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ABSTRACT. Given a fixed graph H with at least two edges and positive integers n and b, the strict (1: b)
Avoider—Enforcer H-game, played on the edge set of K,,, has the following rules: In each turn Avoider
picks exactly one edge, and then Enforcer picks exactly b edges. Avoider wins if and only if the subgraph
containing her/his edges is H-free after all edges of K, are taken.

The lower threshold of a graph H with respect to n is the largest by for which Enforcer has a winning
strategy for the (1: b) H-game played on K, for any b < by, and the upper threshold is the largest b
for which Enforcer wins the (1: b) game. The separation conjecture of Hefetz, Krivelevich, Stojakovié
and Szabo states that for any connected H, the lower threshold and the upper threshold of the Avoider—
Enforcer H-game played on K, are not of the same order in n. Until now, the conjecture has been
verified only for stars, by Grzesik, Mikalacki, Nagy, Naor, Patkos and Skerman.

We show that the conjecture holds for every connected graph H with at most one cycle (and at least
two edges), with a polynomial separation between the lower and upper thresholds. We also prove an
upper bound for the lower threshold of any graph H with at least two edges, and show that this bound
is tight for all graphs in which each connected component contains at most one cycle. Along the way, we
establish number-theoretic tools that might be useful for other problems of this type.

1. INTRODUCTION

Positional games are two-player combinatorial games played on a board that is usually finite, where
the players alternately claim previously unclaimed elements from the board until one of the players
achieves her /his winning criteria, or until all elements on the board are taken. The game is partitioned
into turns, where in each turn the first player makes her move, and then the second player makes his
move. Examples range from recreational games, such as Tic-Tac-Toe and Hex, to games played on
hypergraphs, where the elements claimed are vertices or edges. The investigation of positional games
has been very active lately, as is largely covered by the 2008 book of Beck [2] and the newer book
of Hefetz, Krivelevich, Stojakovi¢ and Szabé [10]. Here we focus on a subclass of positional games,
called Avoider—Enforcer games. In the following subsections we review what is already known, before
presenting our new results.

1.1. To win or not to win. Perhaps the most widely investigated type of games in the graph case is
Maker—Breaker games. Here, Maker wins if by the end of the game, the graph consisting of her edges
contains a desirable winning set of edges (e.g. the edges of a triangle), and Breaker wins otherwise. For
example, in the Maker—Breaker H-game (for a predetermined graph H), Maker wins if and only if, after
all edges have been taken, her graph contains an H-copy. Naturally, it is interesting to study the misere
version of Maker—Breaker games. The misere version of a game is played according to the original rules,
but the goal of the game is to lose. Misere Maker—Breaker games are called Avoider—Enforcer games:
here, Avoider loses if by the end of the game, the graph consisting of her edges contains an undesirable
losing set of edges, and wins otherwise. For example, in the Avoider—Enforcer H-game, Avoider loses if
her graph in the end of the game contains an H-copy. Our focus in this paper is on Avoider—Enforcer
games, see e.g. [0, 8, O, 1T, 12] for some previous results on this type of games.

It turns out that if each player picks exactly one edge per turn then Enforcer wins the H-game easily

for every H (provided that the board is large enough). Thus, it is natural to consider a biased variant,
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where Avoider only picks one edge per turn, and Enforcer picks b edges per turn. The general question
here is to understand, for an Avoider—Enforcer H-game with given parameters n and b, whether Avoider
has a winning strategy for this game, or Enforcer has such a strategy. Note that in games of this type,
where the game board is finite and the outcome of the game is always a win for one of the players, that
is, exactly one of the players has a winning strategy. This is described in more detail in [10, Section
1.2].

The biased H-game, and in particular the triangle game, i.e. the case where H = K3, has attracted
a considerable amount of interest, both in the Maker—Breaker setting (here Maker picks one edge and
Breaker picks b edges every turn) and in the Avoider—Enforcer setting. The asymptotic behaviour of the
threshold bias in the Maker—Breaker triangle game, i.e., the maximal bias b for which Maker wins the
triangle game on K,, has been settled up to a multiplicative constant in the classical paper of Chvatal
and Erd6s [6] from 1978 (see also [10, Theorem 3.1.3]). The constant has been slightly improved by
Balogh and Samotij [I]. A result of Bednarska and Luczak [4] extends [6], determining the asymptotic
behaviour of the threshold for the Maker—Breaker H-game for any graph H. On the other hand, the
Avoider—Enforcer H-game is much less understood, and even seemingly simple cases such as the triangle
game have been wide open.

1.2. Avoider—Enforcer H-game. Formally, we study a class of strict Avoider—Enforcer games (cf. [2]
11]). Let H be a graph with at least two edges and let n,b € N. In the (1 : b) strict Avoider—Enforcer
H-game played on the complete graph K,,, in each round the players claim previously unclaimed edges
of K,. Avoider selects exactly one edge per turn and Enforcer selects exactly b edges per turn. If the
number of unclaimed edges is strictly less than b before a move of Enforcer, then Enforcer must claim
all of those edges. Avoider loses if by the end of the game she selects all edges of a copy of H, otherwise
she wins. Throughout the paper, for simplicity we say “Avoider—Enforcer games” instead of “strict
Avoider—Enforcer games”, since we do not consider the monotone version of Avoider—Enforcer games,
introduced in [9].

Following [9], [TT], we consider two types of thresholds. Given a graph H with at least two edgesE] the
lower threshold bias f5;(n) is the largest integer such that for every b < f5(n), Enforcer has a winning
strategy for the (1 : b) Avoider—Enforcer H-game on K,,. The upper threshold bias f;;(n) is the largest
integer b such that Enforcer wins the (1 : b) Avoider—Enforcer H-game on K,. Throughout the paper
the upper (lower) threshold bias is simply called the upper threshold (lower threshold, respectively).

Our main goal in this paper is to investigate the asymptotic behaviour of f;(n) and f7(n). We
always view H as fixed and n as a large integer (tending to infinity). The current state of knowledge
regarding the asymptotic behaviour of f;(n) and f}(n) leaves much to be desired (cf. [I0, Section
4.6]). Trivially, f;;(n) < f#(n) always holds. Hefetz et al. [9] showed that for the path P3 on 3 vertices,
fp,(n) = O(n*?) and f, (n) = (3) — 2. Grzesik et al. [7] generalised this result, proving that

fs, (n) = @(n%) and fg (n) = @(n%) (1.1)

for every star S, on h > 4 vertices.
To present the next set of results, we need the following definitinos. Call a graph unicyclic if it is
connected and contains exactly one cycle. For a non-empty graph H, we define the following parameters:

e(F) e(F)—1
H — —_— ! H —= -
m(H) Fgglr:la?(};)zl v(F)’ m'(H) Fglgr:l?(}}%)zl v(F)

where v(F'), e(F) are the number of vertices and edges of F', respectively. It is easy to see that for
connected H, m(H) < 1 holds if and only if H is a tree, and m(H) = 1 holds if and only if H is unicylic.

1t H contains at most one edge, Enforcer trivially always wins, independently of the value of b.
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In [3] the first author showed that f(n) = O(n*™#) Inn) for every graph H with at least two edges.
The authors of [7] managed to remove the logarithmic factor from the previous bound when m(H) < 1.
In [3] the lower threshold f,(n) was also estimated from below, but the obtained bound seemed far
from optimal. As for the upper threshold, it is known that

f(n) = O(n=) (1.2)

for every graph H with at least two edges [3]. The authors of [9] suspected that the upper and the
lower thresholds are not of the same order when H is connected. Their conjecture, which we call the
separation conjecture, is the main inspiration for our research.

The separation conjecture ([9]). For every connected graph H with at least two edges, one has
fu(n) = o(ff(n)).

In view of (1.1)), the conjecture is true for stars. In this paper we show that it holds for all trees with
at least two edges and for all unicyclic graphs H (see the remark after the statement of Theorem [1.4)).

1.3. Our contributions. Our first main result is the following general upper bound on f(n), which
either extends or improves all previously known general upper bounds for f;(n).

Theorem 1.1. For every graph H, the lower threshold of the H-game satisfies
fii(n) = O(nm).

We learn from ({1.1)) that the upper bound in Theorem [1.1]is tight for stars. Our next result generalises
this to a much larger class of graphs.

Theorem 1.2. If H is a graph with at least two edges and m(H) < 1, then fg(n) = Q(nﬁ)

Theorems ! and n together imply f(n) = @(nﬁ) for every graph H with at least two edges
and m(H) < 1. Amongst other things, the proof of Theorem [1.2| uses a supersaturation-like result (see
Lemma , which might be of independent interest.

The heart of the proof of Theorem for trees is the following result, which states that under
some mild conditions on the bias b, Enforcer can force Avoider to make many threats. Below, an edge
e € F(K,) is called an H-threat if e has not been taken by the players, and adding e to Avoider’s graph
would create a new copy of H in her graph.

Theorem 1.3. Let H be a tree or a unicyclic graph, with at least two edges. Then there exists a constant
v=v(H) € (0,1) such that in the (1 : b) Avoider—Enforcer H-game played on K, the following holds.
If Su(H)n < b+1 < yneUD/(H)=1) " and if furthermore b is even whenever H is unicyclic, then Enforcer
has a strategy in which, at some point, either he has already won or the number of H-threats is greater
than ) =1pvH) /(b + 1)eUD=1 The above is also true if in the first round Avoider is allowed to select
any number of edges she wishes (possibly none) while Enforcer has to select exactly r edges for some
fized number r € {0,1,...,b}.

Interestingly, Theorem can be proved by induction on v(H). Besides its use in proving Theorem
[1.2] Theorem [I.3]in conjunction with some number-theoretic results gives the following lower bound on
the upper threshold of trees and unicyclic graphs.

Theorem 1.4. For any connected graph H with at least three edges the following holds.
v(H)—
(i) If H is a tree, then fi(n) = Q(nﬁ)

v(H)+2

(ii) If H is unicyclic, then fi(n) = Q(nm)
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v(H)
(iii) If H is unicyclic, then fi(n) > cgn*@-1 for infinitely many values of n, where cyr > 0 depends
only on H.

Part shows that the upper bound in (|1.2)) is tight for every unicyclic graph. Theorem [1.1|together
with Parts (il) and prove the separation conjecture for all connected graphs H with at least two
edges and m(H) < 1.

Corollary 1.5. The separation conjecture holds for every graph H which is either unicyclic or a tree
with at least two edges.

As opposed to the lower threshold, the upper threshold for the H-game is affected by the number
of components. For simplicity, the statement below is given for graphs H with m(H) = 1, but similar
results hold for forests.

Theorem 1.6. Let H be a disconnected graph with m(H) = 1 and at least two unicyclic components.
Then

fir(n) = O(n).

