arXiv:1712.03145v2 [math.CO] 17 Jul 2018

Monochromatic cycle covers in random graphs

Déniel Korandi * Frank Mousset ' Rajko Nenadov Nemanja Skori¢

Benny Sudakov §

May 24, 2022

Abstract

A classic result of Erdos, Gyarfas and Pyber states that for every coloring of the edges
of K,, with r colors, there is a cover of its vertex set by at most f(r) = O(r?logr) vertex-
disjoint monochromatic cycles. In particular, the minimum number of such covering cycles
does not depend on the size of K, but only on the number of colors. We initiate the study
of this phenomenon in the case where K, is replaced by the random graph G(n, p). Given
a fixed integer r and p = p(n) > n~1/7+¢ we show that with high probability the random
graph G ~ G(n,p) has the property that for every r-coloring of the edges of G, there is a
collection of f/(r) = O(r® logr) monochromatic cycles covering all the vertices of G. Our
bound on p is close to optimal in the following sense: if p < (logn/n)'/", then with high
probability there are colorings of G ~ G(n,p) such that the number of monochromatic
cycles needed to cover all vertices of G grows with n.

1 Introduction

In this paper, we consider a question of the following type: For a certain class of graphs
G, is it true that the vertex set of every r-edge-colored graph G € G can be covered with
a number of monochromatic paths or cycles@g that only depends on the number of colors
r?

The study of such questions dates back to the 1960s, when Gerencsér and Gyarfas [7]
observed that every 2-coloring of the edges of the complete graph K,, contains two vertex-
disjoint monochromatic paths that together cover all vertices of the graph. Later Gyarfas
[9] conjectured that the analogous statement for r colors should also be true, namely, that
every r-edge-colored K, can be covered with r vertex-disjoint monochromatic paths. He
made a step towards this conjecture by showing that there is always a cover that uses
O(r*) (not necessarily disjoint) monochromatic paths. The case r = 3 was only recently
resolved by Pokrovskiy [19] and for r» > 4 the conjecture remains open.

Strengthening Gyérfas’ result, Erdés, Gyarfds and Pyber [6] showed that the vertices
of every r-colored K, can be covered by O(r?logr) vertex-disjoint monochromatic cycles.
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It is worth noting that their proof is one of the first applications of the absorbing method,
a technique that has turned out to be extremely useful for embedding-type problems.
This was subsequently improved to O(rlogr) cycles by Gyarfas, Ruszinkd, Sarkozy and
Szemerédi [12]. For r = 2, Lehel conjectured that, just like for paths, the vertices can
be covered by two vertex-disjoint monochromatic cycles of different colors. This was
eventually established by Bessy and Thomassé [3]. Some generalizations of these results
concerning more complicated graphs other than paths or cycles were obtained in [8] [21].
Similar properties of host graphs other than complete graphs were also studied: complete
bipartite graphs are considered in [9, 13}, [I7], complete graphs with only few edges missing
in [11], graphs with large minimum degree in [2,[5, 18] and graphs with small independence
number in [20]. For further results and research directions we refer the reader to the recent
survey by Gyarfas [10].

In this paper, we consider the same problem in the setting of the binomial random
graph model G(n, p). The study of covering G(n, p) by monochromatic pieces was initiated
by Bal and DeBiasio [I], who showed that if p = Q(n~'/3) then with high probability
(w.h.p), G ~ G(n,p) has the property that every 2-coloring of the edges of G contains two
vertex-disjoint monochromatic trees that cover its vertex set. They proposed a conjecture
that already p > (logn/n)'/? suffices, which was recently verified by Kohayakawa, Mota
and Schacht [I5]. Here we continue this line of research by studying random analogs of
the theorems of Gyérfas [9] and Erdés, Gyérfas and Pyber [6]. Our main result reads as
follows:

Theorem 1.1. Fiz ¢ > 0 and an integer v > 2. If p = p(n) > n~ /7%= then G ~ G(n,p)
w.h.p has the property that for every r-coloring of the edges of G, there is a collection of
at most (1007)® logr monochromatic cycles covering all the vertices of G.

Although we believe that it should be possible to choose the cycles so that they are
vertex-disjoint, our result does not give this. We remark that the bound on p in the
theorem is almost best possible. Indeed, a result of Bal and DeBiasio [I, Theorem 1.7]
shows that for p < (logn/n)Y/" w.h.p there exists an r-coloring of G ~ G(n,p) which
requires an unbounded number of monochromatic components (and in particular, cycles)
to cover all vertices. Their coloring is based on the fact that such a G contains an
independent set X of unbounded size with the property that every vertex has at most
r — 1 neighbors in X. Now one can color all edges outside of X with the color r, and for
every v € V(G) \ X color the edges from v to X using each of the colors from [r — 1] at
most once. It is not difficult to verify that every monochromatic component can cover
at most one vertex of X, and so at least |X| such components are needed to cover the
whole graph. With this in mind, it seems likely that (logn/n)'/" is the correct order
of magnitude of the threshold for the property of always having a cover by a bounded
number of monochromatic cycles.

We remark that Theorem [[LTlis an example of the more general phenomenon that suf-
ficiently dense — but still very sparse — random graphs G(n, p) often have global properties
that are remarkably similar to those of the (much denser) complete graph K,,. Transfer-
ring classic results about complete graphs to the random graph setting is an active line
of research with some of the milestones achieved only recently (see the survey by Conlon

).

Structure of the paper The paper is organized as follows. In the next section we
give the proof of Theorem [T} assuming two key lemmas: the first one shows that we
can cover all but O(1/p) vertices, while the other one takes care of the remaining vertices.
In Section [3] we collect some tools and properties of random graphs that are used in the
proof of these lemmas. The two lemmas are then proved in Sections [l and Bl respectively.
In the last section we discuss some open problems and future research directions.



Notation We use the common notation [r] = {1,...,r} for the first r positive integers.
Instead of saying that a set has size r, we sometimes say that it is a r-set. We occasionally
write A = B; U---J By to mean that By, ..., By form a partition of A. For a,b > 0, we
write a = b to denote the interval [a — b, a + b].

If G is a graph, we let Ng(v) denote the neighborhood of v, that is, Ng(v) = {w :
{v,w} € E(G)}. Similarly, if A C V(G), then Ng(A) = J,c4 Na(v) is the neighborhood
of A. On the other hand, we denote by N¢(A) = (1,c4 Na(v) the common neighborhood
of A. For subsets A, B C V(G) and a vertex v € V(G), we write Ng(v, B), Ng(A, B) and
NE&(A, B) for the sets Ng(v)NB, Ng(A)NB and N (A)N B, respectively. If A, B C V(G)
are disjoint, we write e (A, B) for number of edges with one endpoint in A and another
in B. If it is clear which graph G we are talking about, we omit the subscript G in the
above notations.

Given a coloring of the edges of G with colors {1,...,r}, we define G; to be the
spanning subgraph of G containing the edges of color . In this setting, we abbreviate
Ng,(v), Ng,(A, B), N§,(A), etc. by N;(v), Ni(A, B), Nf(A), and so on. So for example
N; (v, B) is the neighborhood of v in the set B via edges of color i.

The vertex set of the random graph G(n,p) is understood to be [n]. We say that
G ~ G(n,p) satisfies some property with high probability (w.h.p) if the property holds
for G with probability tending to 1 as n tends to infinity.

We routinely omit floor and ceiling signs if they are not essential.

2 Proof of Theorem 1.1

Theorem [Tl states that if the edges of G ~ G(n,p) (where p > n~1/7*¢) are colored with
7 colors, then there are O(r® log r) monochromatic cycles covering all its vertices. We use
the following strategy to find such cycles.
Our first step is to partition the vertex set of G into s = (101r)?* disjoint sets whose
sizes differ by at most 1:
V(G)=W1 - U Wy,

where each W, has size at most n/(100r)%. Next, we consider one particular set W;
and try to find O(r*logr) monochromatic cycles in G that cover all the vertices in W;.
Importantly for our proof method, these cycles can (and will) use vertices outside of W;.
Since there are s = O(r*) sets, finding such cycles for each W; independently results
in a cover of all vertices by O(r®logr) cycles (although many vertices might be covered
multiple times).

We cover the vertices in the set W; in two steps: first, we cover all but O(1/p) vertices,
and then we cover the remaining ones. Here the quantity 1/p comes into play as the
“threshold” size of a set X to expand to all other vertices (note that each vertex has
roughly mp neighbors). Indeed, the proof of the first step relies on the fact that every
vertex set of size (1/p) is adjacent to 2(n) other vertices. On the other hand, it is key to
our second step that the individual neighborhoods of O(1/p) vertices are almost disjoint.
In any case, our arguments for the two steps are entirely different, so it is natural to split
the proof accordingly. More precisely, we establish the following two lemmas.

