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Abstract

This thesis consists of an introduction and seven chapters, each devoted to a different
combinatorial problem.

In Chapter 2 and 3, we consider the main subject of this thesis; the sharp stability of the
Brunn-Minkowski inequality (BM). This celebrated theorem from the 19th century asserts
that for bodies A,B C R¥, we have

A+ B[k > |A[VE 4| B|VE,

where | - | is the Lebesgue measure and A+ B := {a+b:a € A,b € B} is the Minkowski
sum. Moreover, we have equality if and only if A, B are homothetic convex sets. The stability
question, studied in many papers, asks how the distance to equality in BM relates to the

distance from A, B to homothetic convex sets. In particular, given Brunn-Minkowsi deficit

_ lA+B|'
A B
and normalized volume ratio
|A|l/k
f=m
AR [B]F
what is the best bound one can find on
_Ka\A| | |K5\B
Al B|

where K4 D A, and Kg D B are homothetic convex sets of minimal size? In Chapter 2, we
prove a conjecture by Figalli and Jerison establishing the sharp stability for homothetic sets.
In particular, we show that for homothetic sets, we have ® = O (5t’1), for 0 sufficiently
small. In Chapter 3, we establish the sharp stability for planar sets, i.e. we show that for
planar sets and 0 sufficiently small, we have @ = O(d /2g=1/ 2). A crucial result in Chapter 3



shows that for any € > 0, if 9 is sufficiently small, then we have
|co(A+B)\ (A+B)| < (1+¢€)(|co(A) \A[+[co(B) \ B]).

In Chapter 4, we consider a reconstruction problem for functions on graphs. Given a
function f : V(G) — [k] on the vertices of a graph G and a random walk (U;)32 ; on that graph,
can we reconstruct f (up to automorphisms) based on just (f(U;))>? Gross and Grupel
showed this was not generally possible on the hypercube, by constructing non-isomorphic
locally p-biased sets X, so that for each vertex v the fraction of neighbours which is in X
is exactly p. Answering a question of Gross and Grupel, we construct uncountably many
non-isomorphic partitions of Z¥ into 2k parts such that every element of Z* has exactly one
neighbour in each part. As a result, we find locally p-biased sets for all p = ¢/2n with
c€{0,...2n}.

In Chapter 5, we prove the complete graph case of the bunkbed conjecture. Given a graph
G, let the bunkbed graph BB(G) be the graph GUIK>, i.e. the graph obtained from considering
two copies of G and connecting equivalent vertices with an edge. The bunkbed conjecture
posed by Kasteleyn in 1985 asserts the very intuitive statement that when considering
percolation with uniform parameter p, we have P(u; <> vi) > P(u; > v;), i.e. a vertex has a
higher probability of being connected to a vertex in the same copy of G than being connected
to the equivalent vertex in the other copy of G.

In Chapter 6, we consider the (¢,r) broadcast domination number, a generalisation of the
domination number in graphs. In this form of domination, we consider a set 7 C V(G) of
towers which broadcast at strength ¢, where broadcast strength decays linearly with distance
in the graph. A set of towers is (z,r) broadcast dominating if every vertex in the graph
receives at least r signal from all towers combined. More formally, the (¢,r) broadcast
domination number of a graph G is the minimal cardinality of a set 7 C V(G) such that for

every vertex v € V(G), we have

Z max{r —d(u,v),0} > r.

ueT
Proving a conjecture by Drews, Harris, and Randolph, we establish that the minimal asymp-
totical density of (¢,3) broadcasting subset of Z? is the same as the minimal asymptotical
density of a (f — 1, 1) broadcasting subset of Z?.

In Chapter 7, we consider the eternal game chromatic number, a version of the game
chromatic number in which the game continues after all vertices have been coloured. We
show that with high probability x;°(G,,) = (p/2 +o(1))n for odd n, and also for even n
when p = 1/k for some k € N. The upper bound applies for even n and any other value of p



xi

as well, but we conjecture in this case this upper bound is not sharp. Finally, we answer a
question posed by Klostermeyer and Mendoza.

In Chapter 8, we consider the bridge-burning cops and robbers game, a version of the
game where after a robber moves over an edge, the edge is removed from the graph. Proving
a generalization of a conjecture by Kinnersley and Peterson, we establish the asymptotically
maximal capture time in this game for graphs with bridge-burning cops number at least three.

In particular, we show that this maximal capture time grows as

k—O(k) nk+2

where k > 3 is the bridge burning cop number and 7 is the number of vertices of the graph.
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Chapter 1
Introduction

This thesis is organised into eight chapters of which this introduction is the first. The chapters
are devoted to different though sometimes related combinatorial problems. The first two
chapters represent my main line of research. The other chapters contain results in more

distinct directions all about questions in different branches of graph theory.

1.1 Sharp Stability of the Brunn-Minkowski inequality

The results in this section are all joint with Marius Tiba and Hunter Spink.

Given bodies A, B C R" of positive measure, the Brunn-Minkowski inequality says
1 1 1
[A+B[" > |A[» +[B|,

with equality for homothetic convex sets A and B (less a measure 0 set). Here A+B = {a+D |
a € A,b € B} is the Minkowski sum, and | - | refers to the Lebesgue measure. Stability results
for the Brunn-Minkowski inequality quantify how close A, B are to homothetic! convex? sets
in terms of

1
* 0=0(A,B):= % — 1, the Brunn-Minkowski deficit,
Al7i+|B|7

1
* t=1t(A,B):= %, the normalized volume ratio, and
A7 +|B|n

* w=w(A,B):= |K|f;‘\|A‘ + ‘Kﬁg\f', where K4 D A, and Kg O B are homothetic convex

sets of minimal size.

ISets X,Y C R" are homothetic if X = v+ AY, for some v € R¥ and A > 0.
ZA set X is convex if x,y € X implies tx+ (1 —t)y € X forall ¢ € [0, 1].
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Much of the study of the stability of the Brunn-Minkowski inequality has focused on the

following question.

Question 1.1.1. For n > 1 do there exist exponents a,,b,, such that the following is true, and
if so what are the optimal exponents (prioritized in this order)? There is a constant C,, and
constants d,(t) > 0 for T € (0, %] such that whenever A,B C R" are measurable sets with
t €[t,1—1|and § < dy,(7), there exist homothetic convex sets Ky D A and Kg D B such that

Ki\Al, [Ks\B]

< CpTOn g,
Al B !

We prioritize the exponents a,, b, in this order since if the inequality holds for (a,,b,),
then the inequality also holds for (a), b)) whenever a, > a], by taking d,(7) sufficiently
small.

Question 1.1.1 is one of the central open problems in the study of geometric inequalities,
and has been studied intensely in recent years by Barchiesi and Julin [4], Carlen and Maggi
[18], Christ [20], Figalli and Jerison [28, 29, 31], Figalli, Maggi and Mooney [32], and
Figalli, Maggi and Pratelli [33, 34].

1.1.1 History

In a landmark paper, Figalli and Jerison [29, Theorem 1.3] answered the first part of Ques-
tion 1.1.1, with computable suboptimal exponents on 7 and &, and with the exponent of o

depending on T (which we rephrase for the convenience of the reader).

Theorem 1.1.2. There exist computable constants a,(T),b, such that the following is true.
There are computable constants C, and dn(t) > 0 such that whenever A,B C R" with
t€t,1—1] and 6 < d,(7), there exist homothetic convex sets Ky O A and Kg D B such that

Ki\Al, Ks\B

< Cyrtom(®),
Al s =

This naturally gives rise to the second part of Question 1.1.1, asking for the optimal
exponents of 0 and 7, prioritized in this order. This question, with A, B restricted to various
sub-classes of geometric objects, is the subject of a large body of research.

Before Figalli and Jerison in [29] introduced @, another measure for quantifying how
close A, B are to homothetic convex sets was used. The Fraenkel asymmetry index is defined

to be AA B
G(A,B) = inf AL cO(B) +)
xeR? |A|
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where s satisfies |A| = |s-co(B)| and co(B) is the convex hull of B, i.e. the smallest convex set
containing B. Providing an upper bound for @ is stronger than providing an upper bound for
a as we always have o < 2@. Note that in R? when A, B are both convex and 0 is bounded,
there is a reverse inequality (see Section 3.13).

Prior to [29], Christ [20] had proved via a compactness argument that for a given 7, @ — 0
as 6 — 0. When A and B are convex, the optimal inequality o < Cnf_%S% was obtained
by Figalli, Maggi, and Pratelli in [33, 34]. When B is a ball and A is arbitrary, the optimal
inequality o < Cn’c_%S% was obtained by Figalli, Maggi, and Mooney in [32]. We note that
this particular case is intimately connected with stability for the isoperimetric inequality.
When just B is convex the (non-optimal) inequality o < Cnf_(”+%)6 % was obtained by
Carlen and Maggi in [18]. Finally, Barchiesi and Julin [4] showed the optimal inequality
a< Cnr’% 82 in the case that just B is convex, subsuming these previous results.

Before their general result for distinct sets A, B in [29], Figalli and Jerison [28] had
considered the case A = B and gave a polynomial upper bound @ < C,0%. Later, in [31],
they conjectured the sharp bound w < C,0 when A = B, and proved it in dimensions 2
and 3 using an intricate analysis which unfortunately does not extend to higher dimensions.
Afterwards, Figalli and Jerison suggested a stronger conjecture that w < C,7~'8 for A,B
homothetic regions. [30]

1.1.2 Homothetic sets

Our first result in this direction [51] proves this last conjecture by Figalli and Jerison from
[31], i.e. we establish the sharp quantitative stability of the Brunn-Minkowski inequality for
homothetic sets.

Theorem 1.1.3. For all n > 2, there is a constant C, > 0 and constants d,(t) > 0 for each
T € (0, %] such that the following is true. If A,B C R"* are measurable homothetic sets such
thatt € [1,1— 1] and 6 < d, (1), then

o<C,t '8,

For these optimal exponents, we additionally show that exp(Q(n)) < C, <exp(O(nlogn))
with explicit constants.
This result is the subject of Chapter 2, which is adapted from [51].
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1.1.3 Planar sets

Our second result [50] solved the sharp stability question for planar regions A,B C R?,

showing that the optimal exponents are (a,b;) = (%, %)
Theorem 1.1.4. There are constants C,d(t) > 0 such that if A,B C R? are measurable sets
witht € [T,1 — 1] and 6 < d(7), then

o=
D=

w<Ct 202.

Taking A = [0,7] x [0,7(1 +€)] and B = [0,(1 —¢)(1 + €)] x [0,1 —¢] shows that the
exponents a;, and b, are optimal.

Our key result in proving Theorem 1.1.4 is a strong generalization to arbitrary sets A, B
of the linear stability for homothetic sets from the previous subsection. The generalization
we prove in Chapter 3 involves a completely different analysis to the one in Chapter 2, and

we are unaware of a similar approach used previously.

Theorem 1.1.5. For all €, > 0 there is a constant d.(€) > 0 such that the following is true.
Suppose that A,B C R? are measurable sets witht € [t,1 — 1] and § < d¢(€). Then

co(A+B)\ (A+B)| < (1+¢)(Jco(A) \A[+[co(B)\B]).

Taking A = B = {(x,y) € [0,1]> : x+y < 1}U{(0,1+1),(1+2,0)} shows that the
constant 1 + € is optimal.
This result is the subject of Chapter 3, which is adapted from [50].

1.2 Locally biased partitions of Z*

In Chapter 4, we consider the following reconstruction problem on graphs. This work has
been adapted from [48].

Given a function f on the vertex set of some graph G, a scenery, let a simple random walk
run over the graph and produce a sequence of values. Is it possible to, with high probability,
reconstruct the scenery f from this random sequence?

To show this is impossible for some graphs, Gross and Grupel, in [42], call a function
f:V —{0,1} on the vertex set of a graph G = (V, E) locally p-biased if for each vertex v the
fraction of neighbours on which f is 1 is exactly p. Clearly, two locally p-biased functions
are indistinguishable based on their sceneries. Gross and Grupel construct locally p-biased
functions on the hypercube {0, 1}" and ask for what p € [0, 1] there exist locally p-biased
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functions on Z¥ and additionally how many there are. In Chapter 4, we fully answer this
question by giving a complete characterization of these values of p. In particular, we show
that locally p-biased functions exist for all p = ¢/2k with ¢ € {0,...,2k} and that, in fact,
there are uncountably many of them for every ¢ € {1,...,2k — 1}. To this end, we construct
uncountably many partitions of Z¥ into 2k parts such that every element of Z* has exactly
one neighbour in each part. This additionally shows that not all sceneries on Z* can be

reconstructed from a sequence of values attained on a simple random walk.

1.3 The bunkbed conjecture on the complete graph

In Chapter 5, we prove the complete graph case of the bunkbed conjecture. The work in this
chapter was done jointly with Piet Lammers and has been adopted from [49].

The bunkbed conjecture was first posed by Kasteleyn. If G = (V,E) is a finite graph
and H some subset of V, then the bunkbed of the pair (G,H) is the graph G x {1,2} plus
|H| extra edges to connect for every v € H the vertices (v,1) and (v,2). The conjecture
considers the independent bond percolation model, i.e. every edge of the graph is retained
independently with probability p. The conjecture then asserts that (v, 1) is more likely to
connect with (w, 1) than with (w,2) for any v,w € V. This is intuitive because (v,1) is in
some sense closer to (w, 1) than it is to (w,2). The conjecture has however resisted several
attempts of proof. This chapter settles the conjecture in the case of a constant percolation

parameter and G the complete graph.

1.4 The (z,r) broadcast domination number of the infinite
grid

In Chapter 6, we prove a conjecture by Drews, Harris, and Randolph on the (¢, r) broadcast
domination number of Z2. The work in this chapter was done jointly with Rebekah Herrman
and has been adopted from [46].

The domination number of a graph G is the cardinality of the smallest dominating set
of the graph, which is the smallest set S such that every vertex in V(G) \ S is adjacent to a
vertex of S. In 2014, Blessing, Insko, Johnson, and Mauretour generalized this notion to
(t,r) broadcast domination [7]. In broadcast domination, there is a collection 7 C V(G) of
vertices called towers that transmit a signal # € N in the following manner. If u € 7, and
v € G, then the signal at v from u is denoted f,,(v) and is f,(v) = max{0,t —d(u,v)}, where

d(u,v) is the distance between u and v. The set 7T is said to be (¢,r) broadcast dominating
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if each tower transmits a signal ¢ and for all v € G, X,c7f,(v) > r. The (¢,r) broadcast
domination number of G, ¥ ,(G) is the minimum cardinality of a (¢,r) broadcasting set 7.
Note that when t = r = 1, the (¢,r) broadcast domination number is the domination number.

The (z,r) broadcasting domination number has been studied for two-dimensional grids,
paths, triangular grids, matchstick graphs, and n-dimensional grids [7, 22, 25, 45, 72].
Asymptotic bounds of the (¢,2) broadcast domination number on finite grids has been studied
[69], as well.

To describe the (¢,r) broadcast domination number of 72, we consider the density of a set
T C 77 defined as lim SUP,,_s00 % Accordingly, let 5,,,(22) be the minimal density
of a (¢,r) broadcasting set in 7Z2. In 2019, Drews, Harris, and Randolph [25] showed that
83(Z%) < §-1.1(2%) = m for grid graphs Z? and conjectured &, 3(Z?) = &-1.1(Z?)
for t > 2. We prove this conjecture for r > 17.

Theorem 1.4.1. Fort > 17, 83 (Z*) = 81,1 (Z?)

Following the proof of Theorem 1.4.1, in Section 6.3, we explore other statements in this
direction and suggest some conjectures.

Additionally, we extend a result by Crepeau, Harris, Hays, Loving, Rennie, Rojas Kirby,
and Vasquez about the (¢, r)-broadcast domination number of paths [22] to powers of paths.
Recall that the k" power of a graph G, denoted G® isa graph with the same vertex set as G

in which edges are drawn between all vertices that are distance at most k apart in G.

Theorem 1.4.2. Letn > 1andt > r > 1. Then }/,’r(P,gk)) = [%-‘

Crepeau et. al. found ¥ ,(C,) < %1 and asked if this bound could be improved

[22]. We answer their question by giving the exact value for the (z,r) broadcast domination

number for all powers of cycles:

Theorem 1.4.3. Letn>1andt >r > 1. Then

1 ifn<2(t—rk+1
fot—rk+1<n<(2t—r—1)k+1

%,r(cr(lk)) =42
{m—‘ ifn>(2t—r—1)k—|—l

1.5 The eternal game chromatic number of random graphs

In Chapter 7, we compute the eternal game chromatic number of random graphs. The work
in this chapter was done jointly with Vojtéch Dvotdk, and Rebekah Herrman and has been
adopted from [26].
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The eternal vertex colouring game, recently introduced by Klostermeyer and Mendoza
[60], is a version of the vertex colouring game, a well studied graph game. The game is
played by two players, Alice and Bob on a graph G with a set of colours {1,...,k}. The
game consists of rounds, such that in each round, every vertex is coloured exactly once. In
the first round, players alternate turns with Alice playing first. During their turn, each player
first picks yet uncoloured vertex and then colours it by any colour so that the resulting partial
colouring of the graph is proper (if at least one such colour exists). During all further rounds,
players keep choosing vertices alternately. After choosing a vertex, the player assigns a
colour to the vertex which is distinct from its current colour such that the resulting colouring
is still proper. Each vertex retains its colour between rounds until it is recoloured. Bob wins
if at any point the chosen vertex does not have a legal recolouring, while Alice wins if the
game is continued indefinitely. The eternal game chromatic number % (G) is the smallest
number k such that Alice has a winning strategy.

In this chapter, we study the eternal game chromatic number of random graphs. We
show that with high probability x*(Gn,p) = (54 0(1)) n for odd n, and also for even n when
p= % for some k € N. The upper bound applies for even n and any other value of p as well,
but we conjecture in this case this upper bound is not sharp. Finally, we answer a question
posed by Klostermeyer and Mendoza.

1.6 Capture times in the Bridge-Burning Cops and Rob-

bers game

In Chapter 8, we construct a graph with asymptotically maximal capture time in the Bridge-
Burning Cops and Robbers game. The work in this chapter was done jointly with Rebekah
Herrman, and Stephen G.Z. Smith and has been adopted from [47].

Cops and Robbers 1s a well-studied game on a graph G with two players, the cops and
the robber. The game begins with the cops choosing their starting vertices, followed by the
robber selecting his. The cops and robber then alternate turns moving from their current
vertex to an adjacent one or choosing not to move. A round consists of a cop turn and the
subsequent robber turn. The cops win, or capture the robber, if a cop and the robber occupy
the same vertex, whereas the robber wins if he manages to avoid capture.

Several variants of the game have been introduced over the years, including those where
the robbers can move more quickly than the cops [3, 38], where the cops have imperfect
information [21], and where only one cop may move during the cops’ turn [23]. Recently,

Kinnersley and Peterson [59] introduced the variant bridge-burning cops and robbers. In
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the bridge-burning version, each time the robber moves from a vertex u to a vertex v, the
edge uv is erased from the graph. Using the notation introduced in [59], ¢,(G) is defined
to be the bridge burning cop number, which is the minimum number of cops required to
catch the robber on the graph G in the bridge-burning game. Kinnersley and Peterson studied
the game on numerous graphs including paths P, cycles C,, complete bipartite graphs K, ,,,
hypercubes Q,, and two dimensional finite grids G, , [59].

A related notion to ¢,(G) is the capture time of G, denoted capt,(G). The bridge-burning
capture time is the minimum number of rounds it takes for the cop to capture the robber
in the bridge-burning variant. The capture time of the original cops and robbers game was
introduced in 2009 by Bonato, Golovach, Hahn, and Kratochvil [11] and has been studied
on trees [75] and planar graphs [68] among various other classes of graphs [12, 40, 58, 66].
Counting the number of possible configurations shows quickly that for graphs with cop
number ¢(G) < k, we have capture time capt(G) = O(n**!), where n is the number of
vertices in G. In their original paper [11], Bonato, Golovach, Hahn, and Kratochvil showed
that for ¢(G) = 1, this can be improved to capt(G) = O(n), which is tight as shown by the
path graph P,. Perhaps surprisingly, Brandt, Emek, and Uitto [14] showed that for ¢(G) > 2,
the trivial upper bound is actually tight, i.e. there exist graphs G, with capt(G) = Q(n<(©)+1),
indicating a qualitative difference between graphs G with ¢(G) = 1 and ¢(G) > 2.

Returning our attention to the bridge-burning capture time, Kinnersley and Peterson [59]
showed that if ¢,(G) = 1, then capt;,(G) = O(n?) and conjectured that there exists a graph
G such that ¢, (G) = 1 and capt,(G) = Q(n*). We generalise their result by showing that
capty,(G) = O(n°'9)+2) and prove the matching lower bound analogous to the one in their
conjecture for ¢,(G) > 3.

Theorem 1.6.1. There exists a universal constant C > 0 such that the following holds. For
every k > 3 and n sufficiently large, there exists a graph G, such that v(G,) = n, c,(G,) =k,

and
nk+2
C w2 < capty(Gy).
. . . (2n)p(G)+2
In fact, in Proposition 8.2.4 we show that for all G on n vertices capt,(G) < IR

which shows that the asymptotics in terms of ¢;,(G) are almost tight.



Chapter 2

Sharp stability of Brunn-Minkowski for
homothetic regions

The work in this section was done jointly with Marius Tiba and Hunter Spink. It has been
adapted from [51].

2.1 Introduction

In this chapter we prove Theorem 1.1.3 the sharp stability result for the Brunn-Minkowski
inequality in the particular case that A, B are homothetic sets. Taking A = B resolves a

conjecture of Figalli and Jerison [31]. For convenience, we restate Theorem 1.1.3.

Theorem 2.1.1. For all n > 2, there is a (computable) constant C|, > 0 and (computable)
constants d,(t) > 0 for each T € (0, 3] such that the following is true. With the notation
above, if T € (0, %] and A, B C R" are measurable homothetic sets such thatt € [t,1 — 1] and
0 <d,(7), then

o<C7t!s.

For these optimal exponents, we also show that () < C;l < eOnlogn) with explicit
constants. We discuss this further in Section 2.5.

2.1.1 Main theorem

As we are considering homothetic regions A, B, we can replace A with tA and B with (1 —1)A.
1
[Aln

——————. Define the interpolated sumset
[tA]7+|(1—1)A|n

Note that 7 retains its earlier meaning as t =

of A as
D(A;t) :=tA+ (1 —1t)A ={ta; + (1 —t)ay | aj,a € A}.
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Note that we always have A C D(A;t). To quantify how small D(A;t) is, we introduce the
expression
8'(As1) := |D(A;1) \ Al

As a further simplification, we note that

&:Bﬂﬂﬁ—1=(3+dn)CD“”VA)z(%+dn)&“”

Al 7 A A

where o(1) depends on the upper bound on §. Since the exponent of J is always at most
1 (as shown by Example 2.1.4), we may work with % in place of § by absorbing the
% +o0(1) term into C), to make a new constant C,,.

The following is the specialization of Theorem 1.1.2 (i.e. [29, Theorem 1.3]) to homoth-

etic A, B, which we restate for the reader’s convenience.

Theorem 2.1.2. For n > 2 there are (computable) constants b,,C, > 0, and (computable)
constants a,(7),dy(t) > 0 for each T € (0, 5], such that the following is true. IfA C R" is a
measurable set, T € (0,%] and t € [t,1— 1], then

/ . an(f)
oo\ Al < Glaje (25

whenever 8' (A1) < d,(7)|A|.

Our main result optimizes the exponents to be a, = b, = 1 in Theorem 2.1.2, verifying
the conjecture of [31] and the further generalization to homothetic sets suggested by Figalli

and Jerison. We will prove the following reformulation of Theorem 1.1.3.

Theorem 2.1.3. For all n > 2, there is a (computable) constant C,, > 0 (we can take C, =

(4n)"), and (computable) constants A,(t) > 0 for each T € (0, 5] such that the following is

true. If A C R" is a measurable set, T € (0,1] and t € [t,1— 7], then
|co(A)\A| < C,t7 18/ (Asr)

whenever &' (A;t) < Al (T)|A].

Example 2.1.4. To see that the exponents on ' and T are sharp, suppose we have some

inequality of the form

|co(A) \A| < CulA[z7P (8" (Asr)|A] )P



2.1 Introduction 11

whenever 8'(A;t) < Al(t)|A|. Take A = {(0,0)U[A,14+A] x[0,1]} x [0,1]"72, with A <
Ay (1)

2t
take A arbitrarily small, it follows that py < 1, so p, = 1 would be the optimal exponent.

and t = 7. The inequality then becomes % < Cpt P (TA(2—37))P2. Because we can

Given py = 1, we then have p; > 1, so p1 = 1 would be the optimal exponent.

Remark 2.1.5. When n =1, Theorem 1.1 from [28] (a corollary of Freiman’s 3k — 4 theorem
[36]) with A replaced with tA and B replaced with (1 —t)A shows that the optimal exponents
are actually t°8'(A;t)" in contrast to the case n > 2.

Example 2.1.6. Given exponents py = py = 1, the constant C,, grows at least exponentially
as shown by the following example. Let R > 2. Consider the set A C R", A =[0,2]""! x
[—R,0]U{(0,...,0,2)}. Then co(A) = AUU,c(0 (0,2 — """ x {x} and 452 = AU0,1]".
Hence, §'(A, ) =1 and |co(A) \ A| = Jeepo2) (2 —x)"ldx = 27” This example shows that

n—1
Co> 2

n

2.1.2 Outline

D=

By replacing ¢ with 1 —¢ we may assume that r <

Initial Reduction

We first carry out a straightforward reduction along the lines of the reduction in [31] to [31,
Lemma 2.2], reducing to the case that co(A) is a simplex 7', so A contains all of the vertices
of T. In this reduction we use Theorem 2.1.2, though we need only the following much
weaker statement due to Christ [20]: |co(A) \ A||A|~! is bounded above by a (computable)
function of the parameters &' (A;¢)|A|~! and T which, for fixed 7, tends to 0 as &'(A;¢)|A| !
tends to 0.

Fractal Structure

Next we show that if §’(A;7)|A|~! is small, then A contains an approximate fractal structure.
For each i we recursively construct a nested sequence of families of simplices 7,0 C 7;1 C .. .;
each family 7;; consists of translates of (1 — t)i T contained inside T, and in the limit Uy 7; x
is dense among the translates of (1 —¢)'T contained inside 7. We show that there exist

universal constants c; x , = i + 2k such that for translates T e Ti ks
(=) A)p A > (1= 1) A)pr| — i (Ac1),

where ((1 —¢)!A)7 is the translate of (1 —¢)'A induced by the translation that identifies

(1 —1)'T with T'. Though we need this fractal structure in order to prove this inequality
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||TT,|||A‘ — ¢ k00’ (Ast). This corollary

quantitatively establishes that A becomes more homogeneous in T as 8'(A;¢)|A|~! — 0.

recursively, we only use the corollary that |T' NA| >

Covering a thickened d7T with small total volume

Next, we consider a large homothetic scaled copy R := (1 — {)T inside T for { ~ nl4 and
we produce a cover A C T of T\ R for i ~ 5log(n)/t and k ~ nlog(n)/t. The cover A
consists of translates of (1 —1)'T ~ nisT and has the property that the size of A is at most
(2n)>" and the total volume of the simplicies in A is less than %|T| We note that | A, i,k
affect the complexity of C,, whereas { affects only the complexity of 8, (7) and not C,,.

In order to produce the covering A above we proceed in two steps. First, we use a
covering result of Rogers [71] to produce an efficient covering 55 of T \ R with translates of
no (1 —1)'T contained inside 7. The covering B has the property that the size of B is at
most (21)>" and the total volume of the simplicies in B is less than ﬁ|T| Second, we show
that for each translate T’ of n~n (1—1)'T contained inside T, there exists a simplex 7" € Ty,
such that 7/ C T"”. This naturally gives the desired cover A.

Putting it all together

We may assume that R C D(A;1) since a straightforward argument shows this holds whenever
IT\A||A|~!is sufficiently small, and |T\A||A|~! — 0 as &’ (A;¢)|A|~! — 0 by Theorem 2.1.2.
Rephrasing the homogeneity statement for A, for each T’ € T; ; we have

[T\A]

[T"\Al <
7]

IT'| + cnd (Ast).

Because A covers T \ R and A C D(A;r), we have |T \ D(A;r)| < Ypeq|T'\ A|, and by

construction ¥ 77¢ 4 |T’| < 3|T|. Combining these facts, we immediately deduce

1
T\ D(A:0)] < 3T\ A|+ | Ales 08 (A1),
1.e.
IT\A| <2(1+4|Alcixn) 8 (As1).

Because |A| < (2n)>" and ¢;y , ~ "lofg("), we see that with C, = (4n)>" we have

IT\A| <C,t 18 (Asr).
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2.2 Initial Reduction

In this section, we will reduce Theorem 2.1.3 to Theorem 2.2.1, similar to the initial reduction
in [31] to [31, Lemma 2.2].

Theorem 2.2.1. For all n > 2 there are (computable) constants C, > 0 (we can take C, =
(4n)>") and constants 0 < §}(t) < 1 for each T € (0, 3] such that the following is true. Let
t€(0,3], t € [1,1—1], and suppose T C R" is a simplex with |T| =1, A C T a measurable

subset containing all vertices of T, and |A| = 1 — &' with 0 < &' < 8)(t). Then
IT\A| <C,t 18 (Asr).

We first need the following geometric lemma.

Lemma 2.2.2. For every convex polytope P, there exists a point o € P (which we set to
be the origin) such that the following is true. For any constant b, () € (0, 1), there exists
a constant €,(t) such that for any A C P, if t € [t,1 — 1| and |P\ A| < &,(7)|P|, then
(1 —b,(7))P C D(A;t).

