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Abstract

In this paper we study the existence of rainbow perfect matching and Hamiltonian cycles un-
der minimum degree conditions on an edge-colored graph where every color appears a bounded
number of times. We derive asymptotically tight bounds on the minimum degree for the exis-
tence of such rainbow spanning structures.

1 Introduction

An edge-coloring of G is r-bounded if every color appears in at most r edges of G. A subgraph H
of an edge-colored graph G is rainbow if all the edges of H have a distinct color.

Erdds and Spencer in [6] initiated the study of rainbow spanning structures motivated by a
problem of Ryser on the existence of Latin transversals in Latin squares [I1]. They showed that
every k-bounded edge-coloring of the complete bipartite graph K, , admits a rainbow perfect
matching, provided that £ < (n — 1)/(4e).

Albert, Frieze and Reed in [I] studied the existence of rainbow Hamiltonian cycles in k-bounded
edge-colored complete graphs K, provided that £ < (n—1)/64. In a more general setting, Bottcher,
Kohayakawa and Proccaci [3] proved that for every graph H on n vertices and maximum degree
at most A, there exists a rainbow copy of H in any k-bounded coloring of K,, provided that
k <n/(51A%). Their approach used the framework developed by Lu and Székely [10] on negatively
dependency graphs constructed from matchings. While the constant 51 is clearly not optimal, the
dependence on A of the result in [3] is best possible. In fact, as a by-product of the use of the
Lovasz Local Lemma, all the upper bounds on k are not tight.

Other related results include the existence of almost spanning rainbow trees in K, [7], the
existence of spanning rainbow multipartite graphs with bounded degrees in multipartite complete
graphs K, [8] as well as the existence of rainbow subhypergraphs in complete hypergraphs [5],
8]. All these results hold provided that the edge-coloring of the host graph is k-bounded for an
appropriate value of k.
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A natural question is whether one can still find a rainbow copy of a spanning subgraph H in a
host graph G that is sparser than the corresponding complete graph structure (complete graphs,
complete multipartite graphs, complete hypergraphs ...). Obviously, a necessary condition is that
G must contain at least one copy of H. Among other conditions, the existence of a spanning
subgraph can be guaranteed by requiring G to have a large minimum degree.

Sudakov and Volec gave a first step on this direction by proving the following (see the concluding
remarks in [I3], or Theorem 1.7 in [§] for a formal statement).

Theorem 1 ([13]). There exist positive constants 5 and ¢ such that the following holds. Let H
be a graph on n vertices of mazrimum degree A and G a graph on n vertices and minimum degree
(1 — i) n. Then any k-bounded edge-coloring of G has a rainbow copy of H, provided that k < &.

The theorem can be proved by adding a collection of bad events of size 1 corresponding to the
set of non-edges of G. Again, as a by-product of the local lemma, the minimum degree condition
in Theorem (1] for the existence of a rainbow copy of H is not best possible. We defer the discussion
of which is the tight minimum degree condition to the end of the introduction.

In this paper we study the existence of rainbow copies of H in G with asymptotically tight
conditions on the minimum degree of G, in two particular cases: (1) H is a perfect matching and
G is bipartite and (2) H is a Hamiltonian cycle. In both cases the minimum degree threshold is
n/2 and it follows from classical results.

Our first result states that, provided there are not many edges with the same color, at the
moment the minimum degree ensures the existence of a perfect matching in a bipartite graph, it
also ensures the existence of a rainbow one.

Theorem 2. For every € > 0, there exist ¢ > 0 and ng such that for every n > ng the following
holds: If G = (A, B) is a bipartite graph with |A| = |B| = n and minimum degree at least (1+ €)7,
then every cn-bounded edge-coloring of G contains a rainbow perfect matching.

Theorem [2 has a direct consequence on Latin squares. A Latin square L of size n is an n X n
array with positive integer entries such that each number appears at most once in each row or
column. A partial Latin square is a latin square where some positions are blank. A transversal of
L is a set of n cells in the array, no two in the same row or column. A transversal is Latin if the
integers contained in its cell are pairwise distinct.

Corollary 3. For every € > 0, there exist ¢ > 0 and ng such that for every n > ng the following
holds: If L is a partial Latin square of size n where each row and column have at least (1 + €)%
entries and no entry appears more than cn times, then L contains a Latin transversal.

