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Abstract

Motivated by a problem in theoretical computer science suggested by Wigderson,
Alon and Ben-Eliezer studied the following extremal problem systematically one
decade ago. Given a graph H, let C'(n, H) be the minimum number & such that the
following holds. There are n colorings of F(K,) with k colors, each associated with
one of the vertices of K, such that for every copy T of H in K,, at least one of
the colorings that are associated with V(T') assigns distinct colors to all the edges
of E(T). In this paper, we obtain several new results in this problem including;:

e For paths of short length, we show that C(n, Py) = Q(n!'/%) and C(n, P;) =
Q(n'/3) with t € {5,6}, which significantly improve the previously known

lower bounds (logn)®M.

e We make progress on the problem of Alon and Ben-Eliezer about complete
graphs, more precisely, we show that C(n, K,) = Q(n??) when r > 8, and
C(n, Ksz) = Q(n?3) for all t > s > 7.

e When H is a star with at least 4 leaves, a matching of size at least 4, or a path
of length at least 7, we give a new lower bound for C(n, H). We also show
that for any graph H with at least 6 edges, C'(n, H) is polynomial in n. All of
these improve the corresponding results obtained by Alon and Ben-Eliezer.

Mathematics Subject Classifications: 05C35, 05C15

1 Introduction

One of the hardest problems of complexity theory is to prove nontrivial lower bounds
on fundamental complexity measures for concrete computing problems. In 1993, Karch-
mer [12] gave a lower bound on non-deterministic circuit size and presented a new proof for
the exponential monotone size lower bound for the clique function. Later, Wigderson [20]
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discussed the achievements, potential, and challenges of the elegant fusion method intro-
duced by Karchmer [12], which unifies the previous approximation method of Razborov [16]
and the topological method of Sipser [17]. In the same paper, Wigderson also provided
several concrete open problems, one of which can be stated as follows.

Problem 1. Let y; : {0,1}" — [k], for ¢ € [n] be a collection of k-colorings of the
n-dimensional hypercube. For a triple of distinct vectors X,Y,Z € {0,1}", say that
coordinate i € [n] is interesting if not all three vectors agree in this coordinate. Say
that y; is proper on this triple if the three colors x;(X), x:(Y) and x;(Z) are distinct.
Define the collection of colorings good if for every triple of vectors, there is an interesting
coordinate ¢ for which y; is proper on this triple. The problem asks to, bound the smallest
number k for which such a good collection exists.

Karchmer and Wigderson [13] later proved that, in the above problem, the small-
est number £ has to grow with n. Motivated by Problem 1, Alon and Ben-Eliezer [1]
initiated the study of a new problem in extremal graph theory, which aims to find rain-
bow subgraphs under certain constraints. Formally, for a given graph H, let C(n, H)
be the minimum number k such that the following holds. There is a set of n colorings
{fv: E(K,) — [k] : v e V(K,)}, such that for every copy T of H in K,, at least one of
the colorings that are associated with V' (7T') assigns distinct colors to all the edges of E(T),
that is, at least one vertex in T is associated with a coloring for which 7" is rainbow. Note
that, we do not require each coloring to be proper edge coloring. Alon and Ben-Eliezer [1]
remarked that a lower bound for C(n, P3) is also a lower bound for Problem 1. To see
this, one can regard the n coordinates of n-dimensional hypercube as the n vertices of
the complete graph K, and regard ([g]) as the set of edges in K,,. Then in Problem 1,
Xi(X), xi(Y) and x;(Z) are distinct means the edges of corresponding path of length 3
receive distinct colors. Based on this connection, Alon and Ben-Eliezer [1] improved the
lower bound in [13] by showing C'(n, P3) = Q((blgol%)l/“).

In recent years, there have been many other important problems in the field of ex-
tremal combinatorics involving finding rainbow structures in edge colorings of graphs. For
example, the rainbow Turdan problem [4, 5, 9, 11, 14, 18, 19] asks the maximum number
of edges in a properly edge-colored graph that does not contain certain subgraph, all of
whose edges have different colors. The anti-Ramsey problem [3, 7, 10, 21, 22] asks for
the maximum number of colors in an edge coloring of a complete graph without a certain
rainbow subgraph. Moreover, there was a famous conjecture of Ringel in 1963, one of
whose statements involved finding a rainbow copy of any tree with n edges in a particular
proper edge coloring of Ks,,1. This conjecture was recently confirmed by Montgomery,
Pokrovskiy, and Sudakov [15] via many new techniques that are based on probabilistic
methods. Return to the extremal problem of Alon and Ben-Eliezer, one can ask the
following natural question.

Question 2. For a fixed graph H, determine the order of growth of C'(n, H) as n — oo.

Alon and Ben-Eliezer [1] characterized the set of all graphs H for which C(n, H) is
bounded by some absolute constant ¢(H). Using the so-called Lovasz local lemma [2, 6],
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they proved a general upper bound for any graph H. Moreover, they also obtained lower
bounds for several graphs of special interests, including paths P;, matchings I;, and stars
S, where t represents the number of edges. Here we list some known results in [1] as
follows.

