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Abstract

In this paper we analyze biased Maker-Breaker games and Avoider-Enforcer games,
both played on the edge set of a random board G ~ G(n,p). In Maker-Breaker games
there are two players, denoted by Maker and Breaker. In each round, Maker claims one
previously unclaimed edge of G and Breaker responds by claiming b previously unclaimed
edges. We consider the Hamiltonicity game, the perfect matching game and the k-vertex-
connectivity game, where Maker’s goal is to build a graph which possesses the relevant
property. Avoider-Enforcer games are the reverse analogue of Maker-Breaker games with
a slight modification, where the two players claim at least 1 and at least b previously
unclaimed edges per move, respectively, and Avoider aims to avoid building a graph which
possesses the relevant property.

Maker-Breaker games are known to be “bias-monotone”, that is, if Maker wins the (1, b)
game, he also wins the (1,b— 1) game. Therefore, it makes sense to define the critical bias
of a game, b*, to be the “breaking point” of the game. That is, Maker wins the (1,b) game
whenever b < b* and loses otherwise. An analogous definition of the critical bias exists for
Avoider-Enforcer games: here, the critical bias of a game b* is such that Avoider wins the
(1,b) game for every b > b*, and loses otherwise.

We prove that, for every p = w (lnT”), G ~ G(n,p) is typically such that the critical
bias for all the aforementioned Maker-Breaker games is asymptotically b* = 2. We also
prove that in the case p = © (122), the critical bias is b* = © ({2&). These results settle
a conjecture of Stojakovié and Szabé. For Avoider-Enforcer games, we prove that for

In e . . .
p=Q (T"), the critical bias for all the aforementioned games is b* = © (%)

1 Introduction

Let X be a finite set and let F C 2X. In an (a,b) Maker-Breaker game F, the two players —
Maker and Breaker — alternately claim a and b previously unclaimed elements of the board X,
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respectively. Maker’s goal is to claim all the elements of some target set F' € F. If Maker does
not fully claim any target set by the time all board elements are claimed, then Breaker wins
the game. When a = b = 1, the game is called unbiased, otherwise it is called biased. It is easy
to see that being the first player is never a disadvantage in a Maker-Breaker game. Indeed,
suppose the first player has some strategy as the second player. He can play arbitrarily in
his first move and pretend that he didn’t make this move and he now starts a new game as a
second player; whenever his strategy tells him to claim some edge he had previously claimed
he just claims arbitrarily some edge. So, in order to prove that Maker wins a certain game, it
is enough to prove that he can win as a second player. Throughout the paper we assume that
Maker is the second player to move.

In an (a, b) Avoider-Enforcer game played on a hypergraph F C 2%, the two players are called
Avoider and Enforcer, alternately claim at least a and at least b previously unclaimed elements
of the board X per move, respectively. Avoider loses the game if at some point during the
game he fully claims all the elements of some target set I’ € F. Otherwise, Avoider wins.

In both Maker-Breaker games and Avoider-Enforcer games (also referred to as Positional
Games), we may assume that there are no Fi, F» € F such that F; C Fy, since in this case
Maker wins (or Avoider loses) once he claims all the elements in Fj, and so the two (a,b)
games F and F \ {F5} are identical.

It is natural to play Positional Games on the edge set of a graph G. In this case, the board is
X = E(G), and the target sets are all the edge sets of subgraphs H C G which possess some
given monotone increasing graph property P. In the connectivity game C(G), the target sets
are all edge sets of spanning trees of G. In the perfect matching game M(G) the target sets
are all sets of ||V (G)|/2] independent edges of G. Note that if n is odd, then such a matching
covers all vertices of G but one. In the Hamiltonicity game H(G) the target sets are all edge
sets of Hamilton cycles of G. Given a positive integer k, in the k-connectivity game C*(G) the
target sets are all edge sets of k-vertex-connected spanning subgraphs of G.

Maker-Breaker games played on the edge set of the complete graph K, are well studied. In
this case, many natural unbiased games are drastically in favor of Maker (see, e.g., [19], [12],
[16], [8]). Hence, in order to even out the odds, it is natural to give Breaker more power by
increasing his bias (that is, to play a (1,b) game instead of a (1,1) game), and/or to play on
different types of boards.

Maker-Breaker games are bias monotone. That means that if Maker wins some game with bias
(a,b), he also wins this game with bias (a’,b’), for every o’ > a, ' < b. Similarly, if Breaker
wins a game with bias (a,b), he also wins this game with bias (da/,¥’), for every @’ < a, t/ > b.
Avoider-Enforcer games are also bias monotone in the version considered in this paper (this
version is called the monotone version, as opposed to the strict version, where Avoider and
Enforcer claim exactly a and b elements per move, respectively. The strict version is not bias
monotone.). It means that if Avoider wins some game with bias (a,b), he also wins this game
with bias (da/,b), for every a’ < a, b’ > b, and that if Enforcer wins a game with bias (a, b), he
also wins this game with bias (a’, '), for every a’ > a, b/ <b.

This bias monotonicity of Maker-Breaker games allows us to define the critical bias (also
referred to as the threshold bias): for a given Maker-Breaker game F, the critical bias b* is the
value for which Maker wins the game F with bias (1,b) for every b < b*, and Breaker wins the
game F with bias (1,b) for every b > b*. Similarly, in an Avoider-Enforcer game, the critical



bias b’ (which is in general different from the critical bias in the Maker-Breaker game) is the
value for which Avoider wins the game F with bias (1,b) for every b > ¥/, and Enforcer wins
the game F with bias (1,b) for every b < ¥'.

In their seminal paper [6], Chvatal and Erdds proved that playing the (1,b) connectivity game
on the edge set of the complete graph K, for every € > 0 and n sufficiently large, Breaker wins
for every b > (Hs)n, and Maker wins for every b < % They stated that the threshold

Inn 44+¢)Inn
bias for this game ought to come around b = -, and Beck [3] later explicitly conjectured that

this is indeed asymptotically the case. Gebauer and Szabd [11] proved the conjecture. Later
n

on, Krivelevich proved in [17] that b = - is also the threshold bias for the Hamiltonicity

n

game.

Stojakovi¢ and Szabd suggested in [21] to play Maker-Breaker games on the edge set of a
random board G ~ G(n,p). In this well known and well studied model, the graph G consists
of n labeled vertices, and each pair of vertices is chosen to be an edge in the graph independently
with probability p. They examined some games on this board such as the connectivity game,
the perfect matching game, the Hamiltonicity game and “building a k-clique” game. Since then,
much progress has been made in understanding Maker-Breaker games played on G ~ G(n, p).

For example, it was proved in [13] and [4] that for p = w, G ~ G(n,p) is typically (i.e.
with probability tending to 1 as n tends to infinity) such that Maker wins the (1,1) games
M(G), H(G) and Ck(G). Moreover, the proofs in [4] are of a “hitting time” type. It means
that in the random graph process (see [5]), typically at the moment the graph reaches the
needed minimum degree for Maker to win the desired game, Maker indeed wins this game.
Later on, in [7], fast winning strategies for Maker in various games played on G ~ G(n,p) were
considered, and in [20] a hitting time result was established for the “building a triangle” game,
and it was proved that the threshold probability for the property “Maker can build a k-clique”

game is p = © (n*2/(k+1)).

In [21], Stojakovi¢ and Szabé conjectured the following:

Conjecture 1.1 ([21], Conjecture 1) There ezists a constant C such that for every p >

€hn o random graph G ~ G(n,p) is typically such that the threshold bias for the game H(G)
is b* = O (2&).

