
[ue(B) — va(B)| 2 vi(B) — p(B)
1= vp([=N, N]\ B) — pu(B)
> 1 —4e* — 4e**

=1 — 8¢*°.

WV

To conclude, recall that because u; and vy, are probability measures, the total variation norm of
their difference coincides with twice their total variation distance, so that

1
[ = 2l = Slpe = val (=N, N)) = e = wallrv > | (B) = van(B)] > 1 — 8e*.

For ¢ = —eIn(N) (e > 0 fixed), the right-hand side becomes 1 — 8N ~2¢ which tends to 1 as
N — +00, hence the proof is complete. O

Remark 4.3.2. In the papers [Frel9] and [Frel8], the lower bounds were only proven for ¢
such that the corresponding state is absolutely continuous with respect to the Haar state. As a
consequence, this does not yield a cutoff phenomenon in the sense of Definition 4.2.7 unless one
makes sure that the states are asymptotically always absolutely continuous. As we will show in
Proposition 4.3.6, and this was already observed in the aforementioned papers, this is never true.
Hence, the term “cutoft” was slightly abusive there. However, using the same argument as in
the above proof together with the estimates of [Frel9] and [Frel8], one can easily show that the
random walks studied there indeed exhibit a bona fide cutoff phenomenon for the Fourier-Stieltjes
norm.

Remark 4.3.3. In [Mél4], P.-L. Méliot proved that Brownian motion on SO(N) exhibits a
cutoff phenomenon at time 2In(N). The factor 2 comes from the fact that he chooses one half of
the Laplace-Beltrami operator as an infinitesimal generator. As for the additional factor NV in
our result, it could be removed through setting by = N. A scaling-free statement on our case
would therefore be that the cutoff time ¢y satisfies tyby = N 1In(N) while in the case of P.-L.
Méliot we have tyby = In(N).

Remark 4.3.4. Thanks to the work of F. Cipriani, U. Franz and A. Kula [CFK14], it is possible
to construct a non-commutative Riemannian structure (a spectral triple) on OE out of a Lévy
process. However, it was already noted in [CFK14, Sec 10] that in our case, and independently
from the choice of b, the dimension of the resulting object is infinite, while one would expect a
canonical Riemannian-like structure to be able to recover N through a notion of dimension.

We mentioned earlier that the use of the Fourier-Stieltjes norm was necessary because
cannot be extended to L“(Oﬁ) in general. This can be thought of as an absolute continuity
issue in the following sense. Let us denote by L'(O%;) the completion of L>(O%;) with respect to
the norm ||z||; = h(|z|), where |z| is obtained by functional calculus. A state v is then said to
be absolutely continuous (with respect to the Haar state) if there exists p; € L1(O%;) such that
Yi(z) = h(pex) for all x € O(O0F,). Tt follows from the general theory (see [Tak02, Thm V.2.18])
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that a state on (’)(O;{,) is absolutely continuous with respect to the Haar state if and only if it
extends to a normal linear map on L>(O0%,).

We now want to give a precise result about absolute continuity, and this requires a finer
estimate on ), than that of [FHL 17, Lem 1.7]. In fact, we will prove that ), is very close to
being affine (and even linear).

Lemma 4.3.5. Setay =1/v/N2 —4 and by = (N — /N2 —4)/(N? —4). Then, for anyn € N
and N > 4,

Ry Wlpe1 & 2j
An = (ann +bn) = en(n) : Z 92j Z Y, ’
j= t=j+1

£=3j mod n+1

and moreover,

0 < en(n) < <]2v)n

Proof. Let n € N and N > 4. Recall that the roots of P, are x = 2cos(kn/(n+1)) for 1 < k < n,
. —+o0 j n
Tr\7 _ 1 2 kw

so that
J
)
We are therefore led to compute some sums of powers of trigonometric functions.
Let j € N and set for convenience in the next computations § = ;7. Then we have,

n

ki:—oCOS(ka)j = (M’) kzo - Z_: < ) ik0(20—7) _ Z < ) Zeme (20-7)

k=0

Now observe that .

ikoe—3) _ § 0 if2(n+1)120—
prt n+1 if2n+1)|20—3

From this we see immediately that if j is odd, then the sum vanishes. If j is even, it is possible
that 2(n+ 1) | 20— j (i.e. that n+ 1| ¢ — j/2), and we have to consider all such £’s. We can
hence rewrite the sum as

n + 1 J j
E 6)7 E .
cos(k <£>
=0
£=j/2 mod n+1

We deduce, splitting the previous sum according to whether £ = j/2 or not, that

+oo 25 +oo 2j . +o00 2j 2j .

1 2 1 1 2 1 2 1 2
MY (=) =2 1 NI (2) |22 s (%),
N < N N 4 N J N < N 227 - l

7=0 7=0 7=0 l=5+1

£=j mod n+1
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L.e., observing that (1 —4x)~1/2 =3 (QJJ)QTJ for |z| < 1/4,

1 1 n+1 1

)\n+N174/N2 = N 1_74/]\]_2 +CN(H),

which rewrites exactly as
An =ann+by + cn(n).

Let us now bound ¢y (n). Because the sum Z?ij_ﬂ ¢=j mod nt1 1S empty if j < n, we get

oo 2j 2j . +00 2j 2n
1 2 n+1 27 1 2 n+1_o; n+1 (2
= — — _— < e - - 2 7 - AT .
en(n) =52 (N) 22i Z (e) N2 (N) ( 22j ) N -2 (N)
Jj=0 l=j+1 Jj=n
£=j mod n+1

As N > 4, we finally obtain
n+1 /2\>" 1 n+l1/2\" 21"
< = <— =) <(=]) .
CN(n)\N—2(N> SN_2 o (N> \(N>

We can now give a precise criterion for absolute continuity.

Proposition 4.3.6. Let N > 4. Then, there exists a positive time t4pscont (IN) such that
o If t < tapscont(INV), then 1); is not absolutely continuous with respect to the Haar state,

o If t > tapscont(IV), then 1; is absolutely continuous with respect to the Haar state.
Moreover,

—In(g(N))

2In(N 1
tabscont(N) = an = NIH(N) — # + Ngrm (N> .