Lemma 2.1. For every integer r > 2, there is a constant K = K(r) > 0 such that
the following holds. Let W C [n] be a fized set of at most n/(100r)* vertices, and let
G ~ G(n,p) where p = p(n) > (logn/n)'/2. Then w.h.p for every r-coloring of the edges
of G, there is a collection of 3r? vertez-disjoint monochromatic cycles that cover all but
at most K /p vertices of W.

Lemma 2.2. Letr > 2 be a fized integer and let e, K > 0 be some constants. Let W C [n]
be a fized set of at most n/2 vertices, and let G ~ G(n, p) where p = p(n) > n='/"t. Then



w.h.p in every r-coloring of the edges of G, every subset Q C W of size at most K/p can
be covered by 400r* log(4r2) monochromatic cycles.

Observe that while Lemma 2] provides an approximate cover of one fixed set W,
Lemma applies to all small subsets Q C W simultaneously. We note that Lemma 2]
applies to a somewhat larger probability range than we actually need it to be; also, the
lemma gives vertex-disjoint cycles, but we do not really use this fact.

Combining the two lemmas, we immediately get that w.h.p each fixed set W; can be
covered by 372 + 40072 log(4r?) monochromatic cycles. By the union bound, this is true
for each of the constantly many sets Wi, ..., Wy, and so we can cover all of V(G) using

(372 + 40071 log(4r?)) < (101r)* - 1000r* log r < (1007)% log r

monochromatic cycles. This completes the proof of Theorem [[LT] although of course we
still have to prove Lemmas [Z.1] and

3 Tools and preliminaries

In the proof of Lemma we use the following generalization of the result of Erdés,
Gyérfas and Pyber [6] to graphs with a given independence number:

Theorem 3.1 (Sarkozy [20]). If the edges of a graph G with independence number « are
colored with r colors then G contains a collection of at most 25(ar)? log(ar) vertex-disjoint
monochromatic cycles covering the vertex set of G.

Of course, we cannot apply this directly to G ~ G(n,p) because «(G) is w.h.p un-
bounded (unless p is very close to 1). Instead, we will use it to find cycle covers in a
certain auxiliary graph. To turn the cycles from the auxiliary graph into real cycles in G,
we use a generalization of Hall’s criterion, due to Haxell [13], for the existence of saturat-
ing matchings in hypergraphs (see SectionBl). Given a family £ of subsets of some ground
set V, the vertex cover number 7(£) is the smallest size of a set X C V intersecting every
set in &.

Theorem 3.2 (Haxell [13]). Let {H; = (V,&;)}iez be a family of r-uniform hypergraphs
on the same vertex set, for some positive integer r. If T({U;cp &) > (2r — 1)(|Z'| = 1) for
every I' C I, then there is a family of hyperedges {e;}icz such thate; C & and e;Ne; =)
for everyi #jel.

3.1 A Ramsey-type lemma

Next, let K" denote the complete k-partite graph with parts of size m. The proof of
Lemma 2T relies on the following auxiliary result:

Lemma 3.3. Let m > 1 and k > 2 be integers, and assume that G is a graph whose
complement is K['-free. Then G contains a collection of at most k — 1 vertex-disjoint
cycles covering all but at most 2k?>m + k3 vertices.

The case k = 2 of Lemma states that if a graph does not have a large bipartite
hole then it contains a large cycle. This was proved with a slightly smaller leftover by
Krivelevich and Sudakov [I6]. We remark that the number of cycles given by the lemma
is best possible if one wants a leftover that can be bounded by a function of m and k.
This can be seen by considering the disjoint union of k — 1 cliques of size n/(k — 1): the
complement of such a graph does not contain a Kj* for any m > 1 and yet any collection
of k — 2 cycles must necessarily leave n/(k — 1) vertices uncovered. Although it does not
matter for the present paper, it would be interesting to see how much the size of the
leftover in Lemma can be reduced.



We start the proof of Lemma with the following claim, which is essentially already
contained in [I6], included here for completeness:

Claim 3.4. Let G be a graph with at least m > 1 wvertices. Then there is a (possibly
empty) path P in G and subsets D,U C V(G) such that |D| =m, e(D,U) =0, and

V(G)=DUV(P)JU.

Proof. Let G = (V, E) where |V| > m. To prove the claim, we analyze the depth-first-
search (DFS) algorithm when run on G. The state at the i-th step of this algorithm can
be described by disjoint sets D;,U; C V and a possibly empty path P; in G. The set D;
contains the discarded vertices from which the DFS has already back-tracked. The set U;
represents the set of unexplored vertices, that is, of those vertices that have not yet been
visited by the DFS algorithm. The path P; contains the vertices that have been visited,
but are not discarded yet. The initial state of the algorithm is (Dg, Py, Up) = (,(),V):
all vertices are unexplored. Given the state (D;, P;,U;) at the i-th step, the next state
(Dit1, Pi41,Uit1) is obtained using the following rules:

1. (TERMINATE) If P, = () and U; = 0:
The algorithm terminates (there is no next state).

2. (RESTART) If P, = () and U; # 0:
Choose an arbitrary vertex w € U; and set (Dj11, Pit1,Uiy1) = (D;, (w), U; \ {w}).

3. (EXPLORE) If P; = (vy,...,v¢) is non-empty and U; N N (v;) # 0:
Choose an arbitrary vertex w € U; N N (vy);
the next state is (D, (vi,...,ve, w), U; \ {w}).

4. (BACK-TRACK) If P; = (v1,...,v) is non-empty but U; N N (v,) = 0:
The next state is (D; U {ve}, (v1,...,v-1),U;).

Note that at every step of the algorithm, the sets D;, V(P;),U; form a partition of
V. It is also easy to see that the algorithm eventually terminates — indeed, the value
|D;| — |U;| increases by exactly one in each step and is capped at |V|. As the initial
state is (Do, Py, Up) = (0, (), V) and the terminal state is (V, (),0), and because in every
round, |D;| can increase only by at most 1, we see that there is a state (D;, P;, U;) where
IDi| = m (< V).

The required path is then P = P; and the required sets are D = D; and U = U;. Note
that since vertices are moved to D; only if they no longer have any neighbors in U;, we
have e(D;,U;) = 0 for all ¢ > 0 and in particular e(D,U) = 0. O

It will be convenient to first prove Lemma [3.3] under the additional assumption that
the given graph G contains a Hamiltonian path.

Claim 3.5. Let m > 1 and k > 2 be integers, and let G be a graph whose complement is
K" -free. If G contains a Hamiltonian path, then G contains a collection of at most k —1
vertex-disjoint cycles covering all but at most km wvertices of G.

Proof. We prove the claim by induction on k. Let n = |V(G)|. We may assume n > km,
as otherwise the statement is trivially satisfied. Let P = (vy,...,v,) be a Hamiltonian
path in G.

In the base case k = 2, let S; = {v1,...,vm} and So = {vn—m+1,-..,0,} be the sets
containing the first and the last m elements of the path P, respectively. As n > 2m,
the sets S; and So are disjoint. Since the complement of G does not contain a complete
bipartite graph KJ*, there must be an edge between S; and S». Together with P, such
an edge forms a cycle containing all but at most 2m vertices.

Let us now assume that the claim holds for all ¥’ < k, for some k& > 3. Consider the
set S1 = {v1,..., v} consisting of the first m vertices of the path P. Let m < i < n be



the largest index 4 such that v; has a neighbor in Sy, and let S = {vy,...,v;}. Then G[5]
clearly contains a cycle that covers all but at most m vertices from S. Moreover, there
is no edge between S; and Sy = V(P) \ S = {vit+1,...,vn}, and so, as the complement
of G is K]'-free, the complement of G[S2] is K} -free. By induction G[S2] contains
k — 2 vertex-disjoint cycles that cover all but at most (k — 1)m vertices from S;. In

total, there are k — 1 vertex-disjoint cycles that cover all but at most km vertices from
SUS, =V(Q). O

Next, we have the following simple observation:

Claim 3.6. Let m > 1 and k > 2 be integers, and let G be a graph whose complement is
K] -free. Let Si,...,S CV(QG) be disjoint sets of size at least m+k—1. Then for some
i # j there are two disjoint edges between S; and S;.

Proof. The fact that the complement of G' does not contain a K;* means that for every
choice of disjoint subsets S7,..., S}, of size at least m each, we can find an edge going
from S to S} for some i # j. So let us start with S1,. .., Sy, of size at least m+k — 1, find
such an edge, and remove its endpoints from the sets S; and S;. As long as the remaining
sets (with the endpoints removed) still have size at least m, we can repeat this procedure.
Eventually some S; will only have m — 1 vertices left. This means that we have removed
k disjoint edges touching S;, each going to some S; with 7 # j. Then by the pigeonhole
principle, two of these edges must go to the same S;. |

Proof of Lemma[3.3. Fix a graph G = (V, E) on n = |V| vertices and suppose that the
complement of G does not contain a copy of K;*. We start by proving a slightly weaker
statement:

G contains (’;) vertex-disjoint cycles covering all but at most k?m vertices. (1)

The proof of () is by induction on k. We first prove the base case k = 2. By Claim B4
we can find a path P and sets D,U C V such that |D| = m, e(D,U) = 0, and V =
DUy V(P)JU. Since the complement of G is K3'-free, it follows that |U| < m, and so
|[V(P)| >n—|D|—|U| >n—2m. Now G[V(P)] is a graph that contains a Hamiltonian
path, and whose complement is K3*-free. Thus, by Claim [B.3] it contains a cycle covering
all but at most 2m vertices of G[V(P)], i.e., all but at most 4m vertices of G. This
completes the proof for k = 2.

