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Abstract

Given a graph H, a perfect H-factor in a graph G is a collection of vertex-
disjoint copies of H spanning GG. Kiihn and Osthus showed that the minimum degree
threshold for a graph G to contain a perfect H-factor is either given by 1 —1/x(H)
or by 1 —1/x(H) depending on certain natural divisibility considerations. Given
a graph G of order n, a 2-edge-coloring of G and a subgraph G’ of G, we say
that G’ has high discrepancy if it contains significantly (linear in n) more edges
of one color than the other. Balogh, Csaba, Pluhdr and Treglown asked for the
minimum degree threshold guaranteeing that every 2-edge-coloring of G has an H-
factor with high discrepancy and they settled the case where H is a clique. Here
we completely resolve this question by determining the minimum degree threshold
for high discrepancy of H-factors for every graph H.

Mathematics Subject Classifications: 05C35

1 Introduction

Combinatorial discrepancy concerns itself with problems of the following form: Given a
ground set S and a family of subsets H of S, does there exist a 2-coloring (or k-coloring)
of S such that each set in H contains roughly the same number of elements from each of
the colors? The theory studies conditions guaranteeing that such a coloring does or does
not exist. We refer the reader to [19, Chapter 4] for an overview. In recent years there
has been considerable interest in discrepancy-type problems on graphs. Here, S is the set
of edges of a graph G, and H is a family of subgraphs of G (e.g. Hamilton cycles, perfect
matching, clique-factors). Thus, the goal is to find conditions on G which guarantee that
in every 2-coloring of the edges of GG, there exists a subgraph of a certain type whose
coloring is unbalanced, namely one color appears significantly more than the other. One
of the first investigations of this type is by Erdés, Fiiredi, Loebl and Sés [8], who studied
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the discrepancy of bounded-degree spanning trees in 2-colorings of the complete graph. In
recent years the subject was revived and there are many new works: subgraph discrepancy
problems have been studied for Hamilton cycles [3, 10, 11, 9], spanning trees [11], clique-
factors [4] and powers of Hamilton cycles [5], among others. In this paper we settle
the problem of minimum degree thresholds for the discrepancy of H-factors, resolving a
question of Balogh, Csaba, Pluhdr and Treglown [4]. Let us give the precise definitions.

Definition 1. For a graph G, a 2-edge-coloring (or just 2-coloring) of G is a function
f: E(G) = {—1,1}. For a 2-coloring f and a subgraph G’ of G, the discrepancy of G’ is

defined as
F@)y= > fle)
)

ecE(G’

Given a graph H, an H-factor is a graph consisting of vertex-disjoint copies of H. A
perfect H-factor of a graph G is an H-factor which is a spanning (i.e. covering all vertices)
subgraph of G. Clearly, this is only possible if |G|, the number of vertices in G, is divisible
by |H|. Our main result determines the minimum degree threshold guaranteeing that in
every 2-edge-coloring of GG, there is a perfect H-factor with discrepancy linear in n. Before
stating this result, we give some background.

The study of perfect H-factors of graphs has a long and rich history. Tutte’s famous
theorem gives a necessary and sufficient condition for a graph to have a perfect Ks-factor,
namely a perfect matching. On the computational side, Kirkpatrick and Hell [13] showed
that for a fixed graph H, finding a perfect H-factor in an input graph G is NP-complete
whenever H has a connected component of size at least three. It is therefore desirable
to find sufficient conditions ensuring that a graph G has a perfect H-factor. One such
direction of research is the study of minimum degree conditions. The fundamental Hajnal-
Szemerédi[12] theorem states that for every r > 2, every graph G' with order n divisible
by r and with minimum 6(G) > (1 — 1/r)n has a perfect K,-factor. This bound is tight,
as can be seen by taking a balanced complete r-partite graph and moving one vertex from
one part to another. Indeed, the resulting graph has minimum degree (1 — 1/r)n — 1
but no perfect K,-factor. Alon and Yuster [2] proved an asymptotic generalization of the
Hajnal-Szemerédi theorem to all graphs, by showing that for every graph H, if GG is an n-
vertex graph with n divisible by |H| and with 6(G) > (1— ﬁ +¢)n, then G has a perfect
H factor (where ¢ > 0 is arbitrary and n is large enough in terms of €). Later, using their
celebrated blow-up lemma, Komlds, Sarkozy and Szemerédi [15] improved the error term
en to a constant depending on H. It turns out, however, that 1 — ﬁ is not always the
correct threshold for forcing a perfect H-factor. Komlds [14] (see also [1, 20]) introduced
the so-called critical chromatic number x..(H) and showed that having minimum degree
(1 - ><c+(H) + e)n already suffices for guaranteeing an H-factor that covers almost all
vertices of G (we give the precise definition of x.,. shortly). Finally, the ultimate result
in this direction was obtained by Kiithn and Osthus [18], who determined the minimum
degree threshold for the existence of a perfect H-factor for every graph H, showing that
this threshold is either 1 — ﬁ or1— xc+(H)’ depending on certain divisibility conditions.
To state this result, we need to introduce the following definitions.
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Given a graph H, let » = x(H) be the chromatic number of H. Let C be the class of
all r-vertex-colorings of H. For ¢ € C, let o(c) denote the size of the smallest color class
in ¢. Let o(H) = mingeco(c). The following is the definition of the critical chromatic
number:

_ ) = 1)[H|
Xcr(H) T |H| —J(H)

For each ¢ € C with color classes of size s1 < 59 < -+ < 8, let

D(c):={siz1—s;: 1 <i<r—1}

Let D(C) be the union of D(c) over all ¢ € C and let hef,(H) be the greatest common
divisor of the elements in D(C). Let hef.(H) denote the largest common divisor of the
orders of the connected components of H. Define a parameter hef(H) as follows: If r > 3,
then set hef(H) = 1 if hefy(H) = 1, and if r = 2, then set hef(H) = 1 if hef\ (H) < 2
and hcf.(H) = 1. In all other cases, hef(H) # 1. Now define

oy JXWH) i hef(H) # 1,
X (H) = {XCT(H) otherwise.

Note that r — 1 < o (H) < x*(H) < r for every H with x(H) = r. Also, if H has only
balanced r-colorings (i.e. if in every r-coloring of H, all color-classes have the same size),
then hef(H) # 1, hence x*(H) = x(H) = .

The aforementioned result of Kithn and Osthus [18] states that 1 — 1/x*(H) is the
minimum degree threshold for the existence of a perfect H-factor. More precisely, they
prove the following:

Theorem 2 ([18]). For every graph H there exists a constant C' such that every graph G
whose order n is diwvisible by |H| with

5(G) > (1= 1/ (H)n+C

contains a perfect H-factor. Moreover, for every mg there exists a graph J of order
m = mg such that m is divisible by H with

6(J) = (1 =1/x"(H))m —1
such that J does not contain a perfect H-factor.

We now move on to discrepancy of H-factors. For a graph H, the H-factor discrepancy
threshold for H, denoted by 0*(H ), is defined as the infimum ¢ which satisfies the following:
for every 1 > 0 there exists 7 > 0 and ng, such that for every graph G of order n > ny
and 0(G) = (6+n)n, with |H| dividing n and for every 2-edge-coloring f of G there exists
a perfect H-factor F' in G with |f(F)| > yn. In other words, 6*(H) is the (normalized)
minimum degree threshold guaranteeing an H-factor with linear discrepancy. Trivially,
0(H) 2 1 —1/x*(H), because 1 — 1/x*(H) is the minimum degree threshold for the
existence of a perfect H-factor.

The study of minimum degree discrepancy thresholds for H-factors was initiated by
Balogh, Csaba, Pluhdr and Treglown [4], who determined §*(X).
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Theorem 3 ([4]). 0*(K,) = max{3/4,1 —1/(r+ 1)}

Balogh et al. [4] further asked for the discrepancy threshold of other graphs H. Our
main result completely settles this problem, determining the value of 6*(H) for every
graph H. We split the statement into three cases: x(H) = 2, x(H) = 3 and x(H) > 4.
First, for bipartite H, we have the following:

Theorem 4. For every graph H with x(H) = 2, it holds that
% if H is reqular,
1

5*(H) = /2 if H is non-regular and there exists p > 0 such that for every

connected component U of H it holds that eg(U) = p|U/|,
1—1/x*(H) otherwise.

To state our results for r-chromatic graphs, r > 3, we first need to introduce some
definitions. Given a graph G, a blowup of G is any graph obtained from G by replacing
each vertex = € V(@) with a vertex-set V. and replacing edges xy € E(G) with complete
bipartite graphs (V;,V,). The b-blowup of G is the blowup where |V,| = b for every
x € V(G). Given a 2-edge-coloring ¢ of G, a blowup of (G,c) is a blowup of G whose
edges are colored according to ¢, namely, where for zy € F(G), all the edges in the
complete bipartite graph (V,, V,,) have color ¢(zy). We denote the coloring of this blowup
also by c¢. A central strategy of our argument is to find so-called templates, defined as
follows:

Definition 5 (Template). Given graphs F, H and a 2-edge-coloring ¢ of F', we say that
(F,c) is a template for H if there exists a blowup B of (F,¢) and two perfect H-factors of
B with different discrepancies.

The size of the template (F) c) is simply |F'|. Next, we introduce the following impor-
tant parameters of a graph H.

Definition 6 (IC(H), do(H)). Let H be an r-chromatic graph. The set of non-template
colorings of H, denoted IC(H), is the set of all 2-edge-colorings ¢ of K, such that (K, c)
is not a template for H.

Let dp(H) be the maximum over all § such that there exists a coloring ¢ € K(H) and
a blowup B of (K,,c), such that §(B) = § - |B| and B has a perfect H-factor F' with
¢(F) = 0 (by the definition of K(H), this implies that ¢(F) = 0 for every perfect H-factor
F in B). If there exists no such ¢ € K(H) then let §o(H) = 0.

Note that do(H) < 1 — 1/r because every r-partite graph B has minimum degree at
most (1 —1/r)|B|. In Section 5 we show that the maximum in Definition 6 is attained
and also provide an algorithm which computes dy(H ). Note that if r = 2 then dy(H) = 0,
because every blowup of K, is monochromatic so all its perfect H-factors have non-zero
discrepancy.

Observe that 6*(H) > 0¢(H). Indeed, by the definition of dy(H ), there exist ¢ € I(H)
and a blowup B of (K,,c) with §(B) = §o(H)|B| such that every perfect H-factor of B
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U2 w2 U2 w2 U2 Wo

Figure 1: The three different types of butterflies up to isomorphism.

(and there exists one) has discrepancy zero. Then, for every b € N, the b-blowup B’ of
(B, c) has a perfect H-factor with discrepancy zero. Note that B’ is also a blowup of
(K., c) and since ¢ € K(H), every perfect H-factor of B’ must have zero discrepancy. As
we can choose b arbitrarily large, we get that 6*(H) > 6(B)/|B| = do(H).

Next we state our result for 3-chromatic graphs. Here the following graphs, called
butterflies, play an important role. A butterfly is a 2-edge-colored graph (L, ¢), where L
consists of two triangles u,v1,w; and u, vy, wo intersecting in a single vertex u, and the
coloring ¢ is “antisymmetric” in the sense that c(uv,) = —c(uvs), c(uw;) = —c(uwsy) and
c(viwy) = —c(vawy) (see Figure 1).

Theorem 7. For every graph H with x(H) = 3, it holds that

% if H 1s reqular,

max{l — 1/x*(H),00(H),4/7} if H is non-regular and some butterfly is
not a template for H,
max{1l — 1/x*(H),d(H)} otherwise.

5*(H) =

For k > 4, the following definition, which we call the k-wise Cy-condition, plays an
essential role in determining the value of §*(H).

Definition 8 (C4-Condition). For an integer k > 4, we say that a graph H fulfills the
k-wise Cy-condition if for every (proper) k-vertex-coloring of H with parts A;, As, ..., Ag,

we have that
en(Ar, As) +en(As, Ay) = en(Ar, As) + en(As, Ay).

Note that if H satisfies the k-wise C4-condition for some k > 5, then H also satisfies
the (k — 1)-wise Cy-condition, as each proper (k — 1)-coloring of H is also a proper k-
coloring (by taking the last color-class to be empty). Observe also that if H satisfies
the k-wise Cy-condition then so does every H-factor. To state our result for r-chromatic
graphs with » > 4, it is convenient to state the following two conditions. In the entire
paper, we write a =, b for a = b (mod m).

Condition 9. H fulfills the (r + 1)-wise Cj-condition and additionally, » =4 0 or H is
regular.
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Condition 10. H fulfills the r-wise C-condition and is regular.
The following result determines 6*(H) for H with x(H) > 4.

Theorem 11. For every graph H with r = x(H) > 4, it holds that

1-1/(r+1) H fulfills Condition 9,
(H)=<1-1/r H fulfills Condition 10 but not Condition 9,
max{l — 1/x*(H),00(H)} H violates both Conditions 9 and 10.

In the next section, we explain the notation that we use throughout the paper. Then,
in Section 3, we give a short overview of the proof and explain the main ideas. In Section 4
we prove two general lemmas that will play an important role in our proofs. In Section 5,
we establish properties of the parameter §o(H ), and describe a construction of a graph H*
(depending on H) that is important in some of our arguments. Section 6 is split into two
subsections. First, we recall the notions related to Szemerédi’s regularity lemma and the
blowup lemma. And second, we introduce the general setup of how we use the regularity
lemma in our proofs. This setup is used throughout the rest of the paper. Section 7
deals with templates, giving conditions on H that guarantee that various colored graphs
are templates for H. In Section 8 we prove the lower bounds on §*(H) in Theorems 4, 7
and 11. Sections 9, 10 and 11 contain key lemmas that are used in the proofs of the
main result. More specifically, in Section 9 we show how to find perfect H-factors of high
discrepancy if the coloring of G is unbalanced in a specific way. Section 10 covers graphs
H which violate the C4-condition, and Section 11 covers graphs H which are non-regular.
Using the tools from Sections 9-11, we then easily derive the main results (Theorems 4, 7
and 11) in Section 12. To end the paper, in Section 13 we give examples of graphs H
which fall into different cases of the three main theorems. The purpose of these examples
is to show that all cases in Theorems 4, 7 and 11 are necessary.

2 Notation

Given a graph G, let V(G) denote the set of vertices of G, E(G) the set of edges and
e(G) = |E(G)|. Let |G| denote the number of vertices in G. Given two sets U,V € V(G),
we write G[U] for the graph induced by U on G and G[U, V] for the graph with edges with
one endpoint in U and the other in V. Also, let eq(U,V) = e(G[U,V]), and let eq(U)
denote the number of edges in G[U]. For v € V(G), let dg(v) denote the number of edges
incident to v in G.

For a 2-edge-coloring ¢ of a graph G, we write G*, G~ for the subgraph of G consisting
of the edges of color +1 and —1, respectively. Note that ¢(G) = e(GT) — e(G™) =
2¢(GT) — e(G). For a color ¢ € {1, —1}, we use G¢ for G if ¢ =1 and for G~ if c = —1.

Given a blowup B of G and a set of vertices U C V(G), we write Vi for U,y V,, and
given a vertex u € V(B), we refer to the vertex in V(G) corresponding to the cluster of
u by V.&.

Throughout the paper, H is a fixed graph and r is the chromatic number of H. An
r-coloring of H always means a proper r-vertex-coloring. We identify an r-coloring with
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its set of color classes, usually denoted Aj,..., A.. We think of the parts as ordered,
namely permuting them gives a different r-coloring. An r-coloring A, ..., A, is called
balanced if |A;| = --- = |A,|, and unbalaned otherwise.

3 Proof Overview

In this section we give a high level overview of our proofs. Some of our arguments apply
to any graph H, while some require H to have certain properties. We start by explaining
the general setup.

We employ a similar strategy to that used by Balogh, Csaba, Pluhar and Treglown [4]
to determine §*(K.). Given a 2-edge-coloring of the graph GG, we apply a colored version
of Szemerédi’s regularity lemma and consider the corresponding reduced graph R which,
by standard techniques, naturally inherits a 2-edge coloring fr from G and has essentially
the same minimum degree relative to its number of vertices. A crucial ingredient of our
proof is the notion of a template (Definition 5) which has been introduced in a slightly
different form in [4]. The importance of this notion is that if there is a subgraph F' C R
of size independent of n such that (F, fg) is a template for H, then, by definition, there
is a blowup of F' such that there are two H-factors of (F, fg) with different discrepancies.
A standard application of the blowup lemma then implies that we can tile a set U of
Q(n) vertices of G in the clusters of the regular partition corresponding to V(F') with
two different H-factors whose discrepancies differ by Q(n). Taking U to be of small linear
size, the graph G\ U still has high enough minimum degree to force a perfect H-factor by
Theorem 2. It is then easy to see that by adding the two H-factors of U to this perfect
H-factor of G'\ U, we obtain two perfect H-factors of G whose discrepancies differ by
Q(n), hence one of them must have absolute discrepancy €2(n), as needed. This shows
that finding small templates for H in the reduced graph suffices for finding an H-factor
of high discrepancy.

Let us explain another important aspect of the notion of a template. If a certain
coloured graph (F' c) is not a template for H, then by definition, for every blowup B of
(F,c), all perfect H-factors of B have the same discrepancy. If this discrepancy equals
0 (e.g. this happens if (F,c¢) is symmetric with respect to the two colours), then this
provides us with a lower bound construction for §*(H). The most important special case
is when F' = K, (where r = x(H)) which leads us to the definition of dy(H). Indeed,
do(H) is the best lower bound on 6*(H) that one can obtain by considering blowups of a
coloured K, (apart from the potential divisibility constraints which are encapsulated by
the parameter y*(H).)

By the above discussion, we may assume that the reduced graph R has no subgraph on
O(1) vertices which is a template for H. This can be exploited from two angles. Taking
a fixed colored graph (F,c) which is a template for H, we obtain structural information
about R as it must be (F,c¢)-free. On the other hand, the fact that a certain coloured
graph F' is not a template gives us structural information about H. More precisely, we
obtain that for every r-coloring of H, the sizes of the color classes and the number of
edges between the pairs of them must satisfy certain linear equations. A typical example
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is Lemma 45. (We sometimes also have constraints in terms of k-colorings of H for
k=r-+1orr+2 An example is the Cy-condition, see Definition 8.)

It is possible that there is no small subgraph of R forming a template for H, e.g. if
all edges in R have color 1. However, if the coloring of R is so unbalanced, we can find
a perfect H-factor in G with high discrepancy. So, roughly speaking, our strategy is to
show that either R has a small template for H, or the coloring of R must be in some sense
unbalanced, allowing us to find a perfect H-factor with high discrepancy by other means.
A concrete example is Lemma 57, which shows that if all r-cliques in R have positive
discrepancy, then we can indeed find a perfect H-factor of high discrepancy, provided we
assume additionally that H is not regular. So to illustrate our strategy in more detail, let
us consider the case when H is not regular, so that Lemma 57 applies and we may assume
that not all r-cliques in R have positive discrepancy, and by symmetry not all r-cliques
have negative discrepancy. Then, since R has minimum degree larger than 1 —1/(r — 1),
it is not difficult to show that there are two r-cliques L; and Ly sharing » — 2 vertices,
where one of them has positive discrepancy, while the other has negative discrepancy. If
the coloring on Ly U Ly is a template for H, we are done, and otherwise H must have a
certain structure. Now, by the minimum degree condition on R, for v € L; \ Lo, there are
many vertices u such that Ly U{u}\ {v} forms an r-clique. We show that, essentially, the
edges from u to L; \ {v} must be colored in the same way as those from v to L; \ {v} (or
else R contains a template for H). Such arguments eventually lead to showing that one
of the colors is represented significantly more in R than the other color. For example, in
one of the cases in the proof of Lemma 68, we show that there is a set of size more than
3n/4 which is entirely monochromatic. This allows us to find a perfect H-factor with high
discrepancy.

Another ingredient in our proof is the idea of using certain complete r-partite graphs
(where » = x(H)). More precisely, in order to find a perfect H-factor, we sometimes
instead find a perfect H*-factor for a certain complete r-partite graph H*, and then tile
each copy of H* with copies of H. The advantage of working with complete r-partite
graphs (rather than with general r-partite graphs) is that they consist of r-cliques, and
our templates for H also consist of r-cliques. Thus, assuming that there are no small
templates for H allows us to deduce things about the colors of the edges of copies of H*.
Typically, we show that H* is colored as a blowup of K, namely, that all bipartite graphs
between color classes are monochromatic. In order to use this approach, H* must satisfy
certain properties. First, it must contain a perfect H-factor. And second, the minimum
degree threshold for the existence of an H*-factor must be only slightly larger than that
of H, so that our minimum degree assumptions guarantee the existence of an H*-factor.
Such a graph H* is constructed in Lemma 18.

4 General Lemmas

In this section we give two general lemmas which are essential to the proofs of our main
results. The following simple lemma allows us to find a “chain” of r-cliques connecting
two given r-cliques in a graph of sufficiently high minimum degree. Such a lemma has
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already appeared in previous works, see e.g. [5]. For completeness, we include a proof.

Lemma 12. Let k € N, let J be an m-vertex graph, and let L, L' C J be two copies of
K.

1. If6(J) > %m, then there is a sequence Ly, Lo, ..., Ly C J of k-cliques with Ly = L,
Ly=L"and |L;NLit 1| =k —1 for each 1 <i < (.

2. Ifo6(J) > %m, then there is a sequence Ly, Lo, . .., Ly C J of k-cliques with Ly = L,
Ly=L and |L; N\ Liy1| 2 k—2 for each 1 <1 < (.
Proof. We start with the first item. Here we assume that §(.J) > %£-2m, which implies
that every k vertices have a common neighbour. It is enough to find a sequence L =
Ly,...,Ly=L'with |L;NL;y1| > k—1 (i.e. we can repeat cliques). We prove the claim by
reverse induction on ¢ := |[LNL/|. If t > k—1 then there is nothing to prove. Suppose then
that ¢t < k—2. Write LONL = {sy,...,s:}, L\L' ={x1,..., 2k}, '\NL={y1,. .., Yr—t}-

We define vertices zi,..., 2z,_¢_1 inductively as follows. Let z; be a common neighbour
of s1,...,8421,. .., Xp_4_1,y1. For 2 <1 < k—1t—1,let z; be a common neighbour of
S1yeney Sty Tiy ey Tty 21y« - oy Zie1, Y1. Write My = {S1,. .. St @iy ooy Tpt1, 21,5 -+ -5 2i )

for 1 <i < k—t—1. Then M,..., M4, are k-cliques, |M; N L| > k — 1, and
IMiN M| 2 k—1for 1 <i<k—t—2 Also, L" := {s1,...,8, 21, 2k—t—1,Y1} 18
a k-clique, |L" " Mj_y_1| 2 k—1 and |[L” N L'| > t + 1. By the induction hypothesis,
there is a chain L” = Ny,..., Ny, = L' with [N; N N;q| 2 k—1for 1 <i</{—1. Now
L,My,...,Mj_;1,Ny,..., N, = L'is the required chain.

Next, we prove Item 2 by reducing to Item 1. Here we assume that 6(.J) > %m,
which implies that every k— 1 vertices have a common neighbour, and hence every (k—1)-
clique is contained in a k-clique. Take M C L, M’ C L' of size k — 1 each. By Item 1 with
parameter k— 1, there are (k—1)-cliques M = My, ..., M, = M’ with |M; N\ M; 1| > k—2
for each 1 <i < ¢ — 1. Let L; be a k-clique containing M;, where L; = L and L, = L'.
Then L4,..., L, is the required sequence. O

The next lemma is a key reason why the Cy-condition is one of the determining factors
for the value of 6*(H). The lemma allows us to control the discrepancy of subgraphs
fulfilling the Cjy-condition in blowups of regular colorings of K}, (i.e., 2-edge-colorings in
which the color-classes form regular graphs). We will later apply this lemma to H-factors
(using that an H-factor satisfies the Cy-condition if H does), to deduce that a regular
coloring of K, is not a template for H.

Lemma 13. Let ¢ be a 2-edge-coloring of Ky, k > 2, and suppose that K" is d-regular
for some d € N. Let B be a blowup of (K,c) and J an arbitrary subgraph of B. If J
fulfills the k-wise Cy-condition, then

C2d—k+1

()= =3

e(J).

Proof. First, we estimate the number of edges of J contained in the blowup of a given
2-factor of Kj. Here, by “2-factor” we mean a disjoint union of cycles covering V (K}).
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Claim 14. Let C be a 2-factor in Kj and C' the corresponding graph in B (i.e., the

blowup of C'). Then

(N0 = 2 ().

Proof. Let X = x1x5,...,2, be an arbitrary cycle in C' of length ¢. Consider any pair
¢ < j such that the vertices z;,z; are not adjacent on X. Note that for each ¢ there are
¢ — 3 such 7. Since J satisfies the k-wise Cy-condition, we have

eJ(‘/miu ‘/;UH-l) + eJ(‘/:Ejy ‘/mj_H) - eJ(‘/:EiJ ‘/;E]) - 6](‘/11-4_17 Viﬂj+1) = 07

where indices are taken modulo ¢. Summing over all such pairs ¢ < j, we obtain

(g - 3) Z eJ(VTz’?‘/;UiJrl) -2 Z eJ(Viciv ‘/wg) = 0. (1)

1<t 4,j @ [i—j|Z+1 (mod £)

If X is the only cycle in C, then ¢ = k, and by (1),

2
(INC) = 3 eolVar Vo) =el) = 3, es(Vais Vay) = =),
1<t 4,j ¢ [i—j|Z+1 (mod £)
as required. Therefore, let us assume that there is a second cycle Y = y;,...,y, in C. By

the Cy-condition,

Z Z [GJ(‘/;?N V;Ui-u) + 6J(V‘/j’ V;/j+1) - eJ(V;v-n V;/J) - BJ(V;W-H? ‘/Z/j+1):| = 0.