Proof. Let N > 4, and set

+oo
Pt = Z dne_tAan-
n=0

If this series converges in LI(O;{,), then 1), is absolutely continuous with respect to the Haar state
with density p;. Moreover, if it converges in L2(OF;), then it converges also in L'(O}) (as the
L'-norm is dominated by the L?-norm), and

+oo
lodll3 =) dne.

n=0
Recall that d, < ¢(N)™"/(1 — ¢(N)?). Using Lemma 4.3.5,
In (d%e ") In(1/¢(N)) —In(1 — ¢(N)?) — 2t\,

(In(1/g(N)) — ta) +In(1/g(N)) — In(1 - g(N)?) - (by + ex)t
(In(1/g(N)) — tax) + g(t, N)

125



where g(t, N) is a quantity independent of n. Consequently, ||p¢||2 is finite (so that 1); is absolutely
continuous with respect to the Haar state) as soon as

In(1/q(N)) —tay < 0.
As for the second point, observe that

'l;[}t(Xn) _ dneit/\"
Ixnlle  n+1

If the right-hand side is not uniformly bounded with respect to n, then 1; cannot extend to
L>*(0OF%). Using the previous lemma and the fact (see for instance [Frel9, Lem 3.8]) that

dye~tAn

] will not be bounded as soon as

dp = Nq(N)~ (=1 and proceeding as above, we see that

In(1/q(N)) — tay > 0.

It follows from our two inequalities that ¢apscont = — In(g(N ))az_\,l. Using the Taylor expansion of
q(N)~! computed in the proof of 4.2.10, we see that In(1/g(N)) = In(N) 4+ O (§z) so that

tabscont (V) = (m(N) 40 (;2)) JNE 1

(w0 (1) (- o (3)

v - 258 o (1)

This concludes the proof. O

Remark 4.3.7. This is in sharp contrast with the classical case, where any non-degenerate
(a condition analogous to requiring b > 0) Lévy process automatically has an L?-density with
respect to the Haar measure by [Lia04, Thm 1], and is thus absolutely continuous. Indeed, the
existence of bounded approximate identities by convolutions of Li-densities is equivalent to the
co-amenability of the quantum group, which can not hold for Of; (see for instance [Bral7]).

Remark 4.3.8. As we will see in Proposition 4.3.14, 1; is absolutely continuous with respect
to the Haar state if and only if the measure of the corresponding classical process is absolutely
continuous with respect to the semi-circle distribution. Moreover, the lack of absolute continuity
is witnessed by the appearance of an atom in that measure.

In particular, ¥y 1n(n)+en i absolutely continuous if and only if ¢ > —2In(N)/N2+0 (1/N?),
which goes to 0 as N goes to infinity. Thus, the total variation distance is asymptotically only
defined for ¢ > 0.

4.3.2 Cutoff profile

We will now try to get a better understanding of the cutoff phenomenon by computing the
corresponding cutoff profile, that is to say the limit of the distance between the process at time
t. = NIn(N) 4 ¢N and the Haar state as N goes to infinity, ¢ being fixed. Our main result is an
expression of this limit as the distance between two explicit probability measures. Before stating
it, let us give some heuristics.

In the proof of Theorem 4.3.1, we saw that it was enough to consider the element y; to obtain
a lower bound of the correct order for the mixing time. In the case of a classical compact matrix

126



group, X1 is nothing but the trace function, and this would mean that the trace of the matrices is
the last thing to be mixed by Brownian motion. In the case of OF;, we know that the distribution
of x1 under the Haar state is the semi-circle distribution vgc, so that we may expect the cutoff
profile to be given by the distance between vgc and a “deformation” of it. The whole problem of
course lies in the vague meaning of the word “deformation”.

We will show in the first part of Theorem 4.3.9 that the profile indeed appears as the distance
between vgc and a family of closely related laws called the free Poisson distributions. Let us
recall that the free Poisson distribution with rate A\ and jump size « is given, for A > 1, by (see
[NS06, Def 12.12] for details)

1

d PoissT (), o) (t) = m\/zuoﬂ — (t — a1+ X))2dt.

Unfortunately, there is no value of the parameters for which the free Poisson distribution equals
the semi-circle one.

One can nevertheless write things differently using a larger family of probability distribution
called the free Meizner distributions. Let us denote by Meix™ (a, b) the standardised (i.e. with
mean 0 and variance 1) free Meixner law with parameters a and b (see for instance [BB06, Sec
2.2] for details). Its absolutely continuous part with respect to the Lebesgue measure is given by

: VA1 +b) — (t — a)?
d Meix* (a,b)(t) = o tat £ 1) Lla-2viFbarzviry dh

For a = b = 0, the formula reduces to the density of the semi-circular distribution, while for b = 0
it yields the density of a free Poisson distribution with mean 0 and variance 1.

We will now state our result using both the free Poisson and the free Meixner settings, after
introducing some extra notations. If X is a random variable with law u, then we denote by D,.(u)
the r-dilation of p (that is to say the law of 7X) and by u ¢, its translation by a (that is to
say the law of X + a). Moreover, we denote by dry the usual total variation distance for Borel
measure on R and by dy the distance associated to the norm || - || on o5,

Theorem 4.3.9. Let ¢ € R, and recall t, = NIn(N) + ¢N. Then

Ay (e, h) —— f(c) :==dpy (Poisst (€2°,—e7) ey oc, vsc)
N—o0
=dpy (Meix® (—e™%,0) * .-, Meix*(0,0)) .

As the proof of this result is long, we will split it in two, depending on the sign of ¢. For
convenience and clarity, the two cases will be stated in the separate Propositions 4.3.10 and
4.3.14, each treated in a proper subsection.

4.3.2.1 The profile on the right

We start with the case ¢ > 0, which turns out to be the simplest one. The reason for this is that
it follows from Proposition 4.3.6 that ¢, is absolutely continuous with respect to the Haar state
in that case, so that the convergence in total variation distance boils down to L'-convergence of
the densities, which in turn follows from L2-convergence. The main part of the work is therefore
rather the identification of the limit and its expression in terms of Poisson or free Meixner laws.

Proposition 4.3.10. For ¢ > 0,
dy (e, h) —— f(c) =drv (Poiss+ (620, —e_c) * Oge L o—c, l/sc)
N—o00

=dpy (Meixt (—e7¢,0) % 6., Meix ™ (0,0)) .
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Proof. Recall that as ¢ > 0, 1;, has an L!-density given by

+oo
§ —teA

Pt. = dne " Xn-
n=0

Moreover, we know from Lemma 4.3.5 that

1 1
M:”<N+N2mﬂw))
A

and an easy computation yields d,, o N". In particular, for each n, d,et
hade el

n converges to
e ™ as N goes to +0o. Moreover
b

”dneitC)\an”l < ||dn€7“"’xn||2 = dneitCA"

and because ¢N > 1, for N > 3,

e "
d e tetn L 7N—ne—nc <
The latter being summable and independent of N, we can exchange the sum over n and the limit
in N. This yields (recall that there is an isomorphism between O(O%;)central and C[X] sending
Xn to P, and sending the measure associated to h to the semi-circle distribution)

+o0o
> e,
n=1

where the L'-norm is computed with respect to the standard semi-circular distribution. Using
the generating series of the Chebyshev polynomials of the second kind (which is easily computed,
multiplying by ¢ and using the recursion relation), we get for every t € [—2,2],

—nc

€

N w

1

i, — ) = 5

)

1

+oo 1
Do Pt) = T
—_ e ¢+e
1 1,
1+821—~t
= F.(t) - 1.

where 8 = e~¢ and v = /(1 + B?) < 1/2. Thus, the cutoff profile is equal to

. 1 [
lim w@—hnzf/’wuw—udwdw
o —2

N—+ 2

Performing the change of variables u = 1 — ~t,

Fe(t)dvso(t) = Fe(t) 5

1 2
- mml[lfzmuzﬂ (u)du.

