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Chapter 1

Introduccion

En este capitulo, introducimos y motivamos los resultados que constituyen
esta tesis doctoral. Comenzamos con algunos resultados clasicos para intro-
ducir diferentes formas de colorear grafos, y luego describimos el contenido
de cada capitulo siguiente. Los capitulos 3, 4 y 5 de esta tesis son trabajos ya
publicados o en proceso de revisién por pares en diferentes revistas [11-13].

1.1 Coloraciéon de mapas, problemas de plani-
ficacion y flujos de trafico

Como se relata en [7], en 1852 el matemdtico Francis Guthrie observé que,
utilizando sélo cuatro colores, podia colorear un mapa de los condados de
Inglaterra de forma que los condados vecinos recibieran colores diferentes.
Esto le llevé a conjeturar lo que ahora es el conocido teorema de los cuatro
colores, a saber, que todo mapa se puede colorear, usando a lo sumo cuatro
colores, de forma que cualquier par de territorios limitrofes tenga colores
distintos. Francis Guthrie intent6 sin éxito demostrar su conjetura. Su her-
mano Frederick, también matematico, compartio la conjetura con Augustus
De Morgan, quien era su profesor en ese momento. De Morgan planted el
problema a William Rowan Hamilton (Cf. figura 1.1), quien aparentemente
no mostré mucho interés en el problema. Décadas mas tarde, en 1878, en
una reunién de la Sociedad Matematica de Londres, Arthur Cayley reanimé
el problema de los cuatro colores preguntando si habia sido resuelto. El
propio Cayley no consiguié resolverlo [16]. Finalmente, tras varias pruebas
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falsas (y falsas refutaciones) a lo largo del siguiente siglo desde su formu-
lacién, la conjetura fue finalmente confirmada en 1976 por Appel y Haken [2].
Aunque esta prueba fue controvertida en su momento debido a su uso de
ordenadores, en la actualidad es generalmente aceptada.

El bello y paradigmatico teorema de los cuatro colores proporciona una
excelente motivacion para recordar los fundamentos de la teoria de grafos.

Un grafo G es un par (V, E), donde V es un conjunto, cuyos elementos
se llaman los vértices de G, y E es un conjunto de pares de elementos de V/,
es decir, subconjuntos de V' de cardinalidad 2, llamados las aristas de G.
Podemos denotar el conjunto de todos los pares de elementos de V' por (‘2/),
y escribir por tanto £ C (‘2/) De dos vértices que forman una arista, se dice
que estan “unidos por una arista”, o que son “adyacentes”, o “vecinos” en
G. A lo largo de esta tesis, a menos que se indique lo contrario, asumimos
que V es finito, que ningin vértice es adyacente a si mismo, que no hay
aristas multiples (es decir, no mas de una arista entre dos vértices), y que G
es no-dirigido (es decir, las aristas no tienen orientacién). Las cardinalidades
V| y |E| se laman el orden y el tamano de G respectivamente.

El teorema de los cuatro colores se formula facilmente en términos de
grafos. El conjunto de regiones de un mapa puede representarse como un
grafo que tiene un vértice para cada regién y una arista para cada par de
regiones limitrofes (i.e. que comparten una parte de su frontera). Este grafo
se dibuja en el plano, dibujando un vértice en cada regién y dibujando las
aristas como curvas que van desde cada vértice hasta el vértice de cada
region adyacente, a través de la parte compartida de la frontera (Cf. las
figuras 1.2 y 1.3). Un tal grafo, llamado grafo plano (o grafo planar), se
caracteriza por esta posibilidad de dibujarlo en un plano sin que se cruce
ninguna arista con otra. El teorema afirma que los vértices de todo grafo
plano pueden ser coloreados con a lo sumo cuatro colores de manera que no
haya dos vértices adyacentes que reciban el mismo color (Cf. figura 1.4).

De este modo, llegamos a la nociéon clasica de coloracion de grafos, que
formulamos de la siguiente manera.

Definicién 1.1 (k-coloracién de grafos). Sea G un grafo, y sea k un entero
positivo. Una k-coloracion de G es una funcion f : V(G) — {O, 1,...,k— 1}
tal que para toda arista xy € E(G) se tiene f(z) # f(y).



CHAPTER 1. INTRODUCCION 7

Ll 10 MEL fopioiis an nay, [
ZMWM: W‘?"H"(%/
_/n—nﬁ::‘:»”::“ﬁ m 2ot
:.A-.'a-u..u:- ﬁwf /\

e lvandad

A 8 (e amn

Pennd ad B K e I Pk ol A
e Mm:a.«_{-cﬁam ’4.

. ., 9 ash—de o
(i ity e 0 momee, g LN LN
'g A Com > A::K.M Ce o=, tf,&,...g.jofﬂmu&
o B AT R op o sy lope forllass

M Vo  Pasacets " b= wpht
::rt..e'- 7/&;4.5:.,/-:.7 i:::‘;? Loty Foo 100~

Crlomer 2l colirn : Hya'(‘b.',_’ﬁn’m
Meah "'w“‘,";‘& ,....ﬁkzmms"?'
. oAy

Wy M Ry =4
w oo Creedary V’d:ll‘q.. 2
Lo aad Kio - g fﬁd-a.%.,_ ==

Flg 11 Carta de De MOl“gan a Hamllton (Wikimedia Commons. Dominio piblico)



CHAPTER 1. INTRODUCCION 8

Flg ]_2 Mapa Simpliﬁcado de Alemania. (Wikimedia Commons. Dominio publico)
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CHAPTER 1. INTRODUCCION 9

Flg 14 COIOl"ELCléIl éptlma de]. grafO (Wikimedia Commons. Dominio publico)

Obviamente, siempre es posible colorear G con k = |V} colores distintos.
Una pregunta natural es entonces, dado un grafo G, cudl es el nimero
minimo k tal que G admite una k-coloracién. Dicho nimero éptimo es el
nimero cromdtico (“ordinario”, o “cldsico”) de G.

Aqui y en el resto de la tesis, denotamos por N el conjunto de enteros
positivos.

Definicién 1.2. Sea G un grafo. Definimos el nimero cromdtico de G,
denotado por x(G), como sigue:

X(G) :=min {k € N : G admite una k-coloracién }.

Asi pues, el teorema de los cuatro colores es el hecho que para todo grafo
plano G (i.e. un grafo que puede dibujarse en un plano sin cruces de aristas)
se tiene x(G) < 4.

El problema de determinar y(G) para un grafo general G es altamente
no-trivial, y se sabe que es dificil también desde el punto de vista computa-
cional. Tlustramos el concepto en algunos casos sencillos, en las figuras 1.5,
1.6 y 1.7.

Otra motivacion para el estudio de coloraciones de grafos, que conduce
a un refinamiento del nimero cromatico clasico, es el problema de la pro-
gramacion 6ptima de reuniones.
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Fig. 1.5: El grafo completo K5. En general, el grafo completo K,, (n € N)
es el grafo de orden n con E = (‘2/) (Wikimedia Commons. Dominio piiblico)

/.\

O
\_ xX(Gs) =3

Fig. 1.6: El ciclo (o grafo ciclico) C5. Para ciclos C,, con n > 3 entero,
tenemos x(C,,) = 2 si n es par, y x(C,) = 3 si n es impar. (wikimedia Commons.

Dominio publico)
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Fig. 1.7: El grafo de Petersen K(5,2). Es un caso particular de grafo
de Kneser K(n,k), para enteros positivos n,k con n > 2k. Los vértices
de K(n, k:) son los k-conjuntos (i.e. subconjuntos de cardinalidad k) del
conjunto [n] := {1,2,...,n}, es decir V(K (n, k)) = ([”]) Dos tales vértices
son vecinos en este grafo si los subconjuntos correspondientes son disjuntos.
El nimero cromaético del grafo de Kneser es x(K(n,k)) = n — 2k + 2, como
establece un célebre teorema de Lovasz. (wikimedia Commons. Public Domain)

Siguiendo un ejemplo de [59], supongamos que hay que programar cinco
reuniones de comités, cada una de 1 hora de duracién. Si dos comités
distintos tienen un miembro en comun, no pueden reunirse al mismo tiempo.
Podemos preguntar por la longitud del intervalo de tiempo mas corto en el
que se pueden programar todas las reuniones. Sea G el grafo cuyos vértices
son los comités, y en el cual dos vértices son adyacentes si los comités corres-
pondientes no pueden reunirse simultaneamente. Asi, el grafo GG representa
los conflictos de programacion.

La soluciéon obvia a este problema es que la longitud del intervalo de
tiempo més corto viene dada por x(G). Supongamos que dicho grafo es el 5-
ciclo, es decir G = Cj (representado en la figura 1.6). Dado que x(C5) = 3,
la programacién puede hacerse en 3 horas. Podemos preguntarnos si la
programacién se puede mejorar (i.e. acortar). Y efectivamente, se puede
mejorar: la programacion se puede hacer en 2,5 horas si permitimos que un
comité se reina durante media hora, y mas tarde reanude su reunién durante
la media hora restante, tras una interrupcion. Asi, es posible acortar el
tiempo total de programacion si permitimos que las reuniones se dividan
en fracciones. El tiempo més corto necesario para programar las reuniones
cuando se permiten tales divisiones no es el nimero cromético clésico x(G),
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Fig. 1.8: Una (3,1)-coloracién y una (6,2)-coloracién de Cj. (cTBacehus, cc
BY-SA 3.0, Wikimedia Commons)

sino el numero cromdtico fraccionario, definido formalmente a continuacién,
y denotado por x;(G). En el ejemplo del 5-ciclo se puede ver, en efecto,
que x7(Cs) = 2,5 (véase la figura 1.9), lo cual muestra que x(G) puede ser
estrictamente menor que x(G).

Este ejemplo ilustra el hecho que la nocién de coloracién de grafos puede
ser refinada de maneras muy tutiles. El refinamiento ilustrado en el anterior
parrafo, conocido como coloracion fraccionada, es una nociéon central en el
desarrollo de la llamada teoria fraccionaria de grafos, tratada por Schei-
nerman y Ullman en [59] y por Berge en [5]. Segun [59, §3.11], la primera
publicacién en la que aparece el numero cromatico fraccionario es [36].

Definicién 1.3. (Cf. [59, §3.1]) Sea G un grafo. Una b-coloracion de G
es una asignacion, a cada vértice de G, de un conjunto de b colores, de
modo que los vértices adyacentes reciban conjuntos disjuntos de colores.
Decimos que G tiene una (d, b)-coloracion si G tiene una b-coloracion en la
que los colores se extraen de una paleta de d > 1 colores; es decir, si hay
una funcion f : V(G) — ([z]) tal que para cada arista xy € F(G) tenemos

f@)nfly)=0.

Las figuras 1.8 y 1.9 muestran ejempos de una (3, 1)-coloracién y de una
(6, 2)-coloracién, asi como una (5, 2)-coloracién (realmente fraccionada).

Definicién 1.4. (Numero cromatico fraccionario) Sea G un grafo. Defini-
mos el niimero b-cromatico de G por la férmula

x5(G) :=min {d € N: G admite una (d, b)-coloracién }.

(Nétese que x1(G) = x(G).) Definimos entonces el niumero cromdtico frac-
cionario X ¢(G) como sigue:

= irgf —Xb(G) .

Xf(G) = lim M b

b—oo b
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La convergencia de la sucesion {%G) }n>1 estd garantizada por un lema
basico de subaditividad (Cf. [59, Apéndice A.4]), ya que siempre tenemos
Xa+6(G) < Xa(G) + xb(G). De hecho, se puede ver [59] que para todo grafo
G no vacio (es decir, con E(G) # @) hay un nimero entero positivo b tal
que xf(G) = xs(G)/b > 2.

La determinacién de x;(G) para un grafo general G también es de alta
complejidad (como la de x(G)). No obstante, para la amplia clase de grafos
G que son vértice-transitivos,' se sabe que

V(@)
xr(G) = a(C)

donde a(G) es el nimero de independencia® de G. En particular, los ci-
clos son vértice-transitivos y a(Capy1) = m, y se deduce que x(Copmy1) =
2 +m~t. Ademds, los grafos de Kneser K(n,k) (para n,k enteros posi-
tivos con n > 2k; Cf. figura 1.7) también son vértice-transitivos, y tenemos
a(K(n, k) = (321) v xp(K(n, k) = n/k.

Alternativamente, la coloraciéon de un grafo G en el sentido clasico puede
verse como un problema de programacion lineal entera, en el que se asignan
pesos 0 6 1 a los conjuntos independientes en (G, de forma que cada vértice
pertenezca a conjuntos independientes cuyo peso total sea al menos 1 y la
suma de los pesos de todos los conjuntos independientes esté minimizada.
Desde este punto de vista, la coloracion fraccionada es una relajacion lineal
de este problema de optimizacién: el nimero cromatico fraccionario x¢(G)

1Un grafo es vértice-transitivo si su grupo de automorfismos actiia transitivamente
sobre su conjunto de vértices.

2Un conjunto independiente en G es un conjunto A C V(G) tal que cada par de vértices
u,v en A cample wv ¢ E(G). El nimero de independencia de G es la cardinalidad maxima
de un conjunto independiente en G.
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es el menor niimero real x para el cual existe una asignaciéon de pesos no
negativos a conjuntos independientes en G, tal que la suma de los pesos es
x y cada vértice pertenece a conjuntos independientes cuyo peso total es al
menos 1. Es bien sabido que siempre se alcanza el minimo x en cuestion, y
que x¢(G) es siempre un numero racional positivo [59)].

Se puede demostrar (Cf. [64]) que el nimero cromético fraccionario es
también equivalente a la siguiente definicién, que utiliza la teoria de la me-
dida.

Definicién 1.5 (Ndmero cromético fraccionario con teorfa de la medida).
Para cualquier grafo G, tenemos x¢(G) := inf {7“ > () : para cada vértice v
existe un conjunto medible A, C [0, 1) con medida de Lebesgue p(A4,) > 1/r,
tal que para cada uw € E(G), A, N A, =0}.

Esta definicién, al situar la coloracién fraccionada en el contexto de
conjuntos medibles en un intervalo, indica un marco general que abre la
puerta a nuevas nociones de coloracién de grafos.

En [62], [64], Zhu propuso una tal nocién nueva, llamada coloracion
circular. Esta nocion utiliza intervalos abiertos en el grupo circular T =
R/Z. Podemos ver T como el intervalo [0,1) con la operacién de suma
modulo 1. Tenemos entonces la siguiente definicién.

Definicién 1.6 (Numero cromadtico circular). Sea G un grafo. El nimero
cromdtico circular de G se define como sigue: x.(G) := inf {7‘ > 0 : para
cada vértice = existe un intervalo abierto A, C T con u(A,) > 1/r tal que
para toda arista zy € E(G) se tiene A, N A, = 0}.

El niimero cromatico circular también puede considerarse en términos de
programacion de reuniones. En efecto, este niimero es la longitud minima ¢
de tiempo total necesario para llevar a cabo una planificaciéon de reuniones de
comités, donde todas las reuniones deben durar 1 hora ininterrumpida, pero
viendo esta hora mddulo ¢, es decir, permitiendo que una reunién ocupe la
unién de dos intervalos de tiempo (0,a)U(b,t) (con 0 < a < by a+t—b=1),
a saber, un intervalo al principio del periodo de reuniones y otro al final.
Esta nocion, diferente de la coloracién clasica de grafos, es especialmente
adecuada para los problemas de programacién con condiciones periddicas. El
siguiente ejemplo [64] es instructivo. Consideremos el problema de organizar
un sistema de semaforos para regular de forma 6ptima el trafico de vehiculos
en un cruce de carreteras. Un periodo completo de trdfico es un intervalo de
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tiempo durante el cual cada flujo de trafico posible debe tener un turno de
luz verde, siendo cada uno de estos turnos de igual duracién, tomando esta
duracién de longitud 1. Este sistema se modeliza facilmente mediante un
grafo (G, cada uno de cuyos vértices representa un flujo de trafico, con cada
arista representando un par de flujos de trafico que son incompatibles, es
decir, cuyos intervalos de luz verde no deben solaparse. El problema consiste
en encontrar la duracién minima de un periodo completo de trafico en este
cruce vial.

Una solucién que podemos dar a este problema es dividir V(G) en un
nimero minimo & de conjuntos independientes I, I, ..., I v asignar interva-
los de tiempo unitarios sucesivos a cada conjunto independiente, obteniendo
asi un periodo de tréfico completo de duracién total k = x(G). A primera
vista, el problema queda asi resuelto. Sin embargo, si el grafo satisface la
desigualdad estricta x.(G) < x(G), entonces esta solucién no seré Gptima,
y las coloraciones circulares (que utilizan la periodicidad adicional) daran
una solucién estrictamente mejor (Cf. Seccién 4 en [28]). En particular, un
resultado de Guichard [30] muestra que si un grafo G es n-critico®, y tiene
circunferencia® al menos n + 1, entonces x.(G) < x(G).

Se puede dar una definicién equivalente de x.(G) que es mas similar a la
de coloraciones clésicas (Definicién 1.1), utilizando la siguiente nocién [64].

Definicién 1.7 (Coloracién r-circular). Sea G un grafo y r > 1 un nimero
real. Una r-coloracion circular de G es una funcién f : V(G) — [0,r) tal
que para cada arista zy € E(G) tenemos 1 < |f(z)— f(y)| < r—1. Podemos
entonces definir el niimero cromatico circular de G como sigue:

Xe(G) :=inf {r > 1 : G admite una r-coloracién circular}.

Obsérvese que si f es una k-coloracién de G en el sentido clédsico, entonces
f es también una k-coloracion circular de G, y por tanto x.(G) < x(G).
Por otro lado, para una r-coloracién circular g : V(G) — [0,r), siendo
s = max{g(z) : « € V(G)}, podemos ver g como una (s + 1)-coloracién
clasica de G. Como s < r, se deduce el conocido resultado siguiente.

3Un grafo G es n-critico si x(G) = n y x(G —v) = n — 1 para cualquier vértice v de
G, donde G — v denota el grafo G al cual se retira el vértice v y todas las aristas que
contienen a v.

4La circunferencia de un grafo es la longitud de su ciclo simple més corto.
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Teorema 1.8. Para cualquier grafo G tenemos

en particular x(G) = [x.(G)].

Esto demuestra que x.(G) contiene més informacién sobre la estructura
de G que x(G), de modo que el nimero cromatico circular puede utilizarse
para cuantificar lo lejos que estd G de poder colorearse con menos de x(G)
colores. En este sentido, se puede ver el pardmetro x.(G) como un refi-
namiento de y(G).

En los Capitulos 3 y 4 de esta tesis, introducimos nuevas nociones de
coloracién de grafos que conducen a refinamientos adicionales de x.(G) y
X7(G), dando lugar a nuevos nimeros cromaticos con propiedades intere-
santes. Detallamos los principales contenidos de estos capitulos en las dos
secciones siguientes.

1.2 Coloracién de grafos mediante traslaciones
en el circulo: el nimero girocromatico

Historicamente, la primera definicién del niimero cromatico circular fue dada

por Vince en 1988 [61], con el nombre de ndmero cromdtico estelar (en

relacion con grafos estelares). Esta nocién se puede formular en un entorno
discreto como sigue.