1<i<l1<j<h

Reordering the terms in the above equality, we get

B er(VeVe) 0> eV Vi) =2 3 Y es(Var V) =0, (2)

1<l 1<j<h 1<i<l 1<j<h

Now, we take the sum of (1) over all cycles in C' and the sum of (2) over all pairs of cycles
in C. For each cycle X in C, each edge of X is counted k — | X| times when summing (2)
over pairs X, Y with Y € C'\ {X}, and is counted |X| — 3 times in (1). Therefore, each
edge of C is counted exactly k — 3 times. Also, each edge e € K \ C is counted twice
(with a negative sign) when summing (1) and (2); indeed, if e goes between vertices of
the same cycle X, then e is counted twice in (1), and if e goes between vertices of two
different cycles X, Y, then e is counted twice in (2). All in all, we get that

(k=3) > es(ViVo) =2 Y es(Vi, Vo) =0.

wveC uwweKp\C

It follows that

e(JNC) = es(Vi,V,) =

e
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We now complete the proof of Lemma 13 using Claim 14. Note that either d or k—1—d
is even because k and d cannot both be odd. Without loss of generality, let us assume
that d is even (else apply the same argument to the complement coloring). Petersen’s
theorem (see e.g. [6, Corollary 2.1.5]) states that a d-regular graph for even d has a 2-
factor. Since removing the edges of a 2-factor produces a regular graph with even degree
d — 2, it follows that the edges of a d-regular graph (with even d) can be decomposed
into 2-factors. Hence, the edges of K, can be decomposed into g 2-factors. By applying
Claim 14 to each of these 2-factors, we get that

e(J+):g-<kfl)e<J): o).

The result follows since

5 The parameters dop and H*

The goal of this section is twofold. First, we consider the parameter o(H); we show
that it is well-defined, i.e. that the maximum in Definition 6 is attained, prove some
useful properties of §o(H) and give an algorithm that computes do(H) in finite time. And
second, we describe a construction of a certain complete r-partite graph H* that will play
an important role in our proofs.

Proposition 15. Let H be a graph. The mazimum in the definition of do(H) (see Defini-
tion 6) is attained and 6o(H) € Q. Moreover, there is an algorithm which, given a graph
H, computes 6o(H).

Proof. We present an algorithm for computing do(H ). From the algorithm, it will be clear
that the maximum in Definition 6 is attained.

The algorithm is as follows. We iterate over all possible 2(3) 2-edge-colorings of K,.
For each coloring ¢ we need to check whether it is a template with respect to H and if
it is not, to find the maximum value of ¢ such that there is a blowup B of (K,,c) with
d(B) = 6|B| and B has a perfect H-factor with ¢(F) = 0.

Fix a 2-edge-coloring ¢ of K,. Let C C [r]V#) denote the set of all proper r-vertex-
colorings of H. Consider a blowup B of (K,,c) with parts Ay, As, ..., A, of sizes |A;| =
a;,i1 € [r]. For f € C, we define a;(f) = [{v € V(H)|f(v) = i}|, for i € [r], and g(f) =
ZWGE(H) c(f(u)f(v)), where we denote each vertex in K, by a color of f. We think of f
as an embedding of H into B. Then, a;(f) counts the number of vertices embedded into
A;, while g(f) denotes the discrepancy of the embedding.

Now, checking whether (K, c) is a template for H can be done using the following
linear program.
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maximize Z(xf —y5) - 9(f)

fec

subject to fo -a;(f) = a;, Vi € [r],
fec
ny -a;(f) = a;, Vi € [r],
fec

r
E a; = 1,
i=1

a; = 0,Y1 € [r]
Ty Yp = 0,VfecC.

We claim that if the maximum in the above linear program is 0, then (K, c) is not
a template, otherwise it is. Indeed, there exists an optimal feasible solution for which
the vectors z,y are fractional H-factors of a blowup of (K, c) with parts of relative sizes
ai, ..., a,, whereas the objective function corresponds to the difference in the discrepancies
of the two fractional H-factors. Hence, if the maximum is 0, no two H-factors can have
different discrepancies. On the other hand, if the maximum is nonzero, since the optimum
is attained by some solution vector with rational entries, we may multiply it by a large
number to get a solution with integer entries. It is not difficult to see that this corresponds
to a blowup of (K, c¢) and two H-factors of it with different discrepancies.

Now, suppose we are given a coloring ¢ such that (K, ¢) is not a template for H. We
wish to find a maximum ¢ such that there is a blowup B of (K, ¢) with 6(B) = 6|B| for
which there is an H-factor with discrepancy 0.

This can be found with the following linear program:

maximize 1 — a,

subject to 0 < a; < as < ...ap,

r

Zai = 1,
> apeg(f) =0,

fec
Ty = 0,vVfecC.

Again, there exists an optimal feasible solution to the above linear program correspond-
ing to a blowup B’ of (K,,c) with relative part sizes a; < as < ...a, and a fractional
H-factor x of B’ with discrepancy 0. Multiplying this optimal vector with an appropriate
integer, we obtain an integral vector which corresponds to a blowup B of (K,,c) and
an H-factor with discrepancy 0 with respect to c¢. By the ordering of the a;’s it follows
that 6(B) = (1 — a,)|B|, as needed. Finally, since the above linear program has integer
coefficients, it has a rational solution, giving that §y(H) € Q. dJ
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Next, we prove some useful facts related to do(H). We begin with the following simple
claim, stating that the b-blowup of K, with b = (r — 1)!- |H| can be tiled by copies of H
in a uniform manner.

Lemma 16. Let B be the (r — 1)!||H|-blowup of K, with parts By, ..., B,. Then, there
exists a perfect H-factor F' in B such that ep(B;, Bj) = 2(r — 2)le(H) for every pair
1 < i < j < r. Therefore, if B is colored such that B is the blowup of (K, c) for a
coloring ¢ of K., then ¢(F) = c¢(K,) - 2(r — 2)le(H).

Proof. Let Ay, Ao, ..., A, be the parts of an r-vertex-coloring of H. Then, there exists a
perfect H-factor F' of B that contains for every permutation o : [r] — [r] a copy of H with
the vertices of A; in cluster By for every 1 <4 < r. Note that for every 1 < 1,7 <r, by
the symmetry of F' we have that

()| B|
(5) 1]

Using that |B| = r!|H]|, the statement follows. O

er(B;, Bj) =

Lemma 16 implies that if I(H) contains a coloring ¢ of K, with ¢(K,) = 0, then 6y(H) =
1—1/r. Indeed, by taking B to be the (r — 1)!|H|-blowup of (K, ¢), we get by Lemma 16
that B has a perfect H-factor F' with ¢(F) = ¢(K,)-2(r — 2)le(H) = 0. This implies that
do(H) = 6(B)/|B| =1 —1/r by the definition of d.

The next lemma gives an important property of do(H).

Lemma 17. For every 2-edge-coloring ¢ € K(H) with ¢(K,) > 0 the following holds.
Let B be a blowup of (K,,c) with 6(B) > do(H)|B|. Then for every H-factor F of B,
c(F) > 0.

Proof. Fix ¢ € K(H) with ¢(K,) > 0. Let us assume towards a contradiction that there
exists a blowup B of (K, ¢) with §(B) > do(H )| B| and a perfect H-factor F' of B such that
c(F) < 0. Note that if ¢(F) = 0 then 6o(H) > §(B)/|B| > do(H) which is a contradiction.
Therefore, let us assume that ¢(F') < 0. We use an intermediate-value argument: we will
take a “union” of B with a balanced blowup of (K,,c), which has positive discrepancy,
choosing the parameters in such a way that this union By will have a perfect H-factor
with discrepancy 0. However, By will also have normalized minimum degree as large as
that of B, and this would contradict the definition of 6y(H). The details follow. Let B
be an (r — 1)!|H|-blowup of (K,,c). By Lemma 16, there exists a perfect H-factor Fj in
Bj such that
c(Fy) =c(K,)-2(r —2)le(H) > 0.

Let a; < as < ... < a, be the sizes of the parts of B. Let By be a blowup of (K,,c)
with parts of sizes by, bs,...b, where b; = ¢(Fy) - a; — ¢(F)(r — 1)!|H|. Note that |By| =
c(F)|B| —r-c(F)(r—1H|, §(B) = |B| — a, and §(B3) = |Bs| — b,. It follows that
5(B2) ~ 3(B)

B 2 8] Indeed, this inequality is equivalent to a, > |B|/r, which clearly holds. Let
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F, be a perfect H-factor in By consisting of ¢(F}) copies of F' and —c(F') copies of Fy. It
follows that
c(Fy) = c¢(Fy)e(F) — ¢(F)e(Fy) = 0.

By the definition of do(H) and since ¢ € IC(H ), we get that

5(By) _ 8(B)

50(H)> /—>50(H).
[Bo| — [B
As this is a contradiction, the statement must hold. O

We now move to define, for every r-chromatic H, a certain r-partite graph H* having
several useful properties. Later on, when trying to find an H-factor with high discrepancy,
we often do this by finding an H*-factor and tiling each copy of H* with copies of H. For
r = 2 we simply set H* = H. The key case is r > 3, handled by the following lemma.
Note that if » > 3, then H* is complete r-partite.

Lemma 18. Let r > 3 and n > 0. For convenience, put a(H) := max{dy(H),1 —
1/x*(H)}. There exists a graph H* = H*(H,n) such that:

e H* is a complete r-partite graph;

H* has a perfect H-factor,

a(H) < 1=1/Xa(H") < a(H) +n/4.

If a(H)+n/4 < (r—1)/r, then hef(H*) = 1.

[f6o(H) < 1—1/r then 8(H*)/|H*| > 6(H).

Definition 19 (The graph H*). Let H be an r-chromatic graph and let n > 0. If r = 2
then define H* = H, and else define H* to be the graph given by Lemma 18.

Proof of Lemma 18. Let Ay, Ay, ..., A, be an r-coloring of H with |A,| = o(H). Let
B; be a blowup of K, with parts B}, B,..., B, where the first r — 1 parts have size
|H| — o(H), and B has size (r — 1)o(H). Let Fy C By be an H-factor containing, for
each 1 <i <r—1, acopy of H in which the vertices of A; are mapped into pUTH (modr=1)
for 1 < 7 < r — 1, and the vertices of A, are mapped into Bj. Note that the sizes of
Bi,B?,..., B] are precisely chosen to accommodate these (vertex-disjoint) copies of H.
So F} is a perfect H-factor of Bj.

Let By be the |H|-blowup of K, and let By, B, ..., B} be the parts of By. Similarly
as before, let F, be a perfect H-factor of B, containing, for every 1 < ¢ < r, a copy of
H in which A; is mapped into Bgiﬂ') (mod ™) for every 1 < j < r. Again, the sizes of
Bl B2...., By are precisely chosen to fit these copies of H, as |H| = |A;| + -+ + |A,].

Note that if a(H) +n/4 > (r — 1)/r, then we can take H* = By, trivially fulfilling all
the necessary conditions. Indeed, the first two items in Lemma 18 are immediate, the third
item holds because x..(Bs) = r and a(H) < 1 — 1/r, the fourth item holds vacuously,
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and the fifth item holds because 6(H*)/|H*| = 1 — 1/r. Let us therefore assume that
a(H) +n/4 < (r—1)/r. Hence,

min{l — d(H),1/x"(H)} —n/4d=1—a(H) —n/4>1/r.

In particular, x*(H) < r, which implies that x*(H) = x(H) and hcf(H) = 1 by the
definition of x*(H). Fix a rational number § in the range 1 — a(H) — 0.2n < f <
1 —a(H) — 0.1n, and note that

1/r<p<l—alH)<1/xe(H).

We now define a complete r-partite graph B3 with r—1 equal parts and an rth smaller part,
such that 1/x..(Bs) = 8. Indeed, let Bs be a blowup of K, with (r—1) parts B, ..., By
of size k|H|+ ¢(|H| — o(H)) each, and one (smaller) part B} of size k|H |+ {(r — 1)o(H),
where k,/ € N are determined later. Note that Bj is essentially a “linear combination”
of By and By, namely, Bs can be partitioned into k copies of By and ¢ copies of By. Since
By and B, each have a perfect H-factor, so does Bz. Note that

_ Bs| = B3| _ K[H|+((|H] - o(H))

Yxer(Bs) = 5 Byl = HrlH T e — DH] (3)

We now show that there exist k, ¢ such that 1/x..(Bs) = 3. For this, we need the right-
hand side in (3) to equal 5. Reordering this equation, we get
- WH| —o(H)) —lr—1)|H|B
r|H|8 — |H|

Note that the term above is of the form ¢ - ¢ for some suitable ¢ € Q. Therefore, there
exists £ € N such that k£ € Z. From now on, fix such k and ¢. Using 1/r < f < 1/x(H),
we get

(r—=DIH|B < |H| - o(H)

and
|H| < r[H|B.

Therefore, k > 0.

Our final graph H* will be obtained by blowing up B3 by a large integer, and then
changing the sizes of the parts by a small amount to make sure that hcf(H*) = 1. We now
define this small perturbation. Recall the set D(C) defined in the introduction. For each
s € D(C), let AL, A2 ... A" be the parts of an r-vertex-coloring of H with A} — A? = s.
Since hef(H) = 1, it follows by Bézout’s Identity (see e.g. Theorem 2.3. in [7]) that there
exist integers x4 for each s € D(C) such that

Z Tss = 1.

seD(C)
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Let By be a blowup of K, with parts B}, B3,..., B} of size ai,as,...,a, respectively,
where

a; = Z xS-A;— Z :cs-Ag,

s€D(C) seD(C)
zs>0 zs<0
2 1
ay = ZxS-AS— Z:ps-As,
seD(C) seD(C)
zs>0 zs<0
a; = Z|x8|-Aif0r3<i<T.
seD(C)

Note that a; — ay = Zsep(c) xss = 1. Additionally, there exists a perfect H-factor of By
containing for each s € D(C) with z, > 0, =, copies of H with A’ on B for 1 < i < r;
and for each s € D(C) with x, < 0, —z, copies of H with A! on B2, A% on B} and A’
on Bj for 3 <i<r. Leta=3_,_ a;. Fix alarge integer M = M(H,n), to be chosen
later. Let Bs be a blowup of K, with parts of size by, by, ..., b,, where for 1 <i < r,

bi = a; +aM - | Bi|.

This immediately implies that hef(Bs) = 1, since, using r > 3, by — by = a3 —ag = 1
(recall that |Bi| = --- = |B5'|). Note that the vertices of Bs can be partitioned into a
copy of B4 and aM copies of Bs. As both B3 and By have a perfect H-factor, so does
Bs. As xor(H) <1, we have (r — 1)o(H) < |H| — o(H). This implies that b, < b; for all
1 <i<r—1, and hence o(B;) = b, = a, + aM|Bj|. Also, |Bs| = a + aM|Bs|. Now we
get that

1 a+ aM|Bs| — a, — aM|Bj]| _ B3| — |Bs| a|Bs| — a,|Bs|
Xer(Bs) (r = 1)(a + aM|Bs|) (r=1)[Bs|  (r—=1)|Bs|(a+aM|Bs])’
where the second equality above is a simple calculation. Recall that 1/x..(B3) = Llfi‘f)lgf ||

Choose M large enough so that the second term above is at most 0.057 in absolute value.
Then we have

|1/XCT‘<B3) - 1/Xcr(B5)| < 00577
Recalling that 1/x..(Bs) = f and using 1 —a(H) —0.2n < f <1 —a(H) — 0.1n, we get
1= a(H) = /4 < 1/xe(Bs) < 1 - a(H).

This proves the third item in the lemma. It remains to prove the last item. Note that the
largest part of Bs has size

max b <a+aM - (|Bs| — |Bi|)/(r — 1) = a+aM - BB,

1<i<r—1
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where the two equalities use that |Bi| = --- = |B5™'| and that 8 = 1/x.(Bs). The
minimum degree of Bs is |Bs| — max; b;. Hence,

_a+aM-B|By| _ aM(1- B)|By|
a+aM\Bg| a+aM|Bg|

s (1=Pa
=1-f a -+ aM|Bs|
>1-p-01n > a(H) = d(H),

0(Bs)/|Bs| > 1

where the strict inequality holds for large enough M. We see that H* = Bj fulfills all
necessary conditions. 0

We end this section with the following important property of H*, allowing us to control
the discrepancy of H-factors of H* under certain assumptions.

Lemma 20. Letc € K(H) with ¢(K,) > 0. Let J be a colored copy of H* and suppose that
J is a blowup of (K,,c). Then for every perfect H-factor F' of J it holds that c¢(F') > 0.

Proof. The statement holds trivially if » = 2 as then, K5 must be monochromatic. There-
fore, let us assume that » > 3. Recall that H* is a complete r-partite graph. By Lemma 17,
we may assume that §(H*) < g(H)|H*|. Then, by the definition of H* in Lemma 18, we
have §o(H) = §(H*)/|H*| = 1—1/r. So H* is a balanced r-partite graph. Now, let h € N
and J a colored copy of H* such that J is an h-blowup of (K, ¢) for some ¢ € K(H) with
¢(K,) > 0. Let F be a perfect H-factor of J and let us assume towards a contradiction
that ¢(F) < 0.

Let B be the (r — 1)!|H|-blowup of (K,,c). By Lemma 16, there exists a perfect
H-factor F' in B with

c(F") = c(K,) - 2(r —2)le(H) > 0.

Note that since ¢ € K(H), we get that every perfect H-factor of J must have discrepancy
¢(F) and every perfect H-factor of B must have discrepancy c(F").

Next, consider an h-(r—1)!|H|-blowup B’ of (K, c). Clearly, B' has a perfect J-factor
F; containing (r — 1)!|H| copies of J and a perfect B-factor Fp containing h copies of
B. Let Fi be a perfect H-factor of B’ obtained by taking the union of a perfect H-factor
of each copy of J in F; and F; similarly by taking the union of a perfect H-factor of
each copy of B in Fz. As we showed above, we get ¢(Fy) = (r — 1)!/|H| - ¢(F) < 0 and
c(Fy) = h-c(F") > 0. It follows that ¢(Fy) # c(F3) and therefore, (K,,c) is a template
for H. This contradicts the assumption ¢ € K(H). O

6 Regularity and its application

The goal of this section is twofold. First, we recall the well-known Szemerédi’s regularity
lemma and the blowup lemma, which play a key role in our proofs. And second, we
introduce the general setup in which we shall apply these tools. This setup will be used
throughout the rest of the paper.
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6.1 Background on regularity

Let us recall the basic definitions and notation related to the regularity lemma. Given a
bipartite graph G with vertex-classes A, B C V(G), the density of G is defined as

€G<A7B)
[AllB]

dq(A,B) =
Given ¢,d > 0, we say that G is (g, d)-regular if
dG(Av B) >d
and for every X C A with |X| > ¢|A] and Y C B with |Y| > ¢|B|, we have that
ldg(A, B) —dg(X,Y)| < e.

Additionally, we say that G is (e, d)-superregular if dg(a) > d|B| for every a € A, dg(b) >
d|A| for every b € B, and for every X C A and Y C B with | X| > ¢|A| and |Y| > ¢|B|
we have

do(X,Y) > d.

We shall use the following two color version of the regularity lemma.

Lemma 21 ([17]). For every e > 0 and ¢y € N there exists Ly = Lo(g,4y) so that the
following holds. Let d € [0, 1] and let G be a graph onn > Ly vertices with 2-edge-coloring
f. Then there exists a partition Vo, Vi, ..., Vi of V(G) and a spanning subgraph G’ of G,
such that the following conditions hold:

1. 6o <0< Lo;

2. der () = dg(z) — (2d + €)n for every x € V(G);

3. the subgraph G'[V;] is empty for all 1 < i < (;

4. Vol < eny

o. Vil = [Val = --- = Vi,

6. foralll <i<j</{, GV, V" is either an (e, d)-regular pair or empty.
7. foralll <i<j<{, GV, V|~ is either an (e, d)-reqular pair or empty.

We call G’ the pure graph of G (for the parameters ¢, (g, d). Given a graph G with
2-edge-coloring f and a pure graph G’ of G, the reduced graph R is defined as the graph
on vertices V1, Vs, ..., Vs, where V; and V; are connected if at least one of G'[V;, V}]+ or
G'[V;,V;]™ is non-empty. Additionally, we associate with R a 2-edge-coloring fr, where
for V;V; € R, fr(V;V;) =1if G'[V;, V}]T is non-empty and fr(V;V;) = —1 otherwise. The
following is a useful, well-known fact about the reduced graph.
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Lemma 22. Given ¢ > 0, let G be a graph on n vertices with 6(G) = cn and let R be the

reduced graph obtained by applying Lemma 21 to it with some parameters ,d,{y. Then,
I(R) = (c —2d — 2¢)|R|.

We will also use the well-known Blow-up lemma of Komlés, Sarkézy and Szemerédi [16].

Lemma 23 (Blow-up lemma[l6]). Given a graph K on vertices 1,...,k and d,A > 0,
there exists g = e(d, A, k) > 0 such that the following holds. Given Ly, ..., Ly € N and
€ < g9, let F* be the graph obtained from K by replacing each vertex i € F with a set V; of
L; new vertices and joining all vertices in V; to all vertices in V; whenever ij is an edge in
K. Let G be a spanning subgraph of F* such that for every edge ij € F' the pair (V;,V;)a
is (e,d)-superreqular. Then, for every spanning subgraph F of F* with A(H) < A, G
contains a copy of F in which the vertices playing the role of V; are mapped to V;.

To apply the Blow-up lemma, we will need the following simple lemma.

Lemma 24. Let 1 < by < ... < by =: b be integers. Let G be a graph and let f be a
2-edge-coloring of E(G). Let Wy, ..., W; C V(G) be pairwise-disjoint with |Wy| = --- =
|Wi| =: m. Let d,e > 0, and suppose that m > 1/e > b,t,1/d. Then there are subsets
W CW;,i=1,...,t, such that:

1. |W]| =b;s for eachi=1,...,t, where s := |m/b| — |2tem].

2. For every 1 < i@ < j <t and color ¢ € {£1}, if GIW;, W;]¢ is (e, d)-regular then
GIW/, Wj]° is (2b€/b1,d/2) superreqular.

The second item of Lemma 24 uses the standard fact that regular pairs can be made
superregular by deleting a small number of vertices. The goal of the first item is to make
it possible to tile W{, ..., W/ with a graph having a t-coloring with color-classes of size
bi,...,b;.

Proof of Lemma 24 First, for each i € [t], take an arbitrary U; C W; of size b;|m/b] < m
Now fix any 1 < < ¢, and let I; be the set of pairs (7, c) such that G[W;, W;|¢ is (e, d)-
regular (where j € [] \ {i} and ¢ = &1). For (j,c) € I;, let Bf; be the set of vertices
u; € U; which have less than (d — ¢)|U;| neighbours in color cin U The (e, d)-regularity
of G[W;, W;]¢ and the fact that |U;| > 5 > e|W;| imply that |BC | < em. Therefore,
B; = U oer, Bi; satisfies |B;| < 2(t —1)em. Hence, |U;\ B;| = b; - Lm/bJ —2(t—1)em >
b;s. So take VVZ’ Q U; \ B; of size b;s (for i € [t]). Note that [W/| > %™ using that
m > 1/e > b,t. Also, |U; \ W/| =b;- (|m/b] —s) < 2tbem.

Now let 1 < i < j < tand ¢ € {£1} such that G[W;, W;]° is (e, d)-regular. As
W/ C U; \ B;, all vertices in W/ have at least (d — ¢)|U;| color-c¢ neighbours in Uj, and
hence at least

(d - U] - [U;\ W] > (d - 2)|U;| - 2tbem > d/2- ||

neighbours in W}, where the last inequality uses that [U;| > & and 1/e > b,¢,1/d.

THE ELECTRONIC JOURNAL OF COMBINATORICS 31(3) (2024), #P3.33 19



Also, for X C W], Y C W} with [X| > Qb—bf|I/VZ’|, Y| > %|W]’|, we have | X|,|Y] = em,
and therefore, by the (e, d)-regularity of G[W;, W;]¢, the color-c¢ density between X,Y
is at least d — e > d/2. This shows that G[W], WJ]° is (2be/b1,d/2)-superregular, as
required. O

6.2 Applying the regularity lemma: the general setup

Here we explain the general setup which we use throughout the rest of the paper. Let
n > 0 be fixed and let v < 1 be small enough (depending on 7). To prove Theorems
4, 7 and 11, we shall consider a graph G with n > nq vertices, n divisible by |H|, and
minimum degree 6(G) > (6 +n)n, for § corresponding to the particular case of the above
theorems that we are proving, and show that in every 2-edge-coloring of GG, there must
exist a perfect H-factor with discrepancy at least yn in absolute value. We say that such
an H-factor has high discrepancy. Proving this statement (for all ) would establish that
0*(H) < 6. Note that we may always assume that 7 is small enough with respect to H.
From now on, fix ng, €, £y, dy, Ly > 0 such that

Ino<vy<1/Ly <1/l < e<dy<n<<1/|H|,

where L is the constant obtained by applying Lemma 21 with ¢, ¢;.

Recall that g and 1 — 1/x*(H) are (natural) lower-bounds for 6*(H) for every graph
H. Therefore, throughout this paper, we shall always assume that our target parameter
0 satisfies

0 = max{do(H),1 —1/x"(H)}. (4)

So let G be a graph with n > ng vertices, where n is divisible by |H|, and with
d(G) = (04+n)n. Our strategy for finding a perfect H-factor of high discrepancy sometimes
requires us to first find a perfect H*-factor F* (and then tile each H*-copy with copies of
H). To this end, we need that |G| is divisible by H*. Therefore, we shall put aside a small
number of vertices to make the number of remaining vertices divisible by |H*|. Indeed,
let Frest be a collection of vertex-disjoint copies of H in G, such that |V (Fres)| < |H*|
and n — |V(Fges)| is divisible by |H*|. Such a collection exists because G even has a
perfect H-factor, by Theorem 2 and by (4). Set G* := G[V(G)\V (Frest)]. Recall that
H* depends only on H and 7, so |H*| < yn. Therefore, it will suffice to find a perfect H-
factor of G* with high discrepancy (as this will give a perfect H-factor of G with absolute
value discrepancy at least In, say). Hence, we concentrate on G* from now. With a slight
abuse of notation, we shall use n to denote |G*|. Note that

5(G*) = (5 + 3n/4)n.

Fix an arbitrary 2-edge-coloring f of G*. Let G’ be the pure graph obtained by
applying Lemma 21 with parameters ¢, (g, dy to G* and f. Let R be the corresponding
reduced graph with 2-edge-coloring fg. Using n > dy, ¢ and Lemma 22, we get that

0(G)/n, 6(R)/|R| = 6(G")/n—n/4 = b6+n/2,
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and by (4), we get that
0(G")/n, 6(R)/|R| = max{do(H),1 —1/x"(H)} + n/2. (5)

We shall assume throughout the paper that (5) holds. For a vertex v € V(G') \ Vo, we
denote by V.2 € V(R) the vertex of R corresponding to the part of the regular partition
containing u.

We now show that G’ contains a perfect H*-factor.

Lemma 25. G’ has a perfect H*-factor, and hence a perfect H-factor.