Theorems and imply that f};(n) = ©(f;(n)) = ©(n) for every disconnected graph H with
m(H) = 1 and at least two unicyclic components. Therefore, for disconnected graphs there is no
asymptotic separation between the lower and upper thresholds in general.

1.4. Organisation. The paper is organised as follows. In Section [2| we introduce basic notation and
simple facts that will be used throughout. Section [3]is dedicated to the proofs of Theorems [L.1],
and [[.6l We establish Theorem in Section [} In Section [5] we prove Theorem by analysing
games on blow-ups of multigraphs. Section [f] contains concluding remarks, including open questions
and conjectures regarding the threshold biases for the H-game for every H. The appendix is devoted
to the proofs of all number theoretic lemmata which are required in the proofs of the main theorems.

2. PRELIMINARIES

For a natural number k& we denote the set {1,2,...,k} by [k]. For a graph G = (V(G), E(G)) and
a set of vertices S C V(G) we denote E(S) = {e € E(G): e C S}. For a pair of sets 5,7 C V(G), let
E(S.T) := {{s,t} € E(G): s € S,t € T'}. The degree of a vertex v in G is denoted by d¢(v); Ng(v)
is the set of neighbours of v. We write G[S] for the subgraph of G induced by S. We denote by A(G)
and §(G) the maximum degree and minimum degree in G, respectively.

We defined Avoider—Enforcer H-games as games played on K,,. However, in subsequent sections we
will consider auxiliary Avoider—Enforcer games on other graphs. Therefore in all definitions below we
assume that the game is played on the edge-set of a graph F' = (V(F), E(F)). We call E(F') the board
of the game. At any point in the game, the graphs G4 and G g are spanning subgraphs of F', and their
edge-sets consist of all edges picked by Avoider and Enforcer, respectively, up to this point. We say
that an edge e € E(F) is free if e ¢ E(Gg) U E(G4). An edge e € E(F) is an H-threat or simply a
threat if it is free and there exists an H-copy in G4 U {e} that is not contained in G 4.

By default we assume that Avoider starts the game. Nonetheless, sometime we change this rule, but
then we explicitly state that Enforcer is the first player. The following two facts are well-known and
frequently used when studying Avoider—Enforcer games. We will use them often in the next sections.

Fact 2.1. Suppose that t > 1, (g) — t is divisible by b+ 1 and the (1 : b) Avoider—Enforcer H-game is
being played on K,. If at some point of the game, the number of H-threats is at least t, then Enforcer
has a strategy to win the game from this point on.
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Fact 2.2. Suppose that the (1 : b) Avoider—Enforcer H-game is being played on K,. If at some point
of the game there are at least b+ 1 H-threats, then Enforcer has a strategy to win the game from this
point on. The same is true under the assumption that Enforcer is the first player.

3. Proors oF THEOREMS [1.1], [T.4] AND [1.6]

Here we present the proofs of Theorems [1.1] and [I.6] They can be read independently of each
other.

3.1. Proof of Theorem The key building blocks of the proof of Theorem [I.1] are the following
two lemmata. The first is a simplified version of a result due to the first author [3].

Lemma 3.1 (implicit in [3] Theorem 1.2]). Let H be a graph with at least one edge. Assume that b and
q are two positive integers such that the remainder of the division of (Z) by b+ 1 is at least ¢ + 1, and

o q —e(H)
v | —+1 < 1.
" (e<H> N )

Then Avoider has a winning strategy for the (1 :b) Avoider—Enforcer H-game on K.
The second is a number theoretic result. We defer its proof to the appendix.

Lemma 3.2. Given real numbers a,c; and co with o > 1 and 0 < ¢y < ¢, there exists a positive
constant C' = C(a, ¢y, ¢2) with the following property. For any integers q and N with ¢, N > C and
coq® < N < c19%, we can find an integer k such that ¢ < k < Cq and the remainder of the division of
N by k is greater than q.

With Lemmata [3.1] and [3.2) in hand, it is easy to finish the proof of Theorem [L.1]

Proof of Theorem [1.1] If H is a matching with at least two edges, then Avoider trivially wins when
b> (g) —1=0(n?), so we can assume that H contains two adjacent edges. Let F be a subgraph of H
such that e(F)/v(F) =m(H). Set

¢ = [e(F) - n/mUD] = [e(F) - noE)/eP)]
—e(F)

By the choice of ¢, we have n*() (% + 1) < 1. Furthermore, since H contains two adjacent
edges, m(H) > 1/2. Thus we can use Lemma with a = 2m(H), cp = 1, ¢a = ge(F)72mH),
g = [e(F)-n'/mH)] and N = (}) to conclude that for a suitable positive constant C' = C(H) there
exists an integer k = k(n) such that ¢ < & < Cq and the remainder of a division of (g) by k is at least
g+ 1. By Lemma 3.1 we conclude that for b = k — 1 Avoider has a strategy to avoid creating a copy of
F in K,,. This means that she also avoids a copy of H, giving f;(n) < Cq— 1 = O(n*/™H). O

3.2. Deriving Theorem from Theorem In order to establish Theorem [I.4]via Theorem[I.3]
we will need the following simple number theoretic results, whose proofs are given in the appendix.

Lemma 3.3. Given ¢ > 0 and a rational number a € (0,2], there exists d € (0, c) such that for infinitely
many n € N there is an odd divisor q of (Z) — 1 with dn® < g < cn®.

Lemma 3.4. Given ¢ > 0 and o € (1,2), there exists ng € N such that for each integer n > ny one can
find an integer 1 < t < *n**=2 for which (3) —t is divisible by some odd integer q with cn® < q < cn®.

Proof of Theorem [1.]) Let h =v(H), and let v = v(H) € (0,1) be the constant given by Theorem
L3l

Based on Lemma with ¢ = v and o = %, for n large enough we can find an integer

1<t <~vn and an integer b so that (2) — t is divisible by b + 1 and 3ynh—2 < b+ 1< ynn—2,
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Note that 8hn < b+ 1 < yn=1/(=2) 50 in view of Theorem , Enforcer has a strategy such that at
some point either he has already won or the number of threats is greater than
’yhiQTlh/(b + 1)h72 > ,Yhf2nh/(,yn(hfl)/(h72))h72 =n>t,
for h > 4. Hereby Enforcer has a winning strategy by Fact [2.1]
Using Lemma@ with ¢ = and a = Z—ﬁ, we infer that for n large enough there exist an integer
1<t <) and an even number b so that (”) —t is divisible by b+ 1 and %cn% <bh+1< en it

2
As 8hn < b+1 < yn"("=1 we learn from Theorem that Enforcer has a strategy such that at some

point either he has already won or the number of threats is greater than
ALk (b 4 1)PL > h Ik [y Y=L 2/ (1)
Thus Enforcer has a winning strategy by Fact

Using Lemma E with ¢ =~ and o = %, we conclude that there is a constant d = d(~,h) > 0

such that for infinitely many n € N there exists an even number b for which dn//"=1) < p41 < ynh/(h=1)
and (;) — 1 is divisible by b+ 1. By Theorem Enforcer has a strategy such that at some point

either he has already won or there are more than v"~1n"/(b + 1)"~! threats. In the latter case, since
A Inh /(b + 1)"=1 > 1, by Fact [2.1| Enforcer wins. O

3.3. Proof of Theorem Here we give the proof of Theorem [I.6l Our arguments rely on a result
due to the first author [3].

Lemma 3.5 (implicit in [3, Theorem 1.2]). Let ‘H be a finite collection of graphs with at least two
vertices, and let b be a natural number with

3 . (e(l;_,) n 1) 0y

FeH

Then Avoider has a strategy for the (1 : b) Avoider—Enforcer game on K, such that no copy of any
graph F' € H appears in her graph before the last round.

Proof of Theorem [1.6 Let H be a graph with at least two unicyclic components Hy, Ha, ..., H;.
Consider a (1 : b) Avoider—Enforcer H-game played on K,,. Let Fi, Fs, ..., F; be the unique cycles in
H,, H,, ..., Hy, respectively. By an easy calculation one can verify that there exists a positive constant
¢ = ¢(H) such that if b > cn, then the assumption of Lemma is satisfied. Thus Avoider has a
strategy such that for each ¢ € {1,2,...,t}, no copy of F; appears in her graph before the last round.
This fact implies that at the end of the game there are no disjoint copies of H; and H, in Avoider’s
graph. Therefore Avoider wins the H game on K,,, implying that f(n) < cn. U

4. LOWER BOUND ON THE LOWER THRESHOLD

This section is devoted to the proof of Theorem [I.2] We remark that when H is a tree, our proof
uses Theorem [L.3] as a black box.

4.1. Proof of Theorem We will first state special cases of Theorem [I.2] and then establish
Theorem using them. For this purpose, we introduce some notation.

Definition 4.1. Every unicyclic graph H contains a single cycle vy, ..., v, and for every 1 < i < k
there is a (possibly trivial)ﬂ tree T; which contains v; and no other vertex from vy, ..., v, such that
the trees T1, ..., T} are pairwise vertex-disjoint and do not have any edge between them except for the

2We say that Tj is trivial if V(T}) = {v;}.
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edges of the cycle vy,...,v,. We say that an edge e € E(H) is a cycle-edge if it is one of the edges of
the cycle vy, ..., v, Otherwise e is a tree-edge. The graph H is called odd (even) if k is odd (even).

The following results, whose proofs are given in the next three subsections, cover the case when H is
connected.

Theorem 4.2. If H is a tree with at least two edges, then fi;(n) = Q(n'/mH)),

Theorem 4.3. Let H be an odd unicyclic graph with h vertices. If b+1 < n/(12h), then Enforcer wins
the (1:b) H-game on K,.

Theorem 4.4. Let H be an even unicyclic graph with h vertices, and suppose that the unique cycle in
H has length k. If b+ 1 <n/(200k(h — k + 1)), then Enforcer wins the (1 :b) H-game on K,,.

We are now ready for the proof that f5(n) = O(n'/™H) for any graph H with m(H) < 1. With the
above three theorems in hand, it only remains to prove this for disconnected graphs.

Proof of Theorem [1.2. Let H be a (disconnected) graph with m(H) < 1 and ¢t > 2 components
H,,..., H; with at least one edge E| Roughly speaking, Enforcer’s strategy for H takes a “divide and
conquer” approach, that partitions the vertices of K, into t parts and forces Avoider to build one
connected component of H in each part. We provide the high-level idea of this approach, omitting some
of the technical details (as these follow from the proofs of Theorems |4.2] and {4.4)).