Our second result studies the rainbow Hamiltonian cycles in sparse graphs.

Theorem 4. For every € > 0, there exist ¢ > 0 and ng such that for every n > ng the following
holds: If G is a graph on n vertices with minimum degree at least (1 + €)%, then every cn-bounded
edge-coloring of G contains a rainbow Hamiltonian cycle.

In contrast to [I3], the main ingredient in our proofs is to directly study the probability space
given by the set of perfect matchings (or Hamiltonian cycles) of the graph G. This allows us to
be more precise in the minimum degree condition needed to find the existence of such rainbow
subgraph.



Note that If n is even, Theorem [4 immediately provides the existence of a rainbow matching
in the graph. This does not supersede the result of Theorem [2| as the minimum degree condition
there is much weaker.

Also note that the condition on the minimum degree in both theorems is asymptotically tight,
since there are bipartite graphs with minimum degree [n/2] — 1 and no perfect matching, as well
as graphs with minimum degree [n/2] — 1 and no Hamiltonian cycle. However, the dependence on
the number of colors is not best possible. As we already stated, the use of the local lemma forces
us to pay a constant factor. The dependence of ¢ in € is ¢ = O(¢?) for Theorem [2| and ¢ = O(€®)
for Theorem {4 We believe that the correct dependence in both cases should be ¢ = O(e). As a
corollary, we obtain that Theorem [2{ and [4] are still valid for minimum degree at least § 4+ O(y/n)
and § + O(nz/ 3), respectively, provided that the coloring is 2-bounded. We conjecture that any
2-bounded coloring of a bipartite graph with minimum degree at least % has a rainbow perfect
matching and any 2-bounded coloring of a graph with minimum degree at least § has a rainbow
Hamiltonian cycle.

An immediate corollary of Theorem [2|follows from the fact that by removing a perfect matching
we decrease the minimum degree of the graph by exactly one.

Corollary 5. For every e,y > 0, there exist ¢ > 0 and ng such that for every n > ng the following
holds: If G = (A, B) is a bipartite graph with |A| = |B| = n and minimum degree at least (5 + €) n,
then every cn-bounded edge-coloring of G contains (1 —-)en edge-disjoint rainbow perfect matching.

A similar statement for Hamiltonian cycles also follows from Theorem [4
Finally, it would be interesting to study the existence of such rainbow subgraphs under other
conditions that ensure the existence of a copy. Two examples are the following;:

a) Does every 2-bounded coloring of a regular bipartite graph have a rainbow perfect matching?

b) Does every 2-bounded coloring of a graph satisfying Ore’s conditiorﬂ have a rainbow Hamil-
tonian cycle?

1.1 Minimum degree threshold

A necessary condition for G to contains a rainbow copy of H is to contain at least one copy
of H. Define §(A,n) to be the infimum over all § such that every graph G on n vertices and
minimum degree at least dn contains any graph H on n vertices and maximum degree A. Let
d(A) = limsup,,_,. §(A,n).

Bollobés and Eldridge [2] and Catlin [4] independently conjectured that §(A) =1 — ﬁ. The

lower bound 6(A) > 1 — ﬁ is given by considering H to be the union of n/(A + 1) cliques

and G a slightly unbalanced (A + 1)-partite complete graph. Sauer and Spencer [12] proved that

§(A) <1 — 55 and this was improved by Kaul and Kostochka [9] to §(A) <1 — 2.
Here we make the following conjecture.

Conjecture 6. For every e and A, there exist ¢ > 0 and ng such that for every n > ng the following
holds: If G is a graph on n vertices with minimum degree at least (14 €)d(A) and H is a graph on
n vertices with maximum degree at most A, then every cn-bounded edge-coloring of G contains a
rainbow copy of H.

'A graph G satisfies Ore’s condition if for every zy ¢ E(G) we have d(x) + d(y) > n.



While Theorem [2| and [4] are the sparse analogues of the results in [0l 1], Conjecture |§| is the
sparse analogue of [3]. We do not dare to conjecture which is the correct dependency of ¢ in terms
of € and A.