Proof. We may assume that r < % as the statement is invariant under replacing ¢ with 1 —¢.
Without loss of generality we may assume that |P| = 1. By a lemma of John [54], after a
volume-preserving affine transformation, there exists a ball B C P of radius n~!. Denote o
for the center of B, and set o to be the origin.

We will show that (1 —b,(7))P C D(A;t). Take x € (1 —b,(7))P, and let y be the
intersection of the ray ox with dP. Note that the ratio r = |xy|/|oy| > b, (7).

Let H be the homothety with center y and ratio r. This homothety sends o to x and P to
H(P). Note that H(P) C P because P is convex. Denoting

A'=ANH(P),

we have
]A’| > " —g,(7).

The statement x € D(A’;¢) is implied by the statement that o € D(C;t) for C=H~'(A’) C P,
which we will now show (in fact we will show o € D(CN B;t)).

Note that |[C| > 1 —r"g,(7), so |B\ C| < r"g,(1). Consider the negative homothety
H' scaling by a factor of — ;= € [—1,0) about o. If 0 ¢ D(CN B;t), then at least one of y
and H'(y) is not in CN B for every y € B. A simple volume argument shows that this would
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imply [B\C| > ;|H'(B)

e z Byl @) -5 (75 ) Bz 5 () ()

Therefore as b, (7) ™" > r~", taking

) <oy (1) ()

we deduce that 0 € D(CN B;¢) and therefore in particular x € D(A’;1).

, and as B contains a cube of side length 2/,/n we would have

]
Observation 2.2.3. If P is a (regular) simplex T, we can take o to be the barycenter of T.

Proof that Theorem 2.2.1 implies Theorem 2.1.3. We may assume that ¢t < % since Theo-
rem 2.1.3 is invariant under replacing ¢ with 1 —¢. By approximation, we can assume that
A has polyhedral convex hull co(A) with the vertices of co(A) lying in A (see e.g. [31, p.3
footnote 2]).

Take b, (7) to be the minimum of 7 and the constant such that
8 (1) (1= (1=ba(0))") =1 -G ',

and take €,(7) as in Lemma 2.2.2.

From Theorem 2.1.2, we see that we can choose A, (7) sufficiently small so that
|co(A)\A] < &(T)[A[ < &(7)[co(A)],

and therefore by Lemma 2.2.2 there is a translate of (1 —b,(7))co(A) C D(A;t). Let o
be the center of homothety relating this translate of (1 —b,(7))co(A) and co(A). Because
bu(7) < 7, the region ro+ (1 —t) co(A) is contained in D(A;?), so from this we deduce that
D(AU{o};t) = D(A;t). Therefore we may assume without loss of generality that o € A.

Note that the inequality in Theorem 2.1.3 that we want to deduce is equivalent to
|co(A) \ D(As1)| <(1-C; '7)] co(A) \ Al

Triangulate co(A) into simplices T; by triangulating d co(A) and coning off each facet at

o. Then in each simplex 7;, we claim that

TAD(A:)] < (1-C, 1) [T\ Al
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Provided |T; \ A| < &, (7)|T;

inequality

, applying Theorem 2.2.1 to 7;,A N T; yields the stronger

IT\DANT:0)| < (1- G, )T\ A
On the other hand, if |T; \ A| > 6,(7)|T;|, then as b, (7)o + (1 — b,(7))T; C D(A;t) N T;, we
have
ITAD(A:1)] < T (1= (1=ba(1))") < 8(7) ' (1= (1=bu(7))")|T\A| < (1-C, )| T\A.

We conclude by noting

[co(A) \D(A:1)| = Y| T\ D(A:1)] < Y (1 - Gt )T\ A = (1-C; 1) co(4) \ Al

2.3 Setup and technical lemmas

We take A to satisfy the hypotheses of Theorem 2.2.1. We may assume that r < % since
Theorem 2.2.1 is invariant under replacing ¢ with 1 —¢. It suffices to prove the statement for
a particular choice of T since all simplices of volume 1 in R” are equivalent under volume-
preserving affine transformations. Hence we work in a fixed regular simplex 7' C R" from
now on. Let xo, . ..,x, denote the vertices of T, and define the corner A!-scaled simplices to
be

SI(A) = (1= AN)x;+ AT for 0 < j <n

and set

Si(A) = {SYA),.... SHA)}.

Define the A'-scaled k-averaged simplices T; () iteratively by

Tio(A) = Si(A)
Tixi1(A) = {AB) +(1—2)Ba | Bi,By € Tix(A)}.

Note that all simplices in 7; (1) are translates of A'T", and we have the inclusions

Tio(A) C Tir(A) € Tia(A) C ...
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Fig. 2.1 T with different §/(1)’s indicated and a $4(1) shaded.

For fixed i, A, the simplices in the family 7; (1) eventually cover all of T and heavily overlap
each other as k — oo (in fact the translates become dense among all possible translates of AT
which lie inside 7'). Shaded below are the simplices in 73 | (%) when n = 2.

Lemma 2.3.1 is the crux of our argument. The proof of Lemma 2.3.1 shows that for all
T’ € Tix(1—1), the set [T’ NA| contains a translated copy of (1 —7)’A (up to a bounded error).
This fractal structure allows us to conclude that |7’ NA| is bounded below by |T”|(1 — ')

(up to a bounded error).
Lemma 2.3.1. The constants c; , = i+ 2k are such that for every T' € T; x(1 —t) we have
IT"NAI > [T'[(1-8") — cix n0'(As1).
Proof. For the remainder of this proof, we will denote
A=1-—t,

and write for notational convenience Slj instead of Slj (A). The following notation will be
useful for us: consider the translation that brings AT to T’ and denote by (A‘A); the shift
of the set A'A under this translation.

We shall actually show the stronger inequalities

[(A'A) 7\ A| < Cikn0 (As1)
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Fig. 2.2 T with the elements of 75 1(3) shaded

(which are stronger as |(1'A)7/| = |T'|(1 - &")).
First, we show the inequality when k = 0. Recall that if T’ € 7;o(A) then T’ = S/ for
some j. The inequality is trivial for (i,k) = (0,0) by definition of &'.
We now show the inequality for (i,k) = (1,0). Note (QLA)S{ =(1—-A)xj+AA CD(A;t),
S0
[(A4) 5 \Al < [D(A;1) \A| = 8'(431).

Suppose we know the result for (i,0), we now prove the result for (i + 1,0). Then
(A4 = (1=2A")x;+A*1A, and we have

i+1
‘()LiquA)Sj \A| < ’(liJrlA)Sj \(AA)S]‘| + |<7LA)SJ \A|
i+1 i+l ! 1
= A"(ATA) g \A| +|(A4) g\ A

< (lncho_‘n + Cl,O,n)6/(A; t)
< C,'+1,0,n5/(A;t)'

Finally, we induct on k. We have proved the base case k = 0, so assume the inequality for
(i,k). We will now prove the inequality for (i,k+1).

Thus we suppose that 77 € T 41, which by definition means that there exists 7}, T, € T;x
such that

T'=AT{+(1-1)T;.
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We now prove an easy claim before returning to the proof of the lemma.

Claim 2.3.2. Let X, X’ be translates of each other in R" with common volume V = |X| = |X’
andletY C X, Y' C X'. Then if V' is a constant such that | X \ Y|, |X"\Y'| <V’, we have

>

AY +(1-A)Y|>Vv -V

Proof. We have |Y|,|Y'| >V —V’, so the result follows from the Brunn-Minkowski inequality.
[

Returning to the proof of the lemma, we have by the induction hypothesis that both

[(A'A) s \A] < ¢ignd'(As1), and
(VA \A| < €1 (Ac1).
Because (),iA)Tl/ and (QLiA)TZ/ are translates of each other with common volume (1 —6")|7”|,
setting X = (A'A)gy, X' = (A'A), Y = AN (A'A)y, Y’ = AN (A'A); we deduce from the
claim that
AANAAY ) + (1= A)ANAA)Y )| = 1T'1(1= 8) = 14008 (Ast).

Because D(A;1) = AA+ (1 —A)A and (A'D(A;1))7r = A (A'A) g+ (1 — A)(A'A) gy, we have

ID(A;1) N (A'A) | > [D(As1) N (A'D(As0)) /| — [A'D(As1) \ AA]
> [D(A:r) N (AD(As1)) o] — 8 (Ast)
>|A(AN (liA)Tl/) +(I=2A)(AN (ﬂ.iA)Tz/)\ —6'(Ast)
> |T'[(1=8") = (cign+1)8"(A51),

which as [(A‘A) 7| = (1 — &")|T’| is equivalent to
AA)P A\ D(ASE)| < (coan+ 1)8 (i),
We conclude that

[(A'A)p \A| < |[(A'A) \ D(Ast) |+ 6/ (Asr)
< (Cign+ 2)8'(A;t)
= Cikt1.20 (As1).



2.3 Setup and technical lemmas 19

]

The following lemma shows that given @ < 1 and % < A < 1, any arbitrary covering of
T by translates of &”AT contained inside 7 can be approximated by a covering consisting of
elements of 7; x(A) for fixed small values i, k. The parameters i,k are positively correlated
with A, .

Before we proceed, we need the following notation. Let ﬁ(l;l’ ;T) be recursively

defined by setting

To(AsAT) = (AT + (1= A)x; | j € {0,...,n}}
Te(AAT) ={AB1 +(1—A)By | B1,B2 € Ti_1(A; A5 T)}.

Note that by definition, 7; 4 (1) = Te(A; A5 T).

Lemma 2.3.3. For o, i € (0,1),4 € [}, 1), every translate T' C T of &"uT is completely

contained in some element of Ty (A; Ww;T) with

K =Y [log(ad (1 — ayu)/log(2)].
j=1

Proof. To prove this we need the following claim, which is essentially the result for n = 1.

Claim 2.3.4. Every weighted average of two (corner) simplices in To(A; aw;T) lies in some
simplex of Ty(A; 1, T) with £ = [log((1 — o)) /log(1)]

Proof. Suppose the two corner simplices are at the corners x, and x;,. Then every homothetic
copy T" C T of T is determined by the corresponding edge x,,x;. Thus the claim is implied by
the one-dimensional version of the claim by intersecting all simplices with x,x;. Hence we
may assume that 7' = [0, 1], so that To(A; u;T) = {[0, u],[1 — u, 1]}, and we want to show
that every sub-interval of [0, 1] of length aut is contained in an element of 7y(A; u;T).

We will now proceed by showing that the largest distance between consecutive midpoints
of intervals in 7;;1(A;u;T) is at most A times the largest such distance in 7;(A;u;T).
Let I1,I, be two consecutive intervals in 7;(A;u;T) for some j. Then in T;.1(A;u;T)
we also have the intervals J = A} + (1 — 1), and K = (1 — A)I; + AL, and the intervals
11,J,K, I, appear in this order from left to right as A > % If d is the distance between
the midpoints of I, I, then the distances between the consecutive midpoints of 11,J,K, >
are (1 —A)d,(2A —1)d, (1 — A)d respectively. Therefore, the largest distance between two
midpoints dj;1 in Tj41(A;u;T) is at most max(1 —A,24 — 1,1 — A)d; < Ad; where d;
is the largest distance between two consecutive midpoints in 7}(&; W;T). Therefore, the

distance between two consecutive midpoints in T;(A; u; T) is at most A¢ < (1 — o) u.



20 Sharp stability of Brunn-Minkowski for homothetic regions

Given an interval  of length at, then either the midpoint lies in [0, u /2] U[1 — pu/2,1],
in which case I is already contained in one of [0, u] or [1 — u, 1] belonging to To(A;u;T), or
else we can find an interval I’ € T;(A; u; T) of length i such that the distance between the
midpoints of / and 7’ is at most (1 — o)y, which implies 7 C I'. O

We prove our desired statement by induction on the dimension n. The claim above proves
the base case n = 1, so now assuming the statement is true for dimensions up ton— 1, we
will show it to be true for n.

Let 7/ C T be a fixed translate of a"uT, with corresponding vertices xj, ... ,x;,. Denote
by F the facet of T opposite x,,, and denote by F’ the facet of T’ opposite the corresponding
vertex x,,. Denote by H the hyperplane spanned by F’. Then S = HNT is an n — 1-simplex,
with vertices yo, ..., y,—1 such that y; is on the edge of T connecting x; to x,,.

If the common ratio r := |yx,|/|x;jx,| < au, then T’ is already contained in an element
of To(A; u;T) and we are done. Otherwise, denote by Ty, ...,T,—1 C T the translates of auT
that sit on H and have corners at yy, . ..,y,— respectively. Denote the facet 7, H of T; by F;
We remark that each F; is a translate of u’S for some fixed ' > ocu.

By the claim, the simplices Tp, . .., T,,— are completely contained in elements of Ty(A; u; T)
with

£ = [log((1— a)u)/log(2)].

By the induction hypothesis applied to the n — 1-simplex S, F’ is completely contained in
a simplex from the family 7 (A;u’;S) for
n—1 | —
':=) [log((1—a)a/~ 1) /log(2 Z log((1 —a)a’p)/log(A)],

J=1

as 4’ > au. Note that F' is contained in a certain iterated weighted average of the facets

Fy,...,F,_ifand only if T’ is contained in the analogously defined iterated weighted average
of Ty,...,T,—1. Therefore T' € Ty p(A;u;T).
Finally, we have that £+ ¢’ < k', so T" € T (A;u;T) as desired. O

The following lemma helps to show that arbitrary coverings of 7' can be modified at no

extra cost to coverings of 7' contained inside 7.

Lemma 2.3.5. Let r € (0,1) and rT + x a translate of rT. Then there exists a 'y such that
(rT4+x)NT CrT+yCT.

Proof. The intersection of any two copies of the simplex 7 is itself homothetic to 7. There-

fore (rT +x) NT is homothetic to T, and so must be a translate of #'T for some ' < r.
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Because T is convex and (rT 4+x) N T is a homothetic copy of T lying inside T, the center
of homothety between (r7 4+ x) N T and T lies inside (r7 +x) N7, and all intermediate
homotheties lie inside 7. In particular there is a homothety which produces a translate of r7T
which lies inside 7', and this translate by construction contains (r7 +x)NT. O

2.4 Proof of Theorem 2.2.1

=

Recall that we may assume that ¢ <

Si=

. 1 1
Proof of Theorem 2.2.1. Leti= [log (é’n)5> /log(1 —t)—‘ ,sothat (1—1)' € {2(’;2)5, él,:')s]

(ast < %). Note that

i < 141log((2n)°)/t < 6log(2n)/1.

Letn = n_%(l —t) e [2(2]—,1)5, ﬁ], andlet { = (n+1)n.

Recall T is a regular simplex of volume 1, denote by o the barycenter. By Lemma 2.2.2,
setting o to be the origin, if we choose 8, (7) sufficiently small, then R := (1 —{)T is
contained in D(A;zr). Let L= (14+n(n+1))T\(1—{—n(n+1))T. Note that T\R C L

and for any 7’ a translate of n7 intersecting T \ R, we have T’ C L.

Claim 2.4.1. There exists a covering B of T \ R by translates of NT contained in T, such
that Y1ep|T'| < 5= and |B| < (2n)>".

Proof of claim. Tt follows from [71] that! for all n > 2, there exists r € R and there exists a

covering F of R"/(rZ)" by translates of nT with average density at most 7nlog(n), i.e.

f n
m < 7Tnlogn.
r}’l

Passing to a multiple of r, we may assume that 7,L C [—r/2,r/2]". Consider a uniformly
random translate F +x. For any 7/ € F and any point #' € T/, we have

! / _ ’L|
Therefore,
) ) L] “n
E({T'+x € F+x|T' +xC L}]) < |F| < |LIn "Tnlogn,

"'We note that n = 2 is not mentioned explicitly in [71] but follows easily.
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Fig. 2.3 T with L and R indicated and some elements of .

so there exists an X such that
H{T' +x9 € F+xo | T'+x9 CL}| <|LIn"Inlogn.

Define
B'={T"+x € F+xo | (T'+%0) N (T \R) # 0},

then by the above discussion we have 55’ is a covering of T \ R, and
|B'| < |L|n""Tnlogn.

By Lemma 2.3.5, for each element T’ +x( € B’ we can find a translate T’ + yp such that
(T'"+x9)NT C T'+yp CT. Define

B=A{T+yp |T +xg€ B},

then B is a cover of T \ R by translate of 7 contained in 7 with |B| < |L|n~"7nlogn.
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We can calculate the upper bound

L[ =(1+n(+1))" =1 =C-n(n+1)"
=(1+nEr+1))"—(1-2nEr+1))"
<14+2nnn+1)—(1-2nn(n+1))
=4nn(n+1).

The inequality follows from the fact that n*(n+ 1)*(}) < (1/2)*21(n+ 1) and the convexity
of (1—x)" forx € (0,1).
Therefore,

B < 4nn(n+1)n~"(Tnlogn) < =—n " < (2n)™"

1
2n
and |
2 Tl =n"IBl<n"3 n "<
T'eB
O

Claim 2.4.2. There is a cover A C Tix(1 —t) of T \ R with k < 8nlog(2n)/t such that
’.A‘ § (21’1)5” and ZT"EA ’T”‘ S %

Proof. We apply Lemma 2.3.3 with a = ni A =1-1, w=(1-1).
- 1
=) [log(a/~" (1~ a)p)/log(A)] < nflog(a" (1 —a)u)/log(2)]
j=l1
logn
<n <1 +log (7“) /log()L))
logn
1+1 —t
<n(vooe(r5) 10
< 8nlog(2n)/t.
This shows that every translate of N7 = n (1 —1)'T inside T is contained in some element
of Te((1—1);(1—1)';T) = T;x(1 —1t). For each simplex T’ € B, we can therefore choose a
simplex f(T") € Tix(1—1t) such that 7" C f(T"). Let
A={f(T"| T € B}.
Note that A is a cover of T\ R,

Al < |B| < (2n)
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and .
Y = YT <
T"e A T'eB 2

OJ

Returning to the proof of Theorem 2.2.1, note that since A C 7 (1 —¢), Lemma 2.3.1

implies that for every 7" € A we have

[T\A]
7]

IT"\A| < "+ ci 18 (Ast).

Since R C D(A;t), we have

[T\D(A;0)| = [(T\R)\D(A;1)| < Y [T"\D(Asr)| < ) |[T"\A|
T"e A T"e A

T\ A

-7

1
Y T+ A cignd'(As) < SITANAI+ A -cixnd'(A51),
T"eA

which after replacing |7\ D(A;t)| = |T \ A| — 6'(A;¢) yields
IT\A| <2(14|A| cixn)d (Ast).
We estimate
Cikn = 1+2k < 6log(2n)/t + 16nlog(2n)/t < 19nlog(2n)/t

Therefore
21+ [ Alciga) < 2(1+ (20 (19nlog(2n)/1)) < (4n)™' /.

In conclusion, with C,, = (4n)5" we obtain
IT\A| <C,t 18 (Asr)

as desired. O]

2.5 Sharpness of C,

In studying the asymptotic behaviour of the optimal value of C,, in Theorem 2.1.3, we note
that there is still a gap of order log(n) in the exponent between the upper and lower bounds.
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e3n1og(4n) and. the example mentioned in

Our proof shows the upper bound C, < (4n)" =
the introduction shows the lower bound C,, > 2”; .

In our method the complexity of C,, is limited by the fact that |.A| < C,,, where A is a set of
translates of 77 contained inside T with n) < 1 covering T and satisfying ¥ 71 4|T'| < |T|.
In fact, by a slight restructuring of our proof it is equivalent to covering just a single facet
F of T. Taking A’ to be the family of intersections of elements of .4 with the hyperplane
containing F, we see that |A'| < C, with A’ a set of translates of nF covering F and

LrealF'| <n~!|Fl.

Question 2.5.1. Is it true that for every 0 < ng < % then for all sufficiently large n if F C R"

is a simplex and A’ is a family of translates of NoF covering F we have
Y, [F|>ng ' [F|?
F'e A

Resolving this question would shed light on the correct growth rate of C,. In particular,
if the question has a negative answer with 7, ! replaced with Ny '(1—¢) for some fixed &,
then our methods would show that C,, has exponential growth.






Chapter 3

Sharp quantitative stability of the planar
Brunn-Minkowski inequality

The work in this section was done jointly with Marius Tiba and Hunter Spink. It is adapted
from [50].

3.1 Introduction

In this section, we prove Theorem 1.1.4, which solves the sharp stability question for planar
regions A, B C R?, showing that the optimal exponents are (as,b;) = (%, %) Recall the
following concepts;

1
* 0=0(A,B):= % — 1, the Brunn-Minkowski deficit,

|A| 7 +|B|n
Al
* t =1(A,B) := —~—, the normalized volume ratio, and
|A| 7 +|B|n
* w=w(A,B):= |K|*}4\|A‘ + ‘Kﬁ}\f', where K4 D A, and Kp D B are homothetic convex

sets of minimal size.

We restate the theorem for convenience.

Theorem 3.1.1. There are explicit constants C,d(t) > 0 such that if A,B C R? are measur-
able sets witht € [t,1 — 1] and 8 < d(7), then there are homothetic convex sets Ky O A and
Kp D B such that

D=
D=

ow<Ct 202.



28 Sharp quantitative stability of the planar Brunn-Minkowski inequality

Our key result in proving Theorem 1.1.4 is the following generalization to arbitrary sets
A, B of the result in from the previous chapter that for A = B, |co(A) \ A||A|~! = O(§), as
also stated in Theorem 1.1.5.

Theorem 3.1.2. Forall €, 7 > 0 there is an explicit constant d-(€) > 0 such that the following
is true. Suppose that A,B C R? are measurable sets witht € [t,1 — ] and 8 < d;(&). Then

co(A+B)\ (A+B)| < (1+¢)(Jco(A) \A[+[co(B)\B]).

TakingA =B={(x,y) : 0<x,y<x+y<1}U{(0,1+A),(14+A4,0)} shows that 1 +o(1)
is optimal. By taking € = 3, we will deduce in Section 3.12 the following corollary, used to
prove Theorem 1.1.4.

Corollary 3.1.3. There is a constant C' such that

[co(@)\A| | [co(B)\ B

|A| 18] <C't7'8, and Spom = 8(co(A),co(B)) < 8(A,B).

We make a note on how we apply Corollary 3.1.3 to conclude Theorem 1.1.4. We will
estimate

[Ka\A| | [Ks\B| _|Ks\co(4)] |co()]  |Kp\co(B)| [co(B)| A [co(4)\A| A [co(B)\B]
Al |B| |co(A)] Al |co(B)] |B| Al ]

1 1 1.1
_1 -1 _1d1
<C't728%m+C'T 6 <Ct 282,

where the first estimate uses [34], and separately [29] to show |co(A)[|A|™! — 1 as § — 0.
In particular, the error in approximating A and B with their convex hulls is quadratically
smaller than the error in approximating co(A) and co(B) with homothetic convex sets.

In order to deduce Theorem 1.1.4 from Theorem 1.1.5, even for 7 = % it is insufficient
to take say 14 € = 100. In fact, with such a large € the proof of Theorem 1.1.5 would be
substantially easier. Showing the result for a suitably small € is the primary challenge which
we are able to overcome.

Example 3.1.4. We note that Theorem 1.1.5 with R? replaced with R" is false for any
fixed € > 0. To do this, we will give an example in R with equal volume sets A, B with
O arbitrarily small and with |co(A+ B)\ (A+B)| > (1 +¢€)(|co(A) \ A| + |co(B) \ BJ).
Let T be the triangle with vertices (0,0,0),(1,0,1),(2,0,0), and let 14,1 be the intervals
connecting (0,0,0) to v4 = (—n,1,0) and vg = (1, 1,0) respectively. Let T' = (T \ {z >
1—-A})U(1,0,1), and define

A=T+14, B=T+1I;.
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N LN

co(B)

Fig. 3.1 The bodies in Example 3.1.4.

Note that 8 — 0as A, — 0. Also, A+B = (T"+T')+ (Is + 1) where T'+T' =2T \ {z >
2—-A}U(2,0,2) and Iy + Ip is a parallelogram in the xy-plane determined by vectors v4,vp.
Then

|co(A) \A| + |co(B) \B| = 222

and
|co(A+B)\(A+B)| > [Is +1Ip|- A =2nA.

Therefore, choosing 1 > (14 €)A, we obtain
|co(A+B)\ (A+B)| =2nA > (1+€)21% = (1+¢€)(|co(A) \ A|+|co(B) \ B).

Finally, we note that the planar stability inequalities we consider are not Bonneson-
style inequalities relating mixed volumes of planar convex K,L to the L-inradius and L-
circumradius of K. See e.g. [13, Section 5] and separately [67] for an extensive survey of

such inequalities.

3.1.1 Outline of the chapter

In Section 3.2, we give a reformulation of Theorem 1.1.5, make some simplifications and
general observations, and give definitions which will be used throughout the remainder of the
chapter. Simplifications include assuming A, B are finite unions of polygonal regions so the
vertices of d co(A),d co(B) are contained in A, B respectively, and that they are translated in

a specific way so that co(A) and co(B) contain the origin o.
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In Section 3.3, by an averaging argument we show that (1 — 41'_1\/7) co(A+B) C
A+ B, where ¥y = |co(A) \ A| + |co(B) \ B, i.e. for every x € dco(A + B), we have (1 —
4171 /7)ox CA+B.

In Section 3.4, we introduce a partition of d co(A + B) into good arcs and bad arcs. We
think of good arcs as being the parts of the boundary of co(A + B) which are straight (or
close to straight). We show that a very small part of the boundary d co(A + B) is covered by
bad arcs.

In Section 3.5, we show for x in a good arc of d co(A + B), we can in fact guarantee that
(1—&./7)ox lies in A + B for any small & (provided small d;). Thus co(A + B) \ (A + B) lies
in a thickened boundary A of d co(A + B), which is thinner near the good arcs.

In Sections 3.6 and 3.7, we set up the following method for proving |co(A+B) \ (A +
B)| < (1+€)(|co(4) \ 4] + |co(B) \ B)).

The edges of d co(A + B) are precisely the edges of dco(A) and d co(B) attached one
after the other ordered by slope. Moreover, every edge of d co(A + B) is the Minkowski sum
of an edge of d co(A) with a vertex of d co(B) or vice versa. We subdivide d co(A + B) into
tiny straight arcs 7, and partition these arcs into collections .A and B accordingly. We note
that the arcs of A can be reassembled to d co(A) and the arcs of B can be reassembled to
d co(B), in the same orders as they appear in d co(A + B).

We erect on each arc q € J a parallelogram R pointing roughly towards the origin such
that these parallelograms cover the thickened boundary A. We ensure that we use a constant
number of directions (1000 suffices), such that the Rys with the same directions occur in
contiguous arcs of d co(A + B). The heights of the parallelograms will be roughly on the
order of /¥ if q lies in a bad arc, and & /7 if q lies in a good arc. Each parallelogram R, with
q € A is the Minkowski sum of a parallelogram R, 4 erected on the corresponding segment
of dco(A) with a vertex py g € d co(B) N B. Similarly for q € B.

This construction allows us to cover the thickened boundary A of dco(A + B) with

translates of small regions erected on d co(A) and dco(B) as follows:

AC | Rya+pes) U (Pga+Rys).
geA qeB

Therefore, we can cover co(A + B) \ (A + B) as follows:

co(A+B)\(A+B) C |J ((Rga\A)+pas) U (Pga+ (Ry5\B)).
geA qeB

If we have subsets A" C A and B’ C B such that {Rq 4 }qc ' are disjoint and contained in
co(A) and analogously {Rq 5 }qecp are disjoint and contained in co(B), then we obtain an
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inequality

[co(A+B)\ (A+B)| < [co(A)\A[+[co(B)\ B+ }, [Real+ Y IRqsl.
geEA\N qeB\B!

Hence to prove Theorem 1.1.5, it suffices to show that we can find such A" and B’ with

Y. IRgal+ Y[Ryl <e(Jco(A)\A|+[co(B)\B]).
geA\A qeB\B/

In Section 3.8 we show that bad arcs of dco(A + B) are close in angular distance to the
corresponding arcs in d co(A) and d co(B). This result is crucial for Sections 3.9 and 3.10
where we bound the areas of the parallelograms we have to remove to create A’ and B'.

In Section 3.9, we use Section 3.8 to show that parallelograms Ry 4 ¢ co(A) and Ry p ¢ B
have q on a good arc. This is then used to show that the area of parallelograms not contained
in co(A) or co(B) is bounded roughly by £27.

In Section 3.10 we use Section 3.8 to show that parallelograms R 4 and R, 4 that intersect
non-trivially have at least one of ¢ and t on a good arc. This allows us to remove only good
parallelograms to ensure disjointness. We conclude that the area of parallelograms we need
to remove is bounded by roughly £y.

In Section 3.11 we complete the proof of Theorem 1.1.5 by synthesizing our bounds to de-
duce the final inequality. In Section 3.12 we show how Theorem 1.1.5 implies Theorem 1.1.4.
Finally, in Section 3.13 we add a proof that the measures o and @ are commensurate for

small O.

3.2 Setup

In this section, we collect together the preliminaries we need to start proving Theorem 1.1.5.
In Section 3.2.1 we introduce an equal area reformulation of Theorem 1.1.5. In Section 3.2.2
we apply a preliminary affine transformation to R? and collect facts about the resulting
lengths and areas. In Section 3.2.3 we collect the main definitions which will be used
throughout the body of the chapter. Finally, in Section 3.2.4 we collect general observations

which we will use frequently throughout.

3.2.1 Equal area reformulation

We will primarily work with the equivalent equal area reformulation Theorem 3.2.2 of
Theorem 1.1.5.
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Fig. 3.2 Convex body K with the largest contained triangle T

Definition 3.2.1. For A,B C R? measurable sets and t € [0, 1], define

Theorem 3.2.2. For T € (0, 5], there are constants d; = d-(€) > 0 such that the following
is true. Let A,B C R? be measurable sets with |A| = |B| =V, let t a parameter satisfying
t € [t,3], and suppose that |Dy| < (1+d;(€))?V. Then

|co(D)\ Dy| < (1+€) (1*|co(A) \A| + (1 —1)*|co(B) \ B).