Clearly m(H;) < m(H) for i =1,2,...,t. It follows from Theorem an that there exists
a constant ¢ > 0 such that if b < en'/™H) then Enforcer can force a copy of H; in the (1 : b) game
played on K7, /y, as well as in the game played on K|,/ . By analysing the proof of Theorems ,
[4.3] and [£.4], it is not hard to observe that Enforcer can force H; in each of these games even if he has
to make a constant number, say t? in total, of extra moves, claiming at most b edges in each of these
movesf]| These extra moves affect only the constants in Theorems and [£.4] and in Theorem
which is the key proof ingredient for Theorem [£.2]

Consider the following Enforcer’s strategy for the (1 :b) H-game played on K,,. First Enforcer splits
V(K,) into t almost equal sets Vi, V5, ..., V; and pretends he plays ¢ + (;) separate games G, ; with
i<jandi,je€{1,2,...,t}. Every game G,; is played on the board E(V;), while for i < j the game
G, ; is played on E(V;,V;). Every time Avoider plays in G;;, Enforcer answers in the same game. In
the game G, ; with 7 < j Enforcer plays arbitrarily. In every game G;; the aim of Enforcer is to force
Avoider to build a copy of H;.

In each of the games G, ; it might happen (depending on Avoider’s strategy) that Enforcer is the first
player. It may also happen that in a game he has some extra (partial) moves to make but the number
of such extra moves is at most the number of other games, ie. t — 1 + (;) < t2, and the number of
extra edges Enforcer will have to add during these moves is at most t?b. In any case, even if the above
happens, Enforcer can apply the suitable strategy in each G;; to force Avoider to create a copy of H;
in it. This way, Enforcer wins the H-game on K,. Hence f5(n) > cn/™)  as required.

O

4.2. Trees. Here we derive Theorem from Theorem [I.3] The proof of Theorem will be given
later in Section Bl

Proof of Theorem from Theorem [1.3. Let H be a tree on h > 3 vertices and consider an
h
H-game (1 :b) on K,. Our goal is to show that f;(n) = Q(n#71). It is well known that every graph

3If H has only one component containing edges, then forcing H is equivalent to forcing this component, so the assertion
follows from Theorems [4.2H4.4]

4Theorems and [4.4] cover all cases where H; is not a single edge. The case where H; is a single edge is trivial:
As soon as Avoider picks one edge, Enforcer wins in this part of the game.
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with n vertices and more than hn edges contains a copy of every tree on h vertices. It implies that there
is a constant ¢ = c(h) such that for every b+ 1 < ¢n and sufficiently large n, every Enforcer’s strategy
is a winning strategy.

Consider the case b+ 1 > 8hn. Since we are only interested in the regime b = O(n%), we may also

assume that b+ 1 < fyn% where v > 0 is the constant given by Theorem . Then Enforcer has a
strategy to force either a copy of H in Avoider’s graph or more than v"~2n" /(b + 1)"=2 threats. As

A2l /(b + 1)2 > b for 8hn < b+ 1 < ’y%n%, Enforcer wins the game for such b due to Fact .

It remains to consider the case cn < b+ 1 < 8hn. Let n' = [en/(8h)]. Then 8hn' < b+1 < +/(n')r—1
for every positive constant 4/, provided that n is sufficiently large. At the first stage of the game Enforcer
selects all free edges from the set F(K,) \ E(K,/), for some K,, C K,. Then the game is transformed
into the H-game on K, , with additional assumption that in the first round of this new game Avoider
is allowed to select as many edges as she wishes (maybe none), while Enforcer has to select r edges, for
some fixed r € {0,1,...,b}. In view of Theorem , analogously to the previous case, we can argue
that Enforcer wins the H-game on K, and thereby he wins the H-game on K, as well.

In view of the above three cases, the assertion easily follows. 0

4.3. Odd unicyclic graphs. In this section we prove Theorem [£.3] Our main tool is the following
supersaturation-type result.

Lemma 4.5. Let H be a unicyclic h-vertex graph. Then every graph G has at least e(G) — (h — 2)v(QG)
pairs {z,y} € (V(ZG)) such that E(G) U {{z,y}} contains a copy of H in which {z,y} is a cycle-edge.

Proof. For simplicity, we say that a pair {x,y} as in the statement of the lemma is a cycle-threat. Let
n = v(G) and m = e(G). The proof is by induction on n. For n = 1, the lemma obviously holds since
m—(h—2n<m=0.

Let G be a graph with n > 2 vertices and m edges. First assume that dg(v) < h — 2 for some
v € V(G) and consider G’ = G'\ {v}. By the induction hypothesis, the number of cycle-threats in G’
(and thus in G) is at least e(G') — (h —2)v(G') > m —(h—2) — (h—2)(n —1) = m — (h — 2)n, as
required. From now on assume that §(G) > h — 1. It is well known that under this assumption every
embedding of a subtree of any tree T" with h vertices into G can be extended into an embedding of T’
into G.

Recall that H consists of a cycle vy, ..., v, and trees T1,. .., Ty such that V(T;) N{vy,...,ve} = {v;}
for every i € [k]. Consider an embedding ¢ : H\ T, — G. Put U := Im(¢) C V(G). Then |[U| < h—1.
We claim that for every vertex y € Ng (gb(vk_l)) \ U, the pair {¢(v1),y} is a cycle-threat. To prove
this, it is enough to extend the embedding ¢ by putting ¢(vx) = y and then to extend it again, into an
embedding of the tree E(H) \ {{v1,v}} into G.

Similarly, for every vertex y € Ng(¢(v1)) \ U, the pair {¢(vx_1),y} is a cycle-threat. It follows that
the number of cycle-threats that contain one of the vertices ¢(vy), ¢(vx_1) is at least

de(d(v1)) + de(d(vk-1)) = 2(JU| = 1) > de(d(v1)) + da(d(vr-1)) — 2(h = 2), (4.1)
as |U| < h—1.
Now consider the graph G’ obtained from G by removing two vertices ¢(v;) and ¢(vx_1). By the
induction hypothesis, the number of cycle-threats in G’ is at least

e(G') — (h—2)v(G") = m — da(¢(v1)) — da(d(vi—1)) — (h —2)(n — 2). (4.2)
Adding up (4.1) and (4.2)), we get that G contains at least m — (h — 2)n cycle-threats, as required. [J

Proof of Theorem 4.3 With Fact in mind, we will show that Enforcer has a strategy which
guarantees that at some point of the game, either Enforcer has already won or the number of H-threats
is at least b+ 1.
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At the start of the game Enforcer arbitrarily partitions V(K,) into two sets X, Y of sizes |n/2] and
[n/2], respectively. Enforcer claims arbitrary edges from F(X,Y) as long as he can. Consider the point
in the game just after the last edge in F(X,Y") was claimed. We claim that at this point either Enforcer
has already won or there are at least b+ 1 H-threats. Let G4 denote Avoider’s graph at this point and
put gxy = |E(Ga) N E(X,Y)|, gx = |[E(Ga) N E(X)| and gy = |E(G4) N E(Y)|. Since every edge in
E(X,Y) was already claimed, the number of edges claimed by Avoider up to this point is at least

E(X,Y)|—-b _ (n*=1)/4—b n?
> > >
- b+1 - b+1 ~4(0b+1)

As e(Ga) = gxy+9gx+3y, one of the numbers gx vy, gx, gy is not smaller than n?/(12(b+1))—1. By our
choice of b we have b+1 < n/12h < n?/(12(h — 1)n+ 12), implying that n?/(12(b+1)) —1 > (h— 1)n.
Assume first that gxy > (h — 1)n. Let G’ be the graph whose edges are F(G4) N E(X,Y). Then
e(G') = gx,y > (h—1)n. By Lemmal[d.5] there are at least e(G’) — (h—2)n > n > b+1 pairs of vertices
{u,v} € (V(ZG,)) such that G'U {{u,v}} contains a copy of H in which {u, v} is a cycle-edge. Let {u,v}
be such a pair. Since the cycle in H is odd and G’ only contains edges from E(X,Y), either u,v € X
or u,v € Y. Since Enforcer only claims edges between X and Y, the edge {u, v} is either free or taken
by Avoider. If {u, v} is taken by Avoider then her graph contains a copy of H, implying that Enforcer
has already won the game. Otherwise, {u,v} is an H-threat. We conclude that unless Enforcer had
already won, there are at least b + 1 H-threats, as required.

Now assume that gx > (h — 1)n. In this case let G’ be the graph whose edges are E(G4) N E(X).
By Lemma 4.5| and the same argument as in the previous case, either Enforcer had already won or X
contains at least b+ 1 H-threats, as required. The case gy > (h — 1)n is handled analogously. This
completes the proof of the theorem. O

€(GA)

4.4. Even unicyclic graphs. The aim of this section is to prove Theorem [£.4, For this purpose, we
will need the following folklore result. Since we have not been able to find a reference for it, we include
a proof here.

Lemma 4.6. Let T be a tree with t vertices. Let G be a graph with maximum degree A. Then G
contains at least (e(G) — (t — 2)v(G))/(tA) pairwise vertex-disjoint copies of T.

Proof. Let n = v(G) and m = e(G). The proof is by induction on n. The base case is n < t. It is easy
to check that in this case m < (g) < (t — 2)n, so there is nothing to prove.

Suppose that n > t. If m < (t—2)n, then the lemma holds trivially. Assume, then, that m > (t—2)n.
It is well known that if n > ¢ and m > (¢ — 2)n, then G contains a copy of every tree on ¢ vertices.
Let uq,...,u; € V(G) be the vertices of a copy of T' in G, and let G’ be the graph obtained from G
by removing the vertices uy,...,u;. We have v(G') = n —t and e(G’) > m — tA. By the induction
hypothesis, G’ contains at least

e(G") — (t —2)v(G") >m—tA—(t—2)n>m—(t—2)n_

1
tA - tA - tA
pairwise vertex-disjoint copies of T. Now, the copy of T on {uy,...,u;} is clearly disjoint from every
copy in G', giving a total of (m — (t — 2)n)/(tA) pairwise vertex-disjoint copies of T. O

Proof of Theorem [{.4 We will describe a strategy for Enforcer which guarantees that at some point
of the game either Enforcer has already won or the number of H-threats is at least b + 1 (implying
that Enforcer wins by Fact . We start by defining a tree T'(H) which will play an important role in
Enforcer’s strategy.

Suppose that the unique cycle in H is vq,...,vx. Let T" = T'(H) be the tree obtained from H by
contracting the edges of the cycle vy, ..., v into one vertex v. Let T(H) be the graph which consists
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F1GURE 1. The tree T'(H) - an example

of a path uy, ..., usy/2 and 3k/2 pairwise vertex-disjoint copies of 7" in which u, ..., ug/2 play the role
of v. See Figure 1 for an example of the definition of T'(H). Define t(H) := v(T'(H)). It is easy to see
that T'(H) is a tree and that

t(H) <3k(h—k+1)/2. (4.3)
The following observation follows immediately from the definition of T'(H).

