Mixing time of the lazy and simple random walk on a randomly
twisted hypercube

Zsuzsanna Baran * Andela Sarkovié¢ |

Abstract

We consider a randomly twisted hypercube on N vertices and study a simple or lazy random
walk on this graph. We show that for both walks the mixing time is of order log N, and the
model does not exhibit cutoff. We also establish that both walks have cover time of order
Nlog N and we show that the chromatic number of the graph diverges.

1 Introduction

In this paper we consider the mixing properties of a random walk on a twisted hypercube, which is
a random generalisation of a Boolean hypercube, defined as follows.

Definition 1.1. We recursively define the random graphs G for n > 0 as follows. Let G(©) be a
graph consisting of a single vertex, and for n > 1 let G(™ be obtained by considering two independent
copies G111 and G("12) of G("1) and adding the edges corresponding to a uniform random
matching between their vertices. Then we say that G is a twisted hypercube on 2" vertices.

We call the copies of G(¥) appearing in the construction of G(™ the type k subgraphs of G™, and we
label them G*:D G*2"") in such a way that for each k € {1,2,...,n} and £ € {1,2,...,2" %}
the type (k — 1) subgraphs of GH 0 are labelled G121 and G120 We say that the edges
running between G,(f_zl_l) and G,(f_e)l are type k edges. (See Figure |1| for illustration; disregard the
colouring for now.) //

Since the 1990s various modifications of a Boolean hypercube have been considered as models of
networks that retain some of the structure of a hypercube, but have smaller diameter and better
connectivity properties.

The above random model was first introduced by Dudek et al [6] in 2018, and they showed that

with high probability between any pair of vertices there are at least n internally disjoint paths of

_n
logy

is optimal and the length is asymptotically optimal.

length at most +0 (W) Among n-regular graphs with 2" vertices this number of paths

In 2023 Benjamini et al [5] considered a more general random model, where the two copies of G(n=1)
in the construction of G(™ do not need to be independent, and proved that with high probability
it has a small diameter, large vertex expansion, its eigenvalues satisfy a semicircle law, and it has
no non-trivial automorphisms.
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The paper [5] also included a list of remarks and open questions (in Section 3). In particular, they
asked about the mixing time of a lazy random walk on a twisted hypercube, noting that by simple
estimates it is O(nlogn) and Q(n), and wondering whether it is o(nlogn). They also asked about
the chromatic number of a twisted hypercube, noting that with high probability it is at least 3.

In this work we study the mixing properties of a randomly twisted hypercube and we establish that
both a lazy and a simple random walk have mixing time of order n. Using this we also show that
the cover time is of order n2" for both walks.

Although it is not the focus of the paper, we also present a quick argument showing that the
chromatic number is w(1).

We recall the definitions of mixing time, cutoff, cover time and chromatic number.

Definition 1.2. Let X be a Markov chain on a finite state space V, with a unique invariant
distribution 7. Then for € € (0,1) we define the e-mixing time of X as

tmix (€) :=  max inf {t > 0: dpv (Py(Xy =), 7(-)) < e}.

zeV

where dry denotes the total variation distance between two distributions, defined as drv (u,v) =
3 2 (@) —v(z)].

We say that a sequence (X (")) of Markov chains exhibits cutoff at time ¢,,, with window s,, if f—: —0
as n — oo, and for any e € (0, 1) there exists a constant ¢(¢) such that for all n the e-mixing time
of X satisfies

tn —c(e)s, < tl(sl)x () < tp+c(e)sp. (1)
In case the Markov chains X(") are random, we say that the sequence exhibits cutoff with high
probability if holds with a probability 1 — o(1) as n — oo. //

Definition 1.3. Let X be a Markov chain on a finite state space V. Then the cover time of X is
defined as

teov := maxlE, [max Ty:| ,
zeV yev
where 7, denotes the first time the chain visits y. //

Definition 1.4. Given a graph G, a colouring of its vertices with k colours is a function ¢ : V(G) — C
where C is a set of size k. We say that c is a proper colouring if for any pair {x,y} of neighbouring
vertices, we have c(x) # ¢(y). The chromatic number x(G) of G is the smallest positive integer k
such that G has a proper colouring with & colours. //

Our main results are the following.

Theorem 1. Let (G(”)) be a sequence of twisted hypercubes as in Deﬁmtion and let X be a
simple random walk on G™ . Then with high probability the graphs G have the following property.

For any € € (0,1) there exist positive constants c(e) and C(e) such that for all sufficiently large n
the e-mizing time of X ™ satisfies

cem < W) < Cln

Also, the sequence (X(”)) does not exhibit cutoff.

Moreover, the same statement also holds for a lazy random walk instead of a simple one.



Theorem 2. There exist positive constants ¢ and C with the following property. With high proba-
bility the twisted hypercube G is such that the cover time of a simple random walk on it satisfies

en2" < ™M < Cop2n.

cov
Moreover, the same statement holds for a lazy random walk instead of a simple one.

Theorem 3. For any positive constant ¢, with high probability the chromatic number of G satisfies
X (G(”)) > c.

1.1 Some notation

We let N = 2", and we write U to denote the uniform distribution on the vertices of G().
We write SRW to mean a simple random walk.

For functions a,b : Z>¢ — [0,00) we write a(n) < b(n) if there exists a constant C' > 0 such that
for all sufficiently large n we have a(n) < Cb(n), and write a(n) < b(n) if for any constant ¢ > 0,
for all sufficiently large n (in terms of ¢) we have a(n) < ¢b(n). We define 2 and > analogously.
We write a(n) < b(n) if we have a(n) < b(n) < a(n). Unless specified otherwise, these relations are
considered as n — oo.

We often consider quantities like 0.9n or C'logn and treat them as integers. In these cases one can
take |-| or [-], but we omit this from the notation.

1.2 Overview

In this section we give an overview of the proof ideas of Theorem [} which is the most involved one
of our three results. Instead of trying to estimate the mixing times of a walk directly, we bound
the hit times of the walk and then compare the mixing times to these. The hit times are defined as
follows.

Definition 1.5. Let X be a Markov chain on a finite state space V with a unique invariant distri-
bution 7. For each «, 6 € (0,1) we define the corresponding hit time of X as

hity () := inf{t: Va, VA CV with 7(A) > « we have P,(14 > t) < 6},
where 74 = inf {t: X; € A}. //
We will prove the following two results.

Proposition 1.6. With high probability there exist o, 0 € (0,1) such that the corresponding hit time
of a simple random walk on G™ satisfies hity, () < n.

