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ABSTRACT: Answering in a strong form a question posed by Bollobds and Scott, in this paper
we determine the discrepancy between two random k-uniform hypergraphs, up to a constant factor
depending solely on k. © 2013 Wiley Periodicals, Inc. Random Struct. Alg., 47, 147-162, 2015
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1. INTRODUCTION

A hypergraph H is an ordered pair H = (V, E), where V is a finite set (the vertex set), and
E is a family of distinct subsets of V (the edge set). The hypergraph H is k-uniform if all its
edges are of size k. In this paper we consider only k-uniform hypergraphs. The edge density
of a k-uniform hypergraph H with n vertices is py = e(H)/(}}). We define the discrepancy

of H to be
S
e(S) — py('k'> ,

where e(S) = e(H[S]) is the number of edges in the sub-hypergraph induced by S. The dis-
crepancy can be viewed as a measure of how uniformly the edges of H are distributed among
the vertices. This important concept appears naturally in various branches of Combinatorics
and has been studied by many researchers in recent years. The discrepancy is closely related

ey

disc(H) = max
SCV(H)

Correspondence to: H. Naves
*Supported by AMS-Simons travel grant (J.M.). NSF (B.S.) (DMS-1101185), and USA-Israel BSF grant (B.S.).
© 2013 Wiley Periodicals, Inc.

147



148 MA, NAVES, AND SUDAKOV

to the theory of quasi-random graphs (see [7]), as the property disc(G) = o(|V(G)|?) implies
the quasi-randomness of the graph G.

Erd6s and Spencer [9] proved that for k > 2, any k-uniform hypergraph H with n vertices
has a subset S satisfying |e(S) — (V)| = cn ' which implies the bound disc(H) > en's
for k-uniform hypergraphs H of edge density % Erdds, Goldberg, Pach and Spencer [8]
obtained a similar lower bound for graphs of edge density smaller than % These results
were later generalized by Bollobds and Scott in [3], who proved the inequality disc(H) >

ck\/?n% for k-uniform hypergraphs H, whenever » = pg(1 — pg) > 1/n. The random
hypergraphs show that all the aforementioned lower bounds are optimal up to constant
factors. For more discussion and general accounts of discrepancy, we refer the interested
reader to Beck and Sés [2], Bollobas and Scott [3], Chazelle [6], Matousek [11] and S6s [12].

A similar notion is the relative discrepancy of two hypergraphs. Let G and H be two k-
uniform hypergraphs over the same vertex set V, with |V| = n. For a bijectionz : V — V,
let G, be obtained from G by permuting all edges according to r, i.e., E(G,) = 7 (E(G)).
The overlap of G and H with respect to m, denoted by G, N H, is a hypergraph with the
same vertex set V and with edge set E(G,) N E(H). The discrepancy of G with respect to
His

disc(G, H) = max |e(G, N H) — pepu (Z) : )

where the maximum is taken over all bijections w : V — V. For random bijections 7,
the expected size of E(G,) N E(H) is ,oGpH( ) thus disc(G, H) measures how much the
overlap can deviate from its average. In a certain sense, the definition (2) is more general
than (1), because one can write disc(H) = max, <<, disc(G;, H), where G; is obtained from
the complete i-vertex k-uniform hypergraph by adding n — i isolated vertices.

Bollobas and Scott introduced the notion of relative discrepancy in [4] and showed that for
any two n-vertex graphs G and H, if % < pg pg <1— %, then disc(G,H) > c-f(pg, pr) -

n3, where ¢ is an absolute constant and f (x,y) = x*(1 —x)>y*(1 — )%. As a corollary, they
proved a conjecture in [8] regarding the bipartite discrepancy disc(G, K1 | r17). Moreover,
they also conjectured that a similar bound holds for k-uniform hypergraphs, namely, there
exists ¢ = c(k, pg, pH) for which disc(G H) > cn% holds for any k-uniform hypergraphs
Gand H satlsfymg <pGpy <1—-

In their paper, Bollobas and Scott also asked the following question (see Problem 12 in
[4]). Given two random n-vertex graphs G and H with constant edge probability p, what
is the expected value of disc(G, H)? In this paper, we solve this question completely for
general k-uniform hypergraphs. Let H; (n, p) denote the random k-uniform hypergraph on
n vertices, in which every edge is included independently with probability p. We say that an
event happens with high probability, or w.h.p. for brevity, if it happens with probability at
least 1 — n=®®, where here and later @ (1) denotes an arbitrary function tending to infinity
together with n.

Theorem 1.1.  For positive integers n and k, let N = (';(—_?) Let G and H be two random

hypergraphs distributed according to H, (n, p) and Hy (n, q) respectively, where % <p<
1

q=5
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DISCREPANCY OF RANDOM GRAPHS AND HYPERGRAPHS 149

1. DENSE CASE — If pgN > 3'—0 logn, then w.h.p. disc(G,H) = ©; ( pq(Z)nlog n)
logn ,
PgN”’
. logn : nlogn
2.1 ifpN = 5 then w.h.p. disc(G.H) = ©, (%)

2.2. ifpN < FEL then w.h.p. disc(G, H) = O (p(})).