Theorem 3 ([1]).

o C(n,H) < c(H) if and only if H contains at most 3 edges and H is neither Ps nor
Ps together with any number of isolated vertices. Moreover, in all these cases, we
have C(n, H) <5 for every n.

r—2

e Let H be a fized graph with r vertices, then C(n, H) = O(r*-n+").

o C(n, Ps) = Q(52)"*) and C(n, P,) = (logn)®® fort € {4,5,6}.
e C(n, 1) = Qn% and C(n, I,) = Qn'/*) fort > 5.

e C(n,Sy) = Q(n'*) and C(n, S;) = Qn'/3) fort > 5.

e C(n,P;), C(n, B) = Qn'%) and C(n, P,) = Q(n'/*) fort > 9.

e For any graph H with at least 13 edges, there is a constant b = b(H) > 0 so that
C(n,H) = Q(n").

In this paper, we show some new lower bounds on C'(n, H) for various graphs, including
several sparse graphs such as paths, stars, and matchings, and dense graphs such as cliques
and complete bipartite graphs.

For complete graphs, Alon and Ben-Eliezer [1] asked whether for every ¢ > 0, there
is an r = r(e) such that C(n, K,) = Q(n'~¢). However, they did not provide any good
bound for C'(n, K,.). We make partial progress to their conjecture by showing the following
result.

Theorem 4. For any positive integer r > 8, we have
C(n, K,) = Q(n*?).

Furthermore, we can also prove a new bound for the complete bipartite graphs as
follows.

Theorem 5. For any positive integers t > s > 7, we have
C(n, Kqy) = Qn*?).
Our improved lower bounds for sparse graphs can be listed as follows.
Theorem 6. Let P; be the path of length t, we have

e C(n, Py) = Q(n'/?).
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e C(n,P) =Q(n'?), fort € {5,6,7}.
o C(n,P) =Q(n'?), fort > 8.

Theorem 6 resolves the problem of determining the function is polynomial or not for
almost all paths, leaving only the case of P3 open.

Theorem 7. Let S; be the star with t leaves, we have
e C(n,Sy) = Q(n'/?).
e C(n,S;) = Q(n'?), fort > 5.

Theorem 8. Let I; be the matching of size t, we have
o C(n,I) = Q(n'/?).
o C(n,1I})

Q(n'/3), fort € {5,6}.

o C(n,I;) = Q(n'?), fort > 7.

The next result shows that if H has at least 6 edges, then C'(n, H) must be polynomial
in n.

Theorem 9. For any graph H with at least 6 edges, there is a constant b= b(H) > 0 so
that C(n, H) = Q(n?).

This improves the result of Alon and Ben-Eliezer from 13 edges to 6 edges. Note that
the first result in Theorem 3 tells that the constant cannot be improved to 3, thus our
result is very close to being optimal.

Notation. Throughout this paper, we use f, to denote the set of coloring functions
associated with the vertices v. We will write H; LI Hy for the vertex-disjoint union of the
graphs H; and H,. In particular, we will write H U {p} for the graph which consists of
H plus an isolated vertex p. We always assume n is a sufficiently large number. The
notations O(+), €2(+) and o(-) have their usual asymptotic meaning. We omit the floor and
ceiling functions if are not essential.

Structure of the paper. The rest of this paper is organized as follows. We will present
some auxiliary lemmas in Section 2. The proofs of new results for cliques and complete
bipartite graphs are presented in Section 3. We prove the lower bounds for paths, stars
and matchings separately in Section 4. We will show the polynomial lower bound for any
graph with at least 6 edges in Section 5. Finally, we conclude this paper and pose some
open problems in Section 6.

Note added: Recently, Janzer and Janzer [8] proved that C(n, K,) = Q(nlfr%?) for even
r>4and C(n, K,) = Q(nlf%) for large odd r > 3, and they proved C(n, Ps) = n°W).
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2 Preliminaries

To show C'(n, H) > k, our task is to show that for any set of n coloring functions with k
colors, we can always find a copy of H such that none of its vertices induces a rainbow
coloring on this copy of H. Moreover, one can see that if H' C H is a subgraph of H
on the same set of vertices, then every lower bound for C'(n, H') implies the same lower
bound for C'(n, H). The property will help us show the improved bounds for paths of
length at least 5, see Remarks 17 and 21.

Here we present the following simple lemmas, since the proofs of these lemmas are
similar, for simplicity, we only give the proof of Lemma 10 in detail. By the first result
in Theorem 3, we only consider the case where n is a sufficiently large number and k& > 6
is an integer.

Lemma 10. For any set of n k-colorings of K,, associated with n vertices, there exists a
vertexx € V(K,), a set S with |S| = "T_l and f(xs1) = fo(xs2) for all distinct s1,s9 € S,
and a set P =V (K,) \ (SU{z}), such that the number of triples (s,s',p) € S x S x P

with f,(zs) = f,(xzs) is at least 2Zk3

Proof of Lemma 10. Consider the complete graph K,,, for any set of n k-colorings of K,,,
we can take an arbitrary vertex x € V(K,), by pigeonhole principle, there exists a set S
with |S| = 2% such that f, assigns the same color to all edges zs € E(K,) with s € S.
We fix this set S, and then we set P := V(K,)\ (SU{x}) and count the number of triples
(s,8',p) € S x S x P with the property that f,(zs) = f,(xs'). Let f, (i) be the set of

vertices s € S such that f,(zs) =i, as each vertex p € P contributes

3 <|f;;(@')|) - (|S|2/k:) > 1

i=1

many such triples by the convexity of the function (;) Moreover, since n is sufficiently
large, we have |P| > n—22—1 > 2. Hence the total number of triples (s, s, p) € SxSx P

with the desired property is at least n’ O

24k3 *

Lemma 11. For any set of 3n k-colorings of Ks, associated with 3n vertices, let Y €
V(K3,) be a subset with |Y| =n and M = {ej,es,...,e,} be a matching on vertex set
V(K3,) \ Y. Then the number of triples (e,e’,p) € M x M XY with f,(e) = f,(€') is at

