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KOMLOS'’S TILING THEOREM VIA GRAPHON COVERS

JAN HLADKY, PING HU, AND DIANA PIGUET

ABSTRACT. Komlés [Komlés: Tiling Turdn Theorems, Combinatorica, 2000] determined the asymp-
totically optimal minimum-degree condition for covering a given proportion of vertices of a host
graph by vertex-disjoint copies of a fixed graph H, thus essentially extending the Hajnal-Szemerédi
theorem which deals with the case when H is a clique. We give a proof of a graphon version of
Komlés’s theorem. To prove this graphon version, and also to deduce from it the original state-
ment about finite graphs, we use the machinery introduced in [Hladky, Hu, Piguet: Tilings in
graphons, arXiv:1606.03113]. We further prove a stability version of Komlés’s theorem.

1. INTRODUCTION

Questions regarding the number of vertex-disjoint copies of a fixed graph H that can be
found in a given graph G are an important part in extremal graph theory. The corresponding
quantity, i.e., the maximum number of vertex-disjoint copies of H in G, is denoted til(H, G),
and called the tiling number of H in G. The by far most important case is when H = K; because
then til(H, G) is the matching number of G. For example, a classical theorem of Erd¢s—Gallai [5]
gives an optimal lower bound on the matching ratio of a graph in terms of its edge density.

Recall that the theory of dense graph limits (initiated in [13, 2]) and the related theory of flag
algebras (introduced in [14]) have led to breakthroughs on a number of long-standing prob-
lems that concern relating subgraph densities. It is natural to attempt to broaden the toolbox
available in the graph limits world to be able to address extremal problems that involve other
parameters than subgraph densities. In [9] we worked out such a set of tools for working with
tiling numbers. In this paper we use this theory to prove a strengthened version of a tiling
theorem of Komlés, [10].

1.1. Komlés’s Theorem. Suppose that H is a fixed graph with chromatic number . We want
to find a minimum degree threshold that guarantees a prescribed lower bound on til(H, G) for
a given (large) n-vertex graph G. Consider first the special case H = K;. Then one end of the
range for the problem is covered by Turdn’s Theorem: if 6(G) > (r—2)n/r-1 then til(H,G) > 1.
The other end is covered by the Hajnal-Szemerédi Theorem, [8]: if 6(G) > |(—1)n/r| then
til(H, G) = |n/r| (which is the maximum possible value for til(H, G)). If 6(G) = m < [(r=1)n/;]
then the Hajnal-Szemerédi Theorem does not apply directly. However, in that case we can add
auxiliary vertices that are complete to all other vertices so to create an n’-vertex graph G’ for
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which we have §(G') = [(~=1)n'/r]. Applying the Hajnal-Szemerédi Theorem to the graph
G’ and disregarding the copies of K, that touch the auxiliary vertices we get til(K;, G)
L (m — (r-2)n/r-1), which is the optimal condition for the given minimum degree 1.%!

When H is a general r-chromatic graph, the asymptotically optimal minimum degree con-
dition 6(G) > (1 +o(1))(r—1n/r for the property til(H,G) > 1 is given by the Erd6s-Stone
Theorem (see Section 2.5). Komlds’s Theorem then determines the the optimal threshold for
greater values of til(H, G). To this end we need to introduce the critical chromatic number.

Definition 1.1. Suppose that H is a graph of order & whose chromatic number is r. We write
¢ for the order of the smallest possible color class in any r-coloring of H. The critical chromatic
number of H is then defined as

(RY xeeltl) = U
Observe that
(1.2) Xcr(H) € (X(H) - 1/X(H)] .

We can now state Komlés’s Theorem.

Theorem 1.2 ([10]). Let H be an arbitrary graph, and x € [0,1]. Then for every € > 0 there exists
a number ng such that the following holds. Suppose that G is a graph of order n > ny with minimum
degree at least

(1.3) <x(1)€cr}H)>+(1x) (1)((Hl)—1)>n

Then til(H, G) > &9,

This result is tight (up to the error term %) as shown by an x(H)-partite n-vertex graph
whose x(H) — 1 colour classes are of size n-(x(H)—x(xer(H)+1=x(H)))/x(H)(x(H)-1) each, and the
X (H)-th colour class is of size 1 - x(xr(H)+1—x(H))/x(#).’) Additional edges can be inserted into
the last colour class arbitrarily. Komlés calls these graphs bottleneck graphs with parameters x and

Xer(H )-[C]
Note also that Theorem 1.2 does not cover the case of perfect tilings, i.e., when til(H,G) =

{ﬁJ . Indeed, the answer to this “exact problem” (as opposed to approximate) is more com-
plicated as was shown by Kiihn and Osthus [11].
Here, we reprove Komlés’s Theorem. Actually, our proof also gives a stability version of

Theorem 1.2. This stability version seems to be new.

Theorem 1.3. Let H be an arbitrary graph, and x € [0,1]. Then for every € > 0 there exists a number
ny € IN such that the following holds. Suppose that G is a graph of order n > ng with minimum degree
at least as in (1.3). Then

e)n

til(H,G) > %

[alThe symbol Z denotes that we neglected rounding.
[b]Again, we neglect rounding issues.

[cINote that the parameter x (H) need not be an input as it can be reconstructed from x(H) using (1.2).
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Furthermore, if x € [0,1) then for every € > 0 there exist numbers ny € IN and § > 0 such that the
following holds. Suppose that G is a graph of order n > ng with minimum degree at least as in (1.3).
Then we have ( )

x+d)n
il(H,G) > ~————
til(H, G) > o)
unless G is e-close in the edit distance!¥ to a bottleneck graph with parameters x and X (H).