Slogy”’

then

2. SPARSE CASE — If pgN < % logn, lety =

The previous theorem also provides tight bounds when p and/or g > %, as we shall see in
the concluding remarks. The result of Theorem 1.1 in the sparse range is closely related to
the recent work of the third author with Lee and Loh [10]. Among other results, the authors of

[10] show that two independent copies G, H of the random graph G(n, p) withp < \/logn/n
w.h.p. have overlap of order ® (n logn ), where y = 1;%. Hence disc(G,H) = © (n l°g")

logy logy

holds, since in this range of edge probability, n 1]:::; is larger than the average overlap p? (;)
Our proof in the sparse case borrows some ideas from [10]. On the other hand, one can not
use their approach for all cases; hence some new ideas were needed to prove Theorem 1.1.

It will become evident from our proof that the problem of determining the discrepancy
can be essentially reduced to the following question. Let K > 0, and let X be a binomial
random variable with parameters m and p. What is the maximum value of A = A(m, p,K)
satisfying ]P’[X —mp > A] > ¢~X9 This question is related to the rate function of binomial
distribution. In all cases, the discrepancy in the statement of Theorem 1.1 is w.h.p.

disc(G, H) = O (n A <p<: - }),q, log n)) . 3)

Note that p(Z:i) is roughly the size of the neighborhood of a vertex in the hypergraph G.

The rest of this paper is organized as follows. Section 2 contains a high level outline of our
proof. It also includes the definition of the probabilistic discrepancy discp(G, H). Section 3
contains a list of inequalities and technical lemmas used throughout the paper. In partic-
ular, we demonstrate that discp(G, H) w.h.p. does not deviate too much from disc(G, H).
In Section 4, we establish the upper bound for disc(G, H) based on a similar bound for
discp(G, H). In Section 5, we give a detailed proof of the lower bound for disc(G, H). The
final section contains some concluding remarks. In this paper, the function log refers to the
natural logarithm and all asymptotic notation symbols (€2, O, o and ®) are with respect to
the variable n. Furthermore, the k-subscripts in these symbols indicate the dependence on
k in the relevant constants.

2. OUTLINE OF THE PROOF

In this section, we describe the main ideas in the proof of Theorem 1.1. In order to determine
disc(G, H), we introduce a related quantity, the probabilistic discrepancy discp(G, H). Let
G and H be two random hypergraphs over the same vertex set V, distributed according to
Hy (n, p) and Hy (n, q), respectively. The probabilistic discrepancy of G with respect to H
is defined by

discp(G, H) = max

n
e(G, NH) —pq<k> s

Random Structures and Algorithms DOI 10.1002/rsa



150 MA, NAVES, AND SUDAKOV

Fig. 1. Edges of G and H having one vertex in L. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

where the maximum is taken over all bijections = : V — V. In Section 4, we show that
discp(G, H) is w.h.p. very close to disc(G, H), hence, to bound disc(G, H), it suffices to
show corresponding bounds for discp (G, H).

The proof of the upper bound for discp (G, H) is fairly standard. In case (2.2) of the main
theorem, the proof is trivial, as w.h.p. e(G) < 2p(Z). For the remaining cases, we remark
that for any fixed permutation 7 : V — V, the overlap G, N H is arandom hypergraph dis-
tributed according to H, (n, pq). The upper bound then follows from a straightforward union
bound argument over all possible permutations 7, together with the application of concen-
tration inequalities for the binomial distribution. The remaining details of this particular
argument are presented in Section 4.

The main contribution of the paper is the proof of the lower bound. In Section 5, we show
that w.h.p. there exists a permutation 7 such that the corresponding overlap e(G, N H) is
much bigger than pq(}). Note that (G, N H) > pq(}), so the discrepancy is “positive”
here. In the proof, we fix an arbitrary set L € V of size |L| = ;(—l, and restrict the set of
possible permutations to bijections permuting only the elements of L. Then, we gradually
expose the edges (belonging to both G and H) in two rounds. In the first round, we expose
the edges having exactly one vertex in L, while keeping unexposed the edges having zero
or at least two vertices in L. This way, the overall contribution to the discrepancy from the
edges exposed in the first round is exactly the sum of the contributions from each individual
choice of 7 (x). To be more precise, let R be the set of all (k — 1)-subsets of V' \ L; for each
u € L, let Ng(u) be the collection of all (k — 1)-sets T € R such that {u#} U T is an edge of
G, and let Ny (1) be defined similarly; finally, for each pair u,v € L, let codeg(u, v) denote
the size of Ng(u) N Ny (v). The total number of edges in the overlap G, N H having exactly
one vertex in L is precisely the sum