3
n-
least 3%

Lemma 12. For any set of 2n k-colorings of Ko, associated with 2n vertices, let A, B C
V(K2y,) be two disjoint subsets of size n. Then the number of triples (a,by,by) € AX BX B
with f,(aby) = fa.(aby) is at least g—z

Lemma 13. For any set of 3n k-colorings of Ks, associated with 3n vertices, let X C
V(K3,) be a subset of size n and Ko, be a complete subgraph on V3, \ X. Then the number
of triples (b,e,e') € X x E(Ks,) x E(Ky,) with fy(e) = fi(€') is at least g—z
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3 Dense graphs

In this section, we mainly focus on dense graphs such as complete graphs and complete
bipartite graphs.

3.1 Cliques with at least 8 vertices

Here we first prove that C(n, Kg) = Q(n??). Let k := cn?3, where the constant c is very
small. We consider the complete graph with 2n vertices. For any set of 2n k-colorings
of Ks,, our aim is to find a copy of Kg such that none of its vertices induces a rainbow
coloring. By Lemma 12, we can partition the vertex set of K5, into two parts A and B
with |A| = |B] = n and then the number of triples (a,b1,b2) € A x B x B such that
falaby) = fa(aby) is at least " . By plgeonhole pr1nc1p1e there exists a pair of vertices in

B, called (by,bs), such that there are at least % many distinct vertices a € A satisfying

fa(aby) = fa(abs). Then we choose a subset A" which consists of vertices satisfying the
1/3

above property with size |A’| =
Let E(A") be the edge set of cornplete graph K|/, then we use f;, to color the edges

in E(A"). Note that there are |E(A")| = (" 1/;/30) 2/3 > 300k edges in the complete
graph induced by A’ as the constant ¢ can be very small hence by pigeonhole princi-
ple, we can recursively find a set of disjoint triples of the form (hg;y1, hsire, hairs) €
E(A") x E(A') x E(A') with the property that fy, (hsit1) = fo(hsiv2) = [ (hsits)
till it covers 99% of the edges in E(A’). Eventually, we obtain a subset Fj(A") =
{hi,has ... hogoipary} € E(A’). Moreover, we do the same operation but change b,
to by, then we obtain another subset Fy(A’) with [F2(A")] = 0.99|E(A")|. Now we can
choose three different edges e!, €2, 3, where e! C Fy(A) N Fy(A’) satisfies fi, (e!) = fi, (€?)
and fy,(e!) = fi,(e?). Next we select the vertices of {e!,e?, €3}, if there are some common
vertices of these edges, we arbitrarily add some vertices from A’ to make sure there are
6 distinct vertices, denoted by {ai,as, as, a4, as,ag}. Since all of them belong to the set
A’ we have f, (a;b1) = fau,(a;be) for 1 < i < 6. As a consequence, we find a copy of
Ky induced by {b1, bo, ay, as, ag, ay, as, ag}, which does not admit a rainbow coloring. The
proof of C'(n, Kg) = Q(n?/3) is finished.

Remark 14. To show C(n, K,) = Q(n?3) for r > 8, we just need to add r — 8 vertices
from A’ to the selected vertex set of K.

3.2 Complete bipartite graph K,; witht > s> 7

Here we first prove that C(n, K;7) = Q(n?3). Let k := cn®?, where the constant c is very
small. We consider a complete graph with 3n vertices. For any set of 3n k-colorings of
Ks,, we try to find a copy of K77 such that none of its vertices induces a rainbow coloring.
By Lemma 13, we can partition the vertex set of K3, into two parts, say V; U Vg, where
V| = 2n and |Vg| = n, and writing £, for the edge set of Kjy,|, the number of the
triples (b, e,€') € Vg X Ep x Ep, with the property that fy(e) = f,(€’) is at least ”;36/3. As

the number of edges in Ey, is (22”) < 2n2, by pigeonhole principle, there exists some pair
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(e1,e2) € EL x Ep such that there are at least "1336/3 . 4%4 > "11—2/63 many vertices b € Vg

satisfying fy(e1) = fo(e2). Now let Vi, be a subset of Vi consisting of the vertices b € Vg

such that fy(e1) = fi(ea), and |V}| > 7;1_2/03 Moreover, we write the vertices of e; and e,
as e; = v1vy and es = ujus, respectively.

Next, we consider the coloring functions f,,, fu,, fu, and f,, on the edge set E(V}).
Here if e; and e; have a common vertex, then we can add an arbitrary vertex from Vp,
and regard it as the vertex us.