Inn

In this paper we prove Conjecture 1.1, and in fact, for p = w (T

stronger statement:

) we prove the following

Theorem 1.2 Letp =w (IHT") Then G ~ G(n,p) is typically such that - is the asymptotic

threshold bias for the games M(G), H(G) and Cr(G).
In order to prove Theorem 1.2 we prove the following two theorems:

Theorem 1.3 Let 0 < p < 1,e >0 and b > (1 +¢e):2. Then G ~ G(n,p) is typically

Inn

such that in the (1,b) Maker-Breaker game played on E(G), Breaker has a strategy to isolate
a vertex in Maker’s graph, as a first or a second player.



Theorem 1.4 Let p = w (IHT"), e>0andb=(1—¢) L. Then G ~ G(n,p) is typically such

that Maker has a winning strategy in the (1,b) games M(G), H(G), and Ci(G) for a fized
positive integer k, as a first or a second player.

In the case p = © (IHT”) we establish two non-trivial bounds for the critical bias b*. This also
settles Conjecture 1.1 for this case but does not determine the exact value of b* (notice that
in this case, b* is a constant!).

Theorem 1.5 Let p = %, where K > 10° and let ¢ > 0. Then G ~ G(n,p) is typically
such that the threshold bias for the games M(G), H(G) and Cy(G) lies between K /10 and
K +e.

Remark: In the terms of Theorem 1.5, if 1 < K < 10°, we get by Theorem 1.3 that b* < c+¢,
and by the main result of [4] that b* > 1, so indeed b* = © ({2£) in this case as well.

Inn

We also consider the analogous Avoider-Enforcer games played on the edge set of a random
board G ~ G(n,p). Here Avoider aims to avoid claiming all the edges of a graph which
contains a perfect matching, a Hamilton cycle, or that is k-connected (according to the game),
and Enforcer tries to force him claiming all the edges of such a subgraph. We prove the
following analog of Conjecture 1.1:

Theorem 1.6 Let M <p <1. A random graph G ~ G(n,p) is typically such that the
asymptotic threshold bias for the (1,b) Avoider-Enforcer games M(G), H(G) and Cx(G) (for
a fired positive integer k) is b* = © (%)

As in the Maker-Breaker case, we divide our result into two separate theorems, one which
establishes Avoider’s win, and one which establishes Enforcer’s win:

Theorem 1.7 Let 0 < p <1 and b > 21?1—";”. Then G ~ G(n,p) is typically such that in the
(1,b) Avoider-Enforcer game played on E(G), Avoider has a strategy to isolate a vertex in his
graph, as a first or a second player.

Theorem 1.8 Let % <p<1andb < sgopbe—. Then G ~ G(n,p) is typically such
that Enforcer has a winning strategy in the (1,b) games M(G), H(G) and Cx(G) (for every
positive integer k), as a first or a second player.

1.1 Notation and terminology

Our graph-theoretic notation is standard and follows that of [22]. In particular, we use the
following;:

For a graph G, let V = V(G) and E = E(G) denote its sets of vertices and edges, respectively.
For subsets U, /W C V, and for a vertex v € V, we denote by Eg(U) all the edges with both
endpoints in U, by Eg(U, W) all the edges e with both endpoints in UUW, for which enU # ()
and eNW # (), and by E¢(v,U) all the edges with one endpoint being v and the other endpoint
in U. We further denote eq(U) := |E(U)|, eq(U,W) := |E(U,W)| and eg(v,U) := |E(v,U)].



For a subset U C V(G) we denote by Ng(U) the external neighborhood of U, that is: Ng(U) :=
{veV\U:3ueU st uv € E}. For simplicity of notation, whenever the underlying graph
is clear from the context we omit the graph from the index.

Assume that some Maker-Breaker game, played on the edge set of some graph G, is in progress.
At any given moment during the game, we denote the graph formed by Maker’s edges by M,
the graph formed by Breaker’s edges by B, and the edges of G\ (M U B) by F. For any vertex
v € V, dy(v) and dp(v) denote the degree of v in M and in B, respectively. The edges of
G \ (M U B) are called free edges, and dp(v) denotes the number of free edges incident to v,
for any v € V.

Whenever we say that G ~ G(n,p) typically has some property, we mean that G has that
property with probability tending to 1 as n tends to infinity.

We use the following notation throughout this paper:

f(n) =2

~Inn’
For the sake of simplicity and clarity of presentation, and in order to shorten some of our
proofs, no real effort has been made here to optimize the constants appearing in our results.

We also omit floor and ceiling signs whenever these are not crucial. Most of our results are
asymptotic in nature and whenever necessary we assume that n is sufficiently large.

2 Auxiliary results
In this section we present some auxiliary results that will be used throughout the paper.

2.1 Binomial distribution bounds

We use extensively the following well known bound on the lower and the upper tails of the
Binomial distribution due to Chernoff (see, e.g., [1]):

Lemma 2.1 If X ~ Bin(n,p), then

e Pr(X < (1—a)np) <exp (fa22"p) for every a > 0.
e Pr(X > (1+a)np) <exp (—@) for every 0 < a < 1.

The following is a trivial yet useful bound:

Lemma 2.2 Let X ~ Bin(n,p) and k € N. Then

()
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Pr(X > k)



2.2 Basic positional games results
2.2.1 Maker-Breaker games

The following fundamental theorem, due to Beck [2], is a useful sufficient condition for Breaker’s
win in the (a,b) game (X, F). It will be used in the proof of Theorem 1.4.

Theorem 2.3 ([2], Theorem 20.1) Let X be a finite set and let F C 2X. Breaker, as a
first or a second player, has a winning strategy in the (a,b) game (X, F), provided that:

14p) e« —_
S en e

While Theorem 2.3 simply shows that Breaker can win certain games, the following lemma
shows that Maker can win certain games quickly (see [2]):

Lemma 2.4 (Trick of fake moves) Let X be a finite set and let F C 2X. Let b < b be
positive integers. If Maker has a winning strategy for the (1,b) game (X, F), then he has a
|X|

strategy to win the (1,0') game (X, F) within {ﬁ-| moves.

The main idea of the proof of Lemma 2.4 is that, in every move of the (1,) game (X, F),
Maker (in his mind) gives Breaker b—b" additional board elements. The straightforward details
can be found in [2].

Recall the classic box game which was first introduced by Chvétal and Erd6s in [6]. In the Box
Game Box(m,(,b) there are m pairwise disjoint boxes Aj,..., A, each of size £. In every
round, the first player, called BozMaker, claims b elements of |J;*, A; and then the second
player, called BoxzBreaker, destroys one box. BoxMaker wins the game Box(m, ¢,b) if and only
if he is able to claim all elements of some box before it is destroyed. We use the following
theorem which was proved in [6]:

Theorem 2.5 Let m,{ be two integers. Then, BoxMaker wins the game Box(m,£,b) for every
b> o+ 1

2.2.2 Avoider-Enforcer games

Similarly to Theorem 2.3, we have the following sufficient condition for Avoider’s win, which
was proved in [14]:

Lemma 2.6 ([14], Theorem 1.1) Let X be a finite set and let F C 2X. Avoider, as a first
or a second player, has a winning strategy in the (a,b) game (X, F), provided that:

%E(Hi)_m < <1+i>_a.