Z codeg(x, w(x)). %)
xelL

% n
number of edges having precisely one vertex in L. Additionally, we remark that |R| = ('I’(__f),
which is exactly the value of N in the statement of Theorem 1.1. The following inequality
will be used extensively later in the paper. It relates N and the binomial coefficient (2’) for

large enough n, as
1/n n 1/(n
= <N-<-( ).
3<k) -k 2<k)

Random Structures and Algorithms DOI 10.1002/rsa
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DISCREPANCY OF RANDOM GRAPHS AND HYPERGRAPHS 151

Having found the bijection w with big overlap in the exposed edges (we have not yet
explained how to obtain such bijection), the final step would be to expose the remaining
edges of both hypergraphs (second round exposure) and compute the overall discrepancy.
The potential “loss” in this final step will be w.h.p. much smaller than the “gain” we already
obtained in the previous steps.

It remains to explain how to obtain the bijection . We define the connection graph
I' = I'(G, H) as follows. The set of vertices of I" is the union of two disjoint copies of L,
which we will refer to as Lg and Ly, respectively. We will add an edge between u € Lg
and v € Ly in " when codeg(u, v) is sufficiently large. The notion of large here will vary,
depending on which case (dense or sparse) we are trying to prove. Because of (4), in order
to maximize the overlap, it will suffice to show the existence of a large matching in auxiliary
graph I'.

In the dense case, we prove that we can find a nearly regular subgraph of I (i.e., all the
degrees are roughly the same) and thus the existence of the desired bijection 7 easily follows
from well-known theorem of Vizing. For more details, see Section 5.1. In the sparse case,
the proof is slightly different. To find the matching in I', we divide L; into chunks, each
having size n*>. Then, for each chunk in L, we expose the neighborhoods of its vertices
to R and w.h.p. we show that these neighborhoods can be made disjoint by removing very
few edges. Finally, we start matching the vertices in Ly with the vertices in Ls. This is
done by exposing the neighborhood of a vertex in Ly (one by one, according to an arbitrary
predetermined order), and matching it with a high codegree vertex in L. The details of this
construction are contained in Section 5.2.

3. AUXILIARY RESULTS

In this section we list and prove some useful concentration inequalities about the binomial
and hypergeometric distributions. In addition, we prove that discp(G, H) (defined in the
previous section) is w.h.p. very close to disc(G, H). Lastly, we prove a corollary from
the well-known Vizing’s Theorem which asserts the existence of a linear-size matching in
nearly regular graphs (i.e., the maximum degree is close to the average degree). We will
not attempt to optimize our constants, preferring rather to choose values which provide a
simpler presentation. Let us start with classical Chernoff-type estimates for the tail of the
binomial distribution (see, e.g., [1]).

Lemma3.1. LetX = ZL] X; be the sum of independent zero-one random variables with
2

average (1 = E[X]. Then for all non-negative » < u, we have P[|X — u| > A] < 2@7‘){7‘.
The following lower tail inequality (see [1]) is due to Janson.

Lemma 3.2. Let A, A,,...,A; be subsets of a finite set 2, and let R be a random subset
of Q for which the events r € R are mutually independent over r € Q. Define X; to be the

indicator random variable of A; C R. Let X = Z,l-:l X, n =E[X],and A = Ziwj E[X:-X1,
where i ~ j means that X; and X; are dependent (i.e., A; intersects A;). Then for any A > 0,

22

PX <u—A]l <e 2uF8,

Random Structures and Algorithms DOI 10.1002/rsa



152 MA, NAVES, AND SUDAKOV

Next, we establish that the difference between disc(G, H) and discp(G, H) is w.h.p. very
small. This difference is, in fact, much smaller than any bound stated in Theorem 1.1. Thus,
to prove bounds for disc(G, H), it suffices to show corresponding bounds for discp (G, H).

Lemma 3.3. Let G and H be two random hypergraphs over the same vertex set V,
distributed according to 'H;(n, p) and Hy(n, q), respectively. With probability at least 1 —

de=V" the inequality |disc(G, H) — discp(G, H)| < 2¢ holds, where ¢ = 4;1%1 /pq(Z).

Proof.  Since p(Z) = Q(n), applying Lemma 3.1 to the random variable e(G) for A =
ont p(Z) < p(Z) yields

i |:‘e(G) —p(Z)‘ < nt p(Z) } > 1 —2e 7,

Similarly, we have P [|e(H )—q()l < nit q(}) ] > 1 — 2¢~V". Therefore, with proba-

bility at least 1 — 4e=v", |og — p| < 2n# (p/(?))"” and |y — gl < 204 (q/(?))"". But if
|AB — AoBy| = €16, + |Aolex + | Byle€r, then either |[A — Ag| > €, or |B — By| > ¢€,. Together,

these inequalities imply
n n n n
PGPH <k> —1%1<k) < 4/pqn + 2pn"*‘/c1<k> + an"‘,/p(k> <2e,

completing the proof of the lemma. .