The original proof of Theorem 1.2 is not lengthy but uses an ingenious recursive regulariza-
tion of the graph G.[*! Our proof offers an alternative point of view on the problem. In fact we
believe it follows the most natural strategy: If G had only a small tiling number then, by the LP
duality ) it would have a small fractional F-cover. This would lead to a contradiction to the minimum
degree assumption. The actual execution of this proof strategy, using the graphon formalism, is
quite technical, in particular in the stability part. Tools that we need to use to this end involve
the Banach—Alaoglu Theorem, and arguments about separability of function spaces. While
the amount of analytic tools needed may be viewed as a disincentive we actually believe that
working out these techniques will be useful in bringing more tools from graph limit theories
to extremal combinatorics.

1.2. Organization of the paper. In Section 2 we introduce the notation and recall background
regarding measure theory, graphons and extremal graph theory. In Section 3 we give a digest of
those parts of the theory of tilings in graphons developed in [9] that are needed in the present
paper. Thus, any reader familiar with the general theory of graphons should be able to read
this paper without having to study [9]. In Section 4 we state the graphon version of Komlds’s
Theorem, and use it to deduce Theorem 1.3. This graphon version of Komlés’s Theorem is then
proved in Section 5. Sections 6 and 7 contain some concluding comments.

2. PRELIMINARIES

Given a function f and a number a we define its support supp f = {x : f(x) # 0} and its
variant supp, f = {x : f(x) > a}. We write essinf f and esssup f for the essential infimum and
essential supremum of f. Recall that a set (in a measure space) is null if it has zero measure.
“Almost everywhere” is a synonym to “up to a null-set”.

2.1. Weak* convergence. If () is a Borel probability space, then it is a separable measure space.
The Banach space £1(Q) is separable (see e.g. [3, Theorem 13.8]). The dual of £1(Q) is L®(Q).
Recall that a sequence fi, fa,... € L®(Q) converges weak* to a function f € L£°(Q) if for each
g € LY(Q) we have that [ f,g — [ fg. This convergence notion defined the so-called weak*
topology on L= (Q)). Let us remark that this topology is not metrizable in general. The sequential
Banach-Alaoglu Theorem (as stated for example in [16, Theorem 1.9.14]) in this setting reads
as follows.

Theorem 2.1. If Q) is a Borel probability space then each sequence of functions of L%°(Q)-norm at
most 1 contains a weak™ convergent subsequence.

[dlsee Section 2.4 for a definition
[elSee Section 6.

[f]Normally, the LP duality would require the fractional version of the tiling number to be considered. However, we
are able to overcome this matter.
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2.2. Graphons. Our notation follows mostly [12]. Our graphons will be defined on ()%, where
Q) is an atomless Borel probability space equipped with a measure v (defined on an implicit
o-algebra). The product measure on QO is denoted by v,

We refer the reader to [12] to the key notions of cut-norm || - ||g and cut-distance dist(-, -).
We just emphasize that to derive the latter from the former, one has to involve certain measure-
preserving bijections. This step causes that the cut-distance is coarser (in the sense of topolo-
gies) than then cut-norm. When we say that a sequence of graphs converges to a graphon we
refer to the cut-distance.

Suppose that we are given an arbitrary graphon W : Q% — [0, 1] and a graph F whose vertex
set is [k]. We write W®F : QF — [0,1] for a function defined by

W®F(x1,...,xk) = H W(Xi,x]') .
1<i<j<k
ijeE(F)
Last, let us recall the notion of neighborhood and degree in a graphon W : Q? — [0,1].
If x1,...,x; € Q, then the common neighborhood N(x1,...,x,) is the set ﬂle (supp W(x;, -)).
The degree of a vertex x € () is degy, (x) = fy W(x,y). The minimum degree of W is 6(W) =
essinf deg, (x). It is well-known (see for example [14, Theorem 3.15]) that any limit graphon
of sequence of graphs with large minimum degrees has a large minimum degree.

Lemma 2.2. Suppose & > 0 and that Gy, Gy, . . . are finite graphs converging to a graphon W, and that
their minimum degrees satisfy 6(G;) > av(G;). Then 6(W) > a. O

2.3. Independent sets in graphons. If W : O? — [0,1] is a graphon then we say that a mea-
surable set A C Q) is an independent set in W if W is 0 almost everywhere on A x A. The next
(standard) lemma asserts that a weak™ limit of independent sets is again an independent set.

Lemma2.3. Let W : Q2 — [0,1] bea graphon. Suppose that (Ay)'._, is a sequence of independent sets
in W. Suppose that the indicator functions of the sets A, converge weak* to a function f : Q — [0,1].
Then supp f is an independent set in W.

Proof. It is enough to prove that for each € > 0, the set P = supp_f is independent. There is
nothing to prove if P is null, so assume that P has positive measure. Suppose that the statement
is false. Then — by basic properties of measure — there exist sets X, Y C P of positive measure
such that
2

@.1) v(Xxyn{(ry) € Wixy) =0}) < Tv(X)u(Y) .