Definicién 1.9 (Numero cromético estelar). Sean 1 < b < d enteros y sea
G un grafo. Una (d, b)-*-coloracién de G es una funcién f: V(G) — [d] tal
que para cada arista xy tenemos

b<|f(x) = fy)l<d—0b.

Definimos el numero cromdtico estelar de G por la férmula
d
X*(G) := inf {Z : G admite una (d, b)—*—coloracién}.

Entre las principales propiedades basicas del niimero cromatico estelar,
destacamos dos hechos: primero, como demostré el propio Vince [61], el
infimum en la definicién de x*(G) se alcanza para todo grafo G, y es por
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tanto un minimo; segundo, el hecho (consecuencia del anterior) que x*(G)
es siempre un nimero racional (Cf. Vince [61] y Bondy-Hell [§]). °

Posteriormente, Zhu [62], [64] observé que su nimero cromético circular
es efectivamente igual al nimero cromatico estelar.

Lema 1.10 (Zhu). Para todo grafo G tenemos x*(G) = x.(G).
Incluimos la breve prueba aqui.

Prueba. Supongamos que f es una (d,b)-x-coloracién de GG. Definamos la
funcién ¢ : V(G) — [0,d/b) tal que g(z) := f(z)/b. Para cada arista xy
de G tenemos 1 < |g(z) — g(y)| < ¢ — 1, por lo que toda (d, b)-*-coloracién
de G corresponde a una (d/b)-coloracién circular de G. Por otro lado, si
g es una (d/b)-coloracién circular de G, entonces f(z) := |b- g(x)] es una
(d, b)-x-coloracién de G. O

A partir de las definiciones de x;(G) v x.(G) en términos de coloraciones
(d,b) y (d,b)-*, vemos sin dificultad las siguientes desigualdades.

Lema 1.11. Todo grafo G satisface x¢(G) < x.(G) < x(G).

Ambas desigualdades pueden ser estrictas, y la diferencia entre x¢(G) y
Xc(G) puede ser arbitrariamente grande. Por ejemplo, como mencionamos
anteriormente, el grafo de Kneser G = K(n,k) (n > 2k) cumple x(G) =
n—2k+2y xs(G) = %, y se sabe también [18] que x.(G) = x(G).

El punto de partida del Capitulo 3 fue el trabajo de Avila y Candela [3],
que incluye aplicaciones combinatorias de herramientas centrales de la teoria
ergddica. Estas aplicaciones condujeron a un nuevo parametro cromatico
para grafos, que se encuentra entre el nimero cromatico circular y el frac-
cionario. El propésito de este capitulo es estudiar este nuevo parametro,
que llamamos niumero girocromdtico. Este nimero es el reciproco de la can-
tidad natural definida a continuacion, donde T denota como de costumbre
el grupo circular R/Z.

Definicién 1.12 (Avila-Candela, 2016). Sea G un grafo. Decimos que un
conjunto de Borel A C T es una T-base de coloracion para GG si existe un

SExisten otras descripciones equivalentes del ntiimero cromético estelar, en términos
de homomorfismos hacia cierta clase de grafos [8], que también implican facilmente la
racionalidad de x*(G).
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mapeo f : V(G) — T tal que para cada arista zy de G tenemos (A +
f(@)) N (A+ f(y)) = 0. Decimos entonces que (A, f) es una T-coloracién
(o T-girocoloracion) de G. Definimos

or(G) = sup{ur(A) : A es una T-base de coloracién para G},  (1.2)

donde pr denota la medida de probabilidad de Haar sobre T.

Definicién 1.13 (Numero girocromatico). Para cualquier grafo G definimos

Xy(G) :=1/or(G).

Nétese que la nocién or(G) se generaliza facilmente sustituyendo T por
cualquier grupo abeliano compacto Z. Para cualquier grupo de este tipo,
dotado de una medida de probabilidad de Haar uz, podemos definir en
efecto

07(G) :=sup{uz(A) : A es una Z-base de coloracién para G},  (1.3)

siendo obvia la extension de la nocién de T-base a la de Z-base.

Una observacion bésica sobre el nimero girocromatico es la siguiente.

Proposicién 1.14. Todo grafo finito G satisface xf(G) < x4(G) < x.(G).

Prueba. Para la primera desigualdad, supongamos que (A, f) con A C T
Borel es una T-coloracién de GG. Entonces también es una coloracién frac-
cionada de G con A, := A+ f(x) para cada vértice  (como mencionamos
anteriormente, solemos identificar T con el intervalo [0, 1) dotado de la ope-
racién de suma médulo 1). Para la segunda desigualdad, si existe una colo-
racién por intervalos abiertos (que son conjuntos de Borel) A,, todos de la
misma longitud, entonces es obviamente una T-coloracién ya que cada inter-
valo abierto A, puede verse como una traslacién de un dnico intervalo A (de
modo que A, =: A+ f(x) satisface A, N A, = 0 para toda zy € E(G)). O

Informalmente, digamos que la coloracién circular asigna arcos (interva-
los en el circulo) a los vértices de GG, mientras que la coloracién fraccionada
les asigna conjuntos de Borel en [0, 1). Una T-girocoloracién es més estricta
que la coloracion fraccionada ya que a los vértices les debe asignar copias
giradas de un mismo subconjunto de Borel; por otro lado es mas flexible
que la coloracion circular, ya que el subconjunto de Borel asignado a los
vértices no tiene por qué ser un arco.
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Una de las motivaciones que condujeron a este nuevo parametro de co-
loracién de grafos es una versién de un problema paradigmatico en la com-
binatoria aritmética. El problema general consiste en determinar el mayor
tamano que puede tener un subconjunto de un grupo abeliano si se exige que
este conjunto no contenga soluciones a ecuaciones lineales prescritas. En la
versién particular en cuestién, tratada en [3], se consideran nimeros enteros
c1,Ca, ..., cqno nulos y multiplicativamente independientes®, se fija un grafo
G cualquiera con conjunto de vértices V' = [d], y se pregunta entonces cudl
es el mayor tamano (medida de Haar) que puede tener un subconjunto de T
si exigimos que este conjunto evite las soluciones de las ecuaciones lineales
¢; ¥1 = ¢; To para toda arista 75 en G. En otras palabras, preguntamos cuél
es el valor de

dg.e; == sup {M'II‘(A) tACT,Vije E(G), Vay,20 € A, ¢;x1 # ¢ xQ}.

En [3], se demuestra que dg, = or(G).

En el Capitulo 3, demostramos que la definicién del niimero girocromatico,
al igual que los niimeros cromaticos circulares y fraccionarios, es robusta, en
el sentido de que puede ser reformulada de varias formas que son equiva-
lentes. Por ejemplo, la definicion a través de T-bases de coloracion tiene la
siguiente variante equivalente en dmbito discreto.

Teorema 1.15. Sea G un grafo. Entonces oz, (G) < or(G) para cada
N € N, y tenemos

or(G) = sup 0z, (G) = lim oz, (G).

NeEN N—o0

Esto da lugar a la siguiente reformulacion.

Corolario 1.16. El nimero girocromdtico de un grafo G es igual al infimum
de los nimeros N/K para los cuales existe un conjunto A € (ZI’(V) Yy una
funcion f : V(G) — Zy tal que (A+ f(u))N(A+ f(v)) = 0 para cada arista
w € E(G).

Recordemos el hecho, bien conocido, que la coloracién clasica, la colo-
raciéon circular y la coloraciéon fraccionada de grafos pueden definirse uti-
lizando homomorfismos hacia ciertas clases de grafos: grafos completos

6Esto significa simplemente que si ci‘l 'cé"‘ e c;‘d =1 con \; € Z, entonces \; = 0
para cada i
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(cliques), cliques circulares, y grafos de Kneser, respectivamente. Demostramos
que el nimero girocromatico también sigue este patrén: en efecto, se puede
definir en términos de homomorfismos a grafos circulantes. ”

Teorema 1.17. El numero girocromdtico de un grafo G es igual a

. . N
ey, X (CNS) = | it N )
G—C(N,S) G—C(N,S)

es decir, es igual al infimum de los niumeros cromdticos fraccionarios de los
grafos circulantes que admiten un homomorfismo desde G.

Otra caracteristica notable del niimero girocromatico es que se puede
definir de forma equivalente utilizando toros de dimension arbitrariamente
alta.

Teorema 1.18. Para todo grafo G, para todo d € N se cumple

or(G) = opa(G).

Este resultado implica que la variante discreta de la definicién (dada
por el Teorema 1.15) es equivalente a la version donde se consideran to-
dos los grupos abelianos finitos en lugar de solamente los grupos Zy (Cf.
Corolarios 3.10 y 3.11). Esto muestra una cierta universalidad del nimero
girocromatico. Obsérvese que (como se detalla en el Capitulo 3) el propio
nimero cromatico fraccionario se puede considerar de una forma similar,
pero abarcando todos los grupos finitos (no solo los abelianos). De este
modo, el nimero girocroméatico puede verse como una versiéon del nimero
cromatico fraccionario restringida a los grupos abelianos.

Entre otros resultados sobre el nimero girocromatico, damos la siguiente
construccién de grafos que satisfacen las desigualdades estrictas x¢(G) <

Xg(G) < Xe(G).

Teorema 1.19. Eziste una sucesion de grafos (Gi)ren\ (13 tal que x5(Gr) <
Xg(Gr) < xe(Gy) =k +2, y con limy_,o0 x,(Gr) = 2.

"Un grafo circulante G = C(n, S) es un grafo de Cayley sobre el grupo ciclico V(G) =
Z,,, generado por un conjunto S C Z,, que suponemos simétrico (es decir, S = —5); asf,
dos vértices a,b € Z,, son adyacentes si y s6lo si a — b € S (equivalentemente b — a € 5).
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Por 1ultimo, demostramos que, de forma un tanto sorprendente, no es
siempre posible alcanzar el supremum en la definicién (1.2), lo cual implica
también que no siempre se alcanza el infimum en la definicién discreta dada
por el Teorema 1.17. Esto conduce al problema abierto de si existe un
grafo finito G tal que el nimero girocroméatico de GG no sea racional. Pro-
ponemos este y otros problemas abiertos, entre otras observaciones finales
en el capitulo.

Consideramos que estos resultados aportan pruebas convincentes de que
el nimero girocromatico es un parametro natural y robusto, de utilidad para
profundizar y afinar nuestra comprension de la estructura de los grafos.

1.3 Numeros cromaticos torales de grafos

En el Capitulo 3 introducimos el nimero girocromatico de un grafo G, y
varios resultados en dicho capitulo muestran que x,(G) contiene mas infor-
macién que los nimeros cromaticos fraccionario y circular. En particular,
demostramos que se cumple x;(G) < x,(G) < x.(G) para cualquier grafo
G, v que estas desigualdades pueden ser estrictas. También se demuestra
que el namero girocromatico tiene cierta universalidad en el sentido de que
el supremum en su definicién original puede extenderse a conjuntos de Borel
en un toro de dimensién finita arbitraria, sin cambiar el valor de x,(G). Es
decir que para cualquier r € N tenemos

Xg(G) = inf{1/prr(A) : A es una T"-base de coloracién de G}.  (1.4)

Sin embargo, el nimero girocromatico es mas “escurridizo” que el niimero
cromético circular y.(G), ya que también se demostré en el Capitulo 3 que
el infimum en la definicién original (es decir en (1.4) con r = 1) no siempre
se alcanza, y aun no sabemos si x,(G) es siempre racional. Peor atn, no
sabemos si siempre hay al menos una dimension finita r tal que el infimum
se alcanza en esta dimension.

Esto aporta motivacion para estudiar nociones de coloracién intermedias,
que también refinan y.(G) pero que son analiticamente méds manejables que
el niimero girocromatico. Este es el objetivo principal del Capitulo 4.

Un candidato natural para un refinamiento més manejable de x.(G) con-
siste en colorear el grafo con traslaciones de una caja en el toro d-dimensional
T?. Podemos ver este toro como [0, 1]¢ con operacién de suma mod 1 en cada
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coordenada. Por una caja abierta en T entendemos un producto cartesiano
de la forma I; x --- x I; C T? donde I; es un intervalo abierto (conjunto
conexo abierto) en T para cada j € [d]. El correspondiente refinamiento del
nimero cromatico circular se define entonces como sigue.

Definicién 1.20. Sea GG un grafo. Para cada d € N, definimos el nimero
cromdtico d-toral de G, denotado por x.(G), por la féormula

Xed(G) = inf {1/ppa(R) : R C T? una caja abierta, G es R-coloreable},
(1.5)
donde, para un subconjunto A de un grupo abeliano Z, decimos que un grafo
G es A-coloreable si existe un mapeo f : V(G) — Z tal que (A + f(z)) N
(A + f(y)) = () para cada arista zy € F(G). (Podemos decir entonces que
f es un mapeo de coloracion de G por A.)

El nimero cromatico 1-toral es el nimero cromatico circular habitual.
Demostramos en el Capitulo 4 que se da la siguiente sucesién de desigual-
dades para cualquier niimero entero positivo d:

X7(G) < x(G) < Xt (G) < Xea(G) < X(G). (1.6)

También se demuestra que el infimum en (1.5) siempre se alcanza y es
racional, igual que ocurre con x.(G):

Teorema 1.21. Sea G un grafo de orden n, y sea d € N. Entonces, para
cada i € [d] hay enteros r; < s; en [n] tales que G es coloreable por la caja
R=1L En[d]((), ;_1) en T y se tiene xa(G) = @ = ﬁ

Notemos que para todo grafo G, se deduce de (1.6) que la sucesién decre-
ciente (x.a(G))gen debe converger, y podemos preguntarnos entonces cuan
rapida es esta convergencia, e incluso si la sucesién siempre se vuelve con-
stante a partir de cierto punto. Resolvemos estas preguntas con el siguiente
resultado.

Proposicién 1.22. Sea G un grafo, y sea d = |logy(x(G))]. Entonces,
para cada d' > d tenemos X o (G) = xa(G).

También podemos preguntarnos cémo varia x.(G) para un d fijo y G
variable. En particular, podemos preguntarnos si para cada d fijo existe
un grafo G tal que y.+1(G) < x.¢(G); una respuesta positiva indicaria que
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cada numero x.(G) contiene informacién sobre G que permite distinguir
este nimero de los demds x.« (G), d > d. En otras palabras, esto indicaria
que los grafos separan los nimeros cromaticos torales.

Notese que, dada la Proposicién 1.22, podemos definir razonablemente
lo que llamaremos la dimension de estabilizacion de un grafo G para los
numeros cromaticos torales, a saber, el menor numero entero d con la
propiedad de que x.(G) = x.(G) para todo d" > d. Denotando la di-
mensién de estabilizaciéon de G por d*(G), la Proposicién 1.22 implica que
d* < |log,(|G|) |, y podemos preguntarnos cudn precisa es esta cota superior.
Demostramos que esta cota es precisa médulo una constante multiplicativa,
mediante el siguiente resultado, que también muestra que existen efectiva-
mente grafos que separan los nimeros croméaticos torales.

Teorema 1.23. Para cada d € N existe un grafo G de orden n = 5% que
satisface d*(G) = d = logs(n).

Por dltimo, al final del Capitulo 4 relacionamos el nimero x.(G) con
el nimero cromético ordinario x(G), a través de una desigualdad que ge-
neraliza la conocida desigualdad (1.1), y que relaciona este tema con pro-
blemas conocidos de recubrimientos del toro T? por cajas abiertas (Cf. la
Proposicién 4.21).

1.4 El problema de Motzkin en el circulo

El dltimo capitulo de esta tesis esta dedicado a un proyecto que surgié du-
rante la investigacion sobre el niimero girocromatico. El proyecto concierne
a un problema bastante conocido en la teoria combinatoria de nimeros, que
fue planteado por T. S. Motzkin en los anos 1970.

El problema de Motzkin pregunta cuan grande puede ser un conjunto de
nimeros enteros si no contiene ningin par de elementos cuya diferencia se
encuentre en un conjunto prescrito de “diferencias prohibidas”. Mas precisa-
mente, dado un subconjunto no vacio D del conjunto de enteros positivos N,
digamos que un conjunto A C Z es D-huidizo si para cada a,a’ € A tenemos
la—d’| ¢ D, es decir, si el conjunto de diferencias A—A = {a—ad :a,d € A}
es disjunto de D. Sea A(N) la cardinalidad |A N [N, N]|, y sea §(A) la

densidad superior de A, es decir §(A) = limsupy_, . 3 NJL. El problema de
Motzkin plantea determinar o estimar la mayor densidad superior que puede
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tener un conjunto D-huidizo, es decir, la siguiente cantidad, que llamamos
la densidad de Motzkin de D:

Mdz(D) := sup{d(A) : A subconjunto D-huidizo de Z}. (1.7)

Cantor y Gordon publicaron el primer articulo sobre el problema de
Motzkin [14], demostrando varios resultados interesantes, en particular una
solucién completa para el caso de a lo sumo dos diferencias prohibidas (es
decir, para |D| < 2). Desde entonces, el problema general ha motivado
muchos trabajos y se han abordado varios casos especiales adicionales (como
se detalla en el Capitulo 5). Atun asi, el problema general sigue sin solucién
completa.

El problema de Motzkin constituye todo un tema dentro de la teoria
combinatoria de niimeros, que tiene interesantes conexiones con otros pro-
blemas conocidos, entre ellos el problema del nimero cromatico fraccionario
de los llamados grafos de distancia, o la conocida conjetura del corredor
solitario.

El problema de Motzkin también puede verse como un caso particular de
una cuestion mas amplia, que puede plantearse también en cualquier grupo
abeliano compacto Z: dado un conjunto no vacio D C Z, denotando por pz
la medida de probabilidad de Haar sobre Z, esta cuestion pide determinar
o estimar la cantidad

Mdz(D) := sup{uz(A) : A CZ de Borel con (A—A)ND =0}. (1.8)

Un caso especialmente natural de esta cuestion concierne al grupo circular
7 = T. Este caso es el principal objeto de estudio del Capitulo 5. Conside-
ramos T como el intervalo [0, 1] con operacién de suma mddulo 1 (como
de costumbre), y consideraremos un conjunto finito D = {ty,...,t.} de
diferencias no-nulas prohibidas, viendo D como un conjunto de ntmeros
reales en (0, 1).

El enfoque de este problema en el Capitulo 5 combina herramientas de
teoria de grafos, teoria ergddica y geometria de ntimeros.