Fact 4.7. Let P and Q be two vertex-disjoint copies of T(H) in a graph G, and let py, ... ,psp/2 (Te-
spectively, qi,...,qsk/2) be the vertices of P (respectively, Q) which play the roles of uy, ..., usks2. If
there are o, B,v,6 € {1,...,3k/2} for which {pa,qs} ,{py. 45} € E(G) and |a —~| = |5 -] =k/2—-1,
then G[P U Q)] contains a copy of H.

As in the odd cycle case, Enforcer arbitrarily partitions V(K,) into two sets X, Y of sizes |n/2] and
[n/2], respectively. Enforcer’s strategy has three stages. Roughly speaking, in the first stage Enforcer
makes sure that the maximum degree in Avoider’s graph inside each of the sets X and Y is not large.
We will show that unless there are many H-threats when the first stage ends, the sets X and Y contain
many copies of T'(H). The only edges relevant to Enforcer’s strategy in later stages are the edges
connecting these copies of T'(H). Thus, in the second stage Enforcer claims all irrelevant free edges,
making sure that they are not free in the third stage. This enables Enforcer to force many H-threats in
the third stage. A precise description of Enforcer’s strategy follows. To make the writing shorter, we
introduce the following notation.

_J{ec€cE(X):z€ce} forzelX,
St(z)_{{eeE(Y):ZEe} for z €Y.

Stage 1. The first stage starts at the beginning of the game and ends at the moment when there are no
more free edges in F(X) U E(Y). The stage may end in the middle of Enforcer’s move. In this stage
Enforcer only claims edges from E(X) U E(Y). In his first round (if he is the first player), Enforcer
claims b arbitrary edges from E(X) U E(Y). Then in every round he responds to Avoider’s move
as follows. If Avoider claimed an edge in F(X,Y) then Enforcer claims b arbitrary free edges from
E(X)UE(Y). Suppose now that Avoider claimed an edge in E(X)U E(Y), say {u,v}. Enforcer claims
|b/2] free edges from St(u) and [b/2] free edges from St(v) (the roles of u and v are decided arbitrarily).
If Enforcer cannot follow this rule (for example, if there are less than |b/2] free edges in St(u)) then
Enforcer completes his move by claiming additional arbitrary edges from E(X) U E(Y).

It is clear that Enforcer can follow his strategy for the first stage. We now show that by following
his strategy, Enforcer succeeds in keeping the maximum degree in G4[X] and G4[Y] not too high.

Claim 4.8. Throughout the game it holds that A (G4[X]) < 3|X|/(b+1) and A (Ga[Y]) < 3|Y|/(b+1).
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Proof. We only prove the statement for X, as the proof for YV is similar. Let x € X and assume that
de,x)(x) = d at the end of the first stage. By Enforcer’s strategy, every time Avoider claimed an edge
from St(z), Enforcer immediately claimed at least [b/2] such edges, unless there were less than |b/2]
free edges remaining in St(z), which could only happen at the last time Avoider claimed an edge from
St(x). Therefore Enforcer has claimed at least [b/2](d — 1) edges from St(z). Since all edges in E(X)
have been claimed by the end of the first stage, we have d + | 2| - (d — 1) < |St(z)| = |X| — 1, implying
that d < (|X|— 14 |2])/(|2] +1) <2|X|/(b+1)+1 <3|X|/(b+1). O

Now we prove three claims about the position at the end of the first stage. Put gx = |E(Ga)NE(X)],
gy = |E(Ga) N E(Y)| and gry = |E(Ca) N E(X, V).

Claim 4.9. If gxy > (h—1)n then either Enforcer has already won or there are at least b+1 H -threats.

Proof. Let G' be the graph whose edges are E(G4) N E(X,Y). Then e(G') = gxy > (h— 1)n. By
Lemma , there are at least e(G’) — (h — 2)n > n > b+ 1 pairs of vertices {u,v} € (V(QG/)) such that
G' U {{u,v}} contains a copy of H in which {u,v} is a cycle-edge. Let {u,v} be such a pair. Since the
cycle in H is even and G’ only contains edges between X and Y, we must have that either « € X and
v € Y or vice versa. Since in the first stage Enforcer only claimed edges from FE(X) U E(Y), the edge
{u,v} is either free or has been taken by Avoider. In the latter case, Avoider’s graph contains a copy
of H, implying that Enforcer has already won. In the former case, {u,v} is an H-threat. We conclude
that unless Enforcer has already won, there are at least b + 1 H-threats, as required. [l

Claim 4.10. If gxy < (h— 1)n then gx > 25t(H)|X| and gy > 25t(H)|Y|.

Proof. We only prove the statement for gx, as the proof for gy is symmetric. According to Enforcer’s
strategy in the first stage, if Enforcer claims an edge from E(X) in some round (other than his first, if
he is the first player), then Avoider’s preceding move must have been one of the following types:

(1) Avoider claimed an edge from E(X).

(2) Avoider claimed an edge from E(X,Y).

(3) Avoider claimed an edge {u,v} € E(Y) such that after this Avoider’s move there were less than

[b/2] free edges in St(u) or less than [b/2] free edges in St(v).

For i € {1,2,3}, let a; be the number of edges in £(X) that Enforcer claimed after a move of type ¢ by
Avoider. It is clear that a; < b-gx and a; < b-gxy. Let eq,..., e, be the edges claimed by Avoider
in moves of type 3. For i € [{], let y; be an endpoint of e; such that after Avoider claimed e;, there
remained less than [b/2] free edges in St(y;). We claim that y; # y; for every 1 < i < j < {. Suppose
by contradiction that y; = y; for some ¢ < j. After Avoider claimed e;, Enforcer immediately claimed
all remaining free edges in St(y;), implying that Avoider could not have claimed e; later in the game, a
contradiction. Since yy, . .., y, are distinct we get that ¢ < |Y'| < [n/2]. Therefore ag < £-b < (n+1)b/2.
Observe that b+ a; + as + a3 + gx > (|)2<\)’ as the left hand side counts the number of edges in F(X)
claimed by either Avoider or Enforcer when Enforcer is the first player. By this inequality and our
assumption that gxy < (h — 1)n, we get that

X
(|2|> <b+a+ar+az+gx <b+(b+1)gx + (h—1)nb+ (n+1)b/2.
This implies
(3) —hmb _ nlx|
b+l  — 5B+ 1)
where we used | X| > (n—1)/2, (4.3) and b+ 1 < n/(200k(h — k + 1)) which holds by assumption. [

gx > > 25 3k(h — k+ 1)|X| > 25¢(H)|X]|,
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Claim 4.11. Suppose that there are less than b+ 1 H-threats at the end of Stage I. Then there are at
least 8(b+ 1) pairwise disjoint copies of T(H) in Ga[X] and at least 8(b+ 1) pairwise disjoint copies of
T(H) in G4[Y].
Proof. Suppose that there are less than b + 1 H-threats in G4. By combining Claims [4.8] and
we get that A (Ga[X]) < 3|X|/(b+1) and e (Ga[X]) = gx > 25t(H)|X|. By Lemma [4.6] G4[X]
contains at least

25t(H)|X| — (t(H) — 2)|X]|

t(H)-3|X|/(b+1)

pairwise disjoint copies of T'(H). The proof for G4[Y] is similar. O

>8(b+1)

Stage II. We may assume that at the beginning of the second stage there are less than b+ 1 H-threats
(because otherwise Enforcer had already achieved his goal). Fixing

r=38(b+1),

Enforcer identifies r pairwise vertex-disjoint copies of T'(H) in G 4[X], denoted by P, ..., P., and r
pairwise vertex-disjoint copies of T(H) in G4[Y], denoted by @1, ...,Q,. This is possible in view of
Claim For each 1 < i < r, let pi,... ,pék/Q (respectively, ¢t ... ,qékﬂ) be the vertices of P,
(respectively, @;) which play the roles of uy,. .., usk/s (vecall the definition of T'(H)). Define

E*={{pl.a}} 1< a,B<3k/2,1<ij<r}

and
E* = {{pab} 1 <a,B<k/21<ij<r}.

In the second stage Enforcer claims arbitrary free edges not belonging to E*. The second stage ends at
the moment when all remaining free edges are in E*.
Stage III. In the third stage Enforcer claims arbitrary edges from E**. The third stage ends at the
moment that every edge from E** has been claimed.

It is clear that Enforcer can follow his strategy for Stages Il and III. Let us analyse the position
at the end of Stage III. Let F be the collection of all pairs (i,7) € [r]> such that Avoider claimed
some edge in {{pfl, qf;} 1< a,B< 3k/2}. Let (i,7) € F and suppose that Avoider claimed the edge
{pfx,qé}. It is easy to see that there are v and § such that k/2 < v < 3k/2, k/2 < § < 3k/2 and
la —~] = |8 — 46| = k/2 — 1. By Fact adding the edge {pfy,qg} to G4 would create a copy of H
in G4[P;UQ,]. Since 7,0 > k/2 — 1 we have {p!, ¢} ¢ E**. Since in the third stage Enforcer only
claimed edges in E**, the edge {pfy, qg} is either free or has been claimed by Avoider. In the latter case
Avoider’s graph contains a copy of H, implying that Enforcer has already won. In the former case,
{pg, q}} is an H-threat. We conclude that either Enforcer has already won or the number of H-threats
is at least |F]|.

It remains to show that |F| > b+ 1. Let a be the number of edges that Avoider claimed in the
third stage, and note that the number of Enforcer’s moves in the third stage is at most a + 1. Let
m be the number of edges in E* that Avoider had claimed in the first and second stages. Then by
the end of the third stage Avoider has claimed a + m edges in E*. From the definition of E*, we
see that there are at least (a + m)/(3k/2)? pairs (i, ) € [r]? such that Avoider claimed some edge in
{{pL, qé} :1 < a,B < 3k/2}, that is, | F| > (a+m)/(3k/2)* Recall that Enforcer had not claimed any
edge in E* in the first and second stages. Since by the end of the third stage every edge in E** has
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been claimed, we have a + (a + 1)b > |E*| —m = 2 - (k/2 — 1)* — m > 72k?/16 — m, implying that
a > (r*k?/16 —m — b)/(b+ 1). By our choice of r we get that

212 /14w 212 /1@ _ 2 2 _
’]__lza—l-mzfrk/w m b+ m_ r°k?/16 — b :4k(b+1) bzb—i—l,
(3k/2)? (3k/2)2(b+ 1) (3k/2)2 = (3k/2)2(b+1)  (3k/2)%2(b+ 1)
as required. This completes the proof of the theorem. U

5. GAMES ON BLOW-UPS OF A MULTIGRAPH

In this section, we present the proof of Theorem [I.3] For this purpose we consider some auxiliary
games, played not on the complete graph but on blow-ups of H. In the auxiliary games, in some rounds
the players can select more or less edges than in other rounds. Nonetheless, with a slight abuse of
terminology, we still call them Avoider—Enforcer games.