Proposition 1.7. With high probability the absolute relaxation time of a simple random walk on
G satisfies t?gs =n.

Once we have these, the proof of Theorem [I| can be concluded as follows.

Proof of Theorem[]l From Proposition we know that hit, (0) < n for some «, 0 € (0,1) and
from [5, Proposition 1.5] we know that ¢, < n. Then [3, Proposition 3.3 and Corollary 3.4] allows
us to bound the hit time with all parameters, and we get that hitg (¢) < n for all 3, ¢ € (0,1).



Using [2, Lemma A.3] we can compare the hit times of a lazy random walk and a SRW, and get
that hitlﬁazy (p) Snforall 8,9 € (0,1).

Then using [3, Proposition 1.8|, the monotonicity of mixing time in the parameter, and that
tiii{ (€) 2 tr for all e € (0,1) (by [10 Theorem 12.4] for the lazy walk) we get that mixing
92Y () < n < t,q for all € € (0,1), hence by [3, Theorem 3| the lazy

time of the lazy walk satisfies ¢ ;7

walk does not exhibit cutoff.

Since the lazy walk does not exhibit cutoff, neither does the simple random walk. (See [2, Lemma

6.9].)
Using the above bound on the hit times, [3, Remark 1.9], and that tyy (€) > 25 for all € € (0, 1)

~ “rel

(see |10, Theorem 12.4]), we also get that tyix (¢) < n for all € € (0,1). O

To prove Proposition [1.6], we define a random time 7 and show that with positive probability it
satisfies 7 < n, and X is comparable to the uniform distribution.

Inspired by [1], we colour the ‘short’, ‘medium length’ and ‘long’ edges of G green, red, and blue
respectively. We consider a random time 7 so that the first 7 steps of a random walk X on G("
roughly speaking correspond to taking a geometric number of steps as a random walk on the green
and red edges, then walking on the green and red edges until K + L further red edges are crossed
(where K and L are well-chosen parameters), then crossing a blue edge, then walking on the green
and red edges again until L + K more red edges are crossed.

If after the initial geometric number of steps the walk is at a given vertex ¢, we approximate the
probability of X, =y as

> Bo(Vog, =u |G )Ru(Yog, oy = w6 @)

UV,W, 2

By (Yo, =0 60) PV = 2 60) Ly

where Y is a simple random walk on the green and red edges of G, Tfed denotes the ith time that
a red edge is crossed, and n(w) is a uniformly chosen blue neighbour of w.

To approximate the neighbourhoods of u and v formed by green and red edges of G, we consider
random ‘quasi-trees’ T, and T, that consist of ‘balls’ that are distributed like balls of a given
radius R in the green distance in a random copy of G(™, and ‘long-range edges’ between them that
correspond to the red edges of G and form a tree-like structure.

Using the iid structure of a quasi-tree T', and the fact that due to the high degrees of vertices, a
random walk Y on it is unlikely to return to a ball it already left, we can get a good understanding
of the behaviour Y. We then prove that for a sufficiently large proportion of pairs (u, v), their neigh-
bourhood in the green and red edges of G(”), and a simple random walk on it is well approximated
by a random quasi-tree and simple random walk on it. This allows us to get a good control over the
probabilities P, <Y7éd_1 =w ‘ G(")> and P, (YTéd_l =z ‘ G(")>. After this we use the randomness
of the blue edges and a concentration result similar to [4, Lemma 5.1| to show that the sum is
24

To prove Proposition we use a result that roughly speaking states that if a graph is ‘far from
being bipartite’, then its relaxation time and absolute relaxation time are of the same order. We
prove that whp G(™ satisfies the above property, and use that ¢, =< n from [5, Proposition 1.5].



1.3 Organisation
In Sections [2] to [f] we work towards the proof of Proposition In Section ] we introduce the
colouring of the edges of G(™ and the exact definition of the random time 7. In Section [3| we give

the definition of a quasi-tree and explain how to couple G to it. In Section |4 we estimate the
success probability of this coupling. In Section [5] we conclude the proof of Proposition [I.6

In Section [6] we prove Proposition [I.7], hence concluding the proof of Theorem [I} In Section [7] we
prove Theorem [2] and finally in Section [§ we prove Theorem [3]

2 The random time 7

We colour the edges of G(™) with three different colours as follows. We colour the type n edges of
G™ blue, the type k edges for k € {0.9n,...,n—1} red, and all remaining edges green. (See Figure
for an illustration.)

G(n—Z,l) G(nfl,l) G(n72,2)
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Figure 1: An illustration of G, the naming of its subgraphs, and the colouring of its edges.

Given G™ | we define a random time 7 and an auxiliary walk X as follows.

Definition 2.1. Let
n n
L= (p +CLo , K= Uk, (3)
logn "V logn
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where O, is an appropriately chosen constant (see choice after Lemma [3.2)) and Cp 2 and Ck are
sufficiently large constants, to be specified later.

Let Tr(eL;K’j) = ¢ 4 4 gE+ED) 4 (L+ K —1) for j = 1,2 where g™ are independent
Geom>q %) random variables and let Tgeom ~ Geomzo(%), independently of these. Let
T:= Tgeom + 1+ Tr(eL;K’l) + 1+ TT(;;FKQ).

Let us fix a vertex z of G, and let X be a walk on G(™ defined up to time 7, taking steps as
follows. The first Tgeom steps are a SRW from x on the green and red edges of G™ (i.e. on the edges
of the type (n— 1) subgraph containing x). Then for i = 1,2, ..., L+ K it crosses a uniformly chosen
red edge emenating from its current position, then it takes (1) steps as a SRW on the green edges.
Then it crosses the blue edge emenating from its current position. Then for i = L+ K, ..., 2 it takes
g"2) steps as a SRW on the green edges and crosses a uniformly chosen red edge from its location.

Finally, it takes ¢g(12) steps as a SRW on the green edges. See Figure [2|for an illustration. //
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Figure 2: An illustration of the walk X up to time 7.

The proof of Proposition relies on the following three results.

The distribution of X is comparable to the uniform distribution U.

Proposition 2.2. There exists a constant 0 such that with high probability G™ has the following
property. For any vertices x and y of G™ that are in different type (n — 1) subgraphs, we have

G ) A

The time 7 is likely of order at most n.

Lemma 2.3. For any 0 € (0,1), for a sufficiently large constant C, for any realisation of the graph
G™ and any vertex x, we have P, (T > Cn ‘ G(”)) <4.