In the proof of the dense case of the main theorem we will need a lower bound for the tail
of the hypergeometric distribution. To prove it we use the following well-known estimates
for the binomial coefficient.

Proposition 3.4. Let H(p) = —plogp — (1 — p)log(l — p) (the binary entropy), then
for any integer m > 0 and real p € (0, 1) satisfying pm € Z we have

V2n < (pm)vmp(l e < £
m

&2 o
Proof. This can be derived from Stirling’s formula /27wm (%)m <m! <eym (%)m. .

Lemma 3.5. Let di, d,, A and N be integers and K be a real parameter such that

1<d,d <2 1 <K<94%2 gnd A = %.Then

3
0D

LTyt

didy
1= == +A

Random Structures and Algorithms DOI 10.1002/rsa
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Proof. For convenience, we write f(¢) = (dt‘)(lz;it')/ (Z ) In order to show the desired
lower bound of the hypergeometric sum, it suffices to prove that

—40K

Vs
for every integer t = ‘% + 6A with 1 < 0 < 2. Indeed, to see this, note that there are at
least |[A] > % integers between % + A and % 4+ 2A and

f@® >

dd.
A>— ady

Next we prove the bound for f(¢). For our choice of A, the inequality A < 1 L is true since

A (K _ e Ky b b d dd
N N4 N 100N 10 N 15

Similarly A < %. Letx = f\,—z, y = %4 andz = 22 Thent = (x +y)d,andd, —t =
(x—2)(N—d;).But0 <x+y < l,becauseO <X 5 = andO <y < 2—? < 1 Furthermore,

3
OAN 30A 2 E
< < = < = 4
L (N—dy) dz and X 3- By PI'OpOSlthIl 3. , WE have

O<x—2z<1, because—

((Xﬁ)dl)((x-gzil—dn) > ﬁ\/l_?e_l‘
) o<

where L= —d,-H(x+y)— (N —d;)-H(x —z) + N - H(x) and

[ =

x(1 —x)N 1 1 1

T G-l — 4G —x— (N —dp) ~ Gpd 2 BB A

Here we used z < x for the first the inequality; and we used 6 < 2 and the identity
x+yd =t= ‘% + 6 A for the second inequality. Because dy = (N — d,)z = 6 A and
log(1 4 s) < s, we obtain

L=d, (x+y)10g(1+i)—c)+(1—x—y)log<1— lix>i|

+(N—d1)|:(x—z)log(l—§)+(1_X+Z)10g(l+ lix>i|

<4 (X+y)y_(l—x—y)y}+(N_d1)[_(x—z)z+(1—x+z)z]
I 1 —x 1 —x

PN 1 1 _ 02 A>N3 < 36K

B '(y+Z).<)_C+1_x)_dl(N—d1)d2(N—d2) - .

2 —36K —40K
Thus we always have f(t) > L — e,
T = T

The next lemma will be used to prove the lower bound in the sparse case of Theorem 1.1
and was inspired by an analogous result in [10].

completing the proof. .

Random Structures and Algorithms DOI 10.1002/rsa
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Lemma 3.6.  For positive integers n and k, let N = (”kj), %l) <p<g< % and suppose
that pgN < 3 logn. Define y = 1:51\',1 Let Nyi,...,N;, € B be s > n'’? disjoint sets of
size (1 4+ o(1))Np, and consider the random set B,, obtained by taking each element of B

independently with probability q. Then w.h.p., there is an index i for which

logn logn
o> .
1 IB,NN;| = G2 if pN > 2t

2. N; C B, ifpN < -2~

Slogy*

Proof. If pN > Sll"g" let t = 1°g” . Clearly 1 — g > ¢3%?> when ¢ < 1/2. For a fixed

index i, the probability that |B, ﬂ NI > ¢t is at least (")g'(1 — q)™~". Using the bounds
(7) = (4)" fora > b, and 5; logn > Npg = l°g” , we obtain

<|Ni|)q,(1 _ i > ((1 + 0(1))NP‘1) ~2pgN < <510gy>ﬁlogy —1/15
t - t y

> p 16 g5 5 03,

Hence the expected number of indices i such that |B,\N;| > tis atleastsn™%3 > n'/*°. Since
the sets IV; are disjoint, these events are independent for different choices of i. Therefore by
Lemma 3.1 w.h.p. we can find such an index (actually many).

If pN < Sloog" then ¢ = 10513 > 510% > y~!. Therefore the probability that some

Ni ng is

logn
q\N\ > y—(1+0(1))NP > y T dlogy — =n —1/4

s

and we can complete the proof as in the first case. .

The last lemma in this section, which can be easily derived from Vizing’s Theorem, will
be used to find a linear-size matching in nearly regular graphs.