In Theorem 3.2.2, ¢ is a free parameter, which we note is the normalized volume ratio of
tA and (1 —1)B. Given the sets A, B in Theorem 1.1.5, A/t and B/(1 —t) have equal volumes,
and Theorem 1.1.5 is equivalent to Theorem 3.2.2 applied with these equal volume sets.

In the equal area reformulation, we let K be the smallest convex set such that K contains
a translate of A and B. We assume from now on that A, B C K. By approximation', we may

assume that A, B, K are unions of polygons.

3.2.2 Preliminary affine transformation

Let T C K be the maximal area triangle, and let o be the barycenter (which we will always
take to be the origin). This maximal area triangle T has the property that T C K C —2T :=T',
and by applying an affine transformation, we may assume that 7" is a unit equilateral triangle

whose vertices are contained in K.

Tt is easy to show that for any fixed d;(€) we must have A, B bounded. Now, approximate A,B from
the inside by a nested sequence of compact subsets Ay C Ay C ... and B C B, C .... Then for each A;,B;
approximate the pair from the outside by finite unions of polygons.
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Fig. 3.3 Triangle 7,,(6,¢) corresponding to point p € JC.

Observation 3.2.3. We make the following observations concerning lengths and areas.

T'| =3,

* We have |T| = “/Tg,

Al,|B| € (0,v/3] and |K| € [\/Tg\@]

s For pe T'\T we have |op| € [\/Lﬁ, \%} and this in particular holds for p € JK.

3.2.3 Definitions

We now collect definitions we will use for the remainder of the chapter.

Definition 3.2.4. We define
y:= Y(A,B) = 1*|co(A) \ A+ (1 —1)*|co(B) \ B].

Definition 3.2.5. In a convex set C containing o, given a point p € dC we say that p is
(0,0)-bisecting if the unique isosceles triangle T,(0,{) with angle 0 at p and equal sides {

such that po internally bisects the corresponding angle is contained inside C.

Definition 3.2.6. Given a convex set C, and a point p € dC, we say that p is (0,()-good if
there are any points q,r € C such that |pq|,|pr| > ¢ and Zqpr > 180° — 6. Any point in dC
which is not (0,0)-good is (0,0)-bad.

Definition 3.2.7. Given a point p and a set E with o € co(E), we denote pg the intersection
of the ray op with d co(E).



34 Sharp quantitative stability of the planar Brunn-Minkowski inequality

3.2.4 General Observations

Observation 3.2.8. Suppose we have subsets Ry C co(A),Rp C co(B), and z € R%. Let H =
H_ 1. denote the negative homothety of ratio — L through z. Then if [RaNH(Rg)| > 72y,

t

or equivalently |[H™'(Ry) NRp| > (1 —t) ™2, then we have z € D,.?

Observation 3.2.9. For sets A, B with common volume V, Figalli and Jerison showed (see
Theorem 1.1.2) that for fixed T we have |[K\A|V~!, |[K\B[V-! = 0as |D,[V-! = 1. In
particular;, as V € (0,7/3] by Observation 3.2.3, we have

[K\A

K\B

co(A)\Al|,|co(B)\B|,y— 0asd; — 0.

> ’

3.2.5 Constants and their dependencies

Fix 7 and €. For the convenience of the reader, we describe roughly our choice of parameters
throughout. First, we will take M = 1000 € 2N to be a universal constant and o = %OO.
Next, we will take & such that &€ > (724 (1 —1)?)(257"'M&? + 160007~ 'ME). Next, we
take 6 < %O such that $&?sin(28°)%/sin(46) > 1, and we take ¢ such that <L;‘OO + 3> 4(1+
IOOt_l)é %\/ﬁ < %Oc . Finally, take d; sufficiently small to make various statements true

along the way.

3.3 Initial structural results

In this section, we will show three preliminary propositions which quantify how close we
may assume A, B are to K, and how much of co(D;) we can guarantee is covered by D,

without resorting to a finer analysis of the boundaries of the various regions.
* In Proposition 3.3.1 we show that for any constant € (0, 1), if d is sufficiently small

in terms of 1) then we have

(1—=m)K C co(A),co(B),co(D;) C K.

¢ In Proposition 3.3.3 we show that if d; is sufficiently small, then for every z € dK we

have that z,z4,z5, zp, are (59°, %)-bisecting.

* Finally, in Proposition 3.3.5 we show that if d; is sufficiently small, then

(1—4t7'/y)co(D;) C Dy.

2Note that 12y = |co(A) \ A| +|co(H(B)) \ H(B)|, so there is at least one x € Ry N H(Rp) C co(A)N
H(co(B)) whichis notin (co(A)\A)U(co(H(B))\H(B)). Thus x € ANH (B), and z =tx+ (1 —t)H ' (x) € D,.
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Fig. 3.4 The points py, py, and p, = p as in the proof of Lemma 3.3.2

3.3.1 Showing co(A),co(B),co(D;) contain a large scaled copy of K

Proposition 3.3.1. For any fixed 1 € (0,1), if d; is sufficiently small in terms of 1, then
(1—n)K C co(A),co(B),co(Dy) C K.

To prove Proposition 3.3.1, we need Lemma 3.3.2 which guarantees that dK behaves
well under the notion of (6, ¢)-bisecting from Definition 3.2.5.

Lemma 3.3.2. Every point p € dK is (60°, %)—bisecting.

Proof. Note that the statement is trivially true if p is a vertex of dT (since then 7,(60°,1) =
T C K), so assume otherwise. Let x, y, z be the vertices of T and X' = —2x,y' = —2y,7 = -2z
the corresponding vertices of T’. Let p = p, be in the triangle xyz'. Let py € xy'z and p, € x'yz
be the point p, rotated by 120° and 240° clockwise around o respectively. Note that p,pyp,
is an equilateral triangle with centre o, such that Zop,p, = 30°. Let p’ be the intersection
between segments xz and p,py.

Note that pp’ C K. We will show that |pp’| > % Note that the points o, p, p’,x are
concyclic as onp’ =30° = Zopp'. We have Zpxp' € [60°,120°], so by the law of sines,

2r= % <% 2 |pp'|, where r is the circumradius of this circle. But 2r > |ox| =

\/g’ SO
ipp'| >3 5. By showing a similar result for p_p,, we conclude that 7,(60°, 2) liesin K. [J

Proof of Proposition 3.3.1. We prove this for co(A), the identical proof works for co(B)
and then because co(D;) =tco(A) + (1 —t)co(B) we deduce the final containments By
Observation 3.2.9, we can take d sufficiently small in terms of 1 so that |[K \ A| < n Let
p € dK, let p’ € op be such that |pp’| = n|op|, and suppose for the sake of contrad1ct10n that
p' & co(A). Then as |op| € [\F f} by Observation 3.2.3, we have |pp’| € [\F f}

[(%n)h, (gn) | where h = % is the height of 7},(60°, %) A line separating p from co(A)
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Fig. 3.5 Rescaling triangle xyz

through p’ cuts off from 7,,(60°, 3) an area of at least min(3, (%n)z) |T,(60°, %)‘ = *3/—6§n2 on
the p-side, which lies in K\ A, contradicting |K \ A| < ‘3/—3112. O

3.3.2 Showing pointsin dK, d co(A), d co(B), d co(D;) are (59°, %)-bisecting

Proposition 3.3.3. For d; sufficiently small, we have for every z € JK that z,z4,z8,2p, are
(59°, 3)-bisecting.

Proof. By Proposition 3.3.1 we can take d; sufficiently small so that (1 — 1)K C co(A),co(B) C
K with n = 107°. Let C be one of K,co(A),co(B),co(D;). We have T;(60°,3) C K. Let
x,y denote the other two vertices of the triangle, and let X' = (1 — n)x, Yy’ = (1 —n)y. Note
that X',y € (1—n)K C C. Let m be the midpoint of xy and m’ be the midpoint of x’y’. Then
Xm!| = L(1—n), |m'zc| < |mzc|+|mm'| < |mz| +n]om| < \/T§+n\% by Observation 3.2.3,
and similarly |m'z¢| > |mz| — |zz¢| — [m'm| > |mz| — n(|oz| + |om]) > \/T§ _277\% (these are
true even if o is inside the triangle xyz). Thus, by inspecting the right-angled triangles x'm’z¢
and y'm'zc, because tan(29.5°) (@ + n%) < 3(1—7) and WL%) <\/T§ —-21n \%) > 1
the vertices of 7;..(59°, 1) lie in the triangle X'y'zc C C. O

Corollary 3.3.4. Let C be K,co(A),co(B) or co(Dy). For dr sufficiently small, given z € dC
and a supporting line [ to C at z, we have Z1,zo € (29°,180° —29°).

3.3.3 Showing D; contains a large scaled copy of co(D;)

Proposition 3.3.5. For d; sufficiently small, we have

(1—4:71/y)co(D;) C D;.

In particular; if z € d co(Dy) and p € oz has |pz| > 5t~ /7, then p € D.
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To show Proposition 3.3.5, we need the following lemma.

Lemma 3.3.6. For every n € (0,1) and d sufficiently small in terms of 1, we have (1 —
n)K C D,.

Proof We may assume that < 107°. We take d; sufficiently small in terms of 7 such
that =K C co(A),co(B) by Proposition 3.3.1, and t 2y < 7(7551)? by Observation 3.2.9.
First, er show that for every k € K we have

B ((1 —n)k, ﬁn) C co(A),co(B).

We show the co(A) containment, the other containment’s proof is identical.
Write k = Ak’ with ¥’ € 9K and A € [0,1]. Because &’ is (60°, 7)-bisecting we see that

B <<1 - ﬂ) K, 1 sin(30°)> C Tk’(6oo,%) CK,

2 2v/12
as |ok’| > ﬁ by Observation 3.2.3. Thus

1—

B((1-n), 2”0) CB ((1 _ ), g 2\;lﬁsin(300)) c G ’,23) K C co(A),
and so B ((1 —n)k, 2’1—017> C co( ). IfA > 1 , then B ((1— 1)k, ﬁn) C co(A), as desired.

Otherwise, assume 7L < 1. By Observation 3.2.3 we have ['| < \[,
(1—-7 100k‘ + 95 < ﬁ the distance from o to dT, and hence B((1 —n) 1Ook, 55) C T.
Hence, we have B ((1— 1)k, 1&5) C 100T C co(A). Thus we always have B((1—n)k, 1551) C
co(A) as desired.

Let k € K. To check that z= (1—n)k=1t(1—-n)k+ (1 —1)(1 —n)k € Dy, in the
notation of Observation 3.2.8 we take R4 = Rp = B((1 — n)k, ﬁn) C co(A),co(B). Then
R4 ﬂH_¥7Z(RB)\ = |Ra| = m(555M)* > t2y. Hence, we conclude by Observation 3.2.8
that z € D;. O

so it follows that

Proof of Proposition 3.3.5. Let n = 1072, and take dr sufficiently small so that Proposi-
tion 3.3.3 and Lemma 3.3.6 apply, and that y < < by Observation 3.2.9. Let z = tx+ (1 —
t)y € dco(D;) where x € dco(A) and y € d co(B ) We will show that 7/ = (1 —4At~1/7)z

lies in D, forall A € [1, 4ﬂ]
By Proposition 3.3.3 we have x,y are (59°, %)—bisecting Define x’,y’ analogously to 7/,
and note that 7x’ + (1 —1)y’ =7 and |xx'|, |yy'],|zZ| € [ SAtT N M‘l\/_] loz| < 2
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Y

Fig. 3.6 Balls around x’ and y’, showing that 7’ is in D,.

by Observation 3.2.3. Because 5 |xx'|, 1[yy/| < |2Z/|, if either |xx'| or [yy/| is at least 155, then

27| > ﬁ, which by Lemma 3.3.6 implies

Ze (1—|ZZI|)KC <1—£)Kc(1—n)1<cz),.

loz| 50

Assume now that |xx'|, [yy'| < llm, so that the altitudes from x (resp. y) of Ty(59°, %)
(resp. T;(59°, 1)) exceed 2|xx’| (resp. 2[yy’|). Because A > 1 we have

4
x|, [yy'| > %m—l > 1.001t_]\/g/sin(29.5°).

Together the last two sentences show that B (x’, 1.001¢ ! ﬁ) C T, (59°,%) C co(A), and
B(y, 1.001:*1\/2) C Ty (59°,1) C co(B). By applying Observation 3.2.8 with Ry =
B (x’, 1.001¢7! Z) and Rg = B (y’, 1.0017! 1), we conclude that 7 € D,. Finally,

T T

22| = 4t~ /¥]oz| < \%fl\/?< \pzl, so p € D,. O

3.4 Decomposing d co(D;) into good arcs, and bad arcs of

small total angular size

Recall that M € 2N be some universal constant (1000 suffices), and set a = %OO.

Definition 3.4.1. For any s, we denote by If“d(e, ?) the collection of arcs formed by the set
of all points in d co(Dy) within Euclidean distance s of a (0,£)-bad point (which is a union
of arcs). We let I§00d(9,€) denote the remaining arcs in d co(Dy), which we subdivide into

arcs of angular length at most %Oc.
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Fig. 3.7 s is a (0,¢)-good point.

Proposition 3.4.2. For d sufficiently small, there exists an increasing function { = ((0) for

0 < 180°, such that the union of arcs UI{’(‘)’&_,[(G,E) has total angular size at most %Oc.

Proof. Take d sufficiently small so that %K C co(Dy) by Proposition 3.3.1.

Choose a point on d co(Dy), and form a polygon P inscribed in d co(D;) by traveling
around clockwise and picking the first vertex at distance ¢ from the previous vertex, all
the way until the polygon would self-intersect, and then we simply join the first and last
vertex with an edge. Then all sides are of length ¢ except one side of possibly smaller size.
Moreover, each vertex of the polygon is within distance ¢ of every point of the next subtended
arc of d co(Dy).

We let S2°°¢ be the collection of arcs of co(D;) which arise as the arc subtended by
mpm3, where my,my, m3, my are four consecutive vertices of the polygon P, with |mm;| =
\mayms| = |m3myg| = € and Zmymoms, Zmaymzmy > 180° — g. We claim that every point
s € q € 82 s (0,0)-good. To see this, note that the angle condition in particular implies
that Zmymyms3, Zmomsmy > 90°, so the rays mym; and mym3 meet at a point r as shown
in the figure below. We now show that m,m4 realize s as a (60, ¢)-good point. First, note
that |mys| > ¢ = |mymy| because Zmjmys > 90°. Similarly |mg4s| > ¢ = |m3my|. Finally,
Zmysmy > Zmyrmyg > 180° — 0, where the first inequality follows as s lies inside the triangle
mrmy, and the second as ZLrmoms, Zrmzmy < %.

Let S*% be the collection of remaining arcs of d co(D;) subtended by sides of P which
are not in S&°°¢, As the sum of the exterior angles of P is 360°, the number of interior angles
which are strictly less than 180° — g 18 at most %. Thus, ]Sbad| < @ + 3 (we add 3 for
the arc subtended by the last side of the polygon and the two adjacent arcs). Note that every

(0, £)-bad point is contained in an arc in S,
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For each arc q € SP% Jet xq denote its clockwise starting point and I, := dco(D;) N
B(xq, (14 100t 71)¢) the set of all points of dco(D;) within Euclidean distance at most
(14100t~ 1)¢ of Xg. This includes the points within Euclidean distance at most 100t ~'2 of q.
Let I := U, so that UZP28 , (6,€) C 1.

Recall that 5K C co(Dy), so that d co(D;) C T'\ £55T and thus |ox| > 155 \ﬁ by Obser-
vation 3.2.3. As I is contained in B(xq, (14 100¢~!)¢) it has angular size at most 2sin~ ((1+
100:~1)0) 10/ 12) < 4(1 4 100¢ )42 /12182 We conclude that (JZ? | (6,¢) C I has
angular size at most

1440° 100 —180°
4(14 100~ MY —12
(9+3)(+00z )699 —

which we can make smaller than %Oc by choosing ¢ sufficiently small.
]

Definition 3.4.3. We will always denote by { = {(0) the increasing function of 6 produced

by the lemma above.

Observation 3.4.4. Every point in an arc in Isg””d(e,@ has distance at least s to all (0,0)-
bad points in d co(Dy), and we have the partition (up to a finite collection of endpoints)

| |z£°d(0,0) 11| |Z(0,€) = 9 co (D).

o — o o d
3.5 Replacing 5:',/7 with &,/7 on arcs in Z5,°°(6,¢)
This section is devoted to proving the following proposition.

Proposition 3.5.1. For every & € (0,1) there exists 0 > 0, such that for dr sufficiently small
in terms of & the following is true. For every p € q € Iﬁggo‘i(@,ﬁ) (recalling { = ((0)) and

p' € op with |pp'| > &\/Y, we have p’ € D;.

We outline the proof of Proposition 3.5.1. Suppose first that p is the 7-weighted average of
points x4 and yz> which are distance at most £ apart. Then xp,, yp, are both close enough to
p that by definition of I’zgg()d(@, 0), xp, is (0, £)-good in co(A) and yp, is (6,¢)-good in co(B),
which by Lemma 3.5.4 implies x4, yp are (20, %)—good, yielding certain angular regions at
x4 and yp lying in co(A) and co(B) respectively.

If instead the distance is at least ¢, then the triangles oxsy4 and oygxp serve as the large

angular regions at x4 and yp respectively.

¥Here and in the future we will be writing for example xp, := (x4)p, even if no point x has been defined.
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In either case, the fact that p € dco(D;) implies the angular regions are in suitable
directions so that Lemma 3.5.5 applies, showing in either case these regions are suitable for

an application of Observation 3.2.8, and we conclude.

Lemma 3.5.2. If we perturb the endpoints of a line segment of length ¢ each by an amount

r< % then the newly created line segment is rotated by at most sin™ ! %.

Proof. Consider two circles of radius r around the two endpoints of the segment, then the
maximally rotated segment is one of the interior bitangents to these circles. [

Lemma 3.5.3. In a triangle with vertices a,b,c, suppose that Zacb € (28°,180° — 28°).

Then the distance from c to ab is at least sin(14°) min(|ac|, |bc|).

Proof. Let z be the foot of the perpendicular from c to the line ab. We have either Zacz <
90° — 14° or Lbcz < 90° — 14°. Suppose without loss of generality that Zazc < 90° — 14°.
Then |cz| = (cos ZLazc)|ac| > sin(14°)|ac|. O

Lemma 3.5.4. For d sufficiently small in terms of 0, if xp, is (0,£)-good in co(Dy), then x4
is (20,0/2)-good in co(A) and xp is (20,¢/2)-good in co(B).

Proof. We prove the statement for x4, the statement for xp is proved identically. Let n =
@sin(@ /2) (recall ¢ is defined to be a function of ), and take d; sufficiently small
so that (1 — 1)K C co(A),co(B),co(D;) C K by Proposition 3.3.1. Let y,z be the other
two points in co(Dy) realizing xp, as (0,¢)-good. Because (1 — 1)K C co(A),co(D;) C K,
we have |xp,xa| < n\%. Defining y = (1 — 1)y € co(A) and 7/ = (1 — n)z € co(B) we

have |yy/|,|z7| < 1‘[\%. Thus by Lemma 3.5.2, as sin ™! (%) < 6/2 we have £y'xa7 >

180° —26. As |xp,xa| + || < 47% < £, by the triangle inequality |x4y’| > £. Similarly
lxa| > %, so we see that y', 7’ realize x4 as (26, g)—good. N

Lemma 3.5.5. Let m,n be two points and let 1} ,12 and 1}, 12 be pairs of rays originating

at m,n, respectively and label u,v,x,y as shown in Figure 3.8. Assume further that Zunv =

Zymu > 28°. Denote Znum = 0 and |mn| = r. Then we have the area lower bound |uvxy| >
1r2sin(28°)%/sin(0).

Proof. First, we note that

wl ol

luvxy| > |uvy| = [umn| - :

By the law of sines, we have |um| = rsin(Zunm)/sin(0) and |un| = rsin(Zumn)/sin(0).

We have Zunm, Zumn > 28°, so as the sum of the angles of the triangle umn is 180°, we
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Fig. 3.8 The configuration in Lemma 3.5.5

have Zunm, Zumn € [28°,180° — 28°]. Therefore

1 1
|umn| = E\umHun\ sin(0) = Erz sin(Zunm) sin(Zumn)/ sin(0)

1
> Erz sin(28)?/sin(0).
Next, we have
|uv| _ |lunv| _ |nv| s'1n(4unv) _ S}n(éumn) s.m(éunv) > sin(Lumn) sin(Zunv) > sin(28°)2,
lum|  |unm|  |nm|sin(Lunm)  sin(Znvm)sin(ZLunm)

and by a symmetric argument we have % > sin(28°)2. Multiplying the bounds, we obtain
uvxy| > $r?sin(28°)6/sin(0) as desired. O

Proof of Proposition 3.5.1. We choose parameters as follows.
* 0 < 1° such that 1&%5in(28°)°/sin(46) > 1 and £ = £(0) < L.

* Next, take n = \/?gf sin(0) (note with this choice of 1 we have (1 —17) 0).

1 1
L1
V12 = 2

« Next, take 7y such that 52, /7 < 2% sin(40).

Finally, take d = d; sufficiently small so that
— ¥ < % by Observation 3.2.9
- (1—m)K C co(A),co(B),co(D;) C K by Proposition 3.3.1,
- p' € D, if |pp’| > 5t~ 1, /7 by Proposition 3.3.5
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Fig. 3.9 0" and 0™ as induced by the points x4 and yp with p = tx4 + (1 —1)yp.

— Corollary 3.3.4 and Lemma 3.5.4 apply.

By our choice of d; we may assume that |pp’| € [,/7,5t71\/7]. Write p =txs + (1 —
t)yp, with x4 € dco(A),yp € d co(B). Construct

AT =A+xsp B~ =B+ypp

ot =o0+x5p 0 =o+ygp.

Note that 0 =to" + (1 —¢)o~ and hence p’ is a point in triangle o™ po~ such that |pp’| €
[€/7,5¢t71/7]. It is enough to show that for any such p’ we have p’ € AT + (1 —1)B™.

Because p € dco(D;), there is a supporting line [ at p to co(D;), and because co(Dy) is
the Minkowski semisum 7 co(A) + (1 —t) co(B), this line also leaves co(A™),co(B ™) on this
same side as well. By Corollary 3.3.4 we have that ZI, po™, ZI, po~ € (29°,180° —29°).

Our goal will be to produce points g* € co(A*),g~ € co(B~) with |g*pl,|g"p| > &>
fitting into the following diagram where the horizontal line is /, the points appear counterclock-
wise in the order g*,0", p’,0™, g, and furthermore that pg™ is rotated 20 counterclockwise
from £ about p, pg~ is rotated 20 clockwise from ¢ about p, and Zg~ po~—,Zg+ po™ > 28°.

Claim 3.5.6. If such points g*, g~ exist then p’ € D;.

Proof. Note that o™ p| = |oxa| > (1 — 17)\/+—2 > % > % by Observation 3.2.3, and similarly
o~ p| > %. Furthermore, |pp’| <5t~ 1, /1 < %sin(49).
Let S~ denote the triangle g~ po~ and S™ denote the triangle g™ po™. Let H denote the
negative homothety H = Hp, 1 of ratio —% at p’. Note that the inverse homothety H ™!
Tt

is a negative homothety with ratio —ﬁ about p’.
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Fig. 3.10 Desired positions of g™ and g~

First, we show that

1
|H71 (SJr) NS~ | 2 m |pp/‘2 Sin(28°)6/ Sln(4e) .

This will be seen to follow from Lemma 3.5.5, applied with angle 40, m = p,n=H"'(p),
1V =peg=, 12 =po=, 1) =H '(pg")and I? = H ' (po™). Let u,v,x and y be defined as in
Lemma 3.5.5 such that Znum = 46.

In order to apply Lemma 3.5.5, we need to check that the intersection of the triangles

H~'(S*) and S~ contains the quadrilateral uvxy.

Indeed, we have that |un| = sin(Zupn) SiL"gZ(L) < &1, because |mn| = L |pp’| <

ﬁ\/% < Sin(;:)g)é - 7=, and similarly |up| < 55 - 1= Then the triangle inequality shows that

nv|, | py| < 15 15 as well, and we conclude from the fact that [H ! (o™ p)|,[H~' (0™ p)|,|g " p|.|¢ " p| >
ot

10 1=
Next, because |pp’|> > E27, by our choice of 6 this implies that

HY(ST)Ns™| > (1 —1)"%.

Thus as

2 2

[pg 0" \AT|+|pg 0o \B™| < (1t_—t)2!CO(A+) \A"|+]co(B”)\B"|

t
(1—1)?

= ——|co(4) \A| +|co(B) \ B|

=(1-0y<|H'(S")nS|,
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H(o%)

Fig. 3.11 The quadrilateral uxvy as induced by S~ and H~!(S™).

a suitable modification of Observation 3.2.8 shows p’ € tfA™ + (1 —¢)B~ and hence p’ €
tA+(1—1)B. O

Returning to the proof of the proposition, we note that exactly as in the start of Claim 3.5.6
we have |po™|,|po~| > g We now distinguish two cases.

Case 1: |xpyp| > ¢. Recall the definitions of xg and y4 from Definition 3.2.7. By
Observation 3.2.3, we have that [xsxp|, [yays| <N \% < % and hence by the triangle inequality
[Xayal, [xsys| > .

We also have Zxay4,xpyp < sin~! (%) < 6 by Lemma 3.5.2.

Define y :=ya +xap € AT,xz = xp+ygp € B~. We have that

pyil = lxayal,  |pxp| = |xsysl,

and these are all > % by the above discussion. Furthermore, Ly;{ PXg = ZXAYA,YBXB >
7t — 0, and the line / through p has yX,o*, p',0”,xp on one side, appearing in this order
counterclockwise above [. To see this, note that as p lies on the segment x4yp, x4 p lies on
the same side of the line ox4 as y4 does, so o ¢ Ay/‘{ po}. In particular, this implies that
Ll,pyX,él,pxg <6.
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Fig. 3.12 If |x4yp| is large, then the angle between x4y4 and xgyp is small.

Fig. 3.13 The locations of g™ and g~ in Case 1.
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Because ZI,po™, Zl,po~ > 29° and 260 < 29°, we have ZI,pyt <26 < ZI,po* and
Zl,pxg <20 < ZI,po~. These imply the existence of points

g eyiot Cco(A"), and g~ €xz0” Cco(B7),
such that ZI, pg™, Zl,pg~ = 26. Because Al,pyj,él,pxg < 6 and 260 < 1°, we have
ZgTpot, /g po” >29° 26 >28°.

It is clear from the construction that g™,0™", p’,0™, g™ also appear in this order counterclock-
wise above [. Finally, recall [po™| > %, so by Lemma 3.5.3 as Zo™ py,; € (28°,180° —28°)

we have
pg"| > min (pyj.|po]) sin(14°) >
and similarly |pg~| > %.
Case 2: |xqyp| < . Then |xapl,|ysp| < ¢, and we have |xp x|, |yp,ya| < \%n < ﬁ by
Observation 3.2.3. Thus by the triangle inequality |xp, p|, |yp,p| < %E < 2¢. By definition of
IngOd(O,E), since p € q € IngOd(G,E) we have xp,,yp, are (0,¢)-good. By Lemma 3.5.4 we

have that x4 € co(A),yp € co(B) are (26, %)-good. Therefore, there exists
er,e2 €co(A), and fi, f2 € co(B)
such that

V4
Zeyxpey, Zfiypfr > 180 —26, and |ejxal,|e2xal, | f1yBl, | f2yB| > 7

Let

el =ei+xip, €3 =er+xip

fi =hH+ysp, o =f+ysp

suchthate ,e5 € co(A™)and fi , f, € co(B™). With this notation we have that Ze{ pes , Zf pfy >
180 — 26 and |e p|, ey pl,|f; pls|f5 p| > & Recall that £, po™, 21, po~ € (29°,180° —
29°).

Notice that the line / through p leaves eT, e; f1 +f5 07,07, p/ on one side, and that up to

relabelling the points, e; ,07,p',0™, f{" appear in this order counterclockwise above /. Note
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0~ ot

Fig. 3.14 The locations of g* and g~ in Case 2.

that Z1,e3 p, 21, f{ p < 26. Construct points
gh€ejot Cco(A"),andg” € f{ 0~ Cco(B")

such that 2/, pg™, Zl, pg~ = 20 and note that Zg"po™,Zg po~ > 28° as 20 < 1°. We
can see from the construction that the points g*,0",p’,0™, ¢~ also appear in this order

counterclockwise above /. Finally, recall | p0+| > ﬁ, so by Lemma 3.5.3 as ZoT pezr €
(28°,180 — 28°), we have

¢
\pg*| > min (|pe] |,|po™|)sin(14°) > o

and similarly that [pg~| > %. O

3.6 Covering d co(D;) with parallelograms

From now on, we let 0, ¢ depend on & € (0,1) as in Proposition 3.5.1, and always assume
that d; is sufficiently small so that Proposition 3.5.1 holds. We will fix £ in terms of €, so
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when we say to take d; sufficiently small, we implicitly will take it sufficiently small in terms
of our choice of .
In this section, we construct a partition 7 (6, ¢) of d co(D;) into small straight arcs ¢, and

parallelograms R, which have one side on q such that

coD)\D:C |J Ry
qeJ(6,0)

Recall that in Proposition 3.3.5 we showed that for d; sufficiently small D, contains
all points at radial distance 5t~',/7 from d co(D;). Furthermore, in Proposition 3.5.1 we
improved the bound to & /¥ for points in d co(D;) that belong to arcs in Ig’;’"d(e, 0).