For the induction step, assume that k > 3 and that () holds for k—1. Using Claim [34]
we find a path P and sets D, U such that |[D| =m, e(D,U) =0,and V=D UV (P)UU.
As the complement of G is K}*-free, and since there are no edges going between D and U,
the complement of G[U] is K} ;-free. By induction, there is a collection of (kgl) vertex-
disjoint cycles in G[U] that covers all but at most (k — 1)?m vertices from U. Moreover,
as G[V(P)] is a graph with a Hamiltonian path whose complement is K}*-free, we can use
Claim to obtain k — 1 vertex-disjoint cycles in G[V (P)] covering all but at most km
vertices of G[V(P)]. In total, we have a collection of k — 1 + (kgl) = (5) vertex-disjoint
cycles in G covering all but at most (k — 1)2m + km +m < k*>m vertices, establishing ().
All in all, we have collection of (g) vertex-disjoint cycles covering all but at most k*m
vertices. We reduce the size of this collection as follows. If the collection contains a cycle
shorter than m + k — 1, we remove this cycle from the collection, increasing the number of
uncovered vertices by at most m+k—1. Otherwise, if there are at least k cycles C, ..., Cg
of length at least m+k —1 left, then we apply Claim[B.6]to a set S; of m+k—1 consecutive
vertices from each cycle C;. The claim provides two edges that merge two of these cycles
into a single one, while increasing the size of the leftover by at most 2(m + k — 1). If we
repeat this until the collection contains at most & — 1 cycles, then we end up with £ — 1
vertex-disjoint cycles covering all except at most k2m + (;)Q(m +k—1) < 2k*m + k3
vertices, as required. ([l



3.2 Properties of random graphs

In this section we collect some properties of random graphs that are used throughout the
proof. The following Chernoff-type bounds on the tails of the binomial distribution are
used throughout.

Lemma 3.7 ([14] Theorem 2.1]). Let X ~ Bin(n,p) be a binomial random variable. Then
e PriX < (1—a)np]< e—a’np/2 for every a > 0, and
e Pr(X > (1+a)np] < e~ 0" nP/3 for every 0 < a < 3/2.

The next result says that w.h.p a random graph contains approximately the expected
number of edges between any two sufficiently large vertex sets.

Lemma 3.8. Fiz 0 < o, 3 < 1 and let C = 6/(a?B) and D = 9/a®. Then for every
p = p(n) € (0,1), the random graph G ~ G(n,p) satisfies the following property w.h.p:
For any two disjoint subsets X,Y C V(QG) satisfying either of

1. |X],[Y] = D(logn)/p, or
2. | X|>C/pand |Y| > fBn,
we have

e(X,Y) € (1+a)|X||Y|p.

Proof. For fixed sets X and Y, the quantity e(X,Y) follows the binomial distribution
Bin(|X||Y],p), so we can apply Lemma BT to get

Pr[e(X,Y) ¢ (14 a)|X||[Y|p] < 2e= IXIVIP/3,

Hence the probability that there exist sets X, Y C V(G) such that | X| > |Y| > D(logn)/p
and e(X,Y) ¢ (1 £ a)|X||Y]|p is at most

n n 2 2
2¢~ A zyp/3 < 2z logn ,—z-a“D(logn)/3
DN I D DR

Dlogn <y<a<n PREE <y<w<n

_ 2
§ : e zlogn < n2e log“n :0(1)7

%Syﬁmﬁn

IN

using D = 9/a? > 1. Similarly, the probability that there are subsets X, Y C V(G) such
that|X| > C/p, |Y| > pn, and e(X,Y) ¢ (1 £ )| X||Y]|p is at most

i i (Z) (Z) 2€—a2zyp/3 < i i 22ne—a20Bn/3 — 0(1),

z=C/py=pn z=C/py=pn
for C' > 6/a?p. O

The following lemma studies how the common neighborhoods of given vertex pairs
intersect an arbitrary set.

Lemma 3.9. For every p = p(n) € (0,1), the random graph G ~ G(n,p) satisfies the
following property w.h.p: For every family L of £ disjoint pairs of vertices, and for every
set Y of 30 vertices that is disjoint from each pair in L, we have

> IN@Y)NN(w,Y)| <

{72[10gn if £ < 6logn/p?,
{v,w}el

20)Y|p*  otherwise.



Proof. Fix sets £ and Y as in the statement of the lemma. Since the pairs in £ are
pairwise disjoint and disjoint from Y, the sum

QL,Y)= > IN@®Y)nN(wY)|

{v,w}el

has the same distribution as a sum of £|Y| = 3¢? independent Bernoulli random variables
with probability p?. In other words, Q(L,Y) ~ Bin(3¢2, p?). Therefore, for £ < 6logn/p?
we have

62
<
Pr{Q(L,Y) > 72¢logn] < (72élogn

< (6/4)72élogn < e—ﬁélogn7

27attogn (€1 3Lp7 )T losn
(»°) <
= \720logn

where the last inequality follows from (e/4)!2 < 1/e. Otherwise, if £ > 6logn/p? then we
can apply the Chernoff bound (Lemma B.7)) to get

Pr[Q(L,Y) > 2/|Y|p?] < e~tYIP*/3 — (=P < o—6llogn

Taking a union-bound over all choices of £ and Y, we obtain that the probability that for
some £ and Y the desired upper bound does not hold is at most

n 9 n n
n n 76llogn 20+3¢ _—6Llogn __ —4
D e

completing the proof. O

Our last tool shows that the common neighborhoods of not too many distinct small
sets are close to disjoint.

Lemma 3.10. Let r > 2 be a fized integer and let € = €(n) € (0,1). Let p = p(n) € (0,1)
and let L C [n] be a fized set of at least 50rlogn/(ép™) vertices. Then G ~ G(n,p) w.h.p
satisfies the following property: For every family of at most € /p different sets X1,...,X; C
[n] \ L of size r, we have

} ON*(Xi,L)} e (1+VaLp'

i=1

Proof. Let Xi,...,X; be a fixed family of ¢t < &/p different r-sets contained in [n] \ L.
We consider the random set W = Ule N*(X;,L). Note that W contains each vertex
of L independently with the same probability, so |W| ~ Bin(|L|,q) for some probability
g. We will use the inclusion-exclusion principle (Bonferroni’s inequality) to estimate the
expectation of |IW|, and then apply Chernoff bounds to get concentration.

Let A; = N*(X;, L). Then, according to Bonferroni’s inequality, we have

t t
IS =< S a.
=1 =1

1<i<j<t
Here E[|A;]] = E[|[N*(X;, L)|] = |L|p" and E[|A;NA;|] = E[|[N*(X;UX;, L)[] = |L|p!X:V %l
In particular, E[|4; N A;|] < |L|p"*!. Thus, on the one hand we have

t

E[[W]] < Z (14} = ¢[LIp",



and on the other hand,

t = T
> Bl A 2zl — (3) 12 2 Ll - i /2

t
E(W[ > Y E[l4]] -
i=1 1<i<j<t
using ¢ < £/p in the last inequality. Hence
(1—¢&/2)t|Llp" < E[[WI[} <t|L|p",

so in particular, ¢ > (1 — £/2)tp" > tp”/2. Then by a Chernoff bound, i.e., Lemma 31
with a = V/&/2, we get

PI’[|W| g (1 + \/g)t|L|pT] < Qe_ét‘L‘Pr/24 < 6—2t7‘10gn’

using |L| > 50rlogn/(ép") in the last inequality. Finally, a union-bound over all choices
of X1,...,X; shows that the property in the lemma fails with probability bounded by

&/p t [ee) [e’e)
E (n) 672tr logn < E eftr logn < E nft 50 I
t=1 r t=1 t=1

4 Approximate covering — proof of Lemma [2.1]

Let W be a fixed set of at most n/(100r)* vertices and let G ~ G(n, p), where p = p(n) >
(logn/n)/2. Consider some coloring of the edges of G with r colors. Our goal is to find
3r? vertex-disjoint monochromatic cycles that cover all but at most K/p vertices of W,
for some sufficiently large constant K = K (r).
Let U = V(G) \ W. Tt is convenient to work with different colors separately, so we
partition W into r sets
W=Wuy.--uWw,

such that v € W; if the most commonly used color on edges between v and U is i:

veWs = [Ni(v, U)] = max|N;(v, U)].
JE|r

Recall here that N;(v,U) is the set of vertices in U joined to v by an edge of color i.
Next, for every i € [r], we define an auxiliary graph H; on W; where two vertices
v, w € W; are connected by an edge if and only if

Ni(0.U) O N, 0] =
(v, i(w, > —.
’ ‘ (50r)4

The main idea is to apply Lemma on H; to find a small collection of “auxiliary
cycles” covering most of W;. Then we will use Hall’s condition to turn each such auxiliary
cycle into a cycle in G; (the subgraph of G of edges in color ¢) that covers the same vertices

in W;. We thus have two claims:

Claim 4.1. Let ¢ = 384r. Then w.h.p each auziliary graph H; contains 3r — 1 vertex-
disjoint cycles covering all but at most 18r2c/p + (3r)® vertices of H;.