Un primer ejemplo de la aplicabilidad de la teoria ergddica se da en
el caso en que el conjunto D U {1} es linealmente independiente sobre Q.
Resulta entonces que podemos aplicar una versiéon de la importante herra-
mienta de teoria ergddica conocida como el lema de Rokhlin. Este resultado
se puede describir informalmente como una herramienta que permite apro-
ximar, con precision arbitraria, una accion no-periédica de un grupo sobre
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un espacio de probabilidad (e.g. las iteraciones de una rotacién irracional
del circulo), aproximando por estructuras, llamadas torres, que son casi
periédicas y son mucho més sencillas de analizar (damos la formulacién
precisa en la seccion 5.2). Mediante una aplicaciéon de esta herramienta,
para acciones libres de Z" que preservan la medida, obtenemos la solucion
Mdr (D) = 1/2 en este caso. Esto motiva la exploracién de la aplicabilidad
del lema de Rokhlin (y sus diversas extensiones) al caso més general del pro-
blema de Motzkin en T, donde D U {1} puede ser linealmente dependiente
sobre Q. De hecho, extensiones conocidas del lema de Rokhlin, aplicables a
acciones libres de cocientes de Z", demuestran ser efectivamente relevantes
para este problema. En particular mostramos que, gracias a estas exten-
siones, el problema de determinar Mdr(D) puede ser transferido a un pro-
blema similar en el entorno discreto del grupo abeliano finitamente generado
Z" /A, donde A es el nicleo del homomorfismo Z" — T, n — nqt;+- - -+n,t,.
En este entorno discreto, la densidad de Motzkin se puede definir utilizando
sucesiones de Fglner; véase la Definicion 5.8. Tenemos entonces el siguiente
resultado.

Teorema 1.24. Sea D = {t1,...,t,} C T, sea A el nicleo del homomor-

fismo Z" — T, n+— nyty1 + - - -+ n,t,., y sea B la imagen de la base estandar
de R" en el cociente Z" /A. Entonces Mdr(D) = Mdzr /5 (E).

De hecho, la versatilidad de dichas extensiones del lema de Rokhlin nos
permite demostrar una versién de este teorema que es valida para grupos
abelianos compactos més generalmente; véase el Teorema 5.9.

El Teorema 1.24 es 1til como primer paso para determinar Mdy(D),
yva que la densidad de Motzkin correspondiente en el entorno discreto (es
decir Mdzr/5(E)) se puede a menudo determinar mas facilmente. En el
Capitulo 5 aplicamos esta estrategia para r < 2, obteniendo las soluciones
que se resumen a continuacion, en particular una férmula exacta dada en el
Teorema 1.25.

Las técnicas de la teoria de grafos y de la geometria de los niimeros en-
tran en escena en relacién con el caso del problema en el cual, en lugar de
que DU{1} sea linealmente independiente sobre @Q, suponemos al contrario
que D C Q. En efecto, este caso se reduce al problema de determinar el
nimero de independencia de un grafo circulante que llamamos grafo cir-
culante asociado. Mas precisamente, suponiendo que cada elemento de D
es de la forma t; = a;/b; con enteros positivos coprimos a; < b;, entonces
el subgrupo (D) < T es isomorfo a Zy con N = lem(by,...,b,). El grafo
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circulante asociado es el grafo circulante conexo GG con conjunto de vértices
Zy (visto como el conjunto de enteros [0, N — 1] con suma médulo N), con
saltos dy,...,d, donde d; = a;N/b;. Es decir que z,y € Zy forman una
arista en G si y sblo si x —y = d; 0 —d; mod N para algin ¢ € [r]. La
ratio de independencia de G es el nimero %, donde (@) es el nimero
de independencia de G. Como consecuencia directa del Teorema 1.24, obte-
nemos Mdr(D) = Mdg, ({di,...,d,}) = @ El andlisis de la cantidad
Mdz, ({di,...,d.}) conduce naturalmente a la geometria de nimeros, por
su relacién (desarrollada en el Capitulo 5) con el reticulo A mencionado

anteriormente (que en este caso racional es un reticulo de rango ).

Cabe senalar que si dy,...,d, son enteros fijos, entonces, cuando N —
00, los cocientes % convergen a Mdz({ds,...,d,}), es decir a la densidad

de Motzkin de D en los enteros. En este sentido, se puede ver que el
problema de Motzkin en T subsume el problema original en Z.

Tras una breve solucién del caso r = 1 (véase la Proposicién 5.15), el
resto del Capitulo 5 se centra en el caso r = 2. Distinguimos dos sub-casos.
El primer caso es aquel en el que al menos un elemento de D es un ntimero
irracional. Aqui obtenemos la siguiente solucién ezacta:

Teorema 1.25. Sea D = {t1,t3} C (0,1) con D C Q. Si DU{1} es lineal-
mente independiente sobre Q, entonces Mdr(D) = 1/2. En caso contrario,
siendo mg, my, my enteros no todos nulos tales que my = mqty + mots y
ged(mg, my, mo) = 1, tenemos

2
MdT(D) = %, donde k = |m1| + |m2\ (19)

Tras este resultado, nos concentramos en el sequndo caso, en el cual
ambos elementos de D son racionales. Esto equivale a determinar la ra-
tio de independencia de los grafos circulantes con dos saltos. Como men-
cionamos anteriormente, estudiamos este problema utilizando herramientas
de la geometria de nimeros. En particular, obtenemos la siguiente esti-
macién, asintéticamente exacta. Recordemos que la circunferencia impar
de un grafo GG es la longitud minima de un ciclo de longitud impar en G.

Teorema 1.26. Sea D = {t;,to} C QN (0,1). Sea G el grafo circulante

asociado, y sea N el orden de G. Si G es bipartito, entonces Mdr(D) =

el ) . L.
% = % En caso contrario, denotando por k sea la circunferencia impar

de G, tenemos

_ a(G _
B2 Mde(D) =7 > -

(1.10)

2
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La ratio de independencia de un grafo circulante G es igual al reciproco
de su ndmero cromatico fraccionario x;(G). Por lo tanto (1.10) nos da
también una estimacion asintotica para el nimero cromatico fraccionario de
un grafo circulante conexo GG de orden N con 2 saltos y circunferencia impar

k, asaber 2 < x;(G) < k2_—k1+5_]7v

Por 1ultimo, también estudiamos la cuestion de la precision de las cotas en
(1.10) para N fijo (no sélo cuando N — 00). En particular, proporcionamos
la siguiente familia infinita de ejemplos de grafos circulantes de 2 saltos cuya
ratio de independencia alcanza la cota inferior en (1.10), médulo un multiplo
constante absoluto de 1/v/N:

Proposicién 1.27. Sea d € N impar, sea N = 2d(d + 1), y sea G =
Cay(Zy,{d,d + 1}). Entonces o(G) = d?, y G tiene circunferencia k =
2d+1, con lo cual o(G) = |ELN| — &1L,
También construimos una familia infinita de ejemplos que alcanzan la cota
superior en (1.10) (Cf. Proposition 5.29).

Al final del capitulo discutimos posibles direcciones futuras de estudio
del problema de Motzkin en grupos abelianos compactos.

1.5 Resumen y conclusiones

Los resultados presentados en esta tesis contribuyen a la teoria de grafos y
a la teorfa combinatoria de nimeros, mediante el desarrollo de conexiones
(establecidas recientemente) entre temas en estas dreas y herramientas cen-
trales de teoria ergddica y geometria de nimeros.

Respecto de la teoria de grafos, la tesis contribuye al tema de coloracién
con nuevas nociones que refinan los nimeros crométicos fraccionarios y cir-
culares. En particular, formalizamos y estudiamos el nuevo concepto de
girocoloracion de grafos. Nuestros resultados muestran que esta nocion y
su nimero cromético relacionado (el nimero girocromdtico), son conceptos
naturales y robustos con propiedades interesantes. Los aspectos analiticos
no triviales del nimero girocromatico también nos condujeron a otra nociéon
de coloraciéon natural y mas manejable, en la que los vértices de un grafo G
se colorean por traslaciones de una caja en el toro de dimensién d, refinando
el niimero cromatico circular mediante el nidmero cromdtico d-toral, y es-
tableciendo conexiones con problemas conocidos relativos a recubrimientos
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de toros. Los diversos resultados que obtuvimos sobre los nimeros giro-
cromaticos y d-torales también conducen a problemas abiertos que motivan
futuras pesquisas.

En cuanto a la teoria combinatoria de ntumeros, la tesis contribuye al
tema del problema de Motzkin, una cuestién muy natural y conocida en
este ambito, que se viene estudiando desde los anos 1970. Mientras que los
numerosos trabajos anteriores sobre este problema se centraron en el entorno
original de los niimeros enteros, y trataron varios casos especiales del pro-
blema con técnicas muy especificas a cada caso, en esta tesis adoptamos un
enfoque amplio del problema general, estudiandolo en otros grupos abelianos
y relaciondndolo con herramientas de la teoria ergédica (como el lema de
Rokhlin) y de la geometria de los nimeros. Ilustramos esto considerando
el andlogo del problema de Motzkin en el grupo circular (que subsume el
problema original), obteniendo en particular una solucién exacta cuando el
conjunto de diferencias prohibidas tiene dos elementos, al menos uno de los
cuales es irracional. En el caso en que las diferencias prohibidas sean to-
das racionales, el enfoque geométrico que utilizamos conduce a estimaciones
asintoticamente exactas de la ratio de independencia de un grafo circulante
de 2 saltos, en términos de la circunferencia impar del grafo, abriendo intere-
santes perspectivas de estudios similares para grafos circulantes de d saltos
con d > 2.



Chapter 2

Introduction

In this chapter, we introduce and motivate the results that constitute this
doctoral thesis. We begin with some classical results to introduce different
ways of coloring graphs, then we describe the contents of each subsequent
chapter. Chapters 3, 4 and 5 in this thesis are works that have already been
published, or are being refereed in various journals [11-13].

2.1 Coloring maps, scheduling problems and
traffic flows

As recounted in [7], in 1852 mathematician Francis Guthrie observed that,
using only four colors, he could color a map of the counties of England so
that neighboring counties received different colors. This led him to conjec-
ture what is now the well-known four color theorem, i.e., that every map can
be colored using at most four colors so that every pair of adjacent regions
is colored differently. Francis Guthrie tried unsuccessfully to prove his con-
jecture. His brother Frederick, also a mathematician, shared the conjecture
with Augustus De Morgan, who was his teacher at the time. De Morgan
posed the problem to William Rowan Hamilton (figure 2.1), who was ap-
parently not interested in the question. Decades later, in 1878, at a meeting
of the London Mathematical Society, Arthur Cayley revived the four color
problem by asking if it had been solved. Cayley himself failed to find a solu-
tion [16]. Finally, after several false proofs (and false disproofs) throughout
the next century since its formulation, the conjecture was finally confirmed

29
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in 1976 by Appel and Haken [2]. Although this proof was controversial at
the time due to its use of computer based algorithms, it is now generally
accepted.

The beautiful and paradigmatic four color theorem provides excellent
motivation for recalling the basics of graph theory.

A graph G is a pair (V, E), where V is a set, whose elements are called
the vertices of G, and E is a set of pairs of elements of V', i.e. subsets of
V' of cardinality 2, called the edges of G. We may denote the set of all
pairs of elements of V' by (g), and thus write £ C (‘2/) Two vertices in
an edge are said to be “joined by an edge”, or “adjacent”, or “neighbors”
in G. Throughout this thesis, unless stated otherwise, we assume that V'
is finite, that G is loopless (i.e. no vertex is adjacent to itself), that there
are no multiple edges (i.e. not more than one edge between two vertices),
and that G is undirected (i.e. there is no orientation on the edge set). The

cardinalities |V| and |F| are called the order and the size of G respectively.

The four color theorem is easily formulated in terms of graphs. The
regions of a map can be represented by a graph that has a vertex for each
region and an edge for every pair of regions that share part of their boundary.
This graph is drawn in the plane by drawing one vertex inside each region
and drawing the edges as curves from one region’s vertex (across a shared
boundary part) to an adjacent region’s vertex (Cf. figures 2.2 and 2.3). This
kind of graph, called planar graphs, are characterized by this possibility of
drawing them in a plane with no pair of edges crossing each other. The
theorem states that the vertices of every planar graph can be colored with
at most four colors so that no two adjacent vertices receive the same color
(figure 2.4).  We are thus led to the classical notion of graph coloring, which
we formulate as follows.

Definition 2.1 (k-coloring of a graph). Let G be a graph and let k be a
positive integer. A k-coloring of G is a function f : V/(G) — {0, ..., k— 1}
such that for every edge zy € E(G) we have f(z) # f(y).

Obviously, it is always possible to color G with k = |V| distinct colors.
A natural question is then, given a graph G, what is the minimum number &
such that G’ admits a k-coloring. Such an optimal number is the (“ordinary”,
or “classical”) chromatic number of G.

Here, and in the rest of the thesis, we denote by N the set of positive
integers.
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Fig. 2.1: Letter of De Morgan to Hamilton. (wikimedia commons
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Flg. 22: Slmpllﬁed map Of Germany. (Wikimedia Commons. Public Domain)

Fig. 2.3: Associated graph for Germany. (wikimedia Commons. Public Domain)
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Flg 24 Optlmally COlOl"ed gI‘aph (Wikimedia Commons. Public Domain)

Definition 2.2. Let G be a graph. The chromatic number of G is denoted
by x(G) and defined by

X(G) :=min {k € N : G admits a k-coloring}.

Thus, the four color theorem can be phrased as the fact that for every
planar graph G we have y(G) < 4.

The problem of determining x(G) for a general graph G is far from tri-
vial, and it is well-known to be hard also from a computational point of view.
We illustrate the concept in some simple special cases with figures 2.5, 2.6
and 2.7.

Another motivation for the study of graph colorings, which leads to a
refinement of the classical chromatic number, is the problem of optimal
scheduling. Following an example from [59], let us suppose that there are
five committee meetings to be scheduled, each meeting being 1 hour long.
If two different committees have a member in common, they cannot meet
at the same time. We may ask for the length of the shortest time interval in
which all the committees can be scheduled. Let G be the graph with vertex
set consisting of the committees, each committee being represented by one
vertex, two vertices being adjacent if their respective committees cannot
meet simultaneously. Thus the graph G captures the scheduling conflicts.
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Fig. 2.5: The complete graph K5. In general, the complete graph K,, (n € N)
IS the gI‘aph Of Order n Wlth E - (‘2/) . (Wikimedia Commons. Public Domain)

/.\

O
\_ xX(Gs) =3

Fig. 2.6: The cycle (or cyclic graph) C5. For cycles C,,, with n > 3 an
integer, we have x(C,) = 2 if n is even, and x(C,,) = 3 if n is odd. (wikimedia

Commons. Public Domain)
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{1,2}

| \
(3.5)

Fig. 2.7: The Petersen graph K(5,2). This is a special case of Kneser graphs
K (n, k), for positive integers n, k satisfying n > 2k. The vertices of K (n, k)
are the k-subsets (subsets of cardinality k) of the set [n] := {1, 2,... ,n},
ie. V(K(n,k)) = ([Z]). Two such vertices are neighbors if their correspon-

ding subsets are disjoint. The chromatic number of the Kneser graph is
X(K(n,k)) = n — 2k + 2, as was famously established by Lovédsz. (wikimedia

Commons. Public Domain)

The obvious answer to the above scheduling problem is that the length
of the shortest time interval is given by x(G). Suppose that such a graph
is the 5-cycle G = (5. Since x(C5) = 3, the scheduling can be done in 3
hours. We may wonder if this schedule can be improved. And indeed it
can! The scheduling can be made in 2.5 hours if we allow a committee to
meet for half an hour, and later resume its meeting for the remaining half
hour, after some interruption. Thus, it becomes possible to improve (i.e.
shorten) the total scheduling time if we allow the meetings to be divided
into fractions. The shortest length of time needed to schedule committees
when such divisions are allowed is not the classical chromatic number x(G),
but rather the fractional chromatic number, defined formally below, and
denoted by x¢(G). In the example of the 5-cycle it can indeed be seen that
Xr(Cs) = 2.5 (see figure 2.9), which shows that x((G) can be strictly less
than x(G).

This improvement is a first illustration of the fact that the notion of
graph coloring can be refined in very useful ways. The refinement illustrated
above, known as fractional coloring, is a central notion in the development of
so-called fractional graph theory, treated by Scheinerman and Ullman [59],
and by Berge in [5]. According to [59, §3.11], the first publication in which
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Fig. 2.8: A (3,1)-coloring and a (6,2)-coloring of C5. (cTBacchus, cc By-sa 3.0,

Wikimedia Commons)

TN 5.6
2 <2

Fig. 2.9: A (5, 2)—coloring of 05‘ (GTBacchus, CC BY-SA 3.0, Wikimedia Commons)

the fractional chromatic number appears is [36].

Definition 2.3. (Cf. [59, §3.1]) Let G be a graph. A b-fold coloring of G
is an assignment, to each vertex of GG, of a set of b colors, so that adjacent
vertices receive disjoint sets of colors. We say that G has a (d, b)-coloring
if G has a b-fold coloring in which the colors are drawn from a palette of
d > 1 colors; i.e., there is a function f : V(G) — ([Z]) such that for every
edge xy € E(G) we have f(z) N f(y) = 0.

Figures 2.8 and 2.9 show examples of a (3, 1)-coloring, a (6, 2)-coloring
and a (properly fractional) (5, 2)-coloring.

Definition 2.4. (Fractional chromatic number) Let G be a graph. We
define the b-fold chromatic number of G by

X5(G) :=min {d : G admits a (d, b)-coloring}.

(Note that x1(G) = x(G).) We then define the fractional chromatic number
Xf(G) as follows:

= irgf —Xb(G) .

Xf(G) = lim M b

b—oo b



CHAPTER 2. INTRODUCTION 37

The convergence of the sequence {XT(G)} is guaranteed by a stan-

n>1
dard subadditivity lemma (Cf. [59], Appendix A.4), since we always have
Xatb(G) < Xa(G) + xp(G). In fact, it can be seen [59] that for every non-

empty graph G (i.e. with E(G) # 0) there is a positive integer b such that
Xr(G) = x(G)/b > 2.

Determining xs(G) for a general graph G is also hard (as for x(G)), but
for the wide class of vertez-transitive’ graphs it is known that

V(@)

x(G) e

where a(G) is the independence number? of G. In particular, cycles are
vertex-transitive and a(Chyq1) = m, and it follows that xr(Comi1) =
2 +m~'. Additionally, Kneser graphs K(n, k) (for positive integers n, k
satisfying n > 2k; Cf. figure 2.7) are also vertex-transitive and we have

a(K(n, k) = (Zj) and x (K (n,k)) =n/k.

Alternatively, coloring a graph G in the classical sense can be viewed
as an integer linear programming problem, where independent sets in G
are assigned weights 0 or 1 in such a way that every vertex belongs to
independent sets whose total weight is (at least) 1 and the sum of the
weights of all independent sets is minimized. From this viewpoint, fractional
coloring is a linear relaxation of this optimization problem: the fractional
chromatic number x;(G) is the smallest real number x for which there is
an assignment of non-negative weights to independent sets in GG such that
the sum of their weights is  and each vertex belongs to independent sets
whose total weight is at least 1. It is well known that the minimum is always
attained and x¢(G) is always a positive rational number [59].

This alternative view of the fractional chromatic number can be shown
(Cf. [64]) to be equivalent to the following definition using measure theory.