We will for the remainder of the chapter be using I;gOOd(B, 0),702(0,¢) exclusively for
s = 20,3(,100¢ 4. Note that

739(0,0) C 7546, 0) T, (6, 0),

T5°(0,0) D I5°(6,0) D TEe (6,).

Thus Proposition 3.5.1 also applies to points that belong to arcs in I§;’°d(e ,¢) and nggf,l ,(0.0),

and Proposition 3.4.2 also shows that the total angular size of arcs in ZY%(6, ¢) and Z%39(6, /)
is at most %Ot . We remark in what follows that we use

. I3g§°d(0,£) UZb(6,¢) to determine the heights of the Ry, and

. Ifggi1 /(6,0) UI}’ggt_l ,(0,£) to determine directions of the parallelograms Ry.

3.6.1 Definitions

We first refine the partitions ISgOOd(B,E) UZP(0,¢) of dco(D;) for s = 2¢,3¢,100t ¢ into
small straight segments.

Definition 3.6.1. Ler 7 (6,¢) be a partition of d co(D;) formed as a common refinement to
all of the sets of arcs from the partitions

50,0 UTh(0,0),  TEU0,0)UTEA0,0), T8, (0,0)UTI, (8,0)

of dco(Dy), into straight line segments of length at most /Y. For s € {2¢,3(, 100: ¢},
define the partition .7sg00d(6,€) UJb4(0,0) of T(0,4) by setting q € jé’””d(e,z) if and only
ifqCq eIf0,0).
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We will now in Definition 3.6.2 choose the vectors v, for q € J(0,/£) with direction
vectors vy determined by the partition 2% | (6, ¢) UI‘lgggi 1,(8,£), and with lengths deter-
mined by Z%49(6, /) UI?EOCI(G,K). We then in Definition 3.6.3 form parallelograms R with

sides q and vy.

Definition 3.6.2. For an arc q € J(0,£), we define a vector vq as follows.

» We choose the direction vector vq of vq as follows. Let q C q' € I{’ggﬁw((),f) U

Ifggil (8,0). If q' is contained inside an angular interval [ma, (m+1)c], we take the

direction vector Vq to be the inward pointing direction at angle (m + %)oc. Otherwise

(recalling that q' € If’ggt,lg(e,ﬁ) UIfggf,le(G,E) has angular length at most %a) q

overlaps a unique angle ma, and we take v to be the inward pointing vector at angle

mao.

* We choose the length of v4 to be

15,7 q€J440,0), and
36T qe TE6,0).

H"qH:

For p € dco(D;), we denote v, = vq, where p € q € J(0,0).
Definition 3.6.3. For q € J(0,(), let Ry be a parallelogram with one side q and one side vq.

By construction, the directions of each of the v, for p € dco(D;) are one of M =
%r directions, and the directions of the vectors are constant on arcs of dco(D;) from

bad good
II(E)IOFIZ(G’@ UI]OOt*Z(e’g)'

Observation 3.6.4. For every point p € d co(D;) we have Zpo,v, < %Oc.

3.6.2 Covering d co(D;,) with parallelograms
Now we are able to state the main result of this section.
Proposition 3.6.5. For d; sufficiently small, we have
coD)\D:C |J Ry
qeT(0,0)
We need the following observation about the unit direction vectors vy of vg.

Lemma 3.6.6. Let p € dco(D,), and p' € op. Then there exists r € d co(D;), with v, = v,
and this is parallel to rp’.
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Proof. Let z be the unique point on d co(D;) with zo in the direction of v,. By Observa-
tion 3.6.4, the angle between v, and zo (which is in the direction v,) is strictly less than %(x.
As the v angles occur in multiples of %a, this implies v; = v,.

Let r be the unique point on dco(D;) with rp’ in the direction of v,. Then r lies on the

arc pz, so v, = v, is parallel to rp’. N

Proof of Proposition 3.6.5. Assume that d; is sufficiently small so that Proposition 3.3.3 and
Proposition 3.3.5 are true. Given a point p € d co(D;), define the interval

Sp(0,6:8) = pp’

where p’ € op is such that

57 pEqCIN6,l),and

\pp'| =
EVT peqcIi®e,r).

By Proposition 3.3.5 and Proposition 3.5.1 we have (co(D;) \ D;) Nop C S,(6,¢,&) for all
p € dco(Dy). Thus denoting by

AB,6:E):= | S,(0,6:8),

p€edco(Dy)

we have
co(D;)\D; C A(0,4;8).

Fix a point p € dco(D;), and let p’ € S,(0,4;8) =opNA(6,£;&). Tt suffices to show

that
e |J Rg
€T (6,¢)

Note that by Lemma 3.6.6 there exists a point ’ € dco(D;) such that 7/ p’ is parallel to v,y = v,.
Let r be the intersection of the line extended from the segment q and the ray p’r’. Note that
Zrpp’ € (29°,180° —29°) by Corollary 3.3.4, and Zpp'r < %Oz by Observation 3.6.4, so
Zprp' € (29° — 1, 180° —29°). Thus by the law of sines |r/p/| < |rp/| = :iﬁgi:ﬁi,g Ipp'| <
3|pp'l.

If g€ jzimd(e,é), then |pp'| < &./7, s0 |F'p'| <3&./7, and letting ¥/ € v € T (0,0) we
have p’ € Re C Uqge7(0,0) Ra-

Alternatively if q € J529(0,¢) then |pp’| < 5/7. Note that |pr/| < [pp/| + |rp/| <
4|pp’| < ¢, so ¥ is in an arc v € J34(0,¢). Hence, |r'p'| < 15,/7, implying p' € R, C

Ugeg6,0) Rq-
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Fig. 3.15 The points r and ' for a given pair p, p’.

3.7 Preimages of the R, associated to A and B.

By Proposition 3.6.5, for d; sufficiently small we have

coD)\D:C  |J (Rq\Dy).
qeJ (6,0)

The boundary of co(D;) is composed of translates of edges from d co(A) scaled by a factor of
t and of edges from d co(B) scaled by a factor of (1 —¢). If an edge of co(A) is parallel to an
edge of co(B) then there is an ambiguity in how we do this; we fix one such decomposition

from now on.

Definition 3.7.1. Ler J(0,¢) = AU B be the partition defined as follows. For every arc
q € J(0,£) (which is straight by construction), we let q € A if q is on a translated t-scaled
edge from d co(A), and we let q € B if q is on a translated (1 —t)-scaled edge from d co(B).

Definition 3.7.2. For q € A, let pgp € dco(B) and Rya C R? be the parallelogram with
edge q4 C dco(A) such that
Ry =1tRqa+ (1 =1)pqp.

Similarly, for q € B, let pga € dco(A) and Ryp C R? be the parallelogram with edge
qp C dco(B) such that
Ry =1tpga+(1—1)Rqp.
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Remark 3.7.3. The parallelogram Ry s (resp. Rqp) may not be entirely contained inside
co(A) (resp. co(B)), and the various Rq s with q € A (respectively Rq g with q € B) may not
be disjoint.

Proposition 3.7.4. For d; sufficiently small, we have

[co(D)\Di| <72 Y [Rga\A[+ (1-1)* Y |Rq.5\ Bl
qeA qeB

Proof. Assume d; is sufficiently small that Proposition 3.6.5 holds. Then we have

coD)\D:C ) (Rq\Dy).
qeJ (6,0)

The result then follows from the fact that if
* g€ Athen [Ry\D;| < |Rg\ (tA+ (1 —t)pgB)| = tz\Rq./A \Al, and if
* q € Bthen [Ry\Dy| < |Ry\ (tpga+ (1—1)B)| = (1—1)*|Rq5\B|.
O

From Proposition 3.7.4, we see that if the preimages in A,B of these regions were
disjoint and contained in co(A) and co(B), then we’d immediately obtain |co(D;) \ D,| <
t*|co(A) \A| + (1 —1)?|co(B) \ B|.

Our goal will be to remove certain Ry 4 and Ry g to ensure that all remaining parallelo-
grams are disjoint and are entirely contained in co(A) and co(B), such that the total area of
the Ry 4 with q € A that were removed is at most £/co(A) \ A|, and the total area of the R p
with g € B that were removed is at most €| co(B) \ B|. This will imply Theorem 3.2.2.

3.8 Far away weighted averages in d co(D,) liein 75 (6, /)

We now show that points on the d co(D;) which are the t-weighted average of points from
dco(A), dco(B) that are at distance at least 20~ '/ lie in arcs from %%OOd(O,E).

The main application will be to show that for parallelograms Ry with q € J34(6,¢), we
know that the point and parallelogram or parallelogram and point in co(A) and co(B) whose

t-weighted average gives R are close to each other.

Proposition 3.8.1. For d; sufficiently small, if p € d co(D;) with p =txs + (1 —t)yp, where
x4 € dco(A), yg € dco(B) and |xayp| > 20614, then p € q € T5°(6,0).
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Fig. 3.16 The configuration in the proof of Proposition 3.8.1.

Proof. Let 1 = min(10+/3 sin(%), gﬁ) Assume d; is sufficiently small so that Corol-
lary 3.3.4 holds, and (1 — 1)K C co(A),co(B),co(D;) C K by Proposition 3.3.1. We will
first show that xp, and yp, realize p as a (%9, 194)-good point. For the angle, note that by
Observation 3.2.3 we have

0
Zxp, pxa < sin”! M) < sin”! (n\oxA|) < sin~! (L) < —,
PP = ( xapl )~ 200710) — 10V3t-10) — 4

and similarly

Zyp,pyp < sin”! (—'yByD’l) < 9
yap| 4

For the lengths, notice that |xp,xa| < nfoxa| < \/736\0)@;] < { and similarly |yp,ya| < ¥, so by
triangle inequality we have

|pxp,| > |pxal — |xp,xa| = (1 —1)|xayB| — |xp,x4| > 20¢ — € =19¢, and
\pyp,| > |pyB| — |yp,yB| = t|xayB| — |yD,yA| > 20¢ — ¢ = 19¢.

Now, we show that p € q € jﬁOOd(G,E) by showing that if p’ € dco(D;) and |pp’| < 34,
then we have p’ is (6,£)-good. Denote by [ the supporting line to co(D;) at p, and note by
Corollary 3.3.4 that Zl,0p € (29°,180° —29°). The line / intersects either the interior of
the angle Zxp, px4 or Zyp, pys, so as we have already shown that Zxp, pxa, Zyp, pyp < %,
we have that x4yp makes an angle of at most % with /. In particular, Zopxs, Zopyp €
(29°—£,180° —29°+ &)  (28°,180° —28°). Thus we may apply Lemma 3.5.3 to tri-

angles x4 po and yppo to conclude that the distance from p to the lines oxs and oyp is at
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least sin(14°) min(|pxal, |po|, |pys|) > sin(14°)20¢ > 3¢. Because oxp, pyp, C co(D;), we
conclude that p’ lies outside of the angle xp, pyp, (and because p’ € co(D,), it lies on the
same side of [ as xp,,yp,).

Let z; be in the ray xp, p extended past p such that |z; p| = |z1yp,|- Note that as pz;yp, is
isosceles, Zpz1yp, > ® — 0, and note that ZLyp, pz; < % Analogously let z> be the point at
pyp, which has |zoxp,| = |z2p], so that Zpzpxp, > m— 6 and ZLxp, pzo < %. Finally, let m; be
the midpoint of pyp,, and let my be the midpoint of pxp,, so that Zpmz; = Zpmyzo = 90°.

We claim that p’ € pmz; U pmyz;. First, note that by the above we have shown that p’
lies in either the angular region Zm pz; or Zmypz,. Thus as pmyzy, pmyz; are right triangles,
it suffices to note that |pm |, |pmy| > %E > 3. Therefore, p’ € pmiz1 U pmazz C pyp,z1 U
pxp,z2. Hence, Zyp,p'xp, > m— 6 and p' is (0, £)-good since |p'xp,|,|p'yp,| > 190—30 > ¢
by the triangle inequality. [

3.9 Bound on parallelograms jutting out of co(A),co(B)

We will now show that the Ry 4 and R g which are not entirely contained in co(A) and co(B)

have negligible total area.

Proposition 3.9.1. For d; sufficiently small, we have

Yy |Rya| <2507 'ME?y, and Y Rq5| <2517 'ME?y.
qeA and Rq a¢co(A) qeB and Ryq g co(B)

To prove this proposition, we first use Proposition 3.8.1 to show that for such parallelo-
grams we have q € J3g£°°d(6,€).

Lemma 3.9.2. For d; sufficiently small, if ¢ € Aand Rq o ¢ co(A) or q € Band Ry g ¢ co(B),
then q € J57°(6,0).

Proof. The cases q € A and q € B are proved identically, so we will now suppose that q € A.
Assume d is sufficiently small so that Proposition 3.3.3 and Proposition 3.8.1 are true. Recall
that we defined py p € d co(B) and q4 C co(A) such that g =tqa + (1 — 1) pq 5.

We first show that there exists a point py € qa such that Zpyo,vq > 29°. Indeed, by
Proposition 3.3.3 we know that every point in x € q4 is (59°, %)—bisecting in co(A). For
X € qa, let X' = x+ ¢~ 1vy, which lies on the opposite side of IRy 4 to x. Note that |xx'| <
15, 80 if Zox,v, < 29°, then xx’ C T(58°,%). Hence, as Rqgq = Ureq, XX & co(A) but
Ureq, T2(58°, 1) Cco(A), we find a point ps € g4 with Zpao,vq > 29°.

Let z =tpa+ (1 —t)pqp € q. By Observation 3.6.4, Zz0,vq < %Oc. Hence Zpjoz >
29° — Lo > 28°, 50 |paz| > sin(28°)|oz| > 1f5. so as z lies on the segment papqp, we
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Fig. 3.17 An example where q € A and Ry 4 ¢ co(A).

have |papqB| > ﬁ. Note that by definition of ¢ = ¢(6) in Definition 3.4.3, we have
20r 10 < ﬁ' Therefore, by Proposition 3.8.1 applied with x4 = p4 and yg = p4 , we have
zeqe JEY0,0).

O

We now know that parallelograms R, 4 and R, p which escape co(A) and co(B) have
small height, since they are supported on arcs from .73‘300‘1(0,6). By showing that such
arcs with a constant direction v, have small total length, we will obtain Proposition 3.9.1
(recalling M is the number of distinct v,,).

Proof of Proposition 3.9.1. The proof below works for the co(B) inequality verbatim, so we
focus on proving the co(A) inequality. Take d sufficiently small so that Proposition 3.3.3
holds, and so that t~13& /7 < % sin(1°) by Observation 3.2.9.

By Lemma 3.9.2, all q € A with Rys ¢ co(A) are in JE°)(6, /). Fix one of the < M

vectors v with |v| = 3& /7. It suffices to show

)3 [Rqal <257 1&%y.
qeA, vq=v, and Rq 4Zco(A)

Recall that by construction v was chosen so that it was not parallel to any edge of co(A).
Let /,1’ be the two lines in the direction v which are tangent to co(A), and let y and y’ be the
points of contact with co(A). Note that every line in the direction v between y and y' intersects
each of the arcs d co(A) \ {y,)'} exactly once. As co(A) is convex, the cross-sectional slices

in the v-direction satisfy unimodality. Hence there are exactly two pairs (x1,x2) and (x],x})
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Fig. 3.18 The configuration in the proof of Proposition 3.9.1.

of points in the two different arcs of d co(A) \ {y,y'} such that we have the equality of vectors
x1x = XX =t~y — we let (x1,x2) be the pair closer to y.

We will show that the lengths of the two minor arcs in co(A) between x;x; and between
x’lx’z are both of length at most 2411 \/7- We show this for x;x, as the other case will be
identical.

Note that 7,(56°, 1) C Ty(59°,%) C co(A). Let z € oy such that [yz| =¢713&,/7 <
%sin(lo) and denote by zj,z; the intersections of the extensions of the arms of 7;,(56°, %)
with the line through z with direction vector v. We will show that the line x;x, is closer to y
than the line z;z, by showing that |z;z5| > |x1x2| and applying unimodality.

Note that Zz;yz = 28° and Zz;zy € (29°,180° —29°). Hence Lyz;z € (1°,180° — 57°)
so sin Zyzyz > sin(1°). Thus by the law of sines,

sin Zz1zy

yzZ 1
| = SR2ED g bzl 1

~sinl° — 4°

Hence z; € T;,(56°, 3—1) and by a similar argument we obtain z, € 7;,(56°, 3—1)
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Now,

sin 28°

2% |yz] > sin(28° =t 13 = .
SinéyZ]ZlyZ\_sm( )zl EVY = |xixz]

|2122] > |z12] =
Thus by the unimodality, the line xjx, is closer than the line z;z; to y, so denoting by

x = oyNxx, we have x lies in the segment yz. Hence

x| < |yz| =t 13&/7.

Note that there are up to 2 arcs g4 which contain one of the points xj,x}, and as each arc
in 7(6,¢) has length at most & /7 by construction, the total length of these arcs is at most
2071 /7.

If vg=vand Ry ¢ co(A), then gy is contained in the arc of dco(A) \ {y,y’} containing
x1,x}, and q4 intersects either the minor arc subtended by x;y or by x}y’. Indeed, let I
be the supporting line of q. Then for any point p € q, by Proposition 3.3.3 the angle
Apo,lNE (29°,180° —29°), and by Observation 3.6.4 Zpo,vq < 5. Hence v, lies on the
same side of  as co(D;). Therefore vq lies on the same side of the supporting line Zx to qa as
co(A), so 4 lies in the arc of co(A) \ {y,y’} that contains x;,x|. Now, if g4 does not intersect
the minor arcs x;y or x})’, then by unimodality, the v cross-sectional lengths of co(A) on the
arc q4 exceed 3t~ /7= ||t~1v||, which implies Ry, is contained inside co(A).

Hence, the total width (measured in the direction v) of such parallelograms Ry in
direction v which are not contained in co(A) is at most 2 -t~ 13& /7 +2t 1€ /y=8t"1& /7.

Because all of the arcs q we are considering lie in \73‘(’}0“(9,6), the total area of such

parallelograms is then at most

(8:7'&v/7) (38 = 2417 1E%.

3.10 Bounding overlapping parallelograms

We will now show that the Ry 4 and R4 g which we remove to guarantee non-overlapping

have negligible area.

Proposition 3.10.1. For d; sufficiently small, if q,q’ € j3béad(9,£) NA, then |RgANRy 4| =0,
and if q,q' € J¥4(6,0) N B, then |Rq 5 N Ry 5| = 0.
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Fig. 3.19 If [Rq.4 N Ry 4| > 0, then not both q and g’ are bad.

Because of Proposition 3.10.1, it will suffice to bound overlaps between parallelograms

supported on arcs in J5°*(6, £) with all other parallelograms.

Proposition 3.10.2. For d; sufficiently small, we have

Y |Rq.a| < 16000 'MEy
€T (0.0NA and 3q'€ A\{q} with [Rq ANR 1 4| >0

and similarly with B and B.

Proof of Proposition 3.10.1. The proof we give works verbatim for B and B, so we focus
on the case with A and .A. We take d; sufficiently small such that Proposition 3.8.1 holds,
and such that /7 < ¢ by Observation 3.2.9. Because q,q' € J54(6,¢), we have ||vq|| =
|lvg || = 15,/7. Consider the arcs t,v/ € I3 | (8,/) such thatq Cvand ¢’ C¢'. If v =/
then vq = vy 50 [Rga NRy 4| = 0.

Assume now that v # t’. In this case, the distance between q and ¢’ is at least 97t~ 1/.
Indeed, otherwise there exists a point p € q and p’ € q’ such that |pp’| <97t~ '4. Let x be
a (0,/)-bad point such that |xp| < 3£. Then B(x, 100t ~'¢) contains p, and by the triangle
inequality it also contains p’. This implies p, p’ are contained in the same arc of I}’ggt_l 8(9 ),
so t =1/, a contradiction.

Assuming for the sake of contradiction that |[Rq 4 MRy 4| > 0, then there exists a point
Z € RgaNRy 4. Then because z is within distance t~!||vq|| = 15t7'/7 of q4 and within
distance t~!||vy|| = 15t7'\/7 of q);, we have by the triangle inequality that the distance

between q, and g/, is at most 30t 1, /7 < 30712
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By the above, there either exists p € q and z4 € qu such that |pzs| > 33t~4, or there
exists p’ € q’ and 7, € g/, such that |p'Z,| > 33t~ 4. Suppose without loss of generality
the first case holds. Then p = txs + (1 —¢)yp for some point x4 € q and yg = pq, and
xaza| < Er1/7 since this is an upper bound for the length of q4. Therefore,

xayg| > |xap| > |pz| — |xaz| > 20671,

so by Proposition 3.8.1, p € q € J- gOOd(G ?), a contradiction.
]

Proof of Proposition 3.10.2. The proof we give works verbatim for B and 3, so we focus on
the case with A and A. Assume d; is sufficiently small so that Corollary 3.3.4 is true, and
such that 10901( C co(A),co(B),co(D;) C K by Proposition 3.3.1. Fix one of the M directions
v. Consider all arcs q € J(6,¢) N.A with the direction vector vy = v. Let t4 be the union of
all the corresponding arcs q4. Note that t4 forms a connected arc of dco(A). Let x and x’ be
the endpoints of this arc.

For any point z € t4, we claim that |xz| < dist(z,0x). Indeed, by Lemma 3.5.3,

sin(14°

since |xz| < 9]oz] (this follows as the diameter cgf c)o(A) C T’ is at most \% by Observa-
tion 3.2.3, and |oz| > 100 f) it suffices to show that Zozx € (28°,180° —28°). By Corol-
lary 3.3.4, we know that the supporting lines /,/, to co(A) at x,z make an angle of at most
180° — 29° with ox, 0z respectively. Therefore, we have that Zozx,oxz < 180° —29°. By
Observation 3.6.4, ox, 0z each make an angle of at most %a with v. Therefore, Zx0z < . Be-
cause the sum of the angles in xoz is 180°, this implies that Zozx € (29° — o, 180° — 29°) C
(28°,180° —28°).

For every y outside of t4, we have either y is on the opposite side of ox or y is on the
opposite side of ox’ to t4. This implies that min(zx,zx") <

W yz| as y lies either on the
other side of ox or of ox’ to z.

We claim that if Rq4 with q4 C t4 intersects in positive area with some Ry 4, then
qa,q4 C (B(x,1200t 1 /7) UB(¥',1200¢ "1, /7)). Indeed, first note that if ¢/, C v, then
Vq = vy, forbidding a positive area intersection. Hence g4 lies outside of t4. Note that if
|[Rq.A MRy 4] > 0, then the distance between q4 and q, is at most 30t_1\/7by the triangle
inequality (as the heights of these parallelograms are each at most 157! /7). From this, we

conclude that

min(dist(qa, x),dist(qa,x’)) < sin(914°)30t_]\/7§ 11991 /7.
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Because
qu <&y <y,

the conclusion follows.
We have the length of d co(A) N (B(x, 1200~ /7) UB(x', 1200t 1, /7)) is at most 48007t 1 /7,
the sum of the perimeters of the two balls. Hence for each direction v we have that

Z ‘Rq,A‘ §4800m*1\/7.§\/7: 160()01*157,_
9ET3 (0,00 A g =v and 3g'€ A\ {q} with [Rq.ANRy 4|>0

]

3.11 Proof of Theorem 1.1.5 and Theorem 3.2.2

With all the machinery in place, we are now ready to tackle Theorem 3.2.2. We note that

Theorem 1.1.5 and Theorem 3.2.2 are formally equivalent by replacing A with %A and B with
1

—B.

T

Proof of Theorem 3.2.2. Fix € > 0 and choose £ such that € > (1> + (1 —)?) (25t 'ME? +
16000t ' ME&). Choose 6 depending on £ given by Proposition 3.5.1. Choose ¢ depending on
0 given by Proposition 3.4.2. Recall that M, o are universal constants chosen above. Finally,
take d; sufficiently small so that Proposition 3.4.2, Proposition 3.7.4, Proposition 3.9.1,
Proposition 3.10.1 and Proposition 3.10.2 hold. Recall by Proposition 3.7.4 that

co(Dy)\ Dy

<2 Y [Rea\A|+(1—1)* Y |Rq5\B.
geA qeB

We split the first summand on the right into three parts; one for those q such that Ry 4 ¢ co(A)
(collect them in a set X4), one for those q € %iOOd(Q, () such that Ry 4 intersects non trivially
with Ry 4 for some q’ # g (collect them in a set Y4), and all the other q (collect them in a set
Z,). Note that the Ry 4 in the last sum are disjoint by Proposition 3.10.1 and contained in
co(A), s0 Yqez, IRg.a \A| <[co(A)\A|. Combining Proposition 3.9.1 and Proposition 3.10.2

we find:

Y [Rga\AI< Y [Rqal+ Y, [Roal+ ) IRga\A|

geA qeXy MS7) qE€Zx
<25t 1 ME>y 416000t ' MEY + |co(A) \ Al
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We similarly obtain

Y |Rq.5\B| <25t 'ME*y+ 16000t 'MEy+ |co(B)\ B|.
qeB

Hence, (recalling ¥ = t?|co(A) \ A| + (1 —1)?|co(B) \ B|), we have

co(D)\Dy| < (12 + (1 —1)»)(25t ' ME? 416000t ' ME)y+12|co(A) \ A| + (1 —1)?|co(B) \ B|

< (1+¢) (*|co(A)\A|+ (1 —1)*|co(B) \ B).

3.12 Proof that Theorem 1.1.5 implies Theorem 1.1.4

Finally, what remains is to deduce Theorem 1.1.4. Note that we now return to A and B with

unequal areas. Along the way, we will show Corollary 3.1.3.

Proof that Theorem 1.1.5 implies Theorem 1.1.4. By [33, 34] and Section 3.13, there is a
constant C such that

K4\ co(A Kz \ co(B ~ 1
|Ka\ ()|+|B\ <>|gch,2w@

[co(A)]| |co(B)|
1 1
Where 6conv - |CO(;4+B)‘ ’ T — 1, and tc()nv - ‘C?(A” : 1 E I:ch)nv, l - Tcanv]. AISO,
|co(A)[2 +|co(B)[2 |co(A)[2 +|co(B)|2
by Theorem 1.1.2 by taking d sufficiently small, we may assume that ‘CTX?”, |CTI(3?)‘, and

|co(A+B)|

ATp areas close to 1 as we like, so in particular we may assume that 7, < 27! Thus
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it suffices to prove that 8., < 0 an

63
|co(A)\A| | |co(B)\B] —1
-~ d |CO(A)‘ + |CO(B)‘ SST 6. Wehave
8_50071\/
A2 +|B]>
- 1 16_56071\/
|co(A)|2 + | co(B)|?
1 1 1 1 1 1 1
= 1 - (Joo(A)[2 ~[AJ2 +[co(B)[* ~ |BI* ~ (|co( + B)|? — [A+BI}))
|co(A)|2 + | co(B)|?
B 1 |co(A4) \ A [co(B)\B|  |co(A+B)\(A+B)
|co(A)[2 +|co(B)|2 \ |co(A)|2+]A]2  [co(B)|>+|B|> |co(A+B)|?+|A+B|:
N 1 [co\A|, [eo(B)\Bl  (1+€)(co(4)\A|+|co(B)\BI)\
" |co(A)]2 +|co(B)|z \ |co(A)|z+[A]z  |co(B)|z +|B|2 |co(A+B)|? +|A+B|2
Suppose t < 1 and take & = £. We can write this last line as my4 [co(A)\d]

(B)\B
co(A)] T e

B Jcom Wit
|co(A))| A|2 + B2 1 1 (1+&)
my =t ' i i 1 - 1 :

AL Jeo()|2 +[co(B)|? | oot} | | Jeotasmys | (1+9)
|A|2 |A+B|2
_ o) Al + B I I 3
AL eo()]P +leo(B)F | Lot | Leotasm)t 4
]2 A+B|2
and
1 1
mB:(l—t)‘CO(B)’. Al> +|B|> 1 _ 1 ‘(1+8)(1_t)
Bl Jeo(A)]? +[coB)f} | leomE | leotarmyt  (149)
B2 ALB|
1 1
B Al|2 + |B|2 1 1
> (1-ple®l  ME+BE N | _(1_3>
Bl |co(A)|2 +|co(B)|2 coB)2 | | [coAtB)2 | 4 2
1
B2

1
|A+B|2

Both of these are at least %‘L’ assuming d; is sufficiently small. Thus we get 8 — Ocony >
1. ([co(A)\A] | |co(B)\B
5T ( co(A)]

: |co(A)\A| | [co(B)\B]| -
o (B)] ),Wthh shows 8.0y < 6 and C‘ZO(A” + C‘ZO(B” <51t718.

O
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3.13 Equivalence of measures w and o

In this section, we show that in two dimensions the measures @ and o are commensurate for
convex sets when d; is sufficiently small. Recall from the introduction that we always have
o <2m.

Proposition 3.13.1. For all t € (0,3], there exists a d; > 0 such that the following holds. If
E,F C R? are convex with t(E,F) € [t,1 — 1] and §(E,F) < do, then

o(E,F) <2la(E,F).

Proof. Let d; be sufficiently small so that by [33], a(E,F) < %. We never use any other
property of 6 (E,F) or t(E, F). The quantities , @ are invariant under affine transformations
of E and F separately, so by applying these transforms we can take E,F to have equal
volumes, translated so that o(E,F) = ‘E@'F |
assume that the maximal triangle 7 C E N F is a unit equilateral triangle. Note that because
T is maximal, we have T C ENF C —2T. Take K = co(EUF). Note that |[EAF| <
KIENF| < gl —2T| < 3.

First, we claim that E, F C 107. Indeed, if any point x € E lies in in 107 then |[EAF| >
|co(xUT)\ (—2T)| > 1, a contradiction.

To show w(E,F) < 11a(E,F), it suffices to prove

. After a further affine transformation, we may

|IK\ (EUF)| < 10|EAF|.
Indeed, if this is true, then
|E|-0(E,F) < |K\E|+|K\F|=2|K\ (EUF)|+|EAF| <21|EAF|=|E|-21a(E,F).