In the proof of Theorem 1.7 we use the Avoider-Enforcer version of the box game — monotone-
rBox (bi,...,bn, (p,q)) which was analyzed in [9]. In this game there are n disjoint boxes of
sizes 1 < b <...<b,, Avoider claims at least p elements per move, Enforcer claims at least
q elements per move, and Avoider loses if and only if he claims all the elements in some box
by the end of the game. The following lemma can be easily derived from Theorem 1.7 and
Remark 3.2 in [9]:

Lemma 2.7 Let b,k be positive integers. For every integer n > 2e*/® and for every sequence
of integers 1 < by < ... < b, <k, Enforcer wins the game monotone-rBox (by, ..., by, (b,1))
as a first or a second player.

2.3 (R, c)-Expanders

Definition 2.8 For every ¢ > 0 and every positive integer R we say that a graph G = (V, E)
is an (R,c)-expander if |N (U)| > c|U| for every subset of vertices U C'V such that |U| < R.

In the proof of Theorem 1.4 Maker builds an expander and then he turns it into a Hamilto-
nian graph. In order to describe the relevant connection between Hamiltonicity and (R, c)-
expanders, we need the notion of boosters.

Given a graph G, we denote by ¢ (G) the maximum length of a path in G.

Definition 2.9 For every non-Hamiltonian graph G, we say that a non-edge uwv ¢ E (G) is
a booster with respect to G, if either G U {uv} is Hamiltonian or £ (G U {uv}) > ¢ (G). We
denote by Ba the set of boosters with respect to GG.

The following is a well-known property of (R, 2)-expanders (see e.g. [10]).
Lemma 2.10 If G is a connected non-Hamiltonian (R, 2)-expander, then |Bg| > R?/2.

Our goal is to show that during a game on an appropriate graph GG, assuming Maker can build
a subgraph of G which is an (R, 2)-expander, he can also claim sufficiently many such boosters,
so that his (R,2)-expander becomes Hamiltonian. In order to do so, we need the following
lemma:

50000a 1 : :
Lemma 2.11 Let a > 0 and p > ===22%. Then G ~ G(n,p) is typically such that every

subgraph T' C G which is a non-Hamiltonian (n/5,2)-expander with Q‘Iﬁllﬁﬁb <|ED)| < %
satisfies |E(G) N Br| > ’%g.

Proof. First, notice that any (n/5,2)-expander is connected. Indeed, let C' be a connected
component of G. If |C| < n/5 then clearly C has neighbors outside, a contradiction. Otherwise,
since G is an (n/5, 2)-expander, C' must be of size at least 3n/5 > n/2. Hence there is exactly
one such component and G is connected. Now, fix a non-Hamiltonian (n/5,2)-expander I' in
the complete graph K,,. Then clearly Pr(I' C G) = pl®(M|. By definition, the set of boosters
of I, Br, is a subset of the potential edges of G. Therefore, |E(G)NBr| ~ Bin (|Br|,p) and the



expected number of boosters is [Br|p > % by Lemma 2.10. Now, by Lemma 2.1 we get that

Pr <|E( )N Br| < 100) < exp ( i) Runnlng over all choices of I' with 2B < | B(T)| <

2Inlnn —
100aninn 5y ysing the union bound we get
Inlnn

anlnn 100anInn nep
- < < ——
Pr (3 [ such that ' C @, 57— < [E(T)| < — = ——, and |E(G) N Br| < 100)

100anlnn

Inlnn
< 2 (Wpree(-i)
m=galan
< 400>
100anlnn
ex m in —_ =
= L O 2m )~ 400
m=

" 2Inlnn

100anInn

3
m= anlnn

" 2Inlnn

To complete the proof we should show that © = o(1). For that goal we consider each of the
cases np = w (1112 n) and np = O (ln2 n) separately. For the former we have that

100anlnn

Inlnn ) nQp
< _nTPY .
0 < Z exp (n In“n 400> o(1);

_anlnn
“2Inlnn

and for the latter, recalling that p > M we have
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This completes the proof.

exp (—24anlnn) = o(1).

O
The following lemma shows that an (R, ¢)-expander with the appropriate parameters is also

k-vertex-connected.

Lemma 2.12 ([4], Lemma 5.1) For every positive integer k, if G = (V,E) is an (R,c)-
ezpander such that ¢ >k, and Re > L(|V|+ k), then G is k-vertez-connected.



2.4 Properties of G ~ G(n,p)

Throughout this paper we use the following properties of G ~ G(n, p):

Theorem 2.13 Letp > h;" and recall our notation f(n) := 2. A random graph G ~ G(n,p)
18 typically such that the following properties hold:

(P1) For every v € V, d(v) < 4np. For every a > 0 there are only o(n) vertices with degree
at least (1 + a)np.
If f(n) = w(1) then for every 0 < a < 1 and for every v € V,

(1—a)np <d(v) < (1+a)np

(P2) For every subset U C V, e(U) < max {3|U|Inn,3|U|*p} .
(P3) For every subset U CV of size |U| < %, e(U) <100|U|f(n)Inlnn.

(P4) Let ¢ > 0. For every constant o > 0 and for every subset U C V where 1 < |U| < >

1—,/@te)(atl)
NW)| 3 BUInp, for § = Va5

a+1

(P5) For every U CV, 1 <|U|I < (U)| > n/4.

lnn’ |

(P6) Let € > 0. For every a > f( y e and for every set U C V, the number of edges

between the set and its complement U¢ satisfies:
e(U,U°) = (1 = a)|U|(n — [U])p.

(P7) Let e, be two positive constants which satisfy a’cf(n) > 4, and denote m := %

For every two disjoint subsets A, B C'V with |A| = |B| =m, e(4,B) > (1 — a)m?p.

(P8) e(A,B) > (1 — a)|A||Blp for every two disjoint subsets A, B C V with |A| = 10500
|B| = n/10 and for every a > 0.

(P9) For every subsetU C V such that1 < |U| < 15—,
(1 —=o(1))n.

Proof. For the proofs of (P4),(P5) below we will use the following:

Let U C V. For every vertex v € V \ U we have that Pr(ve N(U)) = 1 — (1 — p)lVl
independently of all other vertices. Therefore |N(U)| ~ Bin (n — |U|,1 — (1 — p)IYl). Notice
that for any 0 < p < 1 (all the properties above trivially hold for p = 1) and for any positive
integer k£ we have the following variation of Bernoulli’s inequality: (1—p)~* > 1+kp. Therefore,

U _ _1U] .
(1 —(1—=p) |) (1 - 1+\U|p) = 1+|l}’|p. It follows that:

n— U |Ulp

_ (
E(NW)) = (= o) (1 - -p)") 2 S (1)

enp
ln n

i =



(P1) For every v € V, since d(v) ~ Bin(n — 1,p) , it follows by Lemma 2.2 that
enp\ %P
Pr (d(’l)) > 4np) < <) < 6—1.2np < e—l.?lnn _ n—l.2_
dnp
Applying the union bound we get that

Pr (Jv € V with d(v) > 4np) < n-n" "2 = o(1).

Now let a > 0. By Lemma 2.1 we get that for every v € V:

Pr(d(v) > (1 4+ a)np) < exp (—a'np) <n ¥

/

for some constant o’. Denote by S the set of all vertices with such degree. E(|S]) < nl~¢".
|S] is a nonnegative random variable, so by Markov’s inequality we get that:
1-a/ ,

Pr (\S\ > nl—%> <L T =o().

(&3
nt=%

Therefore, w.h.p. |S| < n'~Z = o(n).