5.1. The general setup. For a graph H on the vertex set [h] we define a graph By (Vi, Vs, ..., V4),
called a blow-up of H, as follows. We replace every vertex ¢ of H with an independent set V; and
every edge {i,j} of H with the corresponding complete bipartite graph, that is, with the set of edges
{zy 2 eVi,yeV;}

We will also consider blow-ups of connected multigraphs H containing exactly one cycle, which is
either a loop Cf, or a Cy (the multigraph with two vertices joined by two edges). With a little abuse of
terminology, we extend the definition of a unicyclic graph to include such multigraphs. We define the
blow-up By (Vi, Vs, ..., V4) of such a multigraph similarly to the blow-up of a simple graph. Note that
if C; C H, say if i € V(H) has a loop, then all vertices in V; have loops. Similarly, if Co C H, say if
i,j € V(H) are joined by two edges, then E(V;,V;) is a multiset such that every pair x € V;, y € V;
is joined by two edges. In this case, a couple of edges {e, f} in E(V;,V;) with the same ends will be
called friends. In an Avoider—Enforcer H-game on By (V;, Vs, ..., V}) the players select edges from the
multiset F(By(V1, Vs, ..., V,)) and Avoider tries to avoid a copy of H in her multigraph.

Let H' be a submultigraph of a multigraph H and let V(H') = {iy,4,...,4,}. A copy of H' in
B (V1, Va, ..., V4) is said to be canonical if the vertex playing the role of i; in this copy is from V;; (for
every 1 < j <r). In the Avoider-Enforcer H-game played on By (V1,...,V}), we call an edge e € E
a canonical H-threat or simply a canonical threat if e is free and there exists a canonical H-copy in
G4 U {e} that is not contained in G 4.

Throughout Section 5| we assume that h > 2, H is either a tree with the vertex set V (H) = [h], or it is
a unicyclic multigraph with the vertex set V(H) = [h] and (unique) cycle Cy (k > 1) on vertices 1,. .. k.
Let b and r be two integers such that 0 < r < b. We will only consider the (1 : b) Avoider—Enforcer
game played on By (V,...,V}), in which

h .
b , (16" (b + 1)h)"1, if H has a cycle,
A< [Vl < b/(8h)for every i € [B], and g vl > {(16h(b+ )h)=2max; |V;|, if H is a tree.
(5.1)
Additionally, assume that in the first round (and only then) Avoider can select any number of edges of
By (Vi,...,V,) she wishes and Enforcer has to select exactly r edges.

5.2. Proof of Theorem In this section we give the proof of Theorem [I.3| modulo Proposition[5.1]
stated below, which says that Enforcer can force many H-threats in the game played on the blow-up
of H. The proof of Proposition [5.1] appears in the next section.
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Proposition 5.1. Assume the setting as introduced in Section [5.1. Then Enforcer has a strategy in
which, at some point, either he has already won or the number of canonical H-threats is at least

h
I Vil
(8"(b + 1)h)etH)—1"
Now, we deduce Theorem from the above result.
Proof of Theorem [1.8 Let V(K,) =ViUVyU...UV, be a partition of the vertex set of K,, such

that [n/h] < |Vi| < [n/h] for every i € [h]. Consider the blow-up By (Vi,Va,..., V) € K,. Set
v = 16hh(2h)e(}ﬂ/(5(m*1>’ and suppose that b is an even number with

8hn < b+ 1 < ypeE)/(etH)=1) (5.2)

We split Enforcer’s strategy into two stages.

Stage 1. Enforcer picks all free edges that are not edges of the blow-up By (V1, Vs, ..., V), until no such
free edges remain. This stage might end in the middle of Enforcer’s move.

Stage I1. In this stage the game is played on By (V1, Vs, ..., V3 ). At the beginning some edges are already
selected by Avoider but there is no edge of Enforcer on the board. Let r € {0,1,...,b} be the number
of edges Enforcer has to select in order to complete his last move of Stage 1. Enforcer then uses the
strategy from Lemma . Let us verify that this is possible. Observe that implies 4" < |V;| < 8%
for every 1 < i < h. Furthermore, by our choice of v and , in case of H with a cycle we have

h
h
[Tvi>(5) =06 0+ nm,
i=1
and in case H is a tree we have
h h—1
[T > (5;)  max|vil = (16" (6 + DAY max|Vj].
i=1

Therefore we can indeed apply Lemma [5.I] As a consequence, Enforcer has a strategy in which at
some point, either he has already won or the number of threats is not less than

H?:l Vil S yeH) = ph 0

(87(b + 1)R)e(H)-1 ~ (h4 1)et)-1"

5.3. Main lemmata and the proof of Proposition [5.1. The idea behind Enforcer’s strategy is
quite simple: he tries to force Avoider to create many trees and then to extend them gradually, till
a copy of H is completed. He can achieve this by following an inductive strategy. The base case is
captured by the following statement, whose proof is given in Section [5.4]

Lemma 5.2 (Base case). Assume the setting as introduced in Section . Suppose further that b s
even and H = Cy. Then Enforcer has a strategy in which, at some point, either he has already won or

the number of Cy-threats is not less than
[Vi[[Val

4b+1)
The following statement, to be proven in Section [5.5| allows Enforcer to reduce a game played on a
blow-up of H to a game on a blow-up of a proper sub(multi)graph of H.

Lemma 5.3 (Inductive step). Assume the setting as introduced in Section . Suppose further that
h > 3. Then Enforcer has a strateqy which quarantees that, at some point, there ezist sets V! C V; for
1 <i < h, a subgraph Fs C H on s vertices, and a family F of vertez-disjoint canonical copies of Fy in
Avoider’s graph, such that the following conditions are satisfied.
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VI =VinUper V(F) for every i € V(Fy).

3 \Vi| = |Vi|/4 for every i ¢ V(Fy).

) Enforcer has claimed no edges which are incident to vertices in U,y vz, Vi -
)

)

HieV(Fs) |VZ|
(6'4(17—|—1)h)5*1 :

‘ ‘ ViV
P5) FEither Fs is a loop and |F| > z‘jeg(l%))f#j 6‘4(b|—|&—1])‘h’
Proof of Proposition [5.1 We will use induction on h. If H is a tree and h = 2, then the assertion
easily follows. If H has a cycle and h = k = 2, the assertion follows immediately from Lemma We
next consider the case of a unicyclic H with (h, k) = (2,1). Let F be the family given by Lemma [5.3|
According to property (PP, F is a matching or a set of loops of size at least |Vi||Va2|/(64(b + 1)h).
From properties (7(, it follows that Avoider’s graph contains either a copy of H, or at least
\V1|[Va]/(64(b + 1)R) = |V4||Va|/(8"(b + 1)h) canonical H-threats.

Let h > 3 and suppose that the assertion is true for every tree and every unicyclic multigraph on less

than h vertices. We will show that, roughly speaking, Enforcer can force many vertex-disjoint canonical
trees in Avoider’s graph. After contracting some edges of the trees he then can proceed inductively.
Enforcer’s strategy is divided into three stages. In the first he forces many trees, in the second he selects
edges irrelevant for later play, and in the third he applies the inductive argument.
Stage I. Due to Lemma , Enforcer has a strategy so that at some point there exist vertex-sets V; C V;
for 1 < i < h, and a family F of vertex-disjoint canonical copies of some F, C H in Avoider’s graph,
which satisfy properties (7( Suppose first that Fy is a tree on h vertices. If Fy, = H then
Enforcer had already won (as there is a copy of F; = H in Avoider’s graph), so we assume from now
on that Fy; # H, namely that H is unicyclic. Then e(H) = h = s. In view of (Pp]), we have

YL § (171
(64(b+ 1)h)e 1 = (8k(b+ 1)h)=H 1

If there is no copy of H in Avoider’s graph yet, then every tree in F is a canonical threat, by (
Thus the proposition follows, and we do not have to proceed to Stage II.
From now on we assume that F; is not a tree on h vertices, that is, V(F;) € V(H). The game

proceeds to the next stage.
Stage IL. If F} is a tree, we say that an edge e € E(V/, V) is important if {i,j} N (V(H) \ V(F)) # 0,
or ij € E(Cy) \ E(Fs) and the ends of e belong to the same tree in F (e may be a loop).

If Fy is a loop, we define important edges differently. Suppose that = € V(H) is the only vertex
of H having a loop, and fix an arbitrary y € V(H) \ {z} such that zy € E(H) (such a y exists
because H is connected). Let M be a matching in E(V,V,) of size at least |V,||V,|/(256(b + 1)h).
Such a matching exists because V)| = |F| > |V,]|V,|/(64(b+ 1)h) by properties (Pfl) and (Pf]), and
V] > Vyl/4 > [V2l|V /(640 + 1)h) due to (P) and BI). Let V= VI AV(M), V" = Vy AV (M),
and V" =V} for every i € V(H) \ {z,y}. We call all edges in M UU,cpmp(zyy EVY", V}") important.

In Stage II Enforcer selects all free edges that are not important. The stage might end in the middle
of Enforcer’s move.

Stage III. At the beginning of this stage, the set of important edges contains every free edge, and in
view of (P3)), ( and Enforcer’s strategy in the second stage, Enforcer has claimed no edges in this
set. We are going to reduce the target graph H and for this purpose we consider two cases.

or Fy is a non-trivial tree and |F| >

|F| >

Case 1: F; is a tree.

Without loss of generality we can assume that V(F;) = [s] (here we make an exception to
the convention that 1,...,k are the vertices of the unique cycle in H, if there is one). We
contract every tree in F to a vertex, and consider a blow-up By (V),V/,,...,V}) of the graph
H' obtained from H by contracting F; to the vertex s. Note that if F§ contains an edge e of a
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(5, then the friend of e becomes a loop in H’. Observe that H’ is unicyclic if H is unicyclic, and
H'is a tree if H is a tree. Every edge of By/(V,,V/ ,...,V}) is either selected by Avoider or it
was an important edge in By (V,, V] ,...,V}) and thus it has not been selected by Enforcer.
To prove the lemma, it suffices to show that Enforcer has a strategy in the (1 : b) H'-game
played on By (V], V., ,,...,V}), which forces either a copy of H' in Avoider’s graph or at least

I, Vil
(8(b + 1)h)et—1

canonical H'-threats.
Case 2: Fj is a loop.

We can assume that the vertices x and y of H considered in Stage II are equal to 1 and 2,
respectively. Recall that the edge-set M defined in Stage II is a perfect matching in E(V}", V}').
We glue together the ends of every edge e in M (turning e into a loop), delete all the loops in F,
and consider a blow-up By (Vy', V4’ ..., V}") of H', which is the unicyclic graph obtained from
H by contracting the edge {1,2} to a vertex. As in Case 1, to prove the lemma, it is enough to
show that Enforcer has a strategy in the (1 :b) H'-game played on By (Vy', V4’ ..., V}"), which

[T, Vil

@ ot D)y m=T canonical H’'-threats.

guarantees either a copy of H' in Avoider’s graph or at least

We will prove that the induction hypothesis can be applied to H' in both cases. We only consider
Case 1, as the argument for Case 2 is the same as for the special case of Case 1 in which H has a cycle,
s =k =2 and the C5 in H coincides with the edge being contracted.