Proof. For convenience, set a(H) := max{do(H),1—1/x*(H)}. In this notation, we have
5(G") > (alH) + /2.
We claim that
0(G") = (1= 1/x"(H") + n/4)n.
If o(H)>1—1/r—n/4 then §(G') > (1 —1/r+n/4), which suffices as x*(H*) < r. And
if a(H) < 1—1/r —n/4, then Lemma 18 guarantees that hef(H*) = 1 and hence
1= 1/X"(H") =1 =1/xer(H") < a(H) +n/4 < 0(G") /n —n/4,

as claimed. Now, Theorem 2 guarantees that G’ has a perfect H*-factor. This also implies
that G’ has a perfect H-factor, because H* has a perfect H-factor by Lemma 18. O

The next lemma allows us to assume that for each pair of clusters V;,V; in the reg-
ular partition, all edges in G'[V;,V;] have the same color (namely the color fr(V;V;)).
Equivalently, for every edge xy € E(G’) with z,y ¢ V4, it holds that

ROV = f(ay). (6)
We shall assume this throughout the rest of the paper.

Lemma 26. If there exist 1 < i < j < { = |R| such that both G'[V;, V;]* and G'[V;, V}]~
are (e, dy)-reqular, then there exists a perfect H-factor in G' with high discrepancy.

Proof. For convenience, put U := V;,V := V}, and assume that G'[U, V]* and G'[U, V]~
are both (e, dy)-regular. Then UV € R and fr(UV') = 1 by the definition of R. By (5),

r—2

O0(R) > (L= 1/x"(H)|R| > ~—

B

and hence, there exists a copy L C R of K, containing the edge UV. Let Wy, Ws, ... W,
be the clusters of L with Wy = U and Wy = V and let m = (n — |Vy])/|R| denote the
size of each cluster W;. By definition, all pairs G'[W;, W;]/eRWiWi) are (e, dy)-regular.
By Lemma 24 with by = --- = b, = (r — 1)!|H]|, there are W/ C W;, i = 1,...,r,
with |W]| = |[Wi| = --- = |[W/| > 0.9m and |W/| divisible by (r — 1)!|H]|, such that
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G W], WI=WeWi) is (2, dy/2)-superregular for each 1 < i < j < r, and G'[W{, Wj]~
is also (2e,dy/2)-superregular. Let G; C G’ be the graph on {J, ;. W/ with edges
Uicicjcr G'[W/, WI=WiW5) - Let G, C G’ be the same graph but with G'[W{, W}]~ in
place of G'[W{, W;]*. Note that [W]| < [W;[ < £ and [W][ = 0.9[W;] > 0.9 > J1-
(for each 1 < i < r). Therefore,

;—Z) <G| =[G < %-

Let B be the (r — 1)!|H|-blowup of K, with clusters By, By, ..., B,. By Lemma 16,
B has a perfect H-factor Fip such that ep,(B;, Bj) = 2(r — 2)!le(H) for every pair 1 <
i<j<r. As|W|=-.--=|W/| and each |W/| is divisible by (r — 1)!|H|, we can apply
Lemma 23 to deduce that there exist perfect B-factors F[', ) of Gy and G respectively.
Taking the H-factor Fig of every copy of B in FY', Fy gives us perfect H-factors FY, F}y of
G'1, Gg, respectively. Moreover, for every 1 < 4,5 < r, we have

er (W1, W!) = ey (W1, W) = % 2(r — 2)le(H),
It follows that
G
FUFD) = F(FY) = en (W, W) — ey (W1, W) = % A(r — 2)le(H).

Let Go = G’ — ;<< Wi, and note that
0(Go) = (1 = 1/X"(H) +n/4)n,

using (5) and that |G1] < 7 and 1/6y < 5. Also, [V/(Gy)| is divisible by |H| because
[V(G")| and 3'_, |[W!| are. Thus, Gy contains a perfect H-factor F' by Theorem 2. Let
F,:=F/ UF' i =1,2. Then F}, F, are perfect H-factors of G’, and

FRY) = F(FS) = F(FY) = F(F}) = % A(r — 2)le(H) > 2ym,

where the last inequality uses that [B| = rl[H|, |G1] > 37t and v < ﬁ, Lio Therefore,

at least one of Fi, Iy has absolute discrepancy at least yn, as required. O

From now on, we shall work under the above setup and repeatedly use (5) and (6).
Recall that our ultimate goal is to find a perfect H-factor of G’ with high discrepancy.
Very roughly, our argument works by showing that either R contains a template for H,
or else R is colored by fr in such an imbalanced way that we can directly find an H-
factor in G’ with high discrepancy. The next lemma handles the case that R contains a
template for H, showing that in that case G’ indeed contains a perfect H-factor with high
discrepancy. The proof of this lemma is similar to that of [4, Claim 6.2] (and also uses
some ideas from the proof of Lemma 26).
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Lemma 27. Let t € N depending only on H, and let T' C R be a subgraph of R of order
t. If (T, fr) is a template for H, then there exists a perfect H-factor in G' with high
discrepancy.

Proof. Since (T, fr) is a template for H, there exists a blowup B of (T, fr) and two
perfect H-factors Fy, Fy of B with fr(F1) > fr(F2). Write V(T') = {wy, wa, ..., wi}, let
B; be the part of B corresponding to w;, and put b; = |B;|. Suppose that b; < ... <
by =: b. Also, let W; be the cluster of G’ corresponding to w; € V(R), and recall that
(Wil = (n — |Vo|)/|R| =: m for i = 1,...,t. Also, recall that if for some 1 < ¢ < j < t,
wyw; € R, then G'[W;, W;)/r(wiwi) is (g, dy)-regular. By Lemma 24, there is an integer
s = 0.9m/b and subsets W/ C W, (i = 1,...,t) such that |[W/| = b;s, and such that for
every pair 1 <i < j <t, if w;w; € R then G'|[W/, VV]{]fR(wl'“’j) is (Zb—blte, dy/2)-superregular.

Let B’ be a blowup of T" with parts Bj,..., By, where B/ is the cluster corresponding
to w;, and |Bi| = |W!| = b;s. So B’ is the s-blowup of B. Note that we may apply
Lemma 23 with B’ in the role of F* and with {J,,,,.c7 G'[W/, W/#r(wiws) in the role of G.

Clearly, B has a perfect B-factor Fjg consisting of s copies of B (where each copy of B
places the part B; of B inside the part B] of B’). Let F], F} be the perfect H-factors of B’,
obtained by taking the perfect H-factor F; or F; respectively of each copy of B in Fz. By
Lemma 23, there exist copies F}', Fy of F|, F} (respectively) in | G/ W], W)Jrlwiws),
with all the vertices on the same corresponding parts (i.e., with B embedded to W/ for
i=1,...,t). Now, using that fr(F}) — fr(F2) = 1, we get that

JE) = [(F) = s.

Now let Go = G' —J,<;, Wi, and note that §(Go) > (1—1/x*(H)+n/4)n, using (5) and

wiw; €T

t t
Z Wi < Z Wi < tm < tn/ly < nn,
i=1 i1

as % < ﬁ,n, and ¢ depends only on H. Also, |V (Gy)| is divisible by |H| because |V (G’)|

and Y_'_, |W/| are. Now, by Theorem 2, G has a perfect H-factor F’. Thus, both F'UF}’
and F’ U F} are perfect H-factors of G', and

09m _ 09(1 —¢e)n
>

FETU R = f(FTUFY) = [(F) ~ [(F) 2 52 0 > 2
0

=,

using that m = (n — |V|)/|R| = (1 — e)n/ Ly, and that v < €,1/Lg < 1/b, as b depends
only on H. Now we see that F'UF] or F'UFY has discrepancy at least yn, as required. [
7 Templates

Lemma 27 states that in order to find an H-factor with high discrepancy, it suffices to show
that the reduced graph R contains a template for H. The present section is thus dedicated
to various constructions of such templates. These constructions form a substantial and
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crucial part of our proofs. In most cases, the templates consist of either a single K, or two
copies of K, sharing r—1 or r — 2 vertices. Our results typically state that either a certain
colored graph is a template for H, or else H has a certain “uniformity property”, e.g. H is
regular, only has balanced r-colorings, or has the same number of edges between any two
parts in any r-coloring. Each of the following subsections deals with one such uniformity
property and gives a suitable template for graphs violating the property. The basic idea
for proving that a certain configuration L is a template for H is usually the same: we
define a (carefully chosen) perfect H-factor Fy of a (carefully chosen) blowup of L, and
then modify F} by moving some vertices to different blowup-clusters, thus obtaining a
second perfect H-factor F5. We then observe that if this modification did not change the
discrepancy (i.e. if Fi, F; have the same discrepancy), then H must have the relevant
uniformity property. The implementation of this rough idea for the various uniformity
properties can be quite involved.

7.1 Disconnected bipartite graphs

In this section, we consider disconnected bipartite graphs H. We show that if H has two
connected components with different average degrees then the colored graph consisting of
two disjoint edges of different color is a template for H.

Lemma 28. Suppose that H is bipartite and there exist two connected components U, W C
V(H) of H such that eg(U)/|U| # ex(W)/|W|. Let ey, ey be two disjoint edges and ¢ be
a 2-coloring of ey, es with c(ey) # c(es). Then (ey Ueg,c) is a template for H.

Proof. Write e; = x1y1, e = 2ys. without loss of generality, suppose that c(e;)
c(es) = —1. Fix a 2-coloring Ay, Ay of H, and let U; = UNA;, W, =W nNA;, i=
Let B be a blowup of (e; U eg, ¢) with

=1,
1,2.

Vaul, Vi | = 2[U W],
Vao s Vi | = 2|U[|H[ + 2[WI(|H| = |UT).

Our goal is to find two perfect H-factors Fi, F; of B with different discrepancies.
The idea is simple: F; will contain copies of H in which U = U; U Us is mapped onto
Vi, Vi, and H — U is mapped onto V,,,V,,, while F, will contain copies of H in which
W = W, UWj, is mapped onto V,,,V,, and H — W is mapped onto V,,, V,,. The fact that
H[U| and H[W] have different average degrees will imply that F; and F, have a different
number of edges of color 1 (since all edges between V,,,V,, have color 1, and all edges
between V,, V,,, have color —1). This will imply that ¢(F7) # c¢(F3). To make this scheme
work, we need two additional ideas. First, F} will have H-copies mapping U; to V,, and
U; to V,,, as well as H-copies mapping U, to V,, and U; to V,,; there will be the same
number of copies of the two types. This “symmetrization” allows us to take V, ,V,, to
be of the same size, as each H-copy adds |U|/2 vertices on average to V,,, and V,,,. When
describing this construction, we will say that we take copies of H with each permutation
of Uy, Uy on V,,,V,,. (This language is also used later on in this section.) We will do the
same for the H-copies in Fy with respect to Wy, Ws.
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The above scheme tiles V,, UV}, with (|V,, |+ |V,,])/|U| copies of H in F}, and with
(|Var| + [Viu)/IW| copies of H in F,. A problem that might occur is that Fy, F> use a
different number of vertices in V,, UV,,. This must be avoided because F}, F» need to be
perfect H-factors of B. To remedy this, we add additional H-copies to Fi, F5 which only
use vertices from V,, UV,,. By appropriately choosing the number of these copies, as well
as the size of V,,,V,,, we can make sure that F, F5 tile B. The details follow.

Define two perfect H-factors Fy, F» of B, each containing 4(|U|+ |W|) copies of H, as
follows:

e F contains |[W| copies of H for each permutation of Uy, U; on V,,,V,, and each
permutation of A;\Uy, A2\Us on V,,,V,,. Additionally, F} contains 2|U| copies of
H for each permutation of Ay, Ay on V,,,V,,.

e F, contains |U| copies of H for each permutation of Wi, W5 on V,,,V,, and each
permutation of A;\Wy, As\W; on V,,,V,,. Additionally, F; contains 2|W| copies of
H for each permutation of Ay, Ay on V,,,V,,.

Note that the choice of |V, |, |V, |Vesl, [Vy,| exactly corresponds to the definition of
Fi, F5. For example, the number of vertices of F; in V, is exactly 2 - |[W| - (|A; \ Uy| +
|Ax \ Ua|) + 2|U| - (JA1] + |A2|) = 2|W(|H| — |U|) + 2|U||H| = |V4,|, and similarly for F;,
and the other three clusters V,,, V,,, V.
Next, observe that

e(F1+) =€R (Vxn Vy1> = 4’W|6H(U)
and

e(Fy) = er,(Vay, Vi) = 4U]en(W).
As [Wleg(U) # |Uleg(W), we have that e(Fy") # e(Fy). Also, e(F)) = e(Fy) because
Fy, F5 are both perfect H-factors of B. Hence,

() = 26(F) — e(Fy) # 2e(F5) — e(Fy) = c(F).

This implies that (e; U eq, ¢) is a template for H, as required. O

7.2 Non-regular graphs

In this section we consider non-regular graphs H. As always, r denotes the chromatic
number of H.

Lemma 29. Let Ly, Ly be two copies of K, sharing r — 1 vertices with 2-edge-coloring ¢
such that ¢(Ly) # ¢(Ls). If H is non-reqular then (L1 U Lo, ¢) is a template for H.

Proof. Let u,v € V(H) be two vertices with dy(u) # dy(v). Fix an r-vertex-coloring of
H with parts Ay, Ay, ..., A,.. Let A;, be the part containing u and A;, the one containing
v (possibly i, = 14,). Write Ly N Ly = {q2,q3, ..., ¢}, L1\ L2 = {s} and Lo\L; = {t}. Let
B be a blowup of (L; U Lo, ¢) with

o |Vi|=(r—1),
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o Vil = (r = DA, | + |4, — 1) and
o Vil = (r = 2)U2H| ~ |A;,| — A, ]) for 2 < i < 1.

We now define certain H-copies in B. For each permutation o : {2,...,r} — [r] \ {i,},
let X, be a copy of H in which A;, is embedded into V; and A,(;) is embedded into V,
for all 2 < ¢ < r. Let X! be the copy of H obtained from X, by moving v from V; to
Vs. Similarly, for each permutation 7 : {2,...,7} — [r] \ {i.}, let Y, be a copy of H in
which A;, is embedded into V; and A, ;) is embedded into V;, for all 2 <@ < 7. Let Y/
be the copy of H obtained from Y, by moving u from V; to V,. We define all these H-
copies such that the copies in each of the sets Fy := {X,, Y/}, . and Fy := {Y;, X}, , are
pairwise-disjoint and partition V' (B); note that the sizes of Vi, V4, V,,, ..., V,, are precisely
chosen to allow this. In other words, I}, F» are perfect H-factors of B. We now calculate
c(F1) — ¢(F3). By definition,

T

o(Xo) = c(Xp) = Y (clta) — c(sa:)) - e (v, Apii)-

1=2

For each j € [r] \ {i,} and 2 < i < r, there are exactly (r — 2)! permutations o with
o(i) = j. Hence, summing over all o, we get

T

D (e Xo) —e(Xp)) = Y (e(tas) —cl(sq)) Y (r—2)! en(v, 4)
2 JEM\{iv}
(ctq) = c(sq:)) - (r = 2)! - du(v)

Ly) —c(Ly)) - (r —2)! - dy(v).

o 7

I
-
I M1
[\

—~

C

—~

Similarly,

Y (e(Yy) = oY) = (e(L2) = e(Ln)) - (r = 2)!- dy(v).

T

We get that

o(F) = e(Fy) = ) (e(Xo) = e(X0)) = Y (e(Yy) = oY)

o T

= (c(L2) = c(Ly)) - (r = 2)! - (du(v) = du(u)) # 0,

using that ¢(L1) # ¢(Ly) by assumption and dy(u) # dy(v). The fact that ¢(Fy) # c(F5)
means that (L; U Ly, ¢) is a template with respect to H. O

We now use Lemma 29 to show that certain colorings of K, are templates for H.
Corollary 30. Let L be a copy of K, with 2-edge-coloring ¢ such that L™ is non-reqular.
If H is non-regular then (L, c) is a template for H.
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Proof. Since L™ is non-regular, there exist u,v € V(L) such that c(u, L) # c(v,L). Let
U=V(L)\{v} and V =V (L)\{u}. It is not hard to see that |[UNV|=r —1 and

c(L[U]) = e(L[V]) = c(u, L) — c¢(uv) — (¢(v, L) — c¢(uv)) # 0.
The statement follows by Lemma 29. O

7.3 Different degrees to different parts

In this section we consider another “uniformity property” defined in terms of vertex-
degrees. Here, we assume that there is an r-coloring of H such that some vertex has
different degrees to two color-classes. We show that in this case, a certain configuration
is a template for H.

Lemma 31. Let Ly, Ly be two copies of K, sharing r — 1 vertices with {x} = L1\ Ly and
{y} = Lo\Ly. Let ¢ be a 2-edge-coloring of Ly U Ly with ¢(Ly) = ¢(Ls) such that there
exists a verter z € LiN Ly with c(xz) = —c(yz) = 1. If H has an r-coloring Ay, As, ..., A,
and a verter a; € Ay such that dy(ay, As) # dy(ay, As), then (L1 U Ly, ) is a template
for H.

Proof. We have
0=c(L)—c(L) = Y (c(zw) - c(yw)).

weEL1NLo
Since z € Ly N Lo satisfies ¢(yz) = —c(xz) = 1, there must exist w € (L; N Ly) \ {z}
such that c¢(yw) = —c(zw) = —1. Note that this implies that r > 3. Write Ly N Ly =
{z,w,vq,...,v.}. Let Ay, Ay, ..., A, be an r-vertex-coloring of H such that there exists
a vertex a; € Ay with dy(ay, As) # dy(aq, As). Let B be a blowup of (L; U Ly, ¢) with
|V:U| =1,
Vil = 2[As] = 1,

Vel = [Vl = [A2] + [43],

Vi, | = 2|A4;| for 4 <@ <.
We now define certain H-copies in B. For a permutation o : {4,...,r} — {4,...,r},
let X, be a copy of H in which A; is embedded into Vj,, A, is embedded into V, Aj
is embedded into V,, and A,(;) is embedded into V,, for every 4 < ¢ < r. Let Y, be
the H-copy obtained from X, by swapping A, and Az, i.e. embedding A, into A, and
As into A,. Let X! (resp. Y/) be the H-copy obtained from X, (resp. Y,) by moving
a; from V, to V,. We define all these H-copies such that the copies in each of the sets
Fy={X,,Y!}, and F, := {Y,, X|}, are pairwise-disjoint and partition V'(B); note that
the sizes of V,,V,, V., Vy, Vi, ..., Vi, are precisely chosen to allow this. In other words,
Fy, Fy are perfect H-factors of B. We now calculate ¢(Fy) — ¢(F3). By definition,

co(Xo) = e(X5) = (clyz) — c(2)) - du (a1, A2) + (c(yw) — c(zw)) - du(ar, As)

+ D (elyn) — claw) - dnlar, Aggo).
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For every two indices 4 < i, j < r, there are exactly (r —4)! permutations o with o(i) = j.
Hence, > _dpu(ai, Aswy) = (r —4)! - dg(a, Ay U---UA,). We get that

D (eXo) = e(X5)) = (r = 3)! - (e(yz) — e(22)) - du(ar, As)

g

+(r = 3)!- (e(yw) — c(zw)) - dy(ay, A3)

r

+(r —4)!- Z(c(yvl) —c(zvy)) - dy(a;, Ay U---UA,).

i=4
By the same argument,

Y (e(Ye) —e(¥)) = (r = 3)!- (clyz) — c(x2)) - du(ar, As)

g

+(r = 3)! (e(yw) — c(zw)) - dy(ay, As)

T

=1 (elyv) — e(avy) - dpg(ar, AU -~ U A,).

i=4
Hence,
o(F) = e(Fo) = ) (e(Xo) = e(X)) = D (e(Ys) = e(Y))
= (r—=3)! (dular, A2) — dy (a1, As)) - (c(yz) — c(z2) — c(yw) + c(zw))
0,
using that dy(ay, As) # dg(ai, As) by assumption and that c(yz) —c(xz) = 2 and c¢(yw) —
c(xw) = =2. As ¢(Fy) # c(F3), it follows that (L U Lo, ¢) is a template for H. O

7.4 Unbalanced r-colorings

In this section we consider graphs H having an unbalanced r-coloring (recall that an r-
coloring Ay, ..., A, is called balanced if |A;| = --- = |A,|). We shall prove the following.

Lemma 32. Suppose that r > 4. Let Ly, Ly be two copies of K, sharing r — 2 vertices,
and let ¢ be a 2-edge-coloring of L1 U Ly such that LT is d-reqular and L3 is d'-reqular for
some d #d'. If H fulfills the r-wise Cy-condition and has an unbalanced r-coloring, then
(L1 U Lo, ¢) is a template for H.

Let us give an overview of the proof of Lemma 32. Assuming that H satisfies the r-wise
Cy-condition allows us to control the discrepancy of H-factors via Lemma 13. Indeed, this
lemma implies that the discrepancy of an H-factor in any blowup of K, with a 2-edge-
coloring for which K is d-regular, is simply determined by d and the number of copies
of H in the factor. We will make use of this observation by considering two different
H-factors of a carefully chosen blowup of L; U Ls. Each H-copy in both H-factors will be
contained in the blowup of Ly or Ls, and the two H-factors will differ on the number of
H-copies of each type (here we will use that H has an unbalanced r-coloring). This will
guarantee that the two H-factors have different discrepancies. The detailed proof follows.
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Proof of Lemma 32. Let Ay, As, ..., A, be the parts of an unbalanced r-coloring of H
with [A;] < |As] < ... < |A,| and |Ay| < |A4,|. Write Ly N Ly = {v3,vy,...,v,} and
{zi,y;} = L; \ Ls_; for i = 1,2. Let B be the blowup of (L; U Ls, ¢) with

o [Va,| = [Vaol = Vi | = [Vio| = ([A1] + [A2]) (| Ar—1| + [A4,]) and
[ ] fOf each 1 < 7 < T — 2, |V;)1| = 2(|A1| + |A2|)|AH_2| + 2(|Ar—1| =+ |Ar|)|Az|
Let Fi, F5 be the following two perfect H-factors of B.

e Fy contains (|A,_i| + |A,|) copies of H with each permutation of A, Ay on V,,,V,,
and for each 3 <1i < r, A; on V,,. Additionally, F; contains (|A;| + |As|) copies of
H with each permutation of A,_4, A, on V,,,V,, and for each 1 <i<r—2, 4; on
v

Vi+2-*

e F, contains (|A;| + |Asz|) copies of H with each permutation of A,_1, A, on V,,,V,
and for each 1 < i < r—2, A4; onV,,,,. Additionally, F, contains (|A,_1|+ |A,])
copies of H with each permutation of A, A, on V,,,V,, and for each 3 <i < r, 4;
on V,,.

By definition, each copy of H in F' is contained either in the blowup of L; or in the
blowup of L,. Let Fyr,, Fyz, denote the copies of H in F; which are contained in the
blowup of Ly, Ly, respectively, and define Fyp , Fyz, similarly. Since Fjp, satisfies the
r-wise Cy-condition, we can apply Lemma 13 to the blowup B[V (Fy.,)] of the r-clique
(Ly,c). As LT is d-regular, Lemma 13 gives

2d —r+1

c(Fyr,) = ———e(Fu,)-

r—1
Similarly, we get

2d' —r+1

C(Flle) 1 e(F1|L2)7
2d —r+1

c(For,) — e(For, ),
2d' —r+1

c(Fyr,) — e(For,)

Additionally, by the definition of Fy, F, we have that e(Fyz,) = e(Fyr,) = 2(|A,—1] +
|Ay|)e(H) and e(Fyjr,) = e(Fyr,) = 2(|A1| + |Az])e(H). We get that
c(F1) — c(Fy) = C(F1|L1) - C(F2|L2) + C<F11L2) - C<F2\L1)
4d—d)
= — 1 (Al + A = [A] = [Az])e(H) # 0,
using that d # d’ and that |A,_1|+|A,| —|A1| —|A2| > 0. so we see that ¢(F}) —c(Fz) # 0,
implying that (L; U Lo, ¢) is a template for H. O
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7.5 Non-uniform r-colorings

An r-coloring of H is called uniform if the number of edges between any two color-classes
is the same. We will say that H is uniform if it only has uniform colorings:

Definition 33. A graph H is called uniform if for every r-coloring of H with parts
Ay, Ay, ..., A, it holds that ey (A;, A;) = e(H)/(;) foralll1<i<j<r.

The following lemma gives a template for non-uniform graphs H under some additional
conditions.

Lemma 34. Let Ly, Ly be two copies of K, sharing r—2 orr—1 vertices, let V C LiN Ly
of sizer — 2 and let e; :== L; \' V. Let ¢ be a 2-edge-coloring of Ly U Ly such that

c(Ly) —c(er) — e(La) + c(eg) ¢ {—4(r —2),—2(r — 2),0,2(r — 2),4(r — 2)}.

If H fulfills the r-wise Cy-condition and is non-uniform, then (Li U La, ¢) is a template
for H.

Before proving Lemma 34, let us note some simple facts. Clearly, a non-uniform
coloring must have at least three parts, so r > 3. We also need the following easy claim.

Claim 35. If H is non-uniform, then there exists an r-coloring of H with parts A4, ..., A,
such that ey (Ay, Ag) # e (A, Asz).

Proof. Fix any non-uniform r-coloring By,..., B, of H, and let 1 < ¢ < 7 < r and
1 <k < < rsuchthat ey(B;, B;) # en(By, Be). Then i = k or ey (B;, B;) # en(B;, By)
or ey(B;, By) # en(Bg, By), and by renaming the parts we get the desired r-coloring
Al,...,AT with €H(A1,A2) #6[-1(141,143). O

Proof of Lemma 34. Write e; = x;y;, i = 1,2. Note that {x1,y;} may intersect {xs, 3.}
(namely, if |L; N Le| = r — 1). Without loss of generality, let us assume that if these
sets intersect then z; = 9, so that y; # ys always holds. Let S be the bipartite graph
between {z1,y;} and V (so S C L), and let T" be the bipartite graph between {z,ys}
and V (so T' C Ls). Observe that

c(S) —e(T) = ¢(Ly) — c(er) — (L) + c(e2),
c(S) —c(T) ¢ {—4(r —2),—2(r — 2),0,2(r — 2),4(r — 2)}. (7)

by assumption. Also, as S and 7" contain 2(r — 2) edges each, we have |¢(S) — ¢(T)| <
4(r — 2). Thus, (7) implies that ¢(S) — ¢(7") is not a multiple of 2(r — 2). For v € V,
define g(v) := c(vxy) + c(vyr) — c(vas) — c(vyz). We claim that there are w,v € V with
g(u) # g(v). Indeed, suppose otherwise. Then there exists g € N such that each vertex
v € V has g(v) = g. Then

eo(S) = e(T) =Y g(v) = g(r - 2).

veV
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Note also that g is even since g(v) is an even number for every v € V. But now we
see that ¢(S) — ¢(T) is a multiple of 2(r — 2), a contradiction. We conclude that there
exist vertices u,v € V with g(u) # g(v). Note that this also implies that r > 4. Write
V = {u,v,vs,v6,...,0,.}. By Claim 35, there is an r-coloring Ay, Ay, ..., A, of H with
en(Ar, As) # en(A1, As). Let B be a blowup of (L U Ly, ¢) with

o [Vl =[Va,| = A4,

o [Vl = Vil = [Ad,

o [Vul = Vo] = [Aa] + | As],

o |V,.| =2|A; for every 5 < i < r.

