A WEIGHTED REGULARITY LEMMA WITH APPLICATIONS
BELA CSABA AND ANDRAS PLUHAR

ABSTRACT. We prove an extension of the Regularity Lemma with vertex and edge
weights which in principle can be applied for arbitrary graphs. The applications
involve random graphs and a weighted version of the Erdés-Stone theorem. We also
provide means to handle the otherwise uncontrolled exceptional set.

1. INTRODUCTION

Let G = G(A, B) be a bipartite graph. For XY C AU B let e(X,Y) denote the
number of edges with one endpoint in X and the other in Y. Given an ¢ > 0 we say
that the (A, B)-pair is e-regular if

ec(A,B)  ec(A B)
A"l B| |Al| B

for every A C A, |A’| > ¢|A| and B’ C B, |B’'| > ¢|B|.

This definition plays a crucial role in the celebrated Regularity Lemma of Sze-
merédi, see [12, 13]. The Regularity Lemma is a very powerful tool when applied to
a dense graph. It has found lots of applications in several areas of mathematics and
computer science, for applications in graph theory see e.g. [10]. However, it does not
tell us anything useful when applied for a sparse graph (i.e., a graph on n vertices
having o(n?) edges).

There has been significant interest to find widely applicable versions for sparse
graphs. This turns out to be a very hard task. Kohayakawa [8] proved a sparse
regularity lemma, and with Rodl and Luczak [9] they applied it for finding arith-
metic progressions of length 3 in dense subsets of a random set. In their sparse
regularity lemma dense graphs are substituted by dense subgraphs of a random (or
quasi-random) graph. Naturally, a new definition of e-regularity was needed, below
we formulate a slightly different version from theirs:
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Let F(A, B) and G(A, B) be two bipartite graphs such that F' C G. We say that
the (A, B)-pair is e-regular in F' relative to G if

er(A,B)  ex(A B)
ec(AB)  ec(A, B)

for every A’ C A, B’ C B and |A'| > ¢|A|, |B'| > ¢|B|. It is easy to see that the above
is a generalization of e-regularity, in the original definition the role of G is played by
the complete bipartite graph K4 p. In this more general definition F' can be a rather
sparse graph, it only has to be dense relative to G, that is, e(F)/e(G) should be a
constant.

In this paper we further generalize the notion of quasi-randomness and e-regularity
by introducing weighted regularity using vertex and edge weights. This enables us to
prove a more general, and perhaps more applicable regularity lemma. Let us remark,
that another notion of regularity is used by Alon et al. [1], later we will discuss
how their work relates to ours. A recent approach by Scott [11] defines regularity
of matrices, and deduces a regularity lemma for graphs via their adjacency matrices.
This approach turns out to be less flexible than the one we choose in the present
paper.

The basic tool is the Strong Structure Theorem of Tao [14], where he simplifies the
proof of the original Regularity Lemma itself and gives new insights, too. Following
his lines became technically feasible to extend regularity to the case when both the
edges and the vertices of a graph are weighted. (Note, that the measures are in close
connection with each other.) We remark that similar ideas might be used to find a
regularity lemma for sparse hypergraphs as well.

The structure of the paper is as follows. First we discuss weighted quasi-randomness
and weighted e-regularity in the second section. In the third section we prove the
new version of the regularity lemma. Finally, we show some applications in the fourth
section, in particular, we prove a weighted version of the Erdds-Stone theorem.

<e€

2. BASIC DEFINITIONS AND TOOLS

Throughout the paper we apply the relation “<”: a < b if a is sufficiently smaller
than 0. This notation is widely applied in papers using the Regularity Lemma, and
simplifies our notation, too.

Let 8 > 0 and G = (V, E) be a graph on n vertices. Set ¢ = e(G)/(}), this
is the density of G. We define the density of the A, B pair of subsets of V(G) by
dc(A, B) =ec(A, B)/(|A||B|). We say that G is f-quasi-random if it has the following
property: If A, B C V(G) such that AN B = and |Al,|B| > fn then

‘5@ - 5g(A, B)‘ < Bg.

That is, the edges of G are distributed “randomly.” In order to formulate our regu-
larity lemma we have to define quasi-randomness in a more general way, that admits
weights on vertices and edges.
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For a function w : S — R and A C S, w(A) is defined by the usual way, that
is, w(A) = Y, ., w(x). We shall also use the indicator function of the edge set of a
graph H. 1y: (V(ZH)) — {0,1} and 1y (z,y) =1 iff xzy € E(H).