2 Notation and Tools

All graphs are undirected and simple. Given a graph G, we denote by V = V(G) it vertex set and
by E = E(G) its edge set. We denote by n the size of V. For every x € V', we will denote by N(x)
the set of vertices G that are adjacent to x. We denote by d(z) the size of N(x). Similarly, for a
set S C V we denote by N(S) the union of N(x) for every z € S. We denote by §(G) and by A(G)
the minimum and maximum degree of the graph G, respectively. We use log z to denote the base
2 logarithm of x.

Lemma 7 (Lopsided Lovasz Local Lemma [6]). Consider a set € of (typically bad) events in a
probability space Q. Let P € (0,1). For every E € &, consider a set D(E) of at most D other
events in €. Suppose that for all T C E\ ({E}UD(E)) we have that

E| () F°

FeT

P <P. (1)

If 4PD < 1, then with positive probability, none the events in £ occur.

3 Proof of Theorem [2

Our goal is to apply the Lopsided version of the Local Lemma in a similar way as in [6] but to a
different probability space. Let €2 be the space of perfect matchings of G equipped with the uniform
measure. Since 0(G) > n/2, it is a direct consequence of Hall’s theorem that € # (). Let M € Q be
a perfect matching of G chosen uniformly at random among all the perfect matchings of G.

Let ¢ = €%/32. Write k = cn and d = (1 +¢€)%. Let x : E — N be a k-bounded edge-coloring
of G. An unordered pair of edges ajb1,asbs of G is called dangerous with respect to x (or simply,
dangerous) if a1 # ag, by # by and x(a1b1) = x(ag2b2). For every unordered pair {aib;,asbs} of
dangerous edges, we define the event Eﬁii;i’g C Q as aby,asbs € M. Note that Ef;i;ﬁ’fz and Ef;g;f;ll
denote the same event. Let £ be the set of events containing all such events for each pair of
dangerous edges. Note that if none of the events in £ are satisfied, then no color appears twice in
M, and M is a rainbow perfect matching of G. Our goal will be to prove that the probability none

of the events in £ occur is positive, which provides the existence of a rainbow matching.
For every dangerous pair a1by, asbs, let D(Egijlffg) be the collection of events of the form Efigg?;;
in £\ {ES};Z“;}, such that the set of edges {a1b1,agba, agbs, asbs} does not induce a matching in

G. Let us first bound the size of the sets D(Efﬁ;?f;). Let us upper bound the number of ways to

construct B3t € D(EL2) . There are 4 ways to select a vertex in {ay,as, by, bo} that intersects
{as,a4,b3,bs}. Assume that az is the chosen one. Then, there are at most n ways to select the
edge asbs. Since the coloring is k-bounded, there are at most k — 1 ways to choose an edge a4by

different than asbs and with color x(asbs). It follows that

[\

ID(EY2)| < dn(k — 1) < den® < %

al,a2

n?=:D. (2)



The following claim shows that holds for a sufficiently small P.
Lemma 8. For every T C £\ ({EZ%ZZ} U D(Eg}jgé)), we have

Ebl,bg ‘ m Fe
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Assuming that the claim holds, we can conclude. Since for every E € £ we have [D(E)| < D =
(€2/8)n?, it follows that 4PD < 1. So we can use Lemmato conclude that P[Ngeg E€] > 0. Thus,
it suffices to prove the claim.

Proof of the claim. We call a matching M of G good if it satisfies Npec7 F¢. We may assume that
there is at least one good matching since otherwise

<P

P|Egen () Fe
FeT
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and the inequality in holds trivially.

Since () is equipped with the uniform probability measure, we will proceed by a counting
argument. Denote by M the set of all good perfect matchings. Consider the subset My C M that
contains all perfect matchings M € M such that a1b1, asby € M.

Construct an auxiliary bipartite graph G = (Mg, M \ My). Two matchings My € M, and
M € M\ My are joined by an edge in G if there exists distinct as,aq € A\ {a1,a2} and distinct
bs,by € B \ {bl,bQ} with agbs, asby € M such that aibs, asby,aszbi,asbs € M, and My and M
coincide when restricted to (A \ {a1,a2,as3,a4}) x (B \ {b1,b2,b3,b4}). In other words, if MyU M
induces a subgraph composed by a partial matching of size n — 4 and two vertex-disjoint cycles of
length 4: a1biaszbs and asboayby.