Here, V,,,V,, are distinct parts even if 1 = x5. Note that B is a blowup of H also in the
case T1 = T, as then V,, UV,, is the part corresponding to the vertex z; = xs.

We now define four H-copies in B, denoted F} 1, F1 2, Fb1, Foo. All four copies embed
A; into V,,, for every 5 < ¢ < r. Also, Fy; and F,; embed A; into V,, and A, into V,,,
while F} » and Fy5 embed A, into V,, and A4 into V,,. Finally, F;; and F55 embed A,
into V,, and Aj into V,,, while F} o and F,; embed A, into V, and Ajs into V,,. We define
these copies such that F; := {F}, F;»} forms a perfect H-factor of B for every i = 1,2;
this is possible due to our choice of the cluster sizes of B.

We now show that ¢(F})—c(Fz) # 0. First observe that for an edge zw € E(LyULy), if
2w ¢ {x1,y1, T2, Y2} X {u,v} then ep, (V,, Vi) = ep,(V2, Vo). Indeed, if z,w € {vs,...,v,}
then this is immediate. If z € {x1,y1, 22,92} and w € {vs,...,v,} then ep (V,V,) =
em, (Vz, Vi) and ep, ,(V2, Vi) = €p,,(Vz, Vi), so the assertion holds. If z € {u,v} and w €
{vs,..., v} thenep  (V.,V,,) = ep,,(V, Vi) and ep, ,(Vz, Vi) = ep,, (Vz, Vi), so again the
assertion holds. The case {z,w} = {u,v} is also immediate. We see that the bipartite
graph (V,,V,,) does not contribute to ¢(F}) — ¢(F») unless zw € {x1,y1,xa,y2} X {u,v}.
By definition, we have

and similarly,

C(FQ[VM U Vm U Vyl U ‘/;/27Vu U Vv]) = (v

It follows that

c(Fy) — c(Fy) =(c(uzy) + c(vrs) — c(vry) — c(uxs)) - (eg(Ay, Az) — ey (Aq, A3))
+ (cluyr) + c(vya) — c(vyr) — c(uyz)) - (em(As, A2) — err(As, Az)).
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By the Cj-condition, we also have that
er (A, Az) + er(Ay, Az) — en(Ar, Az) — e (Ag, Az) = 0.

Adding this multiplied by (c(uy1) + c(vy2) — c(vyr) — c(uys)) to the previous equation, we
get

c(Fy) — c(Fy) =(c(uxy) + c(vag) — c(vey) — c(uxs) + c(uyr) + c(vys) — c(vyr) — c(uys))
(em(Ar, As) —en(Aq, As))
=(g(u) — g(v)) - (e (A1, A2) — e (A1, A3)) # 0,

using that g(u) # g(v) and that ey (A;, As) # ey (Aq, A3) by assumption. So ¢(Fy) # c(Fy)
and hence (L U Lo, ¢) is a template for H. O

7.6 Graphs violating the C4-condition

Here we show that if H violates the k-wise C-condition and ¢ is a coloring of K}, then
(Ky, c) is a template for H unless ¢ has some very specific structure. This is given by the
following definition and lemma.

Definition 36. For some k& > 1, K ; is a copy of (Kj,c) where ¢ is a 2-edge-coloring
of K} with all edges of color 1. The (Kj,+)-star is the copy of (Kj,c) where ¢ is a
2-edge-coloring of K, such that the edges of color 1 induce a star with £ — 1 leaves. We
call the root of this star the head of the (K}, +)-star. Define K _ and the (K}, —)-star
analogously.

Lemma 37. Let k > 4 and let ¢ be a 2-edge-coloring of Ky, such that (Ky,c) is neither
monochromatic nor a star. If H does not fulfill the k-wise Cy-condition, then (K, c) is a
template for H.

Proof. We need the following claim, which appears implicitly in [4, proof of Claim 6.4].
For completeness, we give a proof.

Claim 38. There exist vertices ay,as,as,ay € V(Ky) such that

clayasz) + c(azaq) # c(ayas) + c(agay).

Proof. Let us assume towards a contradiction that for every ay, as, as, as € V(K}) it holds
that

claraz) + c(asaq) = c(aras) + c(asay). (8)
Fix an arbitrary vertex a € V(Kj). If dK:(a) >3, let b,c,d € NK:(Q) be three arbitrary
vertices. By (8), it follows that ¢(bc) = ¢(ed). As this holds for arbitrary b,¢,d € N K:(a),
we get that either all the edges in Kj[N Kt (a)] have color 1 or they all have color —1.
Therefore, N Ko (a) is not empty as otherwise, K colored by ¢ is monochromatic or a star.
By symmetry, if de—(a) > 3 then N K:(a) is non-empty.
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We have dK;(a) + dK;(a) =k —1 > 3. Without loss of generality, let us assume
that dK;(a) > 2. Let b,c € NK;(a) and d € NK;(a). By (8), we get that ¢(bc) = 1 and
c(bd) = c(ed) — 1. Since this holds for arbitrary b, c € NK}j(a) and d € NK;(a), we get
that all the edges in K;C[NKI:r (a)] have color 1 and all the edges in Kk[NK}:r(a), N (a)]
have color —1. Thus, if dK;(a) = 1 then K} colored by c is a copy of a (K}, —)-star
(whose head is the unique vertex in NK;(a)). So dK;(a) > 2. Now, by a symmetrical

argument to the above, we get that all the edges in K}, [NK;(a),NK;(a)] have color 1,
which is a contradiction. O

Let V(K%) = {a1, a9, ..., ar} with ai, as, ag, as as in the statement of the above claim.
As H violates the k-wise Cy-condition, there exists a k-coloring Ay, As, ..., A, of H with

en(A1As) + eg(AsAy) # en(A1As) + e (A Ay).
Let B be a blowup of (K}, ¢) with
o [Vaul = Vau| = [As] 4 [Aa],
o [Vao| = [Vas| = [A2] 4 [A43], and
o [Vi| =2|A; for 5<i< k.

We now define two perfect H-factors F} and F; of H, each consisting of two copies of
H. Each H-copy in Fj and F; embeds A; into V,, for every 5 < i < k.

e [ contains a copy of H with A; on V,,, Ay onV,,, A3 on V,, and A4 on V,, and a
second copy of H with A; on V,,, Ay on V,,, A3 on V,, and A, on V,,.

e [} contains a copy of H with A; on V,,, As on V,,, A3 on V,, and A4 on V,, and a
second copy of H with A; on V,,, Ay on V,,, A3 on V,, and A, on V,,.

We now calculate ¢(F;) — ¢(F,). Note that for each 5 <1i < j < k, we have that
er, (Vay, Va,) = 2en(Ai, Aj) = ep,(Vay, Va,)-
For 5 <i < kand j € {1,4}, we get
er, (Vay, Va,;) = en(Ai, A1) +en(Ai, Ag) = er,(Va,, Vi),
and for j € {2,3}
er, (Vay, Va,;) = en(Ai, Az) + en(Ai, Az) = e, (Va,, V)
Additionally, we have
er (Vay, Va,) = 2en (A1, Aa) = er, (Vay, Vay),
er, (Vaz, Vag) = 2em(Az, A3) = er,(Vas, Vay),

THE ELECTRONIC JOURNAL OF COMBINATORICS 31(3) (2024), #P3.33 33



€F1<Va17 ‘/(12) = €F1(Va3, Va4) = €F2(V:11, Va3) = ng(‘/:zga Va4) = €H(A1, AQ) + €H(A3, A4)7

and
eFQ(‘/alﬂ V;LQ) = eFQ(Vasa ‘/;14) = €pR (%17 ‘/as) = €rR (V;Lz? Va4) = eH(Alﬁ A3) + eH(A2> A4)

Combining all of the above, we get that

c(Fy) — c(Fy) = Z Z c(aia;) - (ep, (Vai, Vay) — er(Vay, Vo)

1€{1,4} je{2,3}
= (c(araz) + c(azay) — c(aras) — c(azay))
(e (A1, Ag) +en(As, Ay) —en(Ar, As) —en(Az, Ay)) #0

Therefore, (K}, c) is a template for H. O

7.7 Balanced H-tilings with non-uniform edge distribution

In the previous section, we saw that if H violates the r-wise Cy-condition, then (K,,c)
is a template for H for every coloring ¢ of K, except for some very special cases. In this
section we continue investigating when a given coloring of K, is a template for H, this
time assuming that H does satisfy the r-wise C-condition. We shall see that if ¢ is a
coloring of K. such that K is not regular, then (K,,c) is a template for H unless every
H-factor, i.e. disjoint union of copies of H, has a certain uniformity property. The precise
statement is given by the following definition and lemma. Recall that by “H-factor” we
simply mean a graph consisting of vertex-disjoint copies of H.

Definition 39. We say that an r-chromatic graph F'is balanced-uniform if every balanced
r-coloring of F with parts Ay, As,..., A, satisfies that ep(A;, 4;) = e(F)/(3) for all
1<i<j<r.

Lemma 40. Suppose that r > 4 and r # 5, and assume that H satisfies the r-wise Cy-
condition. Let ¢ be a 2-edge-coloring of K, such that K is non-regular. If there exists a
non-balanced-uniform H-factor, then (K, c) is a template for H.

The condition that K' is non-regular is necessary; indeed, it follows from Lemma 13
that (K, c) is not a template for H if K, is regular and H fulfills the r-wise Cy-condition.
Also, the assumption that there exists a non-balanced-uniform H-factor is necessary for
the proof method. Indeed, in the proof of Lemma 40 we show that the balanced blowup
B of (K,,c) has two H-factors with different discrepancies, (this showing that (K, c) is
a template). However, if H-factor were balanced-regular, then every perfect H-factor F'
of B would have exactly e(F)/(}) edges between any two parts of B (as B is balanced),
and so ¢(F) = ¢(K,)-e(F)/(}), meaning that every perfect H-factor of B would have the
same discrepancy.

For the proof of Lemma 40 we need the following simple claim.

Claim 41. Suppose that r > 4 and H satisfies the r-wise Cy-condition. Let F be a non-
balanced-uniform H-factor. Then there exists a balanced r-coloring Ay, ..., A, of F' such
that BF(Al,AQ) 7é 6F(A3, A4)
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Proof. By definition, there is a balanced r-coloring Ay, ..., A, of F such that ep(A;, A;)

are not all equal. By renaming the parts, we may assume that ep(Ay, Ay) > e(F)/(}).

Then there are 1 < i < j < r such that ep(A;, A;) < e(F)/(5). Now, if i, j ¢ {1,2} then
we are done. Else, suppose without loss of generality that i = 1. Let k € [r] \ {1,2,7}.
We may assume that ep(A;, As) = ep(A;, Ag) and ep(Aq, A;) = er(Az, Ay), as otherwise
we are done. Now we get that

er(Ar, As) +ep(Aj, Ap) —er(Ar, Aj) —ep(Ag, Ap) = 2ep(Ar, Ag) — 2ep(Ai Aj) > 0,
contradicting the assumption that H fulfills the r-wise C4-condition. O
Proof of Lemma 40. Let c be as in the statement. For a vertex u € V(K,.), denote

c(u, K,) :== Z c(uv).
veV (K,)\{u}

Let a,b € V(K,) be the two vertices maximizing c(a, K,.) + ¢(b, K,) and d,e € V(K,)
the vertices minimizing ¢(d, K,) + c(e, K,.). In other words, a,b are the two vertices with
highest degree in K7, and d, e are the two vertices with lowest degree. As r > 4, we may
assume that a,b,d, e are distinct. Since K is non-regular,

cla, K,) + ¢(b, K,) > c(d, K,) + c(e, K,.). 9)

Let F' be a non-balanced-uniform H-factor. By Claim 41, there is a balanced r-coloring
A1, A, ..., A, of F such that ep(Ay, As) # ep(As, Ay). Let B be a 4(r — 4)!E blowup of
(K,,c). Let F} and F» be the following two perfect F-factors of B.

e [ contains each copy of F' with each permutation of A;, Ay on V,, V}, each permu-
tation of Az, A4 on Vy, V., and each permutation of As, Ag, ..., A, on the remaining
clusters of B.

e [, contains each copy of F' with each permutation of Ay, Ay on Vy, V., each permu-
tation of Az, A4 on V,,V,, and each permutation of As, Ag, ..., A, on the remaining
clusters of B.

Note that Fj, F; each have 4(r — 4)! copies of F. As |A;| =---=|A4,| = |—f|, the size of
B exactly matches these F-factors. Clearly, every F-factor is also an H-factor, as F' is
a union of disjoint copies of H. Hence Fy, F, are perfect H-factors of B. We now show
that ¢(F1) — c(Fy) # 0. Put X = V(K,)\{a,b,d, e}. By symmetry, we have for all v € X:

L4 eF1<Va7 VL) = €F1(Vb, Vv) = 6F2<Vd7 Vu) = €F2(Ve, Vv) =,
L4 er(‘/;La %) - eFQ(‘/E)’ ‘/'U) - €F1 (‘/217 ‘/tv) — €F1 (‘/ea ‘/;J) = Ya.
If r =4 then X is empty, and we set y; = yo = 0. We also have
€r (Vua Vtu) = ng(Vm Vtu)
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for all u,v € X and all v € {a,b},v € {d,e}. Finally, observe that

eFl(‘/aa %) - eFQ(Vd’ ‘/e) = 4<T - 4)‘ : BF(Al, AQ)a
er,(Va, Vo) = er,(Va, Vi) = 4(r — 4)! - ep(As, Ay).

Therefore, er, (Va, V,) # er, (Va, Ve) holds by our choice of Ay, Ay, A3, Ay. For convenience,
let us denote

h(uv 'U) = C(’LLU) ) (6F1 (Vu’ V;,) —CR (Vu’ ‘/v))
for uv € E(K,). From the above, we see that h(u,v) is non-zero only if uv € {ab, cd} or
v e X,u€{a,b,c,d}. Also, in the latter case we have h(u,v) = y; — yo if u € {a,b} and
h(u,v) = yo —yy if u € {c,d}. Finally, h(a,b) = —h(d,e) = (c(ab) — c(de)) - (ep,(Va, Vi) —
er, (Va, Ve)). Using these equations, we get

c(Fy) —c(Fy) = Z h(u,v)

weE(K,)

(c(ab) = e(de)) - (er, (Vay Vi) = e (Va, Vo)) + (1 = 92) D (e(aw) + e(bv) — e(dv) — e(ev))

veX

(10)
Observe that

Z(c(av) + c(bv) — c(dv) — c(ev))

veX

=c(a, K,) + ¢(b, K,.) — 2c(ab) — c(d, K,) — c(e, K..) 4+ 2¢(de).
Plugging this into (10) and rearranging, we get

c(F1) — c(Fz) = (c(ab) — c(de)) - (er, (Va, Vo) — e (Va, Ve) + 292 — 2u1)
+ (y1 — o) - (c(a, K,) + c(b, K,.) — c(d, K,) — c(e, K,)).

Suppose first that » = 4. Then y; = yo = 0. Also, ¢(ab) # c(de), because otherwise we
would have c¢(a, K,) + ¢(b, K,) = ¢(K,) = ¢(d, K,) + c¢(e, K,), contradicting (9). Now,
using (11), we have

c(F1) = c(Fy) = (c(ab) — c(de)) - (er, (Va, Vi) — e (Va, Ve)) # 0,

as required.

As r # 5, we may assume from now on that » > 6. Since H satisfies the r-wise
Cy-condition, so do Fy, Fy (as Fy, Fy are H-factors). Fix arbitrary u,v € X. By the
Cy-condition, we have

eFl (‘/:17 ‘/b> + eFl (Vuy ‘/U) - eFl (V(l7 Vu) - eFl (%7 ‘/v) - 0

and
_eFl (‘/217 ‘/e) - eFl (Vlu VU) + eFl (Vd7 Vu) + eFl (‘/67 ‘/v> - 0
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Recall that ep, (V,,V,) = er (Vi, Vi) = y1 and ep, (Vy, Vi) = er, (Ve,V,) = yo. Adding the
two above equations, we get

0 - eFl (‘/;17 ‘/EJ) + eFl (Vua ‘/’U) - 291 - 6F1 (V:% ‘/8) - 6Fl (Vua ‘/'U) + 292
=er (Vas Vo) = 2y1 — er, (Va, Ve) + 292

As ep, (Vo, Vi) # er (Va, Ve), we have y; # yo. Finally, plugging this into (11), we get
c(F1) — c(F2) = (y1 — 42) - (c(a, Kr) + (b, Kr) — e(d, K;) — (e, K;)) # 0,
using (9). Therefore, (K,,c) is a template for H. O

We end this section with the following lemma, showing that if all H-factors are
balanced-uniform, then no coloring of K, is a template for H.

Lemma 42. If every H-factor is balanced-uniform, then for every 2-edge-coloring ¢ of
K, it holds that ¢ € K(H).

Proof. Assume towards a contradiction that there exists a 2-edge-coloring ¢ of K, such
that (K,,c) is a template for H. Then, by definition, there exists a blowup B of (K,,¢)
and two perfect H-factors Fi, Fy of B such that ¢(F}) # c¢(Fy). Let vy, vs,..., v, be the
vertices of K, and let B; be the part of B corresponding to v;. Take a balanced blowup
B’ of (K,,c) with parts B}, ..., Bl of size |B| = |B1|+---+|B,| each. For 0 < j <r—1,
let J; be a copy of B in B’ in which B; is mapped to Bgﬂ (mod 7) for each 1 = 1,...,7.
Choose Ji, ..., J, to be vertex-disjoint and to partition V(B’); this is possible as each
part of B’ has size |B].

Foreach 1 < j < r, let F: f , FQJ be the H-factors playing the roles of F}, F5, respectively,
in the copy J; of B. Note that in J;, B; is mapped to B; for every 1 < ¢ < r. This means
that J C B’ is colored the same way as B (i.e., J is a blowup of (K,,c)). Therefore,
c(F}) = c(F;) for i = 1,2 (with a slight abuse of notation, we denote by ¢ both the
coloring of B and that of B'). Let I} := |Jj_, F/, and let F} be obtained from F! by
replacing F} with Fy, ie. [y := Fy U, F}. Both F|, Fy are perfect H-factors of B'.
Also,

c(FY) — c(Fy) = c(F1) — c(F2) # 0.

Note, however, that F|, Fj are both H-factors with a balanced r-coloring By, ..., Bl.. As
FY, Fy are balanced-uniform by assumption, it follows that ep/(B;, B}) = ep;(B;, B}) =
e(FY)/(}) for all 1 <4 < j < r. However, this implies that
e(FY)
()

a contradiction. O

co(Fy) = c(Fy) = (k)

Remark 43. Given H, it is possible to computationally check whether there exists a non-
balanced-uniform H-factor. Like in the proof of Proposition 15, for every r-coloring f of
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H, one defines a;(f) to be the number of vertices colored i by f. Then, one introduces

variables z; € [0, 1], where x is the fractional number of times that the coloring f is used
V(H)|

when constructing an r-coloring of an H-factor F. The constraint »_,zya;(f) = =~

(for each 1 < ¢ < r) corresponds to the r-coloring of F' being balanced. Observe that
there exists a non-balanced-uniform H-factor if and only if there is an assignment to the

variables x; and there are 1 < i < j < r such that Zf xrep (A, Aj) # ) " This can be

()

checked using linear programming.

7.8 (s,t)-structured graphs

The templates considered in this section consist of two r-cliques Ly, Ly sharing r — 2
vertices. We will describe the structure of graphs H for which a particular coloring of
L1 U L is not a template. This structure is more involved than in previous sections. The
precise definition is as follows.

Definition 44. For s,t,p € R, we say that H is (s, t)-structured with parameter p if for
every r-vertex-coloring of H with parts A;,..., A, and for all 1 <7 < j < r, it holds that

,0(|AZ’ + |A]D =S~ 6H(Ai U AJ,V(H) \ (AZ U A])) +1- eH(Ai;Aj)- (12)

We say that (s, t)-structured to mean that it is (s, t)-structured with some parameter
p. Note that if H is (s, t)-structured then it is also (a- s, « - t)-structured for every a € R.
Another important fact is that if H is (s, t)-structured with parameter p, then so is every
H-factor.

The following lemma is the main result of this subsection.

Lemma 45. Let Ly, Ly be two copies of K, sharing r — 2 vertices, and let ey = x1y; =
L1\ Ly and es = x2ys = Lo \ Ly. Let ¢ be a 2-edge-coloring of Ly U Ly. Then, either
(L1 U Lo, c) is a template for H or H is (s,t)-structued for s = C(Ll)_c(‘;l&___cz(fz’)ﬂ(e?) and
t =c(e1) — cleq).

Let us give an overview of the proof of Lemma 45. We shall take a blowup of (L1ULs, ¢)
with |V, | = |V,,| = [Va,| = |V,,| and consider a (carefully chosen) perfect H-factor F' of
B such that each copy of H in Fj is either on the clusters of L; or the clusters of Ls.
Since we have chosen the clusters of x1, 1, 9, y2 to have the same size, we can then find a
second H-factor F, by swapping the vertices in V,, UV}, with the vertices in V,, UV,, in
each of the copies of H in F;. We will show that the only case in which the discrepancy
does not change under this operation is that H is (s,t)-structured (with s,¢ as in the
statement of the lemma). We now proceed with the detailed proof.

Proof of Lemma 45. For convenience, set

T

q:=c(Lr) = e(er) = e(La) + clea) = Y _le(a1v;) + c(yivi) — clwav) = c(yovi)].
=3
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Let Ay, ..., A, be an r-coloring of H. To ease the notation, put fy(A;, As) = ey(A; U
AQ, V(H) \ <A1 U AQ)) and

sy - (A1 Az) 4 (c(er) — cle2)) - en(Ar, As)

g(Aq, ..., A) =

e ) A+ 4

Our goal is to show that if (L; U Lo, ¢) is not a template for H, then g(A;,..., A,) is the
same for every r-coloring Ay, ..., A, of H; we then take this common value to be p (see

Definition 44). Solet Ay, As, ..., A, and By, Bs, ..., B, be two arbitrary r-vertex-colorings
of H. We will show that g(Ay,..., A,) = g(By,...,B,). Write V := LiNLy = {vs,...,v.}.
Consider the following blowup B of (L; U Lo, ¢):

o Vol Vouls Vi |s Vi = (r = 2)M([ Au| + [A2]) (| Ba| + | Bal),
o for 3 <i <, Vil = 20r = 3)! 2 scic, (I B + [ Bo))[As] + ([ Au] + [Aa])| By ]
To calculate c(Fy) — c(Fy), first observe that for every pair 3 <i < j <r,
€F1(V;;i,VLj) = €F2(Vu,-,vuj)
=4(r —4)!- <(|Bl| +1Bal) D en(An Ay + (|4 +1Ao) D GH(Bi,Bj)> :
3i<gsr 3i<ysr

Therefore, er, (V. Vs,) — er(Vi,, Vi,) = 0. Next, we claim that for each 3 < i < r, it
holds that

€r (pr %z) =€R (‘/3/17 ‘/U'L) = eFQ(VxQ’ V;)z) = €F2(‘/yzv %z) (13>
= (r=3)!- (|Bi] + |Bal) - fu(A1, A2)

and

€r (va ‘/;)z) =€R (Vy27 Uz‘) = er(lev VUz) = eF2<Vy17 Uz‘) (14)
= (r=3)!- (|A] + [A2]) - fu(Bi, Ba).

Let us prove this for ep (V,,, V,,); all other cases are similar. For every 3 < j < r, there
are (r — 3)! permutations that embed A; into V,, and A; (resp. A,) into V,,, and each
such permutation contributes ey (A1, A;) (resp. en(As, A;)) to ep (Vi Va,). Also, each
such permutation gives rise to (| By|+|Bz|) copies of H in F;. Summing over all 3 < j < r
and all permutations, we get

e (Vers Vi) = (r=3)-(1Bil+[Bal)- Y Y en(Aw, Aj) = (r=3)1-(|Bi|+| Bal)- fu (Ar, Ao),

k=1 j=3

as required.
Lastly, from the definition of F}, F5 it follows that

€F1(VIC17 Vy1)_€FQ<V$17 ‘/;Jl) = _(eFl(Vm? Vy?) - eFQ(Vicw VyQ))

— 2 — 21 [(1Ba] + |Bal) - en(Av, As) — (| As] + | Aa]) - (B, Ba)).
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We now combine all of the above to calculate ¢(F;) — ¢(F5). First, we can write

AR)—cF) =) Y () (en (Ve Vi) = en(Vii Vi) (16)

1=3 ze{x1,y1,22,92}
2

+ Z C(l’zyz) : (eFl (V;Ew ‘/yz) - eFQ(V;BN V;/z))

i=1

By (15), the second term in (16) equals
2(r = 2)!- (c(e1) — c(e2)) - [| Bi] + [ Ba) - en(Ar, A2) — (JA1| + [As]) - e (B1, B2)]. - (17)

By (13) and (14), the first term in (16) equals

T

Z[C(xlvi) + c(y1vi) — c(@2v;) — c(yovi)] - (r = 3)!

- [([Bi] + |Bal) - fu(A1, A2) — (|Ar] + |Az]) - fu(B1, Ba)]
=(r=3)q-[(|Bi| +|Ba|) - fu(A1, As) — (|A1] + |As]) - fu(B1, By)]. (18)

If ¢(Fy) — c¢(F2) # 0 then (L; U Ly, ¢) is a template for H and we are done. so suppose
that ¢(Fy) — ¢(F2) = 0. Then, by plugging (17) and (18) into (16), dividing by (r — 3)!
and rearranging, we get g(A,...,A,) = g(By,..., B,), as required. This completes the
proof. O

We end this subsection with several properties of (s, t)-structured graphs. The follow-
ing simple lemma expresses e(H) in terms of s,¢, p, |H|.

Lemma 46. If H is (s,t)-structured with parameter p, then

r—1

e(H) :Pm

|H|.