We define the weighted quasi-randomness of a graph G = (V, E') with given weight-
functions p: V — R* and p: (‘2/) — R*. For A, B CV let

pc(A, B) = Z 1g(u,v)p(u,v).

ucAveB

In particular, pg(u,v) = 1g(u,v)p(u,v) for u,v € V. Observe, that the function p is
an analogon of the vertex counting function on a set, while the function p counts the
edges in the unweighted case.

Definition 1. A graph G = (V, E) is weighted (-quasi-random with weight-functions
w and p if for any A, B C V(G) such that AN B =0 and u(A) > u(V), w(B) >
Bu(V') we have

pe(A,B)  pcV\V) | _ 3
uw(A)p(B)  p(V)u(V')

Observe that choosing 1 =1 and p = 1/d¢ gives back the first definition of quasi-
randomness. The notion of quasi-randomness readily extends to bipartite (or mul-
tipartite) graphs. In that case the sets A and B are chosen from different classes.
There is another, weaker notion of quasi-randomness, which we will also use.

Definition 2. Let K > 1 be an absolute constant. A graph G = (V, E) is weighted
(K, 5)-quasi-random with weight-functions p and p if for any A, B C V(G) such that
ANB =0 and p(A) = Bu(V), W(B) = Bu(V) we have

1 pc(V,V) < pa(A, B) <K pc(V.V)
K pu(V)p(V) = p(AuB) = uw(V)u(V)
Clearly, if a graph is f-quasi-random and K > max{1+ 8/y,1+ /(y — )}, then

it is (K, B)-quasi-random, where y := pa(V,V)/u(V)% Now we need to describe the
weighted version of relative regularity.

Definition 3. Let G and F be graphs, F' C G and assume that G is a (K, [()-
quasi-random with weight functions p and p as defined above. For A, B C V(G) and
AN B = the pair (A, B) in F is (u, p)-weighted e-regular relative to G, or briefly
weighted e-reqular, if
pr(4,B)  pr(A,B)
u(AYu(B')  p(A)u(B)
for every A’ C A and B' C B provided that pu(A") > eu(A), w(B') > eu(B). Here

pF(A7B) = Z 1F(uvv)p(uav)'

ucAvEB

<€
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Remarks. Note that weighted e-regularity is nothing but the well-known e-regularity
when G = K4 p and = 1 and p is chosen to be identically the reciprocal of the
density of G as before. Since 1p(u,v) < 1g(u,v) < 1(u,v) we also have pp(A, B) <
pc(A, B) < p(A, B). Hence, the first inequality of the definition does not refer to G
explicitly, but contains information on it.

Next we define weighted regular partitions.

Definition 4. Let G = (V, E) and F C G be graphs, and p and p weight functions.
F has a weighted e-regular partition relative to G if its vertex set V' can be partitioned
into £+ 1 clusters Wy, Wy, ..., Wy such that
o 1(Wo) < eu(V),
o [1(W) = ju(W))| < masey {u(x)} for every 1< 4,7 <1,
e all but at most el* of the pairs (W;, W;) for
1 <i < g <V are weighted e-reqular in F' relative to G.

In order to show our main result we will use the Strong Structure Theorem of
Tao, that allows a short exposition. In fact we will closely follow his proof for the
Regularity Lemma as discussed in [14].

First we have to introduce some definitions. Let H be a real finite-dimensional
Hilbert space, and let S be a set of basic functions or basic structured vectors of H of
norm at most 1. The function g € H is (M, K)-structured with the positive integers
M, K if one has a decomposition

g= Z CiS;

1<i<M

with s; € S and ¢; € [-K, K| for 1 < i < M. We say that g is S-pseudorandom for
some 3 > 0 if |(g,s)| < for all s € S. Then we have the following

Theorem 1 (Strong Structure Theorem - T. Tao). Let H and S be as above, let e > 0,
and let J : ZT — R* be an arbitrary function. Let f € H be such that || f||g < 1. Then
we can find an integer M = M. and a decomposition f = fer + fpsa + ferr where (i)
fstr 1s (M, M)-structured, (ii) fpsa is 1/J(M)-pseudorandom, and (i) || ferr||n < €.

Note, that the proof of Theorem 1 yields a polynomial algorithm, hence, our regu-
larity lemma has the same complexity.