We consider the triangle opg with p, g consecutive vertices of K. These triangles partition

the area of K, so it suffices to show for each such triangle that
((K\(EUF))Nopg| < 10[(EAF)Nopy|.

To obtain this, we note that if p,q € E or p,q € F then the left hand side is zero and the
inequality holds. Suppose now that p € E and g € F (the other case is identical). Then there
must be a point i € d co(E) N d co(F) which lies in the triangle opq. Let ¢’ be the intersection
of the ray pi with segment oqg, and let p’ be the intersection of the ray gi with op. Because
o,p € E we also have p’ € E, and similarly ¢’ € F. Note that p’ € F and ¢’ ¢ E. We note
that E,F C 10T implies |op/| > -|og| and |og’| > 5|og]. If any point x in the strict interior
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o

Fig. 3.20 The points p’ and ¢ as defined by p,q,i and o.

(qiq")° lies in E, then i lies in the strict interior of xpo C E, contradicting that i lies on JE.
Also, giqg' C oqi C F. Thus (qiq')° C EAF. Similarly (pip’)° C EAF. Finally, we note that
(K\ (EUF))Nopg C pig, so it suffices to show that

|\pig| < 10(|pip'| + |qiq'|).

lpig| __ |pip'|

To show this, suppose without loss of generality that |oig| < |oip|. Then loig] = Toip] SO
. s, |oig| . |oip] . 1 lop| -
|pig| = |pip|;— < |pip/|—— = |pip/|—— < 10|pip/|. [
|oip/| |oip/| lop/|






Chapter 4
Locally biased partitions of Z*

This work has been published in the European Journal of Combinatorics. [48]

4.1 Introduction

For a graph G = (V,E), we call a function f on V a scenery. Let X = (X,,)_, be a simple
random walk on G. We associate with X the sequence (f(X,))>_, of values attained by
the scenery. Is it possible to, with high probability, reconstruct the scenery f from this
random sequence? This question has an extensive history, in particular, the case where
G = Z has been studied in many papers, see e.g. [5, 35, 52, 56, 62, 63] . In [52], Howard
showed that periodic sceneries on Z, or equivalently sceneries on finite cycles, can always
be reconstructed. Matzinger and Lember [63] extended this result on periodic sceneries to
random walks on Z which include steps of different sizes. In turn, Finuncane, Tamuz and
Yaar [35] refined this idea and extended it to more general Cayley graphs of finite abelian
groups. The question how many steps of observation are needed to distinguish sceneries was
addressed in [64].

Focusing on the question for G = Z (and G = Z?), Benjamini and Kesten[5] showed that
almost all sceneries can in fact be distinguished, in the sense that any given scenery on G can
be distinguished with probability 1 from a scenery chosen randomly in the product measure
on all sceneries. Benjamini and, independently, Keane and Den Hollander conjectured that
in fact all pairs of sceneries on Z are distinguishable (unpublished) [53]. This, however, was
soon disproved by Lindenstrauss [62] who constructed a collection of uncountably many
distinct yet indistinguishable sceneries.

In a recent paper, Gross and Grupel [42] showed that for 0-1 functions on the hypercube,
i.e. functions of the form f: {0,1}" — {0, 1}, this reconstruction is not possible in general.

To this end, they defined a locally p-biased function to be a function which takes the value 1
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on exactly a fraction p of the neighbours of each vertex in the graph. Note that if there exist
two non-isomorphic locally p-biased functions on a graph, they will be indistinguishable as
the sequence of values for both will look like a sequence of independent Bernoulli random
variables with success probability p.

Gross and Grupel [42] extended their construction from the hypercube to Z" to find
locally p-biased functions for p = ¢/2% where 2¥|n. They asked for what p € [0,1] such
locally p-biased functions exist and how many there are for each p. Our main aim in this
chapter is to give a complete characterization of all the values p € [0, 1] for which a locally
p-biased function on Z" exists and the exact number for each of those p.

As every element of Z" has 2n neighbours, if there is a locally p-biased function, then p is

of the form p = ¢/2n for some integer c. In fact, we will find that for all ¢ € {0,...,2n} there
exists a locally p-biased function with p = ¢/2n. Note that the sum of a locally p-biased
function and a locally g-biased function on disjoint supports is a locally p 4 g-biased function.
Hence, to show that these locally ¢/2n-biased functions exist, it suffices to construct locally
1/2n-biased functions the supports of which partition Z".
We proceed by showing that for all n > 1 there are uncountably many non-isomorphic such
partitions and uncountably many indistinguishable locally p-biased functions, answering the
second question from [42]. Our result extends the result of Lindenstrauss[62] that there exist
uncountably many indistinguishable sceneries on Z.

We consider Z" to be the graph on that set with edge set E = {{x,x+¢;} : x € Z",i € [n]}.
We identify a 0-1 function with its support, so that we can talk of sets rather than functions.
A set X C Z" is locally p-biased if for all x € Z", we have |I'(x) N X| = 2pn. A partition
{Xi}icppn of Z" is locally biased if each of its elements is locally 1/2n-biased. Hence, as
noted in the introduction, if there is a locally biased partition of Z", then there are locally

p-biased functions on Z" for all p = ¢/2n.

4.2 'There is a locally biased partition of Z" for every n € N

Theorem 4.2.1. For every n € N, there is a locally biased partition of Z.".
?;11 ix; +
n|x,/n|. However, for the benefit of the counting result, we present a different construction of

This result follows directly by considering the function f: Z" — [2n],x — ¥,

locally biased partitions. In particular, we will consider a recursive construction. Accordingly,
we start by observing that Z = {m: m=0,1 mod4}L{m:m=2,3 mod4} is a locally
biased partition. For the recursive construction of the locally biased partitions, we define a

. be
, ) =[], je[2n]
a family of disjoint subsets of Z". We write X' = | |;X}. We say the family {X}};cmin| jep

closely related notion. Let m,n € N such that m is a multiple of n and let {X ]l:}iE[ min)
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is (m,n)-filling if the family partitions Z™ and if, for each i € ["] and j € [2n], we have
that if x € Z™\ X', then |["(x) OXJ’:| = landif x € X', then [(x) N X' = 0.

The following lemma is the basis for our recursive construction.

Lemma 4.2.2. If there is a locally biased partition of 7" and there exists an (m,n)-filling
family of subsets of ZI", then there is a locally biased partition of Z"*".

Proof. Let {X }le m+n]j€[
be a locally biased partition of Z". Let, fori € ["] and [ € {0,...,2n— 1};

2n be an (m, n)-filling family of subsets of Z™ and let {Yi}icpon)

= || Xj,xY; (4.1)

J€[2n]

where the indices are considered modulo 2n. We claim this set is locally 2( ) -biased in
7" For notational convenience, we take i = 1 and [ = 0.

We claim that every z = (x,y) € Z™ x Z" has a unique neighbour in Z = Z].
If x € X!, then z cannot have a neighbour in Z in the first m coordinates, as I'(x) N X' = 0.
Letxe X jl. By definition of ¥, y has a unique neighbour in Y;, say y/, which gives z a unique
neighbour in the last n coordinates, i.e. (x,y’) € Z.
If, on the other hand, x & X ! then z cannot have a neighbour in Z in the last n coordinates.
Then x has a neighbour in X ]1 for all j. In particular for the j with y € ¥;. Let x’ be this unique
element of I'(x) N X !. Now z has a unique neighbour in Z, i.e. (x',y).

Analogously, Z’ is a locally 2( 7 -biased set for each i € ["H],1 € {0,...,2n — 1}.
Moreover, these sets partition Z™ 1", showing that there is a locally biased partition of
zmn, ]

For the proof of Theorem 3.1, it remains to find suitable (m,n)-filling families.

Lemma 4.2.3. Given n € N, define for | € 2], j € [2n] the following subsets of Z":

p {(x€Z": Yicpyxi=1 mod4, Yiepixi=j modn} ifj<n

{(x€Z": Yicxi=1+2 mod4, Y ixi=j modn} ifj>n

Then the family {Xl-}le[z] je zn] is an (n,n)-filling family.

Proof. Note that X! = LI X = {x:Y,;xi=1 mod 2}, so the sets X ]l partition Z".

Let/ € [2] and x € X". Then x + e;, the neighbours of x, are in X>~/ for all i € [n]. It remains
to show that these neighbours are all in distinct X,? ~!. We find that the neighbour y = x + e j
issuch that Y,y; = 1 +Y,;x; mod4 and };iy; = j+ Y,;ix; mod n. For distinct j € [n] the
second sums are clearly distinct modulo n. If we compare y to z = x — ¢, for some k € [n], we

find that } ;z; = —1+Y;x; mod 4, so y and z belong to different parts of the partition. [
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These lemmas imply that if there is a locally biased partition of Z", then there also is
a locally biased partition of Z>". Hence, there is a locally biased partition of 72" for all
k € N. To extend this to the natural numbers with odd prime divisors, we use the following

construction.
Lemma 4.2.4. There exists a (2tn,n)-filling family of subsets of Z*" for all t,n € N.
Proof. Define for / € [2t 4 1] and k € [2n];

t 2nj
Xl:{xezmzz Y  xi=l mod2t+1},

j=1i=2(j—1)n+1

2tn
X,ﬁz{xEZZM:xEX}, Y ixi=k mod2n}
i=1

We will show that these sets X/ form a (2tn,n)-filling family. To this end, note that the sets
X! partition Z?" and that {X,ﬁ} ke[2q) 1s @ partition of X !'into 2n parts. It remains to check that
each element of Z>" is either in X’ with no neighbours in X’ or is not in X’ with exactly one
neighbour in each of the parts X/ for k € [2n]. Fix some [ € [2¢ + 1].

Ify € X', then Y/,_, ZZZ"ZJ;L jyi=1 mod 2t + 1, so any neighbour of y is not in X as
changing any coordinate would change this sum.

If y ¢ X!, then Z IZZZ"ZJ]:_LI Jxi=1—p mod 2zt + 1, for some p € [2¢]. We distinguish
between two cases; either p € [tjorp € {r+1,...,2t}.

If p € [t], then we know that y +e¢; € X for every i € {2pn+1,...,2(p+ 1)n}. Note that
each of these 2n vectors is in a different set X,ﬁ.

If, on the other hand, p € {r41,...,2t}, thenlet h =2t +1 — p. Then y — ¢; € X' for every
i€{2hn+1,....2(h+ 1)n}. Again, each of these 2n vectors is in a different set XIZ,. Note
that in both cases, these are the only neighbours of y in X*. [

This is the last ingredient needed for the proof of Theorem 4.2.1.

Proof. As noted in the beginning of the section, there is a locally biased partition of Z. In
combination with Lemma 4.2.3 and Lemma 4.2.2, this implies that there is a locally biased
partition of 7% for every k € Z>o. To extend this to all of N, let n = 2(2/ + 1) for some
k,l € Z>o. By Lemma 4.2.4, we can find a (2/2*,2%)-filling family, which by Lemma 4.2.2
implies that there is a locally biased partition of 7222 — gn. [

4.3 Counting locally biased partitions

In [42], Gross and Grupel ask, besides a characterisation of p values for which locally

p-biased functions exist, for a count of the number of non-isomorphic such locally p-biased
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functions. In fact, they provide some finite lower bounds on this number for p = 1/n and
p = 1/2, based on an extension of their construction on the hypercube. We find the following

complete characterization.

Theorem 4.3.1. For all p = c/2n with n > 1 and c € {1,...,2n — 1}, there are 2X° non-

isomorphic locally p-biased functions in 7.".

We say two locally biased partitions {X;i};c[, and {Yi};cp, of Z" are isomorphic if
there exist a graph isomorphism ¢ : Z" — 7Z" and permutation o : [2n] — [2n] such that
¢(Xz) = Yc(i) forallie [Zn]

Theorem 4.3.2. For all n > 1, there are 2X0 non-isomorphic locally biased partitions of 7".

As there are only 2%0 subsets of Z", the upper bound for both Theorems 4.3.1 and 4.3.2
are immediate.

In fact, our construction proving Theorems 4.3.1 and 4.3.2 will be almost identical to the
one in the previous section. By introducing a degree of freedom, we produce an uncountable
collection of distinct locally biased partitions. An automorphism ¢ : Z" — Z" consists
of three components; a permutation of the coordinates (n!), a reflection of some of the
coordinates (2") and a translation (|Z"| = X). There are only countably many combinations
of these operations and hence there are only countably many automorphisms ¢ : Z" — 7.

To use the previous construction, we need to have a notion of isomorphism for (m,n)-
filling families. We say two (m,n)-filling families {A;}ie[mTM]7je[2n] and {B;-}ie[m%nwe[zn] are
isomorphic if there exist a graph isomorphism ¢ : Z™ — Z™, a permutation o : [Z-H2] — [2:51]
and a family of permutations 7; : [2n] — [2n] for all i € ["-*], such that ¢(A§-) = BZE?). Note
that by the above observation, each (m,n)-filling family is isomorphic to at most countably
many other (m,n)-filling families.

It is interesting to note the following. Given an (m,n)-filling family, we can define a
function, taking any element of Z" to the the part of the partition that element is in. Two
functions arising in such a way from two non-isomorphic (m,n)-filling families will be

indistinguishable by a simple random walk.

Lemma 4.3.3. [f there is a collection of pairwise non-isomorphic (m,n)-filling families of
size 250 and a locally biased partition of 7", then there are 2X0 pairwise non-isomorphic

locally biased partitions of ™.

Proof In fact, the construction in Lemma 4.2.2 produces such a collection. Let
{ }ze min je o] be an uncountable family of pairwise non-isomorphic (m,n)-filling fam-
1hes 1ndexed by some x € R and let {V; },6 2, be a locally biased partition of Z". Let
{Z] \}iegmin 1efon) be the locally biased partitions as defined in equation (4.1).
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As only countably many of the families {Z;7x}ie[mTﬂz]7le[2n] are pairwise isomorphic, it
suffices to prove there are 20 distinct locally biased partitions.

We claim that all (m,n)-filling families {X; Xi 2tie (1] e 2n] produce distinct locally biased
partitions. For a contradiction, suppose {Z] . }¢| ol =1{Z;,} ie[mtn) 1c[2n) fOT SOME X #y.
Then we find that for any i€ [m—+"] and [ € [Zn] we can find some ' € (2] and I € [2n]

such that; | |; X =;Xj,p, x Y. Since {¥;} is a partition, this implies that for all

J j+l IRe
. _ [yi
J € [2n]; Xj+l,x _Xj+l’,y and { M}lE (] jefon] = {Xj7y}l~€[m7+n]’je[2n]. However, we assumed
that the (m,n)-filling families were distinct; this contradiction proves the lemma. O]

The construction of Lemma 4.2.4 works in such a way that for any element not in X'
all 21 neighbours in X’ lie in the same hyperplane in Z*" defined by Z - 212"2]] J;Jlrl Jxi =
[+ (2t + 1)h for some h. This has the advantage that the construction used to make sure that
each set X,ﬁ contains exactly one of those neighbours need not be the same on distinct planes,

giving the following construction.
Lemma 4.3.4. For any t,n € N, there are 250 (2tn,n)-filling families.

Proof. Consider the following slight alteration of the construction in Lemma 4.2.4.

. 2n(j+1) 2tn
X p=Sx€Z:3neZY, Y jx=I1+h(2t+1)and sz,_k+f() mod 2n
j=1i=2jn+1 i=1

4.2)

where k € [2n], [ € [2t+ 1] and f : Z — [2n] is any function. This family is (2¢tn,n)-filling by
the proof of Lemma 4.2.4. There are }[Zn]Z } = 2%0 such functions, and thus such (2tn,n)-
filling families. As each of these locally biased partitions is isomorphic to at most countably
many others, we must have 2% non-isomorphic locally biased partitions among these. [

Similarly we can extend the construction from Lemma 4.2.3.
Lemma 4.3.5. For n > 1, there are 250 (n,n)-filling families

Proof. Consider the following construction for / € 2], p € {0,1}, g € [n] and f : Z — [n]:

n n
Xll),q,f:{XGZHIHhGZ;ZXi:l+2P+4hand Zix,-zq—i—f(h) modn} (4.3)
i=1 i=1

; Oifk<n i
Writing it in proper form, let X; , = X gy With p= ,and g € [n] with g =k
lifk>n

mod n. To check that this is in fact an (n,n)-filling family, note that X X! g=1{x:
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Fig. 4.1 Part of an example of a locally biased partition of Z?, where the elements of
X } ,X]%,X ; and X}1 are contained in the green, yellow, red and blue regions respectively. Note

that f(—1) = f(2) =2 and f(0) = f(1) =1

Y, xi =1 mod 2}, so the X,if form a partition of Z" and F(lec) NXL = 0. We proceed to
check that each element of Z" \ X ch has a unique neighbour in X, ,ﬁ -

Let x € Z"\ XL, ie. Y;x;=1+1 mod2. Write Xll%f = |_|qXIl)7q7f, then x —e¢; € Xllhf
and x +e; € X1l_p,f for all j € [n] for some p € {0,1}. Let y =x+e;, then we have
Y, vi=1+Y;xi=1+2(1— p)+4hfor some h not dependent on j. Thus, for different j € [n],
we find Y ;iy; = j+ Y;ix; = ¢+ f(h) mod n with distinct g. Hence, y=x+¢; € Xllfp%f
with distinct g for distinct ;.

Analogously x —e; € X 1’,7 4. With distinct g for distinct j.

As in the proof of Lemma 4.3.4, we find that for n > 1, there are 20 functions f: Z — [n]
and thus sets XII)’ af At most X of those can be pairwise isomorphic, so there must be 20
pairwise non-isomorphic (n,n)-filling families. O

What remains is to count the number of non-isomorphic locally biased partitions of Z2.

Lemma 4.3.6. There are 2% non-isomorphic locally biased partitions of 7.

Proof. Consider the following set S = {(2k,2k) : k € Z}. Note that every element of
the set {x € Z? : x —x, € {—1,0,1,2}}, i.e. four upward diagonals around the origin, has
exactly one neighbour in the set S+ {0, ¢;} for both i = 1 and i = 2.
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Given some function f : Z — [2], let Xy = S+ {(2n,—2n),(2n, —2n) + ey, : n € Z}.
Now consider the following locally biased partition:

(

X; ifk=1
Xp+(1,-1) ifk=2
X;+(1,1)  ifk=3
| X;+(0,2)  ifk=4

For an example, cf. Figure 4.1. These 4 sets partition Z2. Each of the sets is locally 1/4-
biased, by the note above. Finally this produces 2¥° non-isomorphic locally biased partitions

by the same argument as for the previous two lemmas. [

Proof of Theorem 4.3.2. .
By Theorem 4.3.6, we find uncountably many non-isomorphic locally biased partitions of
72, and by Lemmas 4.3.4 and 4.3.5 combined with Lemma 4.3.3, we find uncountably many

non-isomorphic locally biased partitions of Z" for n > 2. [

Extending the theorem on locally biased partitions to locally p-biased functions is not
immediate as different locally biased partitions might give rise to the same locally p-biased
functions. Consider for instance the locally 1/2-biased functions on Z? which has support
on X } UX}% from the proof of Lemma 4.3.6; this function is the same for all choices of f, as
can easily be seen in Figure 4.1. We will see that for dimensions bigger than two this is not a

problem. We consider the case for Z? separately.

Lemma 4.3.7. Forall p € {1/4,1/2,3/4}, there exist uncountable non-isomorphic locally
p-biased functions in 7.%.

Proof. For p =1/4 and p = 3 /4, this follows immediately from Lemma 4.3.6, so consider
p=1/2. Let f : Z — [2] be any function, and let

Xp={x€Z%:x1 = f(x1 +x) mod2}

Note that for any x € 72 either x+e; or x+ ey is in X r, and similarly either x —e; or x — e

is in Xy. Hence, Xy is locally %—biased. As there are 20 different functions f : Z — [2],

there are as many different locally %—biased functions, at most countably many of which are

isomorphic. 0
All that remains is to prove Theorem 4.3.1
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Proof of Theorem 4.3.1. Note that for p = 1/2n and p = (2n— 1)/2n the statement
follows immediately from Theorem 4.3.2. The case n = 2 follows from Lemma 4.3.7. Fix
somen >2and p =c/2n.

We use the constructions of equations 4.2 and 4.3 to produce locally biased partitions
indexed by some function f, which we then feed into the construction in equation 4.1. This
produces the sets Z,lg s withl € [r]and k € {0,...,q— 1} with r,q integers depending on the
last step of the recursive construction of locally biased partitions. That is; r =2 and ¢ = n if
n is some power of 2 and r = m+ 1 and g = 28*1 if n = 2¥(2m 4 1) for some k € Z~ and
m € N.

Recall that for [ € [r] and k € [g¢];

Zp= || Xjiu s xY;
J€ldq]

where the indices are considered modulo g. Now {Z,lc 7L €r],k €g]} is alocally biased
partition, so any union of ¢ elements of {Z,lc sl €lr],k €q]}isalocally ¢/2n = p-biased
set. We know that distinct functions f give rise to distinct locally biased partitions. However,
as noted before, it might be the case that when taking a union of ¢ parts of the locally biased
partition, the differences introduced by different functions f disappear. We choose our ¢
parts in such a way that this does not happen, in the following way;

Let I C [r] x [g] be such that |I| = ¢ and there is an [y € [r] such that [{k € [q] : (lp,k) € I}|
is either 1 orn—1. Let

= U Z,= L L Xur <V

(Lk)el (Lk)€l j€q]

Note that S¢ is a locally p-biased set. We will find shortly that the choice of I ensures that
the original structure of the locally biased partition remains visible in the created set.

We claim that {S; : f € [r]Z} is a family of uncountably many non-isomorphic locally
p-biased sets. As before, only countably many distinct sets can be isomorphic, so it suffices
to show that f — Sy is injective. Let Sy = S, then

L U X Y= L L X

(Lk)€el je[q] (LK)€El jelq]

Consider SyN X% x ¥, = SN X' x Y,. Taking complements if |{k € [g] : (lo, ) el}|=
this is equal to X, Oj xY, X , % Yy for some k, by the choice of ly. Thus, X, k ' = Xl0 and
f =g Hence, f— Syis mJectlve.
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Fig. 4.2 An example of a 4-regular (vertex transitive) graph with 8 vertices which does not
allow a locally biased partition.

Thence, there are uncountably many sets Sy and only countably many of those can be
pairwise isomorphic, so there are uncountably many non-isomorphic locally p-biased sets

and functions. L]

4.4 Open Problems

The concept of a locally biased partition introduced in this paper raises the question what
graphs contain them. Evidently a graph needs to be d-regular for some d, and we can easily

identify the following additional condition.

Proposition 4.4.1. If d-regular graph G, with |V (G)| = n allows a locally biased partition,
then 2d|n

Proof. Let {A; :i € [d]} be alocally biased partition of G. Choose v ~ (V) and choose
u~U(T(v)). As v has exactly one neighbour in each part A;, the probability that u is in A; is
PucA;)=1/d.

On the other hand, as G is regular, choosing a random vertex in the way we choose u
is equivalent to choosing a vertex uniformly at random from V(G). Therefore, we find
1/d =P(u € A;) = |Ai|/n and |A;| = n/d. Additionally, we know that the elements of A;
appear in pairs, so 2|A; = n/d. Hence, 2d|n. O

This condition implies that the only hypercubes Q, that allow a locally biased partition
are those with n = 2 for some natural k. The construction of locally p-biased functions on
the hypercube described in [42] uses exactly that locally biased partition.

Note however that this is not a sufficient condition as illustrated by the graph in Figure 4.2,

which does not allow a locally biased partition as every edge is part of a triangle.

Question 4.4.2. What graphs allow a locally biased partitions? If a graph allows a locally

biased partition, how many non-isomorphic locally biased partitions does it allow?
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Additional open questions on the topic of scenery reconstruction can be found in [35]
and specifically on the topic of locally biased functions and partitions in [42].






Chapter 5

The bunkbed conjecture on the complete
graph

The work in this section was done jointly with Piet Lammers, and is published in the European

Journal of Combinatorics. [49]

5.1 Introduction

The bunkbed conjecture is an intuitive statement in percolation theory. In rough terms
the conjecture asserts that — in a specific setting and in a specific sense — two vertices of
a graph are more likely to remain connected after randomly removing some edges if the
graph distance between the vertices is smaller. The conjecture is appealing because it is
intuitive yet difficult to prove. In this chapter we prove the conjecture for the case that the
underlying graph is symmetrical. The conjecture was first posed by Kasteleyn (in 1985), as
was remarked by Van den Berg and Kahn [6]. Before stating the conjecture, we introduce
the notion of the bunkbed of a graph and we introduce the percolation model. Given a
graph G and a subset H C V(G), the bunkbed of the pair (G,H), or BB(G,H), is the graph
G x {1,2} plus |H| extra edges to connect for every v € H the vertices (v,1) and (v,2). For
any vertex v € V, write v~ := (v,1) and v := (v,2). Any vertex of BB(G,H) is of the
form v~ or v*. Equivalently, if e € E, then write e for the two corresponding edges in the
bunkbed graph. Now introduce the bond percolation model for the bunkbed graph. Pick
a percolation parameter p € [0, 1]. In the percolation model, every edge of the form e* is
declared open with probability p and closed with probability 1 — p, independently of the
other edges. The edges of the form {v—,v*} are always declared open. Write I, for the

measure corresponding to the states of the edges. For v,w € V, write v ~ w if {v,w} is an
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open edge, and write v <> w if v and w are joined by an open path. Furthermore, if v € V
and W C V, then write v ~ W if there is a vertex w € W with v ~ w. See [41] for a more
elaborate introduction into the percolation model. The general bunkbed conjecture asserts
that P, (v~ <> w™) is greater than or equal to P, (v~ <> w™), for any v,w € V. We prove the
conjecture in the case that G is the complete graph.

Theorem 5.1.1. Pick n € N and H C [n]. Consider independent bond percolation on
BB(K,,,H) with parameter p € [0,1] for the edges of the form e*, and with the edges

of the form {v— v} always open. Then for any pair of vertices v,w € [n] we have
P,(v" < w ) >P,(v < wh). (5.1)

De Buyer independently proved the theorem for the special case p = % in [15], which he
later extended to p > % in [16]. The proof presented here draws on a different method. It
has been proved that the connection probability of two vertices of a graph is the same in the
percolation model with parameter p = % as it is in the model in which every edge is assigned
a direction uniformly at random [55, 65].The conjecture has been proved for any p for wheel
graphs and some small other graphs by Leander [61]. A statement similar to the bunkbed
conjecture has been studied on bunkbed graphs. Bollobds and Brightwell [10] considered a
continuous time random walk on a bunkbed graph, such that the jump rate to any neighbour
of the current state is one. They conjectured that for every ¢ > 0, this random walk started at
v~ is more likely to have hit w™ than w™ before time ¢. Hiiggstrom proved this conjecture in
[44].

The idea of the proof will be to fix v, condition on the subgraph on all vertices outside of
v, choose w # v uniformly random, sample the edges between v and the rest of the graph,

and finally use the symmetry between the upper and the lower bunk.

5.2 Proof of Theorem 5.1.1

Proof of Theorem 5.1.1. We prove the theorem for n + 1 instead of n for notational con-
venience (the conjecture is trivial for n = 1). It will be assumed that w = n+ 1, without
loss of generality. If w € H then w~ ~ w™ and the two events in Equation (5.1) are the
same. If v = w then the left side of Equation (5.1) equals one. Therefore we only need
to consider the case that w ¢ H and v # w. If v € H then both sides of Equation (5.1)
are equal (by symmetry of the bunkbed), and if v ¢ H, then both sides of Equation (5.1)
do not depend on the actual choice of v € [n]\ H (by symmetry of the complete graph).

Therefore it is sufficient to prove the inequality for v chosen uniformly at random in the
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set [n], independently of the percolation. By choosing v uniformly at random in [n], we
make optimal use of the symmetry of the graph K, ;. Now write (V,E) := BB(K,+1,H)
and note that V = [n+1] x {1,2} = ([n] x {1,2})U{w~,wT}. Write O for the open sub-
graph of BB(K,,+1,H) induced by the set [n] x {1,2}. This means that the vertex set of O
is [n] x {1,2} =V \ {w~,wT}, and that every edge e € E is an edge of O if and only if its
endpoints are in [n] x {1,2} and if e is open in the percolation measure P,. The edge set
of O is thus random in the measure PP,. Moreover, O determines the configuration of all
edges incident to neither w™~ nor wt, and the configuration of the edges incident to either
w™ or w' and the value of v are independent of O. Write ¢ for the partition of O into
connected components, and label these ¢ = {cy,...,cx} (Where k is the number of connected
components, also random). In order to calculate the difference between the two probabilities

in Equation (5.1), we define the events
A={w v §4>w+}:L|({v_ ceitnN{w ~citn{wt Leyn{Aj#iw™ chfvw+})7
Bi={wh v hw k= (v echniw ~a}n{w £en{Bj#iw ~ci~wt}).