Definition 2.5 (Fractional chromatic number, measure-theoretic version).
For any graph G, we have x;(G) := inf {7“ > 0 : for each vertex v there is a
measurable set A, C [0,1) with Lebesgue measure p(A,) > 1/r so that for
every uv € E(G) we have A, N A, = @}.

LA graph is vertex-transitive if its automorphism group acts transitively on its vertices.

2An independent set A in G is a subset of V(G) such that every pair of vertices
u,v € A satisfies uv ¢ E(G). The independence number of G is the maximum cardinality
of independent subsets in G.
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By casting fractional coloring in the context of measurable subsets in an
interval, this definition also suggests a general framework which opens the
door to further refinements of graph coloring.

In [62], [64], Zhu proposed a different notion of graph coloring called
circular coloring. This uses open intervals in the circle group T = R/Z. We
may view T as [0, 1) with addition modulo 1, and we then have the following
definition.

Definition 2.6 (Circular chromatic number). Let G be a graph. The cir-
cular chromatic number of G is x.(G) := inf {T > 0 : for each vertex x there
is an open interval A, C T with u(A;) > 1/r so that for every zy € E(G)
we have A, N A, = (Z)}.

The circular chromatic number can also be viewed in terms of scheduling.
Indeed, it is the minimum length ¢ of total time needed to carry out a ses-
sion of committee meetings in which all meetings must last 1 uninterrupted
hour but viewed modulo t, i.e. we allow meetings also to occupy a union of
two time intervals (0,a) U (b,t) (with0 <a<b<tand a+t—b=1), one
interval at the beginning of the sessions and the other at the end. This dif-
ferent notion of graph coloring is especially suitable for scheduling problems
with periodic conditions. The following example (Zhu, [64]) is instructive.
Consider the problem of organizing a system of traffic lights to regulate
optimally the traffic of vehicles at a road intersection. A complete traffic
period is a time interval during which every possible traffic low must have
a turn of green light, with every such turn being of equal duration, taken
to be of unit length. This system is easily modeled by a graph G, each of
whose vertices represents a traffic flow, with an edge representing a pair of
traffic flows which are incompatible, i.e. whose green light intervals must
not overlap. The problem consists in finding the minimum time length of a
complete traffic period in this road intersection.

One solution that we can give to this traffic problem is by partitioning
V(@) into a minimum number k of independent sets Iy, Is, ..., I, and assign-
ing successive unit time intervals to each independent set, thus obtaining
a complete traffic period of total duration k = x(G). At first sight, the
problem is thus solved. However, if the graph satisfies the strict inequality
Xc(G) < x(G) then this solution will not be optimal, and circular colorings
(exploiting the additional periodicity) will yield a strictly better solution
(Cf. Section 4 in [28]). In particular, a result by Guichard [30] shows that if
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a graph G is n-critical®, and has girth? at least n + 1, then x.(G) < x(G).

An equivalent definition of x.(G) can be given that is more analogous to
that of the classical k-colorings (Definition 2.1), using the following notion
[64].

Definition 2.7 (r-circular coloring). Let G be a graph and r > 1 a real
number. An r-circular coloring of G is a function f : V(G) — [0,7) such
that for every edge xy € E(G) we have 1 < ‘f(x) — f(y)’ <r—1. We can
then define the circular chromatic number of G as

Xe(G) :=inf {r : G admits an r-circular coloring}.

Note that if f is a k-coloring of G in the classical sense, then f is also a k-
circular coloring of G, and therefore x.(G) < x(G). On the other hand, for
an r-circular coloring g : V(G) — [0,r), letting s = max{g(z) : z € V(G)},
we can view ¢ as an (s+ 1)-coloring of G. As s < r we deduce the following.

Theorem 2.8. For any finite simple graph G we have
X(G) =1 < xe(G) < x(G), (2.1)
in particular x(G) = [x.(G)].
This shows that x.(G) carries more information about the structure of
G than x(G), so that the circular chromatic number can be used to quantify

how far G is from being colorable with less than x(G) colors. In this sense,
Xc(G) can be seen as a refinement of x(G).

In Chapters 3 and 4 of this thesis, we introduce new coloring notions
which lead to further refinements of x.(G) and x¢(G), yielding new chro-
matic numbers with interesting properties. We detail the main contents of
these chapters in the following two sections.

2.2 Coloring graphs by translates in the cir-

cle: the gyrochromatic number

Historically, the first definition of the circular chromatic number was given
by Vince in 1988 [61], with the name star chromatic number. This notion

3A graph G is n-critical if x(G) =n and x(G — v) = n — 1 for any vertex v of G.
4The girth of a graph is the length of a shortest cycle contained in the graph.
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is formulated in a discrete setting as follows.

Definition 2.9 (Star chromatic number). Let 1 < b < d be integers and
let G be a graph. A (d, b)-x-coloring of G is a function f : V(G) — [d] such
that for every edge xy we have

b<|f(x)=fly)|<d—=b  (d>2b).
We define the star chromatic number of G as

d
X*(G) := inf {3 : G admits a (d, b)—*—coloring}.

Among the main basic properties of the star chromatic number x*(G),
we highlight two facts: firstly [61], the infimum in the definition of x*(G) is
attained for every graph G, and is therefore a minimum; secondly, the fact
(consequence of the previous one) that x*(G) is always a rational number
(Cf. Vince [61] and Bondy & Hell [8]). °

It was later observed by Zhu [62], [64] that his circular chromatic number
is indeed equal to the star chromatic number.

Lemma 2.10 (Zhu). For every graph G we have x*(G) = x.(G).
Let us include the short proof.

Proof. Suppose f is a (d,b)-x-coloring of G. Let us define the function
g : V(G) — [0,d/b) such that g(x) := f(x)/b. For every edge xy of G we
have 1 < |g(z) — g(y)| < % —1, thus every (d, b)-x-coloring of G corresponds
to a (d/b)-circular coloring of G. On the other hand, if g is a (d/b)-circular
coloring of G, then f(z) := |b- g(x)]| is a (d, b)-x-coloring of G. O

From the definitions of x;(G) and x.(G) in terms of (d,b) and (d, b)-x
colorings, we easily see the following inequalities.

Lemma 2.11. Every graph G satisfies x¢(G) < x.(G) < x(G).

5There are other equivalent descriptions of this chromatic number, in terms of homo-
morphisms into a certain class of graphs [8], which also implies easily the rationality of

X" (G).
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Both inequalities in this lemma can be strict, and the gap between x ¢(G)
and x(G) can be arbitrarily large. For example, as mentioned previously,
the Kneser graph G = K(n,k) (n > 2k) satisfies x(G) = n — 2k + 2 and
Xf(G) = %, and it is also known [18] that x.(G) = x(G).

The starting point of Chapter 3 is the work by Avila and Candela [3],
which included combinatorial applications of central tools from ergodic theo-
ry. These applications led to a new chromatic parameter for graphs, which
lies between the circular and fractional chromatic numbers. The purpose
of this chapter is to study this new parameter, which we refer to as the
gyrochromatic number x,(G) of a graph G. This number is the reciprocal of

the natural quantity defined as follows, where T denotes as usual the circle
group R/Z.

Definition 2.12 (Avila-Candela, 2016). Let G a finite graph. We say that a
Borel set A C T is a T-coloring base for G if there exists amap f : V(G) — T
such that for every edge xy of G we have (A + f(a:)) N (A + f(y)) =0. We
say that (A, f) is a T-coloring (or T-gyrocoloring) of G. We then define

or(G) = sup{ur(A) : A a T-coloring base for G}, (2.2)
where pp denotes the Haar probability measure on T.

Definition 2.13 (Gyrochromatic number). For any graph G we define

X9<G) :: O’T%G) :

Note that the notion or(G) is easily generalized by replacing T with
any compact abelian group Z. For any such group, equipped with a Haar
probability measure pz, we can indeed define

07(G) :=sup{uz(A): Ais a Borel Z-coloring base for G}, (2.3)

where the extension of the notion of T-coloring base to a Z-base is clear.

A first basic observation on the gyrochromatic number is the following.

Proposition 2.14. Every finite graph G satisfies x(G) < x4(G) < xc(G).

Proof. For the first inequality, suppose that (A, f) with Borel A C T is a
T-coloring of G. Then this is also a fractional coloring of G with A, :=
A + f(x) for each vertex = (as mentioned earlier, we usually identify T
with the interval [0, 1) equipped with addition modulo 1). For the second
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inequality, if there is a coloring by open intervals (these are Borel sets) A,,
all of the same length, then this is clearly a T-coloring since every open
interval A, can be viewed as a translate of a single interval A (so that
A, =1 A+ f(x) satisfies A, N A, = 0 for all the edges zy). O

Informally speaking, circular coloring assigns vertices of G to arcs (in-
tervals in the circle) and fractional coloring assigns vertices of G' to Borel
subsets. A T-gyrocoloring is tighter than a fractional coloring since vertices
must be assigned gyrated copies of a single Borel subset, and it is looser
than circular coloring since this Borel subset need not be an arc.

One of the motivations that led to this new graph parameter is a version
of the general problem, central to arithmetic combinatorics, which consists
in determining the greatest size that a subset of an abelian group can have
without containing solutions to a prescribed set of linear equations. In the
version in question, considered in [3], we let ¢y, ¢a, . .., ¢g be multiplicatively
independent non-zero integers,® we let G be any graph with vertex set V =
[d], and we then ask what is the greatest size (Haar measure) that a subset of
T can have if we require that this set avoid solutions to the linear equations
¢; T1 = ¢; o for edges ij in G. In other words, we ask what is the quantity

dg.; == sup {,UT(A) tACT, Vije E(G), Vay,20 € A, ¢;x1 # ¢ .TQ}.

It is proved in [3] that dg ., = or(G).

In Chapter 3 it is shown that the definition of the gyrochromatic number,
like the circular and fractional chromatic numbers, is robust, in the sense
that it can be reformulated in several equivalent ways. For example, the
definition through coloring T-bases yields the following equivalent variant
in a discrete setting.

Theorem 2.15. Let G be a graph. Then we have 07, (G) < or(G) for every
N € N and o7(G) = supyey 0z, (G) = limy_o0 02, (G).

This yields the following reformulation.

Corollary 2.16. The gyrochromatic number of a graph G is equal to the
infimum of numbers N/K for which there exists a set A € (ZIJ(V) and a
function f : V(G) — Zy such that (A+ f(u)) N (A4 f(v)) =0 for every

edge uwv € E(G).

6This simply means that if ci‘l . cg‘Q e cfl‘”’ =1 with A\; € Z, then A; = 0 for every i.
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Recall the well-known fact that classical coloring, circular coloring and
fractional coloring of graphs can be defined by using homomorphisms to
certain classes of graphs: cliques, circular cliques and Kneser graphs respec-
tively. We show that the gyrochromatic number also follows this pattern:
it can be defined in terms of homomorphisms to circulant graphs. *

Theorem 2.17. The gyrochromatic number of a graph G is equal to

. N
ety X (CS) = I S eN .9
G—C(N,S) G—C(N,S)

i.€., is equal to the infimum of the fractional chromatic numbers of the cir-
culant graphs that admit a homomorphism from G.

Another notable feature of the gyrochromatic number is that it can be
defined equivalently using tori of arbitrarily high dimension.

Theorem 2.18. For every finite simple graph G and every d € N, we have

or(G) = opa(G).

This result implies that the discrete variant of the definition (given by
Theorem 2.15) remains equivalent when all finite abelian groups are con-
sidered, instead of the groups Zy only (Cf. Corollaries 3.10 and 3.11). This
establishes a certain universality of the gyrochromatic number. Note also
that (as detailed in Chapter 3) the fractional chromatic number itself can
be cast in a similar way but taking into account all finite (not necessarily
abelian) groups. This way, the gyrochromatic number can be viewed as a
version of the fractional chromatic number restricted to abelian groups.

Among other results that we prove on the gyrochromatic number, there
are constructions of graphs satisfying the strict inequalities x f(G) < x,4(G) <

Xe(G).

Theorem 2.19. There exists a sequence of graphs (Gi)ren\(1y such that
X#(Gr) < Xg(Gr) < Xe(Gi) =k + 2 and with limy_,o x4(G) = 2.

TA circulant graph G = C(n,S) is a Cayley graph over the cyclic group V(G) = Zy,
generated by a set S C Z,,, which we assume to be symmetric (i.e. S = —95); thus vertices
a,b € Z,, are adjacent if and only if a — b € S (equivalently b — a € S).
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Last but not least, we show that, somewhat surprisingly, the supremum
in the definition (2.2) need not be attained, which also implies that the
infimum in the discrete variant given by Theorem 2.17 need not be attained
either. This leads to the open problem of whether there exists a finite graph
G such that the gyrochromatic number of GG is not rational. Other open
problems are proposed among our final remarks in the chapter.

We deem these results to be convincing evidence that the gyrochromatic
number is a natural and robust parameter, which is likely to be useful to
obtain a finer understanding of the structure of graphs.

2.3 On toral chromatic numbers of graphs

In Chapter 3 we introduced the gyrochromatic number of a graph G, and
several results obtained in that chapter show that x,(G) carries more infor-
mation than the fractional and circular chromatic numbers. In particular
we showed that x;(G) < x4(G) < x.(G) is satisfied for any finite graph,
and that these inequalities can be strict. The gyrochromatic number is also
shown to have a certain universality in the sense that the infimum can be
extended to Borel sets in a finite higher dimensional torus equipped with
its Haar probability measure without changing the value of x,(G), that is,
for every fixed r € N we have

Xg(G) = inf{1/pg(A) : A is a T"-coloring base for G'}. (2.4)

However, the gyrochromatic number is more “elusive” than the circular
chromatic number x.(G), since it is also proved in Chapter 3 that the infi-
mum in the original definition (i.e. (2.4) for » = 1) is not always attained,
and we do not yet know whether x,(G) is always rational. Even worse, we
do not know whether there is always at least some finite dimension r such
that the infimum is attained in this dimension.

This motivates the study of intermediate colorings, also refining x.(G)
but being analytically more tractable than the gyrochromatic number. This
is the main objective of Chapter 4.

A natural candidate for a more manageable refinement of x.(G) consists
in coloring the graph with translates of a boz in the d-dimensional torus T¢.
We may view the d-torus as [0, 1]? with addition mod 1 in each coordinate.
By an open box in T we mean a Cartesian product of the form I; x --- x
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I; C T? where I; is an open interval (open connected set) in T for every
j € [d]. The corresponding refinement of the circular chromatic number is
then defined as follows.

Definition 2.20 (d-toral chromatic number). Let G be a graph. For each
d € N, we define the d-toral chromatic number of G, denoted by x.«(G), by
the formula

Xea(G) = inf {pira(R)™" : R C T an open box such that G is R-colorable }

(2.5)
where, for a subset A of an abelian group 7, we say that a graph G is A-
colorable if there is a map ¢ : V(G) — Z such that (A+¢(z))N(A+e(y)) =
() for every edge zy € E(G). (We may also say that ¢ is a coloring map of

G by A).

The 1-toral chromatic number is the usual circular chromatic number.
We show in Chapter 4 that the following hierarchy is satisfied for any positive
integer d:

X7 (G) < xg(G) < Xeart (G) < X (G) < X(G). (2.6)

It is also shown that the infimum in (2.5) is always attained and rational,
as is the case for x.(G):

Theorem 2.21. Let G be a graph of order n and let d € N. Then for each
i € [d] there are integers r; < s; in [n] such that G is colorable by the box
R=Tliq(0,2) in T and xa(G) = =gy = 234

B o () TLerg

Note that for every given graph G, by (2.6) the decreasing sequence
(Xea(G))aeny must converge, and we may then ask how fast it does so, and
even whether it always becomes constant eventually. This is answered as
follows.

Proposition 2.22. Let G be a graph, and let d = |logy(x(G))]|. Then for
every d' > d we have x.(G) = x.a(G).

One may also wonder how y.«(G) varies for a fixed d and varying G. In
particular we may ask whether for every fixed d there are graphs GG for which
Xea+1(G) < x.a(G); a positive answer here would indicate that each number
X.a(G) carries certain information about G that can make it differ from
other such numbers x . (G), d > d, in other words, that graphs separate
the toral chromatic numbers.
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Note that by Proposition 2.22 we can meaningfully define what we shall
call the stabilization dimension of a graph G for the toral chromatic num-
bers, namely the least integer d with the property that x.«(G) = x.(G)
for all d’ > d. Denoting the stabilization dimension of G by d*(G), we have
d* < |logy(|G|)| by Proposition 2.22, and we may ask how accurate this
upper bound is. We prove that this bound is sharp up to a multiplicative
constant, with the following result, which also shows that graphs do indeed
separate the toral chromatic numbers.

Theorem 2.23. For each d € N there exists a graph G of order n = 5%
satisfying d*(G) = d = logz(n).

Finally, at the end of Chapter 4 we relate the number x..(G) to the ordi-
nary chromatic number x(G), via an inequality which generalizes the well-
known inequality (2.1), and uses box-coverings of the d-torus (see Proposi-
tion 4.21).

2.4 On Motzkin’s problem in the circle

The last chapter of this thesis is devoted to a project which arose while
the research on the gyrochromatic number was in progress. The project
concerns a well-known problem in combinatorial number theory which was
posed by T. S. Motzkin in the 1970s.

Motzkin’s problem asks how large a set of integers can be if it does not
contain any pair of elements whose difference lies in a prescribed set. More
precisely, given a non-empty subset D of the set of positive integers N, let us
say that a set A C Z is D-avoiding if for every a,a’ € A we have |a—d'| ¢ D,
in other words if the difference set A— A ={a—ad' :a,a’ € A} is disjoint
from D. Let A(N) denote the cardinality |AN[—N, N]|, and let §(A) denote
the upper density of A, namely 6(A) = limsupy_,., %. Motzkin asked
to determine or estimate the greatest upper density that a D-avoiding set
can have, namely the following quantity, which we call the Motzkin density
of D:

Mdz(D) := sup{d(A) : A is a D-avoiding subset of Z}. (2.7)

Cantor and Gordon published the first paper on Motzkin’s problem [14],
proving several interesting results, including a full solution for the case of
at most two forbidden differences (i.e. for |D| < 2). Since then, the general
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problem has motivated many works and several additional special cases have
been addressed (as detailed in Chapter 5), but the problem is still open.

Motzkin’s problem constitutes a topic within combinatorial number the-
ory that has interesting connections with other well-known problems, in-
cluding the fractional chromatic number of distance graphs, or the famous
lonely runner conjecture.

Motzkin’s problem can also be seen as a particular case of a wider ques-
tion which can be asked in any compact abelian group Z: given a non-empty
set D C Z, letting uy denote the Haar probability measure on Z, this ques-
tion asks to determine or estimate the quantity

Mdz(D) := sup{uz(A) : A C Z a Borel set with (A — A)ND = 0}. (2.8)

A particularly natural case of this question concerns the circle group Z = T.
This case is the main object of study in Chapter 5. We shall view T, as
usual, as the interval [0, 1] with addition modulo 1, and consider a finite set
D = {ty,...,t.} of non-zero missing differences, viewing D as a set of real
numbers in (0, 1).