3. WEIGHTED REGULARITY LEMMA RELATIVE TO A QUASI-RANDOM GRAPH (G

First we define the Hilbert space H, and S. We generalize Example 2.3 of [14] to
weighted graphs. Let G = (V, E) be a f-quasi-random graph on n vertices with weight
functions p and p. Let H be the (g)—dimensional space of functions g : (‘2/) — R,
endowed with the inner product

1
<g7h> = m Z g(uvv)h(uvv)pG<u7U)'

2 woe(y)
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It is useful to normalize the vertex and edge weight functions, we assume that
w(V) = n and (1,1) = 1. We also assume, that p(v) = o(|V]) for every v € V.
Observe, that if F' C G then [|[1r|| < 1. We let S to be the collection of 0,1-valued
functions v4 g for A, B C V(G), AN B = 0, where 4 g(u,v) =1 if and only if u € A
and v € B. We have the following

Theorem 2 (Weighted Regularity Lemma). Let K > 1 and §,¢ € (0,1), such that
0 < B <Ke<x1/Kandlet L > 1. If G = (V,E) is a weighted (K, ()-quasi-
random graph on n vertices with n sufficiently large depending on € and L, F C G,

then F' admits a weighted e-reqular partition relative to G into the partition sets
Wo, Wi, ..., Wy such that L < ¢ < C; 1, for some constant C. p..

Proof: Let us apply Theorem 1 to the function 1 with parameters n and function
J to be chosen later. We get the decomposition

]-F - fstr + fpsd + ferry
where fo, is (M, M)-structured, fpsq is 1/J(M)-pseudorandom, and || fe,r|| < n with
M=M;,=M,,.
The function fg, is the combination of at most M basic functions:

fstr: Z QK A, By,

1<k<M

where Ay, B), are subsets of V' and 74, 5, agrees with the indicator function of the
edges of G in between Ay and By. Any (A, Bg) pair partitions V' into at most 4
subsets. Overall we get a partitioning of V into at most 4" subsets, we will refer to
them as atoms. Divide every atom into subsets of total vertex weight Fimr, except
possibly one smaller subset. The small subsets will be put into Wy, the others give
Wi, Wa, ..., W,, with / = L+T4M. We refer to the sets W; for i = 1,...¢ as clusters.
If n is sufficiently large then this partitioning is non-trivial. From the construction
it follows that each W; is entirely contained within an atom. It is also clear that
w(Wo) < en and u(W;) =~ m = (%) for every 1 <i < £
We have that

1
||ferr||2 = 7oy Z |fer7’(uuv>|2pG(u7U) S 772-
2 (ww)e(y)
From this and the normalization of p it follows that
1 1 2 2
7N Z — Z ‘ferr<u>v)‘ pG(u,v) = 0(77 )
(2) 1<i<j<e pG(W“ Wj) uEW; ,vEW;

Clearly,

1
A A7 Z ‘ferr(uv U)lZ,OG(U, U) = 0(77)
pG(Wi’ W]) ueW;,veW;
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for all but at most O(n¢?) pairs (i, j). If the above is satisfied for a pair (i,7) then
we call it a good pair. We will apply the Cauchy-Schwarz inequality. For that let

a(u,v) = |ferr(u,v)|\/pa(u,v) and b(u,v) = \/pa(u,v), then
W vew, alw, v)b(u, v
Sancon, s hle) e

\/Zuewi,vewj b*(u, v) uEW; veW;
Since
>, a2(uv) = OV pa(Wi, W),
weW; weW;
we get that

! S e, ) lp(,v) = O(y/7)

pG(Wi’ Wj) ueW; ,veW;

if (7, 7) is a good pair.
Assume that (i, 7) is a good pair. From the pseudorandomness of f,sq we have that

1
S —

Z fpsd(uav)pG(u7v) J( )

ucAveB

1
[(fpsa> vA,B)| = 6]

2
for every A C W; and B C W.

We will show that every good pair is weighted e-regular in F' relative to G. Let
(i,7) be a good pair, and assume that A C W;, pu(A) > eu(W;) and B C W,
w(B) > ep(W;). To show that (W;, W;) is weighted e-regular, it is sufficient to show
that

<E&.

‘ ,OF(A7 B) . pF(VVia WJ)
p(A)pu(B) (W) (W)

Recall that
pF<A7B) = Z lF(u,U)p(u,v) = Z 1F<u7 U)/OG(u7U>7
ucAveEB ucAveEB

since F' C G.
Substituting fs¢ + fpsa+ ferr for 1p it is sufficient to verify the following inequalities.

ZueA,veB fstr(uv U)pG (u7 U) . Zuewi,vewj fstT (’LL, U)pG (u7 U)
u(A)u(B) (W) (W)

(1) <e/3,

ZuEA,vEB fp3d<u7 U)IOG(u7 U) . ZUEWi,’UEWj fPSd(u7 v)p(;(u, U)
u(A)u(B) (W) u(Wj)

(2) <e/3

and
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ZUGA,UEB fer?”(“? U)pg(u, U) _ ZUEWi,UEWj feTT(uv U)pG<u7 U)
u(A)pu(B) (W) u(W;)

(3) <¢/3.