Assume now that f(n) = w(1), and let 0 < a < 1 be a constant. By Lemma 2.1 and the
union bound we get that

2
Pr(Jv € V with d(v) > (1 + a)np) < nexp <—O;)np)

= nexp <O§f(n) lnn> =n M = o(1).
The lower bound is achieved in a similar way.
(P2) Since e(U) ~ Bin ((‘g'),p), using Lemma 2.2 and the union bound we get that:
Pr (3U C V with e(U) > max {3|U|Inn, 3|U|*p})

o3 (0) () s () ()™

t— Inn
P

L

tzlnn

(P3) Let U C V be a subset of size at most % Since e(U) ~ Bin (('g'),p>, by Lemma
2.2 we get that

e|U|2p >10|U|f(n)lnlnn

Pr (e (U) > 10|U|f (n) Inlnn) < (20|U|f(n) Inlnn

10



Applying the union bound we get that

3nlnlnn

Pr (EI U such that |U| < with e (U) > 10|U|f (n) lnlnn>

3ninlnn

- liri n ek2p 10kf(n)Inlnn
- k) \20kf (n)lnlnn

n ekp 10f(n)Inlnn k
k (ZOf (n) lnlnn>
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Inn e2np ekp 10f(n)Inlnn—1
- Z 20f (n)Inlnn (20f(n)lnlnn>

k

k

B
Il

w
3
5
5
3

5
3

(]

e?lnn 3enplnlnn 10f(n)Inlnn—1
20lnlnn (20f (n) lnnlnlnn>

i lnn 3e 10f(n)Inlnn—1
20Inlnn (20)

(P4) Since n — |U| = (1 — o (1)) n in this range, by (1) we have that:

(n—1U)) [Ulp Ulnp
T 2 0o et

B
Il
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3
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3
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IN
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/—\
\_/II

—_

E(N(U)]) =
By Lemma 2.1 we have that for any § > 0:

2 /
Pr(IN (U)| < (1= ) E(IN (U)])) < e~ TEINWI < g=o'Ulnw,

where o/ = W. Now, by taking 6 = % (for some € > 0) we get that

o f(n) > 1+ §, and so by applying the union bound we get that:

a/p a/p
Pr (3U CV, Ul < L INW)] < (1~ 5)E(\N(U)|)> <y ( > —alknp < Z [e=e/s 1nn]k B

k=1

Therefore, w.h.p. for every U of size at most a/p, we obtain [N (U) | > (1 =) E(|N (U)]) >

1—./CFe)(etD)
B|U|np with 3 = \/l

a+1

n—|U|)|U
(P5) Let 1 < [U| < (. By (1), E(N (U) ) > C7l0Ve > 3.
By Lemma 2.1 we have that Pr (|N (U)| < n/4) < e~ 0-0In,
Applying the union bound we get that

n/Ilnn

Pr (E' such U) < Z <Z> 6*0~01n < n(:) e*0.0ln

k=1/p Inn

11

o(1).



<n(eln n)ﬁ e 00 — pexp (li In(elnn) — 0.0ln) =o0(1).
nn

(P6) Assume first that |U| < n/2, otherwise switch the roles of U and U€. Since every edge
between U and U¢ is chosen independently, e (U, U¢) ~ Bin (|U||U¢|,p). By Lemma 2.1
we have that for given a« > 0 and U C V:

042
Pr(e(U.0%) < (1= ) |0 (n = [U1) ) < exp (=5 1010 [0 )

< exp (—OflU!np> < exp (— <f(1n) + 5) IUlnp>

= exp (=|U[ (Ilnn + dnp)) ,
for some § = 0 (¢) > 0. By the union bound we get that:

n/2 n/2
Pr (3 such U) < ; (Z) exp (—k (Inn + dnp)) < ; [nexp (—Inn — dnp)]”

n/2

= n_‘sf(”)k:o.
;( )=o)

(P7) Similarly to (P6), given A,B C V', |A| = |B| =m, e(A, B) ~ Bin (m2,p). Therefore,
by Lemma 2.1 we have that:

o2
Pr (e (A,B) < (1—-«) m2p) <exp (—2m2p> .

Applying the union bound we get that:

2 2 2 2 m
" X2 en _*
Pr (3 such A, B) < <m> exp ( 5 ™M p> < [(m) exp < 5 mpﬂ

elnn \? a? "
= [<€lnlnn> exp (—26f(n)lnlnn>

e 2m 1
< (Elnlnn) =o(l).

(P8) Given subsets A, B C V as described, since e (4, B) ~ Bin (|A||B|, p), by Lemma 2.1 we

get that

Inlnn

a2 0/712
Pre(A,B) < (1- o) LIIB}) < exp (=G 14181 ) = oxn (- 12 ).

for some constant . Applying the union bound we get that:

Pr (3 such 4, B) < <m7@b) (n/nlo> exp ( o/n2p> < P exp (—w (n)) = o(1).

Inlnn
Inlnn

12



(P9) Suppose towards a contradiction that there exists a subset U C V such that 1 < |U| <
3~ and that there are © (n) vertices v € V' \ U with d(v,U) > £. Therefore, the

average degree of the vertices in U is at least 2 ( B |U|> Q (np In n) But by (P1),

Inn
d (v) < 4np for every v € V 16:5}’
o(n).

The following two lemmas may seem somewhat unnatural, but they will be crucial for our
purposes. The first one will be useful in the proof of Theorem 1.8:

Lemma 2.14 Let p > 80}1“". A random graph G ~ G(n,p) is typically such that for every
set U CV of size 80 <|U| < and for every set W C N (U) of size [W| = LN (U)|, the
following holds:

1nn7

1

Proof. First, we prove the following claim:

Claim 2.15 For p > 801%, G ~ G(n,p) is typically such that for every two disjoint sets
U,W CV such that % < |U| < g and |W| = 155, e (U, W) < L5[U||W|p.

Proof of Claim 2.15. Let U, W C V as described above. Since e (U, W) ~ Bin (|U||W|,p),
by Lemma 2.1 we have that:

Pr (e (U, W) > 15JU| 1op) < el

By the union bound we get that:

n

Inn
Pr(3such U,W) < Y <Z> <n/?00> o g knp

k=50
P

k

< lin”: [(%) (100¢)"/ 100 e—np/1200] Z K@np) nP/SOOO ¢~ "p/1200

< 3 s (- )] o0

k= 80

a

Now we return to the proof of Lemma 2.14, and we assume that G satisfies the properties of
Theorem 2.13 and Claim 2.15. Let U C V, 80 < |U| £ 1%, fix some W C N (U) such that

W[ = Z|N (U)|, and denote W’ = N (U) \ W Denote by E1 the number of edges between
U and W, and by E5 the number of edges between U and W’. Notice that for these sizes of

U,n—|U| =(1-0(1))n, and that ,/% < 0.23, so by (P6) of Theorem 2.13 we have that
Ei+ Ey > 077|U\np

13



Now partition W’ into subsets of size {55 (the last one may be of smaller size). Since [W'| < &
50 such subsets suffice. By Claim 2.15, there are at most %W Inp edges between U and
each of the subsets, so Fy < 0.75|U|np. Putting the two inequalities together, we get that
Ey > &|Ulnp. O

The second lemma will be a key ingredient in the main proof of the next subsection.

Lemma 2.16 Letp=w (ln”). Then G ~ G (n,p) is typically such that the following holds:

n

For every subset Jy = {v1,...,un} CV we have that

N . .
Z e(vjj, Jj) — o (np)

J=1

where N = 5— and J; = {v1,...,v}, 1 <j < N.