The walk X can be coupled closely with a simple random walk on G(").

Lemma 2.4. For any choice of Cr,, Cr, 2 and Ck, any realisation of the graph G™ and any vertex
x, there exists a coupling between the pair (T,X) defined as above, and a simple random walk X
on G starting from x, such that with probability 1 — o(1) the walks X and X agree up to time

7. Here the o(1) can depend on the parameters Cp,, Cpo and Cg, but it does not depend on the
realisation of G and the choice of the vertex .

The proof of Lemma [2.3]is very simple and omitted. The proof of Lemma [2.4] is also quick, and it
is presented below.



Proof of Lemma[2.4. Note that a simple random walk X on G™ at each step crosses a blue edge
with probability l, independently for different steps, and conditional on which steps are blue, the

remaining steps are green with probability & 9"11 and red otherwise, independently of each other.

Because of this we can sample a simple random walk X on G up to the second time it crosses a
blue edge as follows.

()

Let Tél 367 Tote ™ Geom>1( ) and let g( 4.3) ~ Geom>o< ) all independently of each other.

Let BY =79 et G = g1 A (BW) —1), RY) = 1A (BD —1 -G, GY) = g@) A (BD) —1 -
GV — RV, . RY) e = 1A (BY —1-6Y RV ...~ GY) ), SO = BO) —1-GY) — .~ RY) ..
Let X take S() steps as a SRW on the green and red edges, then fori = L+ K, L+ K —1,...,1 let
it take Rl(l) steps as a SRW on the red edges, then Ggl) steps as a SRW on the green edges. Then
let it cross a blue edge. Then for i = 1,2,..., L + K let it take GEZ) steps as a SRW on the green
edges, then RZ@) steps as a SRW on the red edges. Finally, let it take S steps as a SRW on the

green and red edges, and then let it cross a blue edge.

Having this representation of X, let us couple it to X as follows. Let us sample g(i’j), and con-
ditional on these, let us couple Téllﬂe ~ Geomzo(%) and Tgeom + Tr(csti+K 1) +1 ~ Geom>q (%) +
gD 4 gEHED L [ 4 K 4+ 1 using their optimal coupling, so that they agree on the event

{Téllje > gD gD L Ky 1}.

Then on the event {Téf) >ghd) 4 4 gUAED) L L+ K 41 for j = 1,2}, the walks X and X
agree up to time 7. It is easy to see that this event has probability 1 — o(1). O

In the rest of this section and the following sections we will be working towards the proof of
Proposition The proof of Proposition given Proposition [2.2] and Lemmas [2.3] and [2.4] is
presented in Section

For any two vertices x and y that are not in the same type (n — 1) subgraph of G™ | we can express
the transition probability P, ( r=9 ’ G ) as follows.

Let Y be a SRW on the green and red edges of G independently of Tgeom, and let Tl?ed denote the
ith time that Y crosses a red edge. For a vertex w of G let n(w) denote its blue neighbour. For
vertices p, ¢ of G let {p ~r q} denote the event that p and ¢ are connected via a red edge. Then
we have

p.(%, =] ™) (@)

- 3 B (YTgeom - ’G(”) 2P, (YTJEd —u ‘ G<">) P, (YTK —v ] G(”))

p7q7u7w7z’v '
Pu(Vo, = w | GO) RV L =2 671
red red

where the sums are taken over all vertices of G(™).

In what follows we will show that for most u and v in different type (n — 1) subgraphs, their neigh-
bourhoods according to the green and red edges, and the walks on these neighbourhoods can be
approximated well by some random tree-like structures (quasi-trees) and walks on these. We use this

to get a good control over P, (YTLd_l =w ‘ G(”)> and P, (YTLd_l =z ’ G(")>. Then we use the ran-

domness of the blue edges to show that zw’z P, (YTLd_l =w ‘ G(”)) P, (YTLd_l =z ‘ G(”)> 1
is concentrated.

n(w)=z



To extend the result to all  and y in different type (n — 1) subgraphs, we show that for any
starting point, with high probability er‘d is such that the above approximation can be applied for
its neighbourhood.

3 The random quasi-tree and its coupling to G

In this section we define random quasi-trees and explain how to we use these to approximate the
green and red neighbourhoods of two vertices in G(™).

3.1 Definition of a quasi-tree

Analogously to [I] we consider a random quasi-tree with the green edges forming the balls, and the
red edges serving as long-range edges.

Let
R:= Cglogn, (5)

where C'r is a sufficiently large constant, to be specified later.

Definition 3.1. A random quasi-tree T is a random graph together with a map ¢ from its vertices
to the vertex set V(™ of G| obtained as follows. Let us start from a root vertex p, with a given
t(p). Then consider a ball of radius R around ¢(p) in a random copy of the type (0.9n — 1) subgraph
containing ¢(p), and attach it to p. We call this an R-ball. For each vertex v in the ball let ¢(v) be
the corresponding vertex in G . Then for each vertex v in the ball, except for p we add 0.1n edges
leading to new vertices wy 0.9n, ..., Wy n—1, While for v = p we add 0.1n — 1 new edges leading to new
vertices Wy 0.9n+1, ..., Wy n—1. We call these long-range edges, and in particular call (v,wmk) a type
k long-range edge. For each w, j, we sample ¢(w, ) by choosing uniformly from the 2F vertices of
G™ with the property that they are in the same type (k+ 1) subgraph as ¢(v) but in different type
k subgraphs. Analogously to the above, we consider a ball of radius R in an independent random
copy of the type (0.9n — 1) subgraph containing ¢(w), attach it to w and let + map each of its
vertices to the corresponding vertex of G(™. We continue analogously, but if v is the new endpoint
of a newly revealed long-range edge of type k, then the further long-range edges we add from v
should be of types {0.9n,...,n — 1} \ {k}. This way we obtain an infinite random graph consisting
of R-balls and long-range edges between them, where apart from p, each vertex is the endpoint of
exactly 0.1n long-range edges which are of types 0.9n,...,n — 1. //

Note that the edges of the R-balls correspond to green edges, and the long-range edges correspond
to red edges, but the R-balls and the long-range edges are always sampled from a new copy of G(.

For a vertex v in the quasi-tree, we define its level as the minimal number of long-range edges a path
from p to v needs to cross. For a long-range edge e, we define its level as the level of its endpoint
that is further from p, and we denote it by £(e).

For a vertex v of the quasi-tree T', we let T'(v) denote the subgraph of 7" induced by the R-ball of
v and the R-balls descending from this.