Let 6(Mg) and A(M\ My) be the minimum degree of My and the maximum degree of M\ Mo,
respectively. By double-counting the number of edges of G we obtain

d(Mo)|Mp| < e(G) < AWM\ M) M\ M| .
It follows that,

_ | Mo < Mol AMA\ M)
(Mol + M\ Mo| = M\ Mo = §(Mop)

b1,b2 c
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Let us bound the two degrees. We first lower bound 6(Mp). Recall that, given My € M with
a1by, asby € My and two cycles of length 4 of the form a1bias3bs and asbsasbys with asbs, agby € My,
there exists a matching M such that My and M are adjacent in G. It remains to lower bound
the number of ways to find such cycles. For S C A, let My(S) C B be the vertices of B that are
matched to S by M. For every b3 € (N(a1) N Mo(N(b1))) \ {b1,ba} with a3 = M, ' (b3) € N(b1),
we obtain a cycle a1bjasbs that satisfies our conditions. Moreover, since the minimum degree of G
is at least (1 + €)%,
|(N(a1) N Mo(N (1)) \ {b1, b2} = [N (a1)[ + [Mo(N(b1))| — |N(a1) U Mo(N (b1))| — 2

> |N(ay)| + [N (b)) —n—2

>en—2.




Thus, a1b; is contained in at least en — 2 cycles of length 4 that contain another edge from My. An
analogous argument shows that, given that the cycle a1b1a3b3 has been chosen, asbs is contained
in at least en — 3 cycles of length 4 disjoint from the previous one. We conclude that d(Mg) >
(en —2)(en — 3) > €2n?/2.

Now we proceed to upper bound A(M \ My). Given a matching M € M\ M there is at most
one way to select two cycles of length 4 such that a; and b; belong to the first cycle and as and by
belong to the second one. Thus, A(M\ M) < 1.

We conclude that

2

—2
P=P|ENE| () F| <. (3)
n

a1,a2 S
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4 Proof of Theorem (4

Let Q be the space of Hamiltonian cycles of G equipped with the uniform measure. Since §(G) >
(1+€)5 > %5, by Dirac’s theorem  # (). Let H € Q2 be a Hamiltonian cycle chosen uniformly at
random among all Hamiltonian cycles of G.

Let ¢ = (¢3/8000) - n and write k = cn. Let x : E — N be a k-bounded edge-coloring of G.
We slightly modify the definition of dangerous pair of edges. An unordered pair of edges x1y1, Loy
of G is called dangerous if x(z1y1) = x(z2y2). The main difference with respect to the previous
section, is that here we allow x1 = yo.

For every dangerous pair x1y1,zoy2 of dangerous edges, we define the event E%% C Q as
T1Yy1, T2y € H. Let £ be the collection of events defined by pairs of dangerous edges. Again, in
order to provide the existence of a rainbow Hamiltonian cycle, we aim to prove that with positive
probability, none of the events in £ hold. We also consider D(EY;%%), the set of events of the form
E2 in E\{EN2Y such that {z1,y1, 22, y2} N {uy, v1,uz, vo} # 0.

Recall that the coloring is k-bounded. Given x1,x2,y1,y2, the number of ways we can select
a dangerous pair of edges u1v1,usvs such that one of them is incident to at least one vertex in

{x1, 2, 91,2} 1s

3
€
ID(EYS2)| < dn(k — 1) < den® < 000 n?=:D. (4)
Before bounding the conditional probability of an event, we present the following technical
lemma.

Lemma 9. Let A, B C [n] such that |A| + |B| > (1 4+ ~)n. Then there exist at least v*n/20 pairs
(a1,a2) € A x A with |ay — az| <y~ such that a; +1 € B and az — 1 € B.

Proof. Write ¢ = [y~1/4]. Let S = {S1,...,S;, St+1} be a partition of [n] into t = |n/¢| consecutive
intervals of size ¢ and a (possibly empty) interval Siy;1 of size at most ¢. In other words, S; =
[(i—1)0+1,if] for every 1 <i <t and Siy; = [t¢+ 1,n]. We claim that there exists a set of indices
Z C [t] such that |Z| > vt/3 and for every i € Z we have

AN S|+ |BNS;| >(+2. (5)



Suppose this is not the case. Then

t
Al +|B|=>_|AN S|+ |BN S

=1
Y
<! _J
<1t 2£+(1 3) H(0 + 2)
Y
< £
7%4—(364-2)75
<n+<;+§)n
(I+9)n

contradicting the hypothesis of the lemma.