In each of these two equations the four events within the disjoint union are, conditional on
O and for fixed i, mutually independent. This is because the last three events (in each of the
two lines) depend on the states of different edges, and because (for the first event) the value
of v is chosen independently of the percolation. Write P for the measure P » conditioned on
0. Now

P,(A|O) ZIP’V € c)Pw™ ~e)Pwt L e)P(Bj#i,w™ ~cj~wh),

P,(BlO) = ZP(V € c))Pwh ~ci)P(w™ L ci)P(Bj #i,w™ ~cj~wh),
P,(A|O) —P,(B|O) :Z voeq) (P o) —Pw™ £ ) B(Aj #i,w™ ~cj~wh).
The difference between the two sides of Equation (5.1) is P,,(A) — P,(B), which equals the

expectation of the final line of the display over O. The probabilities in Equation (5.1) are

invariant under simultaneously replacing v~ by v and interchanging w~ and w*. Taking
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the average over the original expression and the permuted one gives
Pp(v- < w ) =Pp(v < w') =Py(A) —Py(B) = E,(P,(A|0) —P,(B|O))

:—EPZ( voea) (B e) —Bw L a))B(Aj#iw ~ej~wt)

We claim that the two differences in the final sum always have the same sign, so that the
product is always non-negative. Write ¢;” and cf for the number of vertices in ¢; of the form
u~ and u™ respectively, so that, for example, Y ;c; =Y c;r = n. We explicitly calculate that
(writing g =1—p)

1

n(c —¢; )(qt — ¢ ) 0,

where the final inequality is due to (a —b)(q” —¢*) > 0 for any a,b € Z>pand ¢ € [0,1]. [

(B(v~ €ci)) —P(vT €ci)) (P(w" i) —=P(w™ £ ¢y)) =



Chapter 6

The (¢, r) broadcast domination number
of some regular graphs

The work in this chapter was done jointly with Rebekah Herrman. It has been published in
Discrete Applied Mathematics. [46]

6.1 Introduction

The main aim of this chapter will be to prove Theorem 1.4.1, a conjecture by Drews, Harris,
and Randolph [25]. The proof is included in Section 6.2. In Section 6.3, we explore other
statements in this direction and suggest some conjectures. In Section 6.4, and Section 6.5,
we prove Theorem 1.4.2, and Theorem 1.4.3 respectively. Finally, in Section 6.6, we suggest

some research questions for future research.

6.2 Proof of Theorem 1.4.1

First consider the following (¢, 1) broadcasting set of vertices with minimal density 7o =
{ma+nb:m,n € Z} where a = (t,t — 1) and b = (t — 1, —t). Part of this configuration is
shown in Figure 6.1.

Note that the previously described 7 is also a configuration that provides a (r + 1,3)
broadcast. We find that four vertices within distance ¢ — 1 of any tower receive signal 4 rather
than the required 3. In Figure 6.1, the bold vertices are the one with extra signal. We would

like to study this extra signal for more general configurations of towers.
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Fig. 6.1 An example of a (5, 1) broadcasting set. When considered as a (6,3) broadcasting
set, the four large vertices in the middle receive excess signal.
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We consider for every tower the usable transmission, which is the sum over the amount

transmitted to all the vertices not exceeding r. For a tower at vertex v this is

Y min{r,t —d(u,v)}.

u€Z2:d(uy)<t—1

Note that in a vertex transitive graph, this amount is the same for all vertices v. In line with
this notion of usable transmission, consider the following notion of usable signal arriving at a
vertex v; given a (¢, 7) broadcasting set T, let signal (v) := YyeTa(uy)<—1 min{r,z —d(u,v)}
To formalise the notion of extra signal, let excess(v) := signal(v) — r be the excess signal
received by a vertex v in a given (¢, r)-broadcasting set of towers.

We would like to attribute the amount of excess to a given tower T to use the follow-
ing bound; In a vertex transitive graph G with n vertices, if for every tower 7" we have
Yuez2:a(ur)<i—1 min{r,t —d(u,T)} = X and in any (¢, 7) broadcasting set 7" we can attribute
at least Y excess to every tower, then we find the following inequality:

nr+|TIY <Y signal(v) = Y, Y min{r,t —d(u,T)} =|T|X.

vev TeT ueZ?:d(u,T)<t—1

Note that if we find a (z,r) broadcasting set 7 so that the total amount of excess satisfies
Yoev(g)excess(v) = |T1Y, this set satisfies |7| = % ,(G).

Our goal is to show 5,73(22) > 01,1 (Z?) for t > 17. In the configuration Ty considered
in the beginning of the section, we have exactly 4 excess attributed to each tower. We want
to show that the excess attributed to each tower must be at least 4 in any (¢, 3) broadcasting
configuration, so that the configuration 7 minimises the excess, following the above heuristic.

Henceforth fix some (#,3) broadcasting set of towers 7 of the finite grid Go,112,+1. We

will prove the following lemma.

Lemma 6.2.1. For any tower at (x,y) € T, if (x,y) + [t —4,t +2] x [=4,4] C V(Gopt12n+1)s
then there is at least four excess within the vertices (x,y) + [t —4,t +2] x [—4,4].

Proof. Without loss of generality consider a tower T, that will be fixed throughout the
argument, at (—7+2,0). As the signal at (0,0) from 7 is 2, there must be another tower, 7”,
within distance r — 1 from (0,0). We shall consider the following three cases;

1. T’ is at most distance ¢ — 2 from the origin,
2. T is of distance r — 1 from the origin and 7" ¢ { (0,7 — 1), (1, —2),(0,1—1),(1,2—1)},

3. T is of distance 7 — 1 from the originand 7’ € {(0, — 1), (1,7 —2),(0,1—1¢),(1,2—1)}
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|

1 1 i--Q_"
ﬂiig 3
4 ! 1 4

Fig. 6.2 The signal received from T and 7’ in Subcase 1.1, where second tower 7" is located
at ( —3,1). The line (dashed line resp.) denote the boundary of those vertices receiving
at least 2 signal from T (7" resp.). For a minimal (7 — 1, 1) broadcasting set, these regions
partition the plane. The * marks the origin.

Figures 6.2, 6.3, and 6.4 correspond to Case 1, while Figure 6.5 corresponds to Case 2
and Figure 6.6 corresponds to Case 3.

Case 1. There is another tower T' with d(T',(0,0)) <1 —2.
Subcase 1.1. T’ is not on the x-axis.

Without loss of generality assume 7" is above the x-axis, then 7" is closer to (0, 1) than to
(0,0),s0t—d(T’,(0,1)) > 3 and similarly 7 —d(7’,(—1,1)) > 2 andr — d(T’,(—1,0)) > 1.
Hence, we find that the excess on (0,0),(0,1),(—1,0) and (—1,1) alone is already more
than four, as seen in Figure 6.2.

Subcase 1.2. T’ is at (x,0) for x <t —3.

If 7' is at (x,0) for x <t — 3, the vertices (—1,0) and (0,0) both have excess at least 2,

as seen in Figure 6.3.
Subcase 1.3. 77 is ar (t — 2,0).

Note that (—1,0),(0,0) and (1,0) all receive at least one excess from 7 and 7’ combined.
The points (—1,1),(0,1) and (1, 1) receive 2 signal from T and 7’ combined, so they need

another tower to supply at least one signal. If this is the same tower for two of these, one must
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Fig. 6.3 The signal received from 7 and 7’ in Subcase 1.2, where second tower 77 = (1 — 3,0).

1 1
2 | 1 1 2
8 2| B2 3

3 2 |2:i2 3
2 |1 12
1 1

Fig. 6.4 The signal received from T and 7’ in Subcase 1.3, where the second tower is at
T'(t—2,0).
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3 3 3 4

—_— -

i i@ B 4

o

Fig. 6.5 The signal received from T and 7’ in Case 2 for the specific example t = 5 where
second tower T" = (2,4).

get excess signal. On the other hand consider they receive one signal from three different
towers. Either (—2,1),(2,1) or (0,0) must receive excess signal from these towers, or (0,2)
receives at least signal 4 from the three towers combined, as seen in Figure 6.4.

This concludes Case 4.1.

We now distinguish two possible configurations for the tower 7’ giving additional signal
to vertex (0,0). Note that this tower has distance exactly 7 — 1 to the origin. Consider
whether 77 € {(0,r — 1), (1, —2),(0,1—1¢),(1,2—1¢)} or not. Note that up to reflection, if
T'e {(0,t—1),(1,t—2),(0,1—1¢),(1,2—1¢)}, we are in the realm of Figure 6.5.

Case2. T' ¢ {(0,r —1),(1,: —2),(0,1—1¢),(1,2—1)}

Reflecting if necessary, assume 7’ is somewhere on y =x— (r — 1).
Note that in this case both (0,1) and (1,1) receive 1 signal from T and 7’ combined.

Hence, they both need signal from an additional tower.
Subcase 2.1. One additional tower covers both (0,1) and (1,1).

This tower will transmit at least a combined signal of three to (0,0) and (1,0), causing a
total excess of at least 4 on these four vertices combined.

Subcase 2.2. The points (0,1) and (1,1) receive additional signal from two distinct towers.

Consider the tower T"” giving additional signal to (—1,1). If that tower gives signal at
least 2 to (—2,1) or (—1,0), we immediately find the excess. As we additionally know there
is no tower at (0,7 — 1), we find that it must be at (—1,¢).
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3 2 1
2 |
1

Fig. 6.6 The signal received from 7 and 7" in Case 3, where second tower 7/ = (1,7 —2).

Note that more specifically we know that (0, 1) must receive signal from two additional
towers. A tower that gives signal 1 to (0, 1) must give at least 1 signal to one of (—1,2) and
(1,0) and to one of (—2,3) and (2,—1). All of those points already receive 3 signal, so the

two additional towers for (0, 1) give rise to at least 4 excess on these vertices.
Case3. T' € {(0,r —1),(1, —2),(0,1—1),(1,2—1)}

Without loss of generality 7’ = (1,2 —1). Note that (—1,1) receives only signal 2 from
T and T, so receives additional signal from another tower T”. By Case 1, we only need to
consider towers at distance 7 — 1 from (—1,1). There are only two significant cases. If T”
has x-coordinate at least 1, then the excess signal on (0,0),(1,0) and (1,—1) is at least 4
already. Hence, T" is either (0, — 1) or (—1,1).

Subcase 3.1. 77 = (0,7 — 1)

Note that (1,1) and (1,2) only receive 2 signal from towers T, T" and T"”. If these two
were reached by the same tower say 7", then one of the two must receive signal 2 from T"”.
If that is (1,1), note that (0,0),(0,1),(1,0) and (1,1) all receive excess at least 1. If it is
(1,2), note that (0,0),(0,2),(1,2) and (1,3) all receive excess at least 1, as seen in Figure
6.6.

Subcase 3.2. T = (—1,t)

This case is completely analogous to Subcase 2.2.
On the other hand, suppose the points (1,1) and (1,2) receive signal 1 from two distinct
towers. If either of these towers transmits 2 signal to (0, 1),(0,2),(1,3) or (1,0), the excess
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is immediately more than 4. The towers transmit 2 to (1,1) and (1,2) respectively, then (2,2)
receives 1 excess signal and (3, 1) receives 2 excess signal. ]

The next goal is to show that for large 7, we have excess at least four times the number of

towers.

Lemma 6.2.2. Lett > 17. For any (t,3) broadcasting set T of G = Gopt1,2n+1, there is at
least 4|T| — O(n) excess.

Proof. We devise a way to attribute at least 4 excess to towers T € T such that T+ [r — 4,1 +
2] x [—4,4] C V(G). Note that there are O(n) towers such that 7 + [t — 4,1 + 2] x [-4,4] ¢
V(G). Hence, if we can attribute at least 4 excess to all other towers, the lemma follows.

First to all towers T with no other towers within 7'+ [—6,6] x [—8, 8], assign 4 excess
from the rectangle T + [t — 4,1 + 2] x [—4,4]. Note that this excess exists by Lemma 6.2.1
and that these rectangles are disjoint. Let 7 be the set of all these towers and all those towers
with T + [t — 4,1 + 2] x [—4,4] ¢ V(G). What remains is to attribute at least 4 excess to the
towers in 7\ 7.

For every tower T € T\ T’, we know that there exists a tower 7’ such that
(T+[r—4,042] x [-4,4]) N (T'+ [t — 4,1 +2] x [-4,4]) £ 0,

so T € T +[—6,6] x [—8,8]. Consider the set S = LTJ“TT/J + [—3,2] x [—4,4]. Note that
d(T, LT+TT/J),d(T’, LTJFTT/D <7, so that for a vertex x € S, we have

T+T'
d(T,x),d(T’,x)§7+a’(x,{ ; ng.

Hence, ast > 17, all x € S receive 3 signal from both 7 and 7’. Let f : T\ 7' — P(V(G))
assign to every T € T \ T the corresponding set S.

Claim 6.2.3. In the set Urc\ 1 f(T), there is at least 54T \ T'| excess.

Proof of Claim. We’ll show that for all x € V(G), we have excess(x) > |f~!(x)|, where we
use | £~ 1(x)| to denote the number of T € T\ T’ such that x € f(T). If | f~!(x)| = 1, then by
the above discussion, we have that x receives 3 signal from at least two towers and hence has
excess(x) >3 > |f~1(x)|. If [f~'(x)| > I, then x receives 3 signal from each of the towers
such that x € f(T). Thus we find excess(x) > 3|~ (x)| —3 > |f~!(x)|. Now we find that
the amount of excess in the set Urcy\ 77 f(T) is at least Yre\ 7 | f(T)| = 54T\ T'|. O

Of course, some of this excess may have already been attributed to some tower in 7.

However, note that for every tower T € 7 \ 7', we have that f(T) can intersect at most 4
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disjoint translates of [f — 4,7+ 2] x [—4,4]. Hence at most 4-4- |7 \ 7| of the excess in
Urem 7 f(T) can already have been attributed.
We conclude that there is at least

4T |—0(n)+ (54 —16)|T\T'| > 4|T| - 0(n)

excess in the graph.

We are now ready to prove Theorem 1.4.1.

Proof. Let Go,1124+1 be the 2n+ 1 by 2n+ 1 grid. Let 7 be a (¢,3) broadcasting subset of
Z?andlet T :=ToNV (Gant1,2n+1). We then need at least 3(2n+ 1)? signal to be transmitted.
A tower T € T can transmit at most

) min{3,t —d(u,T)} = 66> — 18t + 19 = 3(2t* — 61 +5) + 4.
u€Z?:d(u,T)<t—1

At most O(n) towers in 7 \ 7 can transmit signal to Ga,,412,+1, let 77 be this collection of
towers.

By Lemma 6.2.2, the (¢,3)-broadcasting set 7 U7 of towers can transmit at most
(IT1+1T7)3(2t* = 6t +5) + O(n) = | T|3(2> — 6t +5) + O(n)

signal effectively. Therefore | 7| > (2n+1)—0(n)

2t2——6t+5’ so we find

(2n+l)2—0(n)>

2y > 1 < 2t2—61+5
02 2 o0 )2

1 lim O(n)
=————0"h
212 —6t+5 n—e (2n+1)%(2t2 — 6t +5)
1
212 —6t+5
= &-1.1(27)

The theorem follows. O
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6.3 Generalizations of the (7, r) broadcast number for grids

The proof of Theorem 1.4.1 suggests that the result may be extended to any odd value of r.
Note first the following simple, though seemingly unobserved fact;

Proposition 6.3.1. Forallt,k > 1;

8.1(2%) > 8k 1+26(Z7)

Proof. Tt suffices to show a (¢, 1) broadcasting set of towers 7T is also (¢ + k, 1 4 2k) broad-
casting. Consider a vertex v € Z>. As T is (t,1)-broadcasting, there exists T € T with
d(T,v) < t. Find a vertex u € Z? with d(T,u) = d(T,v) +d(u,v) = t, which is possible in
the plane. Again, as T is (¢, 1) broadcasting, there is a T’ € T with d(T’,u) < t. Now note
that if all towers transmitted 7 + & of signal, then v receives t +k —d(T,v) = k+d(u,v) signal
from tower T and

t+k—d(T'v)>t+k—d(u,v)—d(T ,u) >k+1—d(u,v)
from tower T". In total v thus receives signal at least
k+d(u,v)+k+1—d(u,v) =2k+1.

Hence, 7T is also (7 +k, 1 +2k) broadcasting. O
Similarly, we have

Proposition 6.3.2. Forallt,k > 1;

82(Z%) > 8112+ (Z2)

Proof. As before, consider 7~ C Z? to be (t,2)-broadcasting and v € Z2. We will show that if
the towers in 7 transmitted 7 + k signal, then all vertices would receive at least 2 4 2k signal.
If thereisa T € T with d(T,v) <t — 2 the proof of the previous lemma suffices completely
analogously. If there is no such T, there must be 7,7’ € T with d(T,v) =d(T',v) =t — 1.
That implies that v receives signal k+ 1 from both towers and thus 2k + 2 in total. [

In [7], Blessing et al. conjectured that in general equality holds, i.e. that &1 ,+2(Z%) =
6,7,(22). However, Drews, Harris, and Randolph in [25], showed by computing these
quantities that, in fact, &, 17,+2(Z2) < 5,,r(Z2) for several values of t and r. Consequently,

they formulated a stronger conjecture on the value of 5;.,(22) for r < 10. We believe the
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improved bounds suggested in [25] are an artifact of the small values of ¢ used in the
simulation run by Drews, Harris, and Randolph, as results for ¢t < 15 were reported in the

paper. We propose the following weakening of the conjecture proposed by Blessing, et al.

Conjecture 6.3.3. For all r > 2, there exists to = to(r) such that for all t > ty;
51+1,r+2(22) = 5t,r(Zz)~

In the hopes of proving this result along the line of the proof of Theorem 1.4.1, we com-
pute the average amount of excess per tower in an optimally (7, 1) broadcasting configuration
when viewed as a (¢ + k,2k + 1) broadcasting configuration. The task of showing that one
cannot achieve a configuration with a smaller average amount of excess per tower remains
open, but a proof along the same lines as Lemma 6.2.1 seems reasonable. Our attempts have

resulted in impenetrable casework, and more ideas to improve elegance would be needed.

Lemma 6.3.4. Lett > k. The average excess per tower in the optimal (t,1) broadcasting
configuration Ty as defined at the beginning of Section 2 when viewed as a (t + k,2k+ 1)
broadcasting configuration is %k(k+ 1)(2k+1).

Proof. Consider four towers around the origin at 7} = (¢,0),7, = (0,1 —1),T3 = (1 —1¢,1)
and Ty = (1,¢) and call the square formed by these towers S. This configuration provides a
(t,1)- broadcast. Note that regions like S partition the plane for this configuration, with four
regions adjacent to any tower and four towers adjacent to any region. Hence, it suffices to
establish that the amount of excess in S is %k(k +1)(2k+1).

Let R to be the collection of points (x,y) € Z> with 1 —k <x+y<k+1, and —k <
x—y < k (cf. Figure 6.7).

Claim 6.3.5. The vertices in S\ R receive signal exactly 2k + 1, i.e. they receive no excess.

Proof. Note the configuration is rotationally symmetric around the point (%, %) so that we

need only check that there is no excess in S above the line x +y = k4 1. Above the line
x+y=k+ 1, no vertex receives any signal from 7, and 73. Consider a vertex (x,y) in this
region. If x—y > k41 or below x —y < —k, it will receive signal from only one tower.
This will be signal at least 2k 4 1 but will have no excess as it lies in the broadcast zone of
exactly one tower. Otherwise, this vertex will receive signal t +k — ( —x+y) from 7; and
t+k— (x+t—y) from Ty, which amounts to a total signal of 2k + 1. O

To compute the amount of excess, partition R into four sets

« Q1 :=RN{x,y>1}={(x,y) €Z%:x,y>1, x+y<k+1}
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Fig. 6.7 An example of the regions described in the proof of Lemma 9. The red dotted square
is S, the diamond outlined in black is R, and Q; for i € [4] is any of the blue dashed triangles
that shares a border with R.
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c O):=RN{x>1,y<0}={(x,y) €Z?:x>1,y<0, x—y <k}
* Q3 =RN{x<0,y>1}={(x,y) €Z?:x<0,y>1, x—y >k}
* Q4 =RN{x,y <0} ={(x,y) €Z*:x,y <0, x+y> 1 -k}

Note that by symmetry the excess in each of these four parts is the same. Hence, consider
the excess in Q = Q.

Claim 6.3.6. The excess in Q is tk(k+1)(2k+1).

Proof. In fact we note that for every 2 < i <k, a vertex (x,y) € Q with x+y = i, receives an
excess of 2k — 2i — 5. We proceed by induction on i. For i = 2, note that (1, 1) receives

t——1))+ =)+ - +1)+—1)=4k

signal, which corresponds to 2k — 1 excess. For a vertex v = (x,y) € Q with x+y > 3, note
that at least one of v — e and v — e, was in Q. Fix one of these to be /. Now the distances to
three towers increases, while to one tower it decreases.

In particular, if v =V + ey, then

d(v, Tz) = d(V,,TQ) +1,
d(v, T3) :d(V/,T3) +1,
dv,Ty) = d(v’,T4) +1,
d(v, Tl) :d(V,,Tl) —1.
On the other hand, if v =/ + e,, then
d(v, Tl) :d(V,,Tl) +1,
d(v, Tz) = d(V/,Tz) +1,
dv,T3) :d(V/,T3) +1,
d(v, T4) = d(V,,T4) —1.

Either way the signal received by v is 2 less than the signal received by V/, finishing the
induction.

The number of vertices (x,y) € Q with x+y =i isi— I, so we find total excess:

k+1 ' ' 1
l_:Zz(z— 1)(2k=2i=5) = ck(k+1)(2k+ 1),
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]

Adding up the amount of excess for each of the four sets Q1,0>, 03, and Q4 proves the
lemma. O

6.4 Proof of Theorem 1.4.2

Proof. We will consider the power of a path, G = P,Sk) on vertex set {0,...,n— 1} with vy j
an edge if and only if |i — j| < k. For the lower bound we consider the potentially useful
amount of signal transmitted by a tower. Note that from the signal submitted to a vertex at
distance at most ¢ — r from a tower, only r can be used to exceed the signal threshold. Hence,

the total amount of potentially useful signal transmitted by a tower is at most

Qk(t—r)+Dr+2k((r—1)+(r—2)+---+1)

(2t—r—1)k+1)r.

Moreover, as the vertex vg receives signal at least r, there must be a tower at v; for some

i < (t —r)k. This tower wastes
k(r—1)4+(r—=2)+---+1)=kr(r—1)/2

of its potentially useful amount of transmitted signal. Similarly, v, receives signal at least r.
We may conclude that the total amount of transmitted signal needed is at least nr + kr(r —1).
This gives the lower bound {%W

For the upper bound consider

T={vi:0<i<n—1,i=(t—r)k mod (2t—r—1)k+1}
if (n—1) mod (2t —r—1)k+ 1 is between (¢t — r)k and 2(¢ — r)k + 1. Otherwise, let
T={vi:0<i<n—1,i=(t—r)k mod (2t —r—1k+1}U{v,—1}

(cf. Figure 6.8).

Note that vertices v; with i < (¢ — r)k all receive enough signal from the tower at V(e—r)k-
By construction, the last tower is at distance at most (¢ — r) away from the vertex v,_1, so all
the vertices not between two towers receive enough signal.

Now consider a vertex v; between two towers, say i = [((2t —r— 1)k+ 1)+ (t —r)k+p
where 0 < p < (2t —r—1)k+ 1 and both vy((2;—r— 1)k 1)+ (r—r)k A0 Vininn, (14 1) (21— r— 1k41) 4 (- )k S
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Fig. 6.8 A (4,3) broadcast on Pl(i). The unfilled vertices denote the positions of towers.
are in 7. Then

d (Vi Vi(@r—r— 1y 1)+ (=) Fd (Vi Vining (14-1)(r—r— 1)kt 1)+-(1—ren} )
P 2t—r—1Dk+1—p
< | =
SHE [ k

(2 —r—1)+ m + F_pr

<Q2t—r—1)+1
=2t—r

Thus, the broadcast received by vertex v; is

max{t—d(via vl((thrfl)kJrl)Jr(tfr)k) ) O} + max{t - d(viv vmin{(lJrl)((ZIfrfl)k+1)+(t7r)k,n}>7 O}

> 2t — (d (Vis Vi(@e—r— 1k 1) (—r)k) Fd (Vis Vnin{ (151) (21 —r— 1)k 1)+ (=)} ) )
>2t—2t—r)=r

Thence, all vertices receive sufficient signal.
O

When k = 1, we are left with a path, and obtain ¥ ,.(P,) = [%4=1], agreeing with the

result by Crepeau, et al.

6.5 Proof of Theorem 1.4.3

Proof. If n <2(t —r)k+ 1, then any vertex is at most distance (f — r) from any other vertex,
so a tower at any vertex is (¢,r)-broadcasting. If, on the other hand, n > 2(r — r)k+ 1 we find
that for all 0 <i < n,

d(Vi, Vit —rpr1) =t —r)+ 1.

Hence, no one tower can be (z,r)-broadcasting. For n < (2t —r — 1)k + 1, we have that
T =1{0,|%]} is (¢,r)-broadcasting.
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First we will show the upper bound. When 2(¢ — r)k+ 1 < n, consider the set
T={vi:i=0 mod (2t —r—Dk+1}N{vo,...,vn}

(cf. Figure 6.9). Evidently, | 7| = {mw

are (¢,r)-broadcasting. Consider vertex v;. Choose / and p such that p € {0,..., (2t —r—1)k}

. Moreover, we will show that these towers

and i =[((2t —r—1)k+1) + p. Note that the two towers closest to v; are v;((y—r—1)x+1) and
Vimin{(1+1)((2r—r—1)k+1),2}- We find that the sum of the distance between each tower and v; is

2t—r—1k+1-—
d(Vis Vi(2t—r—1k+1)) T AV Vimin{ (141) (2t —r— 1)kt 1) n}) < {%W + {( k) p]

:(2t—r—l)+[%-‘+[l_7p-‘

<Q2t—r—1)+1
=2t—r

Thus, the broadcast received by vertex v; is

max{t—d(vi,vi(ar—r—1)k+1)): 0} +max{t —d(Vi, Vmin{(1+1)((20—r— 1)k+1).n}): 0}
> 2t — (d(Vis Vi(2r—r—1)k+1) T4 Vis Vining (141)(21—r— Dk+1),0}))
>2—2t—r)=r

Note that from the signal submitted to a vertex at distance at most ¢ — r from a tower,
only r is used to exceed the signal threshold. Hence, the total amount of potentially useful
signal submitted by a tower is at most (2k(t —r) + 1)r+2k((r— 1)+ (r—2)+---4+1) =

((2t —r—1)k+ 1)r. The total signal needed to saturate all the vertices is at least nr. Hence,
(k) nr _ n
%7”(Cn ) > ’Vr((Zt—r—l)k—H)-‘ o ’V(Zt—r—l)k-i—l-‘ : o

6.6 Concluding Remarks

A natural next direction would be to consider n-dimensional generalizations. Analogously to
[ TO[=mm]"]

the 2 dimensional definitions, let the density of a set 7 C Z" be defined to be limsup,,_,., @)

and let & ,(Z") be the minimal density of a (,r) broadcasting set 7 C Z".
Question 6.6.1. Is there a relationship between & ,(Z") and &1 ,—>(Z") for some t, and r?

In complete parallel to Propositions 6.3.1 and 6.3.2, we have that &,y ¢ 1421(Z") < &,1(Z")
and Ok 2+2k(Z") < & 2(Z") by an analogous proof. Note that in dimensions n > 2, unlike
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1+1 1+1

1+1 1+1

Fig. 6.9 A (3,2) broadcast on Cﬁ) . The unfilled vertices denote the positions of towers.

in dimensions one and two, /{-balls of constant radius do not partition Z", so even the exact
value of & 1(Z") can be hard to obtain. In 3 dimensions this amounts to efficiently covering
space with octahedrons.

In another direction, the continuous generalization of Conjecture 6.3.3 might provide a
lot of insight. We say a discrete set of towers 7 C R? is (¢,r) broadcasting if all points in
points v € R? satisfy that

Y max{t—d(T,v),0} >r
TeT

card(7TN[—x,x?)
4x2
of a (¢,r)-broadcasting set 7, where card(X) is the cardinality of the set X. For d the Eu-

clidean ¢, distance, this problem is intimately related to efficient sphere packing. To stay as

where d is some metric on R?. It is natural to look for the minimal density limsup, .,

close to the discrete context as possible, let d be the ¢; distance. Let 5,’7r (]R{Z) be the smallest
density of a (¢,r) broadcasting set in R?. Note that in this definition being (¢,r) broadcasting
and being (1,%) broadcasting are equivalent. In fact for & > 0, &/, (R?) = &, o, (R?).

Analogously to Conjecture 6.3.3, we believe

Conjecture 6.6.2. There exists Yy > 0 such that for all y < y,

8y (R?) = lim 5, . (R?) = PTEIE
2
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The right equality follows from the fact that the set 7 = {ma+nb : m,n € Z} with
a=(1-%—-e1-3—¢e)andb=(1-%—¢,Y+e—1)is (1 —y/2,€) broadcasting and
h totic density ————, which tends to —!

as asymptotic density prEE e which tends to W0-17
/ < 1 .
b7 =407
When viewing the discrete setting as an approximation of the continuous setting, Conjec-

as € — 0. Moreover, the set 7

immediately shows 0

ture 6.6.2 would indicate that the minimal ¢ as a function of r in Conjecture 6.3.3 should be

at most linear, i.e. fp = O(r).



Chapter 7

The Eternal Game Chromatic Number of
Random Graphs

The work in this chapter was done jointly with Vojtéch Dvoiédk, and Rebekah Herrman. It

has been published in the European Journal of Combinatorics.[26]

7.1 Introduction

The vertex colouring game was introduced by Brams [39] in 1981; it was later rediscovered
by Bodlaender [8]. In this game, two players, Alice and Bob, take turns choosing uncoloured
vertices from a graph, G, and assigning a colour from a predefined set {1,...,k}, such that
the resulting partial colouring of G is proper. Bob wins, if at some stage, he or Alice chooses
a vertex that cannot be properly coloured. Alice wins if each chosen vertex can be properly
coloured. The game chromatic number X, (G) is the smallest integer k such that if there are
k colours, Alice has a winning strategy in the vertex colouring game. This number is well
defined, as Alice can win if the number of colours is at least the number of vertices. The vertex
colouring game has been well studied [1, 2, 17, 19, 24, 27, 43, 70, 73, 74, 76]. In particular,
Bohman, Frieze and Sudakov [9] studied the game chromatic number of random graphs
Gy, p and found that with hlgh probability, (1 — )log(pn) Xe(Gnp) < 2+ €)== fog(pm)» Where
all logarlthms have base 1 . Keusch and Steger [57] improved the result to x,(Gp ) =
(1+0(1)) gl
( +0(1))isar Toa (1) with high probability for p constant, so ,(Gn ) = (2+0(1))x(Gn,p) With
high probability for p constant. Both of the results require lower bounds on p decaying with

( ) with high probablhty A classic result of Bollobds showed that x (G, ,) =

n slowly. Frieze, Haber and Lavrov [37] studied the game on sparse random graphs, finding

that for p =d/n, x(G,,p) =0 (%) , where d < n~'/4 is at least a large constant.
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This vertex colouring game requires Alice and Bob to colour the vertices once, attaching
no value to the colouring that is produced at the end of the round. In a variant of the game
called the eternal vertex colouring game recently introduced by Klostermeyer and Mendoza
[60], the focus is shifted by continuing the game after a colouring is produced.