Recall that [ f > ev(X) and [, f > ev(Y). By weak* convergence, for n sufficiently large,
v(XNA,) > 5v(X)and v(Y N Ay) > Sv(Y). Since A, is an independent set, we have that W
is 0 almost everywhere on (X N A,) x (Y N A,). This contradicts (2.1). O

2.4. Edit distance. Given two n-vertex graphs G and H, the edit distance from G to H is the
number edges of G that need to be edited (i.e., added or deleted) to get H from G. Here, we
minimize over all possible identifications of V(G) and V(H). So, for example if G and H are
isomorphic then their edit distance is 0. We say that H is e-close to G in the edit distance if its
distance from H is at most ().
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2.5. Erdds-Stone-Simonovits Stability Theorem. Suppose that H is a graph of chromatic
number r. The Erd&s-Stone-Simonovits Stability Theorem [6, 15] asserts that if G is an H-

free graph on n vertices then ¢(G) < (1 - L +o, (1)) (3)- This is accompanied by a stability
statement: for each € > 0 there exists numbers § > 0 and ng such that if G is an H-free graph on
n vertices, n > ng and e(G) > (1 -1 (5) (3), then G must be e-close to the (r — 1)-partite
Turédn graph in the edit distance. We shall need the min-degree version of this (which is actu-
ally weaker and easier to prove): if the minimum degree of G is at least (1 - % - 5) nand G

is H-free, then G must be e-close to the (r — 1)-partite Turdn graph in the edit distance.

We say that W : Q% — [0,1] is a (r — 1)-partite Turdn graphon if there exists a partition Q) =
O U...UQ, 1 into sets of measure 1/r—1 each, such that W), « o, equals 1 almost everywhere
for i # j and equals 0 almost everywhere for i = j. The stability part of the min-degree version
of the Erdés-Stone-Simonovits Theorem yields the following:

Theorem 2.4. Suppose that H is graph of chromatic number r. If W is a graphon with [ W®H = 0
and minimum degree at least 1 — ﬁ then W is a (r — 1)-partite Turdn graphon.

3. TILINGS IN GRAPHONS

In this section, we recall the main concepts and results from [9]. Let us first recall the most
important definitions of an F-tiling and a fractional F-cover in a graphon. The definition of
F-tilings in graphons is inspired by the definition of fractional F-tilings in finite graphs (we
explained in [9, Section 3.2] that there should be no difference between integral and fractional
F-tilings in graphons).

Definition 3.1. Suppose that W : Q2 — [0,1] is a graphon, and that F is a graph on the vertex
set [k]. A function t : OF — [0, +00) is called an F-tiling in W if

supp t Csupp W®F

and we have for each x € () that
k k
Z /t(xll e X1, X, X041, - - /xk) dv ! ('xll e Xp1,Xp+ 1,0 - /xk) S 1.
=1
The size of an F-tiling t is |[t| = [t(x1,...,x;) dvk. The F-tiling number of W, denoted by
til(F, W), is the supremum of sizes over all F-tilings in W.

For the definition of fractional F-covers in graphons one just rewrites mutatis mutandis the
usual axioms of fractional F-covers in finite graphs.

Definition 3.2. Suppose that W : Q> — [0,1] is a graphon, and F is a graph on the vertex
set [k]. A measurable function ¢ : Q3 — [0, 1] is called a fractional F-cover in W if

vk ((suppW®F) N {(xl,xz,...,xk) e OF: ic(xi) < 1}) =0.
i=1

The size of ¢, denoted by ||c||, is defined by ||¢|| = [ ¢. The fractional F-cover number fcov(F, W)
of W is the infimum of the sizes of fractional F-covers in W.
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Let us note that in [9, (3.7)], we established that
(3.1) the value of fcov(F, W) is attained by some fractional F-cover.

With these notions at hand, we can state two key results from [9]: the lower-semicontinuity
of the F-tiling number, and the graphon LP-duality.

Theorem 3.3 ([9, Theorem 3.4]). Suppose that F is a finite graph and suppose that (G, ) is a sequence
of graphs of growing orders converging to a graphon W : (0> — [0, 1] in the cut-distance. Then we have

that lim inf,, 152 > til(F, W).

Theorem 3.4 ([9, Theorem 3.16]). Suppose that W : Q% — [0,1] is a graphon and F is an arbitrary
finite graph. Then we have til(F, W) = fcov(F, W).

The following useful proposition relates qualitatively the F-tiling number and the F-homomorphism
density.

Proposition 3.5. Suppose that F is a finite graph on a vertex set [k| . Then for an arbitrary graphon W
we have that til(F, W) = 0 if and only if
(3.2) weF =0,

Ok
Proof. By Theorem 3.4 and (3.1) we know, that til(F, W) = 0 if and only if the constant zero
function (up to a zero-set) is a fractional F -cover of W . The latter property is equivalent
to (3.2). O

4. KOMLOS’S THEOREM

We state our result as a graphon counterpart of Theorem 1.2. First, in analogy to bottleneck
graphs we define the class of bottleneck graphons.

Definition 4.1. Suppose that numbers x € [0,1) and xor € (1,+00) are given. Let us write
r = [Xcr]. We say that a graphon W : Q2 — [0,1] is a bottleneck graphon with parameters x
and X if there exists a partition QO = O Uy L. ..U Q) such that v(Qy) = *(Xat1-7)/r, v(() =
v(y) =... =v(Qy_q1) = r—x(xa+1-7))/r(r-1), and such that

e foreach1 <i < j <r, Wis1almost everywhere on (}; x Qj,

e foreach1 <i <r—1, Wis 0 almost everywhere on (); x ;.

A set of graphons on a given probability space () is called a graphon class if with each graphon
it contains all graphons isomorphic to it. Given a graphon W and a graphon class C, we define
disty (W, C) = infyec ||W — Ul|g. We also define dist; (W, C) = infyce ||[W — Ul|;.

For a given x € [0,1] and x € (1,00), we write Cy 5, for the set of all bottleneck graphons
with parameters x and xr. This is obviously a graphon class. The next standard lemma asserts
that convergence to Cy,y,,in the cut-norm implies convergence in the £!-norm.

Lemma 4.2. Suppose that x € [0,1] and xor € (1,00). If (Wy) is a sequence of graphons with
diStD(Wn, Cx/XCr) 4) 0 then dlstl(Wn, CX/XCT) *> O.