Lemma 3.7.  Every graph G with maximum degree A(G), contains a matching of size at

(G)
least GaT

Proof. By Vizing’s Theorem, the graph G has a proper edge coloring f : E(G) —
{1,2,...,A(G) + 1}. For each color 1 < ¢ < A(G) + 1, the edges f~!(c) form a matching
ir(l1 G. By the pigeonhole principle, there is a color ¢ such that f~!(c) has at least Afé;G)L
edges. .

4. UPPER BOUNDS

In this section we prove the upper bound for the discrepancy in Theorem 1.1. By Lemma 3.3,
it suffices to prove the corresponding bounds for discp(G, H) instead.

Lemma 4.1. Let G and H be as in Theorem 1.1. Then w.h.p. discp(G, H) satisfies the
stated upper bounds of Theorem 1.1.

Random Structures and Algorithms DOI 10.1002/rsa
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Proof. Since the number of edges of G is distributed binomially and p(Z) = Q(n), by
Lemma 3.1, we have e(G) < 2p(}) with probability at least 1 —e~®™. Since discp(G, H) is
bounded by max {e(G), pq(Z) } this implies the assertion in the case (2.2) of Theorem 1.1.

For any fixed bijection 7 : V — V, the number of edges in G, N H is distributed

binomially with parameters (}) and pg. If pq(}) > 4nlognletr = 2,/pq(})nlogn < pq(}).
Then by Lemma 3.1, the probability that ’e(G,, NH)— pq(Z)‘ > A is at most 2¢7"1°¢", On

4e2nlogn > 4e2nlogn _
logy’ = v/ T

nlogn
. pa (i)
epq(}). Since (§) < (%)’ the probability that e(G, N H) > A is at most

the other hand, if pq (Z) <4nlogn,lety’ = 4e

>e>land A =
_4e2nlogn

n n A A , R
(k) (pq)k < e(k)pq — 462” ]Og n — 14 logy < efnlogn'
A A y'A logy’

In either case, since there are n! possible bijections w : V. — V, by the union bound

P[discp(G,H) > A ] < nl - 2e7 "8 < /2,

which finishes the proof of the upper bound in case (1). Since y (defined in Theorem 1.1)
satisfies y = ©,(y’), this implies upper bound in case (2.1) as well. Finally, observe that
we divided the dense and sparse cases in this proof, according to whether pg (Z) is bigger
(or smaller) than 4nlog n, a threshold slightly different than the one used in Theorem 1.1.
This difference is not essential though, as for p, g satisfying both pq(Z) < 4nlogn and

pgN > = logn, we have \/pq()nlogn = ©; (m). .
— 30 ’ k logy’

5. LOWER BOUNDS

In this section we prove the lower bounds in Theorem 1.1. As we previously explained, it
is enough to obtain these bounds for discp(G, H). We divide the proof into two cases. The
first (dense case) will be discussed in the next subsection. The second (sparse case) will
be discussed in subsection 5.2. Throughout the proofs, we assume that k is fixed and 7 is
tending to infinity.

5.1. Dense Case

LetN = ("k__?) and let p, g be such that pgN > 3 logn. Select an arbitrary set L € V of

size [L| = 7. We prove that w.h.p. there exists an L-bijection w : V — V with overlap

e(G, NH) zpq<Z) + O, (n . Jqulogn) :pq<Z> + O < pq(Z)nlogn) , (5

where an L-bijection w : V — V is a bijection from V to V which only permutes the
elements of L, i.e., m(x) = x forall x & L.

We start by describing the construction outlined in Section 2 in more details. From the
random hypergraph G we construct a random bipartite graph G with vertex set L UR, where
Ls = Land R is the setof all (k—1)-tuplesin V'\ L. Note that |[R| = N. The vertices v, € Lg

Random Structures and Algorithms DOI 10.1002/rsa
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and {v,,v3,..., v} € R are adjacent if {YJ’ Va,..., v} forms an edge in the hypergraph G.
With slight abuse of notation, we view G as a sub-hypergraph of G, containing all edges
e having exactly one vertex in L, i.e. [e N L| = 1. Similarly, from the random hypergraph
H we construct a random bipartite graph H with vertex set Ly U R. Figure 1 shows the
resulting bipartite graphs.