Let Z be a walk on the quasi-tree that takes steps as a SRW, except that it is not allowed to cross
a long-range in the direction towards to rootE Let & be the kth long-range edge crossed by Z.

If Z starts from p, then the entropy of & is concentrated in the following sense.

If Z is at p or at a vertex that is not the centre of an R-ball, it takes a step to a uniform neighbour. Otherwise
it disregards the one neighbour that has a smaller level than the current vertex, chooses uniformly from the others,
and takes a step there.



Lemma 3.2. For any 60 > 0, there exists a constant C' > 0 with the following property. Let T be
a random quasi-tree and let €O and €@ be two independent copies of € on T. Then for any k we
have

P(|-1ogP, (¢ =7 | €0.7) — ko] > CVED) < 0,
where h = cylogn, W = 02(logn)2 and c1,co <1 asn — oco.
Proof. Let us use the notation Hy () and Hy (+|-) like in [2] Definitions 2.23 and 2.24], and their

properties from Section B of the same article.

Then we can note that for any realisation ¢ of T', we have H; (£1|7 = t) < logn and Hp (§1|T =1t) <
(logn)?, and the values of these only depend on the R-ball of p. E|

Since the R-balls are iid and the walk Z does not backtrack long-range edges, we get that
—logP, (515:1) = fl(f) ‘ 5(1),T> decomposes as a sum of iid copies of —log P, (5%1) = 552) ‘ 5(1),T>. We

can also note that Var (— logP, (551) = 552) ) §(1)7T>> < Hg (&1|T), hence for any 6, for sufficiently

large C we have
P(‘—logpp@,(j) —® ‘ 5<1>,T) . k:f)‘ > C\/km) < 0
where h = Hy (£1|T) = ¢1logn, B = Hy (&|T) = ca(logn)? with c1,c2 < 1 as n — oo. O

Let us choose the constant Cp, in as Cf = 282

2c1

3.2 Coupling to G™

In this section we explain how we couple the (green and red) neighbourhoods of two vertices of G
and the walks on them with random quasi-trees and walks on them.

Similarly to previous works, we are not able to closely couple the neighbourhood of a vertex v in
G™ to the entire first L levels of a quasi-tree T, since the chance that some vertices appear multiple
times in the ¢ of the first L levels of T is too high. Instead, we focus on coupling the parts that
are likely to be visited by a walk. If a long-range edge of T is unlikely to be crossed by Z, then we
disregard the part of T' descending from it (we ‘truncate’ that edge). Below we define ‘truncation
criteria’ that specify when exactly to do this. Also, if we already have a disagreement between some
parts of T and G, then we do not continue trying to couple the parts of 7' descending from it.

We also restrict our attention to vertices v of G(™) that are ‘K-roots’, i.e. where we already know
that their neighbourhood is tree-like in the first K < L levels, and we only couple with T" from then
onwards.

Once we coupled the neighbourhood of v with a tree T', we also couple the walks Y and Z on these.
We say that the coupling is successful if Y and Z reach level L without visiting any parts of G(")
and T that disagree or got truncated.

2We drop the conditioning on T = t from the notation. Let Treq be the first time that Z crosses a long-range

edge. Then Trea <st Geoms>1 (%—i’{)7 hence Hi (Tred) =< Ha2 (Trea) < 1. Also, Zi can take < n® different values,

hence Hy (Zk|Trea = k) < klogn and Ha (Zg|Trea = k) < (klogn)?. Conditional on the value of Treq and Z,_ 1,
the value of &; is uniform over 0.1n or 0.1n — 1 different edges, hence we have H; (r§1|ZTrecl =V, Tred = k) < logn
and Hs (&1Z+,.4 = v, Tred = k) =< (log n)? for any possible v and k. Using these and that H, (&1|Zryeqs Trea) — O(1) S
Hy (&1) S Hy (§11Zr0gs Tred) + Ho (Z7, 4 |Tred) + Hp (Trea) we get the result.



Let K = Ck as defined in , where Ck is a sufficiently large constant, to be specified later.

For a long-range edge e of a given quasi-tree T and a given constant A we define truncation criteria
as follows.

Tr(e, A) := {—log[F’(fg(e) =e ’ §,T) > ;logN—kA\/(loglogN)(logN)},

Tt (e) := {—log]P’(ﬁLK =e) < %logN—F \/(loglogN)(logN)}.

Then we can bound the probability of Z crossing a truncated edge before hitting level L — K as
follows.

Lemma 3.3. For any 6 > 0, for sufficiently large values of A (in terms of 6 and Cf,), and sufficiently

large n we have
L-K
IP( U Tr(fk,A)) <.
k=1

Also, for sufficiently large values of Cp o (in terms of 8 and Cr,), and sufficiently large n we have
IP’(Tr'({L_K)) < 0.

Sketch proof. We use that Tr(e, A) implies Tr(e’, A) for all descendants €’ of e, and Lemmawith
k=L-K. O

Definition 3.4. Let u be a vertex of G(™ and let e, be the type 0.9n red edge from it. Then we say
that u is a K-root in G if a neighbourhood of u of green and red edges in G \ {ey} is a possible
realisation of (¢ of) the first K levels of a quasi-tree. We denote the set of K-roots by Vi _root- //

Let us consider any two vertices x and y that are in different type (n — 1) subgraphs of G™)
and work on the event that both of them are K-roots, with corresponding neighbourhoods T o
and T, o respectively. Then we couple the neighbourhoods of x and y with the first L levels of two
independent quasi-trees T and T}, conditioned to have the first K levels as T}, o and T}, o respectively,
as follows.

We denote the level K vertices of T}, by z1, ..., z1,, and the level K vertices of T, by zr, 11, ...,
2L, +L,- Then we explore from 21 up to level L as follows.

Firstly, we pick k& € {0.9n,...,n — 1} such that the type k long-range edge of v is not yet explored,
we reveal the other endpoint v of the type k long-range edge from z; in 7T}, and couple ¢(v) with
the other endpoint of the type k red edge from ¢(21) in G™ according to the optimal coupling. We
also couple the R-ball of v with the distance R green neighbourhood of ¢(v) in G (") according to the
optimal coupling. If either of these optimal couplings fails, we say that the long-range edge (21, v)
is truncated due to the optimal coupling failing. Otherwise, if the distance R green neighbourhood
of ¢(v) contains any of the already explored vertices, we say that (z1,v) is truncated due to an
overlap. Otherwise, if Tr((21,v), A) or Tr'((21,v)) holds with respect to T (z1), we say that (21, v)
is truncated according to a truncation criterion. We proceed similarly with the other yet unexplored
long-range edges from z;. If a long-range edge (z1,v) is truncated for any of the above reasons,
then we will not explore further into this direction. Otherwise we continue exploring analogously
from each vertex in the R-ball of v. We continue the exploration up to level L. (In each level, the
truncation criteria are considered with respect to T,(z1).)