Proof. Let ¢t = [logy (N + 1)|. We have that:

N t min(N,ZH'lfl) t
I D DI I
j=1 =0 j=2 i=1

Now, note that |J;| = j for every 1 < j < N and distinguish between the following two cases:

(1) pn = w (ln2 n). In this case, using Property (P2) of Theorem 2.13 we have that:

lg2(M>3J 1 A
a< Z |2’“|n”+ Z ’2%f1|p

; 20 A
=1 = logQ(ln")
10g2(lnpn) ) ¢ )
3.2 nn 3. 222y
< B n oy BT
i=1

i=logy (%)
1

1 20+
< log, (nn) 6lnn + 12p-ﬁ < ¢11n®n 4 caNp,
p

for some positive constants ¢; and cg. This is clearly o (np) as desired.

(ii) pn = O (ln2 n) In this case we need a more careful calculation. First, we prove the
following claim:

Claim 2.17 If np = O (ln2 n), then for every ¢ > 3, G ~ G (n,p) is typically such that
e (X) < c|X| for every subset X C 'V of size | X[ < -5

n°n’

14



Proof of Claim 2.17. Let X C V be a subset of size at most 5—. Since e (X) ~
|X|
Bin ((‘g'),p>, by Lemma 2.2 we get that Pr(e(X) > c|X]|) < (65()':"))6 . Applying

the union bound we get that

n
Inn

Pr <EIX such that | X| < and e (X) > c\X\)

n n

In3 n 2 ck In3n ck
< n ek*p < en [ ekp
- k ck - k c

k=1 k=1

c c
k=1 k=1
lngn 3 k
- [0 (Inn) *C} —0(1)
k=1

O

Now, applying Claim 2.17 with ¢ = 4, we get that

t A Ty | t
i+1
A< Z# < Z8=O(lnn) =o(np).
i=1 i=1

This completes the proof of Lemma 2.16. a

2.5 The minimum degree game

In the proof of Theorem 1.4, Maker has to build a suitable expander which possesses some
relevant properties. The first step towards creating a good expander is to create a spanning
subgraph with a large enough minimum degree. The following theorem was proved in [11]:

Theorem 2.18 ([11], Theorem 1.3) Let € > 0 be a constant. Maker has a strategy to
build a graph with minimum degree at least ﬁ Inn while playing against Breaker’s bias of

(1—&) ™ on E(Ky). N

Inn

In fact, the following theorem can be derived immediately from the proof of Theorem 2.18:

Theorem 2.19 Let € > 0 be a constant. Maker has a strategy to build a graph with minimum
degree at least ¢ = c(n) = ﬁ Inn while playing against a Breaker’s bias of (1 —¢) i on
E (K,). Moreover, Maker can do so within cn moves and in such a way that for every vertex
v eV (K,), at the same moment v becomes of degree ¢ in Maker’s graph, there are still © (n)

free edges incident with v.

Using Theorem 2.19, the third author of this paper proved in [17] that Maker has a strategy
to build a good expander. Here, we wish to prove an analog of Theorem 2.19 for G(n,p):

15



Theorem 2.20 Let p = w (IHT"), e>0andletb=(1—¢) L. Then G ~ G(n,p) is typically
such that in the (1,b) Maker-Breaker game played on E (G), Maker has a strategy to build a
graph with minimum degree ¢ = c(n) < glnn. Moreover, Maker can do so within cn moves
and in such a way that for every vertex v € V (G), at the same moment that v becomes of
degree ¢ in Maker’s graph, at least enp/3 edges incident with v are free.

Proof of Theorem 2.20. The proof is very similar to the proof of Theorem 2.18 so we omit
some of the calculations (for more details, the reader is referred to [11]). Since claiming an
extra edge is never a disadvantage for any of the players, we can assume that Breaker is the
first player to move. A vertex v € V is called dangerous if dy; (v) < ¢. The game ends at
the first moment in which either none of the vertices is dangerous (and Maker won), or there
exists a dangerous vertex v € V with less than enp/3 free edges incident to it (and Breaker

won). For every vertex v € V let dang (v) := dpg (v) — 2b- djs (v) be the danger value of v. For
) y g g

a subset X C V', we define dang (X) = W (the average danger of vertices in X).

The strategy proposed to Maker is the following one:

Maker’s strategy Sp;: As long as there is a vertex of degree less than ¢ in Maker’s graph,
Maker claims a free edge vu for some v which satisfies dang (v) = max {dang (u) : u € V'} (ties
are broken arbitrarily).

Suppose towards a contradiction that Breaker has a strategy Sp to win against Maker who
plays according to the strategy Sjs as suggested above. Let g be the length of this game and

let I = {v1,...,v4} be the multi-set which defines Maker’s game, i.e, in his ith move, Maker
plays at v; (in fact, according to the assumption Maker does not make his gth move, so let
vg be the vertex which made him lose). For every 0 < i < g — 1, let I; = {vg—s,...,v4}.

Following the notation of [11], let dangp. (v) and dangy, (v) denote the danger value of a
vertex v € V directly before Breaker’s and Maker’s ith move, respectively. Notice that in his
last move, Breaker claims b edges to decrease the minimum degree of the free graph to at
most enp/3. In order to be able to do that, directly before Breaker’s last move B, there
must be a dangerous vertex v, with dps (vy) < ¢ — 1 and dp (vg) < 52 +b. By (P1) of
Theorem 2.13 we can assume that § (G) > (1 — 5) np. Therefore we have that dangp, (vg) >
(1-5-%)np—(c—1)=b—=2b(c—1)=(1—-Ze)np—(c—1) —b(2c—1) > (1 — 3¢) np.

Analogously to the proof of Theorem 2.18 in [11], we state the following lemmas which estimate
the change of the average danger after each move of any of the players. In the first lemma we
estimate the change after Maker’s move:

Lemma 2.21 Let ¢ be an integer, 1 <i < g—1. Then
(i) if I; # i1, then dangy;  (I;) —dangp . (li-1) 20, and

(i1) if I; = I;—1, then dangMg_i (I;) — danng_Z_Jrl (Ii—1) > Ii\'

In the second lemma we estimate the change of the average danger during Breaker’s moves:

Lemma 2.22 Let ¢ be an integer, 1 <1 < g—1. Then
(7) dangMg_i (I;) — danng_i (I;) < %", and

16



(i) dangy;, . (I;) — dangp, _, (I;) < b+e(vg’i’1i|);:f(i_l)_a(i), where a (i) denotes the number of

edges spanned by I; which Breaker claimed in the first g — i — 1 rounds.

Combining Lemmas 2.21 and 2.22, we get the following corollary which estimates the change
of the average danger after a full round:

Corollary 2.23 Let i be an integer, 1 <i < g—1. Then

(i) if I; = Ii—1, then dangg . (I;) —dangp ., (Ii-1) >0,

(Zl) ’Lf IZ 75 Iifl, then danngii (Iz) — danngﬂ,H (Iifl) Z —%, and

(iii) if I; # Ii1, then dangp, , (I;) — dangp, ., (Ii—1) > —"rela=: fjﬁ“—”‘“(“, where a (i)
denotes the number of edges spanned by I; which Breaker took in the first g —i — 1 rounds.

In order to complete the proof, we prove that before Breaker’s first move, dangg, (I;—1) > 0,
thus obtaining a contradiction.

Let N = ﬁ For the analysis, we split the game into two parts: the main game, and the
end game which starts when |I;| < N.