Proof. Fix an arbitrary r-coloring Aj,..., A, of H. By summing (12) over all pairs
1<i<j<r, weget

(2r —4)s +t)-e(H) = Y [s cer (AU Ay, VIE)\(A; U A)) +t - en(Ai, A))

1<i<j<r
=p > (Al +[A4]) =p(r— 1) |A| = p(r = 1)|H].
1<i<j<r i=1

In what follows, we will need the following trivial claim.

Claim 47. Let r > 3 and let ai,...,a, € R. If there is ¢ such that a; + a; = c for all
1<i<y<r, thena; =+ = a,.
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In the next lemma, we show that if H is (s,t)-structured for two different choices of
(s,t), in the sense that the ratio s/t is different, then every r-vertex-coloring Ay, ..., A,
of H is balanced, i.e. satisfies |A;]| = |As| = --- = |A,|. By normalizing, we may and will
assume that one of the t’s equals 1.

Lemma 48. Let r > 3 and s,s',t € R with s’ —t-s # 0. If H is (s,1)- and (¢,1)-
structured, then every r-coloring of H is balanced.

Proof. Fix any r-coloring of H with parts Ay, ..., A,. By definition (see Definition 44),
there exist p, p’ such that

p(|A1| + |A2|) =S 6H(A1 U AQ, V(H)\(Al U Ag)) + GH(Al,AQ),

and
pl(|A1‘ + ‘AQD = S/ . €H(A1 U AQ, V(H)\(Al U Ag)) +t- €H<A1, Ag)

Combining these two equations, we get
(s p—s- (A1l + [As]) = (5" =t - 5) - e (A1, Aa),

and
(0 =t p)([Ar] + [Az]) = (' — - 5) - e (A1 U Ag, VI(H)\ (A1 U Ay)).
Note that ' — ts # 0 by assumption. Setting ¢ = (s'p — sp')/(s' — ts) and ¢ = (p' —
tp)/(s" —ts), we have
c(|Ar] + [Az]) = en (A, Az),
d(|A1| + | As]) = eg (A1 U Ay, V(H)\ (A1 U Ay)). (19)
Note that ¢ # 0 because ey (A1, Ay) # 0, as x(H) = r. By permuting the parts Ay, ..., A,

we obtain the analogous equations for every pair of parts A;, A;. In particular, for all
1<i<y<r,

c(lAil +|Aj]) = en(Ai, Aj).
We now get

e (A1 U Ay, V(H)\(A1 U Ag)) = Y (en(Ar, A)) + en(Az, Ay))

3<i<r

=c ) (A + 42| +2]A:)

3<ir

= c(r — 4)(|Ax] + [Az]) + 2¢[H].
Combining this with (19), we get
(¢ = c(r = 4))(|Ax| + |Azl) = 2¢[H| # 0.

Applying this argument for A;, A; in place of Ay, Ay, we see that |A;| + |A;| = %

for every 1 <i < j <r. Using that r > 3, we get |A;| = --- = |A4,| by Claim 47. O
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Next, we show that if H is (s, t)-structured with parameter p, then for every r-coloring
Ay, ..., A, of H, one can express ey (A;, As) as a function of |A;| + |As|. For s = 0 this
is trivial (recall Definition 44), so we assume s # 0. As it turns out, the cases s/t # 3
and s/t = % need to be handled separately, and in the latter case we need to additionally
assume that H satisfies the r-wise Cy-condition. To avoid repetitions, we handle both
cases together. For convenience, we assume that s = 1.

Lemma 49. Lett, p € R and suppose that H is (1,t)-structured with parameter p. Assume
that t # 2, ort = 2 and H satisfies the r-wise Cy-condition. Then for every r-coloring
Aq,... A, of H it holds that

(r—4+t)2r—4+1t)-ey(A1, Ay) = p(2r —4+1t) - (JA1]| + |A2|) — 2p|H]|.

Proof. Let Ay, As, ... A, be the parts of a r-coloring of H. By definition, for all 1 < i <
JST,

P[Al +[4;]) = en (A U A;, VIH)\(A; U A;)) + ¢ - en(As, Aj). (20)

Summing over all pairs 1 <i < j < r, we get
(r=DplH[ = > p(|Ai] +]4;))

1<i<y<r

= Y en(AUA VH\(AUA)) +t-en(Ai A))
1<i<y<r

=2r—4+t)e(H). (21)

Let A = s, Ai- Summing (20) over 3 < i < j <7, we get

plr =3)(|H| = |Ai|=|A2) = Y oAl +|4])

3<i<y<r

= Y en(AUA V(H\(AUA)) +t-en(Ai A))

(22)
Now multiply (20) (for i =1,j = 2) by r — 5+t and add to (22), obtaining:
p(r = 3)|H|+ p(t = 2)(|A1| + |A2])
=2r—8+1t)-eg(A)+ (2r —8+1t)-ey(A1 U Ay, V(H)\(A1 U Ay))
+t(r—54+1)-en(Ar, As)
=2r—84t)-e(H)+[t(r—5+1t)— (2r—8+1)]-eu(Ay, As)
=2r—8+t)-e(H)+ (t—2)(r—4+1t)- -ey(Ay, As), (23)

THE ELECTRONIC JOURNAL OF COMBINATORICS 31(3) (2024), #P3.33 42



where the second equality uses e(H) = ey (A1, As)+en(A)+eg(A1UA2, V(H)\(A1UA,)).
Next, we cancel the term e(H) in (23). To this end, multiply (21) by 2r—8+¢ and subtract
this from (23) multiplied by 2r — 4 + ¢, to get:

p((r=3)2r —4+1t) = (r—=1)2r —8+1)) - [H[+ p(t —2)(2r — 4 +1)(|As] 4 [A2])
Note that (r —3)(2r —4+1t) — (r—1)(2r — 8 +1t) = —2(t — 2). If t # 2, then dividing
through by ¢t — 2 # 0 completes the proof. Suppose from now on that ¢ = 2. We then
need another relation coming from the Cjy-condition. For every pair 3 < ¢ # j < 7,

en(Ay, As) +en(Ai, Aj) —en(Ar, A;) —en(Ag, Aj) = 0. Summing this over all (ordered)

pairs i, j, we get

0= Z en(Ay, Ag) +en(Ai, Aj) —en(Ar, A;) —en(Ag, Aj)

3<iAj<r

=(r—2)(r—3)-ey(A1, As) +2e(A) — (r —3) - eg(A; U As, V(H)\ (A1 U Ay)).
Adding the above equation to (22), we get

p(r =3)(1H| = [Ar] = [As]) = (r = 2)(r = 3) - en (A1, A2) + (2r —4) -en(A).  (24)
We now continue as before: multiply (20) by 2r — 4 and add this to (24) to get

p(r =3)H|+ p(r — D)([A1] + |A2]) =

= (27" — 4) . GH(A) + (27" — 4) . GH(Al U AQ, V(H)\(Al U AQ))
+((r—=2)(r—=3)4+2(2r —4))-eg(As, As)

=2r—4)-e(H)+ (r—1)(r—2)-ey(Ay, Ag). (25)

In the second equality we used e(H) = ey (A1, As)+epg(A)+en(A1UA, V(H)\(A1UA,)).
Finally, multiply (21) by 2r — 4 and subtract this from (25) multiplied by 2r — 2, to get

~2p(r — DIH| + plr — 1)(2r — 2) - (|4] + |4s]) = 2 = 2)(r = 1)(r — 2) - en(Ay, 42).

Dividing through by r» — 1 completes the proof. O

8 Lower bounds

In this section, we describe some constructions that are used to prove the lower bounds
in Theorems 4, 7 and 11. We start with an observation about regular graphs.

Lemma 50. If H is reqular then 6*(H) > 3/4.

Proof. Let ¢ be a 2-edge-coloring of K such that K is isomorphic to K 1,3- Let vy be the
vertex whose incident edges all have color +1. Let m € N be divisible by 4 and |H|. Let B
be an m/4-blowup of (K4, c¢). If B has no perfect H-factor then 0*(H) > 6(B)/|B| = 3/4.
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Let us assume that this is not the case and let I’ be a perfect H-factor of B. Let d € N
be such that H is d-regular and note that every H-factor is also d-regular. Therefore,
F has ¢m edges. Also, the number of edges of color 1 is exactly d|V,,| = dm/4. Thus,
exactly half of the edges have color 1, meaning that F' has zero discrepancy. Hence,

0*(H) > S5 =3/4. O

Lemma 51. If there exists p such that for every connected component U of H it holds
that

then 0*(H) > 1/2.

Proof. 1f x*(H) > 2, then this holds trivially, because 0*(H) > 1—1/x*(H), as 1—1/x*(H)
is the threshold for the existence of a perfect H-factor by Theorem 2. So let us assume
that x*(H) < 2. Let m € N be divisible by 2 and |H|, and let J be an m-vertex graph
which is the disjoint union of two-cliques A, B of size m/2 each (there are no edges between
A and B). Note that 6(J) = m/2 — 1. Let ¢ be a 2-edge-coloring of J with c¢(e) = 1 for
e € J[A] and ¢(e) = —1 for e € J[B]. Let F be a perfect H-factor of J; if no such F
exists then 0*(H) > 1/2 immediately holds. For each copy Hy € F of H and for each
connected component U of Hy, we have by assumption

er(U) = plU|.

Also, U C A or U C B, because there are no edges between A and B. So ¢(F[U]) = p|U|
it U C Aand ¢(F[U]) = —p|U| if U C B. Summing over all Hy € F' and all components
U of H, we get ¢(F) = p(|A| — |B|) = 0. As this holds for any perfect H-factor of .J, we
get 0*(H) > 1/2. O

Recall the definition of butterfly graphs in the paragraph above Theorem 7. In the next
Lemma we use the symmetry of butterflies with respect to the coloring to show that
if a certain butterfly is not a template for a given graph H, then all H-factors of an
appropriate blowup of this butterfly have discrepancy 0, giving a lower bound on 6*(H).
The construction is depicted on Figure 2.

Lemma 52. If there exists a butterfly which is not a template for H, then 6*(H) > 4/7.

Proof. Let (L,c) be a butterfly with triangles {w,v;,w;} and {u,ve,ws}, and suppose
that (L, c) is not a template for H. By definition, we have

c(uvy) = —c(uve), cluw;) = —c(uws) c(viwy) = —c(vaws). (26)
Let B be a blowup of (L, ¢) of size m, divisible by 7 and |H|, with
e |V,| =3m/7 and

o |V,| =m/7 for v € {vy,wy, vy, wo}.
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Figure 2: A blowup of a butterfly showing that §*(H) > 4/7 if the butterfly is not a
template for H.

We claim that every perfect H-factor of B satisfies ¢(F) = 0. Indeed, consider the
automorphism of L which swaps between vy, v, and between wq, ws, and let F’ be the
image of F' under this automorphism. Then by (26), we have ¢(F’) = —c(F). On the
other hand, as (L, ¢) is not a template for H, we must have ¢(F') = ¢(F"). It follows that
¢(F) = 0. This proves that 0*(H) > §(B)/|B| = 4/7. O

Next, we prove the lower bound on 6*(H) in the first two cases of Theorem 11. The
constructions use Lemma 13 and are depicted in Figure 3.

Lemma 53. If H fulfills the k-wise Cy-condition for some k =4 1, then §*(H) > "1

T.
Additionally, if k = x(H) then 6(H) = .

Proof. Let ¢ be a 2-edge-coloring of K}, such that K" is (k—1)/2-regular; such a coloring
exists because k =4 1. Since H satisfies the k-wise Cy-condition, so does every H-factor.
Hence, Lemma 13 with d = (k — 1)/2 implies that for every blowup B of (K}, ¢) and for
every perfect H-factor J of B, it holds that

2-(k—=1)/2—k+1

() = k-1

e(J) =0.

This implies that ¢ € IC(H). Also, taking B to be the m/k-blowup of (Kj,c), we get
that §*(H) > 6(B)/|B| = &1 Finally, if k = x(H) and we take m to be divisible by
(k — 1)!|H|, then B has a perfect H-factor by Lemma 16, and we get that 6o(H) = =%
by the definition of dy(H). O

Lemma 54. If H is reqular and fulfills the k-wise Cy-condition for some k %4 1, then
0*(H) = &1

Proof. We give three different constructions depending on the residue of & modulo 4,
but the general idea is the same for all three. Let U C V(K}) with |[U| = k — 1 and
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m/4 m/5

m/5 m/5
k=4 m/4 m/4 k=
m/5 m/5
m/4
m/12 m/12 3m/28 m/28
m/6 m/6 m/7 m/7
k=06 k=17
m/7 m/7
m/6 m/6
m/6 m/ m/7

Figure 3: The constructions given in Lemmas 53 and 54 for 4 < k < 7.

{v} = V(K,)\U. Let ¢ be any 2-edge-coloring of K}, such that Kj[U]" is f-regular, where
¢ is an even integer to be determined later; such a coloring exists because ¢ is even. Let
B be an m/k-blowup of (Kj,c) for some m with m divisible by 4k. Let d € N be such
that H is d-regular and let F' be an arbitrary perfect H-factor of B. Note that F' is
also d-regular and satisfies the k-wise Cy-condition. So e(F') = dm/2 and V,, is incident
to d|V,| = dTm edges in F. Hence, ep(Vy) = kz—_k?dm. Additionally, F'[Vy] satisfies the
(k — 1)-wise Cy-condition. To see this, observe that every (k — 1)-coloring of F[Vy;] can
be extended to a k-coloring of F' by adding V' (F) NV, as an additional color-class. Thus,

by applying Lemma 13 with J = F[Vy] (and with k£ — 1 in place of k), we get

20—k + 2 U k+2 k2

W) U k2
p_—o ~FUU= m=

k—2 2%k o

c(F[Vy]) =

We now define a 2-edge-coloring ¢’ of B as follows. First, if e is contained in Vs, then set
d(e) = c(e). Second, to color the edges incident to V,, split V,, into two sets V. and V_
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(whose sizes will be determined later), and set ¢(e) = 1 for all edges incident to V, and
d(e) = —1 for all edges incident to V_. Then,

20—k +2

¢(F) = co(F[Vo]) + er(Vi, Vo) — er(Vo, Vi) = =

dm +d(|Vi| = |V-]), (27)

where the last equality uses that F' is d-regular. We now consider the different cases of k
modulo 4 and choose ¢, |V, | and |V_| so that ¢/(F) = 0.

o If k=40, take { = k/2, |V | =0 and |V_| = m/k.
o If k=42 take { = (k—2)/2 and |V, | = |V_| = 3.
o If k=43, take { = (k —3)/2, |[Vy| =322 and |V_| = 2.

It is easy to check that ¢ is even and we have ¢(F') = 0 by (27) in all three cases. O

The final two lemmas of this section provides us with a lower bound on max{dy(H ), 1—
1/x*(H)} (and therefore also on §*(H)) for (s, t)-structured graphs (recall Definition 44).

Lemma 55. Suppose that v = 3 and H is (1,2)-structured. Then max{dy(H),1 —
1/x*(H)} = 5/8.

Proof. By the definition of structuredness (see Definition 44), there is p € R such that
PAL + [40) = en(A U Ay VIHN (AU Ay)) + 2em(As, Ay) = e(H) + en(Ai, 4;). (28)

for every 3-coloring Ay, Ay, A3 of H and all 1 < ¢ < 7 < 3. By summing the above
equation over all 1 <17 < j < 3, we get

2p[H| = Y p(l Al +|A)]) =3e(H) + ) enl(Ai A;) = de(H).

I<i<j<r I<i<j<r

So p|H| = 2e(H). Subtracting from this the equation p(|As|+ |A3]) = e(H) +en(Aa, As),
we get
plAi]l = e (A1, Az) + en(As, Az). (29)

Now consider a triangle T" with vertices uq, us, u3 and let ¢ be the 2-edge-coloring of T’
where c(ujug) = c(ujus) = 1, c(ugus) = —1. We first show that ¢ € K(H). So let B be an
arbitrary blowup of (7', ¢), and let Uy, Uy, Us be the clusters of B (where U; corresponds
to u;). We need to show that all perfect H-factors of B have the same discrepancy. So
let F' be a perfect H-factor of B. First note that

e(F) = e(H) - |BI/|H| = p|B|/2.

For each H-copy Hy € F, consider the 3-coloring Ay, As, A3 of Hy given by A; = V(Hy) N
U;. The number of edges of color 1 in Hy is precisely ey, (A1, A2) + en, (A1, A3). By (29),
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this number is p|A;|. Summing over all H-copies Hy, € F, we see that the number of
edges of color 1 in F is precisely p|U;|. Therefore,

c(F) = 2e(F7) — e(F) = p(2|Uh] - |B]/2),

which is independent of F. This shows that indeed ¢ € K(H).

Let us now consider the specific case where |U;| = 2m and |Us| = |Us| = 3m, for an
arbitrary integer m. Then |B| = 8m and §(B)/|B| = (|U1| + |U2])/|B| = 5/8. If B has no
perfect H-factor for any choice of m, then 1—1/x*(H) > §(B)/|B| = 5/8. And otherwise,
fix an m for which B has perfect H-factors. Every perfect H-factor F' of B satisfies

o(F) = p(2lth| — |BI/2) = 0.
By the definition of do(H), this implies that 6o(H) = 6(B)/|B| = 5/8, as required. O

Lemma 56. Suppose thatr > 6 andr =4 2,3. Assume that H is (0, 1)-structured, or that
H is (1,t)-structured for some t € {—2,—1,0,1,2} and satisfies the r-wise Cy-condition.

Then
3r—>5

max{dy(H),1 —1/x"(H)} > Frmrt

The bound of g::g in Lemma 56 is particularly interesting because a blowup on m

vertices of two copies of K, sharing r—2 vertices has minimum degree at most 2=3m. The

3r—2
lower bound given by Lemma 56 will allow us to assume later on that 6(R)/|R| > 3=

(when proving upper bounds on §*(H)). We will then (implicitly) use the fact that R is
not a blowup of two r-cliques sharing r — 2 vertices. See Lemma 68.

Proof of Lemma 56. We assume that H is (s,t)-structured, where (s,t) = (0,1) or s =1
and t € {—2,—1,0,1,2}. In particular, s € {0,1} and (s,t) # (0,0). First we show that
there exist 7, C' such that for every r-coloring Ay, ... A, of H,

en(Ai, Aj) = 7(|Ail + |4;]) + 7 - C[H]. (30)

It is enough to show this for 7,5 = 1,2. Let p be such that H is (s,t)-structured with
parameter p (recall Definition 44). If (s,t) = (0, 1) then (30) is trivially satisfied for 7 = p
and C' = 0. Otherwise, we have that s = 1. Then, by Lemma 49, we get that

(r—4+t)2r—4+1t)-ey(Ay, Ax) = p(2r —4+1t) - (JA1] + |A2|) — 2p|H|. (31)

Observe that in all possible choices of (s,t), we have r +¢ > 4, and equality holds only if
r =06, s=1and t = —2. We consider this case first. Then (31) becomes

2p|H| = 6p(|A1] + |As]). (32)
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We claim that p # 0. To see this, we use that H is (1, —2)-structured, summing (12) over
all pairs 1 <17 < j < r. This gives:

(r=DplH| = Y (A +4])
1<i<j<r
= > [en(AiUA; V(H)\ (AU 4))) —2en(A;, A))]
1<i<j<r

=(2r—6)-e(H) =6e(H) > 0,

Now divide both sides of (32) by p to get |H|/3 = |A1| + | A2|. Since this holds for every
r-coloring of H, we get that every r-coloring of H must be balanced by Claim 47. This
implies that x*(H) = r by the definition of x*. Now, 1 — 1/x*(H) = =% > =2,

Suppose from now on that r +¢ > 4. Then (r —4+1t)(2r —4+1t) # 0. Thus, dividing
both sides of (31) by (r —4 +t)(2r — 4 +t), we get that (30) is satisfied for 7 = —£

r—44t
and C' = 5—=2—. This proves (30). Note also that either s = 0 and C'= 0, or s = 1 and
C= %:—iﬂ. Since t > —2, we get in either case that
1 <o<o (33)
r—3 > 7

Next, we use (30) to complete the proof of the lemma. First, we claim that for every
2-coloring ¢ of K, it holds that ¢ € IC(H). Indeed, let B be an arbitrary blowup of (K, ¢),
and let F' be any perfect H-factor of B. Let By, ..., B, be the parts of B. By summing
(30) over all copies of H in F', we get that

]
er(Bi, Bj) = 7(|Bil + |B)]) + ] -TCH| = 7(|Bi| + |Bj|) + 7C|F].

for all 1 < < j < r. This implies that

o(F)= Y cij)-er(Bi,By) =7 Y clij)- (1Bl +|Bj| +CIF]),  (34)

1<i<y<r 1<i<y<r

which is independent of F, since |F| = |B|. This means that all perfect H-factors of B
have the same discrepancy. It now follows, by the definition of IC(H), that ¢ € IC(H).

Next, we define a certain 2-edge-coloring c of K, as follows. Set V(K,) = {v1,...,v,}.
We claim that there exists a coloring ¢ such that ¢(e) = 1 for every e € E(K,) incident
to v1, and ¢(K,) = 1. Indeed, there are r — 1 edges incident to v, and r — 1 < (})/2 for
r > 6. Hence, there is a coloring ¢ such that c¢(vjv;) = 1 for all 2 < j < r, and ¢ colors
exactly [(5)/2] = ((}) + 1)/2 edges with color 1. Here we use that (3) is odd because
r =4 2,3. So the number of edges of color —1 is ((}) — 1)/2, and hence ¢(K,) = 1, as
required. We fix such a coloring ¢ from now on.

Fix C' € N such that C' - C" € Z, where C' is the constant from (30). Fix an integer
m divisible by (r — 2)(r — 1)(r + 1)C’"|H|, and let B be the blowup of (K,,c) with
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|B| = m and with parts By,..., B, (where B; corresponds to v;), such that |B;| = = and
|B;| = =% =y for all 2 <i < r, where

r—1

(r—=3)—(r—-1C
(r—2)(r+1)

By our choice of m, both x and y are integers. Next, we show that

m m
<z < —. 35
3r—2 v r (35)

As C < 0, to prove the lower bound in (35) it suffices to check that (r —2)(r + 1) <
(3r — 2)(r — 3), which holds for r > 4. For the upper bound, we use that C' > % and

therefore = < %m. Hence, it suffices to verify that r((r — 3)? + (r — 1)) <

(r —2)(r+ 1)(r — 3), which holds for r > 6.
The bounds in (35) imply that

<y < .
yS 35 (36)

m 3m
r

In particular, B is the smallest part in the blowup B, by (35) and (36). Therefore,

d(B)=m—y > g::gm. If for all m, the blowup B has no perfect H-factor, then, using

Theorem 2, we see that 1 — 1/x*(H) > 2=5 as needed. Else, fix m such that B has

= 3r-2
perfect H-factors, and let F' be an arbitrary H-factor of B. For convenience, we use the

notation c(v;, K) 1= ., c(v;v;). By (34), we have

c(F)=r1 Z c(vivj) - (|1Bi| + |Bj| + C|F|) =7 - <C(Kr> -Cm + ZC(UZ»,KT) . |BZ|> :
1<i<j<r i=1

using that |F| = |B] = m. Recall that ¢(K,) = 1 and c¢(vy, K,) = r — 1. Hence,
So_c(vi, Ky) =2¢(K,) =2and Y., (v;, K,) =3 —r. It follows that

=1

m—

1 +mC’) =0,

c(F):7'<(7‘—1)x—(r—3)-

r —

by our choice of z. As ¢ € K(H), this implies 6o(H) > 6(B)/m > 3*=3, as needed. O

9 When all r-cliques have the same discrepancy

In this section we consider the situation when all r-cliques in the reduced graph R have the
same discrepancy sign (i.e. all have positive discrepancy or all have negative discrepancy).
By symmetry, we may assume that all have positive discrepancy (else swap the colors). As
usual, we work under the setup described in Section 6.2. The main result of this section
is the following:
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Lemma 57. Assume the setup of Section 6.2. If H is non-reqular and all copies of
K, in R have positive discrepancy, then there exists a perfect H-factor in G' with high
discrepancy.

The proof of Lemma 57 is broken into two cases depending on whether or not H is
uniform (recall Definition 33). These two cases are handled in the following two subsec-
tions. Recall the definition of the r-partite graph H* (see Definition 19). Namely, recall
that if »r = 2 then H* = H, and otherwise H* is a complete r-partite graph satisfying
the properties in Lemma 18. Recall also that 1} is the exceptional class in the regular
partition of G’, and that for a vertex u € V(G') \ Vo, we use V,, € V(R) to denote the
part of the partition containing u (so V, is a vertex of the reduced graph R).

9.1 Proof of Lemma 57: H is non-uniform

Here we prove Lemma 57 in the case that H is non-uniform.

By Lemma 25, G’ has a perfect H*-factor F™*. Suppose first that there exists a copy
J € F* of H* disjoint from Vj with parts By, B, ... B, C V(J), and vertices by, b, € By,
by € By, such that f(b1by) # f(bjbe). Fix arbitrary b; € B; for 3 < i < r. Since H is non-
uniform, there exists an r-coloring Ay, As, ..., A, of H such that ey (A1, Ay) # eg(Ay, A3),
by Claim 35. This implies that there exists a vertex a € A; with dy(a, As) # dy(a, As).
Consider the r-cliques Ly = {V;, V)i, ... V¥} and Ly = {V&, Vi, ... V") in R If Ly, Ly
have different discrepancies (with respect to fg), then (L; U Lo, fr) is a template for H by
Lemma 29 (as H is non-regular), and then G’ has a perfect H-factor with high discrepancy
by Lemma 27, completing the proof. We may therefore assume that fr(Li) = fr(L2).
Then we can apply Lemma 31 with 2 = V%, y = Vb?, z = V2, to conclude that (L1ULs, fr)
is a template for H. Now we are again done by Lemma 27.

So from now on, let us assume that J € F* as above does not exists. This means that
for every copy J € F* of H* disjoint from Vj, if By,..., B, denote the parts of J, then
all bipartite graphs (B;, B;) are monochromatic with respect to f. In other words, J is a
blowup of (K, ¢) for some 2-edge-coloring c of K,.. Fix arbitrary b; € By,bs € By, ..., b, €
B,, and consider the r-clique L = {V;¥, V}F ...V} in R. By (6), L is colored by fz in
the same way as K, by c¢. Hence, ¢(K,) = fr(L) > 0, using our assumption that every
r-clique in R has positive discrepancy. If (L, fr) is a template for H then we are done by
Lemma 27 as before, and else we have ¢ € K(H) by definition. Now, by Lemma 20, we
see that every perfect H-factor of J has positive discrepancy.