For proving (1) recall that fy, is constant on W; x W; and (M, M)-structured.
Since the yxy basic functions are 0, 1-valued, we get, that |fy,.| < M?. Moreover,
G is (K, B)-quasi-random, where 0 < 3 < . Therefore, (1) < KM?3 < ¢/3, since

g < e.
The proof of (2) goes as follows. The first term is

ZueA,veB fpsd(uv U)PG (u, U)
u(A)p(B)

= (5) a0 < S0

the second is

ZueWi,ver fpsd(u? v)pe(u,v) _[n (g)
W) (V) - (2) R e TV WAV

Noting that u(Wy) = O(n/l) for k > 1 we get that the sum of the above terms is at

most
£ (1) ¢
2J(M) g2 3’

if J(M) > 5.
For (3) first notice that it is upper bounded by
pcWi, W;)  pc(Wi, W))
ot ( + < O(v)
VI uwouwy) ) ) = OV

We also have that

pc(Wi, Wj)
e2u(Wy)(W;)”

pc(Wi, W)
(W) u(Wj)
by the normalization of 1 and p and from the fact that G is quasi-random. From this
it is easy to see that if n < €% then (3) is at most £/3. This finishes the proof of the
theorem. OJ

—0(1)

4. QUASI—RANDOM WEIGHTINGS AND APPLICATIONS

In this section we first prove that a random graph with widely differing edge prob-
abilities is quasi-random, if none of the edge probabilities are too small. In this case
the vertex weights will all be one, but edges will have different weights. Then we
show examples where vertices have different weights. We will consider the relation of
weighted regularity and volume regularity. We define the ‘natural weighting’ of K,
and prove a weighted version of the Erdés-Stone theorem for this weighting. Finally,
we show how to partially control the non-exceptional set by natural weightings.
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4.1. Quasi-randomness in the G(n, p;;) model. In this section we will prove that
random graphs of the G(n, p;;) model are quasi-random in the strong sense with high
probability. A special case of this model is the well-known G(n, p) model for random
graphs. A Regularity Lemma for this case was first applied by Kohayakawa, Luczak
and Rodl in [9]. They studied G(n,p) for p = ¢//n in order to find arithmetic
progressions of length three in dense subsets of random subsets of [N].

The G(n,p;;) model was first considered by Bollobas [3]. Recently it was also
studied by Chung and Lu [5]. In this model one takes n vertices, and draws an edge
between the vertices x; and x; with probability p;;, randomly and independently of
each other. Note that if p;; = p, then we get back the well-known G(n, p) model. It is
a straightforward application of the Chernoff bound that a random graph G € G(n, p)
is quasi-random with high probability if p > 1/n. However, the case of G(n,p; ;) is
somewhat harder.

Lemma 3. Let § > 0. There exists a K = K(B) such that if G € G(n,p;;) and
pij > K/n for every i and j, then G is weighted -quasi-random with probability at
least 1 — 27" if n is sufficiently large.

Proof. First of all let 4 = 1, and let p(i, j) = 1/p; ;. Set K = 4800/3°. Let py = K /n,
and let p, = eFpy for 1 < k < logn. Let A and B be a pair of disjoint sets, both of
size at least fn. We partition the pairs (u,v), where u € A and v € B, into O(logn)
disjoint sets Hy, Ho, ..., H; @ if pr < puy < pre1 then (u,v) will belong to Hy. Let
ap = Tz\/EkKn. We will denote |Hy| by my.

We will prove that the following inequality holds with probability at least 1 —273" :

X
W 1| < B/2,
> oAl /

ucAveB
where X, is a random variable which is 1 if uv € E(G), otherwise it is 0. This implies
the quasi-randomness of G since there are less than 22" pairs of disjoint subsets of

V(G). Observe that
Z EXuv —1
pwlAlBl

ucAveEB
Applying the large deviation inequalities A.1.11 and A.1.13 from [2], we are able
to bound the number of edges in between A and B for the edges of Hy in case my, is
sufficiently large as follows. According to A.1.11 we have that

2 3
_QQ:];VUCJFQ ;]:nz
Pr E (Xuw —EXy) >ar | <e %™

(u,v)€Hy,

where

p
Pe < Gk = Z = < Pt
my
(uvv)er
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We estimate the exponent in case my = n?:

g . a4 _ (f)K 5 (f)K

- +
2qkmy; - 2¢imi — 200 \ e e? my

em; 2000

where we used the definition of K. For m;, being much less than n?, direct substitution
gives a useless bound. For this case we have the useful inequality

1 my n? a
EPI” (;Y; > ak> < Pr <;Y; > 7) ,

where Pr(Y; = 1—qx) = g and Pr(Y; = —qx) = 1 — g This implies that the exponent
is at most —3n even in case my, < n?.
2
Indeed, let A, B and C be the events that Y "™ Y; > ay, >, Y; > a/2 and

ZimHl Y; < —ay/2, respectively. Clearly A and C' are independent, and ANC C B.