So our goal now is to show that holds for H" and the sets V/,..., V). Since (5.1} holds for H,
we have |V/| < |V;] < b/(8v(H)) < b/(8v(H')) for every i € {s,...,h}. From (P2) and (5.1), we know
that |V7| > |V;|/4 > 4"~ > 4*H) for i € {s+1,...,h}. By (Pj), and h > 3, we have

[T Vil [T Vi o (16"(b+ 1)h)"2 max; |V
(64(b+ 1)h)s=t = (64h)s~L(b+ 1)h=2|V}| =  (64h)s~1(b+ 1)"=2|V},|

Vil =1F = > 4Pt > g,

Finally, as |V}/| > |V;|/4 for every s+ 1 < i < h, and as |V!| = |F| > (6&"}%, v(H') =h—s+1and
h > 3, in the case that H is unicyclic it holds that

1, Vil B (16" (b+ 1)h)!

h
! > 1 v(H") b 1 H, v(H')—1
E'm 2 G+ D) E s 64+ Dy @i~ 10T (0 DA :

and in the case that H is a tree it holds that

ﬁ!V’l o IILvil 6D (16° (0 + Dh)"? max; |V
T

U(Hl) / U(H’)—2 :
b+ 1)h)s—14h—s (64(b + D)h)s—14h—s > (16" (b + 1)v(H")) max V.

Thus, we have proven that the induction hypothesis can be applied to H'. By the induction hypothesis

Enforcer has a strategy such that at some point, either there is a canonical copy of H' in Avoider’s
graph, or the number of canonical H’'-threats is at least

[T, V] N [, Vi
(8 (h— s+ 1)(b+ 1)1 = (8 (h — s+ 1)(b+ 1)1 - (64(b+ 1)h)>14h—

[Tz Vil .
(8"h(b+ 1))etH)-1"

>
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5.4. The base case. Here we provide a self-contained proof for the base case.

Proof of Lemma [5.2, Suppose that after the first move of Avoider there is no copy of Cy in her
multigraph. Let X be the set of all vertices of V; isolated in Avoider’s multigraph after her first move.
If | X| < |V4]/2, then the number of threats is at least

5.1
v\ X1 = vil/2 & (vl val (),
and the assertion follows. From now on we assume that |X| > |V;]/2. Let
el
4b+1)
From the definition of X we see that every edge of the multiset E(X,V3) is free. Furthermore, we have
|E(X, Vo) = 2| X||Va| > [V4] - |Vo| = 4(b+ 1)T. Thus the number of rounds in the game is greater than
4T. Note that T'> 1, by (B.1)). Furthermore there are |E(X,V3)|/2 > 2(b+ 1)T free couples of friends.

Enforcer plays as follows. In the first round he begins by picking |r/2] free couples of friends. After
that he has either zero edges or one edge left to take, depending on the parity of r. If r is odd, Enforcer
finishes the move by picking an arbitrary edge in E(X,V3), say e. Denote the friend of e by f and note
that f is the only free edge in F(X,Y) whose friend has been selected by Enforcer. Any other free
edge is either a threat or has a free friend. If r is even, then every free edge is either a threat or has a
free friend. Avoider in her response must create a new threat or, if r is odd, select f (we assume that
Avoider never selects a threat, as this would lose the game).

In the next 2|7 | rounds, Enforcer always picks b/2 free couples of friends. Recall that b is even and,
as mentioned above, there are enough free couples to play in this way. In every round Avoider will
create a new threat, with only one possible exception, that is, when she selects f. We conclude that
the number of threats created in the game is at least 2|T'| > T O

5.5. The inductive step. In this section we provide the (long) proof of Lemma To simplify the
presentation, we first introduce some notation.

Definition 5.4. We colour an edge green if and only if it is not a loop and it was claimed by Avoider
in her second or later round. At any moment of the game we call a subgraph of Avoider’s graph green
if it is non-empty and all of its edges are green. Throughout the game we denote by G the green graph,
that is, the graph induced by the set of green edges. Note that G has no isolated vertices and no loops.
A connected component of G is called a green component. If H contains a cycle, we denote by G}, the
subgraph of GG induced by the set of all green edges with both endpoints in Ule V;. In other words, Gy
is induced by the set of green edges in the blow-up of the cycle Cy.

Proof of Lemma [5.3 For each edge ij € E(H) with i # j, let
VIV,
mi = [
Note that m;; > 1, as by , in case of H with a cycle we have
(16" (b + 1)h)"!
(b/8h)h—2
while if H is a tree, then for ¢t € [h] \ {7,j} we have
(16"(b + 1)h)" 2|V
|Vi|(b/8h)"=2

Vil > > 256(b+ 1),

VIVl > > 256(b + 1)h.

Thus in both cases
\VillV;| > 256(b+ 1)h  for every i # j. (5.3)
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Let ij be an arbitrary edge in H with ¢ # j. Avoider starts the game. After her first move we denote
by M, ; a maximal matching (possibly empty) formed by Avoider’s edges in E(V;, V;). Let U; and U; be
the sets of all vertices saturated by M, ; in V; and V; respectively. If |[M, ;| > m; ;, we define V/ = U,
Vi =Uj and V[ =V, for r # i,j. These vertex sets and the family 7 = M, ; of paths of length 1
clearly possess the required properties (f( So from now on we can assume

|IM; ;| <m;; foreveryij e E(H) with i # j. (5.4)

Fix {¢,t} € E(H) such that ¢ # t and my; = max;jcp(m),izj Mij;. Since My, is a maximal matching,
Avoider has no edges between V; \ Uy and V; \ U;. Furthermore, we learn from and that
\Ve\Ue| > |Vi| —mey > 3|Ve|/4. Similarly, |V, \ U;| > 3|V;|/4. Thus we can find two subsets W, C V,\ Uy
and W; C V,\ U, of sizes ||Vi|/2] and ||V;|/2], respectively. We call the edge-set E(W,, W;) the dustbin.

In what follows we first present Enforcer’s strategy separately for graphs H with a loop or without a
cycle, with a cycle Cy, and with longer cycles. We then analyse the properties of Avoider’s graph.

Case 1: H is a tree or H has a loop.

In his first move Enforcer selects r arbitrary edges from the dustbin. Starting with the second round,
Enforcer responds to Avoider’s move e € E(V;,V;) in the following way. If i = j = 1 and there are
5h - my, loops in V; which have been claimed by Avoider, or if 7 # j and there are 4m, ; green edges in
E(V;,V;), then Enforcer stops the game. Otherwise he plays as follows.

(a) Enforcer selects all free edges in E(V;, V;) which are incident to e.

(b) For every vertex v in the green components other than the green component containing e, Enforcer
claims all free edges between v and e.

(c) If Enforcer still has to choose more edges, he picks them from the dustbin E(W,, W}).

Note that items (a) and (b) only apply if e is not a loop. The following claim details the outcome of
the game in Case 1.

Claim 5.5. Enforcer can follow the strategy described above. Moreover, throughout the game, the green
graph G has the following properties.
(i) The edge-set E(G) N E(V;,V;) is a matching for every edge ij € E(H) with i # j.
(ii) Before every Avoider’s move there is no free edge between distinct green components.
(iii) Enforcer has selected no loops.
(iv) Every green component is a canonical copy of a subgraph of H.
(v) Every edge selected by Enforcer is incident to a green edge or belongs to the dustbin.

Proof. 1t is straightforward from Enforcer’s strategy that, during the game, the green graph G satisfies
conditions (i)—(v).

We now show that he can follow the strategy. Indeed, he can easily follow rules (a) and (b) because
the number of edges incident to e is at most 2h max, ¢ |V;| < b, due to (5.1). To prove that Enforcer
can follow (c), it suffices to show that at every moment of the game until it stops, the dustbin contains
at least b free edges. Because the number of edges claimed by Avoider from the second round onward
is at most 5h - myy + ZijeE(H) 4m; ; < 9h - my, (due to Enforcer’s stopping condition), the number of
free edges in the dustbin is at least

15|Ve| 15|V

Wil [Wi| =7 = 9(b+ Dl - myy > —o= - —o= =b=9(b+ 1)h- (

152 9 10
204 (32— o - o) IV >0

VellVi|
———— +1
64(b+ 1)h *

322 64 256
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where in the first inequality we estimate |W,| = L@J > % for |Vy| > 16, and [W,| > 5|V;]. O

We next present Enforcer’s strategy in the case when H has a Cs.

Case 2: Cy; C H.

By symmetry, we only need to handle the cases {¢,t} # {1,2} and (¢,t) = (1, 2).
Case 2.a: {(,t} # {1,2}.

In his first move Enforcer selects r arbitrary edges from the dustbin. Starting with the second round,
Enforcer responds to Avoider’s move e € E(V;, V;) in the following way. If the number of green edges in
E(V;,V;) is at least 4m; ;, then Enforcer stops the game. Otherwise, he plays according to the following
strategy.

(a) Enforcer selects all free edges f € E(V;,V;) such that [e N f| = 1[]

(b) For every vertex v in green components other than the green component containing e, Enforcer
selects all free edges between v and e.

(c) If Enforcer still has some edges to choose, he selects them from the dustbin E(W,, W}).

Case 2.b: ({,t) = (1,2).

Since by assumption H # Cy and H is connected, we can assume that {2,3} € E(H). Due to (5.1
and (5.4), there exist two subsets W3 C Vo, Wj C V5 with ||V5|/8] and [|V3|/8] vertices, respectively,
such that Avoider has no edges in E(Wj, Wj). (The argument for the existence of W} and Wj is the
same as the one used for the sets W, and W;). We call the edge-set E(W3, WJ) the remainder-bin.

Enforcer plays as follows. In the first round he begins by picking |7 /2] free couples of friends in the
dustbin E(W,, W) = E(W;,Ws). If r is odd, Enforcer finishes this round by picking an arbitrary edge
in the remainder-bin E (W3, W}). From the second round onward, Enforcer responds to Avoider’s move
e € E(V;,V;) as follows. If the number of green edges in E(V;,V;) is at least 4m; ;, then Enforcer again
stops the game. If this is not the case, he plays according to the following strategy.

(a) Enforcer selects all free edges f € E(V;,V;) with [en f| = 1.

(b) For every vertex v in green components other than the green component containing e, Enforcer
selects all free edges between v and e.