For each J € F*, let F; be a perfect H-factor in J. Then F := J,.p. Fy is a perfect
H-factor of G'. We saw that if J NV, = () then f(F,;) >0, and so f(Fy) > 1. Using that

Vo] K en < ey We obtain
n *
f(F)>W—|V0|—|V0|‘€(H)>7n-

This completes the proof in the case that H is non-uniform.
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9.2 Proof of Lemma 57: H is uniform

Here we prove Lemma 57 in the case that H is uniform. First, by Lemma 25, G’ has a
perfect H*-factor F*. The key part of the proof is the following lemma:

Lemma 58. Let J € F* be a copy of H* disjoint from Vy. Then every perfect H-factor
Fy of J satisfies
f(FJ) > 17

or there exists a template for H in (R, fr) of size r + 1.

Proof. For r = 2, the statement follows trivially as each edge in R has positive discrepancy
and therefore, R (and hence also J) are monochromatic. Therefore, let us assume that
r > 3. By Lemma 29, we may assume that there do not exist two copies of K, in R
sharing r» — 1 vertices with different discrepancies, as otherwise there is a template for H
(since H is non-regular). Let J € F* be a copy of H* disjoint from Vj. Let Ay, As, ..., A,
be the clusters of J and fix arbitrary vertices a; € Ay,a9 € As,...,a, € A,. Let F; be an
arbitrary H-factor in J.

Claim 59. For each 1 < @ < 7 < r, it holds that either for all vertices u € A; and
v,v" € Aj, f(uww) = f(w'), or for all vertices u,u' € A; and v € A;, f(uwv) = f(u'v).

Proof. Without loss of generality, i = 1,7 = 2. Observe that if the assertion of the claim
does not hold, then there exist u, v’ € A; and v,v" € Ay such that f(uv) # f(uw’'), f(u'v).
Without loss of generality, f(uv) =1 and f(uv') = f(u'v) = —1. Since J is disjoint from
Vo, we get that Ly := {VE, VE VEVE  VEYand Ly = {(VE VR VEVE  VE} are

az? Vag’ " a3z’ “aag’’
r-cliques in R. We have fr(L;) = fr(L2) because, by assumption, every two r-cliques in
R sharing » — 1 vertices have the same discrepancy. It follows that

fluv) + Y floas) = fw') + Y f(W'a).

3<igr 3<i<r

Note that u'v' € J, as J is a complete r-partite graph. By the same argument with « in
place of u, we get

fwv)+ > floa) = fv)+ D f(va).

3<i<r 3<i<r
By subtracting the second from the first equation, we get
flww) = fu'v) = f(u') = f(ud).
But this is a contradiction since f(uv) — f(u'v) =2 and f(uv') — f(u'v") < 0. O

We continue with the proof of Lemma 58. Let us say that (A;, A;) is split for A; if there
exist vertices u,u’ € A; and a vertex v € A; such that f(uv) # f(u'v). Note that if for
some ¢ and j, (A4;, A;) is split for A;, then all the vertices in A; have only monochromatic
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edges to A; by the above claim. Therefore, each pair (A4;, A;) can be split at most for one
of the two. Recall that by assumption, all r-cliques in R have positive discrepancy. Let

= > eV >

1<i<y<r

First, let us assume that J does not have a split pair. It follows that for all 1 <17 <
j<r, e [Ai, Aj] is monochromatic with color f(aia;) = fr(V,FV,T). As H is uniform, we
get that for every H-copy H; € F)

i) = 3 D g0 = oAU

1<i<j<r (2)

This implies that

H
= N f(Hy) = H' Ay
HjeFy | | (2)
Next, let us assume without loss of generality that A; A, is split for A;. Then, there
exist u,u’ € A; and v € Ay such that f(u,v) = 1 and f(u',v) = —1. As the r-cliques

Ly = {Vy, Vi, Viyy ..., Vo } and Lo := {V,y, V,, Viy, ..., Vo, } have the same discrepancy
and fr(V,Vy) # fr(VisV,), we may assume by Lemma 31 that for every r-vertex-coloring
of H with parts By, Bs, ..., B, it holds for all b € B; that

du (b, By) = du (b, Bs), (37)

as otherwise (L1 U Lo, fr) is a template for H and we are done. For every 1 <i < r, let
S; € {1,2,...,7} be the set of indices j such that A;A; is split for A;.

Claim 60. For every 1 < i < r and u,v € A; it holds that
> fluay) = flvay),
JES; JES;

or there exists a template for H in (R, fr) of size r + 1.

Proof. Without loss of generality, suppose that there are u,v € A; such that
> fluay) # > flvay).
JES1 JES

Consider the r-cliques Ly = {Vy, Vay, Vg, .-+, Vi, } and Lo = {V,,, Vo, Viy, ..., Vo, } in R.
Observe that

fr(La) = fr(La) = _(f(uay) = f(vay)) = Y _(f(uaj) = f(vay)) #0.
J=2 JESL
Here we used that f(ua;) = f(va;) for all j ¢ S;. By Lemma 29, (L; U Lo, fr) is a
template for H. O
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We now conclude the proof of Lemma 58. Fix an H-copy H; € Fj, and let B; =
A;NV(Hy),i=1,...,r. By (37), each vertex a € B; has the same number of neighbours

in B; for each j € [r ] \ {i}. So this number is dn (1) Furthermore, if j € S; then for each
a € B;,d € B; we have f(ad') = f(aqa;), as all edges between a and A; have the same
color. Hence, for each 1 < i < r,

f(HJﬂ(BiX UBj)>:ZdHJ Zf —Z%@?Zﬂ%%)

JES; a€EB JES; a€B; JES;

i),
JES;

where the second equality uses Claim 60 with © = a,v = a;, and the last equality uses
> wen, du,(a) = (r —1)e(H)/(}), which holds by the assumption that eg,(B;, B;) =
e(H)/(}) for all i < j (H is uniform). Now, we get

f(Hy) = eéf)f) > flaa) + > > flaiay)

2 1<i<j<r, 1<i<r jes;

Indeed, using that (A;, A;) can not be split for both i and j, we see that each pair
1 <i < j < r appears exactly once in the above two sums. Hence,

2

As this holds for every H-copy H; in Fj, we get that

[H*|  e(H)|H|
f(Fy) = " > 0.
=l (Q)IH]
So f(Fj) = 1, as required. This proves Lemma 58. O

Using Lemma 58, we can now conclude the proof of Lemma 57 (for uniform H). If R
has a template for H of size r 4+ 1 then we are done by Lemma 27. Else, by Lemma 58,
for every H*-copy J € F* with J NV, = ), every H-factor of J has (strictly) positive
discrepancy. Let F' be a perfect H-factor in GG, obtained by taking a perfect H-factor of
each J € F*. Note that at most |Vy| many H*-copies J contain a vertex of V;, and each
H-factor in H* contains at most e(H*) edges. Hence,

f(F) = — Vol = [Vo| - e(H") = yn,

IH*I

as required.

THE ELECTRONIC JOURNAL OF COMBINATORICS 31(3) (2024), #P3.33 54



10 Violating the C4-condition

In this section we handle graphs H that violate the k-wise Cy-condition for a certain k.
This forms an important part in the proofs of our main results. As always, r denotes the
chromatic number of H. The main result is as follows.

Lemma 61. Suppose that H wviolates the k-wise Cy-condition, where k > max{r,5} or
k=r=4. Then

5 (H) < max{do(H), 1 — 1/x"(H), 1 — 1/(k — 1)},
Before proving Lemma 61, let us prove the following important corollary.

Corollary 62. Let H be an r-chromatic graph. If r > 3 then 6*(H) < 1—1/(r+1), and
if T =2 then 6*(H) < 3/4.

Proof. The key is to observe that an r-chromatic graph H fails the (r + 2)-wise Cy-
condition. Indeed, take any r-coloring Aj,..., A, of H. Then, considering the (r +
2)-coloring Ay, ..., A, Ari1, Arye with A.py = Aie = 0, we see that ey(Aq, As) +
eg(Ari1, Aryo) —eg (A1, Aryq) —eg(As, Aryn) = eg(Ag, Ay) > 0 (as H is r-chromatic).
So indeed H violates the (r + 2)-wise Cy-condition. For r > 3 (resp. r = 2), the corollary
now follows by Lemma 61 applied with k =7 +2 > 5 (resp. k = 5). O

We now proceed with the proof of Lemma 61. As always, we work under the setup
introduced in Section 6.2. In particular, we always assume that

0(R)/|R| = max{do(H), 1 = 1/x"(H),1 = 1/(k = 1)} +n/2. (38)

Recall the definition of a (Kj,+)- and (K}, —)-star, and the head of such a star (see
Definition 36). Evidently, every 2-edge-colored triangle is either monochromatic or a star.
The proof of Lemma 61 is split into two cases: kK = r = 4 and k > 5. The difference
between these cases stems from the fact that the (K, +)-star has zero discrepancy (while
the (K}, +)-star has non-zero discrepancy for k > 5).

10.1 Proof of Lemma 61: k£ > 5

Here we prove Lemma 61 in the case k£ > 5. If there exists a copy of Kj; in R which
is neither monochromatic nor a star with respect to fg, then, by Lemma 37, this copy
of K}, is a template for H, and then by Lemma 27, there exists a perfect H-factor in
G’ with high discrepancy. Therefore, let us assume that all the copies of K in R are
either monochromatic or a star. In the following argument, we make repeated use of the
following three facts:

F.11 Every four vertices in R have at least one common neighbor.

F.21 For all ¥’ < k, each copy of K;x C R is contained in some copy of K C R.
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F.31 For all 3 < k' < k, every copy of K} which contains a non-monochromatic triangle
must be a star with the head of the triangle being the head of the star.

F.11 and F.21 follow from §(R) > 1—1/(k —1) > 3/4, by (38). And F.31 follows from
F.21, since otherwise there is a copy of K} in R which is neither a star nor monochromatic.
The following claim is an important step in this proof.

Claim 63. Ifv € V(R) is the head of some non-monochromatic triangle T' C R. Then,
for every triangle T" C R with v € V(T"), it holds that fr(T") = fr(T) (i.e. T is colored
the same way as T') and v is the head of T".

Proof. Let T = {u,v,w} C R be as in the statement and let us assume without loss
of generality that fr(7) = 1, meaning that fgr(vu) = fr(vw) = 1 and fr(uw) = —1.
Let 77 C R be an arbitrary triangle with v € T7’, and write 7" = {«/,v,w'}. By F.11,
the vertices u,v,w,u’ have a common neighbor x € R. Note that R[{u,v,w,z}] is a
copy of K4 in R containing T and thus, by F.31, we have fr(vx) = —fgr(wz) = 1.
Therefore, R[{v,w,z}] is a non-monochromatic triangle with v as its head. By F.11,
there exists y € R such that y is a common neighbor of v, w, z,u’. By applying F.31 to
the 4-clique {v,w, z,y} we get that fr(vy) = —fr(zy) = 1, and by applying F.31 to the
4-clique {v, v, z,y} we get that fr(vu') = — fr(uw'y) = 1. Finally, let z € R be a common
neighbor of v,y,u,w’. Using F.31 as before, we find that fr(vz) = —fr(u'z) = 1 by
considering the 4-clique {v, v/, y, 2z}, and that f(vw’) =1 = —f(v'w’) = 1 by considering
the 4-clique {v, v/, w’, z}. So T" is indeed a non-monochromatic triangle with v as its head
and fr(1") = 1. O

Claim 63 implies that if v is the head of a non-monochromatic triangle, then v is not con-
tained in any monochromatic triangle and must be the head of any (non-monochromatic)
triangle containing it. Also, all edges inside Ng(v) (the neighborhood of v in R) have the
same color.

Now, we can make a further statement about the coloring of the copies of K} in R.
Recall that K} (resp. Kj_) denotes the monochromatic k-clique where all edges have
color 1 (resp. —1).

Claim 64. Fither every copy of Ky in R is a copy of Ky or the (Ky, —)-star, or every
copy of Ki in R is a copy of Ky _ or the (K, +)-star.

Proof. Observe that K}, and a (K}, —)-star both contain a monochromatic triangle in
color 1, and similarly, Kj _ and a (K}, +)-star both contain a monochromatic triangle in
color —1. Therefore, if the claim does not hold, then R contains monochromatic triangles
L, in color 1 and L_ in color —1. By Claim 63, none of the vertices in L, and L_ are
the heads of any stars of size 3, because they belong to a monochromatic triangle. Let
v1,vy € Ly and v3,vy € L_ and by F.11, let v be a common neighbor of vy, vy, v3, vy.
Note that u cannot be the head of any non-monochromatic triangle, since this would imply
(by Claim 63) that all edges in Ng(u) have the same color, while fr(viv9) # fr(vsvy).
It follows that the triangles {u,vy,vo},{u,vs,v4} are monochromatic, because none of
the vertices u,vq,...,vs can be the head of a non-monochromatic triangle. So we have
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fr(uvy) = frluve) = —fr(uvs) = —fr(uvy) = 1. Let w be a common neighbor of
u,vy,vs (using F.11). Without loss of generality, suppose that fr(uw) = 1. Then the
triangle w,u,vs is not monochromatic, and its head must be w. Now, by Claim 63,
the triangle w,u,v; must also be non-monochromatic with head w. This implies that
fr(uvy) = fr(uvs), a contradiction. O

By Claim 64 and without loss of generality, let us assume that every copy of K in R
is either a copy of Kj . or a (K}, —)-star. Note that both Kj ; and a (K}, —)-star have
positive discrepancy, because k£ > 5. We now consider two sub-cases based on whether H
is regular.

Case 1: H is non-regular. If £ = r, then every copy of K, in r has positive discrepancy.
We then get a perfect H-factor in G’ with high discrepancy by Lemma 57. So let us
assume that k > r 4+ 1. Suppose first that there is a (K}, —)-star K in R. Clearly, K
contains a (K41, —)-star K’ C K. By Corollary 30, (K’, fr) is a template for H (as
H is non-regular). Now, by Lemma 27, G has a perfect H-factor with high discrepancy,
completing the proof in this case. Therefore, we may assume that every copy of K in R
is monochromatic in color 1. Then, by F.21 with &’ = 2, all edges in R have color 1. By
Lemma 57 again, G’ has a perfect H-factor with high discrepancy.

Case 2: H is d-regular for some d € N. Let U C V(R) be the set of vertices which are
the heads of a (K3, —)-star in R. Observe that if uv € E(R) has color —1 then u € U or
v € U. Indeed, by F.21, uv is contained in some triangle in R, and this triangle must
be a (K3, —)-star (as every triangle in R is either a K3, or a (K3, —)-star). The head
of this star must be u or v, so one of them is in U. We see that R[V(R)\U] only has
edges colored 1. Additionally, U is an independent set in R. To see this, let u,v € U
and assume towards a contradiction that uwv € E(R). By F.21, uv is contained in some
triangle in R. By Claim 63 and the definition of U, both v and v must be the head of
this triangle, a contradiction.

By (38) and as k > 5, we have 6(R) > (3/4 +n/2)|R|. Since U is an independent set
in R, we must have |U| < (1/4 —n/2)|R|. Therefore, Vi := |, Va satisfies

Vol < (1/4 =n/2)n.

Note that all the edges of color —1 in G’ are incident to either V; or Vg, because all edges in
R outside U have color 1. By Lemma 25, G’ has a perfect H-factor F'. Since H is d-regular,
so is F. Hence, the number of edges of color —1 in F' is at most (|[Vy| + |Vo|) - d < nd/4.
It follows that

f(F) > gn —nd/4 > yn.

This concludes the proof.

10.2 Proof of Lemma 61: k=r =4

Here we prove Lemma 61 in the case k = r = 4. If R contains a template for H of size
4, then by Lemma 27, there exists a perfect H-factor in G’ with high discrepancy, as

THE ELECTRONIC JOURNAL OF COMBINATORICS 31(3) (2024), #P3.33 57



required. So let us assume that R contains no such template.

We consider two cases. Suppose first that the (K4, +)-star is not a template for H.
We claim that in this case, 0*(H) = do(H) = 3/4. For the upper bound, recall that if
H violates the k-wise Cy-condition, then it also violates the (k + 1)-wise Cy-condition.
Hence, H violates the 5-wise C-condition, and by the case k > 5 of Lemma 61, we have
0*(H) < 3/4. For the lower bound, let ¢ be the 2-edge-coloring of K4 corresponding to the
(K4, +)-star. Note that ¢(K4) = 0. Let B be the 3!|H|-blowup of (K4, c). By Lemma 16,
there is a perfect H-factor of B with discrepancy 0, as ¢(K4) = 0. As we assumed that
the (K4, +)-star is not a template for H, we get that ¢ € K(H ), and hence

do(H) = 0(B)/|B| = 3/4,

as required.

From now on, let us assume that the (K}, +)-star is a template for H, and by symmetry
so is the (K4, —)-star. As we assumed that R has no template for H, we get that R contains
no (Ky,+)-star and no (Ky, —)-star. It now follows, by Lemma 37, that all copies of K,
in R are monochromatic. By (38), we have 6(R)/|R| > 2/3. This implies that each
triangle in R is contained in a K, and hence all triangles in R are monochromatic. We
claim that all edges of R have the same color. Suppose not. Then, as R is connected
(by 6(R)/|R| > 2/3), there exist vertices u,v,w € V(R) such that fr(uv) = 1 and
fr(vw) = —1. Again using 6(R)/|R| > 2/3, there exists a common neighbor z of u, v, w.
It follows that either x, u, v or z, v, w form a non-monochromatic triangle in R, depending
on the color of xv with respect to fr. This gives a contradiction. So we see that R is
monochromatic, which means that all edges of G’ not touching V have the same color.
By Lemma 25, G' has an H-factor F. Now we get

n

1= (g

2\%\) e(H) > 7.

11 Non-regular H

In this section we deal with the case that H is non-regular. This comprises the main part
of the proofs of Theorems 7 and 11. We shall prove three key lemmas (Lemmas 65, 67
and 68) that are used in the proofs of these theorems. The basic idea in the proof of these
lemmas is as follows. First, in all cases, the minimum degree assumption implies that
the reduced graph R contains r-cliques. Then, by Lemma 57, we may assume that there
exists an r-clique L; with positive discrepancy, as well as an r-clique Ly, with negative
discrepancy. Using Lemma 12, we can then connect Ly, Ly with a sequence of r-cliques
Ly =L},..., L, = Ly with each pair of consecutive cliques L, L, intersecting in at least
r — 1 or at least r — 2 vertices, depending on the assumed minimum degree of R. We
therefore have two r-cliques sharing r — 1 or r — 2 vertices, one having positive discrepancy
and the other negative. With a slight abuse of notation, we assume that L, Ly are such r-
cliques. Then, either L; UL, is a template for H (in which case we are done by Lemma 27),
or the coloring of L, Ly has some specific structure, by the lemmas from Section 7. In
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more involved cases (mainly Lemma 68), we determine properties of the coloring on a
large portion of R, under the assumption that R has no small template for H.

In each of the three lemmas we shall make certain assumptions on the residue of r
modulo 4, which correspond to different cases in the proof of Theorem 11. We also often
assume that H satisfies the r-wise Cy-condition. (If H violates the r-wise Cy-condition,
then Lemma 61 immediately gives the required bounds for Theorem 11, as we shall see
in Section 12.3.) The first lemma is as follows.

Lemma 65. Ifr £, 0 and H is non-reqular, then 6*(H) < 1—1/r.

In the proof of Lemma 65, we may assume that 6(R)/|R| > 1 —1/r. This assumption
has two important consequences: First, it guarantees that |L; N Ly| = r — 1, and second,
it implies that every r-clique is contained in an (r + 1)-clique. This allows us to use
Lemma 29 and Corollary 30 to conclude the proof. The details follow.

Proof of Lemma 65. As always, we work under the setup described in Section 6.2. In
particular, as we are aiming for the bound 0*(H) < 1 — 1/r, we assume that

0(G")/n, 6(R)/IR| = (1 =1/r +n/2).

Our goal is to show that G’ contains a perfect H-factor with high discrepancy. If R has a
template for H of size r + 1, then we are done by Lemma 27. We therefore assume that
R has no such template. This implies that for every (r + 1)-clique M in R, M is regular
(with respect to fgr), because otherwise (M, fr) is a template for H by Corollary 30 (as
H is non-regular). Next, we need the following very simple claim.

Claim 66. Let M be an (r + 1)-clique with an edge-coloring ¢, let d be such that M is
d-regular, and let L C M, |L| =r. Then ¢(L) = (r — 1)(d —r/2).

Proof. e(LT)=e(M")—d=d(r+1)/2—d=d(r—1)/2. Hence,

r

c(L) = 2e(L*) — (2

) =2-d(r—1)/2 - (;) —d(r—1) - <g> = (r—1)(d—r/2).

O

We now continue with the proof of the lemma. Suppose first that there exist two
copies My, My C R of K, such that M;" is d-regular and M2+ is d’-regular for some
d#d. Let L1 C M; and Ly C M, of size r each. Since d # d', it follows by Claim 66
that fr(L1) # fr(L2). By Lemma 12 there exists a sequence L, L}, ..., L, C R of copies
of K, with L} = Ly and Lj = L, and such that L} and L;, share r — 1 vertices for each
1 << (—1. But then, there must exist some 1 < i < ¢—1 such that fr(L;) # fr(Li,,).
Now (L;UL;,,, fr) is a template for H by Lemma 29, in contradiction to our assumption.

So from now on, we assume that there exists d € N such that for every (r + 1)-clique
M C R, M™" is d-regular. Trivially, 2 | d(r + 1). Note that d # r/2, because if r 4+ 1 is
even then r is odd and so d # r/2, and if r + 1 is odd then d must be even, so d # r/2 as
r #4 0. Without loss of generality, let us assume that d > r/2 (otherwise consider M~ in
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place of M replacing d with r — d). We claim that every copy L of K, in R has positive
discrepancy. Indeed, as §(R)/|R| > 1 — 1/r, there exists an (r + 1)-clique M containing
L. Now, Claim 66, fr(L) = (r —1)(d —r/2) > 0. Finally, by Lemma 57, G’ has a perfect
H-factor with high discrepancy, as required. O

The following is the second of the three lemmas.

Lemma 67. Suppose that r =4 0. Assume that H is non-reqular, fulfills the r-wise
Cy-condition, and violates the (r + 1)-wise Cy-condition. Then

0"(H) < max{do(H),1 —1/x"(H)}.

The proof of Lemma 67 proceeds by distinguishing between two cases. The first case
is that there exists an H-factor which is not balanced-uniform (recall Definition 39). In
this case we will show that 6g(H) = 1 — 1/r and hence 6*(H) > 1 — 1/r, and this will
match the upper bound on 6*(H) we get from Lemma 61. Here the assumption r =4 0 will
play a crucial role. The second case is that there exists a non-balanced-uniform H-factor.
Here we will proceed by finding two r-cliques Lq, Ly with |L; N Lg| > 7 — 2 and such that
L, has positive discrepancy and Ls has negative discrepancy, as explained above. We will
eventually conclude that L; U L, is a template for H by Lemma 32, finishing the proof.
The details follow.

Proof of Lemma 67. As always, we work under the setup of Section 6.2. In particular, we
assume that

6(G")/n, 8(R)/|R| = max{do(H),1 — 1/x"(H)} +n/2.
As x*(H) > r — 1 for every r-chromatic graph, we have
r—2

S(R)/|B] > —. (39)

r

Our goal is to show that G’ contains a perfect H-factor with high discrepancy. Since H
violates the (r + 1)-wise Cy-condition, we may apply Lemma 61 with £ =r + 1 to get

S (H)<1-1/r.

Hence, if max{dy(H),1 — 1/x*(H)} = 1 — 1/r then we are done. So from now on we
assume that
max{dy(H),1 —1/x"(H)} <1—1/r. (40)

In particular, x*(H) < r, which implies that H has an unbalanced r-coloring. We now
consider two cases. For what follows, recall Definition 39.

THE ELECTRONIC JOURNAL OF COMBINATORICS 31(3) (2024), #P3.33 60



Case 1: Every H-factor is balanced-uniform. We will show that then do(H) =1—1/r,
which would contradict our assumption (40) and hence conclude the proof in this case.
Fix a 2-edge-coloring ¢ of K, such that ¢(K,) = 0; such a coloring exists because K, has
an even number of edges, as r =4 0. By Lemma 42, we have ¢ € K(H). Let B be an
m-blowup of (K, c), where m is divisible by (r — 1)!|H|. By Lemma 16, B has a perfect
H-factor. We claim that for every perfect H-factor Fp of B it holds that ¢(Fp) = 0.
Indeed, let By,..., B, be the parts of B. By assumption, F is balanced-uniform. Hence,
ery(Bi, Bj) = e(Fg)/(}) for all 1 < i < j < r. Therefore, ¢(Fp) = ¢(K,) - e(Fg)/(;) =0,
as required. It follows that 6o(H) = §(B)/|B| =1 — 1/r, as claimed.

Case 2: There exists a non-balanced-uniform union F of disjoint copies of H.!' By
Claim 41, there exists a balanced r-coloring Ay,..., A, of F such that ep(A;, Ay) #
er(As, Ay). We may assume that R contains no template for H on at most r + 2 vertices,
as otherwise, by Lemma 27, G’ contains a perfect H-factor of high discrepancy and we
are done.

If R contains an r-clique L such that L™ is non-regular (with respect to fg), then by
Lemma 40, (L, fr) is a template for H, contradicting our assumption. So suppose from
now on that every r-clique L in R is such that LT is regular.

Assume first that there exist two r-cliques Ly, Ly C R such that L] is d-regular and
L3 is d-regular for some d # d’. Using (39) and Item 2 of Lemma 12, we obtain a
sequence of r-cliques L}, L), ..., L, C R with L] = L; and L, = Lo, such that each pair
of subsequent r-cliques share at least » — 2 vertices. So there exist two r-cliques L, L’ in
R sharing at least r — 2 vertices, such that LT is d-regular and L' is d’-regular for some
d # d'. Without loss of generality, let us assume that L, Ly were such r-cliques to begin
with. If |[L; N Ly| = r — 1 then (L; U Ly, fr) is a template for H by Lemma 29, and if
|Ly N Lo| = r — 2 then (Ly U Ly, fg) is a template for H by Lemma 32. In either case, we
get a contradiction to our assumption.

Now assume that r-cliques L in R are d-regular with the same d (in the sense that L™
is d-regular). Without loss of generality, let us assume that d > (r — 1)/2, as otherwise
we may swap the colors, replacing d with »r — 1 — d. Note that d # % because r %4 1.
As d > %1, all copies of K, in R have positive discrepancy. Now, by Lemma 57, G’ has
a perfect H-factor with high discrepancy, completing the proof. O

Finally, we arrive at the last of the three main lemmas, Lemma 68. This lemma deals
with the case r =4 2,3. Its proof is by far the most involved part of this section. Recall
the definition of a butterfly from the introduction.