Fix i € 7 and denote by 4; = AN S; and by B; = BN.S;. We are going to show that there exist
ai,as € A; such that a; — 1 and a2 + 1 belong to B;. We do not insist that a; # as.

Let Aj+1={a+1: a€ A;} NS, and note that |A; + 1| > |A;] — 1. Recall that i € Z implies
|A;| 4+ |Bi| > €+ 2. Since |(A4; +1) U B;| <|S;| < ¢ and using (f]), we have

[(A; +1) N By = [A; + 1| + [ Bi| — [(Ai + 1) U B;]
> |Ai| =1+ |Bi| = |[(Ai + 1) U By
>1.

Since this intersection is non-empty, we let by € B; be an element of it, and a; = by — 1 € A;.
Analogously, we can find as € A; and by € B; with as = bs + 1.

Observe that |a; — az| < |S;] = £ < y7!, as desired. Moreover, since the sets S; are pairwise
disjoint, we can find at least |Z| > vt/3 = v?n/20 of such pairs (a1, az), concluding the proof of the
lemma. ]

We can now state the corresponding bound on the conditional probability claim shows that
holds for a sufficiently small P.

Lemma 10. For every T C £\ ({EH%2} UD(ERY)), we have

20006
x1,T2
FeT
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Assuming that the claim holds, we obtain 4PD < 1 and we use Lemma [7] to conclude that
P[ﬂEggEC] > O

Proof of the claim. Let H be a Hamiltonian cycle of G that contains the edges z1y; and zays.
Recall that we allow for 1 = y». We introduce an operation on the edges of H that will give rise
to another 2-regular subgraph of G. This subgraph is not always a Hamiltonian cycle.

First, orient the edges of H in an arbitrary and cyclic order. We denote by H the oriented
Hamiltonian cycle. We may assume that the edges x1y; and xays are traversed from z; to y; in H.
Otherwise, we can reverse the cyclic order of H. Let H;‘gigg be the Hamiltonian cycle H where the
ordered pair of edges (z1y1,x2y2) is labelled.

We now define two different type of operations, called switchings and denoted by s(.) and ¢(.)
respectively, that transform a Hamiltonian cycle HY}’¥2 into a 2-regular spanning subgraph of G.



- Switching of type s: for every edge ujv; € E(H) such that u; € N(22) and v; € N(y2), and
every edge ugvy € E(H) such that us € N(x1) and vy € N(y1), we construct s, (Hai92) as
follows: delete the edges x1y1, Loy, u1v1 and usve from H and add the edges xiuso, xouy, y1v2
and yov1.

V1,02

Note that the resulting spanning subgraph su} ', (H7, %3 ) is a 2-regular multigraph (loops and
double edges may appear if some endpoints of the edges coincide). Moreover, s,y (Hi1%2)
is a Hamiltonian cycle if H is of the form,

T1yYlye -5 UL,Vlye e 3 X2,Y2y 0o, U2, V2, ..., T (6)
or of the form,

T1yYlye--,U2,V2, ..., U1, V]y...,T2,Y2y...,T7 - (7)

- Switching of type t: for every edge ujv; € E(H) such that u; € N(z2) and v; € N(y»), and

every edge voup € E(H) such that ug € N(z1) and v € N(y;), we construct t,375 (HY92) as

follows: delete the edges x1y1, oy, u1v1 and usve from H and add the edges xiusg, xouy, y1v2
and yov1.

As before, the resulting spanning subgraph ty}72 (HY92) is a 2-regular multigraph and it is

Hamiltonian cycle if H is of the form

T1,Y1,---,UL,V1,...,02,U2,...,T2,Y2,...,T] - (8)

Figure 1: Cases @, and .

The following claim shows that there are many switchings that transform HY}’%2 into a Hamil-

tonian cycle.

Claim A. For every edge ujv; € E(H), there exist at least €2n/30 edges up € E(H) such that
either sy\ s (H1H2) or t5 0, (HY %) is a Hamiltonian cycle.

