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Abstract

We determine the exact value of the freezing threshold, 7, for k-colourings of a random graph when
k > 14. We prove that for random graphs with density above 7, almost every colouring is such that
a linear number of vertices are frozen, meaning that their colours cannot be changed by a sequence of
alterations whereby we change the colours of o(n) vertices at a time, always obtaining another proper
colouring. When the density is below 7k, then almost every colouring is such that every vertex can be
changed by a sequence of alterations where we change O(logn) vertices at a time.

Frozen vertices are a key part of the clustering phenomena discovered using methods from statistical
physics. The value of the freezing threshold was previously determined by the non-rigorous cavity method.

1 Introduction

Over the past decade, some groundbreaking hypotheses arising from statistical physics have driven much of
the progress on random constraint satisfaction problems (CSP’s). In particular, the 1-Step Replica Symmetry
Breaking hypothesis (1RSB) (see eg. [51]) says that, at a certain constraint density, called the clustering
threshold, w.h.p.! the solution space shatters into an exponential number of clusters of solutions, where each
cluster is well-connected and any two clusters are well-separated. Furthermore, at a higher density, called
the freezing threshold, there are a linear number of frozen variables in almost every cluster; i.e. variables that
are fixed throughout the cluster.

These hypotheses have had an enormous impact on study of random CSP’s in the math and computer
science communities. An understanding of these hypotheses has led to substantial new results, eg [21, 50,
14, 67, 37, 61, 22, 24, 34, 1, 46, 36]. Furthermore, much work has gone towards rigorously proving aspects of
these hypotheses, eg [2, 3, 61, 6, 39, 29, 72, 25, 26, 28, 23, 12, 30, 27]. The main contribution of this paper
is of the latter type.

In this paper, we rigorously prove a major hypothesis concerning frozen variables for k-COL; i.e. k-
colourability of the Erdés-Rényi random graph G, ps. This is one of the two most widely studied random
CSP’s, the other being k-SAT. We prove, for k sufficiently large, that frozen variables (i.e. vertices) do,
indeed, arise. Furthermore, we prove the ezact location of the freezing threshold; this had previously been
estimated non-rigorously using the cavity method. We also determine the number of frozen variables, up to
a o(n) term.

Our main tool is the planted model which Achlioptas and Coja-Oghlan[21] proved could be used to analyze
certain random CSP’s (see also [61]), and Babst etal.[11] refined for k-colouring. Our approach should apply
to determine the freezing threshold of any random CSP for which we can use the planted model. We chose to
begin with k-COL, because it is the most well-studied such CSP. Subsequently to this work, with Restrepo
we were able to apply the same approach to NAE-SAT and hypergraph 2-colourability[59].

*A shorter version of this paper appeared in the proceedings of STOC 2012.
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1We say that a property holds with high probability (w.h.p.) if it holds with probability tending to one as the number of
variables tends to infinity.



To prove our theorem, we strip the random graph down to what we call a Kempe core, and prove that
almost all of the vertices in the Kempe core are frozen. This is very much like the approach [3] took for
random k-SAT, and that paper was an important inspiration for this one.

It has long been observed that most random CSP’s appear to be very difficult to solve for a wide range of
constraint densities. This was first observed for k-SAT in [20, 53]. For many CSP’s, there is an “algorithmic
barrier” substantially lower than the density at which they are w.h.p. unsatisfiable. For example: Random
instances of k-SAT are known to pass from being w.h.p. satisfiable to w.h.p. unsatisfiable at constraint
density 2¥In2 + O(k)[9, 26, 30], but no algorithm has been proven to w.h.p. find a satisfying solution for
problems of density higher than O(ZMT“}“)[QI}. The random graph G, ys is known to pass from being w.h.p.
k-colourable to w.h.p. not k-colourable at edge-density k1nk + O (1)[8, 28, 23], but no algorithm has been
proven to w.h.p. find a k-colouring of a random graph with edge-density higher than %k Ink(140x(1))[5, 38].
These barriers are asymptotically (in k) equal to the hypothesized location of the clustering threshold, and
this was given rigorous grounding in [21]. To be clear: this is not a barrier for all efficient algorithms;
eg. Survey Propogation appears to succeed past this point (see below). But it appears to be a barrier for
algorithms that are simple enough for rigorous analysis using current techniques, specifically simple greedy
algorithms.

In [73, 71, 47] it is argued that these algorithmic difficulties are not brought on by the clustering threshold,
but rather by the freezing threshold. In other words, the clusters do not pose significant difficulties until
they have frozen variables. In fact, Achlioptas and Moore[7] prove that a simple greedy algorithm finds 3-
colourings of random graphs above the hypothesized clustering threshold but below the hypothesized freezing
threshold. While the clustering threshold is hypothesized to be strictly less than the freezing threshold, the
gap tends to zero as k grows. In particular, the freezing threshold is also asymptotic to the observed
algorithmic barrier.

For small values of k, the algorithm Survey Propogation[14] seems empirically to be able to find solutions
for random k-SAT and k-colourability when the density is very close to the satisfiability threshold. It
appears that this algorithm can only find solutions which have no frozen variables, despite the fact that
the density is far above the freezing threshold and so almost all solutions have frozen variables. It appears
that the second freezing threshold, above which every solution has frozen variables, is a second algorithmic
barrier above which no known algorithm can find a solution, even empirically. Recent estimates[13] place this
barrier substantially higher than the clustering/freezing thresholds, but still much lower than the satisfiability
threshold for large k.

We close this section by noting that the cavity method has been used to predict many thresholds and
other important results concerning random CSP’s, including satisfiability thresholds (see eg. [51] for many
examples). The quest to “rigourize” applications of the cavity method has been one of the most important
trends in the study of random structures over the past decade. Very roughly speaking, the cavity method
focuses on analyzing the distance-d neighbourhood of a randomly selected vertex for arbitrarily large, but
constant, d, making use of the fact that this neighbourhood is w.h.p. a tree. It then hypothesizes the
manner in which the remainder of the graph should affect the analysis; this is typically the point which is
very difficult to do rigorously as it concerns the long-range dependencies between vertices in the graph. In
this paper, we effectively show that as far as freezing is concerned, the effect of the long-range dependencies
is negligible; the freezing threshold is exactly what the tree-analysis predicts. It is hoped that our techniques
will lead to other results along this line.

2 Clusters and Frozen Variables

We study G, ar, the random graph with n vertices and M edges, where each such graph is equally likely.
We are interested in the range M = rn where r is constant. This model was introduced by Erdos and Renyi
in two seminal papers[31, 32]. In these papers, they posed several natural questions about random graphs.
All but one have since been answered; the remaining question is: What is the chomatic number of G,, pr=rn,
for r > %? It is widely believed that for each k > 3, there is a constant ¢, such that for r < ¢r, Gy p=rn
is w.h.p. k-colourable while for r > ¢y, G, pm=rn is W.h.p. not k-colourable. The determination of ¢ is



one of the most important open problems, and indeed the oldest open problem, in random graph theory.
Thus far, we do not even know whether ¢, exists. Achlioptas and Friedgut[4] proved something close - the
existence of a function ¢;(n). Achlioptas and Naor[8] proved that ¢ (n) = kInk+ O(Ink). Coja-Ohlan and
Vilenchik[28] and Coja-Oghlan[23] improved this to ¢y (n) = (k — 1)Ink + Oy (1). Coja-Oghlan et al.[25]
determine the k-colourability threshold for random regular graphs (when & is large); note that this threshold
is not sharp in the Erdos-Renyi sense, as the edge-density parameter is integer-valued.

The 1-RSB hypothesis arose from statistical physics and provides a very strong picture of the solutions
of random constraint satisfaction problems. It was first applied to k-COL by Mulet et.al.[63] (see eg. [66, 71]
for further work). One of the central concepts is that when the density is above the freezing threshold almost
all solutions will have frozen variables. In the setting of k-COL, these are vertices whose colours cannot be
changed using a sequence of local alterations where we change the colours of a small number of variables at
a time. Instead, to change the colour of a frozen vertex requires a global alteration where we change the
colours of a linear proportion of the vertices at once. Formally:

Definition 2.1. An f¢-path of k-colourings of a graph G is a sequence oq,01,...,0; of k-colourings of G,
where for each 0 < i <t —1, o; and o;11 differ on at most £ vertices. We say that two k-colourings o, o’
are {-connected if they can be joined by an £-path o = oq, ....,0, = d’ for some t > 0.

We emphasize that there is no restriction on the length of the path. So two ¢-connected colourings might
differ on arbitrarily many vertices, and we may require an arbitrarily long ¢-path to join them.

Definition 2.2. Given a k-colouring o of a graph G, we say that a vertex v is ¢-frozen with respect to o if
for every l-path o = 0¢, 01, ..., 01 of k-colourings of G, we have o¢(v) = o(v).

In other words, it is not possible to change the colour of v by changing at most ¢ vertices at a time.
Usually, when we say that a vertex is frozen we mean that it is ¢-frozen for some ¢ = O(n).
We define

Tk = RO eyt o
For any r > T£ we let 2 (r) denote the largest positive solution to r = %

Our main theorem is that, for k sufficiently large, 7",’: is the precise threshold for most colourings to have

a linear number of /-frozen vertices, where £ is linear in n:

Theorem 2.3. For any k > 14, let 0 be a uniformly random k-colouring of Gy pr=rn.-

(a) For any 7",1: <r < (k—=1)In(k — 1) there exists positive constants Q = Q(r,k) and o = a(r, k) such
that:

(k=) (r)
2r

(i) w.h.p. there are n + o(n) vertices that are an-frozen with respect to o.

(i) w.h.p. there are (1 — W)n + o(n) wvertices that are not Qlogn-frozen with respect to o.

(b) Foranyr < 7’,{, there exists positive constant Q = Q(r, k) such that w.h.p. no vertices are Q log n-frozen
with respect to o.

Remark: When k > 14, we have r£ < (k= 1)In(k — 1) so part (a) is meaningful. The upper bound
(k— 1)In(k — 1) on r comes from Theorem 4.3 below; it is possible that a more careful analysis of the
arguments from [11, 8] could allow us to weaken that upper bound and so extend the result to smaller values
of k. Analysis from statistical physics shows (non-rigorously) that the freezing theshold is equal to r}: for
k > 9 and is less than r',’: for k£ < 8. So we will not be able to extend the result below k = 9.

Hypothesized values for r,{ are provided in [71, 66] for 3 < k < 10, using the cavity method to determine

an expression for r,’; and using population dynamics to estimate the value of that expression?. They begin

2Those papers report the threshold in terms of the average degree, rather than edge-density and so their values are exactly
twice ours. Also note that what we call the freezing threshold is called the rigidity threshold in [71].



by obtaining a formula for the freezing threshold on the “tree factor graph”, which is hypothesized to be
equal to the freezing threshold in G, ; so long as one is below the condensation threshold. For 3 < k£ < 8 the
freezing threshold appears to be greater than the condensation threshold, and so they adjust their formula
accordingly. Their formula for the tree factor graph is different than our expression (1), but can be shown
to be equivalent®.

Asymptotically, we have:

rl = %k(lnk—klnlnk—i—l—ko(l))' ®

This rigorously confirms the asymptotics obtained using the cavity method; see (44) of [71] and (78) of [66].

In fact, we prove something stronger than Theorem 2.3. In Section 5, we define a subset of the vertices
which we call the Kempe core. 7’,{ is the threshold for the appearance of a Kempe core. We will prove that
w.h.p. all but o(n) vertices of the Kempe core are frozen and at most o(n) vertices outside of the Kempe
core are frozen. Thus, given a uniform k-colouring o of G;, ar=rn, We w.h.p. specify precisely which vertices
are frozen with respect to o up to an error of o(n) vertices.

2.1 Frozen Clusters

The key feature of the 1-RSB hypothesis is that when the density exceeds the clustering threshold, almost
all of the solutions can be partitioned into clusters. One can travel amongst the solutions in a cluster by
making local changes where one changes a small number of variables at a time. But to travel to a solution
outside the cluster, requires a global change.*

More specifically, in the context of k-COL: Let Q(G) denote the set of k-colourings of a graph G. It is
believed that at some density r ~ %kln k, i.e. roughly half the k-colourability threshold, w.h.p. Q4(G) can
be partitioned into sets Si,...,S; such that one can move within S; by changing the colours of only o(n)
vertices at a time, but to move from S; to S; requires changing a linear number of vertices. More formally:

Definition 2.4. For a partition Qi (G) = S1 U ...U S, we call the parts (a,b)-clusters if
(a) for all i # j, no pair o € S;,0’ € S; is a-connected; and
(b) for alli, every pair o,0’ € S; is b-connected.

Condition (a) says that the clusters are well-separated. Condition (b) says that the clusters are well-
connected.

If a = b+ 1 then (a, b)-clusters exist trivially in every graph. Remarkably, it appears that in Gy, pr=cn we
have (a, b)-clusters when a is much greater than b: a = ©(n),b = o(n). The clustering hypothesis[63, 51, 71]
is:

Hypothesis A: For r > r{ ~ 1klnk, there exists a constant o > 0 and a function B(n) = o(n) such that
w.h.p. almost all of Qi (Gp ri=rn) can be partitioned into an exponential (in n) number of (an, 5(n))-clusters.
Furthermore, each cluster contains an exponential number of colourings. This does not happen for r < rf.

We note that further details are also hypothesized; eg. the clusters change substantially after the con-

densation threshold[48]. See [51] for a good overview. A freezing hypothesis[66, 71] is:

Hypothesis B: Forr > 7',]; = %kln k: W.h.p. almost alP clusters S; have a linear number of frozen vertices

v, with the property that for all 0,0’ € S; we have o(v) = o’(v). This does not happen for r < r,{

Note that if Hypothesis A holds then for every S(n) < ¢ < an, the frozen vertices in the cluster
containing o are exactly the vertices that are ¢-frozen with respect to ¢. In particular, every vertex that is
an-frozen according to Definition 2.2, is also frozen in the sense of Hypothesis B, assuming Hypothesis A.
So if Hypothesis A holds then Theorem 2.3 implies Hypothesis B for k£ > 14.

30ur thanks to a referee of a preliminary version of this paper[56] for showing this.

4Between the clustering and freezing thresholds, the picture is more subtle than this. There may be a path of small local
changes from one cluster to another, but such paths are very “thin”, and a random walk would require exponential time to find
one.

5Here, “almost all” means for all but a vanishing proportion of the clusters when they are weighted by their size.



3 Related work

A previous version of this paper appeared in the Proceedings of STOC 2012[56]. The theorems here are
somewhat stronger, mainly because we are able to make use of the recent work concering the planted
model in [11]. The @Qlogn terms in Theorem 2.3 were o(n) terms in [56], and the phrase “no vertices” in
Theorem 2.3(b) was “o(n) vertices”.

As discussed above, the solution space geometry for k-colourings of G, s was first studied in [63].
The freezing threshold was studied in great depth in [71, 66, 73]. These studies were non-rigorous, but
mathematically sophisticated. The results in this paper confirm predictions made in those papers, and does
not contradict anything found there. [71] was the first paper to argue that freezing may be the cause of the
algorithmic barrier.

Achlioptas and Ricci-Tersenghi[10] were the first to rigorously prove any form of freezing in a random
CSP. They studied random k-SAT and showed that for k > 8, for a wide range of edge-densities below the
satisfiability threshold and for every satisfying assignment o, the vast majority of variables are 1-frozen w.r.t
o. Equivalently, such vertices are frozen in what they call 1-clusters, which are equivalent to (2, 1)-clusters
of Definition 2.4. Such clusters are trivially connected, but they are not known to be ©(n)-separated and
hence to satisfy Hypothesis A. However, it is plausible that they are in some sense close to being the clusters
of Hypothesis A.

[3, 2, 61] prove the asymptotic value of the freezing threshold for various random CSP’sS. For k-COL,
[2] establishes that the threshold is (3 + o(1))kInk, which agrees with (2).

As mentioned above, [10] studies 1-clusters for random k-SAT. [61] studies analogous clusters for other
CSP’s. Such clusters are connected, but are not know to be ©(n)-separated. [3, 2] also studies what they call
cluster-regions, which are proven to be ©(n)-separated but are not shown to be well-connected. [2] proves
that for r < (% —e€)kInk w.h.p. almost all k-colourings are in a single cluster region, while for r > (% +e)kInk
the solution space shatters into an exponential number of ©(n)-separated cluster-regions, each containing an
exponential number of colourings. They, and also [61], prove analgous results for other CSP’s. While these
cluster-regions do not satisfy Hypothesis A, note that, intuitively, the well-connected property of clusters
does not seem to be critical to the problems that they pose for algorithms. So these results help to explain
why the asymptotic order of the algorithmic barrier is %k Ink.

After the preliminary version of this work[56], the author and Restrepo extended the techniques to prove
analogous results for a general class of CSP’s including hypergraph 2-colouring and NAE-SAT[59].

The clusters of k-XOR-SAT are very well-understood[6, 39, 36]. We know the clustering threshold which
is also the freezing threshold, and have a very good description of the clusters and the frozen variables. The
picture is much simpler here; for example, the same variables are frozen in every cluster. The simple linear
algebraic characterization of the solution space is very helpful.

4 The planted model

Definition 4.1. The uniform model Uy as is a random pair (G,o) where G is taken from the Gu pr=rn
model and o is a uniformly random k-colouring of G.

The biggest hurdle to theorems such as Theorem 2.3 used to be that there was no representation of the
uniform model that lends itself to analysis. This hurdle, along with the corresponding hurdles for a few other
random CSP’s, was overcome by Achlioptas and Coja-Oghlan[2] who proved that, under certain conditions,
one can work instead with the much simpler planted model. Those conditions were weakened substantially
by Babst etal[11].

Definition 4.2. The planted model P, s is a random pair (G,o) chosen as follows: Take a uniformly
random partition o of {1,...,n} into k parts Ay,...,Ax. Then choose M random edges, uniformly and
without replacement, from all edges whose endpoints are in two different parts.

61In fact, they focus on what [2] calls rigid variables, but it is simple to extend their argument to frozen variables.



In other words, P, s is chosen by first choosing a uniformly random k-colouring o of the vertices {1, ..., n},
and then choosing a graph that is uniform amongst all graphs with that vertex set and with M edges, for
which o is a k-colouring. This clearly has a different distribution than what one obtains by carrying those
steps out in the other order; i.e. first choosing G, s and then taking a uniformly random k-colouring of G.
But remarkably, [2, 11] proves that one can transfer w.h.p. properties:

Theorem 4.3. [11] For every k > 3 and every r < (k—1)In(k — 1):
Let £ be any property of pairs (G, o) where o is a k-colouring of G. If Py pr=rn, w.h.p. has € then Uy pr=rn,
w.h.p. has £.

Remark: The first transfer result of this type appeared in [2]. That result had the additional requirement
that (essentially”) for any function f(n) = o(n) the probabilty that £ does not hold it P, ., must be at
most e~/ A previous version of this paper relied on [2] and, as a result, the statement corresponding to
Theorem 2.3 was somewhat weaker; Most notably, part (b) only said that o(n) vertices are frozen.

It will be more convenient to work in the G, , version of the planted model, which we define as follows:

Definition 4.4. The planted model P, , is a random pair (G,o) chosen as follows: Take a uniformly
random partition o of {1,...,n} into k parts As, ..., Ax. Fach pair of vertices in two different parts is joined
with an edge with probability p, where the edge-choices are independent.

The following standard lemma permits us to work in P, , rather than P, p;. We say that a property & is
convez if: for every three graphs G1, G2, Gs on the same partition o with G; C G2 C Gs, if (G1,0), (Gs,0)
both have £ then (G2, 0) has £.

Lemma 4.5. Consider any convex property € of pairs (o, G) where o is a k-colouring of G, and any constant
r. Setting ¢ = %r, we have:
If P, w.h.p. has € then Py, pj—rn, w.h.p. has E.

,p=c/n

The (omitted) proof is almost identical to the proof of Theorem 2.2(b.ii) in [16], which implies the same
statement for Gy, , and Gy ar.
We define

. ky
¢ = min ——————.
k y>0 (1 — 679)k71

For any ¢ > ¢, we let yi(c) denote the largest solution to ¢ = (176’3% Note that ¢, = ]f—klrk. We define:

() = yr(c)/c.
Definition 4.6. We say that v is an {-frozen variable of (G, o) if v is {-frozen with respect to o.

So, roughly speaking, our goal is to prove that c is the threshold for P, ,_./, to have a linear number
of an-frozen variables.

5 Kempe cores

Given a k-colouring o of a graph G, with colour classes Ay, ..., Ax, a Kempe chain is a component of the
subgraph induced by two colour classes. Suppose C' is a non-empty Kempe chain on colour classes A;, A;.
Then exchanging the colours 4, j on the vertices of C' will result in a new k-colouring of G. Note that a single
vertex of colour 4 will constitute a Kempe chain if it has no neighbours of colour j, for some j # i. Kempe
chains were introduced by Kempe[44] in his work on the Four Colour Problem.

It is clear that a vertex that is in a Kempe chain of size at most ¢ is not ¢-frozen. This inspires us to
remove all “small” Kempe chains from our graph, in order to look for frozen vertices. A bit of thought will
make it clear that w.h.p. most vertices in Kempe chains of size at most ¢ in the remaining graph are not

"In fact, this only has to hold for a specific f(n), but we have no knowledge about f(n) other than that it is o(n).