Given an L-bijection 7 : V — V, we divide the edge set of G, N H into two sub-
sets: the edge set of G N H _and its complement. To prove our result we first expose
the random edges in G and H, and show how to find an L- bijection 7 having over-

lap at least © (n - +/PgN log n) more than the expectation. Then we fix such 7 and

expose all the remaining edges in G and H showing that the contribution of these edges
to G, N H does not deviate much from the expected contribution. More precisely, let
= |[E(G — G) YNEH — H)| then e(G, N H) = e(G ﬂH) + e,. Moreover, e,

is dlstrlbuted according to Bin(m, pq), where > 3 (Z) <m= (k) N Z < (k) Thus w.h.p.

lex —pgm| < /pgm -logn, as Lemma 3.1 shows. Also, /pgm -logn < , /pq(Z)nlogn =

O (n,/ pgN log n) To obtain (5), it is therefore enough to show that w.h.p. there exists an
L-bijection 7 such that

e(G, NH) >

- (paN + ©x (VpaNTogn) ). ©)

Eanll BN

since then w.h.p.,
e(G, NH) = e(G, NH) + e,
n
> —(qu + O (v pgN logn)) + pgm — /pgmlogn

n
= z®k (v'pgN logn) +p61< ) Vpgmlogn

:pq(Z) + 6 ( pq(Z)nlogn> .

We define an auxiliary bipartite graph I' = F(E}, H ) as follows. A vertex u € Lg survives
if | degz(u) — pN| < 24/2pN and similarly, a vertex v € Ly survives if | degz (v) — gN| <
2/2gN. Let S; and Sy be the sets of all surviving vertices of G and H, respectively. Let
s¢ = |S¢| and sy = |Sy|. The set of vertices of I" is the union of S; and Sy. The edges of
I' are defined by the property

degx(u) degs
u~rv <= codeg(u,v) > w + 10_2\/qu logn,

where codeg(u,v) denotes the codegree of u € Ls and v € Ly, i.e. codeg(u,v) =
|[Ng(u) N Ni(v)|. The graph I has many vertices in both parts, as the following simple
lemma demonstrates

Lemma 5.1.  W.h.p. each part of T has size at least

Proof. Let « be the probability that some vertex u survives in Lg. Since pN > 8, we have
that 2,/2pN < pN.Thus Lemma 3.1 applied to degg (u) implies @ > 1—2¢~% > 1/2. Since
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the events that vertices survive are independent, s stochastically dominates the binomial
distribution with parameters n/k and 1/2. Thus, again by Lemma 3.1, w.h.p. s¢ > n/(4k)

and a similar estimate holds for sy. .

To prove (6), we will show that the following two statements hold w.h.p.

a. I" has a matching M = {(u;,vy),...,(u;,v;)} of size [ = snﬁ;
b. there exists an L-bijection 7 such that w(u;) = v; foralli =1,2,...,/, and,

Z codeg(u, (1)) > (% — )qu 2 PgN.

ueLg\{uy,uy,...,u;}
Indeed, for any two adjacent vertices u, v in I', we have

dega(u)]\;iegﬁ(v) . PN = V8PN E\EQN — VSN paN — 6/paN.

Thus using (a), (b) and / = ; we obtain

oG, NH) =Y codeg(u, m(u)) = Zcodeg(u,, V) + (— - ) pgN — 22 ,/qu

uelg

> Z [w + 1072 /qu]ogni| ( )qu 2 \/qu

50k

> Z (qu +107*/pgN log n)

> Z [paV = 6V/paN | + 210 /pgN Togn + (7 — 1) paN =27 - \/paN
i=1

We need the following lemma in order to prove that (b) holds.

Lemma 5.2. Let 0 < o < 1 be any absolute constant. Then with probability at least
L — ek, any two subsets A C Lg and B C Ly with |A| = |B| = %" satisfy

Xup = Z codeg(u,v) > (O;C—n)zqu —2u (g)z \/pq_N

ueA,veB

Proof. LetX,,,, be the indicator of wu € E (5) and wv € E(ﬁ) forw e R,u € A,v € B.
SoXup = ZWGR,MG aves Xwuy and E[X,,,.,] = pg. Moreover, X,,,, and X, ,» ,» are dependent

if and only if wu = w't' or wv = w'v. Thus, u = E[X, 5] = (%)2 Npq and

DY Bl Xl + D D Bl - Xuwa] = %(f)lqu(pw),

weRucA vy eB WERVEB uu €A

Random Structures and Algorithms DOI 10.1002/rsa



158 MA, NAVES, AND SUDAKOV

where © and A are defined as in Lemma 3.2. Let F be the event that there exists at least
one pair of subsets A C Lg, B € Ly with |A| = [B| = ¢ satisfying Xy < (%)szq -
2a(;(—’)2«/Npq. By the union bound and by Lemma 3.2, we have

2 1N2 ()2
Z P |:XA,B < u—2a (g) ,/Npq:| < (é) e — s
At s () ¢

2an
e k _3n —
<(=)" e’k <ek,
o

since 2 + A < f—: (‘%)3Npq, o < 1 and @ log(e/a) < 1 for all such «. .