Claim 4.2. The following holds w.h.p: For every choice of k; < 3r — 1 vertex-disjoint
cycles C4,. .., C,ii in each auziliary graph H;, the graph G contains ki + - - - + k. vertez-
disjoint monochromatic cycles covering all the sets V(CJZ)

From these two claims, Lemma 2.1l follows immediately with K = r-18r2.384r+27r% <
(20r)%. Tt remains to prove the two claims.



Proof of Clatm[f-1 In light of Lemma [33] it is enough to show that the complement of
each H; is Kgip -free. There is an easy intuition as to why this is the case: in G, each
vertex of W is adjacent to about p|U| vertices in U, so we expect a subset of size ¢/p
to expand to almost the whole U. As a vertex from W; has at least p|U|/r neighbors in
U in color 4, this suggests that a subset of ¢/p vertices of W; should have at least |U|/r
neighbors in this color . But then if we take a bit more than r sets of this size, then their
i-colored neighborhoods overlap significantly, so there should be two sets with linearly
many common neighbors in color ¢. This readily implies that some two vertices in H; are
joined by an edge. We will now make this argument precise.

First, w.h.p G satisfies the properties of Lemma B8 with @ = 1/4 and g = 1/(4r).
Let ¢ = (m&, ﬁ) = 384r be the corresponding constant given by Lemma Then
Lemma B8 states that w.h.p any two disjoint subsets X, Y C V(G) such that | X| > ¢/p
and |Y| > n/(4r) satisfy

e(X.Y) < 21X |[¥]p )

Next, every vertex v € W has e(v,U) ~ Bin(|U|,p) neighbors in U, thus Lemma [B.7]
shows that the probability of e(v,U) & (1 & r~2)p|U]| is at most 2e~1UIP/G3r") = ¢=Qnp),
using |U| > n/2. As p > 1/4/n, a union bound over all vertices of W gives that w.h.p
e(v,U) € (1+r=2)p|U| for every v € W. By the definition of W;, it follows that w.h.p we
have
e;(v,U) > e(v,U)/r > plU|/(r+1) for every v € W. (3)

In the following, fix some i € [r]. We will show that properties (2)) and () already imply
that the complement of H; is Kg{p—free. In other words, we show that if Xq,..., X3, C W;
are disjoint sets of size ¢/p, then there exist j # j' such that ey, (X;, X;/) > 0.

Fix any such sets, and let Y; = N;(X;,U) denote the set of vertices in U that have a
neighbor in X in color i. We first show that

[Y;| > |U|/(2r) for every j € [3r]. (4)
First, by @) we have
€i(X;,Y;) = ei(X;,U) = [ X;[|Ulp/ (r +1).

Suppose that [Y;| < |U|/(2r) and choose an arbitrary set Y; C Y/ C U of size |U[/(2r) >
n/(4r). Then by ([2)), we have
5 5
ei(X;,Y5) < e(X;,Y)) < Z1XG11Yjlp = 1 XG1IUlp < 1X5|UIp/ (r + 1),
which is a contradiction. This establishes ().

Now we can bound how much these colored neighborhoods intersect using Bonferroni’s

inequality:
3r

> Wyl = (Y ml) - 1ol = vl
1<j<j/<3r j=1
using (@) for the last inequality. In particular, we must have |Y;NY;/| > |U|/(3r)? for some
j # j'. Note that Y; NY}s can also be written as the union of the common neighborhoods
N;(v,U) N N;(w,U) over all pairs of vertices v € X; and w € X;,. But then for some
choice of v and w, the size of this is at least the average:

U] 1 U np’

|N;(v,U) N N;(w,U)| > (3r)2 : X511 X5 (3r)2¢ = (50r)4

using |U| > n/2 and ¢ = 384r. Thus v and w are connected by an edge in H; and so
en,(X;, X ) > 0, which is what we set out to prove. |
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Proof of Clatm[].2 First note that w.h.p G satisfies the conclusion of Lemma 3.9 which
says that for every family £ of ¢ disjoint pairs of vertices, and for every set Y of 3/ vertices
that is disjoint from each pair in £, we have

> IN@Y)NN(w,Y)| <
{v,w}el

{mlogn, if £ < 6logn/p’ 5)

20|Y|p?,  otherwise.

This property will be enough to deduce the claim.

Let & = Ujepm, E (C%) be the edge set of the given cycles in the auxiliary graph Hj,
and let £ = iclr] &;. We define an auxiliary bipartite graph B with parts U and £ where
an edge vw € &; is joined to a vertex u € U if and only if u € N;(v,U) N N;(w,U). We
will use Hall’s condition to show B contains a matching covering £. In other words, we
will show that there exists an injection f: & — U such that for every vw € &;, the vertex
f(vw) € U is a common neighbor of both v and w in color i. This will immediately
imply the statement of Claim B2 because we can then convert every cycle C;: in H;
into a monochromatic cycle in G by replacing each edge vw of C; by an ¢-colored path
(v, f(vw), w). The injectivity of f ensures that the cycles we get are vertex-disjoint.

To verify Hall’s condition, we need to show that for every subset £L C £ we have
INg(L)| > |£|. We instead prove the somewhat different statement that for every subset
L C & consisting of pairwise disjoint edges in € we have |[Np(L)| > 3|£]. This second
statement actually implies the first: as £ is a disjoint union of cycles, every set of edges
L' C & contains a subset £ C L' of size at least |£'|/3 such that the edges in L are
vertex-disjoint, and so

INs(L)| = INp(L£)| = 3|£] = |£].

So take any set of pairwise disjoint edges £ C £ and suppose for contradiction that
Np(L) is properly contained in some set Y C U of size 3|L|. Recall that every vertex pair
vw € L is also an auxiliary edge in some H;, so v and w have at least np?/(50r)* common
neighbors in U in color i. By definition, these common neighbors are also neighbors of
the pair vw in B, so they are contained in Y. Hence

2

np|L

T < X INEY) AN @)L
vwEL

Note that since |Y'| = 3|L]|, we can apply (@) to the sum on the right-hand side. There
are now two cases, depending on the size of L.
If |£| < 6logn/p?, then by (B

np®|L|
(50r)*

< > IN@,Y)NN(w,Y)| < 72|£|logn,
weL

contradicting our assumption that np? > logn.
If |£| > 6logn/p?, then by (&)

np?|L

(50r)*

< Y IN@WY)NN(w,Y)| < 2|2V |p,

vweL

and thus |Y] > n/(2-(50r)%) > 3n/(100r)* > 3|W| > 3|L|, which contradicts the assump-
tion that |Y| = 3|£|. This concludes the proof of the claim. O

5 Covering a set of size O(1/p) — proof of Lemma

Let r,e, K > 0 be constants, where r > 2 is an integer. Consider a subset W C [n] of size
at most n/2 and let G ~ G(n,p) for p = p(n) > n='/"*¢. We need to show that w.h.p

11



every subset Q C W of size at most K/p can be covered using at most 4007 log(4r?)
monochromatic cycles.

5.1 Proof overview

The main idea of the proof is the following: We define an edge-colored auxiliary graph
H on the vertex set W, where two vertices v,w € W are joined by an edge of color ¢ if
they are “robustly connected” by monochromatic paths of color i, whose interior vertices
belong to U = V(G)\W. This auxiliary graph should have two properties. First, we want
the independence number of H to be bounded by a function of r, as this will imply, via
the result of Sarkozy (Theorem B)), that every induced subgraph H[Q)] can be covered
by a number of monochromatic cycles in H[Q)] that depends only on r. Second, we want
the notion of “robustly connected” to be sufficiently strong to allow us to convert such
a cover of H[Q] by auxiliary monochromatic cycles into a cover of by monochromatic
cycles in G, at least if |Q| < K/p.