So we have Pr(B) > Pr(A N C) = Pr(4)Pr(C), that is Pr(4) < Pr(B)/Pr(C) <
Pr(B)/2, since by A.1.13

n? 2

ag - %k 1
Pr Vi< ——= | <e sa®mp) < =,
PIRE 2
1=Mk41
With this we have proved that the sum of the weights of the edges of Hj will not be
much larger than their expectation with high probability.
Now we estimate the probability that the sum of the weights is much less than
their expectation. Let us use A.1.13 again directly to the sums over H}’s:
ak
Pr{ > (Xu—EXy,) < —ap | <e m,

(u,v)€H},
The exponent in the inequality can be estimated very similarly as before:

aj, < _5_6 (\/E2>k Kn’

2qemr — 200 \ e

e

moreover, this bound applies for an arbitrary my.
Putting these together we have that

Prf| Y (Xuw—EXy)|>a| <27

(u,v)€H,
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This implies that

k
Z Xuv_EXuv S Z Xuv_EXuv S Qg Sﬁ(i) 7
Puv| Al Bl pr—1lAllBl | = pea|AlIB] T 10 \ Ve

(u,v)EH} (u,v)EHy,

where the last two inequalities hold with probability at least 1 — 273" for a given pair
of sets A and B if n is sufficiently large. Since

logn logn

Xuw
2 wriim| = wriim| <X 2, e
and
oM
20\vE) =2
the claimed bound follows with high probability. 0

Remark. It is very similar to prove that with high probability |}, . pc(i, ) — BIE
o(n?), we omit the details. From this it follows that rescaling the above edge weights
by a factor of (1+0(1)) and letting ;. = 1 provides us S-quasi-random weights for most
graphs from G(n,p;;) such that u(V) = n and pg(V,V) = 2(}). That is, with high
probability we can apply the Regularity Lemma for any F' C G, where G € G(n, p;;).

4.2. Simple examples for defining vertex and edge weights. When defining
the notion of weighted quasi-randomness and weighted regularity, we mentioned that
choosing =1 and p = 1/d¢ gives back the old definitions of quasi-randomness and
regularity. In the previous section we saw an example when we needed different edge
weights, but p was identically one.

Let us consider a simple example in which p has to take more than one value. Let
G be a star on n vertices, that is, the vertex v, is adjacent to the vertices v, ..., v,,
and v; has degree 1 for i > 2. We let u(vy) = 1/2 and p(v;)) = 1/(2(n — 1)) for
i > 2, and choose pg = n/2. With these choices G is easily seen to be a bipartite
quasi-random, moreover, it is weighted regular.

A more sophisticated example relates weighted regularity with (C,n, D) bound-
edness, which is the basic condition in the regularity lemma of Alon et al [1]. Let
us recall that G is (C,n, D) bounded with parameters C' > 1, n > 0 and D is a
function from V to [1,n] if for all X|Y C V, when D(X),D(Y) > nD(V), the
inequality p(X,Y)D(V) < C holds, where D(X) = > _ D(z), and p(X,Y) :=
e(X,Y)/(D(X)D(Y)), i.e. pis a “generalized edge density.” Then one can obtain an
e-regular partition if n < e.

It is easy to check that the following graph G is f-quasi-random, in fact belongs
to G(n,p;;) with appropriate weights, but G is not (C,n, D) bounded. Let V(G) =
Ul A, |Al =n/dfori=1,...,4. All edges between A; and A, are present, there
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is no edge between the sets A; U A and A3 U A4, while between Az and A4 there is a
random bipartite graph with edge probability 1/,/7. Of course, if 7 is small enough
compared to C' then G cannot be (C,n, D) bounded.

Similarly, one can show easily that whenever a graph F' is (C,n, D) bounded, then
with p(x) = D(z) for all z € V(F') and appropriately defined edge weights F' is a
dense subgraph of a graph G which is (2, n)-quasi-random. Hence, Theorem 2 can be
applied for F. We leave the details for the reader.

4.3. Natural weighting of K,,. Assume that |V| = n. Let the vertex weight function
p V. — RT be defined such that u(V) = n. We also assume that u(v) = o(n) for
every v € V, as we did earlier in the paper. Then we define the natural weighting
of the edges of K, with respect to pu as follows: we let p(u,v) = p(u) - p(v) for all
u,v € V, u # v. Observe that

pVLV) = V() = 3 00) =25 ) (1 = (1)

veV
We show that these weight functions determine a quasi-random weighting of K,,. Let

A, B C V such that AN B = (). Then

P(AB) _ Yueadoves MWpV) _ p(Ap(B) _
u(A)pu(B) u(A)pu(B) pApuB)
independent of the weights of A and B. Recalling the definition of quasi-randomness
it is easy to see that the natural weighting of K, is always quasi-random.