{-frozen either. This follows from branching properties of the random graph: if C' is a small Kempe chain in
the remaining graph, w.h.p. the small Kempe chains that were removed from the original graph each have
at most one edge to C'. Furthermore none of those chains adjacent to C' are adjacent to each other. Thus we
can flip the vertices on some subset of those chains without them interfering with each other, thus enabling
C to be flipped. This intuition inspires us to remove small Kempe chains iteratively.

Of course, we need to specify what we mean by “small”. It turns out that typically® there will be no
Kempe chains of size between O(logn) and O(n); i.e. every Kempe chain will either be small or giant. To
be specific, we will take small to mean: of size at most log? n. Thus, we apply the following procedure:

Kempe-Strip

Input: a graph G and a k-colouring o = Ay, ..., A of G.

While there are any Kempe chains of size at most log* n
Remove the vertices of one such Kempe chain from G.

Definition 5.1. The (possibly empty) Kempe-core is what remains after running Kempe-Strip.

Note that, as with most core stripping procedures, the output does not depend on the order in which we
choose to remove Kempe chains. So the Kempe-core is well-defined.

Clearly no vertex in the Kempe-core can have its colour changed by changing the vertices of a small
Kempe chain. It is much less clear that almost every vertex in the Kempe-core cannot have its colour
changed by changing a small subset of vertices which involve more than two colours.

To gain some intuition as to why this may be the case, note first that (almost) every very small subgraph,
i.e. of size O(1), is a tree. It is a simple exercise (see the proof of Lemma 7.6) to note that if we can change
the colours of a subtree to obtain another colouring, then that tree must contain a subtree which is a Kempe
chain. Thus, (almost) any valid change of O(1) vertices can be simulated by a sequence of Kempe chain
switches. It follows that we cannot obtain another colouring by changing O(1) vertices of the Kempe-core
(unless they do not form a subtree, in which case they must form a flippable unicycle). Much of the work in
this paper is to establish that the same is true for changes of up to an vertices for small « > 0.

Key idea. We are now ready to present one of key ideas behind this paper. One natural way to analyze
the Kempe core involves determining the effect of removing each individual Kempe chain, and then tracking
those effects throughout Kempe-Strip. This is daunting, in part because of the large number of possible
Kempe chains. Instead, we recall that the planted model is the union of (g) random bipartite graphs, one
on each pair of colours. Note that the Kempe chains are precisely the components of these bipartite graphs.
W.h.p. each bipartite graph will have at most one giant component, and the remaining components will all
have size O(logn). So, at least intuitively, Kempe-Strip is equivalent to the following procedure: repeatedly
remove all but the giant component from each of the bipartite graphs (see STRIP in section 8.1). That

procedure is much more amenable to analysis.

The following lemma is one of the main steps in this paper, and is proven in Section 8. (See also Lemma
6.3(a)).
Lemma 5.2. For k > 3:
(a) If ¢ < ¢y then w.h.p. the Kempe-core of P, ,—c/n is empty.
(b) If ¢ > ¢y then w.h.p. the Kempe-core of P, p—./n has size kX(c) 4+ o(n).
Lemmas 5.2, 4.5 and Theorem 4.3 immediately yield:
Corollary 5.3. For k> 14:

(a) If r < r,{ then w.h.p. the Kempe-core of Up pr=rn is empty.

8This will always be true unless the density of a particular subgraph is equal to the giant component threshold.



(b) If 7’,{ <r < (k—1)ln(k — 1) then w.h.p. the Kempe-core of Up pi—rn has size %n +o(n).

Proof Straightforward but tedious calculus and computation show: (i) at k = 14, r,’: < (k—1)In(k—
1) and (ii) for & > 14, r,]: grows more slowly than (k — 1)In(k — 1) (we omit the details). Note that the
property of having a Kempe-core of size kA (c)+o(n) is convex since the size of the Kempe-core is monotone
increasing under the addition of edges; more formally, for any h(n) = o(n) the property of having a Kempe-
core of size in the range kAg(c) £ h(n) is convex. So Theorem 4.3 and Lemma 4.5 allow us to translate our

results from P, ,—c/n t0 Up pr=pn, with 7 = %C. Note that z(r) = y(c). So the corollary follows from
Lemmas 5.2 and 5.3, and the fact that
kyx(c) kxg(r) (k— Dag(r)
k}\ == = = .
k() c 2kr/(k—1) 2r )

O

Having analyzed the Kempe-core, the next step is to show that it is, essentially, the set of frozen vertices.
In Section 9, we show:

Lemma 5.4. For k>3, in P, p—c/n:

(a) If ¢ > ci then w.h.p. at most o(n) vertices outside of the Kempe-core are logn-frozen.
(b) If ¢ < ¢, then there exists Q = Q(c, k) such that: w.h.p. no vertezx is Qlogn-frozen.
In Section 7 we show that almost all of the Kempe-core is frozen. To be precise, we define:

Definition 5.5. A unicycle is a connected graph with exactly one cycle. A flippable unicycle in (G, o) is
an induced subgraph® U C G such that (i) U is a unicycle and (ii) there is a proper colouring o’ of G where
V(U) is the set of vertices on which o,0’ differ.

Lemma 5.6. W.h.p., the expected total size of all flippable unicycles in the Kempe-core of Py p—c/p is O(1).

It follows that w.h.p. all flippable unicycles in the Kempe-core are very small, and so any vertex on a
flippable unicycle is not frozen. However, we will show that all other vertices in the Kempe-core are frozen.
The main step is to show that the Kempe core is internally rigid:

Lemma 5.7. For k > 3, ¢ > ¢, there exists constant a = a(c, k) > 0 such that w.h.p. the Kempe-core K of
Py, p=c/n has the following property:

If v € K is not in a flippable unicycle then any k-colouring of K which differs from o on v must differ from
o on at least 2an vertices of K.

This internal rigidity is enough to imply:

Corollary 5.8. For k > 3, ¢ > ¢y, there exists constant & = a(c, k) > 0 such that w.h.p.: All vertices of the
Kempe-core K of Py, p—c/n, other than those in flippable unicycles, are an-frozen.

Proof Let © C K be the Kempe-core vertices that do not lie on flippable cycles. So by Lemma 5.6
and Markov’s Inequality, w.h.p. |K\O| = o(n). Lemma 5.7 says that every v € © has the property that any
k-colouring of K which differs from ¢ on v must differ from o on at least 2an vertices of K, and thus on at
least 2an — o(n) > an vertices of ©. Consider any sequence of k-colourings of K, 0 = 0q, 01, ..., 0 such that

(i) for all v € ©® and 0 < ¢ <t — 1, we have 0;(v) = o(v).

(i) for some v € © we have o,(v) # o(v).

9U is an induced subgraph if U contains every edge in G that joins two vertices of U.



In other words, t is the first step where a member of © changes colour.

By (ii), oy must differ from o on at least an vertices of ©. Thus by (i), o must differ from o;—; on
those same an vertices. Therefore, o = 0, 01, ...,0¢ is not a an-path. But if at least one vertex of © is not
an-frozen, then there must be such a an-path; consider the vertex v € © whose colour can be changed by
the shortest possible an-path. So all of the vertices of ® must be an-frozen. g

This yields our main theorem:
Proof of Theorem 2.3: As in the proof of Corollary 5.8, Theorem 4.3 and Lemma 4.5 allow us to

translate our results from P, ,—./,, t0 Up pr=rn, With r = E=1¢ The theorem then follows from Lemmas 5.2,
5.4 and 5.6, Corollary 5.8 and (3). O

2k

5.1 Whitening and magic subgraphs

In the random graph setting of this paper, the Kempe-core is essentially equivalent to what arises from the
whitening procedure described in [71]. The whitening procedure for the case k = 3 was created independently
in [69] where what remains at the end was called the magic subgraph. The procedure can be described as
follows:

Begin with a properly k-coloured graph. Transform the graph into a directed graph by replacing each
edge with two directed edges, one in each direction. We then iteratively delete edges as follows:

Consider an edge u — v. If there is at least one colour a € {1,...,k} such that (i) a is not on u; and (ii)
a does not appear on any vertex w # v such that the edge w — u remains, then we delete the edge u — v.

(Rather than deleting w — v, [71] colours it white, and condition (ii) is modified to say “.... such that
the edge w — wu is not white.)

Note that u — v is deleteable iff after removing v from the graph, it is possible to change the colour of u
without changing any other vertex.

When no remaining edges are deletable, the set of vertices that have an inneighbour of every colour other
than their own is (nearly) equal to the Kempe core.

To see this, first note that in our random graph models almost all Kempe chains that are removed by
Kempe-Strip will be trees (this is made more explicit in Observation 8.3 below and some of the analysis
that follows in Section 8). Next note that if a Kempe-chain is a tree then both directions of all its edges
will be removed by the whitening procedure, starting with the leaves, working inwards and then back out to
the leaves again. After the edge pointing to a leaf is removed then so are all edges pointing from that leaf
to vertices outside of the Kempe chain. The vertices in this Kempe-chain now have outdegree zero, and so
will have no effect on future steps. So one might as well delete them. Following this reasoning, we see that
every Kempe chain removed by Kempe-Strip will have outdegree zero in the magic subgraph (ignoring the
neglibile effects of the few small chains that are not trees).

With a bit more thought, one can see that vertices of the Kempe-core will all have outdegree at least
one after the whitening procedure halts. In Section 8, we will see that a non-empty Kempe-core induces a
single connected component between each pair of colour classes; this component is not a tree, and so has
a 2-core. The reader can easily verify that no directed edges in each 2-core will be deleted. Amongst the
pendant trees (see Definition 7.9 below), all edges pointing towards the 2-core will eventually be deleted, and
all edges pointing away away from the 2-core will remain. Since this is true of every pair of colour classes,
each vertex has an inneighbour of every colour (other than its own) and so no more edges can be deleted.

The whitening procedure was studied in [71] and other papers in statistical physics and is a key ingredient
to much of their analysis of k-colourings of random graphs. The magic subgraph was analyzed in [69]
to provide a non-rigorous analysis of planted 3-colourings in a random graph. Both papers provided a
(unproven) formula for the freezing threshold in the planted model[71]/threshold for a magic subgraph[69]
which is different from, but equivalent to, (1).



6 Kempe-cores in the planted model

6.1 Properties of the Kempe-core

Let K be the Kempe-core of P, ,_./, for some ¢ > ¢, and for each 1 < a < k, we let K, = K N A, be
the vertices of K with colour a. For each a # b, we let K, ; denote the bipartite subgraph of K induced by
(Ka, Kp).

Lemma 6.1. Consider any two connected bipartite graphs H, H', each with vertezx set (K, Kp), and with
|E(H)|=|E(H')|. Then Pr(K,p,=H)=Pr(K,, =H').

Proof Consider any (G, o) for which the procedure Kempe-Strip yields a Kempe core with K, , = H.
Form G’ by replacing the subgraph H in G with H’. Then applying Kempe-Strip to (G’,0) will yield a
Kempe core with K, = H’. Furthermore, G,G’ arise with the same probability in P, ,—. /n,> since they
have the same number of edges. This gives a bijection from graphs which yield K, ;, = H and graphs which
yield K, = H', where each pair of graphs occur with the same probability. This implies the lemma. O

Definition 6.2. The 2-core of a graph is what remains after iteratively deleting any vertices of degree less
than 2.

Remark: It is easy to see that the order in which we delete vertices does not affect what remains at the
end, so the 2-core is well-defined.

For any ¢ > ¢, we let yi(c) denote the largest positive solution y to ¢ = ky)k_l. Recall from Section

e
4 that ¢y, is defined as the minimum ¢ such that yx(c) exists. We define:

Ae(c) = wyr(c)/c
Y (c)(1 — e (1 + yi(c)))

&(c) = c(1 — e=vr(e))

(c)eur(© ()
fu(c) C?i — eur(0) ; (i'/k— !
7k (c) y(c)e™ () yi(c)?

c(1—e-wvr(e)) 2
We prove the next lemma in Section 8:

Lemma 6.3. For any ¢ > ¢, w.h.p. we have that for every a,b, the subgraph induced by K, is connected
and:

(a) |Ka| = Ax(c)n + o(n);

(b) the 2-core of K, has {x(c)n + o(n) vertices in K, and £x(c)n + o(n) vertices in Ky;

(c) the 2-core of K4 has pi(c)n + o(n) edges;

(d) the 2-core of K has m,(c)n+ o(n) degree 2 vertices in K, and 1,(c)n + o(n) degree 2 vertices in K.

The following bounds are crucial to our analysis. FKEssentially, they establish that certain branching
parameters are subcritical; those parameters concern (a) the proportion of non-2-core vertices in each K,
and (b) the degree two vertices in the 2-core of K, p:

Lemma 6.4. For every ¢ > ¢y, there is ( = ((c) > 0 such that:
(a) 1= 3 < (1= ¢);

() 9 < 25 (1-0).
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Proof At ¢ = ¢k, y = yr(c) is the point that minimizes h(y) = (l_elf% Setting a%h(y) =0
yields:

(1—e ¥)F 1 = (k—1)ye ¥(1 — e ¥)*=2 which yields eV — 1 = (k — 1)y. Thus eyT_l =k—1>e—1and
soy > 1. Thus eV > k—1 and so e¥ — 1 grows faster than (k — 1)y for y > yx(c). Since yi(c) increases with

¢, we have that for every ¢ > c:
Ve — 1> (k- Dyr(c).

Part (a):
€e)  1—e (1 +yule) e ® —1—y(c) - () — 1 — (e —1) L1
Ak(c) - 1 — e—vr(c) o eve(c) — 1 eyr(c) — 1 - kE—1

This implies (a) since the LHS and RHS do not change with n.
Part (b) follows similarly from:

2me(e) _ @ wle) wle) 1
i ) Dizo ?(Jf:(i)): 2z wll e —1 " k-1

7 The Kempe-core is mostly frozen

In this section, we prove Lemma 5.7. Recall that we are working in the P, , model. So we have a uniformly
random partition o of the vertices into Ay, ..., Ag, and a graph G formed by selecting each of the potential
edges between different parts with probability p = ¢/n. Our focus will be on the Kempe-core, K, of (G, o).

Definition 7.1. A A-set is the symmetric difference of o and another k-colouring of the Kempe-core, K.
Specifically, given such a colouring o', the set of vertices u € K with o(u) # o'(u) is a A-set, which we
sometimes denote by cAc’.

Note that “v € 0Ac”” means the same thing as “o(v) # o’ (v)”.

Recall that the subgraph induced by a set S of vertices is the subgraph consisting of S and all edges
whose endpoints are both in S. With this notation (and after ruling out flippable trees - see Lemma 7.6),
Lemma 5.7 is equivalent to:

Lemma 7.2. W.h.p. every A-set which induces a connected subgraph with more than one cycle has size at
least 2an

The remainder of this section is devoted to the proof of Lemma 7.2.

7.1 The structure of A-sets

To prove Lemma 7.2 we first study the structure of A-sets. When we say the 2-core of a A-set, we mean
the 2-core of the subgraph of the Kempe-core induced by that set. Similarly, when we say a component of
a A-set, we mean a component of the subgraph of the Kempe-core induced by that set.

Observation 7.3. Every component of a A-set is a A-set.

Proof Let C be a component of cAg’ and consider changing the colour of every v € C' from o(v)
to o’(v). Since C is a component of cAc’, every vertex u adjacent to C has o(u) = o'(u). It follows that
for every edge wv, either u,v have colours o(u),o(v) or u,v have colours ¢’(u), o’ (v). Thus we have a valid
colouring, and C' is the set of vertices on which it differs with o; i.e. C is a A-set. ]

Recalling Lemma 6.3, we suppose we have a Kempe-core K satisfying:

11



Property 7.4. Each K, is connected and has a non-empty 2-core, and that 2-core is not a cycle.
We start with a key observation about A-sets:

Proposition 7.5. Let u be any vertex in a A-set cAo’. Then every neighbour of u in Ky (y),or(u) is also in
ocAo’.

Proof Every neighbour w of u in K, (y) /() has o(w) = o’(u). Since o’ is a proper colouring, we
cannot have o’(w) = ¢’(u). Therefore o/ (w) # o(w). O

Lemma 7.6. Every component of a A-set has a non-empty 2-core.

Proof If a component has an empty 2-core, then it is a tree. Consider a tree-component of a A-set
ocAc’. We direct the edges of that tree as follows: each u has an edge directed to every neighbour that it
has in K;(y),0/(u); by Proposition 7.5, all such neighbours must be in the tree.

Note that an edge uv will be directed in both directions iff o(u) = ¢’(v) and o(v) = o’(u); contract all
such edges. The contracted tree is a tree, and each edge is directed in exactly one direction. So there must
be a node which has no edges directed out of it. Our contraction rule implies that there is a pair of colours
a,b such that every vertex u contracted into that node has (o(u),o’(u)) = (a,b) or (b,a). Furthermore, u
has no neighbours in K, ; that were not contracted into the node, else this would have produced a directed
edge out of the node. Therefore, the vertices contracted into that node are a component of K, ;. But since
they form a tree, this violates Property 7.4. O

Note the following simple fact:
Proposition 7.7. If a graph H is connected, then the 2-core of H is empty or connected.

Proof Strip to the 2-core by repeatedly removing vertices of degree 1. The removal of a degree 1
vertex cannot disconnect a graph. O

Definition 7.8. We say that a A-set is complex if its 2-core does not have any components that are cycles.
We say that a A-set is cyclic if its 2-core is a cycle.

In other words, a A-set is cyclic iff it is a flippable unicycle. So to prove Lemma 7.2 we must show that
w.h.p. the 2-core of every complex A-set is large.
We now turn our attention to the structure of the vertices outside the 2-core of a graph:

Definition 7.9. Consider any graph H such that every component of H has a non-empty 2-core. The edges
not in the 2-core of H form a forest. We call a tree of that forest a pendant tree. By Proposition 7.7, the
2-core of each component is connected. It follows that each pendant tree T' contains exactly one vertex of the
2-core; that vertex is the vertex of attachment for T. We consider a pendant tree to be rooted at its vertex
of attachment; in particular, the parent of a vertexr u not in the 2-core is its unique neighbour on the path
from u to the 2-core.

Lemma 7.6 implies that we can apply Definition 7.9 to the graph induced by any A-set, cAc’. So
for every vertex v € Ao’ that is not in the 2-core of cAc’, we can talk about its parent in cAc’. By
Property 7.4 and Proposition 7.7, we can also talk about the parent of any non-2-core vertex in K, .

Lemma 7.10. Consider any non-2-core vertez u in a A-set cAc’ and let w be the parent of u in cAd’.
(a) o'(u) = o(w);
(b) w is not in the 2-core of Kq(y) o' (u);

(c) w is the parent of u in Ky )0/ (u)-

12



Proof Let T be the pendant tree of 0 Ao’ containing u. We proceed by induction.

Note that since K (y),07(u) is connected and has size greater than one (by Property 7.4 and Lemma 6.3),
u has at least one neighbour in K, (y) 0/ (u)-

Base case: u is a leaf of T. Then w is the only neighbour of u in 0Ac¢’, and so by Proposition 7.5, w
must be the only neighbour of u in Ky (y),0/(w). Parts (a,b,c) now follow.

Now suppose (a,b,c) hold for every child of w in 7.

By Proposition 7.5, every neighbour of u in K,y o (s) must be in T'. Consider any child w’ of u in T
with o(w’) = o’(u). By the inductive hypothesis, w’ is not in the 2-core of K, () o/ (uw), o' (w') = o(u) and
u is the parent of w’ in K, (y),0/ (). Thus we have {o(u),0'(u)} = {o(w’), o’ (w’)} and so u is the parent of
w" in K;(y),0/(u)- S0 u has at most one non-child neighbour, w, in Ky (,) /(). Parts (a,b,c) now follow. [

Lemma 7.11. Consider any vertex v in the 2-core of a A-set cAd’. Suppose v is not in the 2-core of
Ko(v),00(v)- Then the parent of v in Kq(y),0r(v) 05 in the 2-core of cAc’.

Proof Let w be the parent of v in Ky (, 07 (v); S0 0(w) = o' (v). By Proposition 7.5, w € cAc’. If w
is not in the 2-core of cAc’, then because v is a neighbour of w and v is in the 2-core of cAc’, v must be
the parent of w in cAo¢’. By Lemma 7.10(a,c), this implies that ¢/(w) = o(v) and v is the parent of w in
Ko(w),0'(w)- But now o(w) = o'(v) and o'(w) = 0(v) 80 Ko (w),0'(w) = Ko(v),0'(v); thus v is the parent of w
and w is the parent of v in the same graph - contradiction. Therefore, w is in the 2-core of cAo’. |

At this point, an intuitive outline of the next steps might be helpful. Our goal is to show that the 2-core,
H, of a complex A-set must have linear size. If we could prove that we must have E(H) > (1 + €)V(H)
for some constant € > 0 then we would win: short standard arguments show that w.h.p. all subgraphs of
this density have size at least an for some o = a(e,¢) > 0. So most of the work is dealing with the case
E(H) < (14 ¢)V(H). In that case, the average degree in H is very close to 2 and so most of the vertices
have degree 2. Since no component of H is a cycle (as the A-set is complex), it follows that most of the
vertices of H must lie on very long paths of degree 2 vertices. We begin by studying the structure of those
paths.