It is instructive to note that this task would be significantly easier for p > n=1/("+1),
In this case we could define H by saying that v,w € W are joined by an edge of
color i if there are many (i.e., Q(np"™1)) vertices in the i-colored common neighborhood
N;(v,U)NN;(w,U). Tt is not hard to see that if p > (logn/n)'/ "1 then this graph has
independence number at most r. Indeed, the high density implies that every set X C W
of 7 + 1 vertices has a large common neighborhood N*(X,U) in U (of size ~ np"*1). Of
course, for every vertex in N*(X,U), at least two of the edges coming from X must have
the same color (by the pigeonhole principle). This in turn implies that some two vertices
in X will have a large common neighborhood in the same color, so H[X] contains an edge.
We could then apply Theorem [3.1] to cover H[Q] with few disjoint monochromatic cycles,
and, as in the proof of Lemma 2l use Hall’s condition to turn each of these auxiliary
cycles into a monochromatic cycle in G by replacing each auxiliary edge with a path of
length 2 in G in the same color.

Unfortunately, when p is smaller than n=/("t1) a typical set of 7+ 1 vertices does not
have any common neighbor, and the graph H as defined in the previous paragraph might
have unbounded independence number. We overcome this issue by using slightly longer
paths to create monochromatic cycles in G. So here the edges of H will correspond to
short monochromatic paths whose lengths are possibly greater than 2. We now describe
informally how we are going to do this, assuming for simplicity that » = 2, i.e., that there
are only two colors, called red and blue.

To define H, consider an arbitrary set X C W consisting of 3 vertices u,v,w (see
Figure [[). Since we assume p > n~l/rte = =12+ any two vertices in X will have
©(np?) common neighbors in U. Let Z; be the set of common neighbors of 4 and v in U
(and keep the vertex w for later). If there are Q(np?) vertices * € Z; that have an edge
to both u and v in the same color, then we add an edge in that color in H between u
and v. However, it could be that most vertices in Z; are connected to u and v by edges
of different colors (i.e., there is a red edge to u and a blue edge to v, or vice-versa). In
this case, we can find many vertices in Z; which are of the “majority color profile”, that
is, we can find a set S; C Z; of Q(np?) common neighbors of u and v such that either
every vertex x € S7 has a red edge to u and a blue edge to v, or every vertex x € Sy has
a blue edge to u and a red edge to v. In any case, we can relabel X = {Vtrees Vred; Ublue }
such that every vertex in S; is connected by a red edge to v,eq and by a blue edge to vpiue
(and vgree Will just be the vertex w).

We now define the set Z5 of all vertices in U that have an edge to both vgee and a
vertex in S;. The properties of G(n,p) will make sure that this set is about as large as
expected: |Za| = Q(n?p?). If there are Q(n?p?) vertices in Z, that have an edge to both
Vree and a vertex of S in the same color — say, both are blue — then we add a blue edge
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Figure 1: Building towers when r = 2.

to H between vgee and vpye. And of course, if both edges are red, then we add a red edge
between vgee and veq. This way an edge of color i corresponds to many i-colored paths
of length 3 between the two involved vertices. However, as before, it could be that most
vertices in Zs are connected to vgee and S7 in both colors. Then, again, there must be a
majority color profile of such vertices, and we can find a subset Sy C Z, of size Q(n?p*)
such that every vertex in S has either a blue edge to vgee and a red edge to a vertex of
S1, or the other way around. The important observation is that it is again possible to
relabel the vertices X = {Ufree, Ured, Ublue} Such that every vertex in Ss is now connected
by a blue path to vpue and by a red path to vyeq (for example, if every vertex in S has
a blue edge to S7 and a red edge to vee, Wwe exchange the identities of vreg and vgee).

If we continue like this, the following pattern emerges: starting from a set X of three
vertices, either we are able to place an edge in H between two vertices in X, or we get
a sequence 51,592,953, ... of larger and larger sets (|S;| will be around (np?)?) such that
every vertex in S; is connected by a red path to some veq € X and by a blue path to
some Uplue € X. This statement is formalized in Claim below.

Now take any set X of 6 vertices, and split it into two sets X and X' of three vertices
each. If H contains an edge inside X or X', then X is not independent. Otherwise, since
p > n~/?te we see that after about m = 1 /¢ iterations of the above procedure, we reach
a set Sy, from X and a set S’ from X', both of size much larger than (logn)/p, such that
every vertex in the set Sy, (S;n) is connected in both colors to the set X (X’). In G(n,p)
there are many edges between any two sets of size larger than (logn)/p (see Lemma B.g),
in particular, we can find many (say) red edges between Sm and S/ . But then there is a
vertex in X that is connected to a vertex in X’ by many red paths, and we can add a red
edge connecting these vertices to H. This gives us an H that has independence number
at most 5 such that an i-colored edge in H corresponds to many ¢-colored paths between
the two vertices in G.

The same general approach works if there are more than two colors. In the rest of this
section, we explain the details of the above outline to get a real proof, and show how to
turn the auxiliary cycles in H|[Q)] into monochromatic cycles in G.

5.2 Towers, cascades, and the auxiliary graph

Without loss of generality, we may assume that p = n= /"¢ where ¢ = 1 /qr for some
large integer ¢ such that r does not divide ¢ — 1. (So we have p = n~(a=1/ar = p=(a=1)e )
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Let us fix a partition of U = V(G) \ W into 1/e levels of the same size:
U:LlL'J"'ULl/E,

where |L| = ¢|U|. For notational convenience, we also define Ly = W. As this partition
does not depend on the choice of @ C W, we may fix it before exposing G. Set

. |Lk|pT o re
= B g, ©)

and let m € N be such that m — 1 < % < m. Note that this implies m < 1/, and

P =0 fp) and ™ = Qnfp). (7)

Indeed, p™~1 < pla=2/m = O(nla=Ne=¢) and p™ > pd/7 = Q(nla-Nete),

Next, we describe the structures needed for the proof. The point of the argument
we sketched in Section [5.0] was to find monochromatic paths from a vertex v through a
sequence of sets (Ss,...,Sy) (see Figure[). We will call such a monochromatic piece a
tower on v. Due to technical reasons, the formal definition below needs to include some
auxiliary sets, as well.

Definition 5.1 (Towers). Let 1 < s < f < m, let i € [r] be a color and v € Ly. We
call a sequence of sets (Ss—1,S5s,...,5¢) an i-tower on v if there is a sequence of sets
Ts,..., Ty € Lg of size r — 1 such that the following properties hold:

(T1) Sk C Ly and |Sg| = p¥ forallk € {s —1,..., f},

(T2) S, C Ni(v) N N(Ss1) N N*(TL),

(T3) Si C Ni(Sp_1) N N*(Ty) for all k€ {s +1,.... f},

(T4) veTsif s>1,and Sy = {v} withv ¢ T7 if s = 1.

We say that (Ts,...,Ty) is a witness sequence for the tower (Ss—1,...,5f).

Note that in the case r = 2 that we discussed in Section B} the v ce of step ¢ will
be the witness T;11 that “generates” S;11 from S;. For example, in Figure [ (u,S) is
a red tower on u with witness sequence (v), (v,S1,52) is a blue tower on v with witness
sequence (u, w), (S1,52,93) is a red tower on w with witness sequence (w, u), and (Sz, S3)
is a blue tower on u with witness sequence (u).

In general, if (S5-1,Ss,...,S5f) is an i-tower on v, then it follows from and
that every vertex in Sy is reachable from v by a path in color ¢ passing through
each Ss,...,Sf_1 exactly once. Property the set Ss_1 and the witness sequence
T, ..., Tt are needed to establish some pseudorandom properties of the sets S, ..., Sy,
such as expansion.

To define our auxiliary graph, we need one additional structure, a cascade that we
define on a pair of vertices in Lg. As we will see later, it guarantees that the two vertices
are connected by monochromatic paths in a very robust way (Claim [£.9).

Definition 5.2 (Cascades). Let ¢ € [r] be a color. We say that two vertices v, w € Lg are
connected by an i-cascade if there is an i-tower (S7 _1,S¢ ,...,S%) on v and an i-tower
(8¢ _1,8% ... .,S}”) on w for some 1 < s,, 8, < f < m, such that either
(C1) S} =S¥, or
(C2) f=mand e;(R,, Ry) > e(Ry, Ry)/r, where R, = S, \ S and R, = S% \ SY,.
Note that there is no need to impose any conditions on the disjointness of the sets in
(C2)| This is because if R, and R,, are small then S}, and S} have a significant overlap,
so the situation is similar to
We now define the auxiliary graph H on the vertex set Ly by adding an edge of color

i between two vertices v, w € Ly if v and w are connected by an i-cascade. There are two
central claims:
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Claim 5.3. W.h.p, H has independence number at most 4r.

Claim 5.4. W.h.p, for every monochromatic cycle C' in H of length at most K/p, there
is a monochromatic cycle C* (of the same color) in G such that V(C) C V(C*).