Fix a graph G. In the eternal vertex colouring game, there is a fixed set of colours
{1,...,k}. The game consists of rounds, such that in each round, every vertex is coloured
exactly once. The first round proceeds precisely the same way as the vertex colouring game,
with Alice taking the first turn. During all further rounds, players keep choosing vertices
alternately. After choosing a vertex, the player assigns a colour to the vertex which is distinct
from its current colour such that the resulting colouring is proper. Each vertex retains its
colour between rounds until it is recoloured. Bob wins if at any point the chosen vertex
does not have a legal recolouring, while Alice wins if the game is continued indefinitely.
The eternal game chromatic number y;°(G) is the smallest number k such that Alice has a
winning strategy. Note that if k > A(G) 4 2, there will always be a colour available for every
vertex, so ¥, (G) is well-defined.

As Alice and Bob alternate their turns, the parity of the order of the graph determines
whose turn it is at the beginning of the second round. For even order, Alice always has the
first move, while for odd order Bob gets to play first in all even rounds.

This game has not been well studied, but Klostermeyer and Mendoza [60] obtained some
basic results pertaining to paths, cycles, and balanced bipartite graphs.

In this chapter, we determine Y’ (Gn,p) for n odd with general p and for n even with

1 11

pE {5,3,1,...}. Moreover, we provide an upper bound for n even and p ¢ {%,%,%,...}.

Theorem 7.1.1. For all p € (0,1) constant, for odd n, with high probability,

x5 (Gup) = (1 +0(1))%.

Theorem 7.1.2. Forall p € (0,1) constant, for even n, with high probability,

x5 (Guyp) < (1 +o(1))p—2”.

Moreover, when p = 1 for some 1 € N\ {0,1},

12 (Gap) = (1+0(1) 5.

The difference in the even and odd cases is because when # is odd, Bob moves first in the
second round. Also, note that we made no efforts to optimize o(n) terms. For the unresolved

case when n is even and p & {%, %, ... }» we conjecture the following.
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Conjecture 7.1.3. Vp € (0,1)\ {%, %, ... },3€ > 0 such that for even n with high probability,

1 (Gup) < (1) 2.
The structure of the chapter is as follows. In Section 2, we prove the upper bound for
Zg (Gn,p)- In this proof, we make no distinction between odd and even values of n. In Section
3, we prove the corresponding lower bound for odd n. In Section 4, we prove a generalization
of the result in Section 3, which we then use in Section 5 to get the lower bound for the case
p =1/ for some I € N. Along the way, we use various structural results about the random
graph G, ;. As the proofs of these are usually quite easy but technical, we collect all of them
in Section 7.7. Finally in Section 7.8, we provide answer to one of the questions posed in the
paper of Klostermeyer and Mendoza.
Throughout this chapter, we say that a result holds in G, , with high probability (whp) if
the probability that it holds tends to 1 as n — oo.

7.2 Upper bound

In this section, we show the following proposition.
Proposition 7.2.1. For any fixed p,€ € (0,1), whp x5’ (Gyp) < (5 +€)n.

To prove this, we formulate a deterministic strategy for Alice and prove that whp this
strategy enables her to prevent Bob from winning when the game is played with (% +é&n
colours.

The biggest danger facing Alice is that at the end of some round, Bob would manage to
introduce all the colours in the neighbourhood of at least one vertex. He could then win by
choosing one of those vertices at the beginning of the next round. Thus, her strategy should
be to ensure that at any point of each round, she has coloured roughly as many vertices in the
neighbourhood of any single vertex as Bob has, and she should use few colours on them. If,
at some point during a round, a vertex has many colours in its neighbourhood compared to
other vertices, Alice might be forced to colour it so Bob cannot win by choosing it later that
same round. Fortunately for Alice, the number of times she is forced to colour a vertex with
many different coloured neighbours is so few that she can still follow her strategy.

Sample a random G € G, . Consider the following four properties of G.

(i) Every vertex of G has degree at most (p + 155)7
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(ii) There exists a constant K = K (&, p) such that G does not contain sets A,B,S C V(G),
with [ANB| =0, |A| = |B| > 5t5n, |S| = K, such that every v € S is adjacent to at least

Wﬁon more vertices in B than in A.

(iii) There exist constants B = (€, p), 165 > B > 0 and C = C(g, p) such that the following
holds: for any colouring of G by (%’ + €)n colours, the number of vertices that have all

but at most 2n colours in their neighbourhood is at most Clogn.

(iv) There exist constants Y = y(&, p) > 0 and D = D(¢, p) such that, in any colouring of G
by (4 +&)n colours, the number of vertices that have all but at most yn of the colours

1,2,..., Wfo” in their neighbourhood is at most Dlogn.

We prove in Section 7.7 that each of these holds whp for G € G, . For the remainder
of this paragraph, we will assume 1 through iv hold for the graph G. Note that as we are
assuming finitely many properties, each of which holds whp, then whp all of them hold
simultaneously.

For a particular round of the game, let A; and B; denote the sets of vertices played by
Alice and Bob respectively in the first i moves of that round. We shall define the vertices that
threaten Alice’s chance of winning as dangerous.

Definition 7.2.2. For a fixed round of play, let D; denote the set of dangerous vertices
at i moves, denoted D;. A vertex v belongs to D; if for some number of moves j < i,
Bob has played at least lgmn times more in the neighbourhood of v than Alice has, i.e.
IT(v)NBj| > [T(v) NA| + 557

We additionally define vertices that Alice can colour to maintain some symmetry in the

game as follows.

Definition 7.2.3. Let S be a finite subset of vertices of a graph, G. For a vertex v & S, we say
that a vertex w mirrors v with respect to S if w &€ S and for any t € S, G contains an edge vt if

and only if it contains an edge wt.

Let C = {1,2,...,(5 + €)n} be the set of colours used in the game. We call a colour large
if it is at least 5557, and small otherwise.

Alice will use the following strategy at the i/ move of a round: from the list below,
she chooses the first point that applies, and colours the corresponding vertex with smallest
colour available to that vertex. If there are multiple vertices for the same point on the list, she

chooses one of these arbitrarily.

1. If there is a vertex v that misses less than 7 colours in its neighborhood and such that

v has not yet been coloured in the current round, she chooses v.
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2. If Bob played a vertex w for his previous move, w is not dangerous, and there is a

vertex v which mirrors w with respect to D;, she chooses v.
3. She chooses an arbitrary vertex.

We shall prove that because 1, 1i, 1ii, and iv hold, selecting vertices in order of priority will
ensure that Bob can never win the eternal vertex colouring game for sufficiently large n. To

show Bob cannot win, we prove the following lemma.

Lemma 7.2.4. For n sufficiently large, at the beginning of the k™ round of play for k > 2, the
following two conditions hold:

e During the (k— 1)* round, there was no vertex v such that the number of times Bob
played in neighbourhood of v was more than %n greater than the number of times Alice
played in the neighbourhood of v.

o Alice used no more than 1gsn colours in the (k—1)* round.

Then, by playing according to the above described strategy, Alice ensures the following:

e Bob does not win during the k' round

e During the k' round, there is no vertex v such that the number of times Bob played in
the neighbourhood of v is more than 58—011 greater than the number of times Alice played in
the neighbourhood of v.

e Alice uses no more than l‘gmn colours in the k' round.

Note that Lemma 7.2.4 implies that, if Alice plays according to the strategy described
above, Bob can never win the eternal graph colouring game.

Proof of Lemma 7.2.4. The first step is to establish that at the beginning of the round, each
vertex misses more than 23n colours in its neighbourhood, so that there is no immediate
threat to Alice. In the first round, this is immediate, as no colour is used yet. When k > 2,
Alice uses at most %n colours in the neighbourhood of any vertex v. Bob played at most
%n more moves in the neighbourhood of v than Alice did, so by property i, Bob played at
most (5 + 555 + t55)n colours in the neighborhood of v. Hence, at least 23€n > 2n colours
are missing from the neighbourhood of v.

Now, if some vertex misses at most 3n colours at any point during the round, then in
particular at least one of the times f81,2fn, ..., |8~ |Bn, this vertex missed at most 2f3n
colours. By property iii, we conclude there are at most CB~!logn = o(n) vertices that, at
some point in this round, have missed at most Bn colours. Recall that colouring vertices
that miss at most Bn colours is of the highest priority in Alice’ strategy. If Bob were to
create a vertex seeing all colours that was not yet played in this round, Alice must have

spend the previous 7 moves playing in other vertices missing at most 3n colours in their
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neighbourhoods. However, this contradicts the fact that there were at most CB~!logn < Bn
such vertices. Hence, Alice can colour all such vertices in time.

Next, note that Alice uses o(n) (and in fact only constantly many) moves that are arbitrary.
If Alice colours an arbitrary vertex, then either Bob played a dangerous vertex for his previous
move or she cannot mirror Bob on the current set of dangerous vertices. By property ii, there
are at most K vertices declared dangerous during the round, so Bob can play in a dangerous
vertex no more than K times. On the other hand, consider if Bob did not play a dangerous
vertex and Alice cannot mirror his move on D, the set of dangerous vertices. If we partition
the rest of the graph into 21Dl < 2K (lasses according to which vertices of D they are adjacent
to, Bob just played the last vertex from one of these classes. Hence, Alice can play at most
K +2% = O(1) arbitrary moves in any particular round.

Following this strategy, Alice also ensures that Bob will play in the neighbourhood of
any vertex at most %n more than Alice does. Indeed, once Bob has played %n more
colours in the neighbourhood of any vertex, v, it is declared dangerous. She then plays in
neighbourhood of v whenever Bob does, except o(n) times when she plays a move of type 1
or an arbitrary vertex.

Finally, note that Alice uses large colours only if the vertex she wants to colour is
adjacent to all the small colours. If at any point during the round a vertex is adjacent to
all the small colours, then at least one of the times yn,2yn, .., |y~ '|yn, this vertex must
have been missing at most yn small colours. By property iv, there could have only been at
most Dy~ 'logn = o(n) vertices that were adjacent to all small colours at some point in this
round. Hence, as she can colour all other vertices with small colours, Alice uses at most

sesn+Dy Hogn < 55n colours during the round. O

7.3 Lower bound for odd n

In this section, we prove the lower bound for the eternal game chromatic number on a graph

with an odd number of vertices.
Proposition 7.3.1. For any p,e € (0,1) fixed, whp xg' (Gomy1,p) > (5 —€)(2m+1).

For convenience, we shall let n = 2m + 1. Sample G € G, and fix any vertex v of the
graph G.

We will show that whp, Bob can ensure that in the first round, all (5 — £)n colours are in
the closed neighbourhood of v in G. Bob then wins in the first move of the second round, by
choosing v.

Bob can introduce all colours in I'(v) by playing in I'(v) whenever Alice does, thus

ensuring he plays in at least roughly half of the vertices in I'(v) while introducing a new
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colour every time. Some set of vertices X outside I'(v) might at some point be adjacent to
all unplayed vertices of I'(v). If Alice were to play some colour not appearing in I'(v) in all
these vertices, this colour could no longer be introduced to I'(v). Fortunately for Bob, the
number of such sets will be very limited, and thus Bob can take care of them in time.

Consider following two properties of a random graph.

£

(i) Whp, every vertex of G, , has degree at least (p — 155 )7

(ii) For all € >0, and p € (0, 1), there exist positive constants 6 = §(¢g,p),K = K(&, p),
such that in G,

» Whp, for all distinct vertices u, v, w, we have |['(«) \ (['(v) UL'(w))| > 6n.

+ Whp, for any set S of size 1§57 in the graph, there exist at most K mutually disjoint

pairs of vertices {a;,b;} such that at most on vertices of S are not in I'(a;) UT'(b;)

Henceforth, we assume our graph G € G, ,, has both properties, and fix 6 = (&, p) and
K = K(g,p). In Section 7.7, we show that indeed whp G has these properties.

Note that if at some stage there exists a colour ¢ that does not appear in I'(v) and all
vertices not yet played in I'(v) are adjacent to a vertex of colour c, then ¢ will not appear in
I'(v), which is contrary to Bob’s goal.

We introduce the ideas of a double block and being o away from becoming a double block
in order to describe a strategy Bob should take to achieve his goal of filling the neighbourhood

of a vertex with all colours.

Definition 7.3.2. A pair of vertices a and b is called a double block if at some stage in the
round, all uncoloured vertices in T'(v) are in the neighbourhood of either a or b and neither

a nor b (if coloured) is coloured with a colour appearing in T'(v).

Definition 7.3.3. A pair of vertices a and b is said to be o. away from becoming a double
block, if all but at most & of the uncoloured vertices in I'(v) are in the neighbourhood of

either a or b and neither a or b (if coloured) is coloured with a colour appearing in I'(v).

Bob will play according to the following strategy. From the list below, he picks the
highest point that applies.

1. If there exists a colour that appears at least twice outside of I'(v) but not in I'(v), then
Bob plays it in I'(v) if it is a valid colouring.

2. If at least 10K colours appear nowhere in the graph and there are at least 1%00” un-

coloured vertices in the neighbourhood of v, then Bob does the blocking moves in the
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chronological order they were called for, if legally possible. Blocking moves are called
for if a pair {a,b} of vertices disjoint from I'(v) is dn away from becoming a double
block, and at most one out of a,b was played. Blocking moves consist of the following
steps. If vertex a is uncoloured, we first colour it with a colour not appearing in G, say

cq. If it is already coloured, we skip this step. Next:

* If Alice plays in vertex b with a colour appearing in I'(v), introduce ¢, in I'(v), at

which point the entire process ends.

o If Alice plays in vertex b with a colour ¢, not appearing in I'(v), play ¢, in I'(v),
and finish by playing ¢, in I'(v) on the next move unless Alice already introduced
¢, there. If she introduced c,, do nothing more.

* If Alice introduces ¢, in I'(v), colour vertex b with a colour ¢, not yet appearing
in the graph, and introduce ¢, to I'(v) in the next step, unless Alice introduces it

right before.

* In any other case, play ¢, in I'(v) and ensure b is coloured with some ¢}, that is
also in I'(v) in the following two turns, unless Alice makes some of these moves
for us, in that case alter the moves in the same way as we did for a.

3. If legally possible, Bob introduces colours appearing once outside of I'(v) into I'(v).
4. If legally possible, Bob introduces new colours to I'(v).
5. Otherwise Bob does anything.

Note that (2) might involve up to four moves for any pair close to becoming a double

block. If in between these four moves a situation as in (1) arises, situation (1) takes priority.
Claim 7.3.4. There are no more than 4K moves of type (2) used in the first round.

Proof. Let U denote the set of vertices that are uncoloured in I'(v) when the last blocking
moves were played. By the definition of type (2) moves, |U| > ﬁn, so property ii gives the
result. 0

Let T be the first move after which precisely 10K — 1 colours are missing in G during the
first round. We collect the following observations about 7':

e T exists and at 7', at least €n vertices in I'(v) are uncoloured

We shall show that T < (p —2€)n. After Bob’s first (5 — €)n moves, Alice has also
played (5 —&)n moves. As |['(v)| > (p — 155)n, at this stage at least %en vertices in I'(v)

are uncoloured. Bob spent at most 4K moves playing according to (2), and when he did not,
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he always introduced a new colour in I'(v), if he legally could. Note that if there were still
colours missing from G and there were uncoloured vertices in I'(v), moves of type (4) were
always legal. Hence, unless all colours appear in the graph, Bob played at least (% —&)n—4K
colours in I'(v) and hence in G.

e At T, at most 18K colours are missing in I'(v)

Between two consecutive moves of Bob before T, the number of colours appearing
outside of I'(v) but not in I'(v) can increase by at most 2. In fact it only increases if Bob
makes a move of type (2). Hence, there are at most 8K such colours at time 7', and the result
follows.

e At T, Bob has played at most 8K (1) moves.

Let ¢ be the number of colours appearing outside I'(v) and not in I'(v). Note that between
two consecutive moves of Bob up to time 7', ¢ increases only if Bob plays a (2) move,
in which case it increases by at most 2. On the other hand, note that Bob only plays (1)
moves directly after Alice plays a colour already appearing outside I'(v). Hence, ¢ decreases
whenever Bob plays a (1) move. By 7.3.4, there were at most 4K (2) moves, so there were at
most 8K (1) moves.

e No pair of vertices is closer than gn to becoming a double-block at any point up to 7'

We know from ii that at the beginning of the game, no pair is closer than 67 to becoming
a double block. Up to time T, whenever a pair gets closer than dn to becoming a double
block, no (3)-(5) moves are played until this pair is eliminated. However, there are at most
12K (1) and (2) moves played until 7. Hence, no pair can be closer than 6n — 24K > gn to
becoming a double-block up to 7.

e Every colour that does not appear in I'(v) at T appears at most once in G

Note that the only time before T that there is a colour appearing twice outside I'(v), but
not inside, is directly after Alice has played this colour. In response, Bob immediately plays
that same colour in I'(v), which is possible as no pair of vertices is a double block. Hence, if
Bob made the last move before 7', the statement follows. If the last move before T" was by
Alice, she must have introduced a new colour into the graph by the definition of 7', which
again implies the statement.

Next we claim:
Claim 7.3.5. In the 18K moves of Bob following T, he will introduce all colours in T'(v).

Proof. Moves of type (2) are no longer played after 7 by their definition. In the next 36K
moves, 18K of which are made by Bob and the 18K by Alice, no complete double-block can
be created, as all are at least gn > 36K moves away. Since at T at least en vertices of I'(v)

are still uncoloured, during the next 36K < &n moves, there are ample uncoloured vertices in
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I'(v). Hence, Bob can and will introduce a new colour to I'(v) every move until all colours
appear there. [

Thus we see that Bob will ensure that all colours appear in I'(v) during the first round

and he will win in the first move of the second round by picking v.

7.4 Generalization of the lower bound for odd n

Proposition 7.3.1 doesn’t trivially extend to even n, as it is not enough for Bob to let all
colours appear in the neighbourhood of a fixed vertex because Alice could use her first move
in the second round to remove one of the colours from this neighbourhood.

If Bob can manage to play all colours in the neighbourhood of two vertices, with no
colour appearing uniquely in the intersection of the neighbourhoods, then Alice can not. This
limits how Bob can colour the intersection of two neighbourhoods of vertices. By increasing
the number of vertices that simultaneously see all colours, the size of this intersection can be
reduced. Our aim is to show that if p = 1/k for some k € N, then for any fixed /, Bob can
choose I vertices and play all of (p/2 — p! /2 — €)n colours in the neighbourhoods of these
vertices. The (p’/2)n correction term comes from the intersection of the neighbourhoods of
these [ vertices. As [ can be taken arbitrarily large, this shows x*(Gy, p) = (1+0(1))5 for
evenn and p = 1/k.

In this section, we prove a generalization of Proposition 7.3.1, showing that if V(G) is
partitioned into constantly many parts and each of the parts is assigned a set of colours of
size roughly half the size of the part, Bob can guarantee all these colours to appear in the
parts by the end of the first round. This generalizes the notion that Bob could achieve this in
the single set I'(v). In the next section, we will fix some set of vertices X of constant size and
induce partition {A;: I C [I]}, where A; = {v € V :T'(v)NX =I}. We show in Lemma 7.5.2,
that for the special case p = %, there exists an appropriate way of assigning colours to the

A;’s such that each vertex in X will see all colours after the first round.

Proposition 7.4.1. Ve, n,y> 0,/ € N, and p € (0,1), if X; CV (i € [I]) are disjoint sets
of vertices of the graph G, , chosen before sampling the edges with |X;| > yn and Y; C
[(p/2—¢€)n] with |Y;| < %, then whp Bob can guarantee that at the the end of round

all of the colours in Y; appear in X.

To prove Proposition 7.4.1 we will use the following generalization of the structural result
in Item ii.
Lemma 7.4.2. For alm e N, a > 0 and p € (0,1), there exist positive constants 0 =
o(a,p,m),K =K(a,p,m), such that
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» For any set S of size at least on in the graph, whp there exist no m-sets of vertices

{ai,...am} such that at most én vertices of S are not in | J; N(a;)

» Whp, for any set S of size at least on in the graph, there exist at most K mutually

disjoint m-sets of vertices {a; 1,a2,...a;m} such that at most on vertices of S are not
in UjN(ai,j)

Refer to the Lemma 7.7.4 in Section 7.7 for the proof of Lemma 7.4.2.
In order to prove Propositon 7.4.1, we will define the concepts of an end stage, m-block

and o away from becoming an m-block.

Definition 7.4.3. Let T; be the first move after which at most 10K of the colours in Y; are
missing from X;, if this exists. After T;, say X; is in its end stage.

Definition 7.4.4. Given disjoint sets X; C V, at some stage of the round we say a set
{ai,...,an} is an m-block if for some i, X; is not in its end stage, every uncoloured vertex in
X is in the neighbourhood of some aj, and no a; is coloured in some colour also appearing
in Xi.

Definition 7.4.5. Given disjoint sets X; C V, at some stage of the round we say a set
{ai,...,an} is a away from becoming a m-block if for some i, X; is not in its end stage,
all but o of the uncoloured vertices in X; is in the neighbourhood of some a;, and no a; is

coloured in some colour also appearing in X;.

Proof of Proposition 7.4.1. LetC; = %f +4andlet 6 =6(n/4,p,100C;1) and K = K(n /4, p,100C;1)
as in Lemma 7.4.2. Bob will play the move of the highest priority that he legally can according
to the following list:

1. If for some ¢ € [[], some colour ¢ appears C;q times in the graph, but it is missing from
more than [ — g of the X;’s for which ¢ € ¥;, Bob plays it in any of X;’s where it does
not yet appear.

2. If for some i, X; is in its end stage, Bob plays the missing colours into it, copying the

colour Alice played if it was missing.

3. If there is 100C; block closer than 6n moves away from becoming an m-block and at
least 1 /4n vertices in the corresponding X; are uncoloured, Bob kills it. By killing it,
we mean the following sequence of moves. Colour the first vertex of our 100C;/-set
by some colour that appears less than C;q times in the graph and is missing from at
most [ — g of the relevant X;’s. Then make sure in the next moves that this colour
also appears in all of its designated X;’s. Repeat this procedure for all vertices of our
100C;!-set.
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4. If for some ¢ € [I], some colour appears C;q times in the graph, but it is still missing
from more than / — g+ 1 of X;’s, Bob plays it in any of X;’s where it does not yet

appear.

5. Bob plays any colour in ¥; not yet used in X; to that X;, if possible in the same X; as
Alice played in the previous move.

6. Bob plays anything anywhere.

Note that (3) might involve up to 100C;/(! + 1) moves. If in between these moves a
situation as in (1) or (2) arises, those are resolved first.

Claim 7.4.6. Let C = 100Cll2(l + 1). There were no more than CK (3) moves called for.

Proof. Let U C X; denote the set of vertices that are still uncoloured in X; when the last
blocking moves were called for, for this X;. Lemma 7.4.2 says X; called for at most 100C;/(! +
1)K (3) moves. Hence, in total at most 100C;/*(I 4 1)K = CK (3) moves are called for. [J

Claim 7.4.7. There were no more than 2 n moves of types (1),(2),(3) and (4) during the first

round of the game.

Proof. Note that at most & colours appear at least C; times in the graph. Moreover, these
colours prompt a (1) or (4) move at most / tlmes Finally, there are at most 10K/ (2) moves.
Hence, there are at most n+10KI+CK <2 n given n > C’K(10l +0C). O

We collect the following observations about 7;:

e T; exists and, at 7;, at least %n vertices in X; are still uncoloured

At the end of round one there were |X;| moves in X;. Moreover, by Claim 7.4.7 there were
at most 2171 (1)-(4) moves. After Bob’s first |Y;| + 2 G 2L in X;, he has played at most %—in (D-(4)
moves. He also played in X; after every move of Alice in that set, except the times when he
played (1)-(4) moves. Thus, at least n|X;| — n > 1 n of the vertices in X; are uncoloured.
AsC; > 12] , this gives the result.

o Let C’ C +10l. At T;, Bob has played at most C'K (1) moves.

For a colour j, let g; be the number such that colour j is missing from [ — ¢g; of its
designated sets. Let r; be the number of times j appears in the graph. If r; — g;C; > 0, then
Bob is forced to play a (1) move. If r; — (¢; — 1)C; > 0, then this induces a (4) move. Let
D =Y ;max{r; —(q; —1)C;,0}. Note that if D > 0, then Bob must play a (1),(2),(3) or (4)
move. If D increases between consecutive moves of Bob, he must have played a (2) or (3)
move. Moreover, D increases by at most 2 in that case. On the other hand, if Bob is prompted
to play a (1) move, D decreases by at least C; — 1 > 2. Hence, there are at most as many (1)

moves as there are (2) and (3) moves, i.e. at most CK + 10K/ (1) moves.
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e No pair of vertices is closer than gn to becoming a 100C;/ block at any point up to 7;

By Lemma 7.4.2, at the beginning of the game no 100C;/-set of vertices is closer than
on to becoming a 100C;! block. Whenever, up to time 7;, a 100C;[-set gets closer than 67 to
becoming a 100C;/ block, no (4)-(6) moves are played until this pair is eliminated. However,
there are at most (2C + 10/)K (1) and (3) moves played until 7;. Hence, no 100C;/-set gets
closer than on — (2C+ 100)K > gn to becoming a 100C;I block up to T;.

e Every designated colour that does not appear in X; at 7; appears at most C;/ + 2 times
in our graph

By the definition of (1) moves, some colour ¢ can never appear C;/ 4 2 times in our graph,
yet not appear in some of X;’s with ¢ € ;.

Next we claim:

Claim 7.4.8. In the 10KI + C'K moves of Bob following T;, he will introduce all colours in
X;.

Proof. Note that while there are still colours missing from X; in its end stage, Bob only
plays (1) and (2) moves, both of which copy the colour Alice played. Hence, the colours
missing from X; can be played at most 2/ times before being played into X;. At that stage, the
colour is played at most C;l +2 + 2/ < 100C;!l times and no 100C;/-set is closer than %n to
becoming a 100C;l block, so no 100C;l block will be formed in the endstage of X;. Hence,
we can still play this colour in X;. As we can introduce all the missing colours and we play at

most C'K (1) moves, we need at most 10K! + C’'K moves to introduce them all. L]

Thus, since Bob can introduce all colours into X; during the end game, the proof of

Proposition 7.4.1 is complete. [

Having proven Proposition 7.4.1, we are ready to look at even n.

7.5 Evenn

In this section, we shall prove that for particular values of p, we can achieve the same lower

bound for even n as for odd n.

Proposition 7.5.1. Let p = 1/k for some k €N, and € > 0. Then whp xg°(Gam,p) > (p/2 —
€)2m.

For convenience write n = 2m. For given p,& > 0, fix [ € N, such that p! < £/100.



114 The Eternal Game Chromatic Number of Random Graphs

Lemma 7.5.2. Let X C V(G) be a set of | vertices and p = 1/k for some k € N. There
exists 1 > 0, and a function f : P(X) — P([(p/2 — p' /2 — €)n]), assigning to every subset
X' ¢ X, pXI (1= p) =1 —n)5 colours, such that Uyr.cexrcx f(X') = [(p/2—p' /2—€)n]
for every x € X.

To prove this lemma we will use the following auxiliary lemma.
Let B(X) be the set of all partitions of the set X.

Lemma 7.5.3. Consider any k € N. Let p = 1/k and |X| =1, then there exists g : B(X) —
[0, 1], such that for all 0 #A C X;

Y e(r)=pAl(a—p)

Proof. Define g as

ary=1 & oy ITI<k

0 else
Fix A C X and evaluate Y 7.acrep(x) 8(T). Consider ordered partitions of X \ A into k — 1
potentially empty sets. Each of these contributes exactly k~ to this sum.
To see this, consider a particular ordered partition of X \ A into k — 1 sets, m — 1 of
which are non-empty. This corresponds to a partition 7" of X into m parts, which has weight
(k=1)!

g(T) =k ((]f 1)) Note that a given partition 7 of X \ A into m — 1 parts gives rise to (k=m)!

ordered partitions into k — 1 (potentially empty) sets. Hence, every ordered partition of X \ A

into k — 1 potentially empty sets contributes weight exactly k~/ to the sum.
Noting that there are exactly (k — l)l —IAl ordered partitions of X \ A into k — 1 potentially

empty sets, we can evaluate the sum as
o INAL 1\ Al -
Y oen =G0 M= (1) (57) =
T:AeTeB(X)
]

Proof of Lemma 7.5.2. Let g : B(X) — [0,1] as in Lemma 7.5.3 and set B'(X) = B(X) \
{{X}}. Note that ¥ rep(x)8(T) = p(1— p'~1). Consider any linear order on B'(X) and let

7 B(X) = P((p/2—p'/2—)n)) THHZg J 2”)”+1,..{2g(T'>J@

T'<T T'<T

}
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where 1) is such that | Yrepx) g(T) ] (1_27’)" = (p/2—p'/2—€)n. Let

f:PX)=>P((p/2-p'/2—en));X' — |J fI(T)

T:X'eT

Hence;

U rxHh= U U £

X'xeX'CX X''xeX'CX T:X'eT

= U rm

TeB (X)
[

Proof of Proposition 7.5.1. Fix X C V with |X| = 1. Sample all edges incident to X. For
I1C X, letX;={veV\X:T(v)nX =I}. Note that whp |X;| > pl!/(1 — p)~11l(1—n/10)n
for any 1 > 0. Use Lemma 7.5.2 to find ¥; = f(I), such that |¥;| < w. Now sample
all the other edges in the graph. By Proposition 7.4.1, whp Bob can guarantee that at the end
of round one the colours in ¥7 appears in X;. By construction of Y7, all vertices in X will see
all colours in Up.g.;cx X1- Hence, regardless of Alice’ first move in the second round, Bob
can choose a vertex that sees all colours in his first move in the second round. Indeed, if
Alice recolours a vertex outside of r.g;cx Xi, then any vertex in X sees all colours. On the
other hand, if Alice recolours a vertex in Uy.g;cx X1, then for at least one vertex x € X, the
colouring of neighbourhood N(x) is not affected. Thus, the proposition follows. ]

7.6 Conjecture 7.1.3

Note that the condition p = 1/k is essential in Proposition 7.5.1. In Conjecture 7.1.3
we conjecture that this points to a fundamental structural difference, i.e. that for all p €
(0,1)\{5,3.---},3& > 0 such that whp x5°(Gy,,) < (1 —£)5".