Lemma 68. Suppose that r > 3 and r =4 2,3. Assume that H satisfies the r-wise
Cy-condition and is non-reqular. Then

max{dy(H),1 —1/x*(H),4/7} r =3 and some butterfly is not a template
0"(H) < for H,
max{dy(H),1 —1/x*(H)} otherwise.

Tt is worth noting that the argument in Case 2 only requires that r #, 1 (instead of the stronger
assumption r =4 0).
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Let us comment on the proof of Lemma 68. Similarly to previous proofs, the proof of
Lemma 68 begins by finding two r-cliques L, Ly with |L; N Ls| = r — 2 such that L; has
positive discrepancy and Lo has negative discrepancy. As always, we may assume that R
contains no small template for H, as otherwise we are done by Lemma 27. In particular,
Ly U Ly is not a template for H. Then, by Lemma 45, H is (s, t)-structured (for s, ¢ given
by that lemma). In the case r # 3 (namely r > 6), we can use Lemma 56 to deduce
that max{do(H),1 —1/x*(H)} > 2=2, which allows us to assume that §(R)/|R| > 2=2.
This minimum degree assumption is crucial for the proof, allowing us to establish various
structural properties of R and fg. Eventually we show that R is strongly tilted towards
one of the colors, which allows us to find a perfect H-factor of high disrepancy.

The case r = 3 is somewhat different. Note that g::g = % for r = 3. Big parts of
the proof for r # 3 carry over to the case r = 3, provided we assume that §(R)/|R| > 3.
However, we may not make this assumption in all cases, because for some 3-chromatic
graphs H, the value of 0*(H) is smaller than %. It turns out that making the assump-
tion §(R)/|R| > 2 is justified exactly when some butterfly is not a template for H (cf.

Lemma 52). The proof of Lemma 68 is given in the next subsection.

11.1 Proof of Lemma 68

By Lemma 65, we have
(H)<1—-1/r. (41)

Therefore, if max{dy(H),1 —1/x*(H)} =1 — 1/r then the assertion of Lemma 68 holds.
So from now on, we assume that max{dy(H),1 — 1/x*(H)} < 1 —1/r. In particular,
X*(H) < r. By the definition of x*, this implies that

H has an unbalanced r-coloring. (42)
As always, we work under the setup of Section 6.2, therefore assuming that
S(R)/|R| = max{do(H), 1 — 1/x" ()} + /2 (43)
and
d(R)/|R| = 4/7+n/2 if r = 3 and some butterfly is not a template for H. (44)

Since x*(H) > r — 1 for every r-chromatic H, (43) implies that

r—2

S(R)/IR) > —=—

— (45)

We shall show that G’ has a perfect H-factor with high discrepancy. Throughout the proof,
we assume that R contains no template for H on at most r + 2 vertices, as otherwise we
are done by Lemma 27. The following claim is used multiple times throughout the proof.

Claim 69. There is no sequence L', L, ..., L, C R of copies of K,, such that |LiNL; | >
r—1 for every 1 <i< {0 —1 and fr(L)) # fr(L}).
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Proof. As fr(L}) # fr(Ly), there exists 1 < ¢ < ¢ — 1 such that fr(L]) # fr(Li,,).
Using that H is non-regular, we get that (L;UL; ,, fr) is a template for H by Lemma 29.

K]
However, we assumed that R has no such template for H, a contradiction. O

By (45), R contains a copy of K,. Since r =4 2,3, K, has an odd number of edges
and thus, without loss of generality, let us assume that R contains a copy L; of K, with
fr(L1) > 0. If all copies of K, in R have positive discrepancy, then we are done by
Lemma 57. Suppose therefore that R also contains a copy Ly of K, with fr(Ls) < 0.
By Lemma 12 and (45), there exists a sequence L}, L}, ..., L, C R of copies of K, with
L) = Ly and L}, = Ly such that every pair of subsequent copies share at least r —2 vertices.
Therefore, there exist two copies of K, sharing at least r — 2 vertices with discrepancies
of different signs. Without loss of generality, let us assume that L; and L, are such
copies. If |[Ly N Ly| = r — 1 then this is a contradiction to Claim 69. Suppose then that
|L1 N L2| =r—2. PutV = L1 N LQ, L1 \ LQ = {!L’l,yl} and L2 \ L1 = {Ig,yg}.

We proceed with the proof of Lemma 68. By assumption, (L; U Lo, fg) is not a
template for H. Hence, by Lemma 45, H is (s, t)-structured with

o . frL1) = fr(@1y1) = fr(L2) + fr(z2ys)

4
2(r —2) (46)
and
t:= fr(z1y1) — fr(z292). (47)
Crucially, note that (s,t) # (0,0). Indeed, if ¢t = 0 then s = % # 0 because
fr(L1) # fr(L2).

By the definition of being (s, t)-structured (see Definition 44), there exists p € R such
that for every r-coloring Ay, ..., A, of H and for all 1 <17 < j < r, it holds that

P A +[A45]) = 5 - en(A; U A, VIH)\(A; U 45)) +1 - en(Ai, 4;). (48)

First we handle the case that H is uniform (recall Definition 33). Then for every r-coloring
Aq,..., A, of H and for all 1 <7 < j < r, it holds that

) e(H) _ fr(L1) — fr(L2)
() ()

where the second equality uses the uniformity of H. It follows that p # 0 because

fr(L1) # fr(Ls). We get that |A;| + |A;| is the same for all 1 < i < j <r. By Claim 47,

|A;| = -+ = |A,|. This means that H only has balanced r-colorings, contradicting (42).

For the rest of the proof, we assume that H is non-uniform. By Lemma 34 and as
(L1 U Ly, fr) is not a template for H (by assumption), we have that

fr(L1) = fr(z1y1) — fr(L2) + fR(22y2) € {—4(r—2), =2(r—2),0,2(r—2),4(r —2)}. (49)

In the next claim, for the case r = 3, we classify the possible colorings of the triangles
Ly, Ly. Also, for each case, we specify the corresponding values of s, t.

=(2(r—2)s+1t)

'G(H),
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Figure 4: The possible configurations of L;, Ly corresponding to different cases in
Claim 70.
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Claim 70. Suppose that r = 3. Then one of the following holds:
1. Ly, Ly are monochromatic. In this case (s,t) = (2,2).
2. fr(x1y1) = fr(z2y2). In this case t = 0.

3. (L1 U La, fr) is a butterfly and Ly, Ly are not monochromatic. In this case (s,t) €

{(27 _2)7 (0> 2)}

4. Exactly one of Ly and Ly is monochromatic and fr(x1y1) # fr(x2ys2). In this case
(s,t) = (1,2).

Proof. Clearly, if Ly is monochromatic then it has color 1 (as fgr(L;) > 0), and similarly,
if Ly is monochromatic then it has color —1. If fr(x1y1) = fr(22y2) then we are in Case
2, and ¢t = 0 by (47). So let us assume that fr(x1y1) # fr(z2y2). If L is monochromatic
then fr(zoy2) = — fr(z1y1) = —1, so this is covered by Case 1 or Case 4. In both cases,
it is immediate to compute s, ¢ from (46) and (47).

Suppose then that L; is not monochromatic. By symmetry (with respect to switching
the colors), we can also assume that Ls is not monochromatic.

Write Ly N Ly = {u}. Suppose first that fr(z1y1) = —1. Then fr(z2y2) = 1, and we
also must have fr(uz1) = fr(uy1) = 1, fr(uxs) = fr(uys) = —1 (because fr(L;) > 0,
fr(Ls) < 0). So (L1U Ly, fr) is a butterfly (Case 3), and (s,t) = (2, —2) by (46) and (47).
Suppose now that that fr(xz1y1) = 1. Then, fr(z2y2) = —1, and without loss of generality
(up to switching xq,y; or xs,ys), we have fr(uxy) = 1, fr(uy) = —1, frluzs) = —1,
fr(uy2) = 1. So again (L; U Lo, fr) is a butterfly, and (s, ) = (0, 2). O

Next, we address some subcases of the case r = 3, namely, Cases 1-2 in Claim 70.
These cases need to be handled separately.

11.1.1 Cases 1-2 of Claim 70

Throughout this section we assume that » = 3. Our goal is to complete the proof of
Lemma 68 in Cases 1-2 of Claim 70. Case 1 is simple, while Case 2 requires considerable
work.

Case 1: By (42), H has an unbalanced 3-coloring. Fix such a coloring A;, A, A3, and
suppose without loss of generality that |A;| < |As|. By Claim 70, (s,t) = (2,2). By (48),
we have

p(|Al| + |A]|) = 2€H(Az U Aj, V(H)\(Al U A])) + 26H(Ai7Aj) = 2€(H)
for every pair 1 < ¢ < j < 3. In particular, p # 0. So |A;| + |A;| = 2e(H)/p for all

1 < i < j < 3. But this implies that |A;| + |As] = |As| + |As], in contradiction to
|A;| < |As|]. This completes Case 1.
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Case 2: fr(r1y1) = fr(woy2). By Claim 70, we have ¢ = 0. Then s # 0, because
(s,t) # (0,0). By normalizing, we get that H is (1,0)-structured (recall that if H is (s, 1)
structured then it is also (a - s, - t)-structured). With a slight abuse of notation, we will
set (s,t) = (1,0) for the rest of Case 2. By (48),

p(|Ail +A;]) = en (A U A, VIH)\(Ai U Aj)) = e(H) — en(Ai, Aj) (50)

holds for every 3-coloring Ay, Ay, A3 of H and for all 1 < i < j < 3. Summing this over
all 7, 7, we get

20/H|=p Y (Al +[4;) =3e(H) = Y enlAr, Az) = 2e(H).

1<i<y<3 1<i<y<3

Hence,

e(H) = p|H]. (51)
This implies that p > 0. Combining (51) with (50), we get

en(Ai, Aj) = p(|H| = [Ai| = |A;]). (52)

Next, we show that a pair of intersecting triangles in R cannot have opposite edges of
different color.

Claim 71. Let L, LY, be two distinct triangles in R with |Ly N L,| > 1. Let ey, e5 be edges
with L)\ Ly C ey and Ly \ L) C es. Then fr(e1) = fr(ea).

Proof. Suppose first |L} N Ly| = 1, so that e; Ney = (). Assume, for the sake of contradic-
tion, that fr(e1) # fr(ez). By assumption, (L} U L), fr) is not a template for H. Then,
by Lemma 45, H is (§',t')-structured with ¢ = fr(e1) — fr(ea) # 0 (the value of s’ will not
be important). By normalizing, H is (s”,1)-structured for some s”. In addition, we saw
above that H is (1,0)-structured. So by Lemma 48, every 3-coloring of H is balanced, a
contradiction.

Suppose now |L} N L] = 2, and write e; = vwy, ey = vwy, L) = {u,v,w},
L, = {u,v,wy}. Recall that 6(R)/|R| > 1/2 + n/2 by (45). This implies that for
each 7 = 1,2, there exists a common neighbour z; of u,w;, z; # v. By the previous case
for the triangles {u,v,wy} and {u,ws, 21}, it holds that fr(wiz1) = fr(vws) = fr(es).
Similarly, fr(wezs) = fr(vwi) = fr(e1). Finally, by considering the triangles {u,w, 21}
and {u,wq, 22}, we get that fr(wi21) = fr(w22z), so fr(e1) = fr(ez). O

Claim 71 means that for every vertex v € V(R), all edges opposite v in triangles
containing v have the same color. Let W, C V(R) be the vertices for which these edges
have color 1, and let W_ = V(R)\W, be the vertices for which these edges have color
—1. We now consider two cases according to the size of the sets W, W_.
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Case 2(a): |Wi| > (1/2+n/2)|R| or |[W_| > (1/2 + n/2)|R|. Without loss of gen-
erality, assume that |W,| > (1/2 + n/2)|R|. Recall the definition of the graph H* (see
Definition 19). In particular, H* is a complete 3-partite graph and has a perfect H-factor.
Recall the definition of Vj (i.e., Vj is the exceptional set in the regular partition of G’).
Finally, recall that for a vertex-set W C V(R), Viv := Uyew Vo € V(G’') denotes the
union of clusters corresponding to the vertices of W. Put V, = Viy, and V_ = Vy_. In
the following key claim, we show that if J is an H*-copy in G’ disjoint from Vj, then
for every perfect H-factor F' of J, the discrepancy of F' can be expressed in terms of the
intersection of V(J) with V. and V_. We will then use this claim to conclude the proof
in Case 2(a).

Claim 72. Let J be an H*-copy in G" with V(J)NVy = 0. Then for every perfect H-factor
F of J,
fF)=p(V(F) Vil = [V(F)N V). (53)

Proof. Recall that for a vertex v € V(G') \ Vo, we use V! € V(R) to denote the cluster
of the regular partition containing v. The assumption V(J) NV, = () means that V.? is
well-defined for every v € V(J).

Let By, B, B3 be the parts of J. We claim that all bipartite graphs (B;, B;), 1 <
i < j < 3, are monochromatic. Indeed, assume by contradiction (and without loss of
generality) that there exist by,b] € By and by € By with f(bibs) # f(bib2). Fix an
arbitrary by € Bs. Consider the clusters V[, Vb?, VR Vi € V(R) corresponding to the
vertices by, b, by, b, respectively. Then Vblf, be, VE;I; and bej, Vblj, Vb]j are triangles in R,
and the edges V;7VF and Vb?be opposite V;% in these triangles have different colors (as
f(biby) # f(byb2)). This is a contradiction, proving our claim that all bipartite graphs
(B;, Bj) are monochromatic. This means that (J, fz) is a blowup of (Kj3,¢) for some
coloring ¢ of K.

Next, we claim that B; C V, or B; C V_ for each ¢« = 1,2,3. Let us prove this for
1 = 1. Fix arbitrary vertices by € By and b3 € Bs. As J is a complete tripartite graph,
every vertex by € By forms a triangle with by, bs. Now, by definition, if fr(V;FV,F) =1
then V;* € W, and hence by € V, for all by € By, and if fr(V,FV,F) = —1 then V;F € W_
and hence b; € V_ for all by € B;. This proves our claim.

Let H' be a copy of H in F', and let A; := V(H')N B;, so that A, Ay, As is a 3-coloring
of H'. Observe that if A3 C V. (resp. A3 C V_) then all edges between A;, Ay have color
1 (resp. —1). Moreover, ey (A1, Ay) = p|As| by (52). By using this and the analogous
statement for the pairs Ay, A3 and Ay, A3, we get the following:

FH)= Y plAl= Y plAl=p(VH) NV = [V(H) NV
i€[3]: A;CVy i€[3]: A;CV_
Summing the above over all H-copies H' in F gives (53). O

We now conclude Case 2(a). By Lemma 25, G has a perfect H*-factor F*. Recall
that e(H) = p|H| (by (51)) and therefore, any perfect H-factor of H* has exactly e(H) -
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|H*|/|H| = p|H*| edges. Let F be a perfect H-factor of G’, obtained by taking a perfect
H-factor Fj of each H*-copy J in F*. Our assumption |W,| > (1/2+4n/2)|R| means that
Vi = (1/2+n/2)(n — |Vy]) and hence |V_| < (1/2 —n/2)(n — |Vi|). There are at most
|Vo| copies of H* in F* which intersect Vp, and for each such copy J, F has p|H*| edges.
For all other H*-copies J € F*, we use (53) with F' = F;. Combining all of this, we get:

)= fEY=zp Y (VIENNOVL = V(E) O VL) = plH|V
JEF* JEF*:V (J)NVo=0
Z p (V| = [H[[Vo| = [V-]) = p[H*[[Vo| = pn(n — [Vo|) = 2p|H™[[Vo| = prn/2 = n.
(54)

The quantity |V, | —|H*||V;| in the second line of (54) is a lower bound in ), |V (J) NV,
over all J with V(J)NVy = (). The penultimate inequality in (54) holds because |Vp| < en,
e K ﬁ,n, and H* depends only on H and 7. Finally, the last inequality in (54) holds

because v < |_1}1|7 n, and p > 0 depends only on H. By (54), F" has high discrepancy. This
concludes Case 2(a).

Case 2(b) |W,|,|W_| < (1/2 4 n/2)|R|. We will show that this case is impossible.
First, we prove some structural properties of R and fg.

Claim 73. R[W.] and R[W_] are triangle-free.

Proof. We only prove the assertion for R[W,]; the proof for R[W_] is analogous. Let
S C W, be the largest clique in W,. We need to show that |S| < 2. Suppose by
contradiction that |S| > 3. Then, all the edges in R[S] must have color 1, because each
such edge is contained in a triangle in R[S], hence it is the edge opposite to a vertex from
W in a triangle. By (45),

D INR(9)] = (1/2+n/2)|R]|S]. (55)

seS

Note that no two vertices in S share a neighbor in W_, because else we get a triangle
containing a vertex from W_ whose opposite edge has color 1, contradicting the definition
of W_. Also, each vertex in W, can only be connected to at most |S| — 1 vertices in
S, as otherwise we add this vertex to S and get a larger complete graph inside W,
contradicting the maximality of S. It follows that

DNk < W] + (IS = DIWS] < (1/2 4 n/2)|RI|S],

seS
using |W, |, |W_| < (1/2+n/2)|R|. This contradicts (55). O

Claim 74. FEvery vertex in W, has an edge of color 1 to some vertex in W_, and every
vertex in W_ has an edge of color —1 to some vertex of W..
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Proof. We only prove the assertion for vertices W, ; the other case is symmetrical. So let
v € Wy. Since 6(R) > (1/2 4 n/2)|R| > |[W4|,|W_| by (45), v must have a neighbour
win Wy. Since §(R) > |R|/2, there is a common neighbour w of w,v. Then w € W_
because R[W,] is triangle-free by Claim 73. The edge vw has color 1 because it is the edge
opposite u € W, in the triangle u, v, w. So v indeed has an edge of color 1 to W_. O

Claim 74 implies that there exists a cycle C' in the bipartite graph R[W.,, W_] with
edges of alternating color. To see this, consider an orientation of the edges of R[W, ., W_]
where all edges of color 1 are oriented from W, to W_ and all edges of color —1 are
oriented from W_ to W,. In this orientation, every vertex has outdegree at least 1 (by
Claim 74), and therefore there exists a directed cycle, which corresponds to a cycle whose
edges alternate in color.

By averaging, there is a vertex v € V(R) which is connected to at least |C|-6(R)/|R| >
|C'| /2 vertices of C'. Note that the edges of C' of color 1 as well as the edges of color —1
form a perfect matching of C'. Therefore, there exists an edge of color 1 in C such that v
is connected to both of its endpoints and similarly, an edge of color —1 in C' such that v
is connected to both of its endpoints. But then v is contained in a triangle with opposite
edge of color 1 and in a triangle with opposite edge of color —1, a contradiction. This
completes Case 2(b) and hence Case 2 altogether.

5

5 and the structure of R

11.1.2 Minimum degree at least g::

We continue with the proof of Lemma 68. From now on, we will assume that if r = 3
then Cases 1-2 of Claim 70 do not hold. The following key claim provides a lower bound
on 0(R)/|R|.

Claim 75. It holds that

3r—95
3r—2
Proof. By (46) and (49), we have s € {—2,—1,0,1,2}. Note also that ¢t € {—2,0,2} by
(47), and recall that (s,t) # (0,0). We now normalize the parameters s,t in order to
apply Lemma 56. Recall that if H is (s, t)-structured then it is also (« - s, - t)-structured
for every a € R. If s = 0 then by normalizing, we may assume that t = 1. And if s # 0,
then by dividing (s, ) by s, we may assume that s =1 and ¢t € {—2,—1,0,1,2}. In any
case, the normalized parameters fit the assumption of Lemma 56. Hence, if r > 6, then
Lemma 56 gives

o(R)/|R| >

+n/2. (56)

3r—>5
max{dy(H),1 —1/x"(H)} > vt
So (56) follows from (43).
3r—=>5

It remains to prove (56) when r = 3. Note that =5 = % for r = 3. By assumption,
we are in Case 3 or 4 of Claim 70. Suppose first that we are in Case 3, so (L; U Lo, fr)
is a butterfly. By assumption, (L; U Ly, fr) is not a template for H. Hence, there exists
a butterfly which is not a template for H. Now (56) holds by (44). Finally, suppose
that we are in Case 4 of Claim 70. Then H is (1,2)-structured. Now, by Lemma 55,
max{6(H),1 —1/x*(H)} > 2 > 2, so again (56) holds by (43). O
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The proof proceeds with a sequence of claims that slowly uncovers the structure of R,
deducing the color of various edges from the assumption that R does not have templates
for H. For example, in the case r # 3, we will eventually show that R is strongly
tilted towards one of the colors, which will allow us to find a perfect H-factor with high
discrepancy. The bound (56) will be crucial.

Recall that V(L) = V U {x1,y1} and V(Lg) = V U {xa,y2}. Let X; C V(R) be the
common neighborhood of y; and V', ¥; C V(R) the common neighborhood of z; and
V, Xy C V(R) the common neighborhood of y, and V| and Yo C V(R) the common
neighborhood of x5 and V. Note that z; € X;,y; € Y; for i = 1,2. Using (56), we get

1
XL Y > (= D) = (=218 > (g o) IRE 60

We now establish some properties of the sets X7, Y7, Xo, Ys.

Claim 76. For every edge e € R[X; UY)] it holds that fr(e) = fr(x1y1), and for every
edge e € R[ X5 UYs] it holds that fr(e) = fr(z2y2).

Proof. We only prove the claim for X; U Y;; the proof for X, U Y, is analogous. Let us
assume by contradiction that there exist vertices u,v € X; UY; such that uv € E(R)
and fr(uv) = —fr(x1y1). By definition, u,v are adjacent to all vertices in V', hence
M, := V U {u,v} is an r-clique in R. Without loss of generality, let us assume that
u € X;. Then u is adjacent to y1, so My := V U {u,y:} is also an r-clique. Now,
M, Ms, Ly is a sequence of r-cliques with |M; N Ms| = |MsN Ly| = r—1, so by Claim 69,

Jr(My) = fr(Ly).

Now, consider the two r-cliques My, Ly. We have V- C My N Ly, so |[MyNLy| > r—2. Also,
fr(My) # fr(Ls) because fr(L1) # fr(L2). By Claim 69 we know that |M; N Lo| # r—1,
so |[M; N Lyl =1 —2. As (M; U Ly, fr) is not a template for H, we have by Lemma 45
that H is (¢, t')-structured with

o fr(My) — fr(uw) — fr(L2) + fr(z2y2)
2(r — 2)

and

t' = fr(uv) — fr(z2y2).
As before, (¢',t) # (0,0) because fr(M;) # fr(L2). As fr(uv) = —fr(z1y1), exactly
one of t,t is zero. Also, for the pair among (s,t), (s',t') where the second coordinate
is not zero, we can normalize this coordinate to be 1. Now H satisfies the conditions

of Lemma 48. Hence, by Lemma 48, all r-colorings of H are balanced, contradicting
(42). O

Claim 77. The sets X1 UY; and XoUY5 are disjoint, and R has no edges between X;UY;
and Xo UY;.
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Proof. We first prove the second part of the claim. So assume that there exist u € X;UY;
and v € Xy UY5 such that uv € R. Without loss of generality, let us assume that u € X;
and v € X5 (the other three cases are similar). Then, by definition, u, v are adjacent to all
vertices of V', u is adjacent to y;1, and v is adjacent to ys. So Ly, VU{u, 11}, VU{u,v}, VU
{v,y2}, Lo is a sequence of copies of K, with every two consecutive copies sharing at least
r — 1 vertices. This contradicts Claim 69 as fr(L1) # fr(Ls).

Now assume by contradiction that there is v € (X; UY;) N (X3 UY;). Without loss
of generality, suppose that u € X; N Xs. In particular, u is adjacent to 5. As ys € Y5,
the edge uy, goes between X; and Y5. This is a contradiction, as we already showed that
there are no edges between X; UY; and X, U Y5. O

Claim 78. Either both X1 and Y, are not independent sets, or both Xy and Yo are not
independent sets.

Proof. Let us assume that one of X5, Y5 is independent, and show that then X;,Y; are
not independent. So suppose without loss of generality that X, is independent. Then X,
and Y5 are disjoint, because x5 € X5 is connected to all of Y5. By Claim 77, there are
no edges between X; UY; and X5 U Y;. Hence, if X; were also independent, then every
vertex in X; would have degree at most

3r

— | X4 — | Xo| — Y| <
|R] = [X1] = [ Xa| = Yo < o

-9
R
o 2 | |7
using (57). This contradicts (56). By the same argument, Y] is also not independent. [J

Without loss of generality, let us assume that neither X; nor Y; is an independent set in
R. For the rest of the proof, fix an edge uv; € R[X;]. By definition, u;, v, are adjacent
to y; and all vertices of V. Hence, M := V U{uy,v1,y1} is a clique of size r+ 1 in R. We
now show that M is monochromatic.

Claim 79. R[M] is monochromatic with respect to fg.

Proof. For convenience, put ¢ = fg(z1y1). By Claim 76 and as z1,uj,v; € Xy, y1 € Y7,
we have

fr(uivr) = fr(uiyr) = fr(viyr) = fr(zim1) = c. (58)

By assumption, (M, fg) is not a template for H. By Corollary 30, this means that R[M]°
is d-regular for some d. If d = r then R[M] is monochromatic, so let us assume, by
contradiction, that d < r.

Suppose first that » = 3. By (58), u1,v1,y; is @ monochromatic triangle of color ¢. A
regular graph on 4 vertices containing a triangle must be a complete graph, so R[M] is
monochromatic, as required.

From now on, assume that r > 4. Since d < r, u; has an edge of color —c to some vertex
z € M. By (58), z € V. Now consider the two r-cliques M; := (V' \{z})U{y1, us,v1} and
My .=V U{uy,v1}. Then |MyN M| =r—1,s0 fr(My) = fr(Ms) by Claim 69. We will
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now apply Lemma 34 to M, My with e; = uyy; and ey = uyz (and with (V' \ {z}) U {v;}
in the role of V'). Note that

Jr(My) — fr(er) = fr(Ma2) + fr(e2) = fr(e1) — fr(e2) € {—2,2},

using that fr(es) = —c = —fr(e1). As r > 4, it follows that

Fr(My) = frler) = fr(Ma) + flea) & {~4(r —2),=2(r - 2),0,2(r — 2),4(r - 2)}.