V4 —t2 1 1—u\? du
o 24 = oy, 4‘( 7 >1“2*H”””
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Setting a = By = v%(1+ %) and A = 872 > 1, this density becomes

1
2mau

Vara? — (u — ol + A))21[a(1_ﬁ)2,a(1+\f/\)2](u)du.

This is exactly the free Poisson distribution with rate A = €2¢ and jump size a = e~2¢/(1 + e~2°).
Reversing the change of variables, we see that F.(t)dvsc(t) is the density of the law

D_y ., (Poiss™ (872, —Bv) * 6_1) = Poiss™ (872, —B) * &, , = Poiss™ (e*°, = ™) * §ec e,

hence the result. Using the facts that Poiss™ (a‘Q, a) * 0_g-1 = Meix™(a,0) and that vsc =
Meix™*(0,0), the second formula follows. O

As explained heuristically at the beginning of this subsection, the fact that Brownian motion
is not completely mixed is witnessed by the “trace” it can attain, and the cutoff profile gives a
precise quantitative description of this phenomenon. In particular, it shows that the “trace” of
Brownian motion is averagely shifted to the right and more concentrated around its mean. Here
is a plot of the density of Meix™(—e™¢,0) * .- with respect to the Lebesgue measure for values
of ¢ between 0 and 5 :

For ¢ = 0 we get a free Poisson law (this is the curve with a peak on the right) while for ¢ =5
the density is already indistinguishable to the naked eye from that of the semi-circle distribution.

Remark 4.3.11. The quantity dpy (Meix™ (—e™¢,0) * 6., Meix'(0,0)) can be computed ex-
plicitly in terms of ¢ through integration, yielding the formula :

2671 73c73 —c 1— 2c —c —2c 2
fle) = © 5 arcsin (6 5 ¢ ) + ¢ arcsin <62 ) + e~ *e 4e2¢ — 1.

T 2T 47

Using the facts that 0 < % < 1/2 and that 3arcsin(z) = arcsin(3z — 4z3) for 0 < z < 1/2, this
can be rewritten as

2 —cC —2c D)
f(e) = (1 —¢€*)= arcsin (62 ) LT e — 1

™ 47
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4.3.2.2 The profile on the left

By Proposition 4.3.6, the computations above can only make sense for ¢ > 0. However, the free
Poisson distribution makes sense even for A < 1, with the only difference that some mass is
carried by an atom :

. A
d Poiss™ (A, @) (t) = (1 — \) 6 + m\/zl)\cﬁ — (= a1+ X)L vy vz (dE
As a consequence, the formula
flc) =drpv (Poiss+ (620, —e_c) * Ogefe—c, Vsc)

still makes sense for ¢ < 0 and we will now show that this is indeed the profile. Let us start with
a characterization of the limit distribution in terms of “Chebyshev moments”.

Lemma 4.3.12. For any c € R, the measure

fte = PoissT (2, =€) # ey e

is the unique probability measure on R such that for any n € N,

/ P,dp. = e .
R

Proof. Let us first recall that the free cumulants (see [NS06, Def 11.3] for the definition of free
cumulants and [NS06, Prop 12.11] for the free Poisson case) of the free Poisson distribution
Poiss™ (\, a) are given by

Knp = Aa™.

As a consequence, the free cumulants of Poiss™ (eQC, —e_c) are Laurent polynomials in e¢. The
free additive convolution with d.c, .- only modifies the first cumulant x; by adding e + e™*
to it, hence the free cumulants of u. are Laurent polynomials in e®. Because the moments are
polynomial functions of the free cumulants (by virtue of the moment-cumulant formula, see [NS06,
Prop 11.4]), we conclude that there exist Laurent polynomials L,, such that for any ¢ € R,

/ P, (x)dpc(z) = Ly(e°).
R

Let us now assume that ¢ > 0. Then, we know from the proof of Theorem 4.3.9 in Subsection
4.3.2.1 that for ¢ > 0, p. is absolutely continuous with respect to the semi-circle distribution
vgc with density F.. Using the fact that the polynomials P, are orthonormal for the semi-circle

distribution, we get
“+oo
Pndpcz/ P, e "P, | dvgc = e "
[y~ [, (Sen)

n=0
As a consequence, L, (z) =z~ for any x > 1, so that by uniqueness of the decomposition of a
Laurent polynomial, L, (X) = X ™ and the formula for the integral of Chebyshev polynomials
also holds for ¢ < 0.
As for the uniqueness assertion, it simply follows from the fact that u. has compact support
and is consequently determined by its moments. O
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With this in hand, we can complete our proof of the cutoff profile. To do so, let us define, for
t >0 and N € N, a probability measure mgN) on R by requiring that mgN)(R\ [-N,N])=0

and for all n € N,
N
/ Pn(a:)dmiN) = e P, (N).
-N

Such a measure exists because it corresponds to the restriction of the state ; to the algebra
O(O]J\r,)central. Using the centrality of the process and the Riesz representation theorem (see the
discussion at the beginning of Section 4.3.1), we know that

e, = Al = || = vsc -
TV

To find the limit of the right-hand side, we will compute mgfv) explicitly. Our approach is based
on an idea of P. Biane in [Bia08, Sec 12.2] for the study of a similar process on the duals of free
groups. One would naively want the measure to be absolutely continuous with respect to the
Haar measure with density

+oo
> e Py (N)P,
n=0

However, we know that for ¢ = NIn(N) + ¢N with ¢ < 0, this series does not converge in
L?([~2,2]) because e ** P, (N) grows exponentially (this is the lack of absolute continuity with
respect to the Haar state). The idea is to find a point N(£) such that e~ P, (N) — P,(N(t)) is
small enough to be summable. Then summing the previous difference to produce an absolutely
continuous measure and adding a Dirac mass at N(¢) will produce an expression of the measure.
To find that Z\Nf(t)7 let us first recall that for > 2, if 0 < ¢(z) < 1 denotes the unique number
such that q(z) + q¢(z)~! = x, then

@) ") — gy
(@)~ qla)

In particular, considering (with the notations of Lemma 4.3.5) that A, is roughly equal to anmn,
we have

P,(x) =

—ntan q(N)_(n+1) — q(N)YL-H
qN)T = 4(N)

R e TN g(N)

~ P, (e7*'q(N)™! + e*'q(N))

e P (N)~e

so that setting B
N(t) = e7*'q(N)™" +e™'q(N)

has a good chance of giving the correct order of magnitude. There is still a normalization
coefficient required, and the next result is meant to make all this precise and rigorous. We will
write ¢ for ¢(N) in order to lighten notations.