Proof. Let By . be (any representative of the isomorphism class of) the bottleneck graphons
with parameters x and ), in which By ., restricted to (), x (), is zero. The fact that distg (W, Cy v, ) —

0 allows us to find partitions Q") = Q%") u...u Qg") where the sets Q§") have measures as in



KOMLOS’S TILING THEOREM VIA GRAPHON COVERS 7

Definition 4.1 and approximately satisfy the other properties. Let us modify each graph W, by
making it zero on an) X Qﬁn). For the modified graphons W}, we have dist(W;,, By y..) — 0.
The graphon By ., is 0-1-valued. Thus, [12, Proposition 8.24] tells us that dist; (W}, Bx,y.,) — 0.
Consequently, dist; (W, Cx,x.,) — 0. O

Theorem 4.3. Let H be an arbitrary graph with chromatic number at least two, and x € [0, 1]. Suppose
that W is a graphon with minimum degree at least

4.1) x<1—XCJH)>+(1—x)<1—X(Hl)_1>.

Then fcov(H, W) > ﬁ Furthermore, if x < 1 and fcov(H, W) = ﬁ then W is a bottleneck

graphon with parameters x and Xer 8!

The proof of Theorem 4.3 occupies Section 5. Let us now employ the transference results
from Section 3 to see that Theorem 4.3 indeed implies Theorem 1.3.

Proof of Theorem 1.3. We first prove the main assertion, and leave the “furthermore” part for
later. Suppose that (G, ), is a sequence of graphs with

42) 5(Ga) > <x (1 - xtH)) +(1—x) (1 - X(Hl)—1)> o(Go)

whose orders tend to infinity for some fixed x > 0 and a finite graph H. Let W be a graphon that
is an accumulation point of this sequence with respect to the cut-distance. Then the minimum

degree of W is at least x (1 - m) +(1—x) (1 - ﬁ) by Lemma 2.2. Thus Th.eorem 43
tells us that fcov(H, W) > ﬁ Then Theorems 3.3 and 3.4 imply that liminf, % >

til(H, W) = fcov(H, W), as needed.

Let us now move to the “furthermore” part of the statement. Suppose that (G,), is a se-
quence of graphs whose orders tend to infinity which satisfies (4.2) for some fixed x > 0 and
a finite graph H. Suppose that for each § > 0, when # is sufficiently large, we have that

til(H, G,) < X%% . n. Let us now pass to any limit graphon W. We have §(W) > x (1 - L) +

o(H) Xer(H)
(1—x) (1 - W) and, by Theorems 3.3 and 3.4, we have that til(H, W) < ﬁ Theo-
rem 4.3 tells us that W must be a bottleneck graphon with parameters x and x.r(H). We con-
clude, that for large enough 7, the graph G, is e-close in the cut-distance to a bottleneck graph
with parameters x and x(H). Furthermore, by Lemma 4.2, we can actually infer e-closeness

in the edit distance, as was needed. O

5. PROOF OF THEOREM 4.3

In Section 5.1 we prove the main part of the statement, and in Section 5.2 we refine our
arguments to get the stability asserted in the “furthermore” part.

Throughout the section, we shall work with “slices of W”, i.e., one-variable functions W(x, -)
for some fixed x € Q). Recall that measurability of W(-,-) gives that W(x, -) is measurable for
almost every x € ). We shall assume that W(x, -) is measurable for every x € . This is
only for the sake of notational simplicity; in the formal proofs we would first take away the
exceptional set of x’s.

[g]Clearly, there is no uniqueness for x = 1.
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Let us write § = §(W).

Let us first deal with the case x = 0. Then the only non-trivial assertion in Theorem 4.3 is
the stability. So, suppose that the conditions of the theorem are fulfilled with x = 0, and we
have fcov(H, W) = 0. Proposition 3.5 tells us that [ W®H = (. Recall thatd > 1 — W
by (4.1). The Erd6s-Stone-Simonovits Stability Theorem 2.4 tells us that W must be a x(H)-
partite Turdn graphon. By Definition 4.1, this is equivalent to being a bottleneck graphon with
parameters 0 and x.r(H), which was to be proven.

Thus, throughout the remainder of the proof, we shall assume that x is positive.

5.1. The main part of the statement. We start with a simple auxiliary claim.
Claim 5.1. Suppose thatt > 0, f € L*(Q),0 < f < 1is such that

v{xe Q:|W(x,-)—fll; <t}>0.
Then ||l > 6 .

Proof. Recall that for almost every x € ), we have ||[W(x,-)|l1 > J. Let us fix one such an x
which additionally satisfies ||W(x,-) — f||; < t. By the triangle-inequality,

1flle = [IW(x, )l = [IW(x, ) = fll, =6 = ¢
(]

Among all proper colourings of H with r = x(H) colours consider one that minimizes the
size of the smallest colour class and let V(H) = V; UV, U ... UV, be the partition of the vertex
set into the colour classes of this colouring such that {1 > ¢, > ... > ¢, > 0, for ¢; = |V;|. Let
h = Y_; {; be the order of H. Fix an arbitrarily small v € (0,1).

Letc: QO — [0,1] be an arbitrary fractional H-cover of W. It is enough to show that

Joe(x)dx > oty — 7 Set p:=7/h,and

_ _ 1
(5.1) e=1- (5(;2’1))

The fact that x > 0 together with (4.1) tells us that e > 0.
Let A1 = Q). Sequentially, fori =1,...,r, given sets

4

Al,...,Ai,Bl,...,B,‘,l,Pl,...,Fi,l cO

of positive measure and numbers «1, ..., a;_1, define number «; and sets B;, F;, A;;1 as follows.
Set a; = essinfcyy, B = {w € A;: ¢(w) < a; + B}. It follows that v(B;) > 0. By the sepa-
rability of the space £L®(Q)) there exists a function f; € £L%(Q), 0 < f; < 1 such that the set
Fi:={w e B;: |[W(w,-) — fi(-)|l; < €} has positive measure. Finally, define

(5.2) Aipr={weAj:v{ye F:W(w,y) >0} > (1—+ve)v(F)} .