We start by focussing on two basic types of paths through vertices that have degree 2 in the 2-core of
some A-set 0Aoc’. These are illustrated in Figures 1,2. We will see that every path through vertices of degree
2 in the 2-core can be decomposed into a small number of these two types of paths (Lemma 7.17).

Type A is a path ug, uy, ..., ux where there is some a # b such that each u; has degree 2 in the 2-core
of Kop. It will follow that each u; has (o(u;),0'(u;)) = (a,b) or (b,a) depending on the parity of i (see
Corollary 7.14).

Type B is a path ug, u1, ..., u; in which each u; is not in the 2-core of K,(y,),0/(u;), and its parent in
Kcr(ui),a’(ui) is Ujt1-

Up U1 U2 us Uy Us Ug U7 us Ug U10

() M) M) M) M) M) M) M) M) M) M)
N> N\ N\ N\ N\ N\ N> -/ -/ -/

c B R B R B R B R B R B

o R B R B R B R B R B R

Figure 1: Type A path. Each u; is in the 2-core of Kg p.

To understand these two types of paths, it is important to recall Proposition 7.5. For any path ug, uq, ..., us
of degree 2 vertices in 0Ao’, every neighbour of u; in Ky (y,),07(u;) must also be in cAco’. Type A: If u; is in
the 2-core of K, (u,),0/(u;) then it has 2 other neighbours in the 2-core - they are its neighbours on the path.
Perhaps u; has other neighbours in K, (y,) 0/ (4;) Outside of the 2-core; in this case, they will be outside of
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Up 31 U2 us Uy Us Ug Uy us Ug U10

() M) M) M) M) M) M) M)
N\ / / N N N N\

M)
N\

Q
Q

o G R G B Y R Y R B G Y

o R G B Y R Y R B G Y ?

Figure 2: Type B path. For example, ug is not in the 2-core of Kg r and u; is the parent of ug in Kg gr.

the 2-core of cA¢’ and so are not on the path. Type B: If u; is not in the 2-core of Ky, 07 (u;) but is in
the 2-core of 0 Ao’ then its parent in Ky (y,) o (u,) must also be in the 2-core of Ao’ (by Lemma 7.11); that
parent is w;i1. Perhaps u; has other neighbours in K,(y,) 0/ (u;); Perhaps one of those neighbours is w;_1;
there may be others outside of the 2-core of cAd’.

These two path types are defined more formally below. Note that this definition does not specify the
colour pattern for the Type A path; that pattern will follow from Corollary 7.14.

Definition 7.12. A basic 2-path in a A-set cAd’ is a path ug, ..., u, in the 2-core of cAd’ such that
(a) > 1;
(b) each u; has degree 2 in the 2-core of oAc’;
(c) either
Type A: every u; is in the 2-core of Ko (u,),o/(ui); OT

Type B: every u; is not in the 2-core of Ky (u,) o' (u;) and, for 0 <i < x—1, its parent in Ko (y,),07 (u;)
18 Uit 1-

We call ug,u, the endpoints, and uy, ..., uz—1 the internal vertices. (So if ¥ = 1 then there are no internal
vertices.)

We now prove that a Type A 2-path must have the colour pattern indicated in Figure 1.

Lemma 7.13. Consider any vertex v in a A-set cAc’ with 2-core H. Suppose that v has degree 2 in H,
and let y, z be the two neighbours of v in H. If v is in the 2-core of Ky(y),o/(v) then:

(a) v has degree 2 in the 2-core of K, (v),0'(v);

(b) o(y) = o(z) =o' (v);
(c) y,z are both in the 2-core of Ky(v) o (v)-

Proof Since v is in the 2-core of K;(,) o/(v), v has at least two neighbours in the 2-core of K, (4) 07 (v)-
By Proposition 7.5, all of those neighbours are in cAg’. We will argue that those neighbours must, in fact,
be in the 2-core H of 0 Ao’ and hence must be y, z.

Suppose, to the contrary, that w € K,/ (,) is a neighbour of v in the 2-core of K,(,) s (v) and w ¢ H.
Since v € H, and v is adjacent to w, v must be the parent of w in 0Ac’. By Lemma 7.10(a), this implies
that o'(w) = o(v) and since w € K,/(,y we have o(w) = 0'(v). So Ky (w),0/(w) = Ko(v),0'(v) and, since w was
chosen to be in the 2-core of K,(y),0/(v), w is in the 2-core of Ky ()0’ (w). This contradicts Lemma 7.10(b).

Therefore v has exactly two neighbours in the 2-core of K, () 0/(v), and y,z are those neighbours; so
Y,z € K, (,). Parts (a,b,c) follow immediately. O

This immediately yields:
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Corollary 7.14. If ug,...,u; is a Type A 2-path in a A-set cAc’, then there are colours a,b such that
(o(us),0'(u;)) = (a,b) for even i, and (o(u;),0'(u;)) = (b,a) for odd i; i.e. the sequences o(u;) and o'(u;)
both alternate over the same two colours. Furthermore, if v,w are the other neighbours of ug, u,,, respectively
(i.e. v # uy,w # uzp—_1), then o(v) = o' (up) and o(w) = o' (uy).

Next we prove that every path through degree 2 vertices in the 2-core of a A-set must be composed from
basic 2-paths. Figure 3 gives an example of a path composed of 3 basic 2-paths, which is the maximum
number possible.

\ o u1 U2 u3 Ug Uus Ue ur ug U9 U10 U1l U12

/ . /\
o R Y G B R B R B R B P R P
o’ ? R Y G B R B R B P R P ?

Figure 3: uy, us, ug, uy, ug form a Type A Path. ug,us,uy,ug and ug, u1g, u11,u12 form two Type B paths.

Remark: The reader may have noticed an asymmetry between colourings o, ¢’ in Figure 3, namely that
vertices ug, ug continue the R/B pattern in o but not in ¢’. This asymmetry arises from the fact that the
sets K, p are defined in terms of o.

Setup for Lemmas 7.15 - 7.20: Let H be the 2-core of a A-set 0 Ac’. Consider any path W, vy, ..., v, Y,
r > 1, in H where each v; has degree exactly 2 in H and W,Y each have degree at least 3 in H. It will be
convenient to set v_; = W and v,4+; =Y. The next two lemmas concern this path.

Lemma 7.15. Consider any 0 < i < r. If v; is not in the 2-core of Ky (y,),0'(v;) then
(a) one of vi_1,viq1 is the parent of v in Ky(y,).07(v;);
(b) if that parent is not W or'Y, then either v;,Vi11, ..., Ur OT U, Vi1, ..., 09 is a Type B 2-path.

Proof v; is in the 2-core, H, of cAc¢’ but not in the 2-core of Ky (y,) o/(v,)- Let w be the parent

of v; in Ky(y,),0(v;)- Lemma 7.11 says that w is in the 2-core of 0A¢’. Since v;_1,v;41 are the only two
neighbours of v; in 0 Ag’, this establishes part (a).

WLOG, assume w is v;+1. To prove part (b), we can assume that v;1; # Y. We will show that v;y; is
not in the 2-core of K, (4, ,).0/(v,,,), Which will allow us to apply part (a) to viyi.

Suppose, to the contrary, that v;1; is in the 2-core of Ky(y,,,).0/(v;4,)- Then applying Lemma 7.13(b,c)
to v;41 implies that o(v;) = 0’ (vi11) and v; is in the 2-core of Koy, 1,0/ (vi41)- But vig1 = w is adjacent to
v in Ko (y,),00(v;) and 80 0(vig1) = 0'(v5). Thus Kov,),00(vi) = Ko(vis),o’(vi1), and we have contradicted
the fact that v; is not in the 2-core of Ky, 67 (v;)-

Therefore, we have shown that v;1; is not in the 2-core of Ky(y,,,),0(v,,,) @and so we can apply part (a)
to v;4+1 to show that the parent of v;11 in K”(7)i+1)70'/(”7‘,+1) is either v; or v;4o. It is not possible for v; to be
that parent as this would require o(v;) = 0'(vit1), and 50 Ko (v, 1),0/(v;11) = Ko(v:),0'(0:), and so v; would
be the parent of v;11 in the same graph in which v;; is the parent of v;. Therefore, v;;2 must be the parent
of viy1 in Ky, y- Continuing this argument down the path establishes part (b). O

i+1),0" (Vi1

Definition 7.16. A piece of a path vo, ..., v, is the subpath formed by a contiguous subsequence vy, ...,v;.

Lemma 7.17. vy, ..., v, can be split into at most three pieces, each of which either has exactly one vertex or
is a basic 2-path.
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Proof If » < 2 then it is trivial. So we assume r > 3.

Case 1: Some v; is in the 2-core of K,(y,),0/(v;)- Let a = o(v;) and b = o'(v;). Let j; be the largest
0 < j1 < i such that (o(vj,),0'(vj,)) is not either (a,b) or (b,a); if no such j; exists then we set j; = —1.
Similarly, let jo be the largest ¢ < jo < r such that (o(vj,),0'(vj,)) is not either (a,b) or (b, a); if no such jo
exists then we set jo =7+ 1.

For all j1 +1 < j < jo — 1, (0(vj),0'(vj)) is either (a,b) or (b,a). This allows us to apply Lemma
7.13 inductively from v; to v, 41 and from v; to v,,—; and show that each such v; is in the 2-core of K, 4.
Therefore the subpath v, 41, ..., v,—1 either has exactly one vertex (v;) or is a Type A 2-path.

If jo < r then Lemma 7.13, applied to v;,_1, implies that o(v;,) = ¢’(vj,—1). If v;, were in the 2-core of
Ko (v),).0(v;,) then Lemma 7.13 applied to vj, would imply that o' (vj,) = o(vj,—1), and so (o(vs,), 0" (vj,))
is either (a,b) or (b, a) thus contradicting our choice of jo. So we can apply Lemma 7.15 to vj, to show that
the subpath vj,, ..., v, either has exactly one vertex (v,) or is a Type B 2-path. (Note that vj,, ..., v9 cannot
be the Type B 2-path since vj,_1 € Kg(v].rl),[,/(v].rl).)

Similarly, if j; > 0 then the subpath vj, , ..., vy either has exactly one vertex or is a Type B 2-path. This
provides our split into at most three pieces.

Case 2: No v; is in the 2-core of Ky (v,),0/(v,)- Recall we assume that r > 3, and pick some 1 </ <r—1.
Since we are in Case 2, v is not in the 2-core of K,(y,),0/(v,)- S0 Lemma 7.15 and the fact that £ ¢ {0,r}
implies that vy lies in a Type B 2-path extending to either vy or v,.; WLOG assume it is v,.. Let j < ¢ be
the smallest value such that vj,...,v, is a Type B 2-path. If j = 0 then we have one piece. If j > 1 then,
since we are in Case 2, v;—1 is not in the 2-core of Ky(y; ) .0/(v;_,)- By Lemma 7.15 and our choice of j,
Vj_1,Uj—2, ...,V either has exactly one vertex (j —1 = 0) or is a Type B 2-path. Thus we can split into two
pieces. O

As we discussed above, if we could prove that the 2-core of 0 Ao’ must have edge-density at least 1 + e,
then we would win - a standard first-moment argument shows that every subgraph of that density must be
large. But we cannot show this; long paths of degree 2 vertices can bring the edge-density arbitrarily close
to 1. So we use an approach first applied in [60]: we contract those paths to obtain a dense graph, and then
adapt that first-moment argument to show that this contracted graph must be large. One of the keys to this
argument is a good understanding of those contracted paths - so we only contract basic 2-paths (which we
understand well). The next lemma will apply Lemma 7.17 to show that we can obtain a useful contraction.
First we define a contractable collection of basic 2-paths.

Definition 7.18. We choose P(cAc’) to be a vertex-disjoint collection of basic 2-paths in the 2-core of
oAd’ such that: For every path W, vq, ...,v., Y in the 2-core of aAc’, where each v; has degree exactly 2 in
the 2-core of 0 Ao’ and W,Y each have degree at least 3 in the 2-core of 0 Ac’, we can split vy, ..., v, into at
most three pieces, each of which either has exactly one vertex or is a member of P(cAd’).

Lemma 7.17 implies that P(cAc’) exists. P(cAo’) might not be uniquely defined. It is possible that
there are different ways to partition some vy, ...,v, as in Lemma 7.17, thus yielding different choices for
P(ocAc’). If there are multiple choices for P(cAc’) then we arbitrarily specify one of them.

We partition the vertices of the 2-core of any A-set cAc’ as follows:

e Vi(0Ac’) - the internal vertices of the basic 2-paths in P(cAc’);

o Vo(0Ac’) - the vertices of the 2-core of 0 Ao’ that are not in V3 (0Ac’); i.e. the endpoints of the basic
2-paths in P(cAoc’) and the vertices that are not in those basic 2-paths.

Observation 7.19. If cAc is a complex A-set then |Va(ocAo’)| > 1.

Proof By Lemma 7.6, the 2-core of (cAo’) is not empty. Since cAo’ is complex, its 2-core has
no cycle-components. Therefore the 2-core must have at least one vertex of degree at least 3. That vertex
cannot be in V;(cAd’), so it must be in Va(cAd’). O
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Lemma 7.20. For any complez A-set o Ao’ with |P(cAd’)| = t, the 2-core of o Ao’ has at least 235 |Va (0 Ac”)|—
t edges with both endpoints in Va(cAd').

Proof Let H be the 2-core of cAc’. Form H’ by contracting every basic 2-path ug, ..., u, in P(cAd”)
into a single edge (up,u;). For example, the path of degree 2 vertices in Figure 3 becomes the path
Up, U3, Uq, Ug, Ug, U12.

Every vertex in H' has the same degree in H' as in H. Since no component of H is a cycle (as cdAc’
is complex), every degree 2 vertex of H lies in a path W, vy, ...,v,, Y as in Definition 7.18. Every such path
is contracted into a path with at most six degree two vertices. Therefore, H' does not contain any path
Vg, V1, V2, U3, Vs, Us, Vg Of seven degree 2 vertices. Furthermore, H' has minimum degree at least 2. From
that, it is easy to argue that H’ has at least 08|V (H')| edges (this also follows from Lemma 11 of [60]).
The lemma now follows since V(H’) = Va(0Ac”’), there are exactly ¢ contracted edges in H’, and each of the

20L|Va(oAc’)| — t non-contracted edges is an edge of H. O

We will use Lemma 7.20 to prove that every complex A-set is large in the next subsection. We close this
subsection by analyzing the structure of cyclic A-sets.

Lemma 7.21. If uy,...,u, is the cycle forming the 2-core of a cyclic A-set cAd’, then (after possibly
reversing the order of the labels): Every u; is not in the 2-core of Ky(y,),0'(u;) and its parent in Ky (y,),0! (u;)
s uit1 (addition mod r).

Thus, we can view this 2-core as the cycle analogue of a Type B 2-path.

Proof If at least one u; is not in the 2-core of Ky(y,),07(u,), then the same reasoning as in the proof
of Lemma 7.15(a) implies that its parent in Ky (y,),07(u,) is either u;_1 or u;y1; WLOG assume it is u;; 1. The
same reasoning as in the proof of Lemma 7.15(b) implies that u;,; cannot be in the 2-core of K,
So we can repeat the argument inductively around the cycle to prove that the lemma holds.

So assume that every u; is in the 2-core of K5 (y,),07(u,)- Lemma 7.13 now implies that every vertex u; has
(0(u;),0'(uj)) = (a,b) or (b, a) for the same two colours (b, a), just as it implied Corollary 7.14. Furthermore
Lemma 7.13(a) implies that each u; has no other neighbours in the 2-core of K, other than its neighbours
in the cycle. It follows that this cycle is a component of the 2-core of K, 4, contradicting Property 7.4 and
Propostition 7.7. |

Uit1),0" (Uip1)®

We close by noting how Lemma 5.7 follows from Lemma 7.2:

Proof of Lemma 5.7: Let o’ be any k-colouring of K with o'(v) # o(v); i.e. with v € 0Ag’. By
Observation 7.3, we can assume that o Ao’ is connected; otherwise replace ¢’ with o’ such that cAc” is the
component of cAg’ containing v.

Lemma 7.6 implies that cAc’ is not a tree. Since v does not lie in a flippable unicycle, cAc’ has more
than one cycle. So this lemma follows from Lemma 7.2. (]

The next two subsections are devoted to proving Lemma 7.2.

7.2 A first moment bound for A-sets

Proof of Lemma 7.2

We will bound the expected number of complex A-sets in terms of various size-parameters. We will focus
on the 2-cores of the A-sets.

Let 0Ac’ be a complex A-set (Definition 7.18), and define:

e a=|Va(cAd’)|
o t =|P(cAd’)|
® ji,...,Jt > 0 are the number of internal vertices in the basic 2-paths of P(cAc’)

o J=ji+..+i
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Let X, ; denote the number of 2-cores of complex A-sets with parameters a, J. We bound E(X, s) for
all a + J < 2amn as follows:

First we choose the a vertices of Va(0cAc’). We will overcount by choosing from all of {1,...,n} rather
than from just the Kempe-core. So the number of choices is at most

(o)

Next we choose the values of ¢ and j1, ..., j;. Since the basic 2-paths of P(cAc’) are vertex-disjoint (by
Definition 7.18) and each has two endpoints in V5(cAoc’), we have t < §.

Recalling Lemma, 7.20, we choose a set £ of [23La] — ¢ edges within V3(cAc”); the number of choices for
€ is:

( 3&1)(;}) t)'

Then we choose, from amongst the vertices of V5(cAc’), the endpoints (v;, w;) of each of the basic 2-paths
Py, ..., P, € P(cAc’). If two choices result in the same set of paths, just with a permutation of the indices,
then we consider those two choices to be equivalent. The number of choices is at most:

a®/t!

(Note that we do not divide by 2¢ since the direction matters on a Type B path.)
We define the following events:

e Fj - the event that the statements of Lemma 6.3(a,b,c,d) hold.
e F, - the event that all the edges of £ are present.
e FE5 - the event that each pair (v;, w;) is joined by a basic 2-path.

For a random variable X and an event F, we use X A E to denote the variable that is equal to X if E
holds and 0 if E does not hold. We will actually bound E(X, ; A E1), recalling from Lemma 6.3 that E;
holds w.h.p.

We begin by noting that, since ¢ < 3, we have ggéa —t > 5. This yields:

201
o o 201 a2 [200@] 201
al—t al—t
( 2 ) x Pr(E;) = ( 2 ) (£) (e e ~t< (£2) ECEEn
ma;l —t [ma] —t n [QOOG -| n
Recall the constant ¢ = ((¢) > 0 from Lemma 6.4. In Section 7.3, we will prove:
Lemma 7.22. There is a constant R = R(c, k) such that if a + J < 2an then
a C J 1 '
PI‘(E3 N E1|E2) <R (1 — *)' — .
2 n
This yields that for a + J < 2an:

E(Xas ANEy) < 3> (Z) . <[ () ) x Pr(E,) x Pr(E; A Ey|Ey)

t] 201
tjit...+je=J 200

al —
Z (%)a - (T) [270 al-t R*(1— g)‘] (1)t by (4) and Lemma 7.22

<
t g1+ Aje=J n
en\2 a® /a (%a]*t gva [ 1 i C\J 201
< (%) % (E) ey’ () S a-g) e el <2
t>0 Jit+..+ie=J
< (Zlf) 160 | Z Z (1 — g)‘] for some constant Z; = Z1(c, k) > 0.

t>0 '31+ Hie=
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The number of choices for ji,...,5;: > 0 that sum to J is (J;Hfl). It is straightforward to verify that

there is a constant Zo = Z5({) = Zs(c, k) > 1 such that for any t and J > Zot, (77*7")(1 —$)” is monotone
decreasing as J increases. Thus, for J > Zst, we have (Jj_tl 1)(1 — %)J < (Zzﬁ'i 1)(1 %)Zzt < (ZQ:H), and
for Llf < Zot, we have (];rfIl)(l - %)J < (Jtttzl) < (ZQEH). This, along with the bound 1 — % < (1- %)2,
implies:

> oa-y< (T a9 < (P a9 < @@ ya-9r o

, A 2 t—1 4 t 4
Jit.Age=J

Thus, for a + J < 2an, we have:

B(Xas NE) < (Z1%> i | (1— %)sz
t>0 '
= (ZI%) [ﬁ] (1 _ %)Jeea(ZQ—i-l)
< (Z%> i | (1- %)J for some constant Z = Z(¢, k) > 0 (6)
< (1- %)a”, )

by applying a < 2an and taking o = a(c, k) to be sufficiently small that 2Za < (1 — %)100.
We apply (6) to small values of a, say a < log® n, and (7) to larger values of a. Recalling Observation 7.19,

we sum from a > 1. This yields:

log?n an—a an an—a
By < 3 % (229) oSy 3 Y Gew
a=1 J=0 a=log2n J=0
log2n a [ﬁ] an C .
< omx Y (Zg> oM x Y (-3 (8)
a=1 a=log? n

1 2
< O() e E9E T = o(1).