From these two claims, Lemma follows easily:

Proof of Lemma[Z4. Suppose that G ~ G(n, p) is such that the two properties in Claims
BE3land B4l hold (this happens w.h.p), so H has independence number at most 4r. Let @ C
Lo be an arbitrary set of size at most K/p. As the independence number of H[Q] is also
bounded by 47, we can apply Theorem B.1lto find a collection of at most 25(ar)? log(ar) <
400r* log(47?) vertex-disjoint monochromatic cycles in H[Q)] covering Q.

We know that every cycle in the collection has length at most |Q| < K/p, so we can
replace each such cycle C' by a monochromatic cycle C* in G that covers the vertex set
of C (using the property in Claim [5.4]). This gives a collection of at most 4007 log(47?)
monochromatic cycles in G covering the whole set Q. |

5.3 Proof of Claim

We first prove an auxiliary claim:

Claim 5.5. W.h.p, for every set X = {x1,...,x2r_1} of 2r — 1 distinct vertices in Ly,
one of the following two statements holds:

(i) there are two vertices v,v' € X and a color i € [r] such that v and v’ are connected
by an i-cascade, or

(ii) there exists a subset X = {v1,...,v,} C X and for eachi € [r] an i-tower (S? _,,S!
on v;, such that S}, =--- =8I .

si—17Fg;0 "

Proof. First, note that w.h.p the property in Lemma B0 holds with £ = 1/4 simultane-
ously for every set L = Lj where k € [m]. This is because |Lg| = O(n) > logn/(ép")
and m is a constant. Thus, we may assume the following property: for every k € [m] and
every list of t < &/p distinct r-sets X1,...,X¢ C [n]\ Ly, we have

t
| UV (X, L) | = HLalp" /2. (8)
=1

This property will be enough to imply Claim

To prove the claim, assume X = {z1,...,z2,_1} does not satisfy (i), that is, no two
vertices in X are connected by an i-cascade for some i € [r]. We show that for every
k € [m]

there is a set Xy = {v1,...,0,} C X and an i-tower ()
(St _1,8%,...,5;) on each v; such that S} =--- = S}.

Note that X = X,,, then satisfies |(ii)|

We prove (@) by induction on k. For the base case k = 1, let X1 = {x1,...,2,} C X.
Let Z; = N*(X1, L1) be the common neighborhood of X; in L. By (8) applied to the
single r-set X7, we have

|Z1| = |N* (X1, L1)| > |L1|p" /2 = pr".

Let us say that a vertex z € Z; has the color pattern (iy, ..., i) if for each a € [r], the edge
zx, has color i,. There are r" different color patterns, so we can find a subset S; C Z; of
size |S1| = p such that all vertices in Sy have the same color pattern (i1, ..., ).

Let S§ = {z,} for every a € [r], and S§ = S;. We now claim that (S§,S1) is an
iq-tower on z,, for every a € [r]. For this, choose T = X3 \ {z,}, and let us check the
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conditions [(T1)H(T4)| separately. First, |(T1)| requires that [S§| = 1, |S§| = p, S§ € Lo
and S1 C Ly, all of which are true. For|(T2)| note that S§ C N, (xq) N N(S§) N N*(T})
holds because every vertex in S{ lies in the common neighborhood of X; = T7 U S§ and
has an edge of color i, to x,. The condition is vacuous in this case. Finally, for
note that S§ = {z,} and z, ¢ T} hold by definition.

If i, = iy for some distinct a,b € [r], then x, and x; are connected by an i,-cascade
(condition , contrary to our assumption. So all r different colors appear in the

color pattern (i1,...,%,), and by relabeling the vertices in X; = {z1,...,z,} as X; =
{v1,...,v,} so that v;, = x,, we get the required i-tower on each v;, proving (@) for
k=1.

Now suppose that (@) holds for some k —1 > 1, and let us prove that it holds for k, as
well. By the induction hypothesis, there is a set of vertices X1 = {v1,...,v,.} C X and
an i-tower ( ;71,5’;, .. .,S,i_l) on each v; such that S,i_l =---=5}_, = Sk_1, where
bywe have |Sx_1| = p*~ 1. Let X' = X \ Xi—1 = {wi,...,w,.—1} be the remaining
r — 1 vertices (recall that X has size 2r — 1).

Next, we define Z, C Ly as the set of all common neighbors of the sets X’ U {v} for
v € Sg_1, i.e.,

Zy=|J N*(X'U{v},Ly).

VESK_1

Here we have p*=1 < p™~1 < &/p (see () distinct r-sets, so (§) gives

| Zk| = ‘ U N* (X' U{U}aLk)’ > P YLy pn /2 =
veS,

Each vertex z € Zj, is connected to w; for every j € [r — 1] and has a neighbor in Sj_;.
Fix one such neighbor w/, € Si_1 (chosen arbitrarily) and define the color pattern of z to
be (i1,...,4,) if the edge zw; has color i, for every j € [r — 1] and zw/, has color i,. Once
again, there are " such patterns, so there is a subset Sy C Zj of |Sk| = uk vertices that
all have the same pattern (i1, ...,%.).

We first note that for every j € [r — 1], the sequence (Si—1,Sk) is an i;-tower on w;
with the witness sequence (T}), where T, = X’. Verifying the conditions [(T1)H(T3)| is
the same as in the £k = 1 case, and again holds by definition: w; € T}. Similarly,
(S;;T_l, Sg;r, ceey 1?—1’ Sk) is an i,-tower on the vertex v;, € Xy_1. For this, we take
a witness sequence T;;T - .,T,i:l of the tower (SZT—1’ Sg;r, cee S,i:l) and extend it by
setting 7" = X'; the conditions [[TL)H{(T4)] are then easy to check using the fact that
(S;::Tfl’ ngr, ..., Sjr ) is already an i,-tower on v; : for we already have |Si| = p*,
whereas for we know that every z € Sy is in the common neighborhood of X’, and
is also connected to Sj_; by an i,.-colored edge, so Sy, C N; (S;7 ) N N*(T}"). Every
other requirement holds by induction.

If i, = ip for some distinct a, b € [r], then two vertices in Xy = {w1,...,w,—1,v;,} C X
are connected by an i,-cascade (again by condition , which we had ruled out. So all
r colors appear in (i1,...,1%,) exactly once, and thus we can relabel the vertices in X}, as
v1,...,0r to get the desired i-towers on the (new) v;’s. ([l

Proof of Claim[53. Recall that H is the graph on vertex set Ly where we add an edge
vw in color ¢ whenever v and w are connected by an i-cascade in G.

Assume that G satisfies the property in Claim B3] as it does w.h.p, and let X C Lg be
a set of 4r — 2 vertices. We show that X contains two distinct vertices connected by an i-
cascade, for some i € [r]. For this, split X into two disjoint sets X, X’ of 2r—1 vertices each.
If either set contains two vertices connected by an i-cascade for some i € [r], then we are
done. Otherwise, by Claim [5.5] there are subsets {v1,...,v,.} C X and {v{,...,v.} C X/

and an i-tower (S _;, S ..., S ) on v; and another i-tower (S% _,,S%,...,S%) on v}
2 i
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for every color i € [r], such that S} = ... =87 =: S, and S/} =-.- = S/" = 5/ . Let
i € [r] be a color such that e;(R, R') > e(R, R')/r, where R = S, \ S., and R’ = 5/ \ Sp,.
Then v = v; and v = v} are connected by an i-cascade, and we are again done. O

5.4 Proof of Claim [5.4]

Let us recall the statement: given, say, a red cycle C of size O(1/p) in the auxiliary graph
H, we want to find a red cycle C* in G that covers all the vertices of C. We use the
following strategy.

For each edge e in C, we have a cascade on top of it, so we know that there are
many short (of length at most 2m + 1) red paths connecting the endpoints of e, all
with internal vertices in U. Let us denote the set of internal vertices of these paths
by He = {P},...,P‘}. In order to create a cycle C*, it suffices to choose exactly one
P, € H, for each e so that they are all pairwise disjoint. We use Theorem to achieve
this. Taking the #. as the (2m)-uniform hypergraphs, it is enough to check that for any
subset £/ C F(C) and any Y C U of size |Y| < 4m|E’| there is a path P, € H., for some
e € E’ that completely avoids Y.

The proof relies on two ingredients. First, we will show that most cascades (or, rather,
the associated towers) corresponding to the edges in E’ are disjoint on almost all levels
(Claim [B.8)), thus it is impossible for Y to significantly intersect each of them. Second, if
we remove a small fraction of the vertices from each level of a cascade connecting v and
w, then it still contains a path from v to w (Claim [5.9]).

The following notion of independent towers will be crucial for our applications of

Lemma B.100

Definition 5.6 (Independent towers). Suppose that 1 < s < f < m and that we are
given a collection {(S?_,,S7,.. '75;)}]’6[15] of ¢ towerdd. We say that this collection is
independent if there exists a witness sequence (77, ..., T3}) for every tower (S5_,...,S})
such that all sets of the form 77 U {v}, where j € [t] and v € S?_,, are distinct.