In order to be able to proceed with the construction for step i + 1, we need to show that A;;
has positive measure. The following claim gives an optimal quantitative lower-bound.

Claim 5.2. Wehavev(A;) >6— (1—v(A;i_1))—3-Ye=v(A;_1)+6—1-3- Ve
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Before proving Claim 5.2, we note that as an immediate consequence of Claim 5.2, we have
that

(5.3) V(Apr) 2 1—i-(1-06) =3i- /e

foreachi+1 < r. In particular, (4.1) and (5.1) tell us that fori +1 < r, the set A; 1 has positive
measure.

Proof of Claim 5.2. We want to prove that A;;; contains almost all of A; N (supp Ve fl) To this

end, we consider the quantity
(5.4)

/weAlﬂ(supp%ﬁ)\Am /yeFi (W(w,y) - fi(w)| = /yeF,- /weAm(Supp%ﬁ_)\Ai+1 W(w,y) — fi(w)] .

First, we consider the left-hand side of (5.4). Fix w € A; N (supp Ve fl) \ Ajy1. Since w €

supp 4z fi, we have filw) > /e. Since w ¢ A;;1, we have that the sets of y € F;, for which
W(w,y) = 0 has measure at least ¥/ev(F;). Therefore, f cF [W(w,y) — fi(w)] > ¥e- ¥ev(E)
Integrating over w, we get

5.5/ /w,—- > Vev (4;n I\ A ) v(E) .
59 pen(oupp )t oY) fi(w)] = Vev (AN (suppgefi) \ Aisa) v(F)
Next, consider the right-hand side of (5.4). Fix y € F;. Then

/wem(supp Yy Wew,y) — fi@)] < [ W) - fitw)] = W)~ 0Ol <e,
i A\I/Ei i+1 we

where the last inequality uses the definition of F;. Integrating over y, we get

(5.6) (W(w,y) - filw)| < ev(F).

/yEFi /?UGAiﬂ (SUPP %/gfi) \Aiy1
Putting (5.5) and (5.6) together, we get that
v (4in (suppyefi) \ Aia) < Ve
The set supp 4z f; has measure at least J — 2{/e by Claim 5.1. Plugging these estimates into
V(Ai+1> > V(Ai) - (1 -V (supp%fl>) -V (AZ N (supp%fl) \Ai—i-l) ’
we get the desired result. g

Having defined the sets Ay, ..., A;,B1,...,Brand Fy, ..., F,, we want to proceed with getting
control on the numbers ay, ..., a,. The following claim is crucial to this end.

Claim 5.3. We have that
/ / W®K’(x1, coxp)dxy - - dx,_pdx, > 0.
T r 1

Proof. Note that
/ / / WEK (xy, .. / / / WK (
xr€F Jx,_1€F_4 x1€FR x,€F Jx,_1EN(x,)NF_q X1 EN(xp,xp_1,...,%2)NFy

The advantage of rewriting the integral in this way is that the integrand on the right-hand side
is positive for every choice of xr,...,x1. So, we only need to show that we are integrating

X1, %)
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over a set of positive measure. Indeed, suppose that numbers x, € F,, x,_1 € N (x;) N F._1,

e Xp—i € N(xr,...,%—iy1) NE._; were given. It is our task to show that the measure of
N (x4,...,%,—;) N F,_;_1 is positive. To this end, we use that x;,...,x,_; € A,_;. Then (5.2) tells
us that

v(N(x,)NF_i1) , v(N(x,1)NF_i1) , ... ,v(N(x,_i))NF_;i_1) > (1—vew(F_i_1).
We conclude that
V(IN(xr, ., %, i) NFjq) 2 (1= (i+1)Ve)v(F—iq) >0,
as was needed. O
The advertised gain of control on the numbers a7, ..., a, now follows easily.
Claim 5.4. We have
(5.7) bioy + bpoy + ...+ by > 1 — .

Proof. Claim 5.3 gives that [ [p ... [; | [p W®K > 0. Since H is r-colorable, and since F; C
B;, we also have that

5.8 / / / / CWEH S0
( ) Bl)(l BZ ) 1 (Br)(’ >

V

Recall that for each w € B;, ¢(w) < a; + B. Thus, for each w € IT; (B )p] we have

h r r
Loclw) < X (o +8) =7+ L b
i=1 j=1 j=1
Combining (5.8) with the fact that ¢ is a fractional H-cover, we get (5.7). (]

Observe that

69 [ c@dv = v(A)a+ @A) = V(A a1 o+ (1A — v(A2)

v(A;) (& —wj—q1) +aq .

I
-

Using (5.3) and (5.9) we obtain

r

/Qc(w)dw > ZT:V(Ai) (0 — 1)+ >+ Z (i=1)(1-0) = 3@ —1)Ve) (a; —a;-1) .