Let \Ig 1| = r and let iy < ... < 4,1 be those indices for which I # I; i—1- Note that
|I;;| = j + 1. Note also that since I;; 1 = I;;_, and i;_1 <i; —1,a(i; — 1) < a(zj 1)

j—1

Recall that the danger value of v, directly before B, is at least

3
dangp, (vg) > <1 - 46) np. (2)
Assume first that r < V.
g—1
dangp, (I;-1) = dangp (lo) + (danng_i (i) —dangp__, | (I¢_1)>
i=1
> dangp, (Io) + Z (danngiij (1;;) — danngﬂ_j+1 (Iij_l)) [by Corollary 2.23(7)]
j=1
T < lb—l—e(vg z]7IzJ)+a( -1) - (ZJ)
> dangp (o) — . [by Corollary 2.23(iii)]
j=1
r—1 r—1
[ (& (Ugfi cy Iz a (Z 1) ('Lr—l)
> dangg (Ip) —blnr — — ) - + =
Ba ; j+1 ]z; Gr0j v
> dangp, (lp) —blnr —o(np) [by Lemma 2.16]

> <1 _ }) np—(1—c+o0(1))np [by (2)]
0

17



Assume now that r > N.

g—1
dangp, (I;-1) = dangp (o) + (danng_i (i) —dangp__, | (Ii,l))
i=1
r—1
> dangg (Ip) + Z (dangB (L) — danngﬂ_j+1 (Iij_1)> [by Corollary 2.23(7)]
j=1
N-1
= danggp (o) + (danng i (1;;) — danngﬂ_j+1 (Iij_1)> +
j=1
r—1
(dangs, ., (1) — dangp, ., (Ii1))
j=N
N-1 b r—1 2
> dangp, (vg) — =1 ¢ (np) — Z 1 [by Corollary 2.23(ii) and (3)]
P =T
3 n
> |1——¢e|np—>blnn—o(np)—2b(Inn—In— [by (2)]
4 In°n
3
= <1 ~1 > np— (1 —¢)np—o(np) —6blnlnn
ot
> 0.
This completes the proof. O

3 Maker-Breaker games on G(n,p)

3.1 Breaker’s win

In this subsection we prove Theorem 1.3.

Chvatal and Erdés proved in [6] that playing on the edge set of the complete graph K, if
Breaker’s bias is b = (1 4 ¢€) -, then Breaker is able to isolate a vertex in his graph and thus
to win a lot of natural games such as the perfect matching game, the Hamiltonicity game and

the k-connectivity game.

In their proof, Breaker wins by creating a large clique which is disjoint of Maker’s graph and
then playing the box game on the stars centered in this clique. Our proof is based on the same
idea.

Proof of Theorem 1.3: First, we may assume that p > IHT", since otherwise G ~ G(n,p)

typically contains isolated vertices and Breaker wins no matter how he plays. Now we introduce
a strategy for Breaker and then we prove it is a winning strategy. At any point during the
game, if Breaker cannot follow the proposed strategy then he forfeits the game. Breaker’s
strategy is divided into the following two stages:

18



Stage I: Throughout this stage Breaker maintains a subset C' C V which satisfies the following
properties:

(i) Ec(C) = Ep(C).
(73) dpr (v) =0 for every v € C.

(7i1) dg (v) < (14 ¢/2)np for every v € C.

Initially, C' = ). In every move, Breaker increases the size of C' by at least one. This stage

ends after the first move in which |C] > 5.

Stage II: For every v € C, let A, = {vu € E(G) : vu ¢ E (B)}. In this stage, Breaker claims
all the elements of one of these sets.

It is evident that if Breaker can follow the proposed strategy, then he isolates a vertex in
Maker’s graph and wins the game. It thus remains to prove that Breaker can follow the
proposed strategy. We consider each stage separately.

Stage I: Notice that in every move Maker can decrease the size of C' by at most one. Hence,
it is enough to prove that in every move Breaker is able to find at least two vertices which are
isolated in Maker’s graph and have bounded degree as required, and to claim all the free edges
between them and C, as well as the edge between the two vertices, if it exists in G. For this
it is enough to prove that Breaker can always find two vertices u,v € V' \ C' which have the
proper degree in G and are isolated in Maker’s graph, and such that e (u,C), e (v,C) < b*Tl.
Since this stage lasts o (n) moves, and the number of vertices with too high degree in G is 0 (n)
by property (P1) of Theorem 2.13, the existence of such vertices is trivial by property (P9) of

Theorem 2.13.
Stage II: Notice that |C| > -3 and that A, N A, = 0 for every two vertices u # v in C. In

In?

addition, by the way Breaker chooses his vertices we have that |A,| < (1 +¢/2)np for every

v € C. Recall that b = (1+¢) & > % + 1. Therefore, by Theorem 2.5 Breaker (as

BoxMaker) wins the Box Game on these sets.

This completes the proof. O

3.2 Maker’s win

In this subsection we prove Theorems 1.4 and 1.5. We start with providing Maker with a
winning strategy in the Hamiltonicity game for each case (which implies the perfect matching
game) and then we sketch the changes which need to be done in order to turn it into a winning
strategy in the k-connectivity game as well.

Proof of Theorem 1.4. First we describe a strategy for Maker and then prove it is a winning
strategy.

At any point during the game, if Maker is unable to follow the proposed strategy (including
the time limits), then he forfeits the game. Maker’s strategy is divided into the following three
stages:
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Stage I: Maker builds an (120002 9)_evnander within 22027 1) Gyes,
g Inlnn ? p Inlnn

Stage II: Maker makes his graph an (n/5, 2)-expander within additional 300" ln” moves.
Stage III: Maker makes his graph Hamiltonian by adding at most n boosters.

It is evident that if Maker can follow the proposed strategy without forfeiting the game he
wins. It thus suffices to prove that indeed Maker can follow the proposed strategy. We consider
each stage separately.

Stage I: In his first % moves, Maker creates a graph with minimum degree ¢ = ¢ (n) =
%. Maker plays according to the strategy proposed in Theorem 2.20 except of the seem-
ingly minor but crucial change that in every move, when Maker needs to claim an edge incident
with a vertex v, Maker randomly chooses such a free edge. We prove that, with a positive prob-
ability, this non-deterministic strategy ensures that Maker’s graph is an (11?101?1%, 2) expander
and then, since our game is a perfect information game, we conclude that indeed there exists a
deterministic such strategy for Maker. Recall that according to the strategy proposed in The-
orem 2.20, at any move Maker claims a free edge vu with dang (v) = max {dang (u) : u € V'}.
In this case we say that the edge vu is chosen by v. We wish to show that the probability of
having a subset A C V with |A] < 220997 ang [Ny, (4)| < 2|A| — 1 is o(1). To that end, we

can assume that G satisfies all the properties listed in Theorem 2.13 and Theorem 2.20.

Assume that there exists a subset A C V of size |A| < 10900 gych that after this stage Ny (A)
is contained in a set B of size at most 2|A| — 1. This 1mphes that

50/Allnn

> =
[Bar (4, AUB)| > clal/2= 22120

Recall that f (n) :=

Case I: At least c|A|/4 edges of Maker which are incident to A were chosen by vertices from
A.