Our next claim says that among towers on distinct vertices, there is always a large
subset of independent towers.

Claim 5.7. Let 1 < s < f <m and lett > 0. Let vi,...,v; be distinct vertices in Lg
and for each j € [t], let Tj = (Si_y,...,S}) be a tower on v;. Then there is a set T C [t]

of at least t/r indices such that the towers {T;};cz are independent.

Proof. We define a graph Gt on the vertex set {71, ..., 7:} where 7; and 7 for j # j" are
connected by an edge if and only if T9 U{v} = T7' U{v'} for some v € S7_, and v/ € §7 ;.
We will show that the maximum degree of G is at most » — 1. This clearly implies that
G contains an independent set of size at least ¢/r (e.g. by choosing its vertices greedily),
which is exactly what we need.

We first show that if 7; and 7}/ are adjacent in Gp then v; € T7. Indeed, if s = 1,
then for each j € [t] we have SJ = {v;} by Hence 7; and 7;, can only be adjacent
if TV U {vj} = de U {v;}, but then v; # v; implies vj; € T7. On the other hand, if
s > 1 then T C Lj and S§71 C Ly_1 where LoN Ls_1 = 0, so 7; and T, can only be
adjacent if TJ = T7. Once again, then implies that vy € T3" = T9. But T/ has
r — 1 elements, so there are at most r — 1 different choices for this v;;. Thus 7; has at
most r — 1 neighbors in Gr. O

The next claim shows that in every small collection of independent towers, a significant
fraction of them are almost mutually disjoint on any given level k.

2More precisely, each (ngl, S9., S}) is an i;-tower on some vertex v; € Lo, but the precise values for i;
and v; do not matter here. We use this kind of sloppiness throughout the proof.
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Claim 5.8. The following holds with high probability. For every family {(S?_,, ..., S;)}je[t]

of t independent i-towers, where 1 < s < f <m andt < n/(u*p) for somek € {s,..., f},
there is a set Iy, C [t] of size |Ix| > t/2* such that

’S,z N U Sil‘ < (80rT)k e AR
7 €Ti\{5}

for every j € Tk.

Proof. Note that with high probability Lemma 10 applies with & = n=5/2 and L = Ly,
simultaneously for every k € [m]. Thus, we may assume that for every k € [m] and every
family of T' < &/p different r-sets X1,..., X C [n]\ Lg, we have

‘ U~ (xe, Lk)‘ € (1 VAT|Lilp" = A1 £ VET - 2r"p. (10)
(=1

We derive Claim [5.8 from this property. For convenience, let & = (80r")Fn=/* for
kelm]. _ ‘

Let {(S7_1,5%,...,5%)}je be a colle§tion of t independent i-towers as in the state-
ment of the claim. For each j € [t], let (T7,..., T;) be a corresponding witness sequence

such that all sets of the form 77 U {v}, where j € [t] and v € §7_,, are distinct (this is

S
possible because of the independence). We prove the claim by induction on k.

Suppose k = s. For each j € [t] define Z] = N(S]_,) N N*(T}, L), and set

Zv=)z, awad Zv= |J zZinz].
jeld ji'ElH

Note that the definition Z,z is almost the same as the definition of S,z, however without
restricting the neighborhood of S]_; to a specific color. Therefore, we have S} C Zj.
Alternatively, we can define ZZ as

zZl=|J N*(TlU{v},Ly).

J
vES; _y

By (I0), each Z,z is of size |Z,J€| € (1 £V&)2r ¥ (recall that |S,z_1| = pk~1). We prove a
somewhat stronger statement than needed, namely that the set Z;, C [¢] consisting of all
indices j € [t] such that

}Z,{ mZk’ - }Z,{ n U Z,{’ <1OVE- 27 < i,
Jrel\}

is of size |Z| > t/2. A
To this end, we first estimate the size of Zj, and Z. As the towers are independent,
there are exactly >, [Si_| = tuk=1 < 1/(n°/?p) = &/p sets of the form T} U {v}

where j € [t] and v € Si;l (recall p = O(n™)). Thus applying (I0) again we obtain
|Zk| € (1 £V/&)t-2r"u*, which in turn gives the following estimate on the size of Zj.

|Z| < (Z IZil) — | Zk| < 2V 27,
JE[t]

Indeed, here |Zk| is the number of elements in Lj that are counted at least twice by the
sum Yy |Z; ], whereas [Zy| is the number of elements counted at least once.
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Putting everything together, we have the following:

(1= VA2 b <24 = | Z]\ Zil + | 2]
JElt]
<12 - X 120 Zil + | 2]
Jelt JENTk
< (14 Vot 2rmpk — (t — |T|)10VE - 27" ¥ + 2V/EE - 207 i

< (14 3VE—5(t — [T BLE)t - 20 P,

This implies |Z| > t/2, as required.

Next, suppose that k > s and the claim holds for k—1. Ast < n®/(uFp) < n/(uF~1p),
we can apply the induction hypothesis to obtain a family Z,_y C [t] of ¢/ = |Tj,_1| > t/2F !
almost disjoint towers on the (k — 1)’st level. For each j € Z,_1 let

Sljc—l = Sljc—l \ U Si—r
J' €L 1\{j}

Then these sets are all disjoint and have size
(1= &) <8y < ph (11)

Note that S’ifl C Ly, with £ > 1, so Si;l is also disjoint from Tlg C Lg. More
importantly, these facts imply that all the sets of the form T} U {v} for j € Zy_; and

v E Si;l are distinct. Now we can argue as in the base case.
For each j € Z_1 define

lec :N(Sifl)mN*(TIg’Lk) = U N*(Tlgu{v}’Lk)
veSLl
and let ‘ R ‘ )
Zv=\J 2 ad Zy= |J ZinZz.
JE€ETK—1 J#G €Tk
Observe that, unlike in the base case, we do not have Si C Z,z: some vertices in Si might
only have neighbors in S} _; \ S‘,jc_l. However, S _, \S’i_l is small, so S} \ Z] will turn

out to be negligible. We will deal with these vertices at the end.
From |57 | < pk~! < &/p and (I0) we have

1ZI < (14 VE) - 2 < (1+&a) - 2" pih,

As already mentioned, sets of the form Tlg U{v} forj € Ty and v € S’Ll are all distinct,
thus by (), there are

S 12 (- g

JE€ELK -1
many of them. Therefore, applying () again we get |Zk| > (1 — 2&,_1)t" - 2r" ¥ which,
in turn, gives the following bound on the size of Zj.
|Zk| < ( b |ZZ|) — 21| < 3&at" - 207"
JE€TK-1

We now define Z;, C 71 as the set of all indices j € Z;_1 such that

Zin Zk‘ < 20,1 27k = &k,
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Using the above estimates on the size of Zj and Zp, we get the following:

(L =28 )t - 2r"pk <|Zk| = Y 1ZI\ Zi| + |24
J€TK—1

SNoZ- D> 120 Zkl + | 2]
JE€Tk-1 JE€LR-1\Tk
<L+ & Dt -2rmpk — (¢ — |T])20&,_1 - 277 p® + 3&p 1t - 2r" ¥
k1 r k
< (L4 48— — (' — |Zi|)203E71)t" - 207 ",

IN

which implies |Z,.| > ¢//2 > t/2*.

So far we have shown that Z, has the desired size, and that for each j € Z, the
intersection of S,z with other sets S,J; inside Z,z contains at most &, u* /2 vertices. Therefore,
it suffices to prove |Si \ Z,i| < %’“Mk to finish the proof. Note that

SINZLCNSL NS ) NN @ L) = | N UL L.
vesi—l\si—l
As |8\ 8L || < &_1pF T, from () we get
1SINZL) < (1+ VE)eh1 - 2" ¥ < &upi¥ /2,
as required. This concludes the argument. (|

Next, we show that cascades are resilient to small changes.

Claim 5.9. There is a constant ¢ > 0 such that the following holds with high proba-
bility. Suppose v,w € Lo are connected by an i-cascade with underlying i-towers T, =
(Se,—15---,8%) and Ty = (S _1,...,S¥), for some 1 < sy, 8, < f < m. Then for any
subset Y C U such that |SENY| < cp* for every u € {v,w} and k € {su,..., [}, the
graph G[({v,w} UU)\ Y] contains an i-colored v-w path of length at most 2f + 1.

Proof. With high probability, Lemma B.I0 applies with with £ = 1/4 and L = Ly, simulta-
neously for every k € [m]. Thus, we may assume that for every k € [m] and every family
of t < &/p different r-sets X1,..., X; C [n] \ Li we have

’ U N (X5, )| < 261 Luly” = 47t (12)
JE[t]

Furthermore, by Lemma [38] we can assume that for every disjoint X, X’ C V(G) of size
| X[, | X’ > logn/p we have

e(X,X") e (1+a)X||X'|p, (13)

for o = 1/(8r + 8). We show that these properties suffice to derive the claim.