Note that |E(V})| = (”1/32/ 2 > %, by pigeonhole principle, we can recursively
select a family F; of edge-disjoint pairs of edges (hait1, hoive) € E(V}) x E(V)) with the
property that f,, (hait1) = fo, (hait2), till it covers 99% of the edges in E(V}). This is
possible since we can set ¢ to be small enough so that lEl((‘)/é%N > 29k. Then we repeat
the same operations but change v; to v, and change the pairs of edges to the sets of 7
edges, we can similarly obtain a family F5 of pairwise edge-disjoint sets of 7 edges, which
covers 99% of the edges in E(V};) and each set of 7 edges receives the same color from the
function f,,. We continue to do the same operations twice, but replace the corresponding
vertices with u; and with us, and also replace the sets of 7 edges to the sets of 16 edges
and 29 edges respectively. Finally, we can obtain four families Fi, Fs, F3, F4 of internally
disjoint sets of edges.

We can pick one edge such that for each family, there is some set containing this edge,
moreover, we denote this edge as e!. After we choose the edge e!, then the edge e? with
(el,e?) € F, is determined. Next, consider the set of edges in F, which contains e!, we
need to carefully pick some edge €® from this set, such that the vertices in {e', €2, €3} do not
form any odd cycle. Indeed, there are 7 choices but the number of potential edges which
can lead to an odd cycle is at most (‘21) = 6. Similarly, we need to carefully choose some
edge e* from the set in F3 which contains the edge e!, such that the vertices {e!,e?, 3, et}
does not form any odd cycle. This is also possible as there are 16 choices but the number
of potential edges which may induce an odd cycle are at most (g) = 15. Also we pick an
edge €’ from the 29-element set in JF,; which contains e! such that {e!,e?, e?, e, e} does
not form any odd cycle for the similar reasons as 29 = (g) +1. We noted that the values 7,
16, 29 are sufficient for the above argument, we do not attempt to optimize these values.

Finally we can find 7 edges e, eq, €', €2, €, e*, €® with the following properties.

o fule') = fu(€?); fo,(€!) = fur(€7); fur(€!) = fu (); fur(e") = fur(€®).

1

The edges can be written as e' = ajaq, €2 = agas, €3 = asag, e* = arag and €’ = agay.
If there is some common vertex between any pair of €' and ¢/ for 1 < i < j < 5,
then we add some unused vertices from V}, to guarantee there are 10 distinct vertices,
namely, {a}}1°,, where {a;}}2, C {a;}!°,. We then find a copy of complete bipartite graph
K77, which contains edges {ej, ez, €', €%, €3, et e°}. Moreover the vertex set is V(K7 7) =
{v1,v2,u1, u2} U {aj};2,. Note that, for 1 < i < 10, we have fo(e1) = fu(e2) by the
construction of V},. Hence, we find a copy of K77 such that none of its vertices can induce
a rainbow coloring. The proof of C(n, K77) = Q(n??) is finished.

Remark 15. To show C'(n, K, ;) = Q(n?3) for all t > s > 7, we just need to add s+t — 14

THE ELECTRONIC JOURNAL OF COMBINATORICS 31(2) (2024), #P2.55 7



vertices from VJ, _to the selected vertex set of K7 7. Moreover, we actually proved that
C(n, Py U K55 U Kj,) = Q(n?3) for every constant h.

4 Sparse Graphs

In this section, we prove the improved lower bounds on C(n, H) when H are relatively
sparse graphs.

4.1 Paths of short length

First we prove C(n, Py) = Q(n'/?). Let k := cn'/®, where the constant ¢ > 0 can be taken
sufficiently small. For any set of 2n k-colorings of Ks,, it suffices to find a copy of P, such
that there is no vertex that assigns distinct colors to all edges of this special copy of P;.

We partition the vertex set of Ky, into two parts A and B with |A| = |B| = n.
Consider the number of quadruples (a, by, be,b3) € A x B x B x B such that f,(ab;) =
falaby) = fu(ab3). Let f. (i) be the set of vertices b € B such that f,(ab) = i. Observe
that each element in A contributes

1

- fa_l . 1 B % 5
3 (! 3(Z)I) > ent . (I !écn ) > 7;7

i=1

many such quadruples by the convexity of the function (x) Moreover, since there are n

3
nl8/5

choices for a € A, totally there are at least “-— such quadruples in A x B x B x B. By

7c?
pigeonhole principle, there is a triple of vertices in B, called (by, by, b3), such that there are
5

at least % many vertices a € A satisfying f,(aby) = f.(aby) = f,(abs). Next let A’ C A
be a subset with |A'| > ’;3—0/;, which consists of the vertices satisfying the above property.
Then we consider the k3-coloring (fy, (b2a), fy,(b2a), fu,(bea)) for all a € A’. By pigeonhole
principle, there are at least 7—; > 2 elements in A’ receiving the same color, since c is
sufficiently small. We choose two of them arbitrarily, and denote them as a; and as. Now
through the above analysis, we can find a copy of P; on vertex set {b, ay, ba, az, b3} with

the following properties:
L fa1 <a1b1> = fa1 (ale); fa2 (a2b3) = faz <a2b2);
o fu,(b2az) = fi,(baa1); fo,(baaz) = fi,(b2a1); fos(baa2) = fos(b2a1).