10



Then we explore similarly from z3, 23, ..., zr,+1,. (When exploring from z; we consider the trun-
cation criteria with respect to T (z;) or Ty(2;).)

We denote by F; the o-algebra generated by the explorations from z1, ..., z;. We say that z; is good
if it is not contained in any R-ball revealed during the explorations from z1, ..., z;_1. Otherwise we
call z; bad.

After coupling the neighbourhoods of x and y with the trees, we couple independent walks Y® and
Y@ on the green and red edges of G from z and y respectively, with independent walks Z(!) and
Z® on T, and T, from z and y respectively such that the following are satisfied. Let Tr(ii’i) denote
the Lth time that Y® crosses a red edge. We say that a vertex v of T is at the boundary of an
R-ball if it is at graph distance R from the centre of the R-ball it is contained in.

We couple Y and Y@ with ZM and Z® up to Tl,(elfl’l) and 7'r(£72) respectively such that on the

event that for ¢ = 1,2

(i) up to Tlgg’i) the walk Z(*) does not hit the boundary of an R-ball,

(ii) the first red edge that Y crosses is not the type (0.9n — 1) red edge from Yo(i), and

(iii) up to the K'th time that Y@ crosses a red edge, it never backtracks the most recently crossed
red edge,
we have Yj(i) =1 <Z]@> fori=1,2,5 < Tr(e[g’i).
We say that the coupling is successful in the first K levels if (i), (ii) and (iii) hold. In this case if
Z) reached level K at 21, then we couple the rest of the walks Y and Y@ with ZM) and 22
(L,1) (L,2)

from z;, and 2, until 7,7 and 7, ;" respectively such that on the event that for i = 1,2

(vi) between Tr(clg’i) and Tr(CLdi) the walk Z() does not cross a truncated long-range edge and does

not hit the boundary of an R-ball,

(v) between the Kth and the Lth time that Y ?) crosses a red edge, it never backtracks the most
recently crossed red edge,

we have Yj(i) = (Z]@> fori=1,2, Tr(;g’i) <J< 7'r(eLcl’i)‘

We say that the coupling is successful between levels K and L if (iv) and (v) hold.

We say that the coupling is successful if it is successful in the first K levels, and also between levels
K and L.

4 Estimates regarding K-roots and the success of coupling

In this section we prove an estimate about Vi _o0t that will make it sufficient to consider the case
when v and v in are both K-roots, and then we estimate the probability that the coupling
around two K-roots succeeds.

11



4.1 Estimates regarding K-roots

In this section we show that for any starting vertex, YTKd is a K-root with high probability.

Lemma 4.1. For sufficiently large values of Cx the following holds. With high probability G™ is
such that for any vertex q we have P <YTKd € VK _root ‘ G(”)> =1-o0(1).

Proof. Note that the number of vertices in a given R-ball is < 2n’ and for any k the number of
vertices in the first & levels of a quasi-tree is < n?*£. Also, if there are s red edges revealed in G
so far and we are revealing the red edge of a given type, from a given vertex, the probability of the
other endpoint taking a specific value is < 20%*1—3 If s < 29" then this is < AN"T5.

Let us consider a given vertex ¢ of G™ and reveal its ‘level 2K neighbourhood’ in G™ as follows.
Firstly, let us reveal the green edges around it up to green distance R. Then for each vertex in
this ball let us reveal the other endpoint of the red edges from it, except for the type 0.9n red edge
from ¢. For each newly revealed endpoint, reveal the green edges around it up to green distance R.
Then for each vertex in these newly revealed balls let us reveal the other endpoint of the red edges
emenating form it. Let us continue similarly for K levels. We say that an overlap occurs if a newly
revealed ball of green distance R intersects with any previously revealed ball.

From the above estimates we get that the probability that the level 2K neighbourhood of a given
, 2

vertex ¢ contains more than one an overlap is < ]P’(Bin (n4RK , 47\;%) > 1) S (’i?) < % If
10 10

there is only 1 overlap, then whp the first vertex reached by the walk that is at long-range distance

K from ¢ is a K-root. Also, the probability of the walk backtracking any of the first K long-range

edges crossed is o(1), so whp crossing K red edges corresponds to reaching long-range distance K.

So whp G is such that the level 2K neighbourhood of each ¢ has at most 1 overlap, and on this

event we have P, (YTKd € VK _root G(")) =1-o0(1). O

4.2 Estimates regarding the success of coupling

In this section we prove that with high probability G(™ is such that for any two K-roots in different
type (n—1) subgraphs, the coupling described in Section has a positive probability of succeeding.
Note that in a given quasi-tree T the number of non-truncated long-range edges at a given level is

log log N

1
< exp (% log N + A+/(loglog N)(log N)) = N2 TN In 7, and T, the number of vertices
2K

R and the number of explored vertices in each level of each T(z;) is <

1 loglog N
N f T4V N Hence the overall number of explored vertices up to level L is < Ln?KEN
N2t for any a > 0.

up to level K is < n

1 loglog N
2 +A log N

Lemma 4.2. There exists a constant B with the following property. Let x and y be two vertices in
different type (n — 1) subgraphs of G™ and let Ty and Ty o be possible realisations of the first K
levels of quasi-trees. Let {T0,Ty0} denote the event that some neighbourhoods of x and y in G
look like Ty and Ty o respectively. Then the number Bad of bad vertices (defined in Section

satisfies
1
P(Bad > B | Ty0,Ty0) < N

12
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Proof.2AKt each step of the exploration the probability of the newly revealed R-ball containing a z;
is < I ” ThlblS<<N9 for any a > 0. So
10—«

Nl
1
N§+a 1 B B(2
P(Bad > B | Tyo. T < - < N-B(3-20)
(Bad > B | Ty 0,Ty0) < < B )(ngoa> < 5 )

which is <« ﬁ for « sufficiently small and B sufficiently large. O

Lemma 4.3. For any 6 € (0,1) for sufficiently large value of Cr and sufficiently large values of n,
foralli e {1,2,...,L,}, the following holds. Let us consider the coupling of YD and ZW from z;,
between levels K and L, as in Section[3.4 Then we have

P, (couplmg of YD and ZW succeeds between levels K and L ‘ .7-'1-,1) > (1- Q)l{zl. good} -
The analogous result holds for i € {Ly+1,..., Ly + Ly} with Y® and Z@ instead of YV and Z(M).