Note that, if p ¢ {%, %, ...}, then there exists a k, so that for any k vertices vy, ...,
it is impossible to assign colours Y7 to X; = {v: I'(v)N{vy,...,v} = I}, such that |¥;| <
(1/2+n)[Xi| and Up.icscpg Y1 = [(p/2 — €)n] for every i € [k]. Crucially, Lemma 7.5.3 fails
to hold. Hence, given that Alice can play in roughly half the vertices in I'(v) forall v € V,
as suggested by Lemma 7.2.4, at most two vertices at the end of every round can see all
colours, say u, and v. In particular, some colours will appear only once in I'(x) UI'(v) viz in

I'(u) NI'(v), so Alice can recolour one of these in the first move of the second round. Hence,
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we cannot expect Bob to win at the beginning of round two. The crucial question remains
whether Bob can reintroduce this colour into the neighbourhood of u or v.

We believe the answer to be No because of the following heuristic. As all but two vertices
will see at most (p/2 — ¢, )n colours at the end of a round, for some definite constant ¢, > 0
depending on p, Alice will be able to determine which two vertices these are Q(n) moves
before the end of the round. At that stage she can first make sure all vertices in I'(u) UT'(v)
have been played, after which Q(n) moves still remain in the round. Next she chooses a
colour ¢ appearing uniquely in I'(«) UT(v) viz in I'(«) NT'(v). Finally, she colours ®(log(n))
of the remaining vertices with ¢ in order to guarantee that all points in I'(x) UT'(v), except
the unique vertex of colour c, are adjacent to some vertex of colour c. Because there are Q(n)

vertices remaining she’ll have ample time and choice to achieve this.

7.7 Proofs of structural results in the random graph

In this section, we provide proofs of various structural results about G, ,, that were used in
earlier proofs. Some of them will be shown in a more general form. One of our main tools

will be the following well-known form of Hoeffding’s Inequality.

Lemma 7.7.1. Forany € >0,n € N, and p € (0,1), P(Bin(n, p) > (p+€)n) < exp(—2¢2n)
and P(Bin(n, p) < (p — €)n) < exp(—2¢&n).

Note that Hoeffding’s inequality implies i from Section 2 and i from Section 3.

To prove iii and iv from Section 2, we first prove the following result.

Lemma 7.7.2. Forall oo >0, p € (0, 1), there exist constants K = K (o, p),B = B(a,p) >0
such that whp the following holds. For any colouring of G, , with an colours, the number of
vertices that have all but at most Bn colours in their neighbourhood is at most Klogn.

Proof. Letg=1—(1—p)¥* B = @, and K = ﬁ.

Note that in any colouring of G, , by an colours, we have $n colours appearing at most
% times each.

Assume there exists a set S of Klogn vertices missing at most n colours each. For n
satisfying Klogn < $n, there exists a set C of $n colours appearing at most % times each
such that no vertex in § has any colour from C. In particular, there must be mutually disjoint

sets of vertices S,T1, ..., Ta such that |T;| < % for each i, |S| = Klogn and each vertex in S

oy,
is joined to at least (§ — fB)n sets T; in our graph.

Now, we consider the probability that such structure exists in G, ,. For n sufficiently
large, we find there are ZZ (lx (’Z) < 2(2705) ways of choosing each of the sets 7;. So for such

large n, we have at most
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an

n n e an reon\ &
(sroen) (2afa)) - =2 (5

o o
= exp <K(logn)2 + Tn logn + anog (eoc))

ways to choose sets S, 71, ..., Ty, /4. Now for any such fixed choice, the probability that these
sets satisfy the conditions is at most

. /an 1—q\ oan\Xlen (1—¢)\*an
— > —_— ] — < — -
IF’(Bm( 2 ,q) > (q+ > ) 1 > <exp| —2 5 1 Klogn

The union bound then gives that the probability of finding appropriate S, 71, ..., Ty /4

o o 1— ‘o
exp <K(logn)2+7nlogn+ anog (eat) —2 (( > q)) %Klogn)

1— 2
= exp (K(logn)2 + %nlog(ea) + <1 —K%) %logn)

(04 o
= exp <K(logrz)2 + anog (eat) — Tnlogn> =o(1)

The result follows. O]

To conclude iii, simply plug in & = (% + €), and note that if some value of 8 > 0 works,
then any smaller one does too, so we can insist on 8 being not too large.

To conclude iv, plug in a = ﬁ and note that presence of other colours only helps us,
as the result would still hold even if all the other vertices were also coloured in 5§57 small
colours.

The following implies ii from section 2.

Lemma 7.7.3. Fix any €, and & greater than 0. Assume K € N is fixed, such that K > %.
Whp, YA,B C V(G) are disjoint subsets with |A| = |B| > €n, then there are less than K

vertices adjacent to at least On more vertices in B than in A.

Proof. Letn > %, and assume for a contradiction that there exist A, B, as stated in the lemma
such that there are at least K vertices adjacent to at least dn more vertices in B than in A. Let
S be a collection of K such vertices. Let A’ =A\ S and B’ = B\ S. Note that ¢(A’,S) < ¢(A,S)
and e(B',S) > ¢(B,S) — K2, so that

e(B',S)—e(A',S) > e(B,S) —e(A,S) —K* > Kdn—K* > K&n/2.
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Hence, either
e(B',S) > (|B'| -|S|p) + 6Kn/8,

or
e(A’,.S) < (|B'|-|S|p) —36Kn/8 < (|A"] -|S|p) — 6Kn/8.

The probability of the former (the latter follows analogously) is given by;

8|B|

( 52nK>
sexp| - 2¢e

P (Bin B 15, p) = (B1Kp) + 5Kn/3 ) < exp (—2( on )2 |B'u<)

We can choose sets A, B, and S in at most

(|Z|)Z<Z) =2

ways. Thus, the probability that any such sets A, B and § exist is at most

52
2exp (—z—gnK—l— 3nlog2) —0

provided K > 82 > 6¢ 10g2 [

The proof of ii from section 3 follows from the fact that for (p) sufficiently small and
positive, whp there exists no three vertices u,v,w such that the number of vertices in the
neighbourhood of u, but not in the neighbourhood of v or w is at most én by Hoeffding’s
Inequality. ii follows directly from the following setting m = 2.

Lemma 7.4.2 follows in the same manner, this time using the particular m we need.

Lemma 7.74. FixmeN, y>0, p € (0,1). Then for any K >

not contain any collection of sets S,T1,...,Tx such that Ty, ..., Tx are all mutually disjoint,

( )Zm: Whp an does

S| > vn, |T1| = ... = |Tx| = m and for every T,, all but at mostM n vertices of S are
Y ry .

adjacent to at least one vertex in T;.

Proof. Provided n > 2Km , we can find §' C S such that |§'| = & and §' is disjoint from all

of 71, ..., Tk. For any such fixed 8, T1, ..., Tg, by Hoeffding’s Inequality, the probability that
(- )

for each T;, all but at most yn vertices of S’ are adjacent to at least one vertex in T} is at

most
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q (Bin (%'n,(l —p)m> Lu=p", 0 _p)myn>K < exp (—ZM%/M()

2 4 4
_ (1—p)*"yKn
=exp ( 4 .
There are at most
n\*( n
< mK2n
(o) () =7
= exp (mKlogn+nlog(2))
ways to choose such sets §', 71, ..., Tx. So, as long as K > y(1—4p)2m > y(1—4p)2m log(2), the
result follows. U

7.8 Answer to a question of Klostermeyer and Mendoza

We conclude the chapter by answering a question posed by Klostermeyer and Mendoza in
their original paper.

They define other variants of the eternal chromatic game on graph. One of them is greedy
colouring game, where Bob must colour whatever vertex he chooses with the smallest colour
possible. Let x.° 2(G) be the smallest number k such that when this game is played with k
colours on G, Alice is guaranteed to win. Further, they consider the variant of game when
not only Bob, but also Alice, must use the smallest colour available for each vertex she
chooses, and define xg°°3(G) to be eternal number of the game played with these rules. Note
that clearly x,° 2(G) < Ao 3(G) since Alice can, if she wishes so, choose the smallest colour
for each vertex she chooses in any variant of the game and analogously y;° 2(G) < Ze (G).

Klostermeyer and Mendoza pose the following question about these new variants of the

game.

Question 7.8.1. Let G be a graph with subgraph or induced subgraph H. Is it necessarily
true that xg"z(G) > %;2 (H) ? Is it necessarily true that x§°3(G) > X;B (H)?

Indeed, it is not true. Consider the following example.
Proposition 7.8.2. Forn > 2, %;3 (Kipn+1) =3 and x;"z (K1.2n) > 4.

Proof. For %:;3<K1,2n+1) = 3 note that Alice starts every round as the number of vertices

is even. Every round she will first play in the central vertex which will become the unique
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element from [3] not yet appearing in the graph. All the other vertices will now become the
former colour of the central vertex.

For x§°3 (K1.2n) > 4. assume for a contradiction 3 colours suffice and note that Bob begins
the second round. Let x for the central vertex. Then x is either adjacent to two different
colours or N(x) is monochromatic. In the former case, Bob plays in x and finds that there is
no colour available, a contradiction.

In the latter case, Bob plays in N(x), bringing the number of colours in N(x) to two. Hence,
Alice cannot play in x. She can also not bring down the number of colours in N(x) as it
contains at least three vertices. Thence, when Bob gets to play his second move in the second

round, and plays x, he finds no colours available, again a contradiction. O]

Note that H = K] », is an (induced) subgraph of G = K 7,1, and
%;2(G) < 257°(G) < 2 (H) < x5 (H)

This answers all the subquestions in the negative.

Finally, note that while there is no clear relationship between 1;3(G) and x.°(G) for
general graphs G, in our definition of strategy of Alice in section 2, we let her always play
the smallest colour available, and so in particular we have g (Gy,p) < (5 +o0(1))n whp.



Chapter 8

Capture times in the Bridge-burning
Cops and Robbers game

The work in this chapter was done jointly with Rebekah Herrman and Stephen G.Z. Smith.
[47]

8.1 Introduction

The main aim of this chapter will be to prove Theorem 1.6.1, establishing the asymptotic
maximal capture time in the bridge-burning cops and robbers game.

In Section 8.2, we present some preliminary results on catching times in the bridge-
burning game and in Section 8.3 we prove Theorem 1.6.1.

The asymptotics in this chapter are with respect to the number of vertices n, assuming

fixed burning-bridge cop number, unless explicitly stated to be otherwise.

8.2 Catching Times

In this chapter, we will show that the graph G on n vertices with cop number k£ > 3 which
maximizes the capture time satisfies

k+2 (2n>k+2

C % < max{capty(G) : c,(G) = k,v(G) =n} <C

for some universal constants C,C’ > 0.
First, we show that the capture time of K, ,, 1s ®(n2). Our proof significantly simplifies

the proof given in [59, Theorem 5.2] to demonstrate that there are graphs with ¢(G) = 1 and
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capty,(G) = Q(n?). In order to prove the result, we need the following slight strengthening
of a theorem from Kinnersley and Peterson [59, Theorem 2.2].

Lemma 8.2.1. If 3 X C V(G), such that G[X]| is a cliqgue and X UT'(X) = V(G), then
cp(G) = 1 and capt,(G) = O(n?), where T'(X) is the neighbourhood of X.

Proof. Place the cop on any vertex in X. Subsequently, always move the cop to a vertex in
X adjacent to the position of the robber. Note that the robber can never move onto a vertex
in X and, thus, can never remove an edge incident to X. Hence, X UT'(X) = V(G) remains
constant throughout the game. After each round, the cop is adjacent to the robber, so the
robber must move in every round. Given that the robber removes one edge in every round,
eventually he must move into X, as all the other possible edges have been removed. As there
are O(n?) edges, this must happen within O(n?) moves. O

This lemma provides the cop number and an upper bound in the following proposition.
Proposition 8.2.2. K, , has capture time ®(n?)

Proof. As any two adjacent vertices in K, , satisfy the conditions in Lemma 8.2.1, we find
that ¢, (Ky,) = 1 and capty,(G) = O(n?).

On the other hand, we consider the following strategy for the robber to delay capture.
First, we find an Euler cycle of K|z |1} (or K|a)_y |21 if [5] is odd). Next, we traverse
the following route through K, ,; to each vertex in K 2], assign a distinct pair of vertices
in K, , such that the pairs of vertices from the same part of K |1],|4) are in the same part of
K, ». Now, the robber follows the Euler cycle through K, , in the sense that every time he is
forced to move, he goes to an element in the corresponding pair which is available. As the
cop is only able to occupy one vertex of a given pair, there is no way for the cop to obstruct

the robber’s path. This route has length Q(n?). O
In fact Lemma 8.2.1 implies the following result for random graphs G, j,.

Proposition 8.2.3. Consider G = G, , with p constant. Then whp c,(G) = 1 and capt,(G) =
0(n?).

Proof. By Lemma 8.2.1, it suffices to show that G contains a dominating clique with high
probability. This follows from a second moment argument included in Lemma 8.4.1 in the
Appendix. ]

For general graphs, we find the following generalization of a result from [59, Theorem

5.1] which showed this proposition in the case ¢,(G) = 1.



8.3 Proof of Theorem 1.6.1 123

cp(G)+2
Proposition 8.2.4. Let G be a graph on n vertices, then capt,(G) < _(22 (bG)z .

Proof. Note that as the robber removes an edge with every move, the robber can make at

most e(G) < (;) moves before getting caught. Between two moves of the robber, the cops

move around. Without the robber moving, there is no point in the cops returning twice to the

. — p(G)
exact same configuration. As there are at most ("JFEZE% 1) < (262)( Gb),

(Zn)cb(G)+2 )
oG moves before the robber is caught. ]

configurations of the

cops on the vertices, it can take at most

The remainder of the chapter is dedicated to proving Theorem 1.6.1.

8.3 Proof of Theorem 1.6.1

We first prove the result for k = 3 and then extend the construction to larger k. We claim the
following graph G has ¢,(G) = 3 and capt,(G) = ©(n°).
Let the vertex set of G be the following union of sets;

V(G)=A{pi,qi:i € [3n]}U{x,x2} U{dy,h, } UXUY
U{dx 1,dx 2,dy1,dy2,hx 1,hx 2, hy1,hy 2}
U{a; i€ Bn)}U{dy,ha}U{day1,dao hat,hap}t
U{b; i€ 3n]}U{dp1,dp2,hp1,hp2}
U{dai1,dai2,haiishaiz i € 31y U{dpitdpizhpit,hpin:i€ 3]}
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with |X| = |Y| = 3n. Let the edge set of G be the following union of sets;

E(G) ={pipPi+1,9iqi+1 : i € Bn—1]}U{p1x1,q1x1, pax2,qnx2 }
U{pidy, qidy,x1dy,x2dy 2 i € [3n]}
U{xpviveXtU{xnv:iveY}tU{w:ueX,veY}
U{pid,qid,x1d,x2d :i € [3n],d € {dx 1,dx 2,dy1,dy2}}

U{vdx 1,vdx2:veX}U{vdy,vdy3:veEY}

U{aiait1 i€ [3n)}U{aid, i € [3n]} U{aid, 1,aid, 2 2 i € [3n]}
U{vdy1,vda2:veXUY}U{aix; :i€ 3n]}

U{bibi1 i€ [3n]} U{bidp : i € [3n]} U{bidp 1,bidpy : i € [3n]}
U{vdp1,vdpr:veXUY}U{bixy i € [3n]}
U{vdgi1,vdgin:veXUY,ie 3]}
U{x1dgai1,x1dai2,x2dai1,%2dai2 i € [3]}
U{Pjdai1;Pjdai2,qjda,i1,9jdai2: j#i mod3}

U@ (-1t j9a,i 15 (i1 yntjdai2 - J € [n]i € [3]}
U{vdpi1,vdpir:veXUY,ic 3|} U{ajdp;i,a;dpir: jZi mod3}
U{b(i—1)ntjp,i15 b (i1 yntjdbi2 : J € [n]i € [3]}

U{h;d; : all i, such that d; € V(G)}

For an illustration of G, see Figure 8.1.

In the remainder of the chapter we shall use the notation {a;}; to denote the set of a;’s
with i ranging over all possible values in the given context, so e.g. {pi,qi,xi}i = {pi, qi,x i
i€(3n],j=1,2}.

This graph G consists of three cycles, {a;}i, {b;}i and {x;, pi,qi}i, a complete bipartite
graph on the sets X and Y and a great number of doors, d;’s, and holes, h;’s. Holes are
vertices with degree one and doors are their unique neighbours.

One of the cycles, viz {x;, p;,qi }i, contains two special vertices, x| and x,, each of which
is complete to one of the parts of the bipartite graph and to one of the cycles. In particular,
we have {a;};UX C IT'(x;) and {b;};UY C I'(x2). In fact, these are the only edges between
vertices that are not doors or holes.

The doors and holes restrict the freedom of the cops; if the robber manages to move to a
door that is not adjacent to a cop, he will move to the corresponding hole in the next move,
disconnecting himself from the rest of the graph and thus winning the game.
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X Y

Fig. 8.1 The graph G described in the proof of Theorem 1.6.1. Most of the doors and holes
are omitted though all the other vertices and edges are displayed.
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Clearly, G has O(n) vertices. We first aim to establish that ¢, (G) = 3, starting with the

lower bound.

Lemma 8.3.1. ¢,(G) > 3. Moreover, if c,(G) = 3, then one cop starts in {a;}i, one cop

starts in {b;}; and one cop starts in {x;, pi,qi}i.

Proof. To see that ¢,(G) > 3, note that we initially need a cop next to, or on, every door.
In particular, doors d,,d), and dy. Since I'(d,) = {a;}i U{hs}, T'(dp) = {bi}i U{hp} and
I'(dy) = {xi, pi,qi}i U {hy}, there is no vertex next to or on more than one of these, so
we need at least three cops. If ¢,(G) = 3, then evidently one cop must start in each of
{d.} UT'(d,), {dp} UT(dp), and {d,} UT'(dy). If one of these cops doesn’t start in the
corresponding cycle ({a;};,{b;}i and {x;, p;,qi}i respectively), then no cop is adjacent to
some other door (d, 1, dp,1 or dx, respectively). ]

To see that three cops suffice to catch the robber, consider the following strategy for the
cops. Start one cop on ay, say Alex, one on by, say Blake, and one on x, say Charlie. We
will refer to this starting position as the standard position. Note that these three vertices
cover all the doors. Each of the cops will stay on their respective cycles unless the robber

moves onto a vertex adjacent to them, in which case they catch him.

Lemma 8.3.2. If the cops start in the standard position, then every cop can reach any vertex
in their cycle, while guarding all doors at each of the intermediate steps.

Moreover, if the robber starts and remains in X JY and the cops start in standard position
and remain in their cycles always guarding all the doors, then it takes Charlie Q(n’) moves

to get from x| to x and from x; to xi.

Proof. We will show that every cop can move to a neighbouring vertex in at most O(n?)
steps. Recall that each cycle has diameter O(n).

We first consider Blake’s moves. Blake can move freely between the vertices in {by,; :
J € [n]} for any fixed k € {0,1,2}, as each of these vertices has the same neighbourhood
outside {;};. When changing k, Blake’s neighbourhood in {d},; ;}; ; changes, so in order to
keep guarding all the doors, Alex must move in parallel to cover Blake’s old neighbourhood
(cf. Figure 8.2). This, in turn, affects Alex’s neighbourhood in {d,;, j}@ j» which would then
have to be compensated by Charlie. Thus, Blake can move anywhere in {b;}; in O(n) steps.

For Alex, the concerns are very similar. Two adjacent vertices in {a;}; have different
neighbourhoods in {dj; ;}: ;, so for every consecutive step Alex takes, Blake has to take n
steps. Hence, Alex can move anywhere in O(nz) steps. Moreover, to move to a vertex at

distance Q(n) in the cycle {a;} takes Q(n?) moves.
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Fig. 8.2 The graph described in the proof of Lemma 8.3.2. The central vertices are doors, and
the other vertices form cycles {a;}; and {p;,q;, x;} patrolled by Alex and Charlie respectively
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Finally, every move by Charlie requires O(n) steps of Alex, which in turn requires O(n?)
steps by Blake. Hence, Charlie can move anywhere in O(n?). Moreover, to move from x; to
x; and back takes Q(n’) moves. O

We need to exclude the case that the robber doesn’t start in X UY.

Lemma 8.3.3. If the cops start in the standard position and the robber starts on any vertex
that is not in X UY, then the robber is caught in O(n’) moves.

Proof. If the robber starts on a door or hole or x; or x;, then the cops can immediately catch
or corner him.

Alternatively, suppose the robber starts in one of the cycles. If the cops stay in their
cycles, they can move along the cycles while guarding all the doors as shown in the previous
lemmas. This implies that the robber cannot leave the cycle he starts in. It is easy to catch a
robber on a cycle in O(n) moves. Every step by the cop can require up to O(n?) moves by
the other cops, so the cops need O(n®) moves to catch the robber. ]

Now that we may assume the robber starts in X UY, we are ready to show that Alex,

Blake and Charlie will succeed in catching the robber.
Lemma 8.3.4. ¢,(G) =3

Proof. Lemma 8.3.1 shows we need at least three cops, so we only need provide a bound
from above.

Consider the cops starting in the standard position. If the robber starts outside X UY, then
the cops can catch the robber according to Lemma 8.3.3. Hence, we may assume the robber
starts in X UY.

The cops will move in such a way that all doors are guarded at all times. Moreover, Alex
and Blake will stay on {q;}; and {b;}; respectively at all times. Hence, if at any point the
robber leaves the set X UY, either to a door or to one of x1,x;, then the cops can immediately
seize him. Hence, the robber has to stay inside X UY.

Finally, to show that the cops can actually capture the robber, it suffices to show that they
can force the robber to keep moving, as he can make at most |X|-|Y| moves staying on the
vertices of X UY. To this end, Charlie will move between x; and x,, which by Lemma 8.3.2
is possible while ensuring the cops guard all the doors at every intermediate step. As xj is
complete to X and x; is complete to Y, this forces the robber to keep moving. Hence, the

cops will eventually capture the robber. 0

To find the lower bound on the capture time, we need to be sure that the cops do not have

a better strategy.
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Fig. 8.3 The graph described in Lemma 8.3.5, where v is a vertex in X UY.

Lemma 8.3.5. If the cops start in the standard position and the robber starts in X UY, then
the cops need to stay on their respective cycles for as long as the robber stays in X UY,

unless they can capture the robber directly.

Proof. For Charlie, let the robber be on v € X, without loss of generality. If Charlie leaves the
cycle still guarding dx | and dx », then Charlie must have moved into X. However, that would
imply the cop was previously on x1, so Charlie could have caught the robber immediately.
Hence, Charlie cannot leave the cycle without allowing the robber to escape.

For Alex (resp. Blake), note that if the robber is on v € X UY, then leaving their cycles
would mean leaving either d, 1 or dg,> (resp. dp,,1 or dp,>) unguarded, providing an
escape route for the robber, as seen in Figure 8.3. [
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Lemma 8.3.6. capt,(G) = Q(n°)

Proof. By Lemma 8.3.1, the cops must start in standard position or equivalent.

The robber will follow the following strategy. He will fix a walk of length Q(n?) through
the induced complete bipartite graph on vertex set X UY, which he can trivially do. He will
proceed to follow this walk as slowly as possible, i.e. only proceeding to the next vertex
when a cop is adjacent to him.

The robber will only move through X UY, so by Lemma 8.3.5 the cops are confined to
their cycles. Only Charlie can be adjacent to X UY without leaving his cycle, so it is up to
Charlie to walk up and down between x; and x; to force the robber to move. By Lemma
8.3.2, it thus takes the cops Q(n3) moves to make the robber move once. Hence, the robber

manages to stay out of the cops hands for Q(n°) moves. 0

The construction slowing down Charlie can be extended in a natural way to higher cop
numbers. Consider the following construction for cop number k. For k > 3, let G be the

graph constructed as follows.

V(G =V(G)U{ul :i € [Bn],j € k=3]} U{dy,hy: j€k=3]}
U{dyi i g i€ B0 € (2], )€ [k—3]}

E(Gy) =E(G)U{ulul,, i€ 3n],j€ [k—3]}
U{uld, ;i€ 3n],j€ k—3]}
U{vd, :veXUY,ie 3]l €[2],je k-3]}
U{u] 'dy ;i1 #i mod3.ke[2],j€ [k—3]}

u{u{ dyix:l€nlie3,ke2],)€ k—3]}

i—1)n+l
where u? = b;. The {ulj }i form cycles, which are similar to cycles {a;}; and {b;};. The
doors {d,; ;; }i; are connected to respective cycles in the same fashion {a;}; and {b;}; are
connected to the doors {dp,;;}i .

Proposition 8.3.7. ¢,(Gy) = k and capt,(Gy) > Cv(G )2k~ *+2) for some universal con-
stant C.

Sketch of proof. As in Lemma 8.3.1, each of the doors dy,d,,d), and d,; (with j € [k —3])
must be guarded initially, so ¢;(Gy) > k. Moreover, if ¢;,(Gy) = k, then one cop must start in
each of the cycles; {p;,qi,xi}i, {ai}i, {bi}; = {ud}; and {ul]}, for j € [k—3]. As in lemma
8.3.3, if the robber starts in one of the cycles, he will be captured quickly. If the robber starts
in the bipartite graph X UY, the cops can prevent him from leaving it. Moreover, by Charlie
moving between x| and x; the robber can be forced to use up all the edges between X and
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Y and thus be forced out of the bipartite graph, leading to his immediate capture. Hence,
cp(Gr) <k.

The robber will follow the same strategy as before; planning out a Eulerian walk (assume
for convenience that n is even) through complete bipartite graph X UY and only proceeding
through the walk when Charlie is directly adjacent to him. Note that this walk has length
(3n)2. As in Lemma 8.3.5, the cops are restricted to their cycles as long as the robber stays in
X UY. As in Lemma 8.3.2, for Charlie to move once from x; to x, and back, the cops must

k+2

make 2(3n) 4 o(n) moves. Thus, the robber can avoid the cops for at least (37)**2 rounds.

Note that the graph has (k+2)3n + 18k vertices. Hence,

capty(Gy) > (3n)k+2

v(Gy) — 18k \ 2
k+2

—6 )k+2 (V(Gk))k+2
k

vV
@) o
_"_ .
\9
~
=~

for some constant C. [

This completes the sketch of the proof of Theorem 1.6.1.

8.4 G, has c,(G) = 1 with high probability

By Lemma 8.2.1, it suffices to show that whp G, , contains a dominating clique. We shall

abbreviate log ue (x) to log(x).
—p

Lemma 8.4.1. Consider G, , with p € (0,1] constant, then with high probability, 3X C
V(Gp,p) such that G, p(X] is a complete graph and X UT'(X) =V (G ).

Proof. We use a second moment argument to show the result. Fix some small € € (0, %) and
let k = (1+¢)log(n).

Let S be the number of sets X C V(G ) such that |X| =k, X induces a clique and
XUTI'(X) =V/(Gy,p). Note that the events that X is a clique and that X UT'(X) =V (G,,,) are
dependent on disjoint edges.

E[S] = (Z)p@ (1 —(1 —p)k>n_k
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To compute the second moment of S, let A and B be two k-sets of vertices. We will use the
law of total expectation to condition on the size of AN B. Note that the probability that A and
B both satisfy the conditions is at most the probability that they are both independent sets.

B[s?] < é (k " )pz@—@

ik
) (@p@)z ”é%w]

Each of these last terms is bounded as:

S i 2i *(é)
(k(t;),l;z) p_<2) < k I;i
k

so for the entire sum we find

. o i 2i+1 (1)
ZW‘DQ) < makx{]#} =o(1),
=) e

E[s?] < ((Z)p('é))z(wou)).

Now we find by Chebyshev’s inequality:

[(Z)p@ (1-0-p)) "k]

(()p®) (1 +0(1)

and thus

2

—1

P(S>0) >
Hence, the probability that there is a dominating clique tends to one. [

8.5 Concluding remarks

The natural question remaining is the asymptotic maximal capture time for ¢,(G) = 1,2.
Kinnersley and Peterson [59] conjectured that there exists an n-vertex graph, G, with ¢,(G) =
1 and capt,(G) = Q(n?), which we leave open.

Additionally, we are interested in the exact asymptotics in terms of ¢;,(G). The results in
5(G)
(G)

this chapter show the function to lie between
C,

1
answer to be (oI

1 2
(GO and O We expect the correct
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