The approach to this problem in Chapter 5 combines tools from graph
theory, ergodic theory, and the geometry of numbers.

A first illustration of the applicability of ergodic theory in this chapter is
given by focusing on the case where the set D U {1} is linearly independent
over Q. It then turns out that we may apply a version of the important
ergodic theoretic tool known as Rokhlin’s lemma. This result can be de-
scribed informally as a tool that enables a non-periodic group-action on a
probability space (e.g. an iterated irrational rotation of the circle) to be
approximated, with arbitrary precision, by structures called towers, which
are almost periodic and are much easier to analyze (we give the precise
formulations in Section 5.2). By a simple application of this tool for free
measure-preserving actions of Z", we obtain the solution Mdr(D) = 1/2 in
this case. This motivates the exploration of the applicability of Rokhlin’s
lemma (and its various extensions) to the more general case of Motzkin’s
problem in T where D U {1} can be linearly dependent over Q. And in-
deed, known extensions of Rokhlin’s lemma, applicable to free actions of
quotients of Z", are shown to be relevant to this problem. In particular we
show that, via these extensions, the problem of determining Mdr(D) can
be transferred to a similar problem in the discrete setting of the finitely
generated abelian group Z" /A, where A is the kernel of the homomorphism
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7" — T, n+— nity + --- + n,t.. In this discrete setting, Motzkin densities
can be defined using Fglner sequences; see Definition 5.8. We then have the
following result.

Theorem 2.24. Let D = {ty,...,t.} C T, let A be the kernel of the homo-
morphism Z" — T, n — nity + -+ + n,t,., and let E be the image of the
standard basis of R™ in the quotient Z" /A. Then Mdr(D) = Mdzr-/a(E).

In fact, the versatility of these extensions of Rokhlin’s lemma enable us
to prove a version of this theorem that is valid for compact abelian groups
more generally; see Theorem 5.9.

Theorem 2.24 is useful as a first step for determining Mdr (D), since the
corresponding Motzkin density in the discrete setting, i.e. Mdzr/x(E), can
often be simpler to determine. In Chapter 5 we pursue this approach for
r < 2, obtaining the solutions summarized below, notably the exact formula
in Theorem 2.25.

The techniques from graph theory and the geometry of numbers enter
the picture in relation to the case of the problem in which, instead of DU{1}
being linearly independent over Q, we assume on the contrary that D C Q.
Indeed, this case reduces to the problem of determining the independence
ratio of a circulant graph which we call the associated circulant graph. More
precisely, supposing that each element of D is of the form t; = a;/b; with
coprime positive integers a; < b;, then the subgroup (D) < T is isomorphic
to Zy with N = lem(by, ..., b,). The associated circulant graph is the con-
nected circulant graph G with vertex set Zy (viewed as the set of integers
[0, N —1] with addition modulo N) with jumps d, ..., d, where d; = a; N/b;.
Thus z,y € Zy form an edge in G if and only if x — y = d; or —d; mod
N for some i € [r]. The independence ratio of G is %, where o(G) is
the independence number of G (i.e. the maximal cardinality of an inde-
pendent set in G). As a straightforward consequence of Theorem 2.24 we
have Mdr(D) = Mdgz, ({di,...,d.}) = # The analysis of the quantities
Mdz, ({d1,...,d,}) leads to the geometry of numbers through the relation
(developed in Chapter 5) with the lattice A mentioned above (which is of
full rank 7 in this rational case).

It is worth noting that if dy, ..., d, are fixed integers then, as N — oo,
the ratios % converge to Mdz({dy,...,d,}), and in this sense Motzkin’s

problem in T can be seen to subsume the original problem in Z (for finitely
many missing differences).
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After a brief solution of the case r = 1 (see Proposition 5.15), the rest of
Chapter 5 focuses on the case r = 2. We distinguish two sub-cases. The first
case is the one in which at least one element of D is an irrational number.
Here we obtain the following ezact solution:

Theorem 2.25. Let D = {t1,t2} C (0,1) with D ¢ Q. If DU{1} is linearly
independent over Q, then Mdr(D) = 1/2. Otherwise, letting mg, my, mo be
integers not all zero such that my = mqty + moty and ged(mg, my, mo) = 1,
we have

k/2
Mdr(D) = %, where k = |my| + |mal. (2.9)

We then focus on the second case, in which both elements of D are ra-
tional. This is equivalent to determining the independence ratio of circulant
graphs with two jumps. As mentioned above, we study this problem using
tools from the geometry of numbers. In particular we obtain the following
asymptotically sharp estimate. Recall that the odd girth of a graph G is the
length of a shortest odd cycle in G.

Theorem 2.26. Let D = {t;,to} C QN (0,1). Let G be the associated
circulant graph, and let N be the order of G. If G is bipartite then Mdr (D) =

# = % Otherwise, letting k be the odd girth of G, we have
_ a(G _
L > Mdn(D) =2 > Al L (2.10)

The independence ratio of a circulant graph G is equal to the reciprocal
of its fractional chromatic number x¢(G). Therefore (2.10) yields also an
asymptotically sharp estimate for the fractional chromatic number of a con-
nected circulant graph G of order N with 2 jumps and odd girth k£, namely
2 < x(G) <

Finally, we also study the question of the sharpness of the bounds in
(2.10) for fized N (not just as N — oo). In particular, we provide the
following infinite family of examples of 2-jump circulant graphs whose inde-

pendence ratios attain the lower bound in (2.10) up to the absolute constant
multiple of 1/v/N:

Proposition 2.27. Let d € N be odd, let N = 2d(d + 1), and let G =
Cay(Zy,{d,d + 1}). Then o(G) = d?, and G has girth k = 2d + 1, so
a(G) = [ N] - 5
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We also provide an infinite family of examples attaining the upper bound
in (2.10) (see Proposition 5.29).

At the end of the chapter we discuss possible future directions of study
of Motzkin’s problem in compact abelian groups.

2.5 Summary and conclusions

The results presented in this thesis make contributions to graph theory and
combinatorial number theory through the exploration of recently emerged
connections between topics in these areas and central tools and techniques
from ergodic theory and the geometry of numbers.

Concerning graph theory, the thesis contributes to the topic of graph
coloring with new notions that refine the fractional and circular chromatic
numbers. In particular, we formalize and study the new concept of a gy-
rocoloring of graphs. Our results show that this notion, and its related
chromatic parameter (the gyrochromatic number), are natural and robust
concepts with interesting properties. The non-trivial analytic aspects of the
gyrochromatic number also led us to another natural and more tractable
coloring notion, in which the vertices of a graph G are colored by translates
of a box in the d-dimensional torus, refining the circular chromatic number
by means of the d-toral chromatic numbers, and establishing connections
with known problems concerning box-coverings of tori. The various results
we obtained on the gyrochromatic and toral chromatic numbers also lead to
open problems motivating future research.

Concerning combinatorial number theory, the thesis contributes to the
topic of Motzkin’s problem, a very natural question in this area that has
been studied since the 1970s. While the many previous works on this pro-
blem focused on the original integer setting, and treated various special
cases of the problem with very specific techniques, in this thesis we take
a broad approach to the general problem by studying it in other abelian
groups and relating it with tools from ergodic theory (such as Rokhlin’s
lemma) and from the geometry of numbers. We illustrate this by study-
ing the analogue of Motzkin’s problem in the circle group, showing that
this subsumes the original problem from the integer setting, and obtaining,
among other results, an exact solution when the set of forbidden differences
has two elements, with at least one of them being irrational. In the case of
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the forbidden differences being all rational, the geometric approach that we
use leads to asymptotically tight estimates of the independence ratio of a
2-jump circulant graph in terms of the graph’s odd girth, opening interes-
ting prospects for analogous studies of d-jump circulant graphs with d > 2.



Chapter 3

Coloring graphs by translates
in the circle

The work constituting this chapter was made in collaboration with Pablo
Candela, Robert Hancock, Adam Kabela, Daniel Kral’, Ander Lamaison
and Lluis Vena. The contents of the chapter were published in in Furopean
Journal of Combinatorics in 2021; see [11].

3.1 Introduction

Graph coloring is one of the most studied topics in graph theory. In order
to refine the basic notion of the chromatic number of a graph, various non-
integral relaxations were introduced, in particular, to capture how close a
graph is to being colorable with fewer colors. Among them, the two most
intensively studied notions are the circular chromatic number and the frac-
tional chromatic number. We build on the work of Avila and Candela [3]
who introduced a notion of a coloring base of a graph in relation to applica-
tions of their new proof of a generalization of Rokhlin’s lemma; this notion
leads to a chromatic parameter of a graph which lies between the circular
and fractional chromatic numbers. The purpose of the present article is to
introduce this parameter, which we refer to as the gyrochromatic number of
a graph, in the context of graph coloring.

We begin by recalling the notions of circular and fractional colorings and
fixing some notation. All graphs in this paper are finite and simple. If G

52
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is a graph, then V(G) and E(G) are its vertex and edge sets, and |G| is
the number of its vertices. The chromatic number x(G) of a graph G is the
smallest integer k for which there exists a mapping f : V(G) — [k] such
that f(u) # f(v) for every edge uv of G; we use [k] to denote the set of the
first k positive integers. The circular chromatic number x.(G) of a graph
G is the smallest real z for which there exists a mapping f : V(G) — [0, z)
such that 1 < |f(v) — f(u)] < z — 1 for every edge uv (it can be shown
that the minimum is always attained). The mapping f can be viewed as a
mapping of the vertices of G to unit-length arcs of a circle of circumference
z such that adjacent vertices are mapped to internally disjoint arcs. We
remark that there are several equivalent definitions of the circular chromatic
number [64], e.g., through homomorphisms to particular graphs or through
balancing edge-orientations. In relation to the chromatic number, it is not
hard to show that every graph G satisfies the following:

X(G) — 1 < x.(G) < x(G),

in particular x(G) = [x.(G)]. The circular chromatic number was intro-
duced by Vince [61] in the late 1980s and has been the main subject of
many papers since then; we refer to the survey by Zhu [64] for a detailed
exposition.

Coloring vertices of a graph GG can be viewed as an integer program such
that independent sets in G are assigned weights zero and one in such a
way that every vertex belongs to independent sets whose total weight is (at
least) one and the sum of the weights of all independent sets is minimized.
Fractional coloring is a linear relaxation of this optimization problem: the
fractional chromatic number x;(G) is the smallest real z for which there is
an assignment of non-negative weights to independent sets in GG such that
the sum of their weights is z and each vertex belongs to independent sets
whose total weight is at least one (it can be shown that the minimum is
always attained). Equivalently, x;(G) can be defined as the smallest real
z such that each vertex v of G can be assigned a Borel subset of [0, z)
of measure one in such a way that adjacent vertices are assigned disjoint
subsets. It can be shown that the circular chromatic number lies between
the fractional chromatic number and chromatic number for every graph G:

X7 (G) < x(G) < x(G).

Both inequalities can be strict, and the gap between the fractional chromatic
number and chromatic number (and so the circular chromatic number) can
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be arbitrarily large. For instance, the chromatic number of Kneser graphs
can be arbitrarily large and their fractional chromatic number arbitrarily
close to two. We recall that the Kneser graph K (n, k) has (}) vertices that
are viewed as corresponding to k-element subsets of [n]; two vertices are
adjacent if the corresponding subsets are disjoint. The chromatic number
of K(n,k)is n—2k+2 (if n > 2k) by the famous result of Lovész [51], and
their fractional chromatic number is known to be equal to n/k. We refer to
the book by Scheinerman and Ullman [59] for further results on fractional

coloring and fractional graph parameters in general.

We next recall the notion of a coloring base of a graph introduced in [3,
Definition 3.8], which is the starting point for the present discussion. Let G
be a graph and Z be an abelian group. A set A C Z is a coloring Z-base
for G if there exists a function f : V(G) — A such that the sets A + f(u)
and A+ f(v) are disjoint for every edge uv of G; we write just coloring base
if Z is clear from the context. For a topological group Z equipped with a
Haar probability measure u, we define

07(G) = sup{u(A) : A is a Borel coloring Z-base for G}. (3.1)

This notion is related to results in ergodic theory, and we refer the reader
to [3] for the exposition of this relation. We will be particularly interested in
the group T = R/Z and the groups Zy = Z/NZ for N € N. The former can
be viewed as given by the unit interval [0, 1] with 0 and 1 identified and the
usual Borel measure, and the latter is simply {0,..., N — 1} with addition
modulo N equipped with the uniform discrete probability measure.

The notion of a coloring base resembles equivalent definitions of circular
and fractional chromatic number, which can be cast using the group T
as follows. The circular chromatic number of a graph G is the inverse of
the maximum p(A) where A is a connected coloring T-base for G (here,
connected means as a subset of T). The fractional chromatic number of
a graph G is the inverse of the maximum 2z such that each vertex of G
can be assigned a Borel subset of T with measure z and adjacent vertices
are assigned disjoint subsets. Informally speaking, circular coloring assigns
vertices of G to arcs and fractional coloring assigns vertices of G' to Borel
subsets. A coloring T-base is tighter than fractional coloring since vertices
must be assigned rotational copies of the same Borel subset, and it is looser
than circular coloring since the Borel subset assigned to vertices need not be
an arc. This leads us to the following definition: the gyrochromatic number
Xy(G) of a graph G is the inverse of op(G). The equivalent definitions
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of the circular and fractional chromatic numbers given above yield that
the gyrochromatic number of every graph G lies between its fractional and
circular chromatic numbers:

X7(G) < xe(G) < xel@). (3.2)

Similarly to the notions of the fractional and circular chromatic number,
the definition of the gyrochromatic number of a graph is robust in the sense
that it can be cast in several different ways. In Section 3.2, we show that the
definition through coloring T-bases is equivalent to its discrete variant using
Zy-bases (cf. Corollary 3.3). Coloring, circular coloring and fractional co-
loring of a graph can be defined by using homomorphisms to special classes
of graphs: cliques, circular cliques and Kneser graphs. This holds also for
the gyrochromatic number of a graph, which can be defined in terms of
homomorphisms to circulant graphs (cf. Theorem 3.4). More interestingly,
in Section 3.4 we prove that the definition stays the same when considering
higher-dimensional-torus analogues of T (cf. Theorem 3.9), which implies
that the discrete variant of the definition is the same when all finite abelian
groups are considered instead of the groups Zy only (cf. Corollaries 3.10
and 3.11). We note that the fractional chromatic number can be cast in a
similar way but taking into account all finite (not necessarily abelian) groups
(see the discussion after Corollary 3.11), i.e., the gyrochromatic number can
be viewed as an analogue of the fractional chromatic number restricted to
abelian groups. We believe that these properties show that the gyrochro-
matic number of a graph is a natural and robust parameter, which is likely
to play an important role in providing a more detailed understanding of the
structure of graphs whose circular and fractional chromatic numbers differ.

In addition to presenting several equivalent definitions of the gyrochro-
matic number in Sections 3.2 and 3.4, we also establish some of its basic
properties and in particular construct graphs with gyrochromatic number
strictly between the circular and fractional chromatic numbers (cf. Theo-
rem 3.12). Finally, in Section 3.6 we show that, somewhat surprisingly, the
supremum in the definition (3.1) need not be attained, which also implies
that the infimum in its discrete variant (as given in Corollary 3.3) need not
be attained.
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3.2 Equivalent definitions

In this section, we present alternative definitions of the gyrochromatic num-
ber, and show that these are equivalent to the original definition stated in
Section 3.1. We begin by giving another definition, which is analogous to
circular coloring and provides the notion of a gyrocoloring. If z is a non-
negative real, a z-gyrocoloring of a graph G is a mapping ¢ from V(G) to
Borel subsets of [0, z) such that the measure of each of g(u), u € V(G), is
one, the sets g(u) and g(v) are disjoint for every edge uv, and the sets g(u)
and g(v) are rotationally equivalent for any two vertices v and v of G, i.e.,
there exists = € [0, z) such that

g(u) = (g(v)+2z) modz={(y+2) modz:yeg)}

The gyrochromatic number of G is the infimum of all z such that G has
a z-gyrocoloring. The equivalence of this definition to the one given in
Section 3.1 is rather easy to see. For completeness, we include a short
proof.

Proposition 3.1. Let G be a graph. For every positive real z, the graph G

has a z-gyrocoloring if and only if G has a coloring T-base of measure z~*.

Proof. Fix a graph G and a positive real z. Suppose that g is a z-gyrocoloring.
Fix a vertex vy of G and let z, € [0, 2) be such that g(v) = (g(vo) + xv)
mod z; in particular, z,, = 0. The set

{z/z:2 € g(vy)}

is a coloring T-base; this can be seen by setting the function f from the
definition of a coloring base to be f(v) = g(v)/z.

For the other direction, let A be a coloring T-base of measure 2!, and

let f be the function from the definition of a coloring base. We can now
define a z-gyrocoloring of the graph G as follows:

gv)={(x+ f(v))-z mod z:z € A}

for every vertex v € V(G). O

We next turn our attention to definitions where the equivalence is more
complicated to see, and start with showing that the discrete and Borel
variants of the definition of the gyrochromatic number are equivalent.
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Theorem 3.2. Let G be a graph. It holds that 07, (G) < or(G) for every
N € N and

or(G) = JSV%%UZN(G) = lim o7, (G).

Proof. Fix a graph G. If A is a coloring Zx-base for GG, then the set

N 'N
z€A
is a coloring T-base. Hence, o1(G) > 07, (G) for every N € N. We therefore
have
or(G) > sup oz, (G) > limsup oz, (G).
NeN N—o0

We now prove that
lim oy, (G) = or(G),

N—oo

which will complete the proof.

Choose any ¢ > 0 and let A be a coloring T-base such that u(A) >
or(G) — e. We may assume without loss of generality that u(A) > 0. Let
f:V(G) — T be a mapping such that A + f(u) and A + f(v) are disjoint
for every edge uv of the graph G.

Since the measure p is regular, there exists a closed set B C A such that
i(A\ B) <e. Form € N, let B, := B+ [=}, L]; note that

m’m

B= () Bnand lim u(B,)=u(B).

m—r0o0
meN
Hence, there exists an integer m such that p(B,,\B) < €, whence pu(B,,AA) <
w(BnAB) + u(BAA) < 2¢; fix such m for the rest of the proof. Note that
the measure of B,, is at least u(A) —2e > op(G) — 3e.

Choose N € N such that m/N < ¢ and define f'(v) = |[Nf(v)]/N;
here and in what follows, multiplications such as N f(v) mean that f(v) is
viewed as an element of [0, 1] and is multiplied in R by N. Since the sets
A+ f(u) and B,, + f(u) differ on a set of measure at most 2¢ for every
vertex u € V(G), the measure of the intersection B,, + f(u) and B,, + f(v)
is at most 4¢ for every edge uv of G. Since the set B,, has at most m/2
connected components, i.e., B, viewed as a subset of a circle consists of
at most m/2 closed arcs, the measure of the intersection B, + f'(u) and
B, + f'(v) is at most 4¢ + m/N. Choose z € T randomly according to u
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and define a set A(z) C Zy to be the set containing all i € {0,..., N — 1}
such that z +i/N € B,, and

z2+1i/N & By, + f'(v) — f'(u)

for every edge uv of G. The probability that a particular ¢ satisfies that
z+1i/N € B, is equal to the measure of B,,. The probability that z +i/N
is both in B,, and in B,, + f'(v) — f'(u) for a particular edge uv is equal to
the measure of the intersection of B,, + f'(u) and B,, + f’(v), which is at
most 4¢ +m/N. Hence, the probability that ¢ is included in the set A(z) is
at least

p(A) = 2e — (4e + m/N)|E(G)| = p(A) — 2e = 5¢[E(G)].
The expected size of A(z) is therefore at least
N(p(A) = 2e = 5¢| E(G)]).