Since Ey holds w.h.p., this yields that w.h.p. the Kempe-core of P, ,_./, has no complex A-sets of size
less than an, thus proving Lemma 7.2. (]

7.3 Proof of Lemma 7.22

We begin by restating the lemma:

Lemma 7.22 There is a constant R = R(c,k) such that if a + J < 2an then Pr(Es A Ey|E3) <
R §)7 (1)

Proof At this point, we have chosen the vertices of Va(cAo’), the endpoints v;, w; for i = 1,...,¢,
and exposed the fact that the fewer than 2a edges of £ are present. Next, we will expose the values of the
parameters bounded by Lemma 6.3. If E; holds then the following hold for each a, b:

Q1) [Ka| = Ak(c)n + o(n);

(Q2)  the 2-core of K, has & (c)n + o(n) vertices in K, and &(c)n + o(n) vertices in Kp;
(Q3) the 2-core of K, has puxn + o(n) edges;
(Q4) the 2-core of K, has 7un + o(n) degree 2 vertices in K, and 7,n + o(n) degree 2 vertices in K.
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Let Py, ..., P; be the basic 2-paths of P(cAc’), where P; has j; internal vertices plus endpoints v;, w; €
Va(oAd’).

Before heading into the details, we comment on our goal: Note that our desired bound is very loose in
the R® term - any constant R will do - but much more precise in the (1 — %)I term - we need a constant
less than 1. This corresponds to the intuition that the paths are very long and so the term corresponding to
their total length, J, is more important than the term corresponding to their total number, t. So in what
follows, we will be very careful about the constants raised to the Jth power, but we do not need to be careful
with those raised to the Rth power.

First, we choose whether each P; is Type A or Type B. We will consider the Type B paths first, so we
relabel the indices so that the Type B 2-paths come first in the sequence Py, ..., P;.

Type B paths

We expose the Type B 2-paths one-at-a-time, and for each such P;, we expose the vertices one-at-a-time
beginning with the vertex after v;.

Suppose P; is a Type B 2-path in 0 Ac¢’. Denote the vertices of P; by v; = ug, u1, ..., Uy, , Uj,+1 = W;.

First, we choose the colour o(uy) for each 1 < = < jj;; note that o(up), o(uj,+1) were determined when
we chose ug = v;, u;,4+1 = w;. Since we must have o(ugz41) 7# o(uy), as those two vertices are adjacent and
hence cannot have the same colour, there are:

(k —1)7 choices for these colours.

By the definition of a Type B 2-path, our choice of o(u1),...,0(uj,+1) also determines o'(ug), ..., 0" (u;,)
because ¢’ (uz) = o (Ug41)-

Next, we choose the verties uq,...,u;,. We begin with uy, which was already chosen. We then choose
uyp: the parent of ug in Kq ()07 (ue) (by the definition of a Type B 2-path). We continue this way down the
path.

Suppose that we have chosen vertex wu, and are now choosing u,,1, for some x < j;; the case x = j;
is a special case, since u;, 41 = w; has already been chosen. Prior to choosing .41, we have exposed the
following:

e the values of the parameters from Lemma 6.3; i.e. from (Q1), (Q2), (Q3), (Q4);
e the values of a,t, ji, ..., Ji

e the vertices of V2(cAc’) including the endpoints of each basic 2-path;

e the edges of £ (which all lie within Va(cAd’));

e the edges and vertices of the basic 2-paths P, ..., P;_1;

e the colours o(ug), ..., 0(uj,+1), 0" (uo), ..., o' (uj,);

e the vertices ui, ..., u; and the fact that each is adjacent to the preceding vertex;

o for £ =1,...,2: uy is not in the 2-core of K,(yu, )0/ (u,_,), and the parent of u, in Koy, 1),0/(u,_,) 18
Uug41; the same is also true of all vertices in Py, ..., P,_1 other than the last endpoint of each path.

The only edges that have been exposed have both endpoints in: Va(0cAdc'), Py, ..., Pi_1,ug, ..., uy; let ¥
be that set of vertices. Thus
¥ <a+J < 2an.

So ug is not in the 2-core of K, (y,),0/(u,), and we are about to expose its parent, u,1. We will bound
the probability that u,1 is not in the 2-core of Kq(u, )0/ (upir)-

Note that if u, 11 € ¥, then we have failed to construct a A-set o Ac’ subject to the specified parameters.
So to upper bound the probability that our choices yield such a o Ao’, we can assume u;4+1 ¢ U.

Case 1: 0'(uzy1) # o(u.). We expose the parent of u, in Ky(y,) 0/ (u,), and set it to be u, ;. This
exposes nothing new about u, 1 in Koy, )0/ (usr1), @8 that is a different graph since we are in Case 1 and
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since ¢’ (uz) = 0(uz41). So in the random graph K,
involving any vertices outside of W.

Consider any graph H that, subject to what has already been exposed, could be Ky (v, 1),0/(uss1)-
sider any H' formed from H by permuting the vertices in K,(,,,,)\W. So H' could be Kg(u,, )0/ (ups1)
subject to what has been exposed, and |E(H’)| = |E(H)|. The same argument used in the proof of Lemma
6.1 yields that conditional on what has already been exposed:

(ug1),0" (uai1)s We have exposed nothing about the edges

Con-

Pr(Ko'(uz+1)ao'/(uz+1) =H) = Pr(KU(qu)vU’(uzﬁ) = Hl)‘

Therefore, the probability that u, 1 is not in ¥ and is not in the 2-core of Ky (y, )0/ (u,,,) 15 at most the
number of non-2-core vertices in K,(,,,,) divided by |K,(,,,,)\¥|. Using the fact that (Q1), (Q2) hold,

applying Lemma 6.4(a), using |¥| < 2a, and taking « sufficiently small in terms of ¢, this ratio is at most:

Ak(c) — &k(c) 1 ¢
M) — 20 +o(1) < m(l — 5) (9)

Case 2: 0'(ug1) = o(uy). We argue as in Case 1, except this case is more delicate since Koy, )07 (u,) =
Ko(uyi1),0'(usrr)- When we expose the parent of u, in this graph, we need to bound the probability of that
parent being outside the 2-core.

We have exposed that u, is not in the 2-core of Ky, ) o/(u,)- S0 if we remove the edge from u, to its
parent, Kg(y,),0’(u,) Will be disconnected into two components: one containing u, and one containing the
2-core. Let Hy, Hy be any two graphs which, subject to what has already been exposed, could be these two
components.

Let T C Hs denote the set of vertices w € Hy such that, if we add an edge from u, to w, then the
graph H,, formed by Hi, Hy and the edge (us,w), could be K, ) 0/(u,) (Subject to what has already been
exposed). Consider any two vertices w,w’ € Y; we will argue that H,,, H, are each equally likely to be
KO' Ug )0 (Ug)*

(So)cor(lsi()ier any k-partite graph G with parts Ay, ..., Ax (from Definition 4.2) for which, in the Kempe-core
of G, we have K,(y,),0/(u,) = Hw. Let G’ be the graph obtained from G by replacing the edge (u.,w) by
(ug,w’). So, in the Kempe-core of G', we have K(y,),0/(u,) = Hu. Note further that swapping these two
edges does not alter any of the information that has been exposed thus far. Therefore G could possibly be
the original random graph drawn from P, ,, subject to what has been exposed up to this point, iff G’ could.

So this is a bijection from the possible graphs with Ky, ) o7 (u,) = Hw and those with Ky} o7 (u,) = Huw'-
For each pair (G, G’) in that bijection, G, G’ have the same number of edges and so are equally likely to be
chosen as P, . This implies that H,,, H, are each equally likely to be K;(y,),0/(u,), conditional on what
has been exposed thus far.

Now we note that T contains all vertices in K,(,,)\V¥ that are in the 2-core of Hy (as well as, perhaps,
some other vertices). By (Q2) and since |¥| < an, there are at least ({x(c) — 2a)n + o(n) such vertices
and, by (Q1), |T| < |Ka| = Ax(c)n + o(n). So, conditioning on the event that Hy, Hs are the components
created by removing the edge from u, to its parent, the probability that the parent of u, is in the 2-core
of Ky(u,),00(uy) 18 at least (& (c) — 2a)/Ak(c) + o(1). Since this holds for any possible choice of Hy, Ho, the
probability that the parent of x in H’ is not in the 2-core is, by Lemma 6.4(a), at most

B &r(c) — 2a 1 ¢

=g e < - 3), (10)

k—1 2

if « is sufficiently small in terms of (.

So in both Case 1 and Case 2, we find that the probability that w11 is not in the 2-core of K,

conditional on what has been exposed thus far, is at most ﬁ(l — %)

To be clear: having bounded the probability that u,y1 is in the 2-core of K, (u, ) ,0/(ussr), W€ NOW
expose the vertex u,41 and whether it is in that 2-core. If it is, then we halt our process having failed to

produce the set of paths P, ..., P;. If we continue, we have exposed that u,1 is in that 2-core. We have

(uwt1),0" (Uat1)
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not exposed any of the information used in the analysis of the probability that u,1 is in the 2-core; eg. the
components Hy, Hs.

The final edge: After exposing ug, ..., uj,, we turn our attention to the edge (uj,,u;,+1). We have already
exposed the vertices uj, and u;,41 = w;, and we have exposed that u;, is not in the 2-core of Kg(uji)pf(
We will bound the probability that w; is the parent of u;, in Kg(uji),g/(uji).

We consider Hy, Hy,T as in Case 2 above. Again, the size of T is at least the number of vertices in
Kgl(uji)\\lf that are in the 2-core of Hs. So, by the same reasoning as in Case 2, if w; € T then the
probability (conditional on what has been exposed so far, including Hy, H2) that w; is the parent of u;, is
1/1T] < 1/(&k(c)n—2an+o(n)) and if w; ¢ Y then the probability is zero. Since this is true for every choice
of Hy, Hy, the conditional probability that w; is the parent of u;, is at most:

wj;)

1 2 1
&k(c)n — 2an + o(n) < &r(c) — 2a s

Putting this all together, each Type B 2-path P; contributes to Pr(Fs A E;|E3) a factor of at most

s 1 Cvi, 2 1
E—1)7 x (——(1—-2))) Xx ———— x —. 11
(k= 1) (g (0= 5P % e =30 % o (11)
Type A paths

Next, we consider the Type A 2-paths. We will process them all at once.

At this point, we have chosen the following:

e the values of the parameters from Lemma 6.3;

e the values of a,t, j1, ..., Jt

e the vertices of V2(cAc’) including the endpoints of each basic 2-path;
e the edges of £ (which all lie within V5(cAd’));

e the edges and vertices of the Type B 2-paths;

e cach vertex u in those Type B 2-paths (other than the last endpoint of each path) is not in the 2-core
of Ky(us_1),0'(ue_q), and its parent is the vertex that follows it on the path.

So again, the only edges that have been exposed have both endpoints in V2(cAc’) and the Type B
2-paths; we let U be that set of vertices, and we have

¥ <a+J < 2an.

Now, we will choose the entire 2-core of every K, ;. Recall that the edge-sets of each K, ; are independent
of each other. Our first step is to expose the vertices of each 2-core, and the degree that each vertex has in
the 2-core. As we are upper bounding the probability of F3 A E1, we will assume that E; holds; in particular,
we assume that properties (Q2), (Q3), (Q4) regarding the number of vertices, edges, and degree two vertices
in the 2-core all hold.

We are conditioning on F5, the event that the edges of £ all appear; having chosen the vertices of the
2-core we may find that some of the edges of £ are in the 2-core of K, ;. None of the edges in the Type B
2-paths can be in the 2-core, so the edges of £ are the only 2-core edges that have been exposed. We claim
that every subgraph on the chosen vertices with the chosen degree sequence and containing those edges of
€ is equally likely to be the 2-core of K, ;. To see this, consider two potential such 2-cores H;, Hz, and any
graph G satisfying everything exposed thus far such that H; is the 2-core of K, ; in G. Form G’ by deleting
the edges of H; and adding the edges of Hy. Note that Hs is the 2-core of K,; in G’ and that G, G’ are
equally likely to be chosen as our random graph, as they have the same number of edges. It follows that we
can use the configuration model[16] to choose our 2-core:
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For each vertex v, we take deg(v) copies of v. For each edge e € £ in the 2-core, we take a copy of each of
the two endpoints of e and pair them. Then we take a uniformly random bipartite matching of the remaining
vertex-copies. We do this for the 2-core of every K, ;. Standard arguments show that the probability that
the resulting graph is simple is bounded away from zero. So if a property holds w.h.p. in this model, it holds
w.h.p. upon conditioning on the graph being simple; i.e. for the correct model.

For each Type A 2-path P;, following Lemma 7.14, we select the two colours on that path; i.e. the colours
a, b such that for each u € P; we have (o(u),0'(u)) = (a,b) or (b,a). We have already chosen the endpoints
of each path and have thus specified one or both of the colours a,b. So there are at most & — 1 choices for
the second colour on each path. (To upper bound the probability of success, we will assume that the colours
of the selected endpoints of P; along with the parity of j; do not conflict each other; i.e. the endpoints have
the same colour iff the path has even length.)

For each a,b, we let t,; denote the number of Type A 2-paths for which we selected the colours a, b in
the preceding paragraph, and we let J,; denote the total number of internal vertices on those ¢, ; paths.
We let J¢,, J!, be the number of such vertices u for which we determined that o(u) = a, 0 (u) = b resp.

We now choose the interior vertices for each Type A 2-path P;. For each K, 3, we must select o b Jfl’}b
vertices of colour a,b that have degree two in the 2-core of K, (by Definition 7.12) and are not incident
with an edge of £ (as the edges of £ cannot be in basic 2-paths). Let LG LZJ) be the number of such vertices
to choose from in K, ;. (To overcount, we’ll consider all vertices of degree two in the 2-core of K, even
though some are already known to be ineligible, eg. if they are in a previously exposed edge.) Since (Q4)
holds, we have

oo Loy < m(e)n + o(n).

Since the basic 2-paths are disjoint (by Definition 7.18), the number of choices for the degree 2 vertices is at
most:

avLap— 1) (Lgy—Jop+ I)LZ,b(LZ,b - 1)~-~(LZ,b - ‘]g,b +1).

Now we choose which vertex-copies of the vertices of each path, including the endpoints, will be matched
with each other. The number of choices is at most 27«:v72t.s Finally, we bound the probability that these
copies will be paired up. Because every edge in K, ; contains a vertex of each colour, the total number of
vertex-copies from K, in the 2-core of K, ; which do not lie in edges of £, is the same as the total number
from Ky; let X, be that number.

We proceed along the paths one-vertex-at-a-time, each time exposing whether the selected copy of that
vertex is paired with the selected copy of the next vertex on the path. Every success removes a vertex-copy
of each colour from the 2-core of K, ;. So the probability that all of these J, 1, + t4 , pairings occur is:

1
Xa,b(me - 1)---(Xa,b - (Ja,b + ta,b) + 1) .

This leads to the following bound on the probability that the ¢, ;, Type A 2-paths that use edges from K,
are formed:

2Jert2ana (L3, —Jo, + 1)Lk (LY, =T, +1)
Xapo(Xap — (Jap +tap) +1)

< ( 3 >tab QJa‘bLg*b"'(LZ,b —Japt 1)Lz,b"'([/2,b - ‘]g,b +1)
Xa7b - Ja,b - ta,b Xa7b-~-(Xa,b - Ja,b + 1) ’

(12)

Since (Q3) holds, the 2-core of K, ; has a total of ui(c)n + o(n) vertex-copies in K, and pi(c)n + o(n)
vertex-copies in K. £ contains at most 2an edges, each using one vertex-copy on each side. So

Xap > pe(e)n — 2an + ofn).

QLZ)b QLZ,b <
Xap—1? Xqp—1 —

Therefore, if we choose a to be sufficiently small in terms of ¢, then by Lemma 6.4(b), we have
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271, (c)n+o(n)

T @n—Zanto(m) < 1-— % It follows that for every x > 0 we have:

2(Lg, — ) Z(LZb — ) 1 ¢
, : , “1-2>
Xap—20—1" X, —22—1 2

If LG, = Lg,b then this would yield that the bound of (12) is at most

4 fap
(1 —_ Q)Ja,b'
Xa,b - Ja,b - ta,b 2

However, we must multiply by a corrective factor if Jg , # J?,. Noting that | gy — J37b| < tg,p, and that

Xap—Jap > Xap — 20m > %Xa,b for o sufficiently small, we find that the corrective factor is at most 2%e:v.
Similarly, we have Xqp — Jop — tap > %pk (¢)n, and the bound of (12) is at most:

(ukl(i)nya)b (1- %)J”’.

We multiply this bound over all a,b. Then we multiply by the contribution from (11) for each Type B
2-path. We also multiply by the 2 choices for whether each P; is Type A or Type B, and if it is Type B, the

at most k — 1 choices for its colours - a total of at most &k choices for each path.

Setting R = k x max(gk(c)%za, ﬁ), and recalling that ¢ < a, this yields:

Pr(Es A Ey|E,) < (1 — g)JR“ (;) :

as required. 0O

7.4 Cyclic A-sets

Having shown that w.h.p. there are no small complex A-sets, we now show that there are few small cyclic
A-sets (i.e. flippable unicycles).

Lemma 7.23. The expected value of the total number of vertices on all cyclic A-sets in P, ,—./p is O(1).

Proof: Recall from Lemma 7.21 that the 2-core of a cyclic A-set cAc’ is a cycle uq, ..., u, such that
every u; is not in the 2-core of K (y,),07(u;) and its parent is u;1 (addition mod ). We refer to such a cycle
as a Type B cycle, as it is the cyclic analogue of a Type B path.

We let X, denote the number of Type B cycles of length r.

Set v’ = min(r, /n). We will restrict our analysis to the first r’ vertices on the cycle. First we choose the
colours o (uy), ..., o (u,); there are fewer than k(k — 1) ~1 choices. Next we choose uy; there are fewer than
n choices. Then we proceed around the cycle: after choosing u;, we expose its parent in Ky (y,) o (u,) and
set that vertex to be u;11. The same argument as in the proofs of (9) and (10) shows that the probability
that u; 41 is not in the 2-core of Kg(y, )07 (u;iy,) 18 less than ﬁ(l — %) Finally if » = ¢/ (i.e. if r < \/n)
we bound the probability that w; is the parent of w, in Ky(y,) o/(u,)- The argument used in the proof of
OIS

At this point, we can rule out all cycle lengths r > y/n as follows. The count in the preceding paragraph
shows that the expected number of such Type B cycles is

Lemma 7.22 for the edge (u;,,w;) yields a bound of

n

Bxp( 3 X)) < 3 mh(k— )V (1= SV = ofn ), (13)
r>\/n r=y/n
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So for the remainder, we take r < y/n. The expected total size of all such Type B cycles is:

Exp( Y rX)< nrk(k—l)r_l[ﬁ(l—%)]“l Lol g nr(l—g)r_l()(%) — 0(1). (14)

r<yn r<y/n /\k(c)n r<v/n

Given a Type B cycle uq, ..., u,, we explore the remainder of the cyclic A-set cAc’ using a branching
process. Initially, the vertices {u1,...,u,} are labelled as unexplored. At each step, we choose an unexplored
vertex w. We expose all vertices v not on the Type B cycle such that: (i) v is not in the 2-core of K, () o(w);
(ii) w is the parent of v in K,(y)o(w)- We label each such v as unerplored and we change the label of w
to explored; we say that each such v is a child of w. Lemma 7.10 implies that this process will reach every
member of cAc’. (It may also reach some additional vertices if cA¢’ is not a maximal cyclic A-set.)

At any point, we let ¥, ¥,, denote the set of vertices labelled explored, unexplored, respectively; we let
U =9,UW,. Initially |¥| =r < /n.

For the purposes of this analysis, we expose the 2-core of K, ; for all a,b. By Lemma 6.3, w.h.p. each
K, has size A\g(c)n + o(n) and contains & (c)n + o(n) vertices from the 2-core of K, ;. As we carry out the
branching process, at each step we will have exposed the following:

EXPOSED:
e the 2-core of K, for all a,b;

e the edges already discovered to be in the unicycle, and the fact that each such edge coresponds to a
child/parent in a K, p;

e for each v € ¥, the fact that no vertex outside of ¥ has v as a parent in any K, .

Suppose that w € ¥, is the vertex we are about to explore. We will prove that as long as |¥| = o(n) we
have that, conditioning on EXPOSED:

The expected number of children of w is at most 1 — 2 (15)

where ¢ = {(c) comes from Lemma 6.4.

We know w € K, where a = o(w). Consider any b # a and consider any vertex « € K3\ that is not in
the 2-core of K, ;. For any non-2-core vertex u € K, 3, we use p(u) to denote the parent of u in K, ;. We
will show that in the pendant tree of K, containing z,

Pr(p(z) = w) < 2D

TR (16)

There are k — 1 choices for b. If [¥| = o(n) then there are (Ax(c) — &x(c))n + o(n) choices for  and
K \¥| > Aip(c)n+o(n). Applying Lemma 6.4(a), and taking « sufficiently small in terms of ¢, the expected
number of children of w is at most
¢

+o(l)<1—2.