=2 =2

Combined with the observation that }_}_, (a; — a;j_1) = ar — a1, we get

(i—1) (i — 0‘1’1)) :

(5.10) =ar+ (6 —1-3Ve) ((r—l)zx,—rile) :

i=1

M‘

/Oc(w)dwzzxr (6 —1—3\f)<

Il
N

Recall that 6 =1+ x (% — Xcr% H)) — % Plugging this equality in (5.10) we obtain
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X X r—1 =1 =1
(5.11) + ( —> 1= bigj—v ) =) ),
r—1 Xer fr l:Zl iki 1221 i
Using Definition 1.1, we infer that

x—i—x 1_h—€r _xty
r—1 Xae \r—1 (r—1h) (r—1h"

This allows us to express the term (R2) in (5.11) as

(5.12) (R2):%(1 - rfl ) Zal 10+ £y) -

The term (R1) from (5.11) can be decomposed as follows:

(5.13) (R1)— hz h+ szl—B\fr—l)

Plugging the equalities (5.1), (5.12) and (5.13) in (5.11) and using the fact that h = ), {; we get

r—1 _
/Qc(w)dw = %(1—7)+ﬁ2a,~(k—€r (r—1)¢ 1 xZal
i=1
X X r—1 r—1 1 x'=
N———

(T1) (T2)

Let us expand the term (T1).

Lu(Z0-0) = Tu| L 6G-0+ T 60

j=1 1<j<i i<j<r—1

r—1
= Y ) () (ai —wj).
i=1j<i
Recall that for j < i, we have ¢; > /; and a; < «;. So, (T1) is non-negative. As x < 1, we have
that (T2) is non-negative as well As 7y > 0 is arbitrarily small, we obtain that [ ¢(x)dx > %
for any fractional H-cover c.
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5.2. The furthermore part of the statement. Suppose that fcov(H, W) = 7 and let ¢ be a frac-
tional H-cover attaining this value (see (3.1)). For any given vy > 0, we have numbers /5(”7), e,
0457), cery ocﬁ'”, sets AEW), ceey Aﬁ"), BYY),. .y BSW) and Flh), cery Fr(y), and functions fl(r”, . ,fr(7>
defined in the previous part (the superscript denotes the dependence on ).

From (5.14) we have,

x x 1—xr*1()
Z = > (1 — _ 4 -~ \Y
=)oz 0y R

This implies that
=1 2(r=1)¥y
(5.15) WM< VT
=
and consequently
2n(r—1) ¥y
6N 1—7-
(5.16) W13 (=)
0
Claim 5.5. For any v > 0 and any j € [r — 1], we have V(A](-W) \ A](_T_)l) > 1— 0 — ¢, where
_16hr iy
¢ = 1-x -
Proof. Let us first show that
(7) : ¢
(5.17) V(A7) 31—](1—5)+§.
Indeed, suppose not. Then applying Claim 5.2 repeatedly fori = j+2,...,r — 1, we get that
(4.1
v A 1 (- + 2 X P
4 h 4
We then have

' h 4l 1—x
which is a contradiction to the choice of c. This establishes (5.17).

We have V(A]m \A](I)l) = U(A](-’Y)) — V(A](_?l) The measure of the former set is lower-
bounded by 1 — (j —1)(1 —6) — 3(j — 1) - v/e by (5.3), and the measure of the latter set is
upper-bounded by 1 —j(1 —6) + % by (5.17). The claim follows. O

(5.16) 4y 4
/CE“(W)'V(AW) SN rﬂ>ﬁ,

Claim 5.6. The essential range of ¢ is {0,1/¢}.

Proof. First assume that for some ¢ > 0 there is a set S of measure at least ¢ such that ¢(S) C
(¢, % —¢). Fixy = ((;(;1)52)4. Then ocy’) > % — ¢ by (5.16). In particular, S is disjoint
from Ap). We get

| o 2Dy
/c2vﬁﬂ¢+v(ApUap)2¢2+(%%,—@W) 2
r

a contradiction. Now assume that for some ¢ > o there is a set S of measure at east ¢ such that

4
CS)Q(%+¢J]EXW:(OEM>.ﬂmn
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o> () > X
./civ( \S) —I—V()( +¢> i
again a contradiction, proving the claim. O

Let (’Yv(qr)) Zo_l be a sequence of numbers, with 7517) =2 0. Now, for a fixedi = r—1,r —

2,...,1, consider the sequence of sets

(i+1) (i+1) ©
(Ai(% ) \ Ai(-:;l >>
n=1

viewed as indicator functions. These functions have an accumulation point x; : @ — [0,1] in

the weak™® topology. Let O; = supp x;. Let (7,(1i)>00 . (’y,(fﬂ)) be a subsequence along
n=

n=1
which these indicator functions converge to x;. Such a subsequence exists by Theorem 2.1.

Claim 5.7. We have v(O;) > 1 —6.

Proof of Claim 5.7. By Claim 5.5, we have that v (A Z+l ) — 0 —0,(1). Since y; is

(), 40

VL we have that

the weak™ limit of the indicator functions of the sets A;

(5.18) /Xi >1-946

Since esssup x; < 1, we get that v(0;) > 1 — 4. O
Claim 5.8. The set O; is disjoint from O; 11 UO; 1, U... UO,_;.

Proof of Claim 5.8. We have that

0 0 0
( (7” ) \A<A’” )> N (041 U014 U...UO,_1) C (0j11 U042 U...UO,_1) \Ai(:; ) .

()

Recall that the support of the weak™ limit of the indicator functions of the sets A}, ; / contains
the set O;11 UO;1p U...UO,_1. This proves the claim. O

Claim 5.9. The function ¢|q, is zero almost everywhere.