P[F]

IA

=

Let M = {(uy,v1),...,(u;,v;)} be a matching satisfying (a) and let A = Lg \
{ui,ug,...,w} and B = Ly \ {vi,vp,...,v}. Write |A| = |B| = 7 —1 = %, where
o = % Consider X3 = D, 4,5 c0deg(u, v). Then, by Lemma 5.2, with probability at

least 1 — e’%, we have
2
Z codeg(u,v) > (g — l) pgN — 2; (g — l) v PgN.
ueA,veB

Since the complete bipartite graph with parts A, B is a disjoint union of 7 — [ perfect
matchings, by the pigeonhole principle, there exists a matching M’ between A and B such
that

pcodeg(u,v 2
E codeg(u,v) > Z”EA’”EE — g, v) > (E — l)qu — %N/qu.
k

l k
(u,v)eM’

Then the matching M U M’ between Lg and Ly gives the desired L-bijection 7 and proves
(b).

To finish the proof we need to establish (a). If I is nearly regular, then by Lemma 3.7,
I" would contain a linear-size matching. Unfortunately, it is not clear that this is the case.
However, we will show that it is possible to delete some edges of I' at random and obtain
a pruned graph T, which is nearly regular. Let

f(dy,dy) :=P[u~r v|deggz(u) = dy,degz (v) = ds],

where |d; —pN| < 24/2pN and |d, —gN| < 2./2gN. Letf, be the minimum of f (d;, d>) over
all pairs (d;, d,) in the domain of f. Suppose that f; > n’%, which we shall prove later. We
keep each edge uv of I' in I'” independently with probability % ,whered, = degg(u) and
d, = degg (v). Then, we claim that for any vertex u € Sg, degp (1) is binomially distributed
with parameters s and fy. Indeed, by definition, P [u ~ v| degg (1) = dy,degy (v) = dy] =
fo for all possible d;,d,. Moreover, conditioning on the neighbors of u in G and on the
values of the degrees degj; (vy), degg(va), ..., degg(vy,), the events u ~r v, u ~r vy,
...,and u ~r v, are all independent. Therefore, by definition of I'’, it is easy to see that
u ~r vy, u ~p Va, ..., and u ~p v, are independent as well. Thus for any u € Sg,
deg (u) ~ Bin(sy, fo) and similarly, deg, (v) ~ Bgl(ic,ﬁ)) forallv € Sy.

Conditioning on the degrees of all vertices in G, H, we obtain sets Sg and Sy, which
w.h.p. satisfy the assertion of Lemma 5.1, i.e., |Sg| = s¢ > ﬁ and |Sy| = sy > ﬁ. Thus
both sgfy and sy fy are 2, (4/n). Since all degrees in I are binomially distributed, Lemma 5.1
together with the union bound imply that w.h.p. all vertices u € Sg,v € Sy satisfy
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sifo 3sufo 3safy
S0 g, .
y Sdegr) == 2

and szﬂ <degp(v) <

2
Therefore, the max-degree A(I'') < max {% %} < % and e(I") > M > ;’zi‘;

e(I')
AT+l — 50k’

Thus by Lemma 3.7, I’ has a matching of size at least
of (a).

It remains to prove the bound f; > n~ 2. LetK = 15‘2)% > 1. Since pN tends to infinity,
p<q<1/2and|d; —pN| <2/2pN,wehave 1 <d; = (1 +o0(1))pN < 271\/ Similarly

1<d,=(040())gN < % Also recall that pgN > % log n, which implies

completing the proof

b _ oy <1>)— (1 +o(1)28" _ g
100N - 3000 '

Therefore we can apply Lemma 3.5 with A =/ % > X p?golog". By the definition of
f(di,d,), we have

d\ (N—d; dy\ (N—d
f(dl,dz)z Z (z)(]\;{z—z) > Z (t)(}\;[z—t) 26740K>n7%.
. d1d2 . @ (dz) tZ%«FA (dz)
This completes the proof. .

5.2. Sparse Case

In this subsection, we prove the lower bound in the sparse case pgN < % log n. Note that,
since p < ¢ and (}) < 3N% in this case, we have p < N~'/2%M and pq(}) < nlogn.
The proof runs along the same lines as that of the dense case differing only in the appli-
cation of Lemma 3.6 to obtain an L-bijection # : V — V whose sum of codegrees
2 et €odeg(u, 7w () is large. Suppose first that pN > log” . Recall that y = l°g" > 30

and thus 61;’0% > 4;% + l‘)% = é‘iigy + pgN. Also, ‘/pq logn < 1/pq(k) logn <

é‘:ig”y%. Therefore it is enough to find a bijection m between Ls; and Ly such that
ZueLG codeg(u, w(u)) = (1 + o(1)) - 611‘;3;}/. Using such bijection, together with above

inequalities and m + N % = (Z), we obtain that
e(G; NH) = codeg(u, (u)) + ¢

> (1+ 0(1));61

gn n n
= (1 +o(l ))421 gyz—i-PCI(k)-

Analogous to the dense case, we define the connection graph I' = F((N;, H) for the
sparse case. But the criterion to add edges to I is different — u and v are joined if and only
if codeg(u,v) > log . Again, our goal is to find a large matching in ", but the strategy will
be slightly dlfferent thls time.