(c) If Enforcer still has some, say s, edges to choose, he selects | s/2] free couples of friends in E(Wy, Wa).
After this, he must take either zero edges or one edge, depending on the parity of s.

(d) If Enforcer has to choose one more edge, he picks an arbitrary edge in E(Wj, WJ).

Claim 5.6. Enforcer can follow the strategies described in Cases 2.a and 2.b. Moreover, during the
game, the green graph G has the following properties.
(i) The edge-set E(G)NE(V;,V;) is a matching for every {i,j} # {1,2}, and E(G)NE(V4, Va) consists
of pairwise-disjoint edges and copies of Cs.
(ii) Before every Avoider’s move there is no free edge between distinct green components.
(iii) If an edge in E(V1,Vs) is green, then its friend is not selected by Enforcer.
(iv) Ewvery green component is a canonical copy of a subgraph of H.
v) Every edge selected by Enforcer is incident to a green edge, or belongs to the dustbin or to the
remainder-bin.

Proof. 1t is easy to see that if Enforcer can carry out his game plan, then the green graph satisfies
Properties (i)—(v). The proof that Enforcer can follow rules (a)—(c) in both cases is exactly as in Claim
5.5, which we need not repeat here.

To complete the proof, we show that at every step of the game until it stops, the remainder-bin
E(W3, W3) contains at least one free edge; this will clearly imply that Enforcer can perform (d) in Case

SIn particular, Enforcer will not pick the friend of e if e € E(V1,V3).
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2.b. For i = 2,3, let W/ be the set of all vertices of W/ not incident to green edges. First observe that
due to the stopping condition, the number of endpoints of green edges in V; is at most

8IVillV;| ED
dm, : < —— < |V;|/64.
Z Mg Z 64(b + 1)h Vil/
JrijeE(H) JrijeE(H)

Thus |[W/| > [|Vi|/8] — |Vi|/64 > 3|V;|/64. Furthermore, the number of edges selected by Enforcer in
E(Wy,WY) is not greater than 1+ . jenam 4mi; < 14 4h-my, since in every round Enforcer selects
at most one edge in E(WJ, WY); indeed, he only selects an edge in E(W,, W¥) when he invokes rule
(d) in Case 2.b. Therefore the number of free edges in the remainder-bin is not less than

Vol - V5| [ - V2 9[Va| -4 Vg
212 Ab+1) 212 32

Hence the remainder-bin contains a free edge. ([l

‘Wzﬂ‘ : |W?£/| —1—4h- mig >

> 0.

Finally we describe Enforcer’s strategy in the case when the unique cycle of H has length k£ > 3.
Case 3: C;, C H and k > 3.

In the first round Enforcer selects r arbitrary edges from the dustbin. In each subsequent round,
Enforcer responds to Avoider’s move zy € E(V;, V) in the following way. He stops the game if there
are 4m; ; green edges in E(V;, V;) and otherwise he proceeds as follows.

(a) Enforcer selects all free edges in E(V;, V;) which are incident to zy.

(b) For every vertex v in green components other than the green component containing zy, Enforcer
selects all the free edges among xv and ywv.

(c) Suppose that the green component of GGy containing xy is a canonical path P on k vertices. If
u € V; and w € Vii1 (mod k) are the endpoints of P for some s € [k], then Enforcer selects all free
edges in F(Vs, Vi1 (mod k) \ {uw} which are incident to uw.

(d) Suppose that the green component of Gy containing xy is a canonical path P on k — 1 vertices. Let
s € [k] be such that V,NV(P) =0, let © € Vi_1 (mod k) and w € Vi1 (mod k) be the endpoints of P,
and suppose that {u,w} N (W, UW,) # (). Then Enforcer selects all free edges between {u,w} and
Vs (W, UW,).

(e) If Enforcer still has some edges to choose, he selects them from the dustbin E(W,, W,).

The following claim summarises the effects of Enforcer’s strategy.

Claim 5.7. Enforcer can follow the above strategy. Furthermore, the green graph G has the following
properties throughout the game.

(i) The edge-set E(G) N E(V;, V) is a matching for every ij € E(H).

(ii) Before every Avoider’s move there is no free edge between distinct green components.

(ili) Let e = uw be Enforcer’s edge and suppose that e € E(V;,V;). Then at least one of the following
holds.
(a) There is a green edge in E(V;,V;) which is incident to e.
(b) u,w e V(G).
(c)i,j € [k] and there is a canonical green path on k wvertices in Gy between V; and V; (in

particular, j —i = £1 mod k), one of whose endpoints is u or w.

(d) u is an endpoint of a green path on k — 1 vertices in Gy and w € Wy, UW,, or vice versa.
(e) e € E(W,, W,).
In particular, either e € E(W,,W,) or e is incident to a green edge.

(iv) Ewvery component of Gy, has at most k vertices.

(v) No Enforcer’s edge has both ends in the same component of Gj.
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Proof. In much the same way as in the proof of Claim[5.5] we learn that Enforcer can follow the strategy.
It remains to show that the green graph satisfies properties (i)—(v).

Properties (ij) and follow immediately from rules @ and (]ED, respectively. These two properties
and the fact that H is unicyclic imply that at every moment:

e the graph Gy is a union of vertex-disjoint non-trivial paths and cycles;

e if a path in G has k vertices or less, then it is a canonical path;

e cvery green cycle has at least k vertices, and if it has exactly k vertices, then it is a canonical
cycle;

e if there is no path on k + 1 vertices in GGy, then every green component of G is a canonical copy
of a subgraph of H;

e Avoider cannot decrease the number of green components nor the number of Gy.

We will use these observations implicitly many times in the proof. Properties (a) — (iii]) (e) follow
immediately from rules (a) — (e) in Enforcer’s strategy.

We now prove property by induction on the number of rounds in the game. After the first round
there are no green edges, so the assertion is trivial. Suppose that the assertion is true until the end
of some round and consider Avoider’s next move, say zy € E(V;,Viy1), where x € V; and y € Vi,
and indices are taken modulo k (if Avoider claims an edge outside of | Jf_, E(V;, Vi;1) then this clearly
does not affect property ) To prove that property holds after Avoider’s move zy, assume by
contradiction that the component of Gj containing xy has more than k vertices. By the induction
hypothesis, held before Avoider’s move xy. Moreover, since Avoider cannot join two Gy, either z
or y, say y, was not incident to an edge of GG before the move zy. This implies that the component of
Gy containing xy has k+ 1 vertices (so it is a path), and that before Avoider’s move zy, the component
of G, containing x was of size k. By property , this component had to be a canonical path x1, ...,z
in which x is an endpoint, say x = x; € V,, and the other endpoint xj is in V;,;. Consider the time just
after the last edge e of the path xy,...,x; was claimed by Avoider. At that time, the path x1,..., zy
was the green component of GG; containing e. By rule of Enforcer’s strategy, he then claimed all
edges between V; and V;,; other than x,zy, including the edge zy. Hence xy could not have been
claimed by Avoider at a later time, a contradiction.

To finish the proof of the claim, we now derive property from properties —. Assume to the
contrary that the endpoints of some Enforcer’s edge uv are in the same component of GG, and suppose
that u € V; and v € V1, with indices taken modulo k. Since every component of GGy is a canonical
path or cycle, the component of G, containing wu, v is a canonical green path u, o, ..., xx_1,v. We will
consider several cases, depending on the rule according to which Enforcer selected uv.

If uv were selected according to rule (a)), then there must be an Avoider’s edge in E(V;, V;) which is
incident to either u or v. But then the green component of G containing u, v has at least k+ 1 vertices,
which contradicts .

If uv were selected according to rule @, then at some point in the game, v and v were in different
green components. However, as v and v are in the same green component at the end, Avoider must
have joined these two components, which is impossible.

If uv were selected according to rule , then at the moment just before it was claimed, in G, there
was a k-vertex path between V; and V;;; with one endpoint in {u,v} and the other not in {u,v}. This
implies that the component of GG; containing u, v has at least k 4 1 vertices, in contradiction to .

Suppose that uv were selected according to rule , and assume without loss of generality that
u € Wy and v € W,. Consider the edge of the path u,zs...,z,_1,v that Avoider claimed the latest.
Since Avoider cannot join Gy, this edge must be either uxs or xj_1v; assume without loss of generality
that it is uxe. Consider the situation immediately after Avoider claimed the last edge e of the path
P =2x9,23,...,25_9,%,_1,v. At that time, P was the component of Gy containing e, V(P)NV; = () and
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v € Wy, According to rule @ of his strategy, Enforcer immediately claimed all edges in E({xq,v}, W),
including ux,. Hence Avoider could not have claimed uz, at a later time, a contradiction.

Assume that uv were selected according to rule @, and consider the situation immediately before
Enforcer’s turn in which he claimed uv. Without loss of generality, we may assume that v € W, U W,
and that at this time in the game, the component of G}, containing u is a canonical (k — 1)-vertex path
P satisfying V; 11 NV (P) = (. In particular, the edge z;_;v must be free at this time. By property (i),
we must have P = u,xs,...,x;_1. By rule @, Enforcer must claim the edge x,_;v at the same turn
he claims uv, contradicting the fact that Avoider claimed x;_qv. O

We are now in a position to finish the proof.

Deriving the lemma from Claims [5.5H5.7 Let G denote the green graph at the end of the game.
According to the stopping condition, we know that |[E(G) N E(V;,V;)| < 4m,; for all ij € E(H), and
either Avoider’s graph contains at least 5h - my, loops or |E(G) N E(V;,V;)| = 4m,; for some pair
ij € E(H) with ¢ # j. So the proof falls naturally into two cases.

Let us first consider the case when Avoider’s graph has at least 5h-my, loops. In particular, we must
have k = 1. Let F be the set of all loops in Avoider’s graph whose endpoints are not incident to a green
edge. Define V/ = V(F), and V/ = V; \ (V(G) U W, UW,;) for every ¢ > 1. Due to the construction,
property (P[l)) is satisfied.

We next verify (P2). Fix i € {2,...,h}. The number of green edges incident to vertices of V; is at

most 8|V||V|
D, Amiy < Z 1+ n < VI8
j:ijeE(H) ijeE(H)
where we used (.1)). Furthermore, |V; N (Wg UW,)| = max{|V; N W,|,|V; N W]} < |Vi|/2. Hence, we
have |V/| = |V; \ (V(G) UW, UWy)| > |Vi| —|Vil/2 — |V4|/8 > |Vi| /4, as required.
Properties (P3)) and (P{]) are direct consequences of Claim (v) and Claim (iii), respectively.
Finally, property ( holds since

VillVj]
F|>5h -1, — Admq > h-mp. > max = .
712 " 1jeE% G>1 Ve o= ijeB(H)i#j 64(b+ 1)h

For the rest of the proof, we consider the case when |E(G)NE(V;, V})] = 4m, ; for some pair ij € E(H)
with ¢ # j. Fix such a pair ¢, j. From Claims (i),[p-6] (i) and 5.7 (i), it follows that E(G) N E(V;,V;)
contains a matching M of size 2m; ;. Let s be the greatest number such that there exists a tree Ty, C H

on s vertices, and a family Fy of at least

2[Lievr, Vil

(64(b+ 1)h)s—1
vertex-disjoint canonical green copies of Ty in By (Vi,...,V}). Clearly s > 2 because M is a family
of trees on two vertices with the required property. Let F be the family of all trees in Fy which are
maximal in GG, where a tree in Fy is maximal if it is not contained in a canonical copy of some tree

T, CT C H. For every i € V(Ty), set V' = V; N Uper V(F). For i ¢ V(T), define

C Vi (V(G)UW, U W) otherwise.