Proof. Without loss of generality, we can assume H follows the cyclic order
T1,Y1,.--,U1,V1,-..,X2,Y2,.-.,T1 ,

otherwise we can obtain it by relabelling the edges x1y1 and xayo.



Select an arbitrary vertex u € V', and let (u = hq, ..., hy, h1) be the vertices of the Hamiltonian
cycle ordered following the chosen orientation and starting at u. Let A := {i € [n] : hy € N(z1)}
and B := {i € [n] : h; € N(y1)}. By the hypothesis of the theorem, we have |A| 4+ |B| > (1 + ¢)n.
By Lemma@with v = ¢, there exist a set S of pairs (a1,a2) € A x A with |a; —az| < e~ ! such that
a1 +1€ B and az — 1 € B, with |S]| 2622—(?.

For each (a1,a2) € S, if wo = hg,, 22 = hay 41, then s\, (Ha52) is well-defined. Similarly, if
wh = ha,, 2, = hay_1, then tzll’if,z (HY) is also well-defined.

Now partition H \ {x1y1,uiv1,x2y2} into three paths: P, = y1,...,u1, P = v1,...,22 and
P3 = yo,...,x1; and note that some of these paths might be edgeless. We say that a pair (¢, c2) €
[n] x [n] is valid if both h¢ he,+1 and he,—1he, belong to the same path.

Recall that if (a1, a2) € S, then |a; — as| < e~!. Thus, there are at most 3e~2 pairs in S that
are not valid. Thus, the number of valid pairs in S is at least

2, 2 2.2
€n _ €n
— 3¢ 2>

20 — 30 7
Fix a valid pair (a1, a2) € S. If hg, hq,+1 and hq,—1hg, are either in Pj or in Ps, then, by @ or by ,
ha . . . . Jhag— .
szll’ﬁal:l(Hng}jzg) is a Hamiltonian cycle. If these edges are in P», then, by (g), tzll,haz (HPR), is
also a Hamiltonian cycle.

2,2 . .
We conclude that there are at least 2~ choices for ugvy such that either sy)lu,(Hii%3) or
tuyi (HZ1742) is a Hamiltonian cycle. O

Recall that, given z1y1, xoy2 and a set T C E\ ({E¥1 %2 }UD(EYY2)), we say that a Hamiltonian
cycle is good if it satisfies Npey FC.

We now construct an auxiliary bipartite graph H = (A, B), where A is composed by all the
good Hamiltonian cycles G that contain both z1y; and zays, and where B is composed by all the
good Hamiltonian cycles of G that contain neither ziy; nor zeys. We add edges between H € A
and H' € B if there exists a switching that transforms H into H’, and vice versa.

By double-counting of the edges of H in a similar way as in the proof of Theorem [2] it follows
that

1,2 g _MAl A _AB)
P[E1‘1,:EQ‘QFETF]—|A|+|B| < |B’ < 5(./4) ) (9)
where §(A) and A(B) are the minimum degree in A and the maximum degree in B, respectively.

Let H' € B. To count the number of cycles in A that can give rise to H, we need to select
4 edges in E(H') adjacent to 1, y1, z2 and ya, respectively; this can be done in 2* ways since
the degree of each vertex in H' is 2. Once we have decided if H' was created from a Hamiltonian
cycle in A using a switching of type s or of type t, the graph H is determined. Thus, we have
A(B) <2 x 2* = 32.

Let H € A and let hy,...h, be a cyclic ordering of V' according to H. Let A := {i € [n] :
h; € N(x2)} and let B := {i € [n] : hiy1 € N(y2)}. Since |A|,[B| > (1 4+ ¢€)3, there are at least
|[ANB| —2 > en — 2 > en/2 ways to select ujv; with u; € N(z2), v1 € N(y2) and different from
z1y1 and xoys. Once ujvp has been fixed, by Claim there are at least €2n/30 choices for an
edge ugvy such that either s\ (HEH2) or ot (HYY2) gives rise to a Hamiltonian cycle H'.
By construction, H' does not contain the edges w1y, and zoys; that is, H' € B. Thus, we have
§(A) > €3n?/60:



Using @]} we conclude

60 - 32¢73 < 20003 .
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