Fix z such that the size of A(z) is at least the expected size.

We next show that A(z) is a coloring Zy-base for G. Consider the
function f” : V(G) — Zy defined as f”(v) = N f'(v) and observe that the
sets A(z) + f"(u) and A(z) + f"(v) are disjoint for every edge uv. Indeed,
if the intersection of A(z) + f”(u) and A(z) + f”(v) were non-empty, there
would exist 7,5 € A(z) such that i + f”(u) = j + f”(v), which would imply
that z+i/N € B,, and z+j/N € B,,; since z+i/N = z+j/N+ f'(v)— f'(u),
it would then follow that z +i/N € B,, + f'(v) — f'(u), contradicting the
definition of A(z). Hence A(z) is a coloring Zy-base for G, so oz, (G) >
AL — y(A) — 26 — 5¢|B(G)).

We have thus proved that for all N sufficiently large (depending on &)
we have

0"]1‘(G> Z O'ZN(G) Z UT(G) — 3¢ — 5€|E(G)|

Since the choice of € > 0 was arbitrary, we deduce that

or(G) = lim oz, (G)

N—oo

and the result follows. O]

Theorem 3.2 yields the following.
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Corollary 3.3. The gyrochromatic number of a graph G is equal to the
infimum of N/K for which there exists a K-element set A C Zy and a
function f : V(G) = Zy such that A+ f(u) and A+ f(v) are disjoint for
every edge uv of G.

We next turn our attention to a definition through homomorphisms to
circulant graphs. Fix an integer N and a set S C Zy such that S = —S and
0 &€ S; the circulant graph C(N,S) is the graph with vertex set Zy such
that two vertices i and j of C'(N, S) are adjacent if j—i € S. If G and H are
two graphs, we say that G is homomorphic to H if there exists a mapping
h:V(G) — V(H) such that h(u)h(v) is an edge of H for every edge uv of
G. The mapping h is a homomorphism from G to H. If G is homomorphic
to H, we also write G — H and say that H admits a homomorphism from

G.

Theorem 3.4. The gyrochromatic number of a graph G is equal to

. . N
ey, X (CS) = il S eN g
G—C(N,S) G—C(N,S)

i.€., s equal to the infimum of the fractional chromatic numbers of the cir-
culant graphs that admit a homomorphism from G.

Proof. We will show that the following holds for every N € N:

a(C(N,S
020(G) = max w (3.3)
G—C(N,S)

Since the graph C(NV,.S) is vertex transitive for every choice of S, it holds
that the fractional chromatic number of C'(IV, S) is equal to N/a (C(N, S)).
In particular, the statement of the theorem will follow from (3.3) and The-
orem 3.2.

Fix N € N. We prove the equality in (3.3) as two inequalities, starting
with showing that
a(CN,5))
< —_—
ozy(G) < max
G—C(N,S)

Let A be a coloring Zy-base for G and let f : V(G) — Zy be such that
A+ f(u) and A+ f(v) are disjoint for every edge uv of G. We define the set S
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as the set containing f(u)— f(v) and f(v)— f(u) for every edge uv. We claim
that the set A is independent in the circulant graph C' (N, S): if A was not
independent, then there would exist 4, j € A such that i = j+ f(v)— f(u) for
an edge uv, which would imply that the sets A+ f(u) and A+ f(v) are not
disjoint (i+ f(u) would be their common element). Hence, the independence
number of C'(N,S) is at least |A|. Since it holds that the vertices f(u) and
f(v) of C(N,S) are adjacent for every edge uv of G, the mapping f is a
homomorphism from G to C(N,S) and the inequality follows.

We next prove that

a(C(N,95))
O'ZN(G) Z 5%%% T
G—C(N,S)

Fix a set S C Zy such that there exists a homomorphism f : V(G) — Zy
from G to the circulant graph C'(N,S), and let A be an independent set
of C(N,S) of size a(C(N,S)). We claim that A is a coloring Zy-base for
G. To establish this, it is enough to show that A + f(u) and A + f(v) are
disjoint for every edge uv of G. Since A is an independent set in GG, the sets
A and A + z are disjoint for every x € S. Consider an edge uv of G. Since
f is a homomorphism from G to C(N,YS5), it follows that f(v) — f(u) € S,
in particular, the sets A and A + f(v) — f(u) are disjoint. Hence, the sets
A+ f(u) and A + f(v) are disjoint. We conclude that A is a coloring
Z,n-base. O

We remark that in Section 3.4 we establish a more general statement than
that of Theorem 3.4; circulant graphs are Cayley graphs of the (abelian)
group Zy and we will show that the gyrochromatic number of a graph G is
equal to the infimum of the fractional chromatic numbers of Cayley graphs
of finite abelian groups that admit a homomorphism from G (cf. Corol-
lary 3.11). We remark that the fractional chromatic number of G is equal
to the minimum of the fractional chromatic numbers of Cayley graphs of
finite groups that admit a homomorphism from G (see the discussion after
Corollary 3.11).
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3.3 Simple properties

In this section, we establish several simple properties of the gyrochromatic
number; some of them will be used within our arguments later in the paper.
We start with two properties related to products of graphs. Recall that the
Cartesian product GOH of two graphs G and H is the graph with vertex set
V(G) x V(H) such that two vertices (v,v") and (w,w’) of GOH are adjacent
if either v = w and v'w’ is an edge of H or v = w’ and vw is an edge of
G. Similarly to the chromatic number and the circular chromatic number,
the gyrochromatic number is also preserved by the Cartesian product of a
graph with itself.

Proposition 3.5. For every graph G, it holds that x,(G) = x,(GOG).

Proof. We show that A C T is a coloring base for G if and only if it is a
coloring base for GOG. If A is a coloring base for GOG, then it is clearly
a coloring base for GG. Hence, we focus on proving the reverse implication.
Let A be a coloring T-base for G and f : V(G) — T such that A+ f(v) and
A+ f(w) are disjoint for any edge vw of G. We define g : V(G)* — T by
setting g(v,v’) to be f(v) + f(v'), and show that if (v,v’) and (w,w’) are
adjacent in GOG, then A + g(v,v") and A + g(w,w’) are disjoint.

Suppose that (v,v") and (w,w’) are adjacent. It holds that either v = w
or v/ = w'. In the former case, v' and w’ are adjacent in G and so A+ f(v')
and A + f(w') are disjoint. Consequently, A + g(v,v") = A+ f(v) + f(v')
and A+ g(w,w') = A+ f(w)+ f(w') = A+ f(v) + f(w') are disjoint. Since
the case v' = w’ is symmetric, A is a coloring base for the graph GOG. [

Proposition 3.5 does not generalize to Cartesian products of distinct
graphs, however the following holds.

Proposition 3.6. For any two graphs G and H, it holds that x,(GOH) =
Xg(GUH), where G U H s the disjoint union of G and H.

Proof. Since GOH is a component of the graph (GU H)O(G U H), it holds
that x,(GOH) < x,(GUH) by Proposition 3.5. On the other hand, both G
and H are subgraphs of GOH, which implies that if A C T is a coloring base
for GOH, then it is also a coloring base of GUH. Indeed, if f : V(GOH) —
T is a function such that A + f(v) and A + f(w) are disjoint for any edge
vw of GOH, then its restriction to the copies of G and H in GOH witness
that A is a coloring base for G U H. Hence, x,(G U H) < x,(GOH). O
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In the next two paragraphs, we give an example of two (small) graphs
G and H such that x,(GOH) > max{x,(G), x4(H)}, which is equivalent to
Xg(GUH) > max{x,(G), x,(H)} by Proposition 3.6. The two graphs G and
H that we identify will also satisfy that x ;(GUH) < x,(GUH) < x.(GUH);
examples of connected graphs for which both inequalities are strict are given
in Theorem 3.12.

Recall that the lezicographic product G[G'| of graphs G and G’ is the
graph whose vertex set is V(G) x V(G') and two vertices (v, v’) and (w, w")
are adjacent if either vw is an edge of G or v = w and v'w’ is an edge
of G'. Consider graphs G = K5 and H = K>5[Cs] and note that they
both are circulant graphs (the graph K,[C5] is isomorphic to the circulant
graph C'(10, 5) for S = {1,3,4,5,6,7,9}), and therefore their gyrochromatic
number is equal to their fractional chromatic number, which is five for each
of them. Clearly x(G) = x.(G) = 5. Moreover, since the complement of
H is the union of two disjoint copies of Cs, we can see that x(H) = 6, and
also (since this complement is therefore disconnected) that y.(H) = x(H)
by [64, Corollary 3.1]. We next observe that a(GOH) < 9: since G is a
clique of size five, the independence number of GOH is the maximum total
number of vertices assembled from five pairwise disjoint independent sets of
H. As a(H) = 2 and H is not 5-colorable, the maximum number of vertices
of H contained in five (disjoint) independent sets of H is at most 9. We
conclude that o(GOH) < 9, which implies that x;(GOH) > 50/9.

Since x,(GOH) > 50/9, Proposition 3.6 yields that x,(GUH) > 50/9 >
max{x,(G), xy(H)} = max{xs(Ks), xs(H)} = 5. On the other hand, ob-
serve that G U H admits a 40/7-gyrocoloring. The structure of such a
coloring is outlined in Figure 3.1. Namely, consider the set [0,3) U [12, 22)
and assign its five copies shifted by 0, %, %, % and % to the vertices of G,
its five copies shifted by % for 1 = 0,1,2,3,4 to the vertices of one copy of
Cs in H and its five copies shifted by 8i;r 4 for i = 0,...,4 to the vertices
of the other copy of C5 in H. Furthermore, recalling the fractional and
circular chromatic numbers of G and H, we get that x;(G U H) = 5 and

Xc(G U H) = 6 which yields that x;(GUH) < x4(GUH) < x.(GU H).

Considering lexicographic products, Gao and Zhu [28] showed that if
Xf(G) = xe(G), then xo(G[H]) = xc(G) x(H). In particular, x.(Kx[H]) =
k x(H). Recall that if H is a circulant graph, then x s (Kj[H]) = x,(Kx[H]) =
k x¢[H]. Hence, if H satisfies xs(H) < x(H), then K;[H] is an example of
a graph such that the gyrochromatic and circular chromatic numbers differ;
the graph K,[Cs] discussed above is a particular case of this more general
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— - f

Fig. 3.1: Outline of the gyrocoloring of K5 U K5[C5]. The five sets depicted
on the left-hand side correspond to the vertices of K5 (the sets are pairwise
disjoint). The middle correspond to the vertices of induced Cs, and similarly
the right-hand side correspond to the other C5 (the union of the sets in the
middle is disjoint from the union of the sets on the right).

argument.

We conclude this section with a lemma, which can be used to prove a
lower bound on the gyrochromatic number of a graph that is larger than the
fractional chromatic number. The lemma in particular yields an example
of a graph such that its gyrochromatic number is strictly larger than its
fractional chromatic number: consider the line graph G of the Petersen
graph and note that w(G) = x¢(G) = 3 and x(G) = 4.

Lemma 3.7. Let G be an n-vertex graph. If w(G) < x(G), then x,(G) >
agw (@)

Proof. Let k = w(H) and let vy, . .., vy be vertices of a clique with k vertices
in G. Suppose that A is a coloring T-base for G with measure § > 0. Finally,
let f:V(G) — T be such that A+ f(u) and A+ f(v) are disjoint for every
edge uv of G. In particular, the sets A + f(vq),..., A+ f(vx) are pairwise
disjoint.

For x € T and i € [k], define V;(z) C V(G) as the set of vertices v such
that x + f(v;) € A+ f(v). Since the element x + f(v;) is contained in the
set A+ f(v) for every v € V;(z), each of the sets V;(z) is an independent set
in G. In addition, the sets Vi(z),..., Vi(x) are pairwise disjoint for every
x € T. Indeed, if a vertex v were contained in V;(z) and Vj(z), i # j,
i,j € [k], then both z + f(v;) and x + f(v;) would be contained in A+ f(v);
this would imply that the element z — f(v) + f(v;) + f(v;) is contained both
in A+ f(v;) and A+ f(v;), which contradicts that the sets A+ f(v;) and
A+ f(v;) are disjoint.
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Since the graph G is not k-colorable, the union Vi(z)U--- U Vj(x) does
not contain all vertices of G for any x € T. Hence, for every z € T we have

k

H/l(l‘) UVk Z ’<TL—1

=1

which implies that [ Zle |Vi(z)| dz < n —1. On the other hand it holds

that i
[ i ae= 3 Zu A+ F) = f(0)) = knd.
T =1 VeV (@
It follows that 0 is at most ”_1. We conclude that op(G) < =1, which
yields that the gyrochromatic number of G is at least —"k. ]

3.4 Universality

In this section, we show that a higher-dimensional-torus analogue of the gy-
rochromatic number is equal to the (one-dimensional) gyrochromatic num-
ber and use this result to prove a generalization of Theorem 3.4 to all finite
abelian groups. As the first step towards this result, we observe that the
proof of Theorem 3.2 readily translates to higher dimensions; we formulate
the corresponding statement as a lemma.

Lemma 3.8. Let d be any positive integer. For every graph G, it holds that

ora(G) = sup 074 (G) = lim 074 (G).

NeN N—oo

We next state and prove the main theorem of this section.

Theorem 3.9. Let d be any positive integer. For every graph G, it holds
that
or(G) = o74(Q).

Proof. Fix an integer d > 2 and a graph G. Observe that if A is a coloring
T-base for G, then A x T4 ! is a coloring T%base for G; this implies that

02(G) < 03a(G).
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The rest of the proof is devoted to establishing the reverse inequality. Choose
e > 0 arbitrarily and note that by Lemma 3.8, for all N € N sufficiently
large we have

UZ%(G) > O"]I‘d(G) —E&. (34)

For any such N, since the group Z is finite, there exists a coloring Z4-base
Afor G with 074 (G)- N 4 elements. Next choose an integer k¥ € N such that

1—e < (kiw)d and let N be large enough so that there are at least d distinct
primes between (k+1)N and (k+2)N (the Prime Number Theorem implies

that this holds for every N sufficiently large); let Py, ..., P; be such primes.
Define A’ to be the subset of Zp, x --- X Zp, such that

A'={(x1 +wnN,...,2q+yaN) : (z1,...,24) € Aand yy,...,y4 € [K]}.

Let f: V(G) — Z% be the function such that A + f(u) and A + f(v) are
disjoint for every edge uv of G. Observe that A+ f(u) and A'+ f(v) are also
disjoint for every edge uv of G when f(u) and f(v) are viewed as elements of
Zp, X --- X ZLp, (here we use in particular that each of the primes P, ..., Py
is at least (k + 1)N, so that no addition needs to be done modulo P;). Let
M = PP, --- P; and define a mapping g : Zy; — Zp, X -+ X Zp, as

g(x) = (x mod Py,..., x mod Fy).

Since Pj,..., P; are distinct primes, the mapping ¢ is an isomorphism of
the groups Zy; and Zp, X --- X Zp,, in particular, g is a bijection.

We establish that the set A” = g~1(A’) is a coloring Zy;-base for G. To
do so, consider the function f”: V(G) — Zys defined as f"(v) = g7 *(f(v)),
v € V(G). Since g is an isomorphism of Zy; and Zp, X -+ X Zp,, it holds
that A”+ f”(u) and A”+ f”(v) are disjoint for every edge uv of G. It follows
that A” is a coloring Zy;-base for G, which implies that

" d dA
|A”] = KA > k74| > (1 =€) oz (G). (3.5)

>
UZM(G) =M M = (k+2)de —

The inequalities (3.4) and (3.5) yield that
02, (G) 2 (1 =€) (014(G) — &) = 01a(G) — 2e.

Since the choice of € was arbitrary, it follows that oz,,(G) is at least opa(G)
for every sufficiently large M. Theorem 3.2 now implies that op(G) >
ora(G), which completes the proof of the theorem. ]
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Theorem 3.9 yields the following corollary.
Corollary 3.10. For every graph G, it holds that

or(G) = sgp o7(G)
where the supremum is taken over all finite abelian groups Z.

Proof. Fix a graph G. Since every Zy, N € N, is a finite abelian group,
Theorem 3.2 yields that the supremum given in the statement is at least
or(G). To establish the corollary, we need to show that or(G) > 0(G) for
every finite abelian group Z.

Fix a finite abelian group Z; without loss of generality, we may assume
that Z is Zpy, X+ - -xZyy,. Let A be a coloring Z-base with o,(G)|Z| elements
and let f : V(G) — Z be a function such that A+ f(u) and A + f(v) are
disjoint for every edge uv of G. Let N be the least common multiple of
M, ..., My, and let ™ denote the natural homomorphism Z4, — Z, defined
by (z1,...,24) — (&1 N/My,...,x2sN/My). It is then easy to see that the
preimage Ay = 7 !(A) is a coloring Z%-base, with corresponding map
'V — Z% where for each vertex v we let f’(v) be any preimage of
f(v) under m. We deduce that o4 (G) > 07(G). By Lemma 3.8 and
Theorem 3.9, we get that or(G) = ora(G) > 074 (G) = 02(G), and the
result follows. ]

We conclude this section with a generalization of Theorem 3.4 to finite
abelian groups. Recall that if Z is an abelian group and S is a subset of
Z such that S = =S and 0 ¢ S, the Cayley graph C(Z,S) is the graph
with vertex set Z such that two vertices z and y of C'(Z,S) are adjacent if
y—xeSs.

Corollary 3.11. The gyrochromatic number of a graph G is equal to

. o 2]
Zg}éz Xy (€2, 5)) = z,lélgfz a(C(Z,9))
G—C(2,9) G—C(2,9)

(3.6)

where the infimum is taken over all finite abelian groups Z.

Proof. The reasoning given in the proof of Theorem 3.4 yields that the
following holds for every abelian group Z:

72(G) = max w (3.7)

G—C(Z2,5)
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Since every Cayley graph is vertex-transitive, it holds for every abelian group
Z and every S C Z:

_ a(C(Z,5))
Xy (C(Z,5)) = weax g (3.8)
G—C(2,9)
The corollary now follows from (3.7), (3.8) and Corollary 3.10. O

We remark that if finite abelian groups Z in the infimum in (3.6) are
replaced with all finite groups (with generating set S not containing the
identity and satisfying S = S7'), then the infimum is equal to the frac-
tional chromatic number and is always attained. Indeed, it is well-known
that the fractional chromatic number of a graph G is equal to the minimum
fractional chromatic number of a Kneser graph that admits a homomor-
phism from G. Sabidussi’s theorem [58] states that every vertex transitive
graph (in particular, every Kneser graph) is a retract of (hence is homomor-
phically equivalent to) a Cayley graph, cf. [33, Theorem 3.1]. Hence, the
gyrochromatic number can be viewed as a variant of the fractional chromatic
number restricted to abelian groups.