Now Lemma 34 implies that (M; U Ms, fr) is a template for H, contradicting our assump-
tion that R has no such template. O

By Claim 79, M is monochromatic. As L, intersects the r-clique V' U {uy, 1} € M in
r — 1 vertices, we must have fr(Li) = fr(V U {u1,y1}) by Claim 69. Since fr(L;) > 0,
it follows that L; is monochromatic? in color 1, and in particular fr(z1y1) = 1.

Recall that H is (s, t)-structured. Using that L, is monochromatic in color 1, we now
show that only few options for s and t are possible.

Claim 80. The following holds:
1. Suppose that r # 3. Then H is (1,0)-structured or (1,1)-structured.
2. Suppose that r = 3. Then fr(Ls) = —1 and H is (1, 2)-structured.

Proof. We begin with the case r # 3, namely r > 6. If fgr(zoys) = 1 then t = 0
by definition, recall (47). As (s,t) # (0,0), we can normalize to get that H is (1,0)-
structured.

Suppose now that fr(z2y2) = —1. Then t = 2. Also, using that fr(L:) = () and
fr(L2) <0, we get

r

(L) = falin) = fu(Le) + o) = (3) = (L) =23 (3) =15 20-2), 69

where the last inequality holds for » > 3. Contrasting this with (49), we see that the LHS
of (59) equals 4(r — 2), which implies that s = 2 by (46). So H is (2, 2)-structured and
hence (1, 1)-structured.

Now suppose that r = 3. By assumption, we are in Case 3 or 4 of Claim 70. Case 3 is
impossible because L; is monochromatic, hence we are in Case 4. So H is (1, 2)-structured
and fr(La) = —1 (as Ly is not monochromatic and fr(Lz2) < 0). O

Claim 81. X, NY; = 0.

2Tt is worth noting that from this point on, we must have r < 7; namely, the proof is already complete
for all » > 8. Indeed, since all edges in V' have color 1, and Ly has exactly 2r — 3 edges not contained
in V, we have 0 > fr(Lsa) > (rg2) — (2r — 3), which only holds if r < 7. So the remaining cases are
re{3,6,7}.
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Proof. We will show that X5 is an independent set (the same is true for Y5). This will
imply the claim because x5 € X, is adjacent to all vertices in Y3 (by the definition of Y3),
so if there existed u € X5 NY5, then xou would be an edge inside X5, a contradiction.

So let us assume, by contradiction, that R has an edge usvy with us, vo € X5. By the
definition of Xy, uy, vo are adjacent to VU {y,}.

Suppose first that » = 3. By Claim 76, the triangle M; := {ug, v, y>} is monochro-
matic (with color fr(xays)). Write V' = {v} (recall that |V| =r —2). So My = {v,ve, y2}
is a triangle. Now, My, My, Ly = {v, 22,92} is a sequence of triangles with |M; N M| =
|Ms N Ly| = 2. Also, M; is monochromatic, while L, is not monochromatic because
fr(Ls) = —1 by Claim 80. This contradicts Claim 69.

Suppose now that r # 3, namely r > 6. Note that My := V U {ys,u, v} is a copy of
K,;1 in R. By assumption, (M, fr) is not a template for H. Hence, by Corollary 30,
there is d’ € N such that M is d’-regular. All edges inside V' have color 1, so all edges
of My of color —1 must touch {ys,u,v}. Considering the edges of color —1 touching V/,
we get (r —2)d = |V|d' < 3d'. Asr > 6, we get that ' = 0, i.e. M, is monochromatic
in color 1. In particular, uv and all edges between ys and V' have color 1. By Claim 76,
fr(z2y2) = fr(uv) = 1. Hence, the only edges of Ly that can have color —1 are edges
between z5 and V. The number of these edges is the same as the number of edges between
y2 and V', which all have color 1. So fgr(Ls) > 0, a contradiction. This completes the
proof of the claim O

We can now complete the proof in the case r = 3. By Claim 80, H is (1, 2)-structured.
By Lemma 55, we have max{do(H),1 — 1/x*(H)} > 5/8. Thus, by (56),

6(R)/|R| = 5/8. (60)
This allows us to improve on (57) as follows:
| Xal, [Y2| = 26(R) — |R| > |R|/4.

By Claim 81, X5 and Y5, are disjoint and therefore, | X, U Ys| > |R|/2. Now recall that
r1 € X7 and by Claim 77, 7 is not adjacent to any vertex in X, U Y5. This contradicts
with (60), completing the proof of Lemma 68 for » = 3. For the rest of the proof, we
assume that r # 3, namely r» > 6. This case is handled in the following subsection.

11.1.3 Concluding the proof: The case r > 6

Recall that uyv; is an edge of R with uy, v, € Xy, so that uy, v, are adjacent to all vertices
in VU{y}. Let N C V(R) be the common neighborhood of u; and vy, and note that
V C N. By Claim 77, u; and v; are not adjacent to any vertex in X, U Y5. Using that
X, and Y5 are disjoint (by Claim 81),

3r—=~6
3r—2

IN| > 25(R) — (IR| - |Xa| — |Ya]) > ( +n) R (61)
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where the last inequality uses (56) and (57). As §(R) > 2=2|R|, each vertex in R is

adjacent to all but at most ﬁ|R| of the vertices, and hence

r

S(RIN]) > IN| - -2 |R| > “—0|N]|. (62)

r

The minimum degree of R[N| implies the following:

For each k < r — 1, every copy of K in R[N] is contained in a copy of K,_; in R[N].

(63)
Claim 82. Every edge inside N U {uy,v1} has color 1.

Proof. Assume by contradiction that there is an edge e of color —1 inside N U {uy,v;}.
By (63), there is an (r — 2)-clique L C N which contains e \ {uy,v;}. Using that uy, v
are adjacent to all vertices in N, we see that L U {uy,v;} is an r-clique containing e and
uy,v1. As fr(e) = —1, we have fr(L U {uj,v}) < (;)

Now consider L and V', which are both cliques of size r — 2 contained in N. By Item 1
of Lemma 12 with kK = r—2 and J = R[N], using (62), there is a sequence My, My, ..., M,
of (r — 2)-cliques inside R[N], such that M; = L, M, =V, and M;_1, M; share at least
r — 3 vertices for all 1 < i < ¢. Let M := M; U {uy,v1}. Then M/ is an r-clique in
R, and M/_,, M share at least r — 1 vertices for all 1 < i < ¢. Also, as V U {uy, v} is
monochromatic in color 1, we have

r

o8 = oL 1) #

> = frR(V U {uy,vi}) = fr(M)).

This contradicts Claim 69. O

Let W = V(R)\N U {uy,v,}. By Claim 82, all edges of color —1 in R are incident to
W. Also, by (61), we have

Wi< (505 - 0) 1R1< (5 - 0) 1 (64

using r > 6. In the following claim we derive some properties of r-cliques which intersect
W in only one or two vertices.

Claim 83. The following holds:

1. Let L be a copy of K, in R which has exactly one vertex in W. Then L is monochro-
matic in color 1.

2. Suppose that H is (1,0)-structured. Let L be a copy of K, in R which has exactly
two wvertices wy, ws in W. Then fr(wiwsy) = 1.
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Proof. We begin with the first item. Let w be the unique vertex in L N'W. We claim
that there is an r-clique L' in R with L' C N U {uy,v;} and |[LNL|=r—1. Ifu; ¢ L
then L' = (L \ {w}) U {u;} is such an r-clique (here we use the fact that u; is adjacent
to all vertices in V(R) \ (W U {u1}), and hence to all vertices of L\ {w}). So assume
that u; € L. By the same argument, we may assume that v; € L. Then L \ {uy, vy, w}
is a clique of size r — 3 contained in N. By (63), there is a clique M’ of size r — 2 with
M' C N and L\ {uy,v;,w} € M'. Now L' = M’ U {uy,v,} satisfies our requirements. As
|LNL'| =r—1, we have fgr(L) = fr(L’) by Claim 69. By Claim 82, L’ is monochromatic
in color 1, as L' C N U{uy,v1}. So L is also monochromatic in color 1.

We now prove the second item. Put M’ := L\ {wy,ws}; so M’ is a clique of size r — 2
and M' C NU{uy,v;}. By (63), there is an (r—2)-clique M"” C N with M"\{uy, v} C M".
Now, L' := M" U {uy,v} is an r-clique with [LNL'| =r —2, L\ L' = {w;,wy} and
L' € NU{uy,v1}. In particular, the edge e := L'\ L has color 1. Suppose by contradiction
that fr(wijwe) = —1. By assumption, (L'UL, fr) is not a template for H. By Lemma 45,
H is (§',t')-structured with ¢’ = fR( ) — fr(wiwe) = 2 (the value of s’ will not be
important). By normalizing, H is (52 , 1)-structured. Additionally, H is (1,0)-structured
by assumption. Now, by Lemma 48, H has only balanced r-colorings, a contradiction to
(42). O

Recall the definition of the graph H* (see Definition 19). In particular, H* is a complete
r-partite graph and has a perfect H-factor. Recall the definition of Vj in Section 6.2
(namely, V; is the exceptional set given by the regularity lemma). The following key
claim shows that if an H*-copy J in G’ does not intersect Vj, then every perfect H-factor
of J has only few edges of color —1. Using this claim, we then easily complete the proof
of the lemma. Recall that H is (1,0)- or (1, 1)-structured by Item 1 of Claim 80. Let p
be the corresponding parameter (as in Definition 44), and note that p’ > 0. Recall that
Vv = Upew Voo € V(G') denotes the union of clusters which correspond to the vertices
in W C V(R).

Claim 84. Let J be an H*-copy in G' with V(J)N'Vy = 0, and let Ay, ..., A, be the
parts of J. Let I be the set of indices i € [r] such that A; C Viy. Then for every perfect
H-factor F of J,

e(F7) <P ) A <PV N Viwl. (65)

i€l

Proof. The right inequality in (65) is immediate from the definitions. We prove the left
inequality. For each i € [r], choose a; € A; such that a; € A; \ Vi if i ¢ I, and else q;
is arbitrary. Set L = {ai,...,a,}, so L C J is an r-clique in G'. Let L® C R be the
corresponding r-clique in R, namely LR ={VI .. VE} The assumption V(J)NVy =0
means that the cluster V, € V(R) is well-defined for every a € V(J).

First, suppose that there exist 1 < i # j < r and v,v € A; and w € A; so that
fluw) # f(vw). Without loss of generality, let us assume that i = 1,5 = 2. Recall
that we assume that H is non-uniform. Hence, by Claim 35, there exists an r-coloring
By, Bs, ..., B, of H such that ey (B, By) # en(B1, Bs) and thus, there exists b € By such
that dp (b, Bs) # du(b, Bs). Now consider the two r-cliques M, := {V,, VL VE . VIE}

' Vag»?
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and M, = {V,F, VEVE . VE}in R. We have [MyN M| =7—1, s0 fr(M) = fr(Ms)
by Claim 69. Also, fr(V.EVE) £ fr(VEVE). Hence, by Lemma 31, (M; U My, fg) is a
template for H, contradicting our assumption that R contains no such template.

So from now on, we assume that for all 1 <i # j <7 and u,v € A;,w € A;, it holds
that f(uw) # f(vw). This means that all bipartite graphs (A;, A;) are monochromatic.
In other words, (J, f) is a blowup of (L%, fz). As all the edges in R of color —1 are
incident to W, all the edges of color —1 in .J must be incident to (J,c; A;. Indeed, if
i,j ¢ I then A;, A; € Vi, so there must be an edge of color 1 between A;, A;. But as
(A;, A;) is monochromatic, all edges between A;, A; have color 1.

By Claim 83, if |/| < 1 then e(F~) = 0 and the claim holds trivially. Hence, we assume
that |I| > 2. Let us now distinguish two cases. Suppose first that H is (1, 1)-structured
(with parameter p’). Then F is also (1,1)-structured (with parameter p’), as F' is an
H-factor. Hence (recall Definition 44), we have

P'(JAil + |A;]) = er(Ai, Aj) + er(A: U Aj, V(F)\(A; U 45)) (66)

for all 1 <7 < j <r. Now, summing (66) over all pairs 7, j with 4,j € I, we get

P =1 1Al =D (1Al +14))

= > ler(Ai Ay) + er(A; U A; V()N (AU AY))]
= (=1 > er(Ap A+ 2 =3) ) er(Ay, Ar)

kel te[r)\I kel

>(1-1) Y er(An A

ke 0:{k, NI £0
2 ([I]—=1)-e(F7),

where the last inequality holds because every edge of color —1 in F' is incident to J;; 4.
Dividing through by |I| — 1 > 1, we get the left inequality in (65), as required.
Now suppose that H, and hence also F', are (1,0)-structured. This means that

P (1Al +[4;]) = er(Ai U A5, V(I)\(Ai U A))) (67)

for all 1 <7< j <. Summing (67) over all pairs (i, ) with i,j € I, we get
A=) Y14l = S0 A AL+ A = 3 er(A U A, V(AU A)))
iel ijel ijel

=(I1-1) ) er(AnA)+2(11-2) > ep(Ar, Ar).  (68)

kel te[r)\I kel

If |[I] > 3 then 2(|1| —2) > |I| —1, so (68) counts ep (A, Ap) at least |I| —1 times for every
1 <k << rwith {k, ¢} NI # 0. Hence, (68) is an upper bound for (|I| — 1) - e(F™),
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and the assertion of the claim follows by dividing (68) through by |/| — 1. Now suppose
that |I| = 2, say I = {1,2} without loss of generality. Then, by Item 2 of Claim 83, all
edges between A; and Ay have color 1. Therefore,

e(FT)< Y ep(A A <) A

kel be[r]\I iel

using (68). So again the left inequality in (65) holds. O

We now complete the proof of Lemma 68. By Lemma 25, G’ has a perfect H*-factor
F*. For each H*-copy J € F*, let F; be a perfect H-factor of J. Let F' = J,.p. Fy be
the resulting perfect H-factor of G'. We now use Lemma 46 to estimate the number of
edges of H, using that H is (¢,t')-structured for s’ = 1 and ¢’ € {0,1}. By Lemma 46,
G(H) = pm|H| SO

r—1 ,r—1
H| < <
| H| < e(H) < py— H

pIH[/2 < pf | < /|H|.

It follows that e(F) = i e(H) > p'n/2. There are at most |Vj| copies of H* in
F™ intersecting Vj, and the H-factors of these copies of H* contain therefore at most
Vol - % ce(H) < p'|Vo||H*| edges. Also, if an H*-copy J € F* does not intersect V4,
then F); contains at most p/|V(J) N Viy| edges of color —1, by Claim 84. It follows that

e(F7) < PVOllH' |+ 0/ ) IV(I) N Vil = o VollH?| + ¢/ [Viw|

JEF*
(a) 1 © (1 e(F)  pn_©e(F)
<o (enH |+ (5 - < U A A A -
p(£n| ]+<4 n)n) p(4 2>n 5 5 n
(69)

Here, inequality (a) uses that |Vy| < en and that [Viv] < (3 = n) n by (64). Inequality (b)
uses that H* depends only on H,7 and € < HI ,n. And inequality (c) uses that p’ > 0
depends only on H and v < Vi |,77 So we got that f(F') = e(F) — 2e(F~) > yn, namely
F' has high discrepancy. This completes the proof.

12 Proof of the main results

12.1 Proof of Theorem 4

Proof. Let H be a bipartite graph. By Corollary 62, we have §*(H) < 3/4. By Lemma 50,
this is tight if H is regular. Therefore, let us assume from now on that H is non-regular.
First, suppose that there exists p such that for every connected component U of H
it holds that ey (U) = p|U|, which corresponds to the second case of Theorem 4. By
Lemma 51, we get that
0'(H) > 1/2.
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Now, let us show that 0*(H) < 1/2. We work in the setup described in Section 6.2. In
particular, we assume that 6(R)/|R| = 1/2+4n/2. We need to show that G’ has a perfect
H-factor with high discrepancy.

If R is monochromatic, then there exists a perfect H-factor in G’ with high discrepancy
by Lemma 57. Therefore, let us assume that R is not monochromatic. This implies that
there exist vertices u,v,w € V(R) such that fr(uv) = —fr(vw) = 1. Indeed, R is not
monochromatic so there are edges xy, st of different colors. By Lemma 12 applied with
k = 2, there is a path in R whose first and last edges are xy and st. On this path, there
must be two consecutive edges of different colors, giving the vertices u, v, w as above.

Note that uv,vw are two copies of K, with different discrepancies and H is non-
regular. By Lemma 29, ({u,v,w}, fg) is a template for H, and then by Lemma 27 (with
r = 2), G’ has a perfect H-factor with high discrepancy, as required.

Now suppose that we are in the last case of Theorem 4, meaning that there are two
connected components U, W of H and p # p’ such that ey (U) = p|U| and eg (W) = p'|W]|.
In other words, ey (U)/|U| # eg(W)/|W|. Recall that 0*(H) > 1—1/x*(H) trivially holds
for every H, so we only need to show that 6*(H) < 1 — 1/x*(H). Again, we show that
G’ has a perfect H-factor of high discrepancy under the setting of Section 6.2. As in the
previous case, we may assume that R is non-monochromatic as otherwise we are done by
Lemma 57. Thus, there exist edges e, e; with fr(e1) # fr(e2). If €1, ey are not disjoint
then (e; U ey, fr) is a template for H by Lemma 29, and if they are disjoint then it is a
template by Lemma 28. Either way, we can apply Lemma 27 to conclude that G’ has a
perfect H-factor with high discrepancy. Thus, we get 6*(H) =1— 1/x*(H). O

12.2 Proof of Theorem 7

Let H be a graph with x(H) = 3. By Corollary 62, 6*(H) < 3/4. If H is regular, then
0*(H) = 3/4 by Lemma 50. So suppose from now on that H is non-regular. Recall
that every graph H satisfies 6*(H) > max{do(H),1 — 1/x*(H)}. If some butterfly is
not a template for H, then 6*(H) > 4/7 by Lemma 52 and 6*(H) < max{dy(H),1 —
1/x*(H),4/7} by Lemma 68. And if every butterfly is a template for H, then §*(H) <
max{dy(H),1 —1/x*(H)} by Lemma 68. This concludes the proof.

12.3 Proof of Theorem 11

Let H be an r-chromatic graph, r > 4. Throughout the proof, we use the fact that
1—1/(r = 1) <max{d(H),1 - 1/x"(H)} <1—-1/r, (70)

where the first inequality holds because x*(H) > r — 1. We begin with the first case of
Theorem 11, where we assume that H satisfies Condition 9. By Corollary 62, 6*(H) <
1—1/(r+1). We now use Condition 9 to show that 6*(H) > 1 — 1/(r + 1). Indeed, if
r =4 0 then this follows from Lemma 53 with £ = r + 1 =4 1, and if r Z4 0 then this
follows from Lemma 54 with £ =r + 1 #, 1 (using that H is regular).

We now move on to the second case of Theorem 11. First, we show that if H violates
Condition 9 then 6*(H) < 1 — 1/r. Indeed, if H violates the (r 4+ 1)-wise Cy-condition,
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then 0*(H) < 1 —1/r by Lemma 61 with £ =+ 1. And if H is non-regular and r #,4 0,
then 0*(H) < 1 —1/r by Lemma 65. Next, observe that if H satisfies Condition 10, then
0*(H) > 1—1/r by Lemmas 53-54.

Finally, we handle the last case of Theorem 11. Here we show that if H violates
Conditions 9 and 10, then §*(H) < max{dy(H),1 — 1/x*(H)} =: a(H). This is tight
because 0*(H) > a(H) for every graph H. If H violates the r-wise Cy-condition, then
0*(H) < a(H) by Lemma 61 with £ = r, using that 1 —1/(r — 1) < a(H) by (70). So
suppose that H satisfies the r-wise Cy-condition. Then, as H violates Condition 10, it
must be that H is non-regular. Now, if r =4 2,3, then 6*(H) < a(H) by Lemma 68. If
r =4 1 then a(H) > 6o(H) =1 — 1/r by Lemma 53 and 6*(H) < 1 — 1/r by Lemma 65,
so 0*(H) < a(H) holds. Suppose now that » =4 0. Then, as H violates Condition 9, H
must violate the (r + 1)-wise Cy-condition. Now §*(H) < «(H) holds by Lemma 67. This
completes the proof.

13 Examples

The purpose of this section is to demonstrate that the cases in our theorems are necessary.
For the bipartite case, Theorem 4, this is fairly easy to see so we only discuss Theorems 7
and 11. Towards this, we give graphs H as examples for what we consider to be the more
interesting cases. The task of finding examples of r-partite graphs becomes much simpler
when they have exactly one proper r-coloring (up to permutations of the color-labels).
To achieve this, we use the following construction in most of the examples:

C Let H be a graph on vertex-set V(H) with r-partition Ay, As,... A, and vertices
a1 € Aj,as € Ay, ... a, € A,. For 1 < i < r, a; is connected to every vertex in

Uj;éi AJ"

Then, given an r-coloring of ay, as, . . . a,, we get that for every 1 < ¢ < r, all the vertices in
A; must have the same color as a; and therefore, the coloring is unique up to permutation
of the labels. Note that for 1 < i < 7 < r, we can add any edges to H[A;, A;] and
this property does not change. Additionally such a graph H, is never regular, unless
|A1] = |Az] = -+ = |A,| and H is the complete r-partite graph. One constraint that such
graphs H have is that for 1 <i < j <r, eg(4;, A;) > |Ai| +|A;| — 1, given by the edges
incident to a; and a;.

e First, we give a tripartite graph H for which
do(H) < 6"(H) =1 —1/Xer(H).

Towards this, consider H as described in C with |A;| = 10,|A4s| = 11,]As| = 100.
Note that hef(H) =1, as |As| — |A1| = 1. Besides the edges given by aq, as, as, we
add arbitrary additional edges such that ey (A1, As) = ep(A1, Az) = ep(Az, Az) =
110. Note that this means that H[A;, Ay] is complete and H[Az, A3] has no extra
edges besides the ones touching as or as. It is not hard to see that do(H) = 0 and
1 —1/xe(H) < 1—1/r. Additionally, H can use any butterfly as a template, as
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otherwise by Lemma 45 H is either (2,2)-, (0,2)- or (2, —2)-structured, which it is
clearly not.

e Next, we give an example for a tripartite graph H with

L— 1/x"(H) < & (H) = do(H).

Let H be a tripartite graph as described in C with |A;| = 5, |As| = 20, |A3| = 21 and
en(Ar, As) = 28,ey(Ar, As) = 42 and ey (Ay, A3) = 252. It is not hard to check that
such H is indeed (1,2)-structured for p = 14. Additionally, since |As| — |As| = 1,
we have hef(H) = 1 and thus

41
=1/} (H) = 1= 1/xe(H) =1 = 55 < 5/8.
By Lemma 55, it follows that do(H) > 5/8. As H is non-regular and since 5/8 > 4/7,

we get by Theorem 7 that indeed

1 —1/x*(H) < 5/8 < 8" (H) = do(H).

e Next, we give an example corresponding to the second case of Theorem 7 such that
0*(H) = 4/7 > max{1l — 1/x*(H),do(H)}. Towards this, some butterfly should
not be a template for H. Let |A;| = 5,|As| = 20,|A3] = 21 and ey(A;, Ay) =
67,em(Ar, A3) = 66 and ey (As, A3) = 51. We get that H is non-regular and (1, —1)-
structured for p = 2. Consider the butterfly given by (L, c) (see the third graph in
Figure 1), where L consists of the two triangles L; = {u, v, w;} and Ly = {u, ve, ws}
with

c(uvy) = c(uwy) = —c(uvy) = —c(uws) = —c(vwy) = c(vaws) = —1.

We will show that L is not a template for H. Note that by Lemma 45, it is necessary
that then, H is (—2,2)-structured (or by normalizing (1, —1)-structured). Let B be
an arbitrary blowup of (L,c). Note that given some H constructed as described
in C, any copy of H in B is either included in Vi) or in Vy/(r,). To see this,
consider the placement of the three vertices ay, as, as. As they form a triangle, they
must be either on Vi) or Vy/(r,). Say they are on Vi (z,). But each vertex of H
forms a triangle with two of a1, as, as and must therefore also be on Vi (z,). Then,
it is not hard to see that since H is (1,—1)-structured, L is not a template for
H. We have that 6y(H) = 0, as H is (1, —1)-structured with nonzero p and also
1—1/x*(H) =1—41/92 < 4/7 as in the previous example. We then get by the
second case in Theorem 7 that §*(H) = 4/7.

e Let us now give an example of an r-partite, regular graph H for some r > 4 which
fulfills the r-wise Cy-condition for some r #, 0,1 and has 1 —1/r > max{dy(H),1 —
1/x*(H)}. Note that Theorem 11 shows that 6*(H) = 1 — 1/r in that case. To
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find such a graph, the construction given in (C) is not very helpful, as the only
regular graph constructed in such a way is the complete, balanced r-partite graph.
Thus, let us consider a different construction. For some integer m, let H be the
graph obtained from the complete r-partite graph with parts Ay, ..., A, with sizes
|Ai| = (r—2)m+1and |Ay| = |A3] = --- = |A, = (r—2)m, by removing a matching
of size m between every pair A;, A; with 2 < ¢ < j < r such that for any vertex not
in Ay, exactly one of its incident edges is removed.

Counting the edges per vertex, it is not hard to see that for v € A;, we have that
dy(v) = (r—1)(r—2)m and for v € A; for 2 < i < r we have that v is connected to
everything but the vertices in A; and one other vertex. It follows that these vertices
are incident to (r —2)*>m —1+ (r —2)m+1 = (r — 1)(r — 2)m edges. Therefore, H
is regular. Additionally, we have for 2 <i < j <7,

en(Ay Aj)) = (r —2)*°m*> —m
and for all 2 < i < r,
en(A1, A) =(r—=2)m-((r—2)m+1).

Then, it is not hard to see that since r > 4, H has only one r-coloring (up to
permutation of the labelling) and the r-wise Cj-condition holds for this coloring,
but the (r 4+ 1)-wise C4 condition does not. To see the latter, consider the natural
r-coloring of H and add an additional empty color class Ag. Then the 4-cycle
Ag, Ay, As, A3 shows that H violates the (r + 1)-wise Cy-condition. The coloring
Ay, ..., A, shows that x*(H) < r. Let us also prove that 6o(H) < 1 —1/r. To see
this, consider a b-blowup B of (K,,c) for some b € N and 2-edge-coloring ¢ of K.
Asr #,4 0,1, ¢(K,) # 0. It is not hard to see that there is at most one way (up to
permutations of As, As,...,A,) to find a perfect H-factor F' in B. Note that this
H-factor uses the same amount of edges in every bipartite graph B[V, V,], where
u,v € V(K,). Therefore, ¢(F') has the same sign as ¢(K.) and is non-zero. It follows
that 6o(H) <1—1/r.
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