Partition the vertices of Lg into r = £ disjoint sets Sj,...,S, each of size s = n*/°.
We will construct = by applying the following greedy algorithm to each set. Let us start

+ pgm — /pgmlogn
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with S;. The algorithm will reveal the edges emanating from S; to R in G by repeatedly
exposing the neighborhood of a vertex in S;, one at a time. Throughout this process, we
construct a subset S| € §; of size (1 4 o(1))[S,| and a family of disjoint sets N, C R,
such that each N, has size (1 4+ o(1))Np and is contained in the neighborhood of u, for
all u € S]. At each step, we pick a fresh vertex u in S and expose its neighborhood. If u
has a set of (1 + o(1))Np neighbors which is disjoint from »,, for all w in the current §’,
denote this particular set by N, and put « in the set S|; otherwise move to the next fresh
vertex in S, until there are none left. The union X = Uest N,, always has size at most

O(pN - 5) < N®+() Moreover, every vertex in R \ X is adjacent to u independently with
probability p. Since pN > w(1) tends to infinity with n, the set of neighbors of u outside
X has size (1 + o(1))|R \ X|p = (1 + o(1))Np with probability 1 4+ o(1). Thus, there
exists an absolute lower bound py = 1 + o(1) such that the event “S] contains u” occurs
with probability at least py, for all u. Furthermore, conditioned on the sizes of R \ X, these
events are independent for different vertices u. A straightforward coupling argument shows
that the number of elements in S] can be bounded below by a binomial random variable
with s trials and probability py. Therefore, by Lemma 3.1, w.h.p. [S]| = (1 4+ o(1))[S;].
Next, we construct the partial matching for S;. Consider the disjoint sets N,, for u € S},
each of size (1 + o(1))Np. Pick an arbitrary vertex v in Ly and expose its neighbors in
H. This is a random subset N, of R, obtained by taking each element independently with
probability g. Therefore by case (1) of Lemma 3.6, w.h.p there is a vertex u € S| such that

1
codeg(u,v) > |N, N N,| > % Define 7 (1) = v, remove u from S|, remove v from Ly

and continue. Note that, as long as there are at least n'/* vertices remaining in S/, we can
match one of them with a newly exposed vertex from Ly such that the codegree of this pair
is at least ;fogg”y. Once the number of vertices in S drops below n'/3, leave the remaining
vertices unmatched. W.h.p. we can match a 1 4 o(1) fraction of the vertices in S;.
Continue the above procedure for S, ..., S, as well. At the end of the process, we will
have matched a 1 4 o(1) fraction of all the vertices in L with distinct vertices in Ly such

that codegree of every matched pair is at least 61;’0%. Therefore the sum of the codegrees of

this partial matching is at least (1 +o0(1))7 - 61;;% To obtain the bijection 77, one can match
the remaining vertices in Ls and Ly arbitrarily.

When pN < Slfogg"y the same proof as above together with case (2) of Lemma 3.6 yields
codeg(u, w(u)) > (14 o(1))% - pN. Since g < 1, p > 20

a bijection 7 such that )

uelg
and m = () — N%, this implies
n
e(G,NH) > (1+ 0(1))EPN + pgm — /pgmlogn
=0 \p k 20 k)
finishing the analysis of the sparse case. .

6. CONCLUDING REMARKS

As we stated in the introduction, Theorem 1.1 also yields tight bounds when p and/or g > %
For any G and H, , one can check that disc(G, H) = disc(G, H), where H is the complement
of H. Moreover, H is distributed according to H;(n, 1 — g), hence we can reduce the case
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q > % tothecase g = 1 —¢g < %; the same holds when we take the complement of G
instead. We remark that one can determine the discrepancy when p is smaller than %), but

we chose not to discuss this range here, since the proof is similar to the sparse case and it
wouldn’t provide any new insight.

The definition of discrepancy can be rephrased as disc(G,H) = max {disct(G, H),
disc™ (G, H)}, where disc”™(G,H) = max, (G, N H) — pgpu(;) and disc™ (G, H) =
pcpr(}) — min, e(G, N H) are the one-sided relative discrepancies. In fact, all the lower
bounds we obtained are for disct (G, H), and some of them are not true for disc™ (G, H).
This is because disc™ (G, H) < pgpy (Z) ~ pq(Z) and in the sparse case, pq(Z) could be
much smaller than disc(G, H). Under the same hypothesis and using similar ideas as in
Theorem 1.1, one can show that

Ok ( pq(Z)nlogn) if pgN > 55 logn;
O (PCI (Z)) otherwise.

disc” (G, H) =

The last equation is related to the lower tail of the binomial distribution.

It would be interesting to determine the exact dependence on k of the relative discrep-
ancy. It also worth mentioning that there are a substantial number of open problems about
disc(G, H) and its related topics in [4].
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