That means, none of the vertices in this special copy of P4 can induce a rainbow coloring.
The proof of C(n, Py) = Q(n'/?) is finished.

4.2 Stars

For the star S; with ¢ leaves, we first consider the case of ¢ = 4 and then obtain a better
bound for any larger positive integer ¢ > 5.

THE ELECTRONIC JOURNAL OF COMBINATORICS 31(2) (2024), #P2.55 8



4.2.1 Star with 4 leaves

Here we give a proof of C(n, Sy) = Q(n'/?). Let k := cn'/3, and ¢ be sufficiently small.
Consider the complete graph K, for any set of n k-colorings of K,,, we need to find a copy
of Sy such that no vertex assigns distinct colors to all edges of this special copy of Sy. By
Lemma 10, there exists a vertex x € V(K,,), aset S with |S| = 2% and f,(zs1) = f.(zs2)
for all distinct s, 2 € S and aset P = V(K,)\ (SU {x}) such that the number of triples
(s,s',p) € S x 8 x P with f,(xs) = f,(xs) is at least -

24c3
Then by pigeonhole principle, there exists a pair of elements (s §') € S x S such that
the number of vertices p € P with f,(xs) = f,(zs') is at least 22 5 - n‘fs = 2/3 . Let A be

the subset consisting of the above vertices p € P.

For the coloring function f,, by pigeonhole principle, there is a subset A’ C A with
|A'| > 224/03 . cn} 5 = 2;/2, such that f, assigns the same color to all edges xa with a € A’
Similarly for fy, by pigeonhole principle again, there is a subset A” C A’ with |[A"| >
% . Cn+/3 = 1/(24¢?), such that f, assigns the same color to all edges ra with a € A”.
Since ¢ is small enough, we have 1/(24¢?) > 2. Then we can find a pair of distinct elements

(a,a') € A" x A”.
So, we have found a copy of Sy on vertex set {z,a,d’, s, s'}, where z is the center,
which satisfies the following properties:

. ?((358),; fo(@s); fi(wa) = fi(za'); fo(za) = fo(zd); falxs) = fa(xs); fu(ws) =

Hence, we find a copy of Sy4, such that none of its vertices assigns distinct colors to all
edges. The proof of C(n, S;) = Q(n'/?) is finished.

Remark 16. In the above proof, after we have found a set P with |P| > T and the

pair {s,s'} € S x § satisfying f.(xs) = f.(z5), f,(xs) = f,(xs") for all p € P, we
can find a matching M on the vertex set P and consider the k*-coloring (fs, fs). Note

that |P| > 24 > k%, by pigeonhole principle, we can find a pair of edges e; and e, in
the matching M such that fs(e;) = fo(e1) and fs(es) = fo(ez). This gives a copy of
Py Ky U Ky with edge set {zs, 2, €1, €2} such that no vertex induces a rainbow coloring.
Thus we have C(n, Py U Ko U K3) = Q(nl/3).

Remark 17. We can pick a vertex p € P, and use the k*-coloring (fs, fs) to color all
edges incident to vertex p in the graph induced by P. As |P| > 21/3 > k?, we can find a
pair of vertices a,b € P such that the edges pa and pb receive the same color under the
k*-coloring (fs, f«). This gives a copy of P, LI P, with edges set {pa, pb, xs,zs'} such that
no vertex induces a rainbow coloring. Thus we have C(n, P, U Py) = Q(n'/?). Moreover,
we can add arbitrary r isolated vertices from the set P to obtain same lower bound for
C(n, P, U Ky U Ky UrKy) and C(n, P, U Py U rKy) for arbitrary non-negative integer r.
Moreover, since any path of length at least 5 contains a copy of P, LI P, the second result
in Theorem 6 follows.
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4.2.2 Stars with more than 4 leaves

We next consider the case of t = 5. Let k := cn'/? with sufficiently small constant ¢ > 0.
For any set of n k-colorings of K, by Lemma 10, we can find a vertex = € V(K,), a
set S of size |S| > (n—1)/k with f.(zs1) = f.(xs2) for all distinct s1,s5 € S and a
subset P = V(K,)\ (SU{z}), such that the number of triples (s, s',p) € S x S x P with

folzs) = fy(xs) is at least %. Also using pigeonhole principle, we can find a pair of

elements (s,s’) € S x S such that the number of vertices p € P with f,(xs) = f,(z5')
is at least % - n = ’;Zj. Let A consist of the above vertices p € P, without loss of
generality, we assume that |A| is divided by 9.

Note that c¢ is small enough, hence for ¢ = 1,2, ... ,% - |A], by pigeonhole principle,
we can recursively find disjoint triples (psii1, Psivo, P3irs) € A X A x A with the property
that fs(zpsic1) = fs(xpsire) = fs(xpsirs). Moreover, we do the same operations for
the other vertex s’, and then we will obtain two sets of internally edge-disjoint triples.
Since the total number of vertices we obtain is larger than |A|, we can find one triple
from each set respectively, such that they intersect, that is, there are distinct triples
{pt;pj, o} © A and {ps,pn,pm} C A such that fo(zp) = fo(zp;) = fs(zpr), fo(zp) =
fs(xpn) = fo(xpy), where j = h or k = m is also allowed. Finally, we can select a set of
vertices {z, s, s, pt, pn, Pr} to form a copy of star centered at vertex z with 5 leaves with
the properties:

d fx(x‘s) = fac(xs/); fs(l'pt) = fs(l'pk); fs’(xpt) = fs’(xph);
e fpt(IS) = fpt('rsl); fph(CL’S) = fph(‘rsl); fpk(‘rs) - fpk(msl)'

None of the vertices assigns distinct colors to all edges of this S;. The proof of
C(n, Ss) = Q(n'/?) is finished.