3.5 Relation to circular and fractional colo-
rings

We now identify graphs such that their gyrochromatic number is strictly
between their fractional and circular chromatic numbers, and the difference
with the latter number can be arbitrarily large.

Theorem 3.12. There exists a sequence of graphs (Gk>keN\{1} such that
Xf(Gr) < Xg(Gr) < Xe(Gr) = k+ 2 and

Jim x,(Gy) = 2.

Proof. We set G}, to be the Kneser graph K (2k® + k, k®). Since the circular
chromatic number and the chromatic number coincide for Kneser graphs [17,
18,49], it follows that the circular chromatic number x.(Gy) is equal to k+2.
Recall that the fractional chromatic number of G}, is %,i;r E— 2+ k2 in
particular, the limit of the fractional chromatic numbers of G}, is two.
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We next show that the gyrochromatic numbers of the graphs G, converge
and their limit is also two. Since it holds that x;(Gk) < x4(Gy) for every
graph Gj, the limit (assuming that it exists) must be at least two. For
the upper bound, consider the Cayley graph H;, = C(Z§k3+k, S) with the
generating set .S consisting of those = € nguk that have exactly 2k entries
equal to one. The graph H; admits a homomorphism from Gy: indeed, each
vertex of K (2k3+ k, k3) corresponds to a k*-element subset of [2k% + k| and
we map it to the characteristic vector of this set. This mapping is indeed a
homomorphism from Gy to Hy since two vertices of G = K (2k*+k, k3) are
adjacent if and only if their corresponding sets are disjoint, which happens
if and only if the difference of their characteristic vectors (modulo two) has
exactly 2k? entries equal to one. Corollary 3.11 implies that

. . | Hy|
lim su GL) < limsu .
k—)oopXQ( b S k—>oop a(Hy)

We next show that the right limit is at most two.

Let I, C V(Hj) be the set of those elements of Hj, with fewer than k3
entries equal to one. Since [j is an independent set in Hy, it follows that

k31
2k3 + k 3 1
iy 2 |1 = 3 (% 7F) =20 (o)

i=0
which implies that

’Hk‘ 22k3+k
lim su < lim —— = 2.
b’ a(Hy) ~ koo [Tyl

We conclude that the sequence x,(Gy) converges and its limit is equal to
two.

To complete the proof of the theorem, we need to show that x;(Gy) <
X4(Gr). To do so, it suffices to show that x;(Gy) < x;(GrOGy). Indeed,
if we show this, then by Proposition 3.5 and the fact that the fractional
chromatic number of every graph is at most its gyrochromatic number, we
will have x¢(Gy) < xf(GxOGy) < x4(GrOGy) = x4(Gy), as required.

Since the graphs G and G;OG} are vertex-transitive, it holds that

|G|
a(Gy,)

and X5 (GrBGy) = a(GyOGE)  o(GLOGy)

x5 (Gr) =
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Hence, it is enough to show that a(GyOGy) < |Gi|la(Gy). The Erdés-Ko-
Rado Theorem yields that a(Gy) = (%ijl_ ") and that for every independent
set of Gy, of this size, there exists x € [2k® + k] such that the vertices of the

independent set correspond to the (%Z;“_kl_ 1) k3-element subsets of [2k3 + k]
containing z. In particular, any two independent sets of the maximum

cardinality in Gy have a non-empty intersection (here we use that k > 2).

Suppose that the graph GxOG), has an independent set of size |G |a(Gg),
and let I be such an independent set. For every vertex v of Gy, the set
I, = {w : (v,w) € I} is an independent set in Gj (by definition of the
Cartesian product). Since the set I contains |Gg|a(Gy) elements and |1,] <
a(Gy) for every vertex v € V(Gy), we obtain that |I,| = a(Gy) for every
v € V(Gg). Let v and v' be two adjacent vertices of Gy. It follows from the
previous paragraph that I, and I/ have a common vertex w, i.e., the set [
contains both (v, w) and (v',w), which contradicts that [ is an independent
set. Hence, the graph GOG), has no independent set of size |Gi|a(Gy), i.e.
a(GxOGE) < |Gg|la(Gy). This finishes the proof of the theorem. O

Theorem 3.12 immediately implies that the gap between the gyrochro-
matic number and the circular chromatic number can be arbitrarily large
and there exists a graph such that its gyrochromatic number is strictly be-
tween its fractional and its circular chromatic numbers.

Corollary 3.13. For every k € N, there exists a graph G' such that x¢(G) <
Xg(G) < xe(G) — k.

3.6 Existence of optimal gyrocoloring

In this section, we establish the existence of a graph G such that there is no
coloring T-base for G of measure op(G), i.e., the supremum in (3.1) is not
attained. In other words, there exists a graph G with no x,(G)-gyrocoloring.

Let G5 be the graph with vertex set Z2 and two vertices (4, j) and (7, j')
adjacent if ' —i € {2,3} or j'—j € {2, 3} (calculations modulo five). In other
words, G is the Cayley graph on Z? with generating set Z2 \ {—1,0, 1}
Proposition 3.15 and Theorem 3.19, which we will prove in this section,
yield that G5 has no coloring T-base with measure or(G5).

We begin by analyzing the structure of independent sets of Gf.
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Proposition 3.14. The independence number of G5 is four and the only
independent sets of size four are the following 25 sets:

I, ={v,o+(0,1),v+ (1,0),v 4+ (1,1)}

where v € Z2.

Proof. Let X be an independent set in G5 and let (4, j) € Z2 be any vertex
of G5 contained in X. Observe that the set X contains in addition to the
vertex (4, j) at most one of the vertices (i —1,j) and (i+1, j), at most one of
the vertices (i,7 — 1) and (4, j + 1), at most one of the vertices (i — 1,7 — 1),
(t—1,j+1), (i+1,j—1) and (i+1, j+1), and no other vertex. In particular,
the set X has size at most four. If the set X has size four, we can assume
by symmetry that X contains the vertex (i + 1,7) from the first pair and
the vertex (i,7 + 1) from the second pair. If X contains the vertices (i, j),
(¢4+1,7) and (4,5 + 1), then the only vertex from the last quadruple that it
can contain is (i + 1,5 + 1). Hence, X = I, for v = (4, 7). O

We next compute op(G5). We remark that the construction of the colo-
ring Z2-base for G5 presented in the proof of the next proposition yields a
coloring T?-base with measure 4/25.

Proposition 3.15. It holds that orp(Gs) = 4/25.

Proof. Since a(G5) = 4, it follows that x;(G5) > 25/4, which implies that
or(Gs) < 4/25. On the other hand, the set A = {(0,0),(0,1),(1,0),(1,1)}
is a coloring Z2-base for G5: indeed, the sets A+wv and A+w are disjoint for
every edge vw of Gs. Hence, 042(G5) > 4/25, which yields that or(G5) >
4/25 by Corollary 3.10. O

We next show that every coloring T-base of G5 of measure 4/25 must have
a very particular structure. In what follows, we will write X 2 Y if two sets
X and Y differ on a null set.

Lemma 3.16. Let A C T be a coloring T-base of the graph G5 and let
f:V(Gs) = T be such that A+ f(v) and A+ f(w) are disjoint for every
edge vw; let B,, v € V(G5) be the set A+ f(v). If the measure of A is 4/25,
then there exist disjoint measurable subsets C;;, (i,7) € Z2, such that

Bij=CijUCi1;UC 41U 0

for every (i, j) € Z2, and the measure of each set C; ;, (i,]) € Z2, is 1/25.
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Proof. Let T be the set containing all independent sets of vertices of Gfi.
For each I € Z, we define the following measurable subset of T:

Di={zxeT:2e€ A+ f(v) if and only if v € I}.

Observe that every x € T belongs to Dy for some [ € Z: indeed, the set
containing the vertices v such that x € A+ f(v) is independent (note that
) € Z). Hence, the sets Dy, I € Z, partition T. We also have from the
definition of Dy that

A+fw) = |J Dr, (3.9)

I€T:I5v

and it follows that >, 7 [I| - w(Dr) = 37 ey sy #(A + f(v)). On the other
hand, since the measure of A is 4/25, we have 3 v, (A + f(v)) = 4.
Hence, using Proposition 4.15, we have

A= D) =4 3w+ 3 (D)

IeT IeZ:|1|=4 1€Z:|I|<4

This implies that p(D;) = 0 for all I € Z with [I| < 4 (using > ,.; u(Dr) =
1). Setting

Cij = Dii-1,5-1),6-19),5-1),.9)}
we have by (417) that B'L’,j = Ci,j U Ci+1,j U C@',j+1 U Ci+1,j+1 for every
(i,7) € Z% To complete the proof, we need to show each set C;; has
measure 1/25.

Recalling the notation I, from Proposition 4.15, let M be the matrix
with rows and columns indexed by the elements of Z2 such that M 5y, 31
is one if (4, 7) € Iy and zero otherwise. Further, let  be the vector with
entries indexed by the elements of Z? such that x(y ;) is the measure of
Dy, - Observe (using (4.17) and that p(D;) = 0 for |I| < 4) that Mz is
the vector with all entries equal to 4/25. We next show that the matrix M
is invertible. This would imply that the vector x with all entries equal to
1/25 is the only vector such that Mz is the vector with all entries equal to
4/25, which would complete the proof.

Assume that the matrix M is singular, i.e., there exists a non-zero vector
x such that Mx is the zero vector. The entries of x can be interpreted as
numbers on the toroidal 5 x 5 grid such that each of the 25 quadruples of
entries forming a square sums to zero; a “square” stands here for a translate

of {(0,0),(1,0),(0,1),(1,1)} in the grid.
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We can assume that the first row of the grid is a, 1, . ..

column is a,71,...,vs, which yields that the numbers are assigned to the

grid as follows.

o
M
Y2
V3
Ya

b
—a—P—m
o+ B — 72
—a— 1 — 73
+a+ b1 — 1

Do
+a— Py +m
—a+ fr+ 7
+a — f2 + 73
—a+ [+

B3
—a—fB3—m
+a+ f3 — 72
—a—fB3—73
+a+ B3 —

Ba
+a—fit+m
—a+ B+ 7
+a—fi+73
—a+fi+mn

, B4 and the first

Since there is a square containing (1, 82, @ + 51 — 74 and —a + B2 + Y4, We
obtain 1 = —(,. By considering other squares wrapping around, we obtain

that 1 = =02 = B3 = —f4, 1 = =72 = 73 = —71 and B4 = —~4. Hence,
the table can be rewritten as follows.
« B =B B =B
-0 —a +a —a +a
+6 +a —a +a -«
-5 —a +a —a Ha
+6, +a —a +a -«

Considering two of the squares containing the entry « in the top left corner,
we obtain 2(a + 1) = 0 and 2(a — 1) = 0. Hence a = 51 = 0, i.e,
the vector x is zero. We conclude that the matrix M is invertible, which
completes the proof. O]

We are now ready to prove the main lemma of this section. To simplify
our notation, we will understand the subscripts indexing sets B; ; and C; ; in
Lemma 3.16 as pairs (4, j) € Z2, which allows us to perform addition as with
the elements of ZZ, e.g., C0,1)+(1,2) 1s the set C(13) = C} 3. In addition, we
write t,_, for f(w) — f(v), when A is a coloring T-base and f: V(G) — T
is a function such that A + f(v) and A + f(w) are disjoint for every edge
vw.

Lemma 3.17. Let A C T be a coloring T-base of the graph G5 with measure
4/25 and let Ci; C'T, (i,]) € Z2, be the sets as in Lemma 3.16. For every
v € Z2 and w € {(0,0),(0,1),(1,0),(1,1)}, it holds that

(3.10)
(3.11)

Cv-‘,—w + tv~>v+(1,0) = Cv+w+(1,0)

Cv—l—w + tv—w—l—(O,l) = Cv+w+(0,1)-
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Fig. 3.2: Visualization of the notation used in the proof of Lemma 3.17 and
the equalities (3.12), (3.13) and (3.14).

Proof. By symmetry, we will assume that v = (0, 0) in our presentation with
the exception of equality (3.15), which we formulate in the general setting.
Throughout the proof, we write B; ; C T for the sets as in Lemma 3.16; to
simplify our notation, we also write t; ; for (o,0)— (i)

Our first goal is to prove the following weaker statement, which is also
visualized in Figure 3.2.

(CooUCop) +t10 = CroUCy, (3.12)
(CipUCh) +t19=CogUCyy (3.13)

Since the vertices (0,0) and (2,0) are adjacent, the sets Byo and By =
By + tao are disjoint, and so are these sets shifted by ¢;, i.e., the sets
B0,0 + tl,O = Bl,O and Bo,(] + tz,o + tl,() = Bl,O + t270. In particular, the
intersection of 0270 U 0271 Q BI,O and (CI,O U 01’1) + t270 Q Bl,[) + tg,() is
empty. Since both CyoUCy; and (C1oUCy 1) +ta are subsets of By and
the measure of each of them is half of the measure of By, it follows that
the sets (C1oUC11) +ta and Bag \ (CagUCyq) = C39U 5 are the same
(up to a null set), i.e.,

(CroUCri) +1t20 = C39UC 1. (3.14)

We formulate (3.14) for an arbitrary vertex v since we need the statement
later:

(Cotr1,0) U Cog(1,1)) + tomsor2,0) = Cotr3,0) U Cog3,1)- (3.15)
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We next apply (3.15) with v = (1,0) and v = (3,0) as follows:

(Co0 U 1) — t0,0)—1,0) = (Co0 U Ca1) + t(1,0-(0,0)

= (C9,0 U Ca1) +t1,0)-3.0) + 3.0)=0.0)
(C10 U Cu1) +(3,0)-(0,0)

CioUChg,

12

1%

which proves (3.13). Since both the sets (CpoU Cp1UCoUC) 1)+t and
Cr0UC11UCy0UCy are equal to By, in particular, they are the same set,
and all sets C; ;, (i,7) € Z2, are disjoint, the equality (3.12) also follows.

An argument symmetric to the one used to prove (3.12) and (3.13) yields
the following.

(CopUChyp) +tog = CoaUCH: (3.16)
(Coa UC11) +tog = CopUCry (3.17)

Next suppose for a contradiction that the intersection of Cy o + t1 and
(1.1 has positive measure, and let X be the set Coo N (C11 — t10). The
equality (3.17) implies that X + ¢, + ¢ is a subset of Co U Cy 2 (up to a
null set). On the other hand X +1t5; C Cyo+1o1 is a subset of Cy; UCH 1 by
(3.16), and this is a subset of By, hence (X +to1)+t10 C Boo+t1,0 = Bip.
However By = CoUC1UCy0UCy; has null intersection with CyoUC 5.
We have thus deduced that X + ¢, + to1 is included (up to a null set)
in the null set Byg N (Co2 U Cy2), which contradicts the assumption that
X + o1 + t1p has positive measure. We conclude that the intersection of
Co,0 + t10 and C; is null. Since all the sets Cy g, Co1, Cio and C;; have
the same measure, the equality (3.12) implies that

0070 + 10 = Cl,() and 00,1 +t0 = 0171. (318)
A symmetric argument implies that

0070 + t071 = 00,1 and 0170 + t071 = 0171. (319)

We now prove that the intersection of the sets Ci; + tp1 and Cjz is
null. Assume the contrary, i.e., the set X = Cy1 N (Cp2 — to1) has positive
measure. The equality (3.15) applied with v = (0, 1) implies that

(C11UCh2) +to1)—e21) = Cs1 U0
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Since it holds that By + t(0,1)—(2,1) = B2,1, we get that
(Co1 UC11 UChaUCh2) + to1)—s21) = Con UCs U U CCps.
Since all the sets C; ; are disjoint, it follows that
(Co,1 UCo2) +to1)—21) = Cop UCopn.
Since X 4ty is a subset of Cp 2, we obtain that
X+tor = X+to1+t0,1)-21) € Coatto—e1y € Co1UCs s C By, (3.20)

On the other hand, it holds that X C C}; C B;;. Hence, the intersection
of the sets By and By ; + t21 contains the set X 4 ¢, in particular, it has
positive measure. However, this is impossible because B; ; = By + %11 and
Bi1+ta1 = Bay +t1,1 and the sets By and By are disjoint. We conclude
that the intersection of sets C1; + to; and Cpo is null. Using (3.17), we
obtain that

Coa +to1 = Cop and O g+t = Ch g,

and a symmetric argument yields that
Cio+tipg=Copand Cry+t10=Co.
The proof is now complete. O

Our next step is to deduce that the elements ¢,_,,, can be replaced by
integer combinations of the elements (g 0)—1,0) and #(,0)—(0,1)-

Lemma 3.18. Let A C T be a coloring T-base of the graph G5 with measure
4/25 and let C;; C T, (i,5) € Z2, be the sets as in Lemma 3.16. It holds
that

Ci mod 5, j mod 5 = Co,0 + it(0,0)—(1,0) + Jt0,0=(0,1)

for any two non-negative integers i and j.

Proof. We proceed by induction on i+ € Z; all calculations with subscripts
are done modulo five throughout the proof. The base of the induction is
the case ¢ + j € {0, 1}, which is implied by Lemma 3.17. For the rest of
the proof fix ¢ and j. By symmetry, we may assume that j > 0. Applying
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Lemma 3.17 with v = (0,0),(1,0),...,(¢,0), (4,1),...,(i,7 — 1), we obtain
the following.

Cij—1 = Cop +t0,0—1,0) T+ + ti—1,0-(,0) T La,00—@1) +
w265 1) (3.21)

Ci; = Con +to,0)—1,00 + -+ tim1,00=6,0) T La0)—@1) +
i) G5-1) (3.22)

Since Cp;1 = Co 0 + t(0,0)—(0,1) by Lemma 3.17, we conclude using (3.21) and
(3.22) that
Cij = Cij—1 4 10,0)-0,1)- (3.23)

On the other hand, the induction yields

Cij—1 = Coo+ it 1.0 + (J — Dt0,0)-(0.1)

which combines with (3.23) to imply

Ci; = Cop + 1t0,00-(1,0) T J(0,0)—(0,1)-

We are now ready to prove the main theorem of this section.

Theorem 3.19. The graph Gs has no coloring T-base with measure 4/25.