Proof. In case z; is good, we know that the R-ball of z; does not intersect any of the already revealed
R-balls. Now consider the exploration from z; and the walks from z;.

The probability that the walk ZU) up to time T(%’] ) crosses a long-range edge that is truncated due

2R Ln2RN7+

to an overlap is < Ln < 1. Similarly, the probability of ZU) crossing a long-range edge

where the optimal coupling faﬂed is also <« 1.

The probability of ZU) hitting the boundary of an R-ball is < (Geom>g(01" 1) > R) <

logn (%)05 8" This is < 1 for sufficiently large values of Cg.
The probability that up to the Lth time that Y') crosses a red edge, it ever backtracks the most
recently crossed red edge is < L7, < 1. O

Lemma 4.4. For sufficiently large values of Cr the following holds. For any realisation of the first
K levels of Ty o and T, the probability that the coupling of Z® and YO s successful in the first
K levelsis 1 —o(1) .

Proof. The probability that the first red edge crossed by Y@ is the type 0.9n one from Yo(j ) is

1
< e < 1

The probabilities of the other ways of the coupling failing can be bounded analogously to the proof
of Lemma [£.3] 0

Lemma 4.5. For any 6 € (0,1), for sufficiently large values of the constants Cr and Ck, the
following holds. For x, y and {Ty0,Ty0} as in Lemma we have

P(Px (the coupling of YD and ZW succeeds

1
‘FLx_A,_Ly) >1-— 0 ’ Tx’O,Ty’O) 2 1—o0 <]\[2> .

The analogous result holds for Y and Z?) starting from y.

Proof. Let

V= {zl : Py ({;g = z;, coupling of XM and ZMW fails ) ]'—Lw+Ly> > 9} ,

13



h(zz) = ]P’m (fl—’; = Z ‘ ’FLx“l‘Ly) s
where 5;; denotes the endpoint of {x further from the root.
We will show that

P(h(f/)>30‘Tx,o,Ty,o) < % (6)

Once we have this, the proof is immediate (we have to replace 6 by %9)

K
The proof of (6]) is analogous to the proof of [9, Proposition 5.7|. We use that h(z;) < (0 T 1) <
1
-7 O

n2

5 Bounding the hit time

In this section we conclude the proof of Proposition [2:2] and then the proof of Proposition

5.1 Proof of Proposition

For u,v € Vi _100t in different type (n — 1) subgraphs of G let Fuv = FL,+L, be the o-algebra
generated by the explorations around them up to level L and let
Quw = {coupling of (YD, Y @) and (ZM), Z?) from (u,v) succeeds}.

Lemma 5.1. For any 0 € (0,1), there exists 8’ € (0,1) with the following property. For any u and
v in different type (n—1) subgraphs of G on the event that u,v € Vi _roor and P(Quo | Fuw) >0,
we have

2
(Z]P)’U,U< (L1) 1_wY((L)2) 1:ZaQu,v

/

N

G(")) Lyw)=z <

1
fu,,,) < 7

Proof. By the definition of Tt/(-) we have

1
flogN

P, (Y(<1L) b =0,y

red

1
.Fuw) < exp (—210gN v/ (log N) (loglogN>

for all w, and similarly P, (Y((L) y_ =% Quv
Tred
the type n blue edges form a uniform random matching between the two type (n — 1) subgraphs.

fuw) fl for all z. Also, conditional on F, ,,
For each ¢ and j in these type (n—1) subgraphs let w; §= IP’(u v) (Y(<1L),1> L= =1 Y(QL) 2, =7, Qu u’v) .
red red

Also, let m = 2a = Qn = Z w; X N and b = max; j w; ; < W. Then with a proof analogous

to the proof of [4, Lemma 5 1] we get that
a? 1
P Zwimn(i) <m-—a|Fun < exp ~Tom < N
(2

. 1 2
Note that the probability P, ,) <Y7'((Li’1) L= Y((LZQ) LT Quv
can change the conditioning on G(™ to a conditioning on Fuw- This finishes the proof. 0l

G(”)> is Fy ,-measurable, so we

14



Let us choose Cp 2, Cr and Ck such that Lemmas and are satisfied.

Let 67 be the constant from Lemma let O3 be an arbitrary constant in (0,1) and let 63 be the
corresponding constant 6’ from Lemma

Let € be the high probability event that G(™ satisfies all of the following.

G(")) > 0. (See Lemma )

e For all u,v € Vi_,o0t in different type (n — 1) subgraphs, we have P(£y,, | Fun) > 6a.
(See Lemma [4.5] )

e For all u,v € Vig_,00t in different type (n — 1) subgraphs with P(£y,, | Fyu ) > 02, we have
1 2
>z Pluw) <YT(<L)’1)—1 = w’Y((L)z)_l =2, Quuw G(n)> Ly(w)=z = %. (See Lemma )

red Tred
Proof of Proposition[2.2 Let us work on the high probability event Q.

e For all ¢ we have P, (YTKd € Vi _root

Consider any z and y that are in different type (n—1) subgraphs. Let ¢ be such that z is in G (n—1,0)
Then by we have

P, (X =y ‘ )

G(n)>> P, (Yng € VK —root

G(n))

i = (n) _ (n)
uevK_mlf}fwcwa ; Fu (YTrLed—l - ‘ ¢ ) P, (Yn%d—l =z|G" ) L(w)=2
UEVK—rootﬂG(nil’gie) ’
By the definition of € this is > 0%93%. This finishes the proof. 0

5.2 Proof of Proposition

Let 6 be as in Proposition 2.2] and let us work on the corresponding high probability event. Then
we have

1—dTV<IP’m<)~(T:-’G(”)),L{(-)> - Z%APQ,J()?T:;,‘G(”)) > N0
Yy

5= 0,

hence, also using Lemma (with %0), we get

drv (Pe(Xr =+ [ 6N u()) < Bo(X, £ X

G(")) + dpy (Px ()NCT = ‘ G(n))yu(‘))

From Lemma we know that there exists C' such that P, (7' > Cn ‘ G(”)) < %9 for all z.
Let o =1 — 6 and let us consider any x € V) and A C V™ with U(A) > a.