Remark 18. For the remaining cases of t > 5, we can just take t — 5 vertices from A and
add them to the selected set {x,s, s, ps, pn, pr} to obtain a copy of S; such that none of
its vertices assigns distinct colors to all its edges, we omit the details here.

4.3 Matchings

For the matching I;, we first consider the cases of t = 4 and ¢t € {5,6}, respectively.
Furthermore, for any larger positive integer ¢ > 7, we can even obtain a better lower
bound.

4.3.1 Matching of size 4

First we prove that C(n,Is) = Q(n'/?). Let k := cn'/® with 4 > 12. We consider the
complete graph with 3n vertices. For any set of 3n k-colorings of K3, it suffices to find a
copy of I, such that there is no vertex that assigns distinct colors to all edges of this special
copy of I,. By Lemma 11, we can partition the vertex set of K3, into two parts, say XUY,
where |X| = 2n and |Y| = n and there is a matching M = {ej,es,...,¢e,} in X, such
that the number of triples (e, e/, p) € M x M x Y with the property that f,(e) = f,(¢’) is
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at least ”1;6/5. By pigeonhole principle, there is a pair of edges in M, called (e, e2), such

that there are at least %25 many vertices p € Y satisfying f,(e1) = fp(e2). Let A CY
consist of all the vertices p € Y such that f,(e;) = f,(e2), as we have mentioned above,
|A| > %25 Write the vertices of e; and ey as e; := viuy, es := vausy respectively. As the
size of A is at least |A| > %25, we can choose an arbitrary copy of matching /i), in A,
whose edge set is H = {hy, ho, ... Iy /2}. Now we consider the coloring functions f,,,
furs Jo, and f,, of edges in H. Using pigeonhole principle for four times, we can find a

subset H' C H of edges with size |H'| > ”;25 . m = 6% > 2 such that there is a pair

of edges hy and hy in H' satisfying f,, (h1) = fu,(h2), fo,(h1) = fo,(h2), fuy,(h1) = fu, (h2)
and fy,(h1) = fu,(he). Fix such a pair of edges h; and hy and write them as h; := a;b;
and hy := asbs, respectively. By the above analysis, we can find a copy of I in K3, whose
edge set is {ey, €9, hy, ho} with the following properties:

b f’Ul(hl) = fvl(h2)3 fvz(hl) = fvz(h2); ful(hl) = ful(h2>3 fw(hl) = fUQ(h2)§
o fu (1) = fa,(€2); far(€1) = far(€2); fo,(€1) = fo,(€2); fro(e1) = fo,(e2).

The proof of C(n,I,) = Q(n'/°) is finished since none of the vertices in this I; we find
can induce a rainbow coloring.

4.4 Matchings of sizes 5 and 6

In this part we show the better bounds for matchings of sizes 5 and 6. More precisely, we
will show that C(n, I5) = Q(n'/3) in detail. The proof of C(n, Is) = Q(n'/?) is similar, so
we just provide a simple remark.

Let k := cn'/?, where the constant ¢ is very small. We also focus on the complete graph
with 3n vertices. For any set of 3n k-colorings of K3,,, we need to show that there is a copy
of I5 such that none of its vertices induces a rainbow coloring. By Lemma 11, there exists
a partition of the vertex set of K3, into X UY with |X| = 2n and |Y| = n and a matching
M ={ej,ey,...,e,} in X, such that the number of triples (e, e’,p) € M x M x Y with the
property that f,(e) = f,(€’) is at least % Using pigeonhole principle, we can find a pair
of edges in M := (eq,e2) with e; = vju; and es = vyus, such that there are at least %
many vertices p € Y satisfying f,(e1) = fy(e2). Let A be the subset of Y consisting of the
vertices p € Y such that f,(e;) = f,(e2) and |A| = ”;ZS As|A| = %23, then we can choose
an arbitrary copy of matching I4)2 in A, whose edge set is H = {hy, ha, ..., hja2}-

Now we consider the k*-coloring function (f,,, f.,) of edges in H. By pigeonhole
principle, we can recursively find disjoint triples (hg; i1, h3ii2, haizs) € H X H x H with
the property fy, (hsit1) = fo,(hsiv2) = foi(hsiys) and fu, (hsiz1) = fu, (hsiv2) = fu (haiys)
till they cover 99% of the elements in H (this is possible because ¢ is small enough
such that Wlo|H | > 3k?), then we do same operation but change v; to v, and u; to us
respectively, we will also obtain many disjoint triples cover 99% of the elements in H
and every such chosen triple is colored same by the k?-coloring (f,,, fu,).- Then we can
find two triples from the set of triples such that they intersect, namely, we can find two
triples {hy, hj, hp} € H and {h¢, he, h} € H such that f,, (he) = fo,(hj) = fo,(h),
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ful(ht) = fU1 (h]) = ful (hk)a fU2(ht) = fw(hq) = fuz(hm) and fm(ht) = fvg(hq) = fvz(hm)7

where j = ¢ or k = m is allowed. Then we can find five edges {es, €2, hy, hj, hy,} and
denote the vertices of hy, hj, hey, as {as, b}, {a;,0;}, {am, bm}, respectively. Through the
above argument, we can see the following properties hold.