(k—1) x Ak(c) = &k(c) :

Ak(c)
This establishes (15).
To prove (16), consider any vertex y € K,\W. Recall that we have already exposed the vertices of the

2-core of K, . If y is in the 2-core of K, 3, then the same argument as in Case 2 of the proof of Lemma 7.22
proves that, conditional on the information of EXPOSED,

Pr(p(z) = w) < Pr(p(z) = y) (17)

The key observation for this argument is: Consider any graph where p(z) = w; replacing the edge xw with
zy yields an equally probable graph with p(z) = y (note that the reverse statement does not hold). It is
important to note that replacing this edge cannot alter the information in EXPOSED.
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Suppose y is not in the 2-core of K, ;. Let E* be the event that y is a descendant of = in a pendant tree
of Ka,b-

Claim 1: Pr[(p(z) = w) A E*] = O(n™2).

Proof: We can expose the unique path from y to the 2-core of K, ; as follows: Set z :=y. While z is not
in the 2-core, set z := p(z). Consider any z’ in the 2-core and not in ¥. The same argument from Case 2
of Lemma 7.22 that is used to prove (17) also implies Pr(p(z) = ) < Pr(p(z) = 2’). So at each step, since
there are ©(n) choices for 2/, the probability of reaching x is O(1/n) and the probability of reaching the
2-core is O(1). It follows that the probability that we reach x before the 2-core, i.e. that z is on the path
from y to the 2-core, is O(1/n).

If we do reach z before the 2-core, then we next expose p(x). Again using the same argument as in (17),
we obtain that every 2-core vertex is at least as likely as y to be the parent of z and so the probability that
p(z) =y is O(1/n). This proves the claim. O

Claim 2: Pr(p(z) = w|E*) < Pr(p(z) = y|E*).

Proof: This is equivalent to showing that Pr[(p(zr) = w) A E*] < Pr[(p(z) = y) A E*]. Consider any
graph H for which (i) K, = H; (ii) setting K, = H does not contradict anything in EXPOSED; and (iii)
the event (p(z) = w) A E* holds. Let H' be the graph obtained by replacing the edge (z,w) with (x,y).
Since E* holds for H, we have that H' is connected and y is the parent of x in H’. Furthermore, H and H’
have the same 2-core and the same number of edges. Finally, note that replacing this edge does not alter
anything in EXPOSED since y ¢ ¥ and w ¢ ¥.. So H,H' are both equally likely to be K, ; as argued
repeatedly previously, eg. in the proof of Lemma 6.1. Since each such H’ can arise from at most one such
H, the Claim follows. O

Therefore, Pr(p(z) = w) < Pr(p(z) = y) + Pr[(p(z) = w) A E*] = Pr(p(z) = y) + O(n™2). Summing
over all y € K,\V yields

|K\¥| x Pr(p(z) =w) < Y Pr(p(z) =y) + O(n?) < 1+[Ky| x O(n"?) = 1+ o(1).
yEK\¥

This yields (16) and thus completes the proof of (15).

Having proved (15), we now return to our branching process. Recall that when we explore w € ¥,,, we
expose every child of w in each K, \W. We then place each of those children in ¥, and move w to W,.
Note that EXPOSED still lists all the information that we have exposed, and so we can apply (15) at each
step, so long as |¥| = o(n).

Thus, at each step the expected change in |¥,,| is at most —(/2. Recall that initially |¥,| = r < y/n, the
size of the Type B cycle. It follows easily that the expected number of steps until |¥,| = 0 is O(r). Note
that the size of the cyclic A-set is r plus this number of steps and thus has expectation O(r). By (14) the
total size of the Type B cycles of length at most v/n is O(1) and so the expected total size of cyclic A-sets
arising from such Type B cycles is O(1). By (14) the total size of cyclic A-sets arising from Type B cycles
of length greater than \/n is less than n x o(n=2) = o(1), since each such A-set has size at most n. This
proves the lemma. O

8 The Kempe-core threshold

We adapt the argument from [54], where we analyzed a very similar core, but in a simpler setting. In fact,
the main motivation for [54] was to develop a technique that we could use here to analyze the Kempe-core.
The reader might prefer to read [54] before reading this section.

We let G, n,,p denote the random bipartite graph whose parts have size n1,n2 and where each of the
nino possible edges is present independently with probability p. We will need the following bound on the
size of the components of G,y p=c/n-
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Lemma 8.1. Consider any constants ay,as,c > 0 and any functions n1 = n1(n) = ain+o(n),ny = na(n) =
agn+o(n). There is a function Q = Q(a1, az, c) such that in Gy, n, p—c/n, With probability at least 1—o(n=2):

(a) If ajazc® > 1 then there is a unique positive solution (aq, ) to

a; = ag(l—e %

as = a(l—e ).
Furthermore,

(i) the two parts of the largest component have sizes ayn + o(n), asn + o(n);

(ii) every other component has size at most Q) logn.
(b) If ayasc? < 1 then every component has size at most Qlogn.
(c) If ayasc® = 1 then only o(n) vertices lie in components of size greater than logn.

Remark 8.2. [t is easily checked in the proof that we can take Q(ai,as,c) to be a function that decreases
as any of ay,as, ¢ increase whenever ajasc® > 1.

Parts (a,b) are essentially proven by Johansson in Chapter 2 of [42], but his statement is not quite as
precise as we need here; he had an O(log2 n) bound on the sizes of the small components in part (a ii), and
he shows that this holds w.h.p. rather than with probability 1 — o(n~2). But the same approach with minor
changes yields our stronger statement - we outline this proof.

We make use of this common version of the Chernoff Bound (see eg. [58]). BIN(n,p) is the binomial
random variable. For any 0 < ¢t < np we have

2
Pr[|BIN(n,p) — np| > t] < 2e~¢ /3P, (18)

Proof We modify the approach from section 5.2 of [41] where they prove the corresponding result
for G(n,p). Given a vertex v, we expose the component C, containing v by a search, eg. a breadth-first
search; this standard approach is commonly referred to as a branching process. The main point on which
we (and [42]) differ from [41] is that when processing a vertex u € C,,, where [41] exposes the undiscovered
neighbours of u, we expose the undiscovered vertices of distance 1 and 2 from w. On step i, we let Y; denote
the number of neighbours and X; denote the number of neighbours of those Y; neighbours; each time we
only count vertices which were not encountered previously during this search. Thus, in each step, the vertex
u that we process is always on the same side of the bipartition as v. If the process dies out, i.e. if we discover
all of ', then we pick a uniform new vertex on the same side as v and continue, until no vertices remain on
that side. Thus X;,Y; may be defined for ¢ much larger than |C,]|.

We use Cf(v), Ce(v) to denote the vertices in C, that are on the same side, opposite side resp. of the
bipartition as v.

We begin with part (b). Suppose WLOG that v is on the side of the bipartition containing ny vertices.
Note that Y; is distributed as BIN(n},p) where nj is the number of vertices on the opposite side of v that
have not yet been discovered. So if we choose Yf with distribution BIN(ns,p) then Yﬁ' dominates Y;
from above; i.e. we can couple the two so that Y; < YZ-Jr always. Having chosen YZ-+, we choose Xi+ with
distribution BIN (n1Y;", p); thus X;~ dominates X; from above.

7

Note, as in [41, 42] that if |Cy(v)| > ¢ then we must have Zle X; > £ —1. Choose some constant
€ = €(az,az, ¢) > 0 such that (1+¢)?ajazc? < 1. Regrouping the binomial trials in a convenient manner and
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applying the Chernoff Bound, we see:

¢
Pr[|Ci(v)| >¢ < Pr ZX:r >(— 1]
i=1
< Pr[BIN({na,p) > (1+ €)lasc] + Pr[BIN(((1 + €)lazc) x ny,p) > £ —1]
‘
(the first term bounds Z Y, ")
i=1

< Pr[BIN(ny,p) > (1+ €)laxc] + Pr [BIN(((1 + €)lazc) x ny,p) > (1 + €)*laazc® — 1]
< e for a constant ¢ = q(€, a1, as, c) = q(aq, az,c)
< n? for ¢ > %Qlogn where Q = Q(a1,a2,¢) > 10/q.

Multiplying by n; proves that w.h.p. none of the n; vertices has Cy(v) > %Qlog n. The same calculation
shows that w.h.p. none of the ny vertices has Cy(v) > %Qlog n. So w.h.p. no component has more than
%Q logn vertices on either side; this proves (b).

For part (a), consider any ¢_ < ¢;. We will first prove that every component has size at most ¢_ or at
least £1. As noted in [41, 42], if Ele X; >0 —1+ 3(ajazc® — 1)¢ for all /_ < ¢ < £, then the branching
process does not die out between steps £_, ..., £4 and so either |Cy(v)| < £_ or |Ci(v)| > ¢4. We will choose
0_,0, = o(n). We will halt our process if the number of discovered vertices ever reaches £, ; this will indicate
that either |C,| > ¢ or we are no longer exploring C,. We bound Y; from below by Y;~ with distribution
BIN(ng — £4,p) and we bound X; from below by X, with distribution BIN((n; — ¢4)Y;,p). Thus, the
probability that {_ < |C;(v)| < ¢4 is at most:

ot ¢
_ 1
eg Pr ;Xi §€—1+§(a1a202—1)€ .

The same arguments as above, this time choosing € such that (1 —e€)2ajazc? > 1+ 1 (aazc® — 1), shows that
this holds with probabilty £,e=®-) = o(n=°) when ¢/_ = Qlogn for sufficiently large Q = Q(a1,az,c). To
be specific, we choose £4. = n?/3. Multiplying by the n; + ny choices for v proves that w.h.p. there are no
components of size between /_ and £.

The proof of Lemma 8 of [42] shows that w.h.p. there are no two components of size at least £, and the
failure probability is easily computed to be much less than n~3. So there is at most one large component.

Theorem 9 of [42] shows that w.h.p. the size of that largest component is as stated in part (a i). He sets
Y to be the number of vertices on components of size less than /_ and applies the second moment method
to show that the variable Y is concentrated. We can instead apply Talagrand’s Inequality to obtain a failure
probability of much less than o(n~2). Specifically, we work with Z = n — Y and note that (i) the choice
of whether to include a particular edge can affect Z by at most 2k_ (the extreme case is when that edge
joins two small components) and (ii) for any s > 0, if Z > s then there is a set of at most max(s,¢_) edges
which certify that Z > s, namely the edges in large pieces of large components containing a total of at least
s vertices. These are enough to apply the version labelled “Talagrand’s Inequality I” in Chapter 10 of [58].
This establishes that part (a) holds with probability 1 — o(n=2). Finally, we note that the calculation of
Exp(Y) and argument described here works if we define Y to be the number of vertices on components of
size less than ¢ for any ¢ < ¢4 so long as ¢/ grows with n; in fact, [42] uses a different value of ¢_ than
we do here. Repeating the argument with ¢ = logn shows that with probability 1 — o(n=2) we have o(n)
vertices on components of sizes between logn and £. This will be useful in the final part of this proof.

We prove part (c) by the continuity of a1, ae, and the easily verified fact that they tend to 0 as ajasc? — 1
from above. Suppose ajasc? = 1, and choose any ¢ > 0. It is straightforward to verify that we can choose
some & > 0 so that upon increasing a; to a; + 0, a1 + ag < %(. Applying part (a) and the final sentences
from the previous paragraph show that with probability 1 —o(n~2) the number of vertices in components of
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size greater than logn of this bigger graph is less than (n and hence the same is true of G, y, . Since this
is true for every ¢ > 0, this establishes part (c). O

8.1 The stripping process

We will consider a parallel version of Kempe-Strip from Section 5. At each iteration, we remove all Kempe-
chains of size at most log® n.

Recall that we analyze the planted model P, ,, (Definition 4.4). The vertex set is partitioned uniformly
at random into k parts Ay, ..., A, and between each pair 1 < a < b < k we have a copy of G|4,},|4,|,p- Note
that the Kempe-chains are the components of the bipartite subgraphs between the pairs of colour classes.
So, by Lemma 8.1, the first iteration removes all but the giant component from each of these (g) random
bipartite graphs. In fact, we will see that the same is true of each subsequent iteration:

Observation 8.3. This procedure is equivalent to repeatedly removing all small components (i.e. components
of size less than log? n) from the bipartite random graph induced by each pair of parts A, Ap.

Remark: One should think of this as being equivalent to leaving only the giant component of each
bipartite random graph. For some rare initial densities ¢, we will reach a point where the density of a
remaining bipartite graph is within the giant component threshold, and so it will have many components of
size greater than log® n; in that case, all such components remain.

Note: In this and other procedures, we often use the superscript 7 to denote the value of a parameter at
the beginning of iteration i, rather than the ith power of that parameter. For example:

At the beginning of iteration 4, V! will be the vertices remaining from part A,, for each 1 < a < k.

STRIP
Initialize Vi! = Ay, ..., V! = Ay
For:>1
for all a # b, K, , is the vertex-set of the union of all components of size at least log®n
in the bipartite subgraph induced by (V, V?)
(so if no component is larger than log n then K;b =0).
for every 1 < a < k,
set Vit = My (K7, N V).
if Vi+1 =V for all 1 <a <k then HALT and return Vi U... U V/..
if Vit = ... = V/*! = () then HALT and return §.

Note that when carrying out an iteration of STRIP, we can expose the vertex set of Ké,b without actually
exposing the edges within K, ;. Thus, at iteration i+1, any pair of subsets of V,;**, V! with the appropriate
size are equally likely to form the vertex sets of K'h!. Note also that for any (a,b) # (a’,b’), the edges

of the bipartite graph induced by (A,, 4p) are indepéndent of the edges of the bipartite graph induced by
(Aa/, Ab/). This yields:

Observation 8.4. Given V!, V{! and z, = |K2’b NVil iz, = ‘sz,b N V{|, the vertices of Ké’b NV and
K}, NV can be treated as uniformly random subsets of V!, Vi of sizes xq,xy, respectively. Furthermore, if
(a,b) # (a’, V') then the random subsets selected for K, are independent of the subsets chosen for Ky .

Proof This is very similar to the proof of Lemma 6.1. Run STRIP on any (G, o) and let H be the
graph induced by (V, V}!). Consider any permutation ¢ on V(H) and replace every edge (u,v) € (V, V})
with (¢(u), ¢(v)); let H' be the resulting graph on V(H), and G’ be the resulting graph on V(G). If we
apply STRIP to (G’, o) then (i) the vertex sets V!, V;’ will be unchanged (ii) they will induce the subgraph
H', and (iii) K}, ,, will remain unchanged for every (a’,b’) # (a,b). Furthermore, G, G’ arise with the same
probability in P, ,—./y, since they have the same number of edges. This implies that every H’ obtained in
this way is just as likely as H, even when conditioning on the subgraphs induced by every other (V! Vbi/).

a’
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Noting that a uniformly random ¢ chooses two uniformly random subsets of V!, V;/ of sizes x,, xp, this implies
the lemma. 0

We will focus mainly on Vi, V4; by symmetry, the other sets V! evolve in a similar manner. It will be
useful to focus, in particular, on K f’Q; i.e. the giant component of the bipartite subgraph induced by the
vertices of Vi, V4. Tt will be convenient to consider sets U®, W* where we will have V{ C U? C A; and
Vi C Wt C Ay. Initially, U? = Ay, W = Aj; throughout the procedure, vertices are removed from U? and
W at the same rate that vertices which lie in small components of any bipartite subgraphs exzcept for the
one on (A, A) are removed from V{ and V4. The sets U?, W* will be very close to uniformly chosen from
Ay, As.

To form U, we select some (but not all) of the vertices to be removed from V' as follows:

(1) Expose the number that should be removed because they are in small components of the subgraphs
induced by (V{,V}}),3 <b <k.

(2) Select that many vertices uniformly at random from V; and delete them; Observation 8.4 permits a
coupling by which this is legal (see below). To carry out (2), we actually remove vertices uniformly from U*
until the appropriate number of vertices have been removed from Vi, and this leaves U**!.

Thus, the sequence of sets U’ decreases at the same rate that (1) contributes to the rate at which the
sequence V; decreases. Of course, V; actually decreases more quickly since we also remove from it vertices
that are in small components of the subgraph induced by (V1, V2).

We form Wil in the analogous manner, removing vertices from V3.

More formally, U?, W are defined by the following modified procedure, which captures STRIP from the
viewpoint of the bipartite subgraph on (Aj, As).

Throughout this procedure, K;’b is defined as in STRIP; i.e. it is the vertex set of the union of all
components in (V¢ V}f) of size at least log?n. Typically, Kf;,b will be either the empty set or the giant
component.

STRIP1
Initialize V! = Ay, ..., Vk1 = A;.
Initialize U! = Ay, W' = A,.
Fori>1
Expose the vertex-set of K7 ,.
For every 3 < b < k,
Expose (§ = |[Vi\K ib" the number of vertices removed from V!
because they are not in Kj ;.
Pick a sequence of vertices chosen uniformly from U? without replacement
until £} of them are chosen from V.
This sequence is Lj.
Do not remove these vertices from U’ yet; they are still eligible
to be chosen for another value of b.
Set Ki, NV} = Vi\Lj. '
Expose ¢, = [V3\K} |, the number of vertices removed from V3
because they are not in K;,b'
Pick a sequence of vertices chosen uniformly from W without replacement
until ¢} of them are chosen from V.
This sequence is Q}.
Do not remove these vertices from W? yet; they are still eligible
to be chosen for another value of b.
Set K3, NV3 = V3\Q.
Set Uit = Ul\ Us<b<k LZ
Set Vi+! = (K} o N Vi)\ Us<ozr L,
Set I/Vi—H = WZ\ U3§b§k Qz
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Set V™t = (K{ o N VE)\ Us<her Q)
For every 3 <a < b <k,
expose the vertex set of Kfl’b.
Update V5, ..., Vit! as in STRIP
if i+ =V for all 1 < a <k then HALT and return V{, ..., V}\.
if Vit = ... = V/*! = () then HALT and return 0, ..., .

It is important to note that, in each iteration, we only expose the vertex sets of each K 2,{;7 not the edges.
Note further that, for each 4,b, the £} vertices of L} that are in V} are uniform members of V;'. Therefore,
K}, NV{ is a uniformly random subset of V}’ of size £;. Similarly, K3, N V4 is a uniformly random subset
of Vi of size gi. So by Observation 8.4 and the fact that the graphs K, ; are chosen independently, we can
couple STRIP1 with STRIP so that they produce the same sets V7, ..., Vki. More precisely:

Run STRIP (as the master) and STRIP1 at the same time, both on the same (G, o) drawn from P, .
When exposing the vertex set of some Kfl’b, STRIP1 makes the same choice as STRIP. When choosing Lf,
for STRIP1, we choose each vertex from U® in the following manner: We first determine whether it is in V;/
(choosing it to be in V; with probability equal to the number of remaining unchosen vertices in V; divided
by the number of remaining unchosen vertices in U*). If it is not in V}' then we choose a uniform vertex from
the unchosen vertices in U*\V}. If it is in V{’, then we take the next vertex in a uniform permutation of what
STRIP chose to be Vi NK ib' By Observation 8.4, this choice has the same distribution as a uniform member
of Vi and hence this is a valid choice for STRIP1. Choose the vertices of Q¢ in the analogous manner. Note
that, under this coupling, STRIP and STRIP1 produce the same sets K 2,1; for every a, b, i and hence produce
the same sets V!, for every a, i.

Observation 8.5. For each i, the set of components of size greater than log”n in (U, W) is identical to
the set of components of size greater than log®n in (Vi V).

Proof This follows by noting that for each iteration ¢, and every b > 3, all vertices in the small
components of (Vy,V}}) are removed from U’. So all vertices in U*\V{ must have been removed from V!
because they were in small components of (V{,Vy) and hence are in small components of the subgraph
induced by (U?, W%). More carefully: ,

Consider any v € U'\V{. Let j < i be the first index such that v ¢ V/; so v € VI=1\VJ. We know that
v cannot be in any L{;_l as otherwise v would be in U/~'\U’ which would contradict v € U®. Therefore,
v E Vlj_l\K{El; i.e. v is in a component of size at most log®n in (Vlj_l7 VQj_l). So v has no neighbours in
K{El, and hence has no neighbours in Vi C K 51 This establishes that there are no edges from U*\V{ to
V4. The same argument holds for every value of i, and in particular there are no edges from U’ _1\V1j o
V2j71. Similarly, there are no edges from W7 —1\‘/2%1 to Vlj - Therefore, the component of size at most
logZn in (V7' V™) containing v is also a component of (U7~ Wi=1). Since (U, W) C (U7~ Wi~1),
the component containing v in (U?, W?) has size at most log®n. So every vertex in U\V; and Wi\V{ lies
in a component of (U?, W?) of size at most log> n. And since there are no edges from U\V{ to V4 or from
Wi\V4 to Vi, every component of (V{, V) is also a component of (U?, W*). This proves the observation. [J

This implies that K {,2 is the set of components of size at least log® n in (U*, W?). This is very convenient,
as (U?, W?) is much easier to analyze than (V}, V3). The reason is that U?, W* are uniform sets of |U?|, |W?|
vertices from Aj, Ap. At first glance, one might hope that this would mean (U?, W*) is distributed like
Gy no p=c/n Where ny = |[U’|,ny = |[W?|. Unfortunately, this is not the case. One issue is that |U*[,|W?|
are determined in part by the number of vertices in small components of (V{,VJ),j < i and so there is
dependency between the component sizes of (U?, V) and the values of |U?|, |[IW?|. Nevertheless, concentration
of [U’],|W"| will allow us to use Lemma 8.1 to bound |K7 ,|.