Proof of Claim 5.9. Suppose that this is not the case, i.e., ¢ is at least some 6 > 0 on a subset P C
O; of measure 6. Recall that O; arises as the weak* limit of the sets A i<%(:+1)> \ A 1(:;(1 ,H)). There-
fore, for each  sufficiently large, ¢ is at least § on a subset P C O; N | A i<%(j+1)) \ ASE’IH))> of

measure ¢/2. By Claim 5.6, ¢;p; = 1/¢,. Also, combining Claim 5.6 and (5.16) we get that

CrA,(Wff“)) -
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. (i+1) 20 4
Assume further that n is such that v, <\= ) - Then

(i+1)
/czu (P’I_IAr(% >> 1
2

0 r—1
by GHmi6o ] :><2+1—(w—n.u—5y—ar—n. i —

7
0  xl  4f (i+1) x4 1 x
by (4.1) :(2+h— Tn I’T ‘E>E1
which is a contradiction to the fact that f c= % O

We can now proceed with the inductive step for i — 1 in the same manner.
N\ 00
Having defined the functions y;, the sets O; and the sequences ('y,(f)) fori=r—-1,...,1,

n=1
we now derive some further properties of these.

()
Claim 5.10. For{ =r—1,r—2,...,1andeachj, ¢ <j <r—1,if F[(% ) N O;j is not null then

(7)
v<q\§”>>:%ay

Claim 5.11. For{ =r—1,r—2,...,1and each j, { < j < r—1, and each n € IN sufficiently
()
large, we have that P}ryn ) N O; is a null-set.

Claim5.12. For{ =r—1,r —2,...,1 and for each sufficiently large n € N the set

(£) (€)
Tn Tn
(Aé( ) \Az<+1 )> \(Op41UOp2U...UO, 1 Usuppe)

is independent in W.
Claim5.13. For{ =r—1,r —2,...,1 the set Oy is independent in W.

Claim5.14. For{ =r—1,r—2,...,1wehave (Xg)of = 1 (modulo a null-set) and (Xg)ﬂ\og =0
(modulo a null-set). '

Claim 5.15. For{ =r—1,r—2,...,1, Wis 1 almost everywhere on Oy x (2 \ Oy).

We shall now prove Claims 5.10-5.15 by induction. That is, first we prove Claim 5.10,
Claim 5.11, Claim 5.12, Claim 5.13, Claim 5.15 (in this order) for £ = r — 1, and then con-
tinue proving the same batch of claims for £ = r — 2,...,1. Note that Claims 5.10 and 5.11 are
vacuous for £ = r — 1.

. () . .
Proof of Claim 5.10. Suppose that F, NO;isnotnull. Claim 5.13 and 5.15 (applied to £cj5.13 =
lci515 = j) assert that the one-variable functions W(w, -) are the same for almost all w € O;.

Consequently,

(/)
(5.19) HW(w, )— f}v )

for almost all w € O]-.



KOMLOS’S TILING THEOREM VIA GRAPHON COVERS 15

CONNCD

j j+1

v (oj\AjW))) =o(1).

Since O; arises from the weak™ limit of the sets A , we have that

()

n

)

Since A ].< ) CA e( , we have

(5.20) v (oj \ AKW))> = o(1).

G)
By Claim 5.9, ¢ is zero on O;. Therefore, (5.20) can be rewritten as v | O; \ B e(w >> =o0(1). The

()
claim follows by plugging (5.19) into the definition of FE(% ) . O

Proof of Claim 5.11. Suppose that the statement of the claim does not hold. Then there exists an

F@(]))

infinite sequence of numbers n for which F, "n O; is not null. Let n be such, and suppose
that it is sufficiently large. Then we claim that
(’Y(j))
" 1
(@ v{O;\F, < ;v(0j), and

o v{ (s )1 ) <av (o).

Claims 5.7 and 5.10 give us that property (a) is fulfilled. For property (b), observe first that

(7) (j) (/)
Tn Tn Tn
v ((OjﬂF} )> \Aj( )> <v <O/4\Aj< )> =0,(1).
On the other hand, observe that Claim 5.7 in combination with (a) gives that
()
i 1
(5.21) v (o]- N p}” )> > (1-0).

Therefore (b) follows.
Consider a number n as above. From (b) and (5.21) we deduce that

’(1]') 2]’) 1 5}]’) 1
u(()jmpﬁ(7 )l )> > Sv (o]-mpg7 )) > 1(1-9).

j

() () i
" i i
Consider an arbitrary w € O; N Fg( ) N Aj< ) Asw € A](.7”>, the definition from (5.2) gives,

() i ()
v (N(w) mpé(”’"] )> > (1 Yy e(%(’/))> v (Fg(%j )> :
In particular,

v (N(w) no; mpf”g))) >y (oj n Fg(”’(‘j))> ERVRCEON <Ff(”5‘j)>> o3y 100
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Integrating over w as above, we get that

A (m)/ ) W) > 0.
WEO]‘OF[ NA; yerﬂFg

)
T ). . — .
Hence O; N F, > is not an independent set, a contradiction to Claim 5.13. g

Proof of Claim 5.12. Suppose that the statement of the claim fails for . Then, we can find two

<z>> (7570
\ A

! o4 ) \ (Op+1UOp2U...UO,_1 Usupp ) such that [, W > 0.

sets P,Q C <A§7

(W) (W) (1)
Consider an r-tuple w € F; x F, X.oooX Fpry 7 XPXQXOpgq x...x0,q. For
(6) (6)
. Tn Tn ..
j=12,...,0-1, w; € F]( ) - B( ) C c_l(O), where the last inclusion uses (in addition

]
(0
to the definition of the set B j(% >) Claim 5.6. For j = ¢, + 1, we have ¢(w;) = 0 since P and
Q are disjoint from supp ¢. For j = £ +2,...,r, we have ¢(w;) = 0 by Claim 5.9. We conclude
that ;¢ (w;) = 0. In particular,

(5.22) v(H) ~Zc (wj) =0.
]