Note, that natural weighting resembles to Definition 1, where the lower bounds on
1(A) and p(B) are dropped. It is closely related to the random model G(w), see e.g.
in [5]. Here w = (wy,...,w,) is the expected degree sequence of G(w) with vertex
set {1,2,...,n}. The edges of G(w) are drawn independently, and the probability of
including the edge ij is w;w;/ Y, w;. Of course, the model G(w) is the special case of
G(n,p;j), and Lemma 3 holds without any conditions. The results in the remainder of
the paper also hold in more general weightings; for simplicity, we work out the details
for natural weighting.

Let u be an arbitrary vertex and A C V. Then the weighted degree of u into A in
the graph F' C K, is defined to be

dwp(u, A) le U, V) u(Ng(u, A)),

vEA

where Np(u, A) denotes the neighborhood of w in the set A. In particular the weighted
degree of v in F is

dwp(u Z]-F u, v)p(v) = p(Np(u)).

veV

1K, can be replaced with other quasi-random graphs. Then the edge weights will be different.
You can find more about this at the end of Section 4.5.
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We also have that

pr(A, B) = ZZ 1p(u,v)p(u,v) = Zdwp(u, B)

ucAveB u€A
and
pr(V,V) =Y dwp(u).
ueV
We define the weighted density of a weighted e-regular (A, B) pair to be
PF (A7 B)
1(A)u(B)

We have the following lemma.

Lemma 4. Let (A, B) be a weighted e-reqular pair relative to the natural weighting
of K, with weighted density v > €. Let A" C A contain only such vertices that have
weighted degree less than (v — )u(B) in the pair. Then pu(A’) < eu(A).

Proof: Assume on the contrary that the set of ‘low-degree’ vertices has a large weight.
Observe that e-regularity implies that

PF(AI, B)
u(A)u(B)
if u(A’) > eu(A). Using our assumption we get the following:
pe(A'B) _ Yoo n)dwe(B) _ Yyc )y —p(B)
(A u(B) u(A)u(B) (A u(B) ’
which is clearly a contradiction. 0
Let A, By, Bs, ..., By be disjoint subsets of V(F), and assume that (A, B;) is a
weighted e-regular pair relative to a natural weighting of K, with weighted density

at least v for every 7. Set 0 = v —e. Let 0 < s be an integer constant, and assume
that 0° > ¢.

>y —¢

y—e<

Lemma 5. Assume that A" C A with pu(A") > 2kep(A). Then there exist vertices
Uy, Us, . .., us € A" such that

p(Mi<i<sNp(ui, Bj)) > 0°u(B;)
for every 1 < j < k.

Proof: We find the u; vertices one by one. For u; we have that the weight of vertices
of A with weighted degree at most du(B;) is at most eu(A) using Lemma 4. Discard
these low-degree vertices from A’, then use the regularity condition again, this time
for By. We find that the weight of vertices having small degree into B; or Bj is at
most 2ep(A). Iterating this procedure we get that the weight of vertices that do not
have large degree into at least one B; set is at most kepu(A) < p(A’). Pick any of the
large degree vertices from A’, this is our choice for u;.
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Next we repeat the process for finding uo, with the difference that we look for a ver-
tex that have large degree into the sets Ng(uy, B;) for every j. Since u(Np(uy, B;)) >
dp(Bj) > eu(B;), the same procedure will work. Applying Lemma 4 we can find
many vertices in A" — uy such that the weighted degree of all of them into B; is at
least ou(Np(uy, Bj)) > 6%u(B;) for every j. Pick any of these, this vertex is us.

When it comes to finding u; we will work with the sets A" — {uy,...,u;_1} and
Mi<i—1Np(ut, Bj) for 1 < j < k. Using induction it is easy to show that

1(Ni<i—1 N (ug, By)) > 6" u(B;)

for every j. Since 6° > ¢, we can iterate this procedure until we find all the vertices
ULy .y U, ]

Assume now that there are g clusters, Wy, Wy, ..., W, C V(F) such that pu(W;) =
m + o(m) for all i (here m > en) and all the (W;, W,) pairs are weighted e-regular
relative to a natural weighting of K, with density at least ~. That is, we have a
super-clique Cl, on ¢ clusters.