We define recursively:
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=

pPL="r=
For i > 1, B; is the largest solution to:
Bi = pi(1— e Pic). (19)
For ¢ > 2:
3, k—1
Vit1 = U; (z> , for i > 2; (20)
Vi
3, k—2
Piv1 = P (l> , for ¢ > 2. (21)
Vi
Recall from Section 4 that L
C = min L

y>0 (1 — e—v)k—1"
If ¢ > ¢, then let 8 = B(c) be the greatest solution to ﬁ = %(1 — e Pe)k=1 (setting y = Bc shows that a

positive solution exists iff ¢ > cx). Set p = p(c) = ¢ (1 — )k Recalling the definition of A\g(c¢) from

Section 4, note that:
B(e) = Aw(c). (22)

Lemma 8.6. (a) If ¢ < ¢y then there exists I such that 81 =v; = p;y =0.
(b) If ¢ > cg then lim; o0 B = lim; oo v = B, lim;_00 pi = p > %

j=1v J=1 v;
Therefore (kv;)F=2 = (kp;)*~';vF2 = kpF~!. Substituting that into (21) yields:

B> BN TP preyk-2
i = i 2 = — 1 - ic . 23
Pi+1 = P p k i A ( e ) (23)

A k—2
Proof Applying an easy induction to (20) and (21) yields v; = % ( Z ! Bf) and p; = % (Hlﬁl &) .

L\ k=2
Let 3,1/, p' be a set of fixed points of the recursive equations. (23) implies p' = + (1 —e# C) and
(20) implies v’ = #’, so (19) implies

B =p(1—e ) = c(1— T2 - ) = % (1 - e*B’C)k " (24)
As described above, (24) has a positive solution iff ¢ > ¢;. So for ¢ < ¢, there is no positive fixed point
B’ and it follows that ;, p;, v; tend to zero. Therefore, there is some ¢ such that p; < % Since ¢ < ¢ =
miny o ky/(1 — e ¥)*! < miny~oy/[pi(1 — e ¥)¥71], there is no positive y satisfying £ = p;(1 — e ¥)*~1.
Setting y = ¢f;, there is no 8; > 0 satisfying (19) and so 8; = 0. Part (a) follows with [ = ¢ + 1.

For ¢ > ¢, it is easy to check that p; = % > p. To see that p; > p for all i, let b(z) be the largest solution
to b= x(1—e ) and set f(z) = 1(1—e*®)" =2 So B; = b(p;) and (23) yields that p;+1 = f(p;). Clearly
b(x) increases with = and thus f(x) increases with x. This implies that p; is decreasing, and if p; > p then
piv1 = f(pi) > f(p) = p; so lim;_, p; exists and is at least p. Since [ is the largest solution to (24), it
follows that for every fixed point (8,1, p'), we must have 8 < 8,v' < v, p’ < p. Therefore lim;_, p; = p.
This implies the other two limits.

Setting y = ¢ yields p = /(1 — e™F¢) = %y/(l —e7¥) > Lsince e > 1 —yforaly>0. O

Lemma 8.7. For any constant I, w.h.p. we have for each 1 <i<I,1<a<b<k:

(a) ‘K(iz,b N Vai|a |K:i,b N VEH = Bin+o(n);
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(b) [U°[,[W'| = pin + o(n);
(¢) |Vl = vin+ o(n);

(d) every vertex in VI\VI*! lies in a component of size less than log®n in the graph induced by (Vi V}})
for at least one b # a.

Furthermore:

(e) If ¢ < c, then there exists a constant I = I(c) such that w.h.p. VI =0 for all 1 < a < k; i.e. no
vertices remain after I iterations of STRIP.

Remark: In our proof, we analyze STRIP1. By our coupling, the same bounds hold for the sets produced
by STRIP.

Proof We will bound the probability that (a) holds for a = 1,b = 2, (c) holds for a € {1,2}, and that
(d) holds for a = 1. By symmetry the same bounds hold for every a,b. We proceed by induction.

We define the events A(i), B(i), C(i), D(7) to correspond to parts (a,b,c,d) of the lemma. Specifically, for
some h;(n), hi(n) = o(n) that will be implicit below, our events are:

A |Kf2 nV¢l, ‘Ki2 NV3| € Bin + hj(n);

i): U], IW?| € pin £ hi(n);

every vertex in Vf\VfJrl lies in a component of size less than log®n in the graph induced by

):
B(i):
C(i): Vi1, V3| € vin & hi(n);
D(2):
(Vl,Vb) for at least one 2 < b < k.

We will prove that Pr(A(i) A B(i) A C(i) A D(i)) = o(1).

Base Case: It is easy to establish that B(1),C(1) both hold w.h.p. Indeed, U! = V}! = A;, Wl =V} =
As, pr =11 = % and Aq, ..., Ay is a uniformly random partition of {1, ...,n}. The Chernoff Bound (18) yields
that Pr(||Ay| — n/k| > hi(n)) < e~ (/1) So we can take any hy(n) >> logn.

Inductive step: By Observation 8.5, we can analyze K {72 by analyzing the giant component of the subgraph
induced by (U?, W?).

Choose uniformly random permutations A; of A; and As of As. Let U(z), W(y) be the sets consisting
of the last = vertices in A; and the last y vertices in Az. U(x), W(y) are uniform subsets of sizes x,y chosen
independently of the edges in the graph, and so the subgraph induced by (U(x), W (y)) is distributed exactly
like Gy p—c/n- Since the failure probability in Lemma 8.1 is o(n~ %) that lemma implies that w.h.p. for
every pin — hi(n) < x,y < pin + hi(n):

e if p; > 1 then (U(z), W(y)) has one component with 3;n + o(n) vertices in each part, and every other

component has size less than Q logn < log® n for any Q > Q(8;, f;, c); we let h}(n) = o(n) be an upper
bound on the o(n) term over all z,y, which is determined by h;(n).

e if p; < 1 then every component of (U(z),W(y)) has size less than Qlogn < log®n for any Q >
Q(/Biaﬁiac)

o if p; < 1 then only o(n) vertices lie on components of (U(z), W (y)) of size greater than logn .

Now, we use the permutations A;, Ay to run STRIP1 as follows. Each time we select a uniform vertex
v € U to be placed in L{ we first choose whether v has already been selected for some Lf, with b’ < b. (Of
course we make this choice with the appropriate probability; i.e. the number of vertices in Uy <, L{, not yet
selected for L{ divided by the number of vertices in U’ not yet selected for L}.) If the choice is YES then we
expose v; if it is NO then we choose v to be the next vertex in A;. We choose the sets @ in the same manner,
this time taking the next vertex in Ay. Thus, (U%, W?) is simply (U(z),U(y)) where x = |U?|,y = [W?|. So
the bounds above say that if B(i) holds then A(¢), D(i) hold:
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Specifically, if p; > 1 then K} , is the giant component of (U?,W*) and contains f;n + o(n) vertices on
each side. If p; < 2 then Ki,=0and 8; =0. If p; = 1 then all but o(n) vertices are in components of size
less than log n, implying A(4), D(i).

Next, we turn our attention to B(i + 1),C(i + 1). We define A1 (%) to be the event that for all 2 < b < k,
both parts of each K{ , have size in §;n 4 hj(n). By symmetry and since k = O(1), A* (i) holds w.h.p.

If A*(i) holds then for each 3 < b < k, £i € |Vi| — Bin £ hi(n). It follows that for any u € U?,
Pr(u ¢ L}) = 22 4 o(1) where the o(1) term depends on h}(n). Therefore:

= v
N k-2 N k-2
Pr(u ¢ UpssLi) = (I%) +o(1) = (f) +o(1).

It follows that if AT (i) and C(i) hold then

\ k=2
Exp(|[U™|) € (pin £ hi(n)) x ((%) —|—0(1)> = pit1n + o(n),
' _ _ N B\ <2
Exp(|Vi]) = K, N Vil x (() +o(1>> v (() +o<1>> — Vipn + ofn),

The o(n) terms depend on h;(n), h}(n). Because these sets are determined by the choices of O(n) vertices
from U;, W;, a straightforward concentration argument, such as one using Azuma’s Inequality (see eg. [58]),
shows that

Pr(|[U* = pizan| > hiv1(n)), Pr([[V = vigin| > higa(n)) = o(1),

for hi1(n) = o(n) defined in terms of h;(n), hj(n). The same argument applies to Wii1, Vs, Ki , NV, thus
yielding:
Pr(B(i+ 1) AN A(G) A B(E) AC(i), Pr(C(i + 1) A A(i) A B(3) A C(i)) = o(1).

By induction, Pr(A(i) A B(i) A C(i)) = 1 — o(1). Therefore,
Pr(B(i+1)),Pr(C(i +1)) =1—0(1),

as required. Note that since I = O(1), there are O(1) events and so their union holds w.h.p.

Finally, we prove part (e). If ¢ < ¢ then Lemma 8.6(a) implies that there is an ¢ with p; = 0, and
so [U*|,|W'| < hi(n) = o(n) < 5n. This implies that (U, W?) is contained in (U(5n), W(5n)) and
Lemma 8.1 says that w.h.p. every component of (U(in),W(in)) has size less than Qlogn < log®n for
Q=Q(p) < Q(i, i, ¢). Therefore every such component will be removed in the next iteration and so part
(e) holds with I =4+ 1. (In fact, one can show that it holds with I = ¢ unless we had p;—; = 1.) O

Lemmas 8.6 and 8.7 imply that by running STRIP for a sufficiently large constant number of iterations,
we can ensure that each V! has size within an arbitrarily small multiplicative constant of 3n. We close this

section by bounding the rate of change in |V!| after it gets close enough to that limit.

Lemma 8.8. For any r,c > 0 with cr > 1, let b be the largest solution to
b=r(1—et).

If ¢ > ¢ then there exists ¢ = ((c) > 0 such that at r = p(c) we have:

o _ (k—1)5(c)

o S 2p0
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Proof Define f(y) = ky/(1 — e ¥)*~! and recall that ¢;, is the minimum of f(y) and that for
¢ > ¢k, y(c) is the largest solution to f(y) = c¢. Recall also the definitions: 5 = f(c) is the greatest

solution to 8 = (1 —e Pk p = p(c) = + (1 - e’ﬁc)k_Q. Note that f(Bc) = c and so y(c) = Be. It
is straightforward to check that f is increasing for y > y(cx) and so for ¢ > ¢ we have y(¢) > y(ck) and
f'(y(e)) > 0. Differentiating f and simplifying f’(y) > 0 yields that for y = y(c) = B¢ we have:
1—e™¥>(k—1)ye . (25)
Noting that 1 — e=#¢ = 3/p, this yields 3/p > (k — 1)Bce™?¢ and so:
L > —Be (26)
g > pee
Rearranging b = r(1 — e~¢), we obtain r = b/(1 — e~*¢) and so

% _ % _ (1 _ efbc)Z
or b (1—ebe) —beebe’

When 7 = p we have b = 3. Substituting (1 — e=#¢) = 3/p and applying (26) yields that at r = p:

o _ B _ Blp _ Blp _ (k=18
or = (Bf) —Bee P~ T—peeP 115~ (k=2)p’
Since 92 at r = p(c) is a function of ¢, this yields the lemma. O

Corollary 8.9. For any ¢ > ¢y, there exists ¢ = ((c),& = &(¢) > 0 such that for all p(c)—& < ri,7m3 < p(c)+&:

(a) there is a unique positive solution (by,bs) to

b1 = 7"1(1 — e_bQC)
b2 = 7’2(1 — e_blc)
(b)
d(by + ba) < (k—1)B(c) ¢
o S k=2pl0) ©
Proof Part (a) follows easily from a continuity argument (and see Lemma 8.1(a)). For part (b):

Recall the equation relating b, r in Lemma 8.8 and note that, at 1 = ro = r, changing r by § is equivalent
to changing both r1 and ro by 0. It follows that at r1 = 12 = p(c), we have

o, on _ b

ory  Ory O

By symmetry, gTb; = g—f_f at r1 = ro. Applying Lemma 8.8, at 71 = ro = p(c) we have:
by  dby O (k—1)B

b e L P e VS
ory  Ory  Or < (k—=2)p ¢

Part (b) now follows from part(a) and the continuity of 8(17817:?2). O

This leads to the following lemma, which measures the change in K(i,b as we delete more vertices from
ViV
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Lemma 8.10. For any ¢ > ¢ there exists ¢ = ((c),& =&(e) > 0,11 =I1(c),Q = Q((,¢) > 0 such that for
any I > I, w.h.p. the subgraph remaining after I iterations is such that for every 1 <a < b < k:

Choose a sequence of &n uniformly random vertices from VI and a sequence of én uniformly random
vertices from VbI. W.h.p. for every t, < &n and ty < &n, in the subgraph remaining after removing the first
to vertices of the first sequence and the first t,, vertices of the second sequence from (V.I,Vil):

(a) the largest component has size at least [V UV | = (to + t)(1 + 5 — () + o(n); and
(b) the second largest component has size less than Qlogn.

Proof We let p = p(c), 8 = B(c). We will take ¢, £ from Corollary 8.9, but rescale them. Specifically,
let ¢/, ¢ be the values from Corollary 8.9 and set ¢ = 1(’, ¢ = gf’.

We will focus on a = 1,b = 2. The result extends to every pair a,b by symmetry and since k = O(1).
Fix any t1,t2. Removing the first ¢1, ¢y vertices from the sequences is equivalent to removing ¢1,to uniform
vertices from VI, Vil.

The key to our analysis is to modify the random vertex-removal. Rather than removing t1, s vertices from

I I
Vlj7 VQI7 we will remove s = tl%, So = to |‘V‘I//I Il
it suffices to analyze the modiﬁedlexperiment “Let T1,T5 denote the number of vertices that are removed from
V1, V5 resp. in the modified experiment; note that the original experiment is simply the modfied experiment
conditional on the event that Ty = t; ATy = t5. Let E* be the event that the largest component in the
subgraph induced by the remaining vertices in (V;/, V}/) has size at least |V UV)/| = (ta + 1) (14 715 —¢) and
that all others have size less than @ logn. Noting that Exp(T;) = ¢; and examining the binomial distribution,
it follows easily that Pr(T7 > ¢4 AT» > ta) > € for some constant € > 0. Therefore, if Pr(E*) =1 — o(1)
then Pr(E*|T) > t; ATy > t3) =1 —0(1). The probability of E* conditioned on the values of T}, Ty clearly
decreases as Ty, T, increase, and so Pr(E*|T) = t; ATy =t9) > Pr(E*|Ty > t1 ATs > tg). Therefore, if E*
occurs w.h.p. in the modified experiment then it occurs w.h.p. in the original experiment.

By Lemma 8.7, w.h.p. |[UL|,|WI!| = pn + o(n),|V{|,|Vi| = vin + o(n). So we are removing s; =
ti(Zt+o(1)) < £&'n (since ¢1 < &n) uniform vertices from UT and s, = t2(2E+o(1)) < £&'n uniform vertices
from W1,

Recall that U?, W are each formed by the removal of a sequence of uniformly chosen vertices from Vi, Va
resp. In the proof of Lemma 8.7 we defined U (z), W (y) to be uniform subsets of Vi, V5 of sizes z, y, resp. and
so (UL, W) = (U(z), W (y)) for some z,y = pyn+o(n). Furthermore, deleting s, s vertices from (U!, W)
will leave (U(2’), W(y')) for some &’ = pyn — s1 +o(n),y’ = pin — s2 + o(n).

We choose I sufficiently large that for all I > I we have p; — p < £¢’ and o < 51+ '/10) (by
Lemma 8.6).

Applying ¢ = 4%5’, this implies that the intervals [|[Uf| — sy, |UZ|], [[W!| — sq,|W?|] lie entirely within
[(p—¢&)n, (p+ & )n]. Therefore, Corollary 8.9 implies that the expression from Lemma 8.1 for the size of the
giant component in (U(z'), W(y')) is at least

(k—=1)B / PI (k-1)p /
20m (o0 (g, ~¢) > 2m = v (5o (g, —¢)
!
> 208 — (tl +t2) (E:_;;(lﬂ- %0) —CI) n

!
sinceg<g<1+fo) and%>1

> 2B — (1 + t2) <1+1—C>, since(:%('.

uniformly random vertices from U’, W’. We will argue that

k—2
So Lemma 8.1 implies that the probability of the remaining component being too small is at most 1—o(n~2).

It is implicit in Corollary 8.9 that ajasc? is bounded away from 1 for all ay, as in the interval [(p — &' )n, (p+
&')n]; using this, it is easy to see that there is a Q = Q((, ¢) which is greater than Q (a1, as, ¢) from Lemma 8.1
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for all a1, as in that interval and so the probability that the second largest component is greater than @ logn
is o(n™2).

Multiplying by the fewer than n? choices for 2/, 3’ shows that w.h.p. the largest component of (U (2'), W (y'))
is as large as required and the other components are as small as required for every 2’ = pyn—s; +o(n),y’ =
prn—sa+o(n) with s1, 89 < %f’n. This is in the modified experiment described above. It follows that w.h.p.
in the original experiment the largest component is as large as required and the other components are as

small as required for every t; < &n and to < &n. (|

8.2 Termination

In this subsection, we prove Lemma 5.2.
Lemma 5.2 For k > 3:

(a) If c < c then w.h.p. the Kempe-core of Py, ,—c/n is empty.
(b) If ¢ > cx then w.h.p. the Kempe-core of P, p—./n has size kA(c) + o(n).

We start by noting how the case ¢ < ¢y, follows immediately from the previous subsection:
Proof of Lemma 5.2(a) If ¢ < ¢, then by Lemma 8.7(e), there exists a constant I = I(c) such that V! =0
for all 1 < a < k; thus the Kempe-core is empty. O

The remainder of this subsection is devoted to proving Lemma 5.2(b). So we assume ¢ > ¢ throughout.

We adapt the proof of Lemma 5.1 in [54], showing that with sufficiently high probability, STRIP will
terminate and return sets Vi, ..., Vi where each V,, has size Sn + o(n). These are the sets Ky, ..., K of the
Kempe core.

Given ¢ > ¢, we let 8 = B(c) and p = p(c), as defined above Lemma 8.6.

Intuition: Run STRIP until the start of the Ith iteration, for a sufficiently large constant I. We will
show that it halts shortly thereafter. For each ¢ > I, consider a vertex u in some Vai which is to be removed
in iteration ¢. To be specific, we choose u € Vf\K{’Q; i.e. u is a vertex that is in a small component of the
subgraph induced by (V{,V4). We will argue that the removal of u produces, in expectation, fewer than
1 vertices to be removed in iteration ¢ + 1. Thus the number of vertices removed in each iteration has a
negative drift and so, with high probability, will quickly drift to zero, at which point STRIP halts.

Removing u causes w to be removed in the next iteration iff it causes w to leave the giant component of
some (V1,V}); i.e. u is a cutvertex in the giant component separating w from the bulk of the giant component.
Note that this cannot occur for b = 2 as w is not in the giant component of (V7, V3). For each bipartite graph
induced by (V1,V}),b > 2, u can be treated as a uniformly random member of V; by Observation 8.4. When
we delete a uniformly random vertex u from V;, the same reasoning used to prove Lemma 8.10 implies that
we expect the size of the giant component on (V7,V}) to decrease by at most 1 + ﬁ — (. We are interested
in the number of vertices other than u which leave the giant component, as these are the vertices that will
be deleted from (V1,V},) during the next iteration of STRIP. Now for I sufficiently large, the probability that
our uniform vertex u is in that giant component is very close to 1; specifically, it is greater than 1 — %C .

Thus, since we expect at most 1 + ﬁ — ( vertices to leave the giant component, the expected number of
those vertices that are not « is at most 1 4 ﬁ —¢—(1- % ) = ﬁ — %C. In other words, the removal of
u results in an expection of at most ﬁ — %C vertices to be deleted in the next iteration of STRIP because
they move into small components of (V,V};). There are k — 2 choices for b > 2 and so the removal of u
results in an expectation of at most 1 — %C new vertices to be deleted in the next iteration. Since this
expectation is bounded by a constant less than one, we expect STRIP to halt very soon (as argued in the
previous paragraph).

There are a number of ways to formalize this intuition into a proof. The following is, at heart, the same
approach used in [54], but is phrased somewhat differently.