Lemma 4.3.13. For any fized ¢ <0 and t. = NIn(N) + ¢N, there exists N, such that for all
N = N,

“+o00
mi™) = alt)dg, + 3 (7 PaN) = Pa(N (te)yyy ) Paly)dusc(y).
n=0
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where

and
Z (e_tc’\”Pn(N) _ a(tc)Pn(N(tc))) P, € L*([-2,2], vsc).

n=>0

Proof. To lighten notations, let us simply write a,b,c for ay,by,cny. Since by definition
q (N (t)) = (e%q)*! (depending on which one is less than one, but this does not change the

expression of P, (N (t))),

q

n+1
)

_ pat—bt (efa(nJrl)tqf(nJrl) _ paln+1)t n+1)

_ e—(an-i—b)tq—(n-i-l) _ ea(n+2)t—btq

from which we deduce that

qn+1

a(t)P, (N(t)) = e~(antd)tp (N 4

(ef(aner)t _ e(a(n+2)7b)t) ,
qg - —q

which eventually leads to the equality

n+1

a(t) P, (N(t)) — e Mtp(N) = (ec(”)t - 1) e MtP(N) +

1

ki (ef(anqtb)t _ e(a(n+2)fb)t) _
qg " —q

Using that e? — 1 < (e — 1)y < 2y for 0 < y < 1 and using Lemma 4.3.5, we see that for N > 4,

2 n
<efM _1g2( =) .
0<e (N)

Moreover, a > 1/N and b,c(n) > 0 so that e ! < e~ < e~ ™/N (remember that ¢ < 0).
Taking t = t. = NIn(N) + ¢N (and of course N large enough so that ¢, > 0), and using also
|P,(N)| < N™ we can bound the first term :

- 2 " 2e=¢ "
C(W)tc ) Ante ’ <2 ’ntc/N n
(6 l)e RL(N) X N € N 2 N :

Taking N greater than some N, depending on ¢, this converges exponentially fast to 0.
Let us now bound the second term. First observe that ¢=' — ¢ = v/N2 — 4 and e~ (@7t
1 < el(r+2)=0)t hence we have
+1
< 0" (a(nt2)-b)t < 4
N2 -4 N2 —4

n+1 n+1

‘q a(n+2)t.
T t—q

(ef(an+b)t _ e(a(n+2)7b)t) e
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At t =t., we then get as N — oo, using a = % + O (%), that

n n+2 n
T o, _ (1 1 a(N In(N)4eN)\ "2
e + O e
VN2 -4 N N3

_ (67 1n(N)+O(1/N2)>n+2 (eln(N)+c+O(ln(N)/N2)>

— <€C+O(1))n+2 .

Hence, as ¢ < 0 and N > N, is fixed, this term converges exponentially fast to 0 as n — oo.
Combining those two bounds, we conclude that for N fixed large enough,

n+2

‘a(t)Pn (N(t)) — e Mtp,(N)

converges exponentially fast to 0 asn — oo. Because (P, )nen is a Hilbert basis for L2([—2, 2], vsc),
this proves that the sum stated in the lemma belongs to L2([—2,2], vsc).

Now the first formula in the statement makes sense for N large enough and defines a probability
measure on [—N, N]. Moreover, the integral of any Chebyshev polynomial with respect to that
measure coincides by construction with its integral with respect to mgiv). Because Chebyshev
polynomials form a basis of C[X], it follows that the two measures have the same moments and

hence coincide since they have compact support. O

We are now ready to establish the cutoff profile for negative c.

Proposition 4.3.14. For any fixed ¢ < 0 and t, = N In(N) + ¢N, we have

aN(wtC’h) - ng\[) B VSCHTV N—>—+>oo ”POiss+ (826’ _e_c) * 5e“+e*“7VSCHTV'

Proof. To compute the limit of the total variation distance, let us first notice that if ﬁ@iiv) =

1[_2,2]mgiv), then

sl = (=), s (7 -],

We will deal with each part separately :

« It is straightforward to see that as N goes to infinity, a(t.) — 1 — €2 and that N(t.) —
e® 4+ e~ ¢, which are exactly the parameters of the atom of the free Poisson distribution in
the statement.

e Observe moreover that m,(fiv) converges in moments to a measure for which the integral of

P, equals e“”. By Lemma 4.3.12, this must be the free Poisson distribution in the statement.

Therefore, if we can prove that ﬁzgfv) converges in total variation distance, then its limit
must be the absolutely continuous part of Poiss™ (625, —e*‘:) * 0geye—c. Lhe density of ﬁlgN)

with respect to vgc is
—+o0

3 (e”\"t“Pn(N) - Pn(N(t))) P,

n=0
and each term of the sum converges as N goes to infinity. Therefore, if we can bound these
terms in L?-norm by a summable sequence not depending on N, then we can conclude. But
this was already done in Lemma 4.3.13, since it follows from it that such a bound exists at
least for N large enough depending on c.
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Remark 4.3.15. Note that we do not prove that mgiv) converges in total variation to Poiss™ (620, —e‘c) *

0ec4e—c. This is actually false since their atoms are not at the same place. If we change slightly
the time by setting
~ —In(q(N))+c c
te = M = tabscont(N) +—,
an an
then N(Z\C) =e‘4e ¢and mé\N) converges in total variation distance to Poiss™ (ezc, —e*‘:) L R—

However, this would be somewhat unnatural, and we prefer to state only results which are true
for all times ¢. 4+ o(N') than for a very specific sequence of times.

Remark 4.3.16. Once again, the integral giving the total variation distance can be computed
explicitly in terms of ¢. The computation differs however depending on whether c is greater or
smaller than — In(2) (because of the absolute value in the integral). For —In(2) < ¢ < 0, the result
is the same as the first expression given in Remark 4.3.11 for ¢ > 0, except for an extra (1 —e%¢)/2.
However, this time 1/2 < e7¢/2 < 1 and for z € [1/2,1], 7 — 3arcsin(x) = arcsin(3x — 423) so
that we end up with the same result, namely

2 e ¢\ e 42
frnd 1 — 2c —_ 1 _— 4— —2c
fley=(1-e )7T arcsin ( 5 > + p—r e
while for ¢ < —1In(2),
fle)=1—¢*.

The combination of Propositions 4.3.10 and 4.3.14 yields the complete proof of Theorem 4.3.9,
therefore yielding the cutoff profile for Brownian motion on OF. As an illustration, here is a plot
of the profile :

Remark 4.3.17. Theorem 4.3.9 is not just a refinement of the cutoff phenomenon established in
Theorem 4.3.1, but a stronger result. In other words, the existence of a cutoff profile implies the
cutoff phenomenon, as was already mentioned in the beginning of the proof of Theorem 4.3.1.
This follows from the fact that the profile converges to 1 at —oo and 0 at +o00, together with the
monotonicity of Proposition 4.2.6.