1 fm(ht) = fm(hj); fUQ(ht) = fm(hm); fm(h’t) = fm(hj); fm(ht) = fm(hm);
b fat(el) = fat(eQ); fa]—(el) = faj(e2); fam(el) = fam(€2);
o fu.(er) = fu.(ea); fo,(e1) = fo;(€2); fon(€1) = fo,(e2).

That means, none of the vertices in this I5 we find above, can induce a rainbow
coloring. Thus we have C(n, I5) = Q(n'/?). The proof is finished.

Remark 19. If we want to find a special copy of Ig which does not admit the rainbow
coloring, we just need to add one edge from H to the selected set {ey, ez, hy, hj, b }. We
omit the details here.

4.4.1 Matchings with larger size

We mainly prove that C(n, I;) = Q(n'/?) here. Let k := cn'/2, where the constant c is
chosen to be very small. We still consider the complete graph with 3n vertices. For any
set of 3n k-colorings of K3, using similar arguments as in Sections 4.3.1 and 4.4, there is
a partition of the vertex set of K3, into X UY with |X| = 2n and |Y| = n and a matching
M = {ej,ey,...,e,} in X, such that the number of triples (e,e’,p) € M x M x Y with
the property that f,(e) = f,(€') is at least %/:2 We can also find a pair of edges in M :=

(e1,ez), such that there are at least %/:2 many vertices p € Y satisfying f,(e1) = fy(e2),
where e; = viuy, ea = vouy. Let A be a subset of Y consisting of the vertices p € Y such
that f,(e1) = fp(e2) and |A] = %/22, we can form an arbitrary copy of matching /)42 in
A, whose edge set is H = {hy, ha, ..., hjay2}-

Now we consider the k-coloring function f,, of edges in H. By pigeonhole principle, we
can recursively find a set of disjoint quintuples of the form (hs;11, hsivo, Asivs, Psiva, hsivs) €
H x H x H x H x H with the property that f, (hsit1) = fo,(hsiz2) = fo,(hsizs) =
Jor (hsiva) = fo, (hsits) till it covers 99% of the elements in H (this is possible because we
can set ¢ to be small enough such that 1/100|H| > 5k). Then we do same operations but
change v; to uy, we can also obtain another set of disjoint quintuples, which covers 99% of
the elements in H. We continue the same operations twice, but replacing the correspond-
ing vertices with uy and v5. As a consequence, we can obtain four sets of internally disjoint
quintuples, all of which have the desired properties. Next, we pick one quintuple from
each set respectively, such that they contain some common element. That means there
are {ht, hkl, hkg; hk3, hk4} Q H, {ht, hks, hk6, hk7, hkg} Q H, {ht, hkg, hklO? hkuv hkw} g H
and {hhhkls’hkm?hkw’hkw} C H such that fUI (ht) - f’Ul(h‘kl) = fUI (hk2) = fv1 (hks) =
fv1(hk4)v fm(ht) = fm(hks) = fm(th) = fm(hk7) = fm(hks)v fvz(ht) = fvz(hkg) =

fvz(hkm) = fU2<hk11) = fvz(hkm) and fy, (ht) = fu2(hk13) = fu2<hk14) = fu2<hk15) =
Jus(hiye)- Moreover, we can find one edge form each set of the above four quintuples such
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that they are pairwise disjoint, without loss of generality, let {hg,, hrg, Pkyy s Py b De the set
of edges with the disjoint property. Then we pick seven edges {e1, ea, by, bk, Pig, Pieyy s Pk }
and denote the vertices of hy, hy,, Pig, Py, Piyg @S {as, be}, {ary, bk, }y { @k, Okg by {1y s Oy
and {ag,q, br,q }, respectively. Then we can see that the following properties hold.

o fur(he) = for (hiy)i foa () = foy(Mg)s fun (he) = fuy (M) fua(he) = fuun (o)

o fa(e1) = fa,(€2); fo(er) = fo.(€2);

o fo (€1) = fa, (€2); fay, (€1) = far (€2); fay,(€1) = far,(€2); far,,(€1) = fay,,(€2);
o fu, (e1) = fu, (€2); fo, (€1) = fo, (€2); for,(€1) = for,(€2); fop,, (€1) = fo,, (€2)-

That means, none of the vertices in this /7 we find above, can give a rainbow coloring.
Thus the proof of C(n, I;) = Q(n'/?) is finished.