Lemma 8.11. For any § > 0 there exists I sufficiently large that: w.h.p. STRIP terminates before én
additional vertices are removed from UF_, VI
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This will prove the remainder of Lemma 5.2 as follows:
Proof of Lemma 5.2(b): We choose any § > 0, and I large enough for Lemma 8.11 to hold and (applying
Lemma 8.6(b)) to satisfy

vi— B < %5. (27)

By Lemma 8.7(c), at the beginning of iteration I, w.h.p. we have for all a: |V[| = v/n + o(n) which is
between fn and (84 0)n by (27). By Lemma 8.11, w.h.p. STRIP terminates before removing more than dn
additional vertices. So w.h.p. STRIP halts and produces a Kempe core where each part contains between
(8 —d)n and (B + 6)n vertices. Since this holds for every sufficiently small constant § > 0, there exists
h(n) = o(n) such that w.h.p. STRIP produces a Kempe core where each of the k parts contains Sn + h(n)
vertices. This proves the lemma, after recalling from (22) that 8 = A\i(c). O

Proof of Lemma 8.11: We can assume ¢ is small enough to satisfy

£6¢
d< oo (28)

where ¢, & = ((c),&(c) are from Lemma 8.10. We take I to be large enough for Lemma 8.10 to hold.
Suppose that STRIP continues to an iteration I* > I such that at least dn vertices have been removed
during iterations I, ..., I*; i.e.

k
S VAVE T = on. (29)
a=1

We can assume that I* is the first such iteration, and so

k

> VAV < on. (30)

a=1

Note: I'* may grow with n.
For each pair 1 < a,b < k,a # b we let £, denote the total number of vertices removed from V, during
iterations I, ..., I* because they were in small components of the graph on (V,,V;). More formally,

-
Laop = Z VA K -
i=1

Note that we allow both a < b and a > b, so we use K;)b and Kg)a to denote the same subgraph. Every
u € VIV s in V;\K;b for some I <+ < I* and at least one b # a. So by our choice of I*, we have:

k
Zﬂa,b > Z VIV > on. (31)

a#b a=1

We let 7, ;, denote the total number of vertices that are removed from V; during iterations I, ..., I'* because
they were in a small component of the graph on (V,, Vy) for some b’ # b. We let r_, denote those vertices
that were removed duing iterations I, ..., I* — 1. More formally,

-
D 1O VANKL | < D lay (32)
i=I

Tab =
b’ ¢{a,b}
I*—1
rap = 2 | Ungian VAKLy |
=1
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Recalling the Intuition described above: £, (essentially) counts the removable vertices produced by
Koy as a result of deleting from V, the r,; (actually, r, ) vertices that arise from other bipartite graphs
Ko The intuition was that the expected number of such removable vertices produced per deletion is less

than —. We formalize this in Lemma 8.13 below when we show it is, on average, less than roughly —5 f%
This w111 lead to a contradiction.
During iterations I,...,I* VI loses £, vertices because they are in small components on (V,, V) and

during iterations I, . I *— 1 1t loses r, , vertices because they are in small components on the other bipartite
graphs; we will show that the overlap between these two groups of vertices is small, thus obtaining:

Lemma 8.12. W.h.p. for all a,b:

- T
|Va \Ka,b‘ Z €a7b —+ Ta,b — ?Tl

Proof Each of the vertices counted by r_, is removed from V, during iterations 7I,...,I* — 1. Each

of the vertices counted by ¢, is either removed from V,, during iterations I,...,I* — 1, or is in VaI*\Kifb
(and so will be removed during iteration I*). Let X denote the number of vertices that are counted by both
r,, and £, . Thus:

|VaI\K¢£,*b| > lap+1,,— X

We will prove the lemma by bounding X. Every vertex u counted by X must appear in both V\K! 1 and
VK, for some o' # b and I <4 < I* — 1. By Observation 8.4, from the perspective of K/, ,, the vertex
set of each V/\K7 ;, is a uniform subset of [V;\K7 ;| vertices from V). So we can view the random process
as follows:

For each I <i < I* — 1, we: (i) Expose the vertices of K/, ,. (ii) Expose Y;, the total number of vertices
lying in Uy (V\K ;). (iii) Choose ¥; uniformly random members of V. (iv) Increase X by the number
of those Y; vertices that are not in Ké,b.

All vertices counted by Y; are in VA\Vi*1. So (30) implies ZZ 7 'Y, < dn. For each I < i < I*:
Lemma 8.7 and (30) imply |V{| > |V[| —dn = B +o(n) —dn > 1Bnas § < g by (28). Note that (30) also
implies that the total number of vertices in V;\ K ; is less than dn. It follows that X is dominated by the

binomial variable BIN (6n, - 1,8 ). Thus
on
Exp(X) <dnx —
36n’
and the Chernoff Bound (18) implies Pr(X > 2Exp(X)) < e~ This yields the lemma. O

We will use Lemma 8.10 to bound the size of Ka p» the giant component in the subgraph induced by
(Va, Vi) in what remains after I* — 1 iterations, in terms of the number of vertices removed. This will yield
the following bound, which we will prove contradicts (32):

Lemma 8.13. W.h.p. for every 1 < a,b < k we have

_ _ 1 1 1062
Za,b +£b,a < (Ta,b + Tb,a) (H - 2() + /8 n
Proof By Observation 8.4, from the perspective of K, 3, the vertices removed from V; because they
are in small components of some other K, p can be viewed as uniformly random vertices from V,. Specifically,
letting 77, , = | Upzp VI\K] |, we can view those 77, , vertices as being uniformly chosen from V.

We w111 use Lemma 8.10 to bound the size of the glant component in What remains of K, ; after removing
those rmb uniform vertices from every V! as well as the corresponding rbﬂ vertices from every Vb, for
i=1,...,I* — 1. We cannot apply Lemma 8.10 directly as it addresses the removal of uniform vertices from
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VI rather than V. Intuitively, this should make a negligible difference as each V! differs from V! by at most
[VI\VI"=1| < én vertices. To formalize this intuition, we choose the Té,b vertices from V! by choosing a
possibly larger number of vertices from V!, just as in STRIP1 where we chose vertices from V}' by choosing
vertices from U?. Specifically:

For each a,b,i, we choose TfL’b vertices for deletion from V! by repeatedly choosing vertices from V!
until sz,b of them are from V. Let g, denote the total number that we choose from V! during iterations
I,...,I" — 1. We will show that gq is not much larger than 7.

By (30), fewer than dn vertices are deleted during iterations I, ..., I* — 1. Therefore, for each I <i < I*,
we have |V > |VI| —dn > |VI|(1 - §/8) (since |VI| = Bin + o(n) > Bn). Therefore, each time that we
choose a random member of V!, the probability that it is in V! is at least (1 — §/3). A straightforward
application of, eg. standard tail bounds on binomial variables, implies that w.h.p. for every a,b we have

+ 52 (33)

qa,b< 1—5/,@

In Observation 8.5, we argued that Kiz is the giant component of the subgraph induced by (U?, W*). For

the same reasons, K g » is the giant component of what remains in (V,,V;) after we remove the r , vertices

of Uf;;l Upr b VK] 4, from V.I and the Ty, vertices of U;’;;l Uprp VAK 3 from V. To see this, note that
each vertex of V/\V.I" is removed from V! for one of two reasons: (1) it belongs to a small component of the
graph induced by (V!, V) for some I < i < I* —1; (2) it belongs to a small component of the graph induced
by (Vy, V) for some I < i < I* —1 and V' # a,b. Vertices removed for reason (2) are counted by 7.

Vertices removed for reason (1) cannot affect any linear-sized component of the graph induced by (V7, Vbj )
for any j > i. The same reasoning applies to vertices removed from Vbl . (This argument is presented more
formally in the proof of Observation 8.5.)

Removmg those r, ., , vertices from V! ,VbI cannot decrease the size of the largest component in

(VaI , Vb ) by more than removing the ¢, vertices from VI VbI decreases it, since the former set of vertices
is a subset of the latter. (Indeed, a bit of thought shows that the removal of each set of vertices results in
the same largest component, but this fact is not needed.) By (33), our choice of I* and the fact that (28)

implies ¢ < 3, g, we have

1 on

ab < 5 < — 52 < 20n < €én,

Qa,b 5 / 3 + 374 + n n <é&én
and similarly g, < {n. This allows us to apply Lemma 8.10 with ¢, = ¢4, and t;, = gp,q to bound the size
of the largest component of what remains after removing qq p, gy« uniform vertices from V!, Vi, which we

have just argued to be no larger than Kijb. This and (33) yield that w.h.p. for every a,b we have
. 1

KL 2 WV OVE] = (@ap + @0 (1 + 7 = )+ oln)

Foviy - (Tt Lo 1
> |VIUVy| <15/5+ 5n 1+k 5 ¢ ) +o(n)

I 1 Tap T Tha Lo\ Lo
> VIOV - 14— —¢) - 30

Y

5/
_ _ 1 —-¢/2 1

> ViUV - 1+ —— — =62

— | a b| (Ta,b+rb,a)( +k_2)1_6/ﬁ 2 n

> VIOV = (o, +7p )(1—}—#—7()—752 s1nceé <iby (28).

a b a,b b,a k—9 B 20k
Lemma 8.12 yields that w.h.p. for every a,b we have
. 52
Vi UV = 1Bl = Lo+ oo+ 1y + 70 — 5"
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Combining the two preceding inequalities yields that w.h.p.

_ 8 - 1 1 1,
bap oo+ 70 T 74, — 3" < (rap 7)1+ a2 50 +70m
_ _ 1 1 1062

O

Proof of Lemma 8.11: We can assume that ¢ is sufficiently small for all bounds proven above. Suppose,
as above, that STRIP continues to some iteration I* at which point at least dn vertices have been removed
from UX_, V1. W.h.p. the bound of Lemma 8.13 holds. This leads to a contradiction as follows:

Zga,b - Z(gab"_gb a)
a#b a<b
k\ 1062 1 1
() (BT e
a<b
k) 1062 ( 1 1 >
= —n+ —=C Zr since 1, < Tqp
(2 15} k— 2 prr
k\ 1052 1 1
< (2> 7n+ (k 2<> Z Z Loy by (32)
a#bb'¢{a,b}
kY 1062 1
< — = —2)
< (o) () ez
a#b
since each ¢, appears k — 2 times in the double summation
k\ 1062 k—2
= (2> 3" +(1=—=0) Zfa,b
a#b
Rearranging yields
2052
2 fon < (E=2)5"
a#b
Since >, fa,p > 0n (from (31)), this is a contradiction for § < 240‘2 from (28). O

8.3 Proof of Lemma 6.3

Recall the definitions of A (c), &k (c), pr(c), Ti(c) from Section 6, and the lemma:
Lemma 6.3 For any c > ¢ w.h.p. we have that for every a,b, the subgraph induced by K, is connected
and:

() |Ki| = Ax(e)n + o(n);
(b) the 2-core of K, has {x(c)n + o(n) vertices in K, and §x(c)n + o(n) vertices in Kyp;
(c) the 2-core of K, has pg(c)n + o(n) edges;

(d) the 2-core of K, has Tr(c)n + o(n) degree 2 vertices in K, and m,(c)n + o(n) degree 2 vertices in K.
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Proof: WLOG we will focus on a = 1,b = 2. Let H denote the 2-core of the giant component of Kj ».

Part (a) is essentially a repetition of Lemma 5.2(b). (Note that the proof of Lemma 5.2(b) showed that
each K; has size \;(c)n + o(n).)

For parts (b,c): Consider any constant § > 0, and choose I large enough that p; < p + §. The proof of
Lemma 8.7 says that w.h.p. K12 C K{ , is contained in the giant component of (U(prn + hr(n)), W (prn +
hr(n))) for some specific hy(n) = o(n). Lemma 8.11 implies that Ko contains the giant component of
(U((p—0)n),W((p—0)n)). So H is sandwiched between the 2-cores of those two giant components.

Standard techniques (eg. [55, 64, 45, 33, 40]) show that the giant component of G, ,; p—c/n has a 2-
core with & (c)n 4+ o(n) vertices on each side and ug(c)n + o(n) edges. This also follows from Exercise
2.4.8 of [35]. We omit the details. Recalling that the subgraph induced by (U(z), W (x)) is distributed
like G 4 p—c/n, and applying continuity to those same arguments, we see that the giant components of
(U(pn+ hr(n)), W(prn + hr(n))) and (U((p — §)n), W((p — d)n)) have 2-cores with & (c)n £ é'n vertices
on each side and ug(c)n £ 6'n edges, for some 6’ = ¢§'(4) which tends to zero with §. Since H is sandwiched
between those two giant components, it also has & (c)n £ §’n vertices on each side and pg(c)n £ §'n edges.
Since this holds for any § > 0 and hence any §’ > 0, parts (b,c) follow.

Part (d) follows immediately from the assertion that the distribution of the degree sequence of the 2-core
of a random bipartite graph is asymptotic to a truncated Poisson distribution, truncated at d > 2. This
is well-known for k-cores of non-bipartite graphs, i.e. of G, ar. The bipartite case follows from the same
straightforward arguments, but we did not find a proof anywhere; so we sketch it here:

We first expose the set of vertices, V, and number of edges, E, of H and assume that they satisfy (b,c).
The first observation is that every simple bipartite graph with those vertices and that number of edges and
with minimum degree at least 2 is equally likely to be H in P, ,. To see this, consider two choices H, H».
Take any graph G that is planted on colouring ¢ such that, after applying Kempe-strip to (G1,0), the
2-core of the giant component in K, 5 is H;. Form G by replacing H; in Gy with H,. Note that this does
not change any steps of Kempe-Strip and so if we apply Kempe-Strip to (Gz,0), the 2-core of the giant
component in K o is Hy. Since G, G2 have the same number of edges, (G1,0), (G2, 0) are equally likely to
be selected in P, ,. So Hi, Hy are equally likely to be H.

Let © denote the set of bipartite simple graphs with E edges on vertex set V. Let vy,vy denote the
number of vertices in V on each side of the bipartition. Let ® denote the set of possible degree sequences of
graphs in €Q; i.e. the set of all pairs Dy, D; of sequences of integers dj, ..., dy, ; dy, ..., d;,, where each sequence
sums to E, and where each d;,d] > 2. Consider the set of possible left-side degree seqeunces; i.e. the set
of degree sequences dy, ...,d,, summing to E with each d; > 2. If we weight each such degree sequence by
11 % then we obtain the truncated multinomial distribution. Corollary 2 of [19] says that the distribution of
the degrees is asymptotic to a truncated Poisson distribution with mean E/v; = y(c) = e¢Ag(c) (since E, vy
satisfy parts (b,c)); the same is true of the right-side degree sequences. In particular, noting that

7i(c) = §k(c) x Pr[Poxa(yx(c)) = 2],

Corollary 2 of [19] implies that there is some g(n) = o(n) (defined in terms of the implicit o(n) terms in
(b,c)) such that if we define ®* to be the number of pairs (D1, D2) where each sequence contains the number
two 7 (c)n + g(n) times, then

1 1 1 1
> H@H@:(uou)) Z@H@H@. (34)

('Dl,'DQ)E{)+ (Dl,DQ)G

We define s(D;, D3) to be the number of simple graphs on V with degree sequence (Dq,Ds). To bound
s(D1, Ds), consider a random configuration with that degree sequence; i.e. assign d;, d;- vertex-copies to the
ith vertex on the left and jth vertex on the right and consider a random matching from the left vertex-
copies to the right vertex-copies. Each simple bipartite graph on this degree sequence arises from [[d;! [] d;!

matchings. So

S(Dl, DQ) S (35)

E!
[T I
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Furthermore, applying the Method of Moments to the number of double edges in the configuration (see
Section 6.1 of [41]) shows that for at least (1 — o(1))|®| pairs Dq, Dy, the probability that the random
matching forms a simple bipartite graph is at least ¢ > 0. (This is true, eg. for all pairs of degree sequences
that are both well-behaved in the sense of [57].) So for all such pairs,

ek!
= T,

Summing over all such pairs in ®* and applying (35) then (34), we have

5(D1,Ds) >

> s(D1D) = (1-0(1) Y Hde,Hd,,_(—o(l))e > Hd?ﬁd,,

(D1,D2)edt (D1,D2)edt (D1,D2)€®

Furthermore (34) and (35) also yield

E! E!
Z S(Dl,pg) Z Hd'Hd/':O(l)X Z Hd'Hd/]

(D1,D2)€®\D+ (D1,D2)€®\ D+ (D1,D2)ed

So the probability that a uniform member of  has a degree sequence in ®* is 1 — o(1). This proves (d). O

9 Vertices outside the Kempe-core are unfrozen

In this section, we prove Lemma 5.4.
Lemma 5.4 For k>3, in P, ,—c/n:

(a) If ¢ > ¢ then w.h.p. at most o(n) vertices outside of the Kempe-core are log n-frozen.
(b) If ¢ < ¢ then there exists Q = Q(c, k) such that: w.h.p. no verter is @ log n-frozen.

Remark: In fact, the proof shows that we can replace logn in part (a) by any w(n) — oo with n.

The intuition is as follows: Recall that STRIP is a parallel version of Kempe-Strip, where we repeatedly
remove all Kempe chains of size less than log?n. Our bounds on the size of the small components of a
random bipartite graph show that w.h.p. all removed Kempe chains have size O(logn).

Consider any one of the Kempe-chains, ®, that is removed. There is a sequence of Kempe-chains, removed
during previous iterations, which eventually led to ® being small and hence deleteable. A bit of thought
shows that we should typically be able to switch the colours in each of the Kempe-chains, in order of deletion,
in a manner that permits us to eventually switch the colours in ®. Since each chain has size O(logn), this
is a sequence of small changes which leads to every vertex in ® changing colours, and hence the vertices of
® are unfrozen.

The only thing that can go wrong in this scenario is if some of the Kempe-chains in this sequence intersect
each other, or are adjacent to each other, such that flipping one Kempe-chain interferes with another. If this
happens, then some of these chains must be arranged in a cyclic pattern. We will show that these patterns
affect very few vertices, and that we can deal with those vertices another way.

We will simplify our analysis by modifying the procedure so that the Kempe chain sizes are bounded by
O(1) rather than logn. Specifically, for any constant T', we define:

T-STRIP

Input: a graph G and a k-colouring o = 51, ..., Si of G.

While there are any Kempe chains of size at most T’
Remove the vertices of every such Kempe chain from G.
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Since this is a valid way of beginning to carry out the procedure Kempe-Strip (from Section 5), no vertices
of the Kempe-core are removed by T-STRIP. Furthermore, if T' is large then very few Kempe chains have
size greater than T', so we can show that what remains after i iterations of T-STRIP is very close to what
remains after ¢ iterations of STRIP.

We use the same notation as in our description of STRIP, STRIP1 in Section 8, adding “(T)”; eg. V.(T)
is the set of vertices with colour a remaining after i iterations of T-STRIP. It is straightforward to check
that the proofs of Observations 8.4 and 8.5 also apply in this setting, thus yielding:

Observation 9.1. Given V/(T), V(T) and za = |K, ,(T) N V(T)|,zp = |K ,(T) N V)(T)|, the vertices
of K} (T) N VAUT) and K ,(T) N V,(T) can be treated as uniformly random subsets of V,(T),V}(T) of
sizes xq, 1y, respectively. Furthermore, if (a,b) # (a’,b') then the random subsets selected for K, u(T) are
independent of the subsets chosen for Kq/ y(T).

Observation 9.2. For each i, the set of components of size greater than T in (UY(T), W*(T)) is identical
to the set of components of size greater than T in (V{(T),VE(T)).

It is well-known that the number of vertices on non-giant components of size greater than T in the random
bipartite graph G, n, p—c/n is at most en where ¢ — 0 while 7" — oo. This allows us to adapt the proof of
Lemma 8.7 to obtain:

Lemma 9.3. For any constants I, e, there exists T such that w.h.p. we have for each 1 <i<I,1<a <
b<k:

(a) Bin < |K'(T)ap N VT, KL o (T) N VE(T)] < (Bi + €)n;
(b) pin < [UN(T)|,[WHT)| < (pi + €)n;
(¢) vin < [Vy(T)| < (vi + e)n.

Proof Outline: Straightforward bounds on the expected number of components of size between T + 1
and log?n in Gy ngp—c/n (such bounds appear in the proof of Theorem 6 of [42]) allow us to modify
Lemma 8.1(a.i) to prove that for any 6 > 0 we can choose T such that at most (o + d)n, (az + 6)n vertices
on each side of G, n, p—c/n lie in components of size greater than 7. This and Observations 9.1, 9.2 are
enough for the proof of Lemma 8.7 to apply in this setting. That proof yields the upper bounds of this
lemma, so long as we choose § small enough that the increase in the recursive bounds accumulates to less
than e. The lower bounds are straightforward - clearly this procedure removes fewer vertices than STRIP
does, and it is not hard to show that the difference is O(n), since at any stage there are ©(n) vertices in
components of size between T" and logn; i.e. vertices that would be removed by STRIP but are not removed
by T-STRIP. O

Next we show that the vertices removed by T-STRIP can have their colours changed unless they lie very
close to a cycle of size O(1).

Consider a Kempe chain C that is removed during our stripping procedure; i.e. C is a component of
some (V(T), Vi (T)) with size less than log?n. The colours of C are a,b - the two colours appearing on
C. To swap the colours of C means to change the colour of every vertex in C from a to b or from b to a.
To be clear: Suppose that a vertex v € V/(T') has no neighbours in V;(T) nor in V;\(T) where a,b, b’ are
three different colours. Thus v forms a component of size 1 in (V(T), V;/(T)) and a component of size 1 in
(VI(T), Vi (T)). These are considered to be two different components, one with colours a,b and the other
with colours a,b’; swapping the colours in eg. the first of these components means changing the colour of v
from a to b.

We now define the partially directed graph I' on the components that are removed during T-STRIP. The
edges of I" join components which could interfere with each other when we swap their colours. An edge of T'
is directed from C to C5 if the removal of C; helped reduce the size of Cs to be below log2 n. More formally:
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Definition 9.4. The vertices V(T') are the components (i.e. Kempe chains) that are removed during T-
STRIP. Two such components in V(T') are joined by an edge of T if they share a vertex or if they are joined
by an edge in the original graph, G.