Property (P]l)) is obvious from the definitions. By a similar argument as in the previous case, we
can show that property ( P' holds. The only difference in calculations here is the case that £ = 2 and
{¢,t} ={1,2}. In this case, if 2 ¢ V(T) then

Vol 2 [Va| = [Va V(G| = [Wa| = [Wa| > [Va| = [Va| /8 — [Va| /2 — [V2/8 = [Val /4.

v {W\(V(G)UWlLJWQUWéUWé) if k=2 and {£,¢} = {1,2},
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Property (PH) follows immediately from Claims (i), (iii) and (). and the fact that the
trees in JF are canonical.

Next we verify property ( For simplicity of exposition, we assume that k& > 3, as the proofs for
the cases k = 1 and k = 2 are similar (and much easier). Suppose to the contrary that Enforcer has
occupied an edge uw € E(V/,V/) (where u € V; and w € V}) with ij € E(H) and j € V(H) \ V(T5).
Suppose first that ¢ ¢ V(7). Then u,w ¢ V(G)U W, U W, by the definition of V/ and V}. In view
of Claim |5 - . the edge uw was not selected by Enforcer, a contradiction. Suppose, then that
i € V(Ty). In this case, u € V/ is a vertex of a green tree in F, and w ¢ W, UW,; UV (G). Since trees in
F are maximal in G, there are no green edges in E(V;, V;) that are incident to u. Asw ¢ W,UW,UV(G),
it follows that uw ¢ E(W,, W};) and ww is not incident to a green edge in E(V;,V;). Claim thus
implies that ¢,j € [k] and u is an endpoint of a canonical k-vertex path P in Gj between V; and V.
Since i € V(T;) and j € V(H) \ V(T}), the tree F' € F containing u can be extended to a canonical
copy of some tree Ty C T C H by adding vertices of the path P. This contradicts the maximality of F'.

It remains to verify property ( If V(Ts) = V(H), then |Fy| = |F| > #%H as required. Now
suppose that V(Ty) # V(H). Fix a tree T such that Ty C T C H and V(T) \ V(Ts) = {j}. By Claims
(i), (i) and (i), every two canonical green copies of T'in By (V,...,V}) are vertex-disjoint.

By the maximality of s, the number of canonical green copies of T in By (V3,...,V}) is less than

20icvn VIl WiIF| €D |7
(64(b + )h) ~ 64(b+ 1)k 64h "

Thus the number of trees in Fy which are not maximal in G is at most e(H) - % = |f4|, giving
H‘eV(T ) |V;|
Fl >3 Fol =
1= 2002 Gy e
The proof of Lemma is at long last complete. OJ

6. CONCLUDING REMARKS AND OPEN PROBLEMS

We have proved that f;(n) = @( 1/m(H ) for every graph H with at least two edges and m(H) < 1.
We believe that this is true for every (not necessarily connected) graph with at least two edges.

Conjecture 6.1. For every graph H with at least two edges, one has

fr(n) = (nm(m)

In order to prove this conjecture, it is enough to find a good strategy for Enforcer, since Avoider’s
part follows from Theorem

As for the upper threshold of the H-game, the problem seems more complicated We showed that
for unicyclic graphs H, the upper threshold f7;(n) is of order n*#)/(*()=1) for infinitely many values of
n. We conjecture that this is the correct order for all values of n. This problem is open even if H is a
triangle and seems to require a major strengthening of the number theoretic tools.

Conjecture 6.2. For every unicyclic graph H, one has

fH( )= (n”(H) 1)

We believe that for general graphs H, the order of the upper threshold cannot always be expressed
by a simple formula which depends only on the number of vertices and edges of H and, possibly, the
parameters m(H) and m/(H). Let H — e denote the graph obtained from H by deleting its edge e
(together with a vertex of degree one, if this vertex is an end of e). We pose the following conjecture.
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Conjecture 6.3. For every graph H with at least three edges, one has
fin) = © (max fr_ ().

In view of (1.1)), Conjecture is true for stars. From (L.2)), Theorems [1.1] and [L.4[(iii), we see

that it also holds for infinitely many values of n in the case of unicyclic graphs.

Finally, let us comment on the monotone version of Avoider—Enforcer games, introduced in [9]. Recall
that in a monotone (1 : b) Avoider-Enforcer game, the players select at least 1 and at least b board
elements per turn, respectively, and the threshold of the game is the greatest b such that Enforcer has
a winning strategy. Our strategy for Enforcer, presented in Section 5| can be applied to monotone
H-games as well, though the analysis is slightly more complicated. This way, in view of a general upper
bound on the threshold f7#°"(n) in monotone Avoider—Enforcer H-games proved in [3], one can obtain

v(H)
that if H is a unicyclic graph, then f°"(n) = @(nv<H>*1).
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APPENDIX A. NUMBER THEORETIC TOOLS: PROOFS
In this appendix we provide the proofs of Lemmata [3.2] [3.3 and [3.4]

Proof of Lemma [3.3, Let r; and ry be two natural numbers such that r1/ry = a if @ < 1, and
r1/ra = a—1if 1 < a < 2. Suppose that C' € N is some large constant. For every odd integer k > 1,
we put n = 2(Ck)™ + 2, and define ¢ = k™ if a < 1and ¢ = (n+ 1)k if 1 < a < 2. By a simple
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calculation one can verify that n®/(4C™) < ¢ < 2n®/C"™. Moreover, g is odd, and ¢ | () — 1 since
(5)—1=(m+1)(n-2)/2. O

Proof of Lemma[3.4) Define x = [1cn® '] if [sen® ] is odd, and z = [Len®™!| — 1if [Len®7!] is
even. Pick k € {1,2,...,2x} so that n—k—1 is divisible by 2x. In particular, n+k is odd. Let t = (kgl)
and ¢ = (n + k)z. Asn + k and z are odd, so is ¢. Moreover, ¢ < (n + cn® Hen®™1/2 < en®, and
q>n-(zen*' —2) > zen® for sufficiently large n. Finally, we have ¢ < (en®~' + 1)en®!/2 < ¢*n?*—2
for n sufficiently large, and ¢ | (3) —t since (5) —t=(n+k)(n—k—1)/2 and 2z | n — k — 1. O
The rest of this section is devoted to the proof of Lemma[3.2] Given integers s > 1 and m, we define
rs(m) as the unique integer j such that —s/2 < j < s/2 and m = j mod s. It is easy to see that

[rs(m +m')| < [ri(m)| + [ro(m)|and  |ry(m)| < [rs(m+m')| + [ri(m')]. (A1)
In the proof of Lemma [3.2] we shall use the following simple observation.

Observation A.1l. Let s,j,y and m be natural numbers such that j < s/2, y < s/4, j < ys/(4m) and
[rs—;(m)| <y. Then |rs(m)| < 2y.

Proof. If m < s/4, then r,_;(m) = m = ry(m) and the assertion follows. Now suppose that m > s/4.
Clearly there exists an integer ¢ such that m = (s — j)t +r,_;(m). As |r,_;(m)| <y, y < s/4 < m, and

j < wys/(4m), one has jt = j - %’;(m) < = s_;;‘j(im) =y- 4"7;‘:“_?2 < . Combined with (A.1]) we get

|rs—j(m) — jt| < |re—j(m)]| + jt <2y < s/2,
as rs—;(m)| <y < s/4. Since m = st +ry_;j(m) — jt, it follows that |rs(m)| = |rs—;(m) — jt| < 2y. O

Proof of Lemma [3.2, As a > 1, we can write « = t + 3, in which t € N and 0 < § < 1. Let
C = C(t) be a sufficiently large integer, and let

b=Cq, x= LC’”%b#J .

b t+8 b t+4
»(e) =v=a(z)

By the assumption, we obtain

Let (a;,a;—1, ..., ag) be the greatest, in sense of lexicographical order, sequence of non-negative integers
such that

N=ay+arb+abb—z)+...+ablb—z)---(b—(t—1)x). (A.2)
It is not difficult to see that ag,aq,...,a;-1 < b, and

C1 bﬁ b
cb S

o= (1+ 015 < (1+0(1)

for sufficiently large constant C'.

We will show that the required number k can be found among ¢ + 1 numbers b,b — x,...,b — tx.
Suppose to the contrary that for every k € {b,b — z,...,b — tz} the remainder of the division of N by
k is at most q. As ¢ = b/C < (b —tx)/2 < k/2, this implies |ry(N)| < ¢ for every such k. Combined
with , we find

A.2j . L. 0w o4
q > |rp_iz(N)] |7p—iz(ao + izay +i(i — 1):102@2 + .. Fidltay)| =y (Ay)
for every i € {0,1,...,t}, where
A; = ag +iva; +i(i — 1)zPag + ... +il2'a;.
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For each i € {0,1,...,t}, we have
irA; < txAp < (t+2)12' (b + zay) = O(B*F),

as v = O(bU=P/*) and a, < b/x. It follows that iz A; < gb/4. Since ¢ < b/4, iz = o(b), izA; < gb/4 and
ITp—iz(Ai)] < q, we may apply Observation to s =b, j =iz, y =q and m = A; to conclude that

7o (A;)| < 2q foreach i€ {0,1,...,t}.
Since A; = ag +iray +i(i — 1)x?as + ... +ilata; = ilx'a; + Zi;l (;)j!xjaj, we get

\rb(z!x’ai)] yrb \+Z()yrb 2ia,)].

As |ry(A;)| < ¢, it follows that there exists a constant d; depending only on ¢ such that
Irp(il2'a;)| < dig. (A.3)
However, in view of ({A.2) and the definition of x, we have

CQb

OB = (1+ o(1)tIC2cyq > dyq,

N
tlzta, = (14 o(1))HICHHP/2p1 =5 . oz (0 o(1)tlCHHA2 _——
for C sufficiently large. On the other hand,
N c1b
tlata, = (14 o(D)AC2' - 0 < (L o(IHC? i = (14 o) 55 <

provided that C' is large enough. We infer that r(t!zta;) = t!x'a; > dyq, which contradicts . 0J
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