Next we construct the graph K, a blown-up clique as follows. First, we have ¢
disjoint s-element set of vertices, this is the vertex set of K. Then we connect any
two vertices if they belong to different vertex sets. Before we state an embedding
result, we need a simple lemma, the proof is left for the reader.

Lemma 6. Let (A, B) be a weighted e-reqular pair with density d, and for some «
let A C A with p(A") > ap(A) and B' C B with u(B') > apu(B). Then (A, B') is a
weighted &' -reqular pair with €’ = max{e/a,2e} and density d' > d — .

We have the following embedding lemma:
Lemma 7. Let § = — 2¢. If 69" > ¢ then K] C Cl,.

Proof: First, apply Lemma 5 with A = W; and B; = W, for 1 <j <qg—1. We
find the the vertices ui,us, ..., ul € Wj such that

(Mi<icsNi(ug, Wy)) = 6° u(W5).
Let W7 = N1 Np(uj, W), then u(W7?) > 6°u(W;) > eu(W;) for every j > 2.
Next let A = W3 and B; = WJ2+2 for 1 < 7 < q— 2. Using Lemma 6 we have that

the new (A, B;) pairs are all weighted e/d°-regular with density at least v —e. Hence,

we can apply Lemma 5 again, and find u?,u3, ... ,u? € W2 such that
p(Mi<icsNp(ug, W) > 8 u(W3) > 6% u(Wy) > eu(W;)

for 3 <5 <q.

Continuing this process, in the kth step we will work with the I/Vf sets when apply-
ing Lemma 5. These sets are defined recursively as follows: I/Vf = Ni>11V, F(uffl, Wfﬁl)
and M(I/ij) > §=1s (W) for every k + 1 < j < q. Moreover, the (W,f,I/VJk) pairs
will be /0% ~Dsregular with density at least v — ¢ for every k+1 < j < q.
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In the last step, when £ = ¢ — 1, there are only two sub-clusters left, ngll and

WL, The pair (WZZ), Wi1) will be weighted e/5“~?*-regular with density at least
v —e. It is easy to find a K¢ (a complete bipartite graph) in this regular pair using

Lemma 5. Clearly, we constructed the desired K graph. 0

4.4. Ilustration: a weighted version of the Erdés-Stone theorem. Let ¢, ;(n)
be the number of edges in the Turan graph 7;, ,_; on n vertices. That is, T}, ,—1 has
the largest number of edges such that it does not contain a K. It is well known that

lim ty1(n) — 1= 2.
e (3 el

The Erdés-Stone theorem states that if one has at least t,_1(n) +yn* edges (where
7 > 0 is a constant) in a graph F' on n vertices then F' has a K for any given
natural number s. In this section we show a weighted version. We take a natural
weighting of K,,, and prove that if the total edge weight in F' C K, is large then F
has a large blown-up clique. We remark that there are other results in the literature
on the extremal theory of weighted graphs, see e.g. [4] by Bondy and Tuza and [7]
by Fiiredi and Kiindgen, although the setup of these papers is different from ours.
Another version of the Erdés-Stone theorem for sparse graphs can be found in [6].

Theorem 8. For all integers ¢ > 2 and s > 1 and every v > 0 there exists an integer
ng such that the following holds. Take the natural weighting of K, with vertex weight
function p and assume that p(V') = n > ng. Let F' C K,,. If the total edge weight of
F is at least ty_y(n) +yn® then F contains K as a subgraph.

Proof: We begin with applying the weighted Regularity Lemma with parameters
e < min{(y—¢)?%,1/s,1/q} and L > 1/e. We get an e-regular partition with clusters
Wo, W1, ..., Wy. Let us construct the reduced graph F, as follows. The vertices of F
are identified by the ¢ non-exceptional clusters. We have an edge between two vertices
of F, if the corresponding two clusters give an e-regular pair with density at least .
Hence, when we construct F,. we lose edges of F' as follows: (1) edges that are incident
with some vertex of Wy, (2) edges that connect two vertices that belong to the same
non-exceptional cluster, (3) edges that are in some irregular pair, (4) edges that are
in regular pairs with small density.

The outline of the proof is as follows. We will show that the loss in edge weight is
small, hence, F, will have many edges. By Turdan’s Theorem we will have a g-clique
in F,.. Then we apply Lemma 7, and conclude the existence of a K in F.

(1) The total weight of edges that are incident with some vertex of W can be
estimated as follows:

pr(Wo, V) < p(Wo, V) = Y > p(w,v) < p(Wo)u(V) < en’.

weWy veV
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(2) The non-exceptional clusters have weight (n—en)(1+40(1))/¢. The total weight
of edges inside non-exceptional clusters is at most

DIDNDINTLELDIDNDS

1<i<lbueW; veW;—u 1<i<lbueW; veW;—u

n2
" (L o(1)).
Since ¢ > L > 1/e, we have that the total edge weight inside non-exceptional clusters
is less than en?.