Then Px(TA > Cn | G(")) < Px(T > Cn ‘ G(”))+]P’z (7‘,4 > T ‘ G(”)). We have Pw(T > Cn ‘ G(")) <
10 andPy(1a > 7| GW) <P (X, ¢ A| GMW) SU(A®)+dry (P (Xr =+ | GW),U()) < (1—a)+
( — %9). So overall we get that ]Px(TA >Cn | G(")) <1- %9

This shows that hit, 1, (1 — %9) < Cn, and so finishes the proof.
8
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6 Bounding the absolute relaxation time

In this section we prove Proposition [I.7]

We will prove that whp the graph G(™ is such that for any partition (A, B) of the vertices, at
least a constant proportion of the edges of G run within A or within B. Then we show that this
property implies tfgf = trel.

First we prove the following lemma.

Lemma 6.1. There exists a positive constant ¢ with the following property.

Let m € Z>1 and let Vi, Vo, ... Vg be disjoint sets of size m each. Let us consider a random graph H
with vertex set V. = Ule Vi and edge set E consisting of a uniformly chosen perfect matching between
Vai—1 and Va; for i = 1,2,3,4, a uniform perfect matching between Vy;_3 U Vy;_o and Vi1 U Vy;
for i = 1,2 and a uniform perfect matching between U?Zl Vi and U§:5 Vi. (These matchings are
independent of each other.)

Then with probability > 1 — 271M the graph H is such that for any partition (A, B) of V we have
|E(A)| + |E(B)| > c|E|. Here E(A) denotes the set of edges with both endpoints in A, and E(B) is
defined analogously.

Proof. Consider a partition (A, B) of V. Let Ag := AN(V1UV2), By := BN(V1UV3). Let A consist
of Ag and the neighbours of By in V3 U Vj. Let B = (U?Zl V;) \2[ Let A consist of the neighbours

of B in U?zs‘/;, and let B = (U§:5 Vg) \A\ Fix some constant § € (0, %) such that C(§) in [9,
Lemma 6.5] satisfies C(6) < %

We will consider the following events.

Q= {|A0\§_i <_5+5) |v1uvz|},

Qg = {2 2dm edges run between BN V3 and BN VZ;} ,
Q3 := {2 46m edges run between B N (Vs U V) and Bn (V7 U VE;)} .

Note that these events only depend on Ay and the graph H. We will show that if any of them holds,
then for any choice of (A, B) with the given A, there are > dm edges with both endpoints in A
or both endpoints in B. Then we will use [9, Lemma 6.5] to bound the probability of these events
failing for a given Agp, and take a union bound over the possible choices of Ay.

If €2 holds, then by pigeonhole principle at least dm edges of the matching between Vi and Vs have
both endpoints in Ag or both endpoints in By.

If Qy holds and |[BN AN (V3 U Vy)| < §m then at least dm of the edges between BN Vs and BNV
have both endpoints in B. If 3 holds and IBNAN(V3UVy)| > dm then there are at least 6m edges
between Ay and BN AN (V3 UVy). So in either case there are > dm edges with both endpoints in
A or both endpoints in B.

If Q3 holds and [BNA| < 20m then at least 26m of the edges between BN (VsUVg) and BN (VzUVk)
have both endpoints in B. If {23 holds and \B NA| > 26m then there are at least 20m edges between
Aand BN A. If [AN B| < ém then at least dm of these edges have both endpoints in A. If
|A N B| > ém then there are at least dm edges between By and AN B. So in all cases there are
> 0m edges with both endpoints in A or both endpoints in B.

16



In what follows assume that |Ag| € (% — 0, % +6) [Vi U Va|. Also note that |A] = % ‘U?Zl Vi

Let o be a matching on V3 UV5 that matches vertices = and y if and only if their neighbours in V53UV,
are connected by an edge. Note that o is a uniformly chosen perfect matching on V3 U V5. (The
uniform randomness of o comes from the randomness of edges between V; UV, and V3 U Vy, for any

realisation of the other edges.) By [0, Lemma 6.5] we know that with probability > 1 —9~2m(3-0(9)
there are at least 20m pairs in o with both ends in Ag, i.e. 29 holds.

Now consider a matching 1 of U?:1 V; that matches vertices x and y if and only if their neighbours in
U§:5 V; are connected by an edge between V5U Vg and V7 UVg. This is a uniform perfect matching on
U?Zl Vi, independently of 0. By [9, Lemma 6.5 we know that with probability > 1 — 9—4m(3-C(9))
there are at least 46m pairs in 7 with both ends in ,ZL i.e. 23 holds.

Taking a union bound over the < 22™ choices of Ay C (V4 U Va) with |Ag| € (3 — 6,5 +6) [Vi U V3|
finishes the proof. O

We use the above lemma for different subgraphs of G to show the following.

Lemma 6.2. There exists a positive constant ¢ with the following property. With high probability
G™ is such that for any partition (A, B) of its vertices we have |E(A)| 4+ |E(B)| > ¢|E|.

Proof. Let 5§ +5 < m < n and consider the set of edges Ey,; at levels m —2, m —1 and m in graph
G for each i € {1,2,...,2" ™}  Using Lemma for each E,,; and taking a union bound we
get that with probability > 1 —2"7". 9=32"7? >1-2222 each E,,; is such that for any partition
(A, B) of the vertices at least ¢ proportion of the edges have both endpoints in A or both endpoints
in B.

Taking a union bound over m and using that a constant proportion of the edges of G is at levels
> § + 3 we get that with probability > 1 — 4 - 25727 =] — o(1) the graph G has the required
property. O
tabs

Finally, we use a result stating that the above property implies that #, =< t%7°.

Proposition 6.3. Let G = (V, E) be a graph satisfying that there is a constant ¢ > 0 such that for
any partition of V into two sets A and B, we have |E(A)|+ |E(B)| > c|E|. Then a simple random
walk on G satisfies that tye =< gabs

rel *

The proof of Proposition [6.3| relies on a result from [§] and it is presented in [I].

Proof of Proposition[1.7]. The proof follows directly from Lemma Proposition and as from [5,
Proposition 3] we know that t.¢ =< n. d

7 The cover time

In this section we present the proof of Theorem

In what follows we consider a simple random walk. Once we prove the bounds for this, the bounds
for a lazy random walk follow by noting that the cover time of a lazy walk is twice the cover time
of a simple random walk.
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The lower bound follows from a general lower bound from [7] which states that the cover time of a
simple random walk on a graph with N vertices satisfies tcoy > N log N.