Furthermore, an edge of T is directed from component Cy to Cs if:

(i) Cy,Cy have a colour in common,
(i) Cy is removed during an earlier iteration of T-STRIP than Cs, and
(iii) C1,Co are joined by an edge in G whose endpoints are the colours of Cs.

For any component C € V(T'), we define T(C) to be the subgraph of T’ induced by the set of components
that can reach C using the directed edges of T'.

A cycle in T' is a set of edges that form a cycle after removing any directions. We say that T(C) is a
D-tree if (i) it has no cycles and (ii) no C1,Cy € Y(C) are joined by two edges in G.

Remark: In what follows, the vertices of I' are sometimes referred to as Kempe chains (as they are
removed by T-STRIP) and are sometimes referred to as components (as they are components of one of the
bipartite graphs).

Lemma 9.5. If C is deleted by T-STRIP and Y(C) is a T'-tree then the vertices of C are not T-frozen.

Proof We will prove that we can swap the colours on a sequence of some Kempe chains in Y(C),
culminating with a swap of the colours on C. Since each of these Kempe chains has size at most 7', this
proves the lemma. We prove this by induction on the iteration of T-STRIP in which C' was removed. If it
was removed in iteration 1, then we can swap the colours of C' without first swapping any other colours.

WLOG suppose that C is a component of (V{(T'), V4 (T)) for some i > 1. Let By, ..., B, be the components
that point to C' in I'. By induction, it is possible to swap the colours on a sequence of some components in
each Y(B;) culminating in a swap of the colours of B;. Furthermore, since T(C) is a I'-tree, no component
in any Y(B;) shares a vertex or is joined by an edge with any component in some other Y(B;/), else the
edge joining those two components in I" would create a cycle. So the swaps in each Y(B;) do not alter the
colours of any vertices in or adjacent to any components in any other Y(Bjs) and thus we can carry out
every sequence of swaps. We argue that we can now swap the colours on YT(C).

Every neighbour u of C outside of (V{(T), V4(T)) that had colour 1 or 2 lies in some B; and so had its
colour swapped. Note that the other colour in B; cannot be 1 or 2, as otherwise B; would have had to include
u’s neighbour in C; so the colour of u is now neither 1 nor 2. C' does not have any other neighbours in B;
since T(C) is a I'-tree. No neighbour of C outside of By, ..., B, lay in any components of Y(Bi), ..., Y(B,),
since T(C) is a T'-tree; so no such neighbour had its colour changed. So after our sequence of swaps, C has
no neighbours outside of (V¥(T'), V4(T)) with colour 1 or 2. Since C' is a component of (V{(T),V3(T)), we
can swap the colours of C. |

The fact that there are very few O(1)-length cycles in our underlying random graph implies that
Lemma 9.5 applies to almost all vertices removed by T-STRIP:

Lemma 9.6. (a) For any I, T, the expected number of vertices deleted during the first I rounds of T-
STRIP which lie on Kempe chains C for which Y(C) is not a T-tree is O(1).

(b) W.h.p. no two cycles of length at most 2IT in G intersect or are joined by a path of length at most
3IT.

Proof Part (a): If Y(C') is not a I'-tree, then G contains two paths from some component C’ to C.
Those two paths and a path in C’ must form a cycle. Each path has length less than I and each component in
the path has size at most 7. So that cycle corresponds to a cycle of length less than 217 in the original graph
G. Furthermore each vertex of C is within distance I'T from that cycle. Since 2IT = O(1), a straightforward

first-moment calculation shows that the expected number of vertices in the planted random graph P, ,—./»,
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shows that the expected number of vertices within distance IT of a cycle of length at most 2IT is O(1).
Indeed, letting ¢ be the length of the cycle and ¢ be the length of the path (i.e. the number of edges), and
overcounting by possibly choosing two vertices of the same colour to be adjacent, the expected number is at

most
S e+ ontt (E)M = 0(),

n
1<0<2IT,0<t<IT

since I,T = O(1).
Part (b): We use a very similar first moment bound: ¢, ¢5 are the lenghts of the two cycles and ¢ is the
length of the path. The expected number of such subgraphs is at most

Z plttett—1 (E
n

1<01,05<2IT,0<t<IT

O1+La+t
) = 0(1/n).

]

This immediately yields Lemma 5.4 above the freezing threshold as follows:

Proof of Lemma 5.4(a) Consider any § > 0. Lemmas 9.3 and 8.6 imply that we can choose constants
1, T sufficiently large so that w.h.p. I rounds of T-STRIP leave at most (8 + d)n remaining vertices of each
colour. Lemmas 9.5 and 9.6 imply that w.h.p. at most o(n) of the deleted vertices are T-frozen. W.h.p. the
Kempe-core has gn+o(n) vertices of each colour (Lemma 5.2(b) and (22)) and no vertices of the Kempe-core
are removed by T-STRIP, so fewer than 2kdn vertices outside of the Kempe-core are T-frozen. Since this
holds for every 6 > 0, and T' < logn, at most o(n) vertices outside the Kempe-core are log n-frozen. O

The same proof can show that, below the freezing threshold, at most o(n) vertices are log n-frozen. To
show the stronger statement that no vertices are @) logn-frozen, we have to be careful about how to handle
the components C for which Y(C) is not a I'-tree.

Lemma 8.6 shows that for ¢ < ¢, lim;_, o p; = 0. We choose I such that p;y < ﬁ. We let G471 denote
the set of vertices remaining after I rounds of T-strip.

We take € < 4 and so Lemma 9.3(b) implies that |U!(T)|, [W*(T)| < 2. As described in the proof
of Lemma 9.3, the argument from Lemma 8.7 applies in this setting; this implies that the bipartite graph
(UL(T), WI(T) is contained in (U(n/2c), W (n/2c)), and the latter bipartite graph is distributed like the
random bipartite graph G, 2¢.n/2¢,p=c/n- Thus w.h.p. every component of (|[U’(T)|,[W!(T)|) has size at
most @ logn, where @ comes from Lemma 8.1. Observation 9.2 thus yields:

Every Kempe chain in Gj;1 has size at most Q logn. (36)

Definition 9.7. (a) B is the set of vertices that lie in any Kempe chain C removed during rounds 1, ..., 1
for which Y(C) is not a T'-tree. Abusing notation, we sometimes say that the Kempe chain C is in B.

(b) BT is the set of vertices v which are joined by at least two edges to one Kempe chain which was deleted
before v.

(c) A blocker of a Kempe chain W in Gy is either

(i) a neighbour of W that is in B and whose colour is a colour of W; or

(i) a path of length at most 3IT through the vertices in G\Gry1 whose endpoints are both adjacent
to W.

Note that BT may intersect B. Specifically, if v € B' is in a Kempe chain C that is removed during
iterations 1, ..., I and if the Kempe chain removed prior to v which causes v to be in BT is in T(C), then the
two edges joining v to that Kempe chain will cause T(C') to not be a I-tree and so v € B. Note also that if
v € BT is in G471 then any path joining the two neighbours of v in that Kempe chain will be a blocker of
every Kempe chain in Gy containing v.
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Note that Lemma 9.6 implies that Exp(|B|) = O(1). In fact, the calculation used in that proof also
implies Exp(|B*|) = O(1); indeed, every member of BT lies in a cycle of length at most 7'+ 1 and it is
well-known that the expected number of vertices lying in such cycles is O(1).

Lemma 9.8. Suppose W is a Kempe chain in Gry1 that has no blockers. Then no vertex in W is Qlogn-
frozen.

Proof Suppose WLOG that W is a Kempe chain with colours 1, 2; i.e. a component of (Vi{(T), Vi{(T)).
By (36) [W| < Qlogn. Let uq,...,up be the neighbours of W in G\G4; that have colour 1 or 2. Each w;
lies in a Kempe chain C; which was deleted during the first I rounds and which points to W in IT'; since W
has no blocker, each Y(C;) is a I'-tree. So we can swap the colours on a sequence of chains in Y(C;) and
then swap the colours on C; (as in the proof of Lemma 9.5). We must argue that that the sequence of swaps
in T(C;) does not conflict with the sequence in Y(Cj) for any 1 <14 < j < ¢. That would require a Kempe
chain in Y(C;) to either intersect or be joined by an edge to a Kempe chain in Y(C}). Since each Kempe
chain has size at most T and they were both removed during the first I iterations, this would yield a path
in G of length at most 271 from u; to u;; but this would be a blocker of W. So we can change the colour
of each u; by swapping a sequence of chains of size at most 7.

No C; has colours (1,2) else the adjacent member of W would also be in C;. And W is not adjacent to
two vertices of any C; as those vertices are joined by a path in G of length less than T" which would form a
blocker of W. And W has no neighbours other than u; in any Kempe chain of YT(C;), else this would form
a blocker path of length at most T'/. Thus no neighbours of W had their colours changed to 1 or 2. So
after these switches, W has no neighbours in G of colour 1 or 2. So we can swap the colours on W. Since
|[W| < Qlogn by (36), and all other chains in the sequence of flips have size at most T = O(1), the vertices
of W are not @ log n-frozen. O

To prove that no vertices in G4 are frozen, we will show that for every vertex v € G, at least one
of the Kempe-chains containing v is not blocked.

Lemma 9.9. (a) No Kempe-chain in Gry1 has two blockers;
(b) No vertex v € Gry1 is in two Kempe-chains in Gy that have different blockers.

(¢) No two Kempe-chains in Gry1 are adjacent to the same component in B and are each adjacent to a
different endpoint of a path of length at most 3IT in G\G1.

(d) There is no path P of length at most 3IT in G\Gri1 and vertices vy, uy,va, uz such that: (i) vy #
U1, Vg # ug; (1) each of vi,u1,ve,us is adjacent to an endpoint of P; and (iii) there are two different
Kempe chains in Gi41, one containing v1 and uy and the other containing ve and us.

Remark: Note that part (b) proscribes different blockers. As explained above, if v € BT then a path
through the deleted Kempe chain which is joined by two edges to v will be a blocker of every Kempe chain
in Gy containing v. So in that case v will be in multiple Kempe-chains that all have the same blocker.

Proof Consider any two colours, WLOG the colours 1,2. Recall that the subgraph of Gyy; in-
duced by colours 1,2 is a subgraph of (Ul W!+1) (see eg. Observation 9.2). As described above (36),
(U1, WT+1) is a subgraph of (U(n/2c), W (n/2c)) which is distributed like the random bipartite graph
Gnj2¢,n/2¢,p=c/n- A simple first moment argument shows that for any two vertices u, v of colours 1 or 2 in
G'*1 the probability that they are in the same component of G!*! is O(1/n). Indeed, letting ¢ denote the
length of a path joining w, v, the probability that they are in the same component of (U(n/2c), W(n/2c)) is

“1L/eNt ¢ 1 c
;(;)e (n)”:m;(i) -2 (37)

To prove parts (a,b), we will show that w.h.p. there is no vertex v and two different blockers ¢1, @5 each
blocking a Kempe-chain in Gj;1 containing v. We will do so by bounding the expected number of such

U7¢17¢2-
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Case 1: ¢1,¢pa are both vertices in B. The computations from the proof of Lemma 9.6(a) show that the
contribution of the number of choices for the vertices ¢, ¢2, multiplied by the probability that they are both
in B is O(1)%> = O(1). The number of choices for v is at most n. There are (k — 1)? = O(1) choices for the
Kempe chains containing v that are adjacent to ¢1, ¢ (we may choose the same Kempe chain to be adjacent
to both). Choose uq,us, the vertices in those Kempe chains that are adjacent to ¢, ¢o. If u; # v then we
get at most n choices for u;, and we multiply by the probability that u;,v are in the same Kempe chain -
% by (37). The probability that u; is adjacent to ¢; is £ for each i. Note that the edge sets we consider
here are all disjoint: The edges of the Kempe chains containing v are in Gyy1; the edges of the short paths
to short cycles that must exist if ¢, ¢ € B are in G\Gr41 (see the proof of Lemma 9.6(a)); the edges u;¢;
run between Gry1 and G\Gry1. Putting this together, the expected number of such v, ¢1, @2 is at most:

1,2 0r 3 2
O(l)xnx(nx%) xO(l) :O(1>.
n n n

Case 2: ¢1 is a vertex in B and ¢2 is a path of length at most 3IT. The endpoints of ¢ are z,y and the
length of ¢4 is ¢; we allow £ = 0 in which case z = y. If £ = 0 there are fewer than n choices for x. If £ > 0,
there are fewer than (}) choices for z,y, and calculation very much like the one in the proof of Lemma 9.6(a)
yields that the probability that ¢; € B and x,y are joined by a path of length at most 31T is O(1/n?). The
neighbours of z,y in the Kempe chain containing v are w1, us, possibly u; = ug and either or both of them
could be v. If v,u1,us are three different vertices, then the probability that they are all in the same Kempe
chain of G141 is O(1/n?) by a calculation very much like (37); we omit the details. If they are two different
vertices then that probability is O(1/n) by (37). As in Case 1, the probability that u; is adjacent to x and
ug is adjacent to y is O(1/n)%. We use the calculations from Case 1 to bound the contribution of the choices
for v, ¢1 and the probability that ¢; is adjacent to the other Kempe chain containing v. Putting all this
together again yields an expection of O(1/n).

Case 8: ¢1,¢o are both paths of length at most 3IT. Calculations just like those in Case 2, again yield
an expectation of O(1/n).

Parts (c,d) follow from very similar calculations, each time obtaining an expectation of O(1/n). We omit
the straightforward but tedious details. O

Corollary 9.10. No vertezx in Gr.1\B™ is Qlogn-frozen.

Proof Suppose WLOG v € Vl”l. Since k > 3, v lies in at least two Kempe chains of G;41. By
Lemma 9.9(b) either those two Kempe chains have the same blocker, or at least one of them has no blockers.
In the latter case, Lemma 9.8 implies that v is not @ log n-frozen. So we turn our attention to the former
case.

If two Kempe chains in G4; containing v have the same blocker, then that blocker cannot be a vertex
in B as the colour of that vertex can only be in one of the chains. So the blocker must be a path P whose
endpoints w1y, wy are adjacent to vertices in both Kempe chains. If v is not adjacent to both wi,ws then P
will violate Lemma 9.9(d), possibly with v; = vo = v and possibly with u; = us if the two Kempe chains
have two vertices in common. If v is adjacent to both w;,ws then wy,ws cannot be in the same deleted
Kempe chain since v ¢ BT. Therefore wy,ws are in two different Kempe chains Cy, Cy that were removed
during iterations 1, ..., I.

Neither w; nor wsy have the same colour as v, so at least one of the two Kempe chains containing v does
not have the colour of w; and the colour of wy. Noting that that Kempe chain has no blocker other than
P (otherwise we would violate Lemma 9.9(b)), the argument from the proof of Lemma 9.8 shows that the
vertices of that Kempe chain are not ) log n-frozen. O

Next we turn to B:

Lemma 9.11. No vertex in B\B™ is frozen.
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Proof Suppose WLOG v has colour 1 and is in a Kempe-chain C' € B with colours 1,2 which was
removed during iteration ¢ < I. As we described in the proof of Lemma 9.6, there must be a cycle in G of
length at most 27T through the components of YT (C).

If v lies in another Kempe chain C’ that is deleted during iteration ¢ then we will argue that C’ ¢ B. If
T(C) and Y(C’) both have different cycles then those two cycles are joined by a path through v of length
at most 2¢7" < 2IT; this violates Lemma 9.6(b).

Suppose T(C) and YT(C’) both contain the same cycle. If v lies in that cycle then it must contains an
edge joining v to a component D € T(C) and an edge joining v to a component D’ € T(C’); note that the
endpoints of those two edges have the colours of C,C” and so they are two different edges. Since v ¢ BT we
must have D # D’. Since the cycle is in T(C) and Y(C”), we must have D € Y(C’) and D’ € U(C). Since
no edge of I' is directed in both directions, this leads to a violation of Lemma 9.6(b); i.e. two short cycles
close to v. Thus v does not lie in the cycle and so there are two paths in G from v to that cycle - one using
an edge pointing to C' in I' and one using an edge pointing to C’ in I". That cycle, along with the two paths
to it from v, must violate Lemma 9.6(b). So C’ ¢ B and thus Lemma 9.5 implies that v is not T-frozen.

Of course, v cannot lie in two Kempe chains that are removed in different iterations, so we can assume:

v does not lie in any other Kempe chains that are removed during the first I iterations. (38)

We will swap the colour of v to 3. Let uq, ..., uy denote the neighbours of v in G that have colour 3.

Step 1: If u; is in a Kempe-chain W} ¢ B removed during the first I iterations then we swap the colours
of some chains in T(W,) and then swap the colours of W; as in the proof of Lemma 9.5.

Step 2: If u; € Grq1 then let W) denote the Kempe-chain in Gry1 with colours 2,3 containing u;.
Lemma 9.9(b) implies that W; has no blocker, since v is a blocker for the Kempe-chain in G4, with colours
1,3 containing u; and v cannot be a blocker for W; because v has colour 1. We swap the colours of a
sequence of chains in G\Gr41 and then swap the colours of W} as in the proof of Lemma 9.8.

Step 3: Each remaining vertex u; is in a Kempe chain W; € B. We will argue that (i) ¥; has colours
(1,3) and so C € T(W;), and (ii) no neighbour of W} with colour 1 or 3, other than v, is in B. This implies
that for each WW; we can uncolour some of the chains in T(W}) as in the proof of Lemma 9.5 so that v is the
only neighbour of W; that still has colour 1 or 3. We then simultaneously swap the colours of v and every Wj.
Since each W; has size at most 7', the number of vertices in this final swap is at most T'degq(v) < Qlogn
as the maximum degree in G is easily computed to by w.h.p. o(logn).

Consider any W; € B from Step 3. Thus Y (WW;) contains a cycle. The argument from the proof of (38)
shows that this must be the cycle in T(C') as otherwise we violate Lemma 9.6(b); the only difference is that
v is joined by an edge to W, whereas above we had v € C’. Furthermore, the path from Y(W}) to that cycle
must pass through C. This proves that C' € T(W;) as claimed above. Finally, if any other neighbour of W;
which was deleted before W; is in B, then this would result in either a second cycle within distance T'1 of
W, or two paths from W; to C; either way, this violates Lemma 9.6(b).

Claim 1: All of these swaps do not interfere with each other.

Proof: If two sequences in Step 1 or 3 interfere with each other then this will create either two cycles of
size at most 271 that are both within distance T'I of v, or one cycle of size 27'I that is joined to v by two
different paths of length at most 27°T; either way this violates Lemma 9.6(b).

If a sequence of swaps to change the colour of some W; from Step 2 interferes with a sequence from Step
1 or 3 then these sequences form a path in G\G4+1 of length at most 27 from v to a neighbour of W, with
colour 2 or 3; but this contradicts the fact, proven above, that W; has no blocker.

Finally, if the sequences of swaps that change W;, W;, in Step 2 interfere with each other, then they form
a path of length at most 27'] in G\Gr41 from a neighbour of W; to a neighbour of W;_,. Since W;, W;, are
both adjacent to v, this violates Lemma 9.9(c).

Claim 2: None of these swaps change the colour of v, until the final swap in Step 3.

Proof: This also follows from Lemmas 9.6(b) and 9.9. We omit the argument since it is not neccessary -
if a swap changes the colour of v then v is not @ log n-frozen.

Claim 3: none of these swaps change the colour of a neighbour of v to 3.
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Proof: If v has a neighbour, other than u; in one of the Kempe chains swapped in Steps 1 or 3 in order
to change u;, then the edges from v to that neighbour and to u; create a cycle of length less than 7. That
cycle along with the cycle in T(C) violate Lemma 9.6(b). If v has a neighbour, other than u; in one of the
Kempe chains swapped in Step 2 in order to change u;, then this forms a path of length at most 7'I from v
to another neighbour of W; which contradicts the fact that W; has no blocker.

These Claims ensure that we can carry out all three steps, eventually changing the colour of v in Step 3.
(36) implies that each Kempe chain we switch has size at most @ logn. ([l

Having proven Lemmas 9.8, 9.11 and Corollary 9.10 it only remains to show:
Lemma 9.12. No vertex in Bt is frozen.

Proof Suppose WLOG that v € BT has colour 1, and that v has two neighbours in a Kempe chain
removed before v with colours 2, 3. If exactly one of those neighbours, ¥, has colour 3 then we will change the
colours of v and y as follows: Let uy, ..., uy be the neighbours of v with colour 3, other than y; let w, ..., wy
be the neighbours of y with colour 1, other than u. We can make a series of Kempe chain swaps, similar to
those in Steps 1, 2, 3 in the proof of Lemma 9.11, to change each u; to 1, change each w; to 3, and change
v to 3 and y to 1. Again, each chain has size less than @ logn.

If neither of the two neighbours in that Kempe chain have colour 3, then we let uq, ..., uy be all neighbours
of v with colour 3. Again, we can make a series of Kempe chain swaps to change each u; to 1 and change v
to 3.

We omit the repetitive details, other than to remark that the short cycle through v and the Kempe chain
containing y plays the role of the cycle in Y(C') in the proof of Lemma 9.11. ]

This completes our proof of Lemma 5.4.
Proof of Lemma 5.4(b): This follows immediately from Lemmas 9.8, 9.11, 9.12 and Corollary 9.10. O
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