As the chromatic number of H is ¥ and each color-class of H has size at most v(H), we get that
the function v(H) - ¢ is a fractional K,-cover. Combined with (5.22), we get that W& (w) = 0
(for almost every w). Therefore,

(5.23) /F(w) /F(%ga) ---/F(%(ig)) /P/Q/Om M/OH Wwekr —q .
(-1

1 2

n

()
We abbreviate O = Oy U...UO,_1. Let us now take an arbitrary w € A Z( ) Recall that

() ()
Agw ) CAEE ) C...CA

(6)
2(% ) Therefore, (5.2) tells us that

v (Fj( Y) mN(w)> > (1 Yy ew))) v (pj(”'(’a)>

(40

foreachj = ¢—1,/—2,...,1. Similarly, given an arbitrary u; € F, ) t=2,...,0—1),we

() ()
make use of the fact that Ft( ’ > - At(% ) and deduce that

(£ ) (1 Vo ()

foreachj=t—-1,¢—-2,...,1. Claim 5.11 tells us that

v (Ffw)) mN(ut)\0> > (1 A e(%(f))> v (Pj@'w)) . %)V (Fj(v£f>)> |

(1) ‘

That is, starting from any w € A, “, we can plant a positive v -measure of K;-cliques
Wuy_qUy_y...u1 as above. The situation is illustrated on Figure 5.1. We can refine this con-
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shyvo

FIGURE 5.1. The black complete bipartite graphs are forced by Claim 5.15.

The almost complete connections depicted with colours/hatches follow from
(0)

() =160 1,..,2),

the fact that the respective vertices lie in the sets A j

n .

(0)
and thus are well-connected to the sets Ft( ) (foreacht e [j 1))

struction to find a positive v"-measure of K;-cliques as follows. First we take wp € P and
wo € Q such that W(wp,wg) > 0 (we have a v2-positive measure of such choices). Then we
sequentially find vertices

0 (+49)
Uy 1€F€1 \O,...,U1€Fl \O

that are neighbors of wp, wg and the vertices fixed in the previous rounds. Having chosen
the Ky 1-clique wpwgu, 11y »...u1, Claim 5.15 tells us that padding arbitrary elements from
O¢+1,0¢42,...,0, 1yields a copy of K,.I"l Since all these sets have positive measure, we get a

contradiction to (5.23). (]
(1) | 4 ()
Proof of Claim 5.13. Recall that Oy arises from the weak™ limit of the sets A \Ay,; . Claims5.8
and 5.9 tell us that Oy can also be seen as the weak™ limit of the sets
() 6)
A) \Ap \ (Op41UOppU...UO, 1Usuppec) .
Thus the claim follows by combining Claim 5.12 and Lemma 2.3. 0

Proof of Claim 5.14. The fact that (x¢)q\o, = 0 follows simply because Oy is the indicator of
supp x¢- Suppose now for contradiction that ( Xg)oé is less than 1 on a set of positive measure.
Combining this with (5.18) gives that v(O;) > 1 4. This, however cannot be the case since
d(W) > d and Oy is an independent set by Claim 5.13. O

Proof of Claim 5.15. This follows by combining Claim 5.7, Claim 5.13, and the fact that the min-
imum degree of W is at least ¢. O

[hlWe also use Claim 5.8 which tells us that all the said sets are disjoint.
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6. COMPARING THE PROOFS

If not counting preparations related to the Regularity method, then the heart of Komlds’s
proof of Theorem 1.2 in [10] is a less than three pages long calculation. In comparison, the
corresponding part of our proof in Section 5.1 has circa four pages. So, our proof is not shorter,
but it is conceptually much simpler. Indeed, Komlés’s proof proceeds by an ingenious iterative
regularization of the host graph, a technique which was novel at that time and which is rare
even today (apart from proofs of variants of Komlés’s Theorem, such as [17, 7]).

Our graphon formalism, on the other hand, allows us to proceed with the most pedestrian
thinkable proof strategy. That is, to show using relatively straightforward calculations that no
small fractional H-covers exist.

Let us note that our proof can be de-graphonized as follows. Consider a graph G satisfy-
ing the minimum-degree condition as in (1.3). Apply the min-degree form of the Regularity
lemma, thus arriving to a cluster graph R. Now, the calculations from Section 5.1 can be used
mutatis mutandis to prove that R contains no small fractional H-cover. Thus, by LP duality, the
cluster graph R contains a large fractional H-tiling. This fractional H-tiling in R can be pulled
back to a proportionally sized integral H-tiling in G by Blow-up lemma type techniques. The
advantage of this approach is that it allows the above mentioned argument “take a vertex
which has the smallest value of ¢ and consider its neighborhood” (on the level of the cluster
graph), but this is compensated by the usual technical difficulties like irregular or low density
pairs.

7. FURTHER POSSIBLE APPLICATIONS

While Komlés’s Theorem provides a complete answer (at least asymptotically) for lower-
bounding til(H, G) in terms of the minimum degree of G, the average degree version of the
problem is much less understood. Apart from the Erd6s—Gallai Theorem (H = Kj3) mentioned
in Section 1, the only other known graphs for which the asymptotic F-tiling thresholds have
been determined are all bipartite graphs, [7] and K3, [1]. The current graphon formalism may
be of help in finding further density thresholds.

Let us remark that in [4], the authors provide a graphon proof of the Erdés—-Gallai Theorem.
The key tool to this end is to establish the half-integrality property of the fractional vertex cover
“polyton”. These objects are defined in analogy to fractional vertex cover potypes of graphs,
but for graphons (hence the “-on” ending). This half-integrality property is a direct counterpart
to the well-known statement about fractional vertex cover polytopes of finite graphs.
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