(3) Assume that (W;, ;) is an irregular pair. Then
n2

PV W) <D0 > plww) =3 Y plwn(v) = f(Wou(Wy) = (1 +0(1).

ueW; veW; ueW; veW;

Since the number of irregular pairs is at most /2, we get that the total edge weight
in irregular pairs is at most

el>——(1+0(1)) < 2en?.

€2<

(4) If the density of an e-regular pair (W;, ;) is small then we have the following

inequality:
2

72—2(1 +o(1)).

Since there can be at most ( ) pairs, the total edge weight in low density pairs is less
than 2yn?/3.

Putting together, we get that the total weight of edges that we lose when applying
the weighted Regularity Lemma is at most (4e + 2v/3)n? < 3yn?/4. Hence, the total
edge weight in the high-density regular pairs of F, is at least t,_1(n)+yn*/4. The total

weight of edges in a regular pair is (1 + o(1))n?/¢?. Assume that e(F}) < 1=2C  then

the total edge weight would be at most q—2 n (14 0(1)). Since we have a larger edge
weight in what is left after applying the Regularlty Lemma, using Turadn’s theorem
we get that F, contains a K,. Every pair in this clique is a high-density e-regular
pair, hence, we can apply Lemma 7 and find the blown-up clique. O

pr(Wi, W;) < (W) p(Wy)y =

Remarks. One can arrive at the same conclusion perturbing the edge weights a
little. Let K > 1 be a fixed constant. Multiply the weight of the edge e by any
number ¢, € [1/K, K]. The resulting weighted graph will be quasi-random, and it is
an easy exercise to show that one still have Theorem 8.

One can also show the weighted version of the Erdds-Stone-Simonovits theorem,
a stability version of the above. Let H be a family of forbidden subgraphs having
chromatic number ¢. Assume that the total edge weight in F is close to t,_;(n), but
F' does not contain some graph H € H. Then F,, the reduced graph cannot have a
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clique on ¢ vertices, but the number of edges in it will be close to t,_1(¢). This implies
that F, is close to a Turdn graph 7} ,_;, and that in turn implies that the vertex set of
F' can be partitioned into ¢ — 1 disjoint vertex classes in the following way: the vertex
classes all have weight ~ n/(q — 1), the total weight of edges inside vertex classes is
very small, and the weighted density of edges for every pair of disjoint classes is close
to one.

4.5. Emphasized sets. One cannot avoid to have an exceptional cluster W, when
applying the Regularity Lemma. That is, a linear number of vertices could be dis-
carded in certain cases, a well-known example is the so called half-graph. In general
we don’t have a control on what is put into the exceptional cluster. However, using
vertex weights one can at least partly control the set of discarded vertices. In what
follows we show how to use the natural weighting of K, in order to have that the
majority of some given emphasized set is put into non-exceptional clusters after ap-
plying the weighted Regularity Lemma, even if the set is of size o(n). In fact we will
do it for several emphasized sets at the same time. Notice that applying the usual
regularity concept (even that of [1]) one may discard all vertices with small degrees.
Assume that k is a fixed constant, V' is partitioned into the disjoint sets S, S, ..., Sk,
and let n = |V|. Further assume that s; — oo as n — oo. Let s; = |S;| for every i.
Define the following weighting of the vertices of V: for v € S; we let

n
pu(v) = pi = s
Observe that
n
Z lu(v) = Ev
VES;

thus, the total weight of the vertices is n. Let v € S; and w € S;. The weight of the
pair (v, w) is

TL2

plow) = py = o)) =
We showed above that K, equipped with such vertex and edge weights is a quasi-
random graph. We call this particular weighting the natural weighting of K, with
emphasized sets S1,S,...,S.

We can apply Theorem 2 for some F relative to the natural weighting of K,,. Choose
e so that k < 1/e. Since u(Wy) < en < n/k, we get that for all ¢ the majority of the
vertices of .S; are in non-exceptional clusters.

We remark that it is possible to define vertex weights not only for G = K,,, but
for much sparser quasi-random graphs when emphasizing subsets of V. For example,
assume that G € G(n,p;;), and V is partitioned into the disjoint sets Sy, S, ..., Sk.
Then one will have the vertex weights of the above example, but the edge weights

will be different:
(00,05) = plw)plog) — =
vi,v;) = p(vi) pvj) — = 5———
P ! s M Dij kZSqStpij
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whenever v; € S, and v; € S;. We leave the details for the reader.
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