Consider some u € {v,w}. We first show that there is a subset B* C S} of size at
most af S| = apf, such that for every vertex u’ € S¢\ B", there is an i-colored u-u’ path
avoiding Y of length at most f.

To this end, we define the sets By ,..., B} level by level as follows. Let By =Y NSy,
and then iteratively set By = N(By_1,Sy) U (Y NSY) for k € {s, +1,..., f}. It is easy
to see by induction on k € {sy,..., f} (and using the definition of an i-tower) that for
every vertex u’ € Spt\ By, the graph G[({v} UU) \ Y] contains an i-colored u-u’ path of
length at most k. We will prove, using induction on k, that

|BY| < (8" )eeu®  for every k € {su,..., f}. (14)
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Choosing a ¢ < a/(8")7 in the assumptions of the claim then ensures that B = B} is

of size at most ayuf.
The case k = s, follows from the assumptions on Y and the definition of B
k > s, and assume that (4] holds for £ — 1. By the definition of S}, we have

u
Sq?

so let

N(Bi_y,Si) S N(BE_) NN™ (T, Ly) € | N*(T3# U {w}, Ly).
vEBY |

As B}, is asymptotically smaller than 1/p (see (@), we can use (I2) to get
IN(Bi_1, S| < 4r"|Bp_y|p < 4" (807 ) Lept.

The assumption of the claim states |S* NY| < cu®, which implies the desired bound on
B} (with room to spare).

We now use these sets to find a desired path from v to w. The towers 7, and T,
form an i-cascade connecting v and w, thus by definition, we either have S} = S¥, or
f = m and e;(Ry, Ry) > e(Ry, Ry)/r where R, = S’ \ S® and R, = S“\ S?,. In
the former case we are immediately done: since |[B” U B"| < 2a|S}| there is a vertex
z € 5% \ (B” U B™) and hence an i-colored v-z-w walk, containing an i-colored path, of
length at most 2f < 2m + 1, disjoint from Y. Similarly, if we are in the latter case and
|Sy N S®| > 2au™, then we are done for the same reason.

Let us therefore assume that we are in the latter case and |Ry|, |Rw| > (1 — 2a)u™.
It is enough to show that there is an edge z,z, € G of color ¢ such that z, € R, \ BY
and z,, € Ry \ B". Indeed, such an edge would connect an i-colored v-z, path and an
i-colored w-z,, path that both avoid Y, thus providing a desired path from v to w of
length at most 2m + 1. To show that such an edge exists, note that |R,|, |Ry| > (logn)/p

(see (@), so (I3) gives
€i(Ro, Rw) 2 e(Ry, Ru) /1 2 |Ro||[Ru|p/2r = (1 = 4a)|S;,||Sp[p/T-
On the other hand, as B is contained in some set B of size «|SY,], it touches at most
(B’ Ry) < e(B, Ry) < 2|B|[Rulp < 2[5, ||S5,[p-

of these edges (again, using ([3))). We similarly get that B touches at most 2a|S?,||S% |p
such edges, which means that

ei(Ry \ BY, Ry \ BY) = (1 = (4 4+ 4r)a) S, [[Syp/r > 0
with a = 1/(8r + 8), so at least one edge avoids both BY and B™. O
We finally have all the necessary tools to prove Claim [5.4]

Proof of Claim [543 Suppose that G satisfies the statement in Claim (.8 and Claim [5.9]
as it does w.h.p, and let ¢ > 0 be a constant given by Claim We show that these two
properties are enough to prove Claim [5.4

Let C be an i-colored cycle in H for some color i € [r]. For every edge e = vv’ of C,
we define a 2m-uniform hypergraph H. = (U, &) on the vertex set U, where a set A C U
of size 2m belongs to &, if G[A U {v,v’}] contains an i-colored v-v’ path. Note that if for
every edge e € E(C) we can find a hyperedge f. € &, such that all these hyperedges are
pairwise disjoint, then the corresponding paths form an i-colored cycle C* in G such that
V(C*)NLy =V (C)NLy. It is therefore enough to show that such a family of hyperedges
exists for every monochromatic cycle C' in H of length at most K/p.

This will follow from Theorem [3.2] provided that for every E' C E(C'), we have

(U &) > (4m—1)(|E'| - 1), (15)

ecE’
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where 7(€) is the smallest size of a set X C U intersecting every hyperedge in £.

Consider some E' C E(C), and label the endpoints of each edge e € E’ with v, and
we. We first pass to a large subset F' C E’ that has some convenient properties. This is
done in three steps.

First, let E” C E’ be a subset of size |E’|/3 such that the edges in E” are pairwise
disjoint (i.e., no two edges in E” share an endpoint). This is possible because all the
edges of E’ lie on a cycle. Next, recall from the definition of H that each edge e € E”
represents an i-cascade between v and we formed by an i-tower Ty, = (S, _y,...,5°)
on ve and another i-tower T, = (S;° _y,...,5;°) on we (see Definition 5.2). Note that
fe is the same for both vertices v, and w.. As there are m possible values for each of
Sy, 8w and f., we can find a subset E” C E" of size at least |E”|/m3 > |E'|/(3m?)
and levels s, Sy, f € [m] such that s,, = Sy, Sw, = Sw and f. = f for every e € E'.
Finally, applying Claim [5.7] twice (once for the the collection {7, }ec g and once for the
collection {7y, }ecrr), we find a subset F' C E" of size |E’|/(3m3r?) such that {7, }eer
and {7, }ecr are both independent collections of towers (but their union might not be).

Let t = |F| < K/p and let ey,...,e; be the edges in F. Rephrasing (1)), we need
to prove that no set Y C U of size |Y| = 4m|E’| < 12m*r?t covers all the hyperedges
in (J,cp €. That is, there is an edge e = vow, in F' and an i-colored path P of length
at most 2m + 1 connecting v, and w, such that V(P) C ({ve,w.} UU)\ Y. Claim
suggests that it suffices to show that there is an edge e € F' whose cascade mostly evades
Y.

Let Y/ = S NY for every e € F and k € {s,,..., f}. We will show that for each
k€ {sy,..., f} most sets Y’ are quite small. More precisely, the set B, C F of all edges
e € F such that |Y,¢| > cp is of size

By < t/(2m). (16)

Consider some k € {s,,..., f}. First, we show that |By| < n®/(u*p). Indeed, if this is
not the case then choose an arbitrary subset J C By, of size n°/(u¥p) and let Z, € J be
the subset provided by Claim [5.8 when applied to the towers {7, }ccs. For each e € T,

the set S,° intersects |, <7, S, on o(u*) vertices, thus it contains at least cu® /2 unique

elements from Y (i.e. elements which do not appear in any other SZ;‘ for ¢’ € Z)). This
implies

V] 2 §uM1Tel = §u* -0/ (20" p) > 1,
which is a contradiction. Therefore |By| < n°/(u*p), thus we can apply Claim B8 to
all the towers {7y, }een,. Let I, be the obtained set of indices and, again, note that
each S} contains at least cu”/2 unique elements from Y. Assuming |By| > t/(2m), the
contradiction follows similarly as in the previous case:

Y| > £p¥(Ty] > £pF -t/ (28 2m) > t.

Finally, it follows from (I6) that there is a subset Z, C F of size |Z,| > t/2 such that
for all e € Z, and all k € {s,,..., f}, we have |Y,”¢| < cu*. By the same argument, a
subset Z,, C F of size |Z,,| > t/2 exists for the other endpoints of the edges, as well, such
that |Y,¢| < cu® for every e € T,, and all k € {sy, ..., f}. In particular, there is an edge
e € I, NI, such that Y intersects at most a c-fraction of each level of the cascade on e.
The existence of a desired path now follows from Claim |

6 Concluding remarks
In this paper we made a step towards the random analog of the theorem of Erdés, Gyarfas

and Pyber [6] on monochromatic cycle covers. Our result leaves a few interesting open
problems:
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e The most interesting open problem is to show that there is a partition of the vertices
of G(n,p) into constantly many monochromatic cycles (or paths), even for some
larger values of p.

e It would be nice to give a more precise estimate on the threshold for the property
that every r-coloring of the edges of G(n,p) admits a vertex cover by a number of
monochromatic cycles depending only on r. In view of the construction of Bal and
DeBiasio that we mentioned in the introduction, it seems natural to guess that the
threshold should be of the order (logn/n)'/". Note that in the proof of Lemma
we heavily rely on the fact that there are only constantly many levels in a cascade,
which requires p > n~'/"*¢ for some constant ¢ > 0.

e We did not put much effort into optimizing the number of cycles we cover with in
Theorem [ILT] thus it could most likely be improved. It would be interesting to see
if one could obtain similar bounds to the case G = K,, e.g., do O(rlogr) cycles
suffice?
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