Notice that if |A] < 2IRn then there are at most o (|A|) vertices v € A such that e (v, AU B) =
Q (f (n) (Inln n)2), since otherwise we have that e (AU B) = Q (f (n) (Inlnn)?|A|) which con-

tradicts (P3) of Theorem 2.13. Furthermore, if % < |A| < 29900 “then there are at most
o (|A|) vertices v € A such that e(v,AUB) = Q(np) (follows from (P2) of Theorem 2.13).
Consider an edge e = ab with a € A and b € AUB and assume that e has been chosen by a. No-
tice that by Theorem 2.20, when Maker chose e, the vertex a had at least enp/3 free neighbors.
Therefore, for at least (1 — o (1)) |A| such vertices a € A, the probability that Maker chose an

2
f(n)s(rllz}gn) > _ 3(1;111;1:) when |A| < nlolnn

= 2. We distinguish between the following two cases:

edge with a second endpoint in AU B is at most <

or an arbitrarily small constant § > 0 when ”1111111;;” < |A] < ﬁ?l(igog. Therefore, the probablhty
o _ . 3(Ininn)? ) (1o(1)elAl/4

that all of Maker’s edges incident to A were chosen in AU B is at most <7)

for |[A| < % and at most §(1—°()elAl/4 gtherwise. Applying the union bound we get that

the probability that there exists such A (with [Ny (A)| < 2|A| — 1 and at least c|A|/4 edges

chosen by A) is at most

elnn

100007

3 1 1 2 (1_0(1))C‘A|/4 Inlnn
> (" n 3(Inlnn)® S (n o\ g-o(D)elAl/a
4))\2l4 - 1) | elnn 4] \24] -1

Inl Inl
|Al<* A=
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24|Allnn 10000n

3 (ln In n)Q Inlnn Inlnn 63n3 ‘A| 24/ Al Inn
< slap 2227 B R
- Z " elnn * A Z 4| AJ3 a

nlilnlnn _nlnlnn
‘A|< Inn ~ Inn

9 |A| 110(10071 3 |A‘
241Inn 3(Inlnn) — In°n  _241n
< 3 l 7(51n1nn
- Z [n P <lnlnn n( elnn )) * Z <a(lnlnn)3 )
‘A|<nlnlnn ‘Alznlnlnn
Inn Inn

< Y [lew(-1-o)24ln)] +o1)=0(1).

A<zl
Case II: At least c|A|/4 edges of Maker which are incident to A were chosen by vertices from
B.

As in Case I, notice that there are at most o(|B]|) vertices v € B such that e(v,A) >

f(n) (Inlnn)? when |B| < Inlolnn and at most o(|B|) vertices v € B such that e (v, A)
Q (np) when % < |B]| 21?101?1%. Similar to the previous case, with the only difference being

that not all the edges which were chosen by vertices from B have to touch A, we get that the
probability that all Maker’s edges incident to A were chosen in AU B is at most

1—o0(1))c|A|/4
c|B| 3(lnlnn)2 (1meDelal/
clAl/4 elnn

c|B| \ s(1-o(1))elal/4
c|Al/4 ’

Inlnn 2nlnlnn < |B‘ < 20000n

for an arbitrarily small §, for [B| < 2njolnn o 2nink o, respectively (the

binomial coefficient corresponds to the number of possible choices of edges from Ej; (A, B) out
of all edges chosen by vertices from B). Applying the union bound, similar to the computations
in Case I, we get that the probability that there exists such A (with |Njs (4)| < 2|A| —1 and
at least c|A|/4 edges incident to A chosen by N(A)) is o(1).

or

This completes the proof that Maker can build a (11?101?1%, 2) -expander fast and thus is able to
follow Stage I of the proposed strategy.

Stage II: It is enough to prove that Maker has a strategy to ensure that Fy; (A4, B) # (0 for
every two disjoint subsets A, B C V of sizes |A| = 3200 and |B| = n/10. Indeed, if there

exists a subset X C V of size 1% < |X| < n/5 such that | X UN (X)| < 3|X|, then there

exist two subsets A C X and B C V \ (X UN (X)) with |A| = 199092 and |B| = n/10 such
that Ey (A, B) = 0.

Recall that by Property (P8) of Theorem 2.13, G ~ G(n,p) is typically such that for every
two such subsets A, B C V and for sufficiently small o > 0 we have that

999n2p
Inlnn

e (A, B) = (1 — ) |A][Blp >

To achieve his goal for this stage, Maker can use the trick of fake moves and to play as JF-

Breaker in the ("1%})“111“”", 1) Maker-Breaker game where the winning sets are

100007
Inlnn

]::{EF(A,B):A,BQV,AOBI(Z), |A| = and|B|:n/10}.
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Notice that since so far Breaker has played at most % rounds, we get that ep (4, B) >

899D for every A, B C V (G) of sizes | A| = 100001 o1,q |B| = n/10. Finally, since the following

Inlnn Inlnn

inequality holds

(10[’%0”) <n710> 278990(Jnlnn/(lnlnn)2 < 4n27w(n) =0 (1)

Inlnn

it follows by Theorems 2.3 and 2.4 that indeed Maker (or, as we called him in this stage,

e(@) < 300nInn
nplnlnn/1001nn Inlnn

F-Breaker) can achieve his goals for this stage within
that e (G) < 3n?p).

moves (recall

Stage III: So far Maker has played at most 4?2’1;12” moves (and at least % moves) and
his graph is an (n/5,2)-expander. Notice that for the choice a = 2 Lemma 2.11 holds. In
addition, Maker and Breaker together claimed o (n2p) edges of G. Therefore, there are still
O (n2p) free boosters in (G, so Maker can easily claim n boosters and to turn his graph into a

Hamiltonian graph.

This completes the proof that Maker wins the game H (G) (and of course also the game M (G)).
O

Now, we briefly sketch the proof of Theorem 1.5.

Sketch of proof of Theorem 1.5. Let K > 10°, p = 111% and G ~ G(n,p). The upper
bound on b* is obtained immediately from Theorem 1.3. We wish to show that G is typically
such that given b < K /10, Maker has a winning strategy in the (1,b) game H (G). First, we
make the following modifications to Theorem 2.20:
Kln
Klnn

< - — K and e is some positive

e In the statement of the theorem, p = < b = 160

constant.
e By similar calculations to those in (P1) of Theorem 2.13, we can assume that § (G) > inp.
e We conclude that dangp (vg) > F-)mp—(c=1)=b(2c—1)> (3 -5 — &) np.

e Finally, we use the following calculation:

r—1
dangp, (I,-1) = dangp, (Io) + Y (dangp, , (Ii,) —dangs, ., (I, 1))

j=1
r—1

> mBQ (Io)—. jibl
7j=1

> dangp, (Ip) —2blnn

> <1_6_€> p Lo

- 2 3 60 5

> 0

to get a contradiction (for sufficiently small €).
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With this variant of Theorem 2.20, adapted to the case p = © (1“—"), the proof of Theorem 1.5

n
goes the same as the proof of Theorem 1.4, mutatis mutandis. O

Remark: To win the k-connectivity game, Maker follows Stages I and II of the proposed

strategy Sps with the following parameter changes:

e In Stage I, Maker creates an (llgqg%,k)—expander by creating a graph with minimum
degree at least ¢ = 100kInn/Inlnn. The calculations are almost identical to these
appear in the proof of Theorem 1.4, Stage I.

e In Stage II, Maker makes his graph an ("TJ;f, k:)—expander by claiming an edge between

any two disjoint subsets A, B C V such that |A| = 1&()15)10:’ |B| = 155, in a similar way as
in Stage II of Theorem 1.4.

Then, by Lemma 2.12, Maker’s graph is k-connected and he wins the game. We omit the
straightforward details and the calculations, which are almost identical to those of the Hamil-
tonicity game.

4 Avoider-Enforcer games on G(n,p)

4.1 Avoider’s win

In this subsection we prove Theorem 1.7.

Proof. In order to isolate a vertex in his graph Avoider does the following: before his first
move (regardless of the identity of the first player) Avoider identifies a set U C V' of size \/%
with e (U) < {2 (he can find such a set very easily since this number is twice larger than
the expected number of edges inside a set of this size). Assume |U| = 0(mod 3) (otherwise
Avoider removes from U a vertex or two and everything works the same). Then, in his first
move, Avoider claims all the edges not incident to U. He then ignores — until he can no longer
do so — all the edges inside U and pretends he is Enforcer in the following reverse box game:
he partitions the vertices of U into triplets — each triplet is a box. The elements in each box
are all the edges between the three vertices of the box and V \ U. For better readability, we

will now call him Box-Enforcer.