4.3.3 Further results

Let us complete this section with some additional remarks and results concerning various
generalizations of the original problem.
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4.3.3.1 Other norms

We have worked so far with the Fourier-Stieltjes norm, because it is the only natural norm
available which makes sense for all ¢ € R;. However, the upper bound was computed using the
total variation distance, and one may wonder whether the cutoff upper bound also holds with
respect to other distances. It turns out that the answer is yes.

Corollary 4.3.18. Brownian motion on Oj\', satisfies, for all 1 < p < oo and ¢ > 0, with
t.= NIn(N) +c¢N,

WAm ¢, — hllze = ||Meix™ (—e7,0) .- — Meix™(0,0)|,, -

Proof. Recall that the density of the process at time t is, if the series makes sense,

+oo
Pt = Zdne_w\nX'rr
n=0

Using the fact that ||xn|lcc = Pn(2) = n + 1, we see that the density converges in L>-norm at ¢,
as soon as ¢ > 0 since (for N > 3) and

w

Jdue . < (1 D < S 1)
Moreover, using this bound the same strategy as for Proposition 4.3.10 yields the cutoff profile in
the case p = co. As for finite p, it follows from the noncommutative Holder inequality (see for
instance [Tak03, Thm 2.13.iv]) that for any 1 < p < oo,

”dne_tc)\anHp < ||dne_tc)\nxn||oo
hence we can once again resort to the same argument. O

Remark 4.3.19. Note that for ¢ < 0, according to the discussions in the previous subsection,
we may decompose 1)y, into an absolutely continuous part {/;tc which admits a LP-density for all
1 < p € oo and such that ¢, — Jtu is singular with respect to h. It is easy to see that the above
theorem still holds for {/}Vtc even for ¢ < 0.

Let us compare this with the classical case. P.-L. Méliot proved in [Mé14, Thm 7], building
on results of G. Chen and L. Saloff-Coste in [CSCO08], that the cutoff phenomenon for Brownian
motion on SO(N) indeed occurs for all 1 < p < co and that the cutoff time is the same as for
the L'-norm for all 1 < p < co. However, for p = oo, the cutoff time is doubled and becomes
41n(N). Tt is therefore quite surprising that in the quantum case, the difference between the case
of finite and infinite parameter p disappears. This must nevertheless be tempered with the fact
that there is no lower bound in our case, because our definition of the LP norm only makes sense
for absolutely continuous states.

4.3.3.2 The free real sphere

In [Mé14], P.-L. Méliot did not only prove the cutoff phenomenon for compact simple Lie groups,
but also for their homogeneous spaces. In the quantum setting, there is no structure theory of
compact homogeneous spaces paralleling the classical one, but there are nevertheless some explicit
examples. We will now consider the simplest of them, which is an analogue of the real sphere
on which the classical orthogonal group acts. The same idea of “liberation” as for the definition
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of free orthogonal quantum groups suggests that the free analogue of the real sphere should be
described by the universal x-algebra generated by N self-adjoint elements (z;)1<i<n such that

Denoting by O(Sf ~1) this object, it is endowed with an action of O, through the map

N
QX E U5 & X5

i=1

Note that the abelianization of O(Siv ~1) is exactly the algebra of polynomial functions on the
N — 1 dimensional sphere in R" and that the formula defining « also defines the usual action of
On on that sphere.

Intuitively, Brownian motion on such a space should be a Lévy process invariant under the
action «, and the analogue of the uniform measure should be the unique probability measure
invariant under «. Such an a-invariant state does indeed exist and can be constructed in the
following way. Consider the subalgebra O(Xy) C O(OF) generated by the elements w;; for
1 <i < N. Then, there is a surjective *-homomorphism 7 : O(SY ') = O(Xy) sending z; to
u;1. Moreover, one has

(rid)ca=(A®id)on

so that the state w = hom is invariant under the action «. As a consequence, we will only consider
the “concrete” model O(Xy) instead of O(SY ™).

Brownian motion considered in [M¢é14] on a homogeneous space is then the projection of
Brownian motion coming from the group. In our case, this simply amounts to restricting ; to
O(Xy). Before giving the expression, let us first recall that by [DFW21, Lem 7.3], one may find
a basis for the carrier Hilbert space of each irreducible representation u™ of Oﬁ such that

O(Xn) =Span{uj; |1 <i< N,n e N}

Proposition 4.3.20. The Lévy process given by the restriction of ¢; to O(Xy) exhibits a cutoff
phenomenon at time ty = %N In(N). Morevoer, it has the same cutoff profile as Brownian motion
on O;{,.

Proof. For t large enough, the density of ¥; — h is
+oo
Z dpetPn(N)/Pa(N)yyn
n=1

whose L%-norm squared is

+oo

Z d, e~ 2tPn(N)/Pu(N)

n=1
The difference with the previous case is that the dimension d,, is not squared, due to the fact that
coefficients of irreducible representations form an orthogonal but not orthonormal basis. This

accounts for the factor 1/2 in the cutoff time, exactly as in [Mé14]. The proof is now exactly the
same as for Theorems 4.3.1 and 4.3.9. O
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There is also another candidate for a Brownian motion on the real free sphere. Lévy processes
on the later quantum space were classified by B. Das, U. Franz and X. Wang in [DFW21, Thm
7.5] using a formula similar to Equation (4.2.1), i.e. involving a positive constant b and a Lévy
measure v. Taking as before b =1 and v = 0 yields a reasonable notion of a Brownian motion on
X which is not the projection of the one on Oﬁ The convolution semigroup of states (¢;)ier.,
we are interested in is then given by :

O LUy 51167“?';(1),

where the polynomials (R, ),enN are the orthogonal polynomials associated to the spectral measure
of uy1 (see [BCZJ09] for details and explicit computations).

Proposition 4.3.21. The O -invariant Lévy process on Xy given by (¢)icr, exhibits a cutoff
phenomenon at time ¢ty = % In(N).