Remark 20. when t > 7, if we want to find an I; that does not admit a rainbow coloring,
we just need to add ¢ — 7 edges from H to the selected set {e1, €a, by, Py s P s Pkyy s Py }-

Remark 21. The improved lower bounds for C'(n, Psy_1) and C(n, Py) can be obtained
from the lower bounds for C'(n, I;), this is because if H' C H is a subgraph of H on the
same set of vertices, then every lower bound for C'(n, H') implies the same lower bound for
C(n, H). This already shows that C(n, P;) = Q(n'/?) for t > 13. Actually we can slightly
improve this result further via combining the ideas in the proof of C(n,I;) = Q(n'/?)
and in Remark 16 to show that C(n, P, U Ky U Ky U Ky) = Q(n'/?). As the proof is
very similar, we omit the details here. Note that any path of length at least 8 contains
P, U Ky U K5 U Ky, hence we have C(n, P,) = Q(n'/?) for t > 8. The third result in
Theorem 6 follows.

5 Graphs with at least 6 edges have polynomial lower bounds

In this section, we will prove that for any graph H with at least 6 edges, there exists some
constant b = b(H) > 0 such that C(n, H) = Q(n). First, we need the following auxiliary
lemma.

Lemma 22. If a graph H has at least 6 edges, then H must contain at least one member
of the family He as a subgraph, where He = {Cy, Py, Iy, Sy, PoU Py, Py U KoLl K»}.

Proof. 1t suffices to prove the lemma when H has exactly 6 edges. Without loss of
generality, we can assume that H has no isolated vertex. Our proof is based on the
number of connected components of H.

1. If H has more than 4 connected components, then it must contain a copy of I,.

2. If H has 3 connected components, then by pigeonhole principle, there exists some
component with at least 2 edges, then H must contain a copy of P, LI K5 LI K>.
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3. If H has 2 connected components, suppose both components have at least 2 edges,
then H must contain a copy of P, LI P,. Next we assume that some component H;
has exactly 5 edges. If H; contains a triangle, then H; contains either a copy of
P, U K5 or a copy of Cy, which means H contains either a copy of P, U Ky LI K5 or
Cy. If Hy 2 Cs, then we know C(n,Cs) = C(n, P;) = Q(n'/®). Therefore it remains
to consider the case that H is a tree, if H; does not contain Sy or Py, then it is easy
to check that H; contains a copy of P, LI Ky, thus H contains a copy of P LI Kyl K.

4. If H has only one connected component, suppose H does not contain a cycle, then
either H contains a copy of Sy or the longest path in H has at least 4 edges. Then
we consider the case that H contains at least one cycle. Note that if H does not
contain a copy of Cy or Py, then H contains a triangle. In this case, if the remaining
three edges are incident to the same vertex on the triangle, then H contains a copy
Sy, otherwise, H will contain a copy of Pj.

0

It remains to show that C'(n,C}) also has the polynomial lower bound, we prove this
result as follows.

Proposition 23.
C(n,Cy) = Qn'/?).

Proof of Proposition 23. Let k := en'/?, where the constant ¢ is very small. We consider
a complete graph with 2n vertices. For any set of 2n k-colorings of Ks,, we aim to find a
copy of Cy such that none of its vertices can induce a rainbow coloring.

By Lemma 12, we can partition the vertex set of Ks, into two parts A and B with
|A| = | B| = n and the number of triples (a, by, b)) € AX B x B such that f,(aby) = f,(abs)
is at least %/:3 By pigeonhole principle, there is a pair of vertices in B, called (b, b),

such that there are at least %{,3 many distinct vertices a € A satisfying f,(aby) = fa(abs).
Then we choose a subset A" which consists of the vertices satisfying the above property.
It is obvious that |A'| > %23 Consider the k*-coloring (fy, (b1a), fi,(ba)) for all a € A’,
by pigeonhole principle, there are 3% > 2 elements in A’ which receive the same color.
Then we pick two vertices and write them as a; and as. Now we find a copy of Cj with
vertex set {ay, by, as, by} with the following properties

o fo,(a1b1) = fo,(a1b2); fa,(a2b1) = fa,(azba); fo,(bras) = fo,(bra1); fo,(baaz) =
fb2<b2a1)-

That means, none of the vertices in this Cy we find here, can induce a rainbow coloring.
The proof of C(n, Cy) = Q(n'/?) is finished.
O

The proofs of Theorems 6, 7, 8, Proposition 23, and Remarks 16 and 17 together give
the proof of Theorem 9, since we can easily deal with the isolated vertices in these cases.
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6 Concluding remarks and open problems

One of the most interesting problems in this topic proposed by Alon and Ben-Eliezer [1]
was to decide whether the order of C'(n, P;) is polynomial in n with ¢t € {3,4,5,6}. In
this paper, we show that C(n, P;) = Q(n'/?), and provide better bounds for Ps and Ps.
Now the case of P; remains open, and although we cannot answer this question on Pj, we
give the following polynomial lower bound C(n, Cy) = Q(n'/?), which perhaps gives some
evidence that C(n, P3) is order of n® for some constant ¢ > 0.

We are also interested in some other small graphs which have few vertices and edges.
The constant 6 in Theorem 9 cannot be directly improved by our results. However, we
suspect that the constant 6 is not the best possible, it will be interesting to improve
further. Moreover, motivated by the first result in Theorem 3, one can further consider
the graphs with four edges, for instance, the graph consists of a triangle plus a pendant
edge and the trees with four edges.
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