Box-Enforcer does not claim edges inside U unless he has to. The former Enforcer, however,
in his new role as Box-Avoider in the reverse box game, may claim occasionally edges inside
U. However, since his bias is too big, in each move he must make at least b — e (U) > ZIiTZ’ of
his steps “in the boxes” (between U and its complement).

We may assume that p > h‘T”, since otherwise G ~ G(n,p) typically contains isolated vertices
and Box-Enforcer wins no matter how he plays. Therefore, by (P1) we can bound from above
the degree of every vertex in the graph by 4np, and so the size of each box is bounded from

above by 12np. The number of boxes in this game is %\/ﬁ. Box-Avoider’s bias is 1 and
25np

Box-Enforcer’s bias is at least n -

Putting it all together in the terms of Lemma 2.7 we get
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that, as

12np 1 n
2 exp ( 25np> <exp(0.49Inn) =o <3Hlnn> ,

Inn

Box-Enforcer wins this game, i.e. Box-Avoider is forced to claim all the elements in one of the
boxes.

Now let’s go back to the original game. By what we have just shown, as long as Avoider (or,
as we called him, Box-Enforcer) does not claim edges inside U, he has at least three isolated
vertices in his graph. So if he can avoid claiming edges inside U throughout the game, he wins.
If he is forced to claim an edge inside U, it means that all the remaining free edges on the
board are inside U. By claiming one edge he will touch at most two of his isolated vertices,
and Enforcer (as Box-Avoider in this game) in his next move will be forced to claim all the
remaining edges on the board, leaving at least one isolated vertex in Avoider’s graph. O

4.2 Enforcer’s win

In this subsection we prove Theorem 1.8. For this proof we would like to use similar techniques
to those used by Krivelevich and Szabé in [18]. We use the following Hamiltonicity criterion
by Hefetz et al:

Lemma 4.1 ([15], Theorem 1.1) Let 12 < d < eVinn and let G be a graph on n vertices
satisfying properties (R1), (R2) below:

(R1) For every S CV , if |S| < k1 (n,d) := pnlnnlnd 400 | N (G) | > d|S].

“ dlnninlnlnn

(R2) There is an edge in G between any two disjoint subsets A, B C V' such that |A|,|B| >

.— _nlnlnnind
k2 (n, d) 7 4130Innlnininn*

Then G is Hamiltonian, for sufficiently large n.

Clearly, if by the end of the game Avoider’s graph is Hamiltonian, it also contains a perfect
matching. In addition, the proof of Theorem 6 in [18] shows that, in the terms of Lemma
4.1, if G satisfies (R1) and (R2) then G is d-connected. In particular, if d = w (1), then G is
k-connected for any fixed k. Theorem 1.8 is now an immediate corollary of Lemma 4.1 and
the following theorem:

Theorem 4.2 Let p > M and b < sypoes - In a biased (1,b) Avoider-Enforcer game,
Enforcer has a strategy to force Avoider to create a graph satisfying (R1) and (R2) with d =
d(n) =Inlnn provided n is large enough.

Proof. As we set d = d(n) = Inlnn we use the following notation:

* * n

kl = kl (n) =k (nad) - Inn’
N N ninlnn
Ky =Ky (n) = kz (n,d) = Jamy o
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For every 1 < k < k} and for every S C V, |S| = k, define the hypergraph F (S) on N (5)
in the following way: partition the vertices of N (S) into a family A of 2dk subsets, each of
size |N (S) |/2dk (by (P5) and (P4) the size of N (S) is much greater than 2dk, so this is well
defined). An edge F' € F(S) is the set of edges between S and any combination of dk subsets
from A.

For a given S of size k, if by the end of the game in Avoider’s graph (let us denote it by Av) the
set S is connected by an edge to every hyperedge of F (5), then |Na, (S)| > dk. Otherwise,
there are dk subsets disconnected from S which form a hyperedge in F (S). So in order to
force (R1) in Avoider’s graph, it suffices to ensure that in his graph, for every 1 < k < k7, for
every S C V., |S| =k, and for every F' € F (S), there is an edge between S and F.

Notice that for every F € F (S), e (S, F) > &5|S|np. Indeed, if 1 < |9] < %0, then by (P4)
we obtain [N (S)| > o5[S|np, and so the number of edges in G between S and half of its
external neighborhood is at least the number of vertices there, which is at least 2|S|np. If

180
%0 < |S| € 2, then by Lemma 2.14 the number of edges in G between S and half of its

Inn?

external neighborhood is at least 5—10|S|np > ﬁ|5|np.

In order to force (R2) in Avoider’s graph, it is enough to ensure that he claims an edge between
any two disjoint sets of size k3. By (P7), for any such sets A, B, e (A, B) > 0.5 (k;)Zp.

Finally, in order to conclude that Enforcer can force Avoider to claim all these edges, we apply
Lemma 2.6, where Enforcer in his head did a change of roles, pretending to be Avoider with
the target sets E(S, F) for every F' € F(S), and E(A, B) for all pairs of disjoint sets A, B of
size k3. It is now sufficient to verify that:

f: STIF©)] <1+2>_”1‘°S”p+ 3 <1+2>—%(k§>2p< (ui)_b.

k=1|S|=k |Al,| B|=k3

By using the well known estimate 1 4+ x = e t0() for & — 0, we can bound the term on the

right hand side from below by (say) e 2.

Observing that 1+ 3 > exp (0.9/b), we can estimate the first summand on the left hand side
from above by:

ky kY ___mp k
Z " 2dk 6_% < n(2€)de %
k dk -
k=1 k=1
k3 &
< |:n€21nlnn671001nn} :0(1)
k=1

The second summand on the left hand side can be estimated from above by:

~ k*
<n>2 70.5(k§)2p < <en>2 7104](3; Inn 2
€ b - € n
* _— *
k2 k2

[ /4130eInn )\ 10 &
— < > e~ 1130 nlnn

Inlnn
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K
< [(lnn)2_2'4] =o0(1).

This completes the proof. O

5 Concluding remarks and open questions

In this paper we analyzed Maker-Breaker games and Avoider-Enforcer games played on the
edge set of a random graph G ~ G(n,p). We have shown that a.a.s. the following is true:

Maker-Breaker games: for p = w (lnT”), the critical bias in the Hamiltonicity, perfect
matching and k-connectivity games is b* = (1 + o(1)){22. For p = L2 (where K > 1),

there exist by = by (K) and by = by (K) such that the critical bias in these games satisfies:
by <b* < bs.

Avoider-Enforcer games: for p > Cl% (where ¢ > 70000), there exist ¢; and co such
that the critical bias in the Hamiltonicity, perfect matching and k-connectivity games satisfies:

anp o pk < 2np
Inn — — Inn

Notice that while in the first case (Maker-Breaker with p = w (IHT")) we establish the exact
threshold bias, in the latter two (Maker-Breaker with p = © (1“7"), and Avoider-Enforcer) we
only establish the order of magnitude of the threshold bias. Although it is possible to achieve
somewhat better constants than those appearing in this paper, we were not able to close the

gap completely. It would be nice to get to the exact constant in these cases as well.

Acknowledgement. The authors wish to thank the referees of this paper for their careful
reading and many helpful remarks.
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