Proof. For t large enough, ¢; has an L?-density with respect to w = h o 7 given by

Zd e —tR!, (1) n
so that
1 1 1+ 1+
2 2 2 2 _—2tR’ (1 n |12 —2tR! (1
e =l < Zllor = 117 < o = 115 = 3 D0 e s = 3 3 de

Now, we know from [DFW21, Cor 7.14] that

N-_1
N_2"

n< R(1) <

and combining this with [Fre19, Lem 3.3] shows that ¢ = 3(In(N) + ¢) is enough to ensure the
existence of the L?-density and that

+oo
2 1 1 —n _—2tn 1 1 1 1 €
lee =l < 3= 2 a7 1(1—¢g?)qe¥—1 " 21—¢c°

n=1

and the upper bound follows.
As for the lower bound, it is obtained by using the element x = v/ Nuy; instead of y; and the
computations are similar to the proof of Theorem 4.3.1. O

Remark 4.3.22. Note that there is an abuse of notations since the polynomials R,, also depend
on the integer N. This is different from the case OJJ(, where for all N, the orthogonal polynomials
were always the same Chebyshev polynomials P,,. That fact, combined with the cumbersome
available descriptions of R,, (see for instance [DFW21, Sec 7.3]), make it difficult to compute the
cutoff profile. However, because the spectral density of /N + 2u1; converges uniformly to the
semi-circle distribution when N goes to infinity by [BCZJ09, Thm 5.3], and because all these
densities are supported on the closed unit disk, the convergence also holds in moments hence
VN +2 R,(X/V/N + 2) converges to P,(X) since the coefficients of the orthogonal polynomials
are continuous functions of the moments. It is therefore reasonable to expect that the process
has the same cutoff profile as the Brownian motion on O,.
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4.4 Quantum permutations

Our second family of examples will be quantum permutations. The quantum permutation groups
S were introduced by Sh. Wang in [Wan98]. The corresponding *-algebra O(S7;) is the quotient
of O(O%;) by the relations u?j = u;;. The coproduct factors through this and yields the compact
quantum group structure. The connection to classical permutation may seem loose from that
definition, but one easily shows that if ¢;; : Sy — C is the function sending a permutation o
to (5g(i)j)ij , then there is a surjective x-homomorphism O(S¥) — O(Sy) sending u;; to c;j,
and that O(Sy) is in fact the abelianization of O(S};). Thus, S}; is a quantum version of Sy
somehow like O]J([ is the quantum version of Op. Beyond this fact which motivated the original
definition, several connections between classical and quantum permutations have emerged which
strongly support the idea that Sy is the correct generalization of Sy. An example of particular
interest from the probabilistic point of view is the free De Finetti theorem of C. Kostler and R.
Speicher [KS09].

The representation theory of SX, is close to that of Oﬁ, with the difference that when
multiplying two characters (which are still indexed by the integers with xo = 1 and xo + x1 =
SN ui), one gets the formula

X1Xn = Xn+1 + Xn + Xn—1-

The corresponding orthogonal polynomials are then given by the restriction to [0, 4] of Q,(t) =
Py, (\/1), yielding the free Poisson law PoissT(1,1) as spectral measure of x; under the Haar
state. The associated dimensions of irreducible representations are d,, = Q,,(IN). We are now
going to study two examples of processes on SR}, one continuous and one discrete.

4.4.1 Brownian motion

The natural candidate for Brownian motion on SX‘, can be constructed exactly as in the case of
O%;. Indeed, U. Franz, A. Kula and A. Skalski proved in [FKS16, Thm 10.10] a decomposition
result for central Lévy processes on SIJ{, involving as before a positive constant b and a Lévy
measure v. Setting b = 1 and v = 0 leads to a central Lévy process. We will again denote by
(An)nen the sequence determining the process, which is in this case given by

Q)
" Qu(N)

The previous arguments carry on almost verbatim to yield the cutoff phenomenon and one can
once again describe the cutoff profile as a distance between two free Meixner laws.

Theorem 4.4.1. The central Lévy process defined above exhibits a cutoff phenomenon at time
N In(N). Moreover, setting again t. = N In(N) 4 ¢N, for every ¢ € R, we have

1 ¢ —e ¢

. _ _ s+ —€ . s+
NE)IEOO I, — hl| HDW (Melx (W’l—!—e—c)) * §g—c — Meix (0,1)”.

Proof. As mentionned in Remark 4.3.17, the existence of the cutoff profile implies the existence

of the cutoff phenomenon, hence we will focus on the former. The proof proceeds as for Theorem

4.3.9 and involves similar estimates. We will therefore focus on the features which differ.
Assuming first ¢ > 0 and setting

+oo

Go(t) = e Qn(t),

n=0
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the cutoff profile equals
[Gac(t) — 1|1,
where the L' norm is computed with respect to the spectral measure of y; with respect to the
Haar state, which is Poiss™(1,1). Note that because Pz, is an even function and Ps,.1 an odd
one,
Fc(\/g) + Fc(_\/i)
3 .

“+oo
Gaclt) =D e Py (V) =
n=0

Setting 8 = e~¢ and v = $/(1 + %) as in Subsection 4.3.2, this leads to the formula

Cont) = ——1 ( 1L, ) 1 1
T2+ ) L=t 14V 1212t

I-VI=42 e

22

Let us also set
’[’I =

Then, making the changes of variables u = t—n and v = u/,/7, and observing that 2 = (n—1)n"2,
the density of Ga.(t)d Poiss*(1,1)(¢) becomes

%ﬁﬁ 4= (8 =21, (H)dt
1 1
2 (1= 2(u+m))(u+1n) VA= (1= 2= 0) g (w)du
1 1 . ) )
2 (1= (= D 2(oy/i + ) (/7 + 1) VA= i = = )P g (0) Vi
1 1

T oarl+ v(2—n)/yT+v2(1—n)/n \/4/77 - (v—(2- 77)/\/75)21[,\/57%,77]('0)&).

Setting a = (2 —1)//n, and b = (1 —n)/n, this is exactly the density of the standardised free
Meixner law with parameters a and b,

1 VA1 +b) — (v —a)?
2 1+ av + bv? LooyisparavTapdy:

Thus, Ga.(t)d Poiss™ (1,1)(¢) is the density of the law

D Meix (, )) * 0.
\/ﬁ( \/ﬁ n n

Writing Poiss*(1,1) = Meix™ (0, 1) * §1, applying * 6_; on both sides and replacing 2c by ¢ now
yields the desired result.

Assume now that ¢ < 0. Let us first mention that the free Meixner distribution in the
statement then has an atom given by the following formula :

(1 — 66)6#\/1—%7'

Applying the dilation by a factor v/1 4+ e—¢ and the translation by e~ ¢ changes the indices of the
Dirac mass into e + 1 + e~ ¢ and translating again by 1 to turn Meix™ (0, 1) into Poiss™ (1, 1),

we see that the atom of the measures mgjv) has to converge to e® 4 2+ e~¢ = (e + e=/?)2.
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The same argument as in Proposition 4.3.14 yields an explicit formula for the measure of the
corresponding classical process at time ¢, and the proof is done similarly. Note that by [BB06],
the cumulants of Meix™ (a,b) are polynomials in a and b, hence in our case Laurent polynomials
in e~¢, so that the analogue of Lemma 4.3.12 holds. O

Here is an interpretation of this result inspired by the analogy with the classical permutation
groups. Indeed, the function giving the number of fixed points of a permutation is, in terms
of the generators of O(Sy), F = Y ¢;;. Therefore, the elements x1 = Y u;; is the quantum
version of the number of fixed points. In particular, its law with respect to the Haar state,
which is Poiss™(1,1), can be considered as the “fixed points law for quantum permutations”.
As a consequence, the difference between Brownian motion and the uniform measure on SIJ{, is
asymptotically due to the fact that Brownian motion has “too many fixed points”.