For the upper bound, we use Matthew’s theorem (see [I0, Theorem 11.2]) and a standard bound
on the maximal hitting time in terms of the maximal hitting time from the invariant distribution
(see [10, Lemma 10.2|, which give that o, < max, ,cy(n) By [72]1og N < 2max, i (n) Ex[7;]log N,
where 7, denotes the hitting time of vertex x.

Therefore, it only remains to prove that

max E[r,] < N = 2" (7)
zeVv ()
We know that E,[7;F] = % = 2" for all z, where 7,5 denotes the first return time to z, and we

will use this to prove an upper bound of the same order on any hitting time.

In what follows we work on the high probability event that the mixing times of G™, G("~11) and

G(=1.2) all satisfy the bounds in Theorem Let us fix a vertex = of G and for notational
convenience assume that z is in G~11.

Note that in each step a random walk has probability < % of stepping to x and probability % of
stepping to G("~12) hence for any positive constant A there exists a positive constant e 4 such that
PI(TJ > An, Tgm-12) < An) > e4.

Let Y be a simple random walk on G(®~12) and let ¢ := 2t§l§:71’2) (1—16) be two times its 1—16—mixing

time. From the assumption that G(~1?) satisfies the bounds in Theorem || we know that t <
Cn where C is a positive constant. From [10, Lemma 6.17] we also know that at time t the

%) of Y satisfies s(t) < %. Hence we get
(=1,

that Py(Y; = 2) > 37om-12)(2) = o5 for all y and z in GO12).

separation distance s(t) := max, ,cym-12) <1 —

Let X be a simple random walk on G(™. Note that in each step X crosses a type n edge with
probability %, regardless of its location, hence starting from ¥, we have 75(-1,1) ~ Geom>1 (%) and
conditional on the value of To(n-11), the walk (Xk)k<TG(n—1 ,, Is distributed like a simple random

walk on G("~12). Let 0 be a sufficiently small constant such that P(Geomzl(%) >t) > 6. Then
we have
N = EJ[rf] > > P, <T; > An, Tomorn < A Xe o = y)
y7zev(n71,2)

. Py(Xt = Z,t < TG(nfl,l)) : ]Ez[Tx]

> Y PR, <T; > An, Tgman < An,Xe L, = y)
y,2€V (n—1,2)
Py (Y = 2) Pyt < Tgm-1.0)) - Bz [72]
Z Z Px <7‘;_ Z An,TG(n—l,Q) S An’XTG(n—1,2) = y)
y,2€V (n—1,2)
. 3P<Geom>1 <1> > t> E.[7]
2N ="\n
> Y casBn] = SeabB. ., [nl.
= s IN 4 a(n—1,2)

~ 4
This shows that Er_ . (7] < 554NV
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To obtain a bound on E,[7,], note that Pr iy <XTG(”*1 = y) = Tem-1,2 (y), hence

1 1 1
Erlrs] = §Eﬂc(n—1,1) [72] + §E7rc(n—l,2) (1] < Eﬂe(n—l,z) [72] + §Eﬂg(n—1,1) [Tam-1m)]
4 1 4
< N+ = < 1) N.
S 3 Tt S (35A9+ )

This finishes the proof of , hence completing the proof of Theorem

8 The chromatic number

In this section we prove the following auxiliary statement, which immediately implies Theorem

Lemma 8.1. For any positive integer ¢ there exists a graph H. such that x (H.) > ¢ and with high
probability the graph G™ contains a copy of He.

We prove Lemma [8.1] by induction on c.
For ¢ = 1 the statement holds with H; consisting of two vertices connected via an edge.

Assume that the statement holds for ¢ = k£ and let us construct Hy; as follows.

kM),
Let M}, be the number of vertices of H. Let A be a set of kM), vertices and let H(l), e H,S( M ))

kM,
be (k]%f) disjoint copies of Hy. Let AD, .. A<( Mkk)) be an enumeration of all size M}, subsets of
A, and let Hy,q be a graph on kMj + (k]\]/\l/{f) vertices obtained by considering A and all H®, and

for each i adding M, edges according to a perfect matching between the Mj, vertices in A®) and
the M}, vertices in H®,

Firstly, we show that x (Hgy1) > k+ 1. Assume for contradiction that there is a proper colouring of
Hj. 1 with (k+ 1) colours. Then by the pigeonhole principle there is an i such that all M} vertices
in A® are of the same colour. Since each vertex in H lgi) is connected to a vertex in A®| this
colour cannot appear in the vertices of H ,gi). This means that we have a proper colouring of H ,gi)
with k colours, which contradicts x (Hy) > k. So we must have x (Hg11) > k + 1.

Now we turn to showing that whp G(™) contains a copy of Hj.1.

We know that whp G contains a copy of Hy, hence there is a positive integer ny such that
P(G("k) contains a copy of Hk) > % Let m = ng + (kj%c") We will show that

kM
P(G(m) contains a copy of Hk+1) > 2_(mkMk+1)( Mkk) > (0. Once we have this, using that the num-
ber of independent copies of G™ in G™ diverges as n — oo, we can conclude that G(™ contains

Hj, 1 with high probability.

m)

We can prove the lower bound on ]P(G( contains a copy of H k:+1) as follows.

kM
Let A be a fixed set of size kM, in G#1) and let A©), ..., A<( Mkk)il) be an enumeration of its size
Mj, subsets. Note that for each ¢ we have IP’(G("’CHQ) contains a copy of Hk) > %, since G("s14:2)
contains copies of G(),

3We use that My > k + 1, hence kMy, > (k+ 1)(My, — 1) + 1.
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On the event that G2 contains a copy H,gi) of Hy, for each i € {O, 1., (k]\%’“)}, the prob-

ability that the vertices of each H,gi) are matched to the vertices of the corresponding A® is

(k]\]/\l/fk)fl gnp+i 1 —mkM (kMk)
| Py ( kMk) > 2 Mia ) We used here that for each i there is a perfect matching

between the vertices of G("%2) and the vertices of G4 the latter graph contains G(1)
containing A, and these matchings are independent for different 1.

This finishes the proof that Hy1 has the desired properties, hence finishing the proof of Lemma [8.1]

Remark 8.2. The above proof, if carried out with a bit more care, can provide a quantitative lower
bound on the growth of the chromatic number asn — oo, however since this bound would be extremely
weak, we decided not to work out its details. It remains an open question to find a sensible lower
bound on x (G(")) as a function of n that holds with high probability.
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