4.4.2 Quantum random transpositions

We will conclude with a discrete example, namely the quantum random transposition walk on
the quantum permutation group. The reason for this is that the second-named author recently
computed the cutoff profile for the classical version of that walk, while nothing is known in the
quantum case.
Recall that if p4, is the uniform measure on the set of transpositions, then the classical random
transposition walk has increment distribution
N -1 1

T *6@
N ety

ILL:

One of the first results in the theory of cutoff phenomenon was the proof by P. Diaconis and
M. Shahshahani in [DS81] that the random transposition walk exhibits a cutoff phenomenon
at %N In(NN) steps. The second named author proved in [Tey20] that the cutoff profile has the
following form : for any ¢ € R,

drv (u*%(Nln(NHCN), h) ——— dpy (Poiss (14 e~ ¢) , Poiss(1)) .
N—o0

Note that Poiss(1) is the asymptotic law of the number of fixed points of a uniformly distributed
permutation, which is the same as the law of the trace of a permutation matrix under the Haar
measure, i.e. the law of x1 + xo = x1 + 1.

The d.-part in the definition of u appears in a natural way. If we had decided to work with
the pure random transposition walk, working with the transition law p, instead of u, we would
have had periodicity issues, as the signature would alternate from 1 to —1. Including an extra
de-part (sometimes refered to as the “laziness” of the walk) in the definition of p is the way used
by P. Diaconis and M. Shahshahani to rule out this problem. Note that in this case it is very
natural to have a coefficient 1/N if one thinks of the random walk as a card shuffle : spread a
deck of N cards on a table and then choose two cards uniformly at random and swap them if they
are different. The probability that the same card has been selected twice is then exactly 1/N.

On the quantum side, there is a natural analogue of s, introduced in [Frel9] and denoted by
(ptr- This is a central state given on the characters by

oir(Xn) = Qn(N — 2),

where Q,(N) = P5,(v/N) as in the previous subsection. We may then consider the quantum

analogue of u, the walk given by
N -1 1

N Sotr + NE’

90:
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where ¢ is the unique state on O(S};) such that e(u;;) = §;; and hence ¢ is a well-defined state
in the Fourier-Stieltjes algebra C'(OF)*.

It was proven in [Frel9] that the random walk on S}, corresponding to ¢y, exhibits a cutoff
phenomenon (with the same caveat as in Remark 4.3.2), and that there is no periodicity issue,
unlike for the classical walk. Consequently, in the quantum setting we can also naturally work with
the pure random walk without extra laziness. As for the quantum lazy random walk associated
with ¢, the study of cutoff phenomenon becomes more delicate and was left as an open problem
in [Frel9]. In this subsection we will show that the two random walks are asymptotically identical
and hence have the same cutoff profile, which we will then compute.

For notational simplicity, we write for a state ¢ on O(S})

B(n) = p(xm)-

dn
It is well-known and easy to see from definition that 1/**(n) = ¥(n)* for all k € N. Lemma 4.2.8
still holds if we replace 1; by ¥** and d; ¢ (xn) = e by 9 (n)*.

4.4.2.1 The pure walk

We start by revisiting the work of [Frel9] concerning the pure quantum transposition walk. There,
the upper bound of cutoff phenomenon was shown to happen at time N In(N)/2, while the lower
bound can be deduced from these computations and the methods used in the proof of Theorem
4.3.1.

It is therefore natural to wonder whether the same strategy as in the orthogonal case can also
yield the cutoff profile. The answer turns out to be yes, but requires a fine estimate on @, (n), in
the same spirit as the affine approximation of A, in Lemma 4.3.5.

Lemma 4.4.2. There exist ay,by < 0 depending only on N and a function cy of n such that
for allm >0,

ann+by+cen(n)

wtr(n) =€
Moreover, 0 > cy(n) = —2q(v/N — 2)4+2,
Proof. First, set for this proof g = q(\/ﬁ) and p = g(v’N — 2), and recall that

-1

our(n) = Qn(N —2) _ Py, (VN —2) _ p—(2n+1) _p2n+1 <q—(2n+1) _ q2n+1)
T Qn(N) Pgn(\/ﬁ) pfl_p qil—q

Factoring, we obtain

B p—(2n+1) _p2n+1 q—1 —q _(p —(2n+1) q_l —q1 _p4n+2 (q g q2 1 _p4n+2
Pu(n) = q—@ntl) — g2ntl p—1 - 5 pl—pl—g*nt2 -

p

1*p21*q4"+27

so that setting any = 21In(q/p), by = In (t;];) and c¢y(n) =1n (%) yields the first part of
the statement. As p > ¢, we have that by < 0 and ¢y (n) < 0.
Let us now prove the lower bound on ¢y (n). Using that for z < 1, In(1 — z) < —z and for

0<2<1/2, In(1—2) > —2In(2)x, we have

en(n) =In (1—p"*™?) —In (1 —¢"*?) > —2In(2)p"" 2 + ¢ 2 > —2p*"+2.
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We can now compute the measure of the classical process to prove the convergence of the
complete profile, defined through the formula

N
/0 Qu(@)dm{™ () = p(n)*Qu(N).

Because of Lemma 4.4.2, it is natural to look for an N (k) such that Q,(N(k)) =~ ¢!*(n)Q,(N),
which leads heuristically to

2
N(k) = (efkaN/2q 4 ekaN/2q71)

Theorem 4.4.3. Set
(1) — ek € g

'—q
Then, for any ¢ < 0, and N large enough, setting k. = [(N In(N) + ¢N)/2],

+oo
myy) = a(ke)dz g,y + >, [@Zf°(n)Qn(N ) — Qu(N (kc))} Qnd Poiss™(1,1).
n=0

Moreover, for all ¢ € R,

1—e¢ —e ¢
ke D e — it
‘ Pir hH N—>—+>oo HD\/H? (MGIX (m, 1+ 66)) * (55 Meix (07 1) .
(4.4.1)

Proof. We start by proving (4.4.1) for ¢ > 0. This follows from the same argument as in
Proposition 4.3.10 using the following computations : by Proposition 4.2.10, we have for every
fixedn > 1, as N — oo,

0= 20 ()

and

o= i (-2 (P ) (2 (o)

where we recall that g (n) = d,; @u(xn). For ¢ € R fixed and k. = [(NIn(N) + ¢N)/2], we

have
(1-2)"™ e (n[hovmny+ ] (-2 0 (1))
— exp <n (—ln(N) —c+0 (mg\sz)))

e—n(cto(1))
Nn

It follows that

dngptr(n)kc VPO h——— 1 C 2 C) R L



Moreover, for N large enough we have ¢ + o(1) > ¢/2 > 0, hence we have a uniform bound
dngotr(n)kc < e "¢/2 which is summable with respect to n and enables us to conclude when ¢ > 0.

We now assume, until the end of the proof, that ¢ < 0. Let us set ¢ = ¢(v/N) and omit the N
indices for an, by, cn(n) for convenience. Then,

(q—l _ q)a(k)@n(j\vf(k)) _ e—ak/2+bk (ea(2n+1)k/2q—(2n+1) _ e—a(2n+1)k/2q2n+1)
eank:erk —(2n+1) 7a(n+1)k+bkq2n+1
( ) ank—i—ka ( )_~_ eank‘+bkq2n+1 _ e—a(n+1)k+bk‘q2n+1
( )‘Ptr( )kefc(n)an(N) + ebk (eank _ efa(n+1)k) q2n+1,
so that
*k —c(n ebkq_l ank —a(n+1)k| 2n+2
Pt (MQu(N) = alk)Qu(N ()| < [1 = e ] () Qu(N)+ T [e —e g2,

Let us now bound both terms for k& = k.

o Tor the first term we use the fact that ¢, (n)*Q,(N) = O(e™°") together with

’1 - e*c(")k‘ < 2le(n)|k < 4kq (\/N -2

) 4An+2

e As for the second term, the fraction involving b in front of the absolute value does not
depend on n, hence has no impact on the summability, while a < 0 for N large enough so
that we can bound the rest by

X n+1 o n+1
67a(n+1)kq2n+2 _ < 1n(N)+c+o(l (N))qg) _ <ec+o(1 EVN)) (1 n O(]_/N))) .

For N large enough, the term in parenthesis is bounded by e®/?

summable with respect to n.

, hence the whole thing is

The proof is now concluded as in the proof of Proposition 4.3.14 to obtain the measure and the
convergence of the profile for ¢ < 0. Note that a(k) converges to 1 — e¢, which is the mass of the

~ ) 2

discrete part of the limit, and that N (k) converges to (e®/? +e~%/2)"
Remark that the case ¢ = 0, which was not treated above, follows from the monotonicity of
the distance proven in Lemma 4.2.6 and the continuity of the profile at 0. O

4.4.2.2 The lazy walk
We now turn to the lazy random walk associated with the state

~N-1 +1
Y= N Ptr Na

As mentioned previously, the study of the corresponding cutoff phenomenon is subtler. Indeed,
as pointed out in [Fre19], the states p** never admit L2-densities and hence the previous method
based on Lemma 4.2.8 for ¢ > 0 does not work any more. Our idea in the present work will be to
approximate the lazy random walk by the pure one by mimicking an alternative classical way of
avoiding periodicity for Markov chains, which was used for example to study the cutoff for k-cycles
by Berestycki, Schramm and Zeitouni [BSZ11]. It consists in working in continuous time and
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considering a clock which rings at a random time given by an exponential law of parameter one.
Each time the clock rings, we make one step, and reset the clock. Note that the standard deviation
of a sum of order N In(V) independent variables of law Exp(1) is of the order /N In(N), which
is negligible when compared to IV, the size of the cutoff window, so it doesn’t change the cutoff
profile at all. A similar comment can be made about adding extra laziness as long as the laziness
coeflicient is not too large.

As the next result will show, one can transfer this idea to the quantum setting and the result
is formally equivalent to adding laziness. Moreover, it leads to a simple proof of the cutoff
phenomenon.

Theorem 4.4.4. The random walk associated to ¢ = &=L, + e exhibits a cutoff phenomenon
at N In(NN)/2 steps in Fourier-Stieltjes norm. Moreover, the associated cutoff profile is given, for
every ¢ € R, by
li H #[L(NIn(N)+eN)] _ hH —

Voo 117 4
Proof. As explained in Remark 4.3.17, it suffices to prove the cutoff profile. For each j € N,
we denote by X; a random variable following the binomial distribution of parameters j and
p=1—1/N. Then for any j € N, we have

J . . k n—~k ]
2() =5 () (o) (1) e

k=0

where we make the convention that ;0 =e. Write k. = [2(NIn(N) + c¢N)|. We have
Xke ke Xk xke Xee ke
HE<()D:rk )_Qprr FS:“E(wrrk — Pir ) ‘Fng‘(p:rk —QP:r rs

Note that E (X, ) = pke = k. + O(In(N)), so that by the Markov inequality,
P (\Xkc — k| < \/JV) — 1L
. N—o0

Using this together with the dominated convergence theorem yields

. Xk, ke . *Xp. *ke
lim HIE(*’“)— he < lim E(l ’ c — ¢ )
Nopoo [ \Pr Pl s S N teo | Xio —kel <V || Ptr P ps
. X xk
=E lim 1 ~ ‘ Fke _ e .
Nooo | Xke—ke|<VN Per Por FS

Let us first assume ¢ > 0. The proof of Theorem 4.4.3 shows that for any sequence ky =
ke + o(IN), we have
duspur () = ¢=05)
as N — +oo, and moreover d, g, (n)*y N—> e and d,pu(n)"y < e~ "¢/2 for N large
— 00

enough. In particular, applying the same strategy of exchange of sum and limit as in the proof of
Proposition 4.3.14, we have

Together with the previous estimates, this yields

*k)N

ke
Ptr SO;;kr 0.

FS N—oo

. Xk xk
lim *Xke c
NS 400 cptr Sotr

*ke *k
¥ — Per ¢

N——+oc0o

=
FS

FS<E< hm 1|Xkc—kc‘<\/ﬁ‘
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and the result follows from Theorem 4.4.3.
Now assume ¢ < 0 and consider the measures m,(CN) associated with the pure random walk

which were defined just before Theorem 4.4.3. Note that for any £ € N, E (m&?}?) is a bounded

measure on [0, N] such that

Hcp*k —h|| = HE (mg?;)) — Poiss ™ (1, 1)HTV .

Note also that

[0 (B (mie) =mi) = [ (1o (mie = i), <t (mie = i),

The same argument as for the case ¢ > 0 yields that the right hand side tends to 0. So together
with Theorem 4.4.3, we deduce that

lim H1[0,4] (E(m%i)—Poiss*(l,l)) — lim H1[074] (m,(;j)fPoiss*(l,l))H

N—+co TV ~ N—+oo TV

On the other hand, using again Theorem 4.4.3, we see that

Lr\[o,4 B (m%)) HTV - HE (O‘(X’fc)‘smxkc)) HTV

= [Z B, = iz, | = 3B =i)al)

i€EN TV iEN
= E ((Xk,)),

faana (5 (2) - P,

which tends to the mass of the discrete part of the free Meixner law in the desired profile. The
proof is now concluded as in the proof of Theorem 4.4.3. O
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