Proof. Suppose that there exists a coloring T-base A C T with measure
4/25, and let C; ; C T, (i, ) € Z2, be the sets as in Lemma 3.16. Further, let
T = t(0,0—(1,0) and 7" = (9 0)—(0,1)- By Lemma 3.18 we have Cy g = Cjp+57n
and Cyg = Cpo + 57'n for any integer n. If 57 were irrational, then the
measure of Cpo would be either zero or one. Therefore, 57 is rational.
Similarly, 57/ is rational. It follows that both 7 and 7 are also rational. Let
p,q,7,p,¢,r" be non-negative integers such that

/

r=2 and 7' = p/ :
5rq 5% q/

p and 57¢ are coprime, p/ and 5"¢ are coprime, and neither ¢ nor ¢ is
divisible by five. By symmetry, we may assume that » < 7. Let k be an
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integer such that 5" ~"p and kp’ are congruent modulo 5"; note that such &
exists since p’ and 5" are coprime. Next observe that

5r’—T‘ k / 51“/—7‘
— P and k¢'t = p, = — P
5% 5% 54

By Lemma 3.18, we obtain that

qr = mod 1. (3.24)

Coo +q7 = Coo + qt0,0)-1,0) = Cq mod 5, 0
Coo + kq'mT = Cop + kq't0,0)~0,1) = Co, kg’ mod 5-

Since ¢ mod 5 # 0 and the sets C;; are disjoint sets of measure 1/25 by
Lemma 3.16, we obtain that the intersection of the sets Cp o4+¢7 = C mod 5, 0
and Coo + k¢'7" =2 Co, kg moa 5 is null. However, ¢7 and kq'7’ is the same
element of T by (3.24), i.e., Coo + g7 = Coo + k¢'t’. This contradicts our
assumption on the existence of a coloring T-base with measure 4/25. [

3.7 Conclusion

We finish with giving three open problems that we find particularly inter-
esting and briefly mentioning a relation of the gyrochromatic number to
another graph parameter, the ultimate independence ratio of a graph. The
independence ratio i(G) of a graph G is the ratio a(G)/|V(G)|; the ultimate
independence ratio I(G), which was introduced in [35], is the limit of the
independence ratios of Cartesian powers of G:

o a(GY)
1G) = im Zn

where G* is the Cartesian product of k copies of G. The inverse of this
quantity is the wltimate fractional chromatic number xr(G) of a graph G
and the following holds [32,63]:

1 . k
xr(G) = e = Jim x5 (G).
Zhu [63, p. 236] related the ultimate fractional chromatic number to colo-
ring bases of abelian groups (though he used different terminology), via the
following inequality:

I(G) > sup { ;ilé))' ‘ G — H, H is a Cayley graph on a finite abelian group} :
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(This inequality can be seen combining the fact that I[(G) > I(H) when-
ever G — H (see [32, Theorem 2.1]), together with I(H) = I‘O/l((g))l when H
is a Cayley graph on an abelian group (see [32, Section 5])). Using Corol-
lary 3.11, we conclude that xr(G) < x4(G). Hence, we obtain that the

following holds for every graph G-
X7 (G) < xr(G) < xg(G) < xe(G) < X(G).

It seems plausible that xp(G) and x,(G) differ for some graphs G, and it
would be interesting to give examples of such graphs.

Question 3.20. Construct a (connected) graph G such that xp(G) < x4(G).

We finish with two problems on the gyrochromatic number and its re-
lation to fractional and circular chromatic numbers, which we believe to be
of particular interest.

Question 3.21. Does there exist a function f: R — R such that x,(G) <
f(xs(@)) for every graph G ?

Question 3.22. Does there exist a finite graph G such that the gyrochro-
matic number of G is not rational?

Observe that a function f in Question 3.21 exists for all graphs G if and
only if it exists for Kneser graphs, i.e., such a function f exists if and only
if the gyrochromatic number of Kneser graph K (m,n) is at most f(m/n).

Also note that Theorem 3.12 implies that the circular chromatic num-
ber of a graph cannot be upper bounded by a function of its gyrochromatic
number, i.e., a function f as in Question 3.21 does not exist for the gy-
rochromatic and the circular chromatic number.

In Section 3.6, we have constructed a graph G such that there is no
coloring T-base for G of measure op(G), i.e. the supremum in 3.1 is not
attained. However, the constructed graph G has a coloring T?-base with
measure X,(G)™! (see Proposition 3.15 and the remark before it), which
leads to the following problem.

Question 3.23. Does there exist for every graph G an integer d such that
G has a T¢-coloring base with measure x,(G)™?

These questions strongly motivate the study of intermediate coloring no-
tions, between y,(G) and x.(G), which refine the latter number but whose
analysis is more tractable than that of the former number. A natural can-
didate of such a refinement is introduced in the next chapter.



Chapter 4

On toral chromatic numbers of
graphs

The content of this chapter is the result of joint work with Pablo Candela
and Lluis Vena. The corresponding preprint [13] is currently being refereed
for publication.

4.1 Introduction

The wide topic of graph coloring, central to graph theory, has been enriched
by the study of various refinements of the concept of the chromatic number
of a graph. One such refinement, the star chromatic number, was introduced
by Vince in the 1980s [61], and was later shown by Zhu to be equivalent to
another variant defined using the circle group [62], which led to the name
circular chromatic number for this notion (see [64]).

Let us view the circle group T = R/Z as the interval [0, 1] with addition
modulo 1, and for € T let us denote by |z|r the distance from z to the
nearest integer. Then, given a graph G, which will be assumed to be finite
and simple throughout this paper, the circular chromatic number of G is
denoted by x.(G) and defined as the infimum of real numbers r such there
is a map ¢ from the vertex set V(G) to T satisfying |p(u) — @(v)|r > 1/r
for every edge uwv € E(G).

For a subset A of an abelian group Z, we say that a graph G is A-
colorable (or colorable by A) if there is a map ¢ : V(G) — Z such that

79
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(A + gp(az)) N (A + go(y)) = () for every edge xy € E(G); we then also say
that ¢ is a coloring map of G by A, and that A is a coloring base in 7 for
G. Then x.(G) can be defined equivalently in terms of coloring G by open
intervals (0,¢) C T:

Xe(G) =inf {1/¢ : G is colorable by (0,¢)}. (4.1)

Among the main basic properties of the circular chromatic number, there is
the fact that the infimum in (4.1) is attained for every G, and is therefore a
minimum, and also the fact that y.(G) is always a rational number. These
properties follow immediately from results of Vince [61, Theorem 3], proved
using a compactness argument in a continuous setting.

As with other central graph-coloring notions, the circular chromatic
number can be described in terms of homomorphisms into a certain class
of graphs. More precisely, denoting by |G| the order of the graph G, it was
proved by Bondy and Hell in [8] that

Xe(G) =min {s/r : 7, s € N,s < |G|, Fhomomorphism G — G}, (4.2)

for the class of circular graphs G2, i.e. the Cayley graphs Cay(Zs, {r,r +
1,...,s—r}), where Z; denotes the group of integers with addition modulo
s (see also [33, Theorem 4.20]). Formula (4.2) also implies immediately the
rationality of x.(G), in a more elementary way than the above-mentioned
analytic argument of Vince.

Another notable property of the circular chromatic number consists in
the following sharp bounds describing the relation between x.(G) and the
classical chromatic number x(G) [61, Theorem 4], showing in particular that
X<(G) carries more information about the structure of G than x(G), so that
Xc(G) can be used to quantify how far G is from being colorable with less
than x(G) colors:

X(G) =1 < xe(G) < x(G). (4.3)

Recently, a new refinement of the circular chromatic number was introduced
in [11], called the gyrochromatic number and denoted by x,(G). In this
refinement, the set used as a coloring base in (4.1) is not required to be
an interval, it can be any Borel set A C T of Haar probability measure
pr(A) = £. More precisely,

Xy(G) :=inf {1/pr(A) : G is colorable by the Borel set A C T}. (4.4)
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Several results obtained in [11] show that x,(G) carries interesting informa-
tion about the graph G, refining both the circular chromatic number x.(G)
and the fractional chromatic number x(G) (in particular we always have
X7(G) < x4(G) < xc(G), and these inequalities can be strict; see [11, Corol-
lary 14]). The gyrochromatic number is also shown to have a certain univer-
sality, in the sense that the infimum in (4.4) can be extended to Borel sets
in a torus of arbitrary finite dimension (equipped with its Haar probability
measure) without changing the value of x,(G). More precisely, for every
positive integer r, letting ur- denote the Haar probability measure on the
torus T", we have (see [11, Theorem 10])

Xg(G) = inf{1/pg-(A) : A C T" Borel such that G is A-colorable}. (4.5)

On the other hand, the number x,(G) is more elusive than x.(G), in the
sense that, unlike for y.(G), the infimum in (4.4) is not always attained
(see [11, Theorem 20]), and we do not yet know whether x,(G) is always
rational (see [11, Problem 3], 3.22), nor do we know whether there is always
at least some dimension r € N such that the infimum in (4.5) is attained
in this dimension (see [11, Problem 4], 3.23). These questions motivate the
study of intermediate coloring notions, between y,(G) and x.(G), which
refine the latter number but whose analysis is more tractable than that of
the former number.

In this paper we study a natural candidate for such a refinement of
Xc(G), which consists in coloring the graph with translates of a box (or
hyperrectangle) in the d-dimensional torus T¢ (viewing the latter as [0, 1]¢
with addition mod 1 in each coordinate).

By an open bor in T¢ we mean a Cartesian product of the form I; x - - - x
I; € T? where I; is an open interval (open connected set) in T for every
j € [d]. The corresponding refinement of the circular chromatic number is
then defined as follows.

Definition 4.1 (d-toral chromatic number). Let G be a graph. For each
d € N, we define the d-toral chromatic number of G, denoted by x.«(G), by
the formula

Xed(G) = inf {1/ppa(R) : R an open box in T, G is R-colorable}. (4.6)

The 1-toral chromatic number is the circular chromatic number. Note also
that by (4.5) we have x,(G) < x.(G) for every d. Moreover, since for every
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open box R C T¢ the set R x T is an open box with ppas1 (R x T) = pqa(R),
it is readily seen that x.+1(G) < x.(G) for every d. Hence the following
inequalities hold for any positive integer d:

X£(G) £ xg(G) < X1 (G) < Xea(G) < X(G). (4.7)

The following questions arise. Firstly, whether the infimum in (4.6) is always
attained and rational, as is the case for x.(G). Secondly, for every given
graph G, since by (4.7) the decreasing sequence (x.4(G))geny must converge,
we may ask how fast it does so, and even whether it always becomes constant
eventually. Thirdly, looking instead at how y.(G) varies for a fixed d and
varying GG, we may ask whether there are graphs G for which x.1(G) <
Xe1(G); a positive answer here would indicate that each number x.(G)
carries certain information about GG that can make it differ from other such
numbers X (G), d > d, in other words, that graphs separate the toral
chromatic numbers.

In Section 4.2 we answer positively the first question above, proving the
following result.

Theorem 4.2. Let G be a graph of order n and let d be a positive integer.
Then for each i € [d] there are integers r; < s; in [n] such that G is colorable
by the box R = [];c14(0, ) in T and X (G) = —L = 21254

/’LTd(R) rierg

Our proof of this theorem extends the original analytic ideas from [61] work-
ing in the infinite setting of T¢.

For any s = (s1,...,84) € Nt and any r = (rq,...,r4) € [Liciglsil, let
us define G to be the Cayley graph Cay(Zs1 X - X ZLg,y (R— R)c), where
R is the box [[,¢(y[0,7 — 1] in Zs, X -+ X Z,,, where R — R denotes the
difference set {z — 2’ : z,2’ € R}, and where X° denotes the complement of

a set X. Thus z,y form an edge in G% if and only if the difference z — y is
not in R — R.

We note that Theorem 4.2 can be equivalently stated as the following
result, which provides an expression of y.i(G) in terms of homomorphisms
from G into the class of graphs G, thus generalizing (4.2); we discuss this
equivalence in Remark 4.10.

Proposition 4.3. Let d € N. Then for any finite graph G of order n we
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have
Xei(G) :min{sl'nsd s € n]re H[Sz]
C 7"1 . /rd ) ‘ )
i€[d]
there is a homomorphism G — G;} (4.8)

In Section 4.3 we prove the following fact, concerning the second question
mentioned above.

Proposition 4.4. Let G be a graph, and let d = |logy(x(G))|. Then for
every d' > d we have X (G) = x(G).

This result justifies the definition of what we might call the stabilization
dimension of a graph G for the toral chromatic numbers, namely the least
integer d with the property that x.«(G) = x.(G) for all " > d. Denoting
the stabilization dimension of G by d*(G), we have d* < [log,(|G]|)] by
Proposition 4.4, and we may ask how accurate this upper bound is. In
Section 4.4, we prove the following result, which tells that this bound is
sharp up to a multiplicative constant. This result also answers positively
the third question above, showing that graphs do indeed separate the toral
chromatic numbers.

Theorem 4.5. For each d € N there erists a graph G of order n = 5%
satisfying d*(G) = d = logg(n).

Finally, in Section 4.5 we relate the number x.«(G) to the classical chromatic
number x(G), via an inequality that generalizes the well-known inequality
(4.3); see Proposition 4.21 and (4.39). This generalization is related to a
problem of optimal coverings of the torus T? by translates of a given box, an
appealing combinatorial problem which has been treated previously in the
special case of cubes in several works [25,26, 54], but whose exact solution
remains unknown in dimension d > 3.
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4.2 Attainability and rationality of the d-toral
chromatic number

Throughout the sequel we equip [0, 1]? with the topology induced by the
standard topology on R?. In this section we prove Theorem 4.2. We begin
with the following topological result.

Lemma 4.6. Let

L:={te[0,1]":3¢p:V(G) =T
Vay € E(G), Fi € [d), [p(x)i — ¢l > G} (4.9)

Then L is a closed (hence compact) subset of [0,1]%.

The relevance of this set L to proving Theorem 4.2 can be seen as follows:
for any ¢ € [0,1]¢, letting R = (0,4;) x --- x (0,£4), a map ¢ : V(G) —
T? satisfies the condition in (4.9) if and only if p(z) — ¢(y) € R — R =
[Lici (=0 &) C T?, which holds if and only if (p(z) + R) N ((y) + R) = 0.
Hence

tel <= (G is R-colorable, with R = H(O,&). (4.10)

i€[d]

Proof of Lemma 4.6. We suppose that (£(),cy is a sequence in L converg-
ing to ¢*, and we show that ¢* € L.

By definition of L, for each n there exists ¢, : V(G) — T¢, which we can
view as a point in the compact space (T9)V(%) such that for every edge xy €
E(G) there exists i = i(n, xy) € [d] such that |p,(x); — @n(y)ilT > 65"). By
compactness of (T?)V(?) there exists a subsequence (£0™),.cren of (£7),ex
such that the points ¢, converge to some point ¢* € (T)V(?) which means
that for every x € V(G) and every i € [d] we have ¢,,(x); — ¢*(x); as
m — 00. Moreover, by passing to further subsequences finitely many times,
we can also ensure that for each zy € E(G) the map n +— i(n, zy) is constant.
More precisely, by passing to a further subsequence for each edge of G
(using each time that d is finite) we can obtain a subsequence (¢(),csc; of
(00 meren such that the following properties hold:

1. M) — ¢*in [0,1]¢ as r — oo.



CHAPTER 4. ON TORAL CHROMATIC NUMBERS OF GRAPHS 85

2. ¢, — ¢* in (T as r — oo.
3. VYay € E(G), 3i € [d] such that Vr € J, [, (2); — o (y)ilz > €.

Combining these properties and letting » — oo, we deduce that for every
edge zy € E(G) there exists i € [d] such that |p*(z); — ¢*(v):[r > £}, so (*
is in L as required. O

We can now prove the first part of Theorem 4.2.

Theorem 4.7. Let G be a graph and let d € N. Then there exists an open
bor R = [];c4(0,4) C [0, 1]¢ such that G is R-colorable and x.(G) =

1
Hpd (R) ’

Proof. Consider the function 7 : L — R, £+ [].., 4. By (4.10) we have

ied

1
= sup (/).
Xcd(G) ZGE ( )
The function 7 is continuous, and by Lemma 4.6 the set L is compact, so
7 attains its supremum at some point £ = (¢1,...,44) € L. This supremum
7(¢) is the measure of the corresponding box R = J[;c(4(0,4;), and G is
R-colorable since ¢ € L. m

We now turn to proving that x.(G) is a rational number. The proof is
inspired by arguments in [64] and uses the following directed graphs associ-
ated with any given coloring of G by a box. We denote the elements of the
standard basis of R? as usual by e;, for i € [d].

Definition 4.8 (Digraphs of a box-coloring). Let G be a graph and let
¢ : V(G) — T4 be a coloring of G' by an open box R C T?. For each i € [d]
we define a directed graph D; = D;(G) as follows: the vertex set V(D) is
V(G), and there is an arc (i.e. directed edge) Z7 from z to y if the following
condition holds:

zy € E(G) and Ve > 0, ppa[(R+ ¢(z) +ee;) N (R+ ¢(y))] > 0. (4.11)

The measure-theoretic condition in (4.11) tells us that the box R + ¢(y) is
contiguous with, and successive to, the box R+ (), in the direction of e;.
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Lemma 4.9. Let G be a graph, let ¢ : V(G) — T9 be a coloring of G
by an open box R C T¢, and suppose that Di(G) is acyclic. Then there
exists a coloring ¢’ : V(G) — T¢ of G by an open box R' C T¢ such that

pira(R') > pra(R).

Proof. For each vertex x, define the level £;(x) to be the length of a longest
directed path in D;(G) ending at x. Such a path exists since D;(G) is
acyclic. Let 2’ be a vertex with maximum level. Then the box R + ¢(z’)
can be shifted in the direction of e; by a positive distance without violating
the condition that adjacent vertices receive disjoint translates of R; indeed,
otherwise we could find y € V(G) such that z,y satisfy (4.11), and thus we
would have a directed edge z{ contradicting the maximality of L;(x). After
this shift of the box R+¢(z’), the vertex 2’ becomes an isolated vertex in the
digraph D;(G). By repeating this process, we obtain a new d-toral coloring
¢+ V(G) — T such that the corresponding digraph D! has no arcs. In
particular, we can replace R by a box R’ obtained from R by multiplying
the length in the e;-direction by a factor s > 1, and still have that ¢’ colors
G with R’. Then we have prpa(R') = spra(R) > pra(R). O

We can now complete the proof of our first main result.

Proof of Theorem 4.2. Let R = Hie[d](O,Ei) be an open box given by The-
orem 4.7 with corresponding coloring map ¢. It follows from Lemma 4.9
that for every i € [d] the digraph D; corresponding to this coloring contains
a directed cycle (xg, 21, ..., Ts,_1, Xg), where clearly s; < n. This means that
the boxes R+ ¢(z;), j € [0, s; — 1] have the property that their projections
to the e;-~axis (which is isomorphic to T) form a chain of consecutive con-
tiguous intervals winding around this axis r; times, for some positive integer
r;. Since the length of this e;-axis is 1, and these intervals all have equal
length ¢;, we deduce that s;¢; = r;, and the result follows. O

Remark 4.10. The equivalence of Theorem 4.2 and Proposition 4.3 is readily
seen by noting that the coloring of G by the box R in T given in Theorem 4.2
can clearly be discretized to obtain a coloring by R := [[;¢(4[0,r; —1] in the
group Hie[ d Zs,, and that such a coloring by R’ yields a homomorphism G —
GZ; and vice versa, any such homomorphism can be viewed as a coloring
by a box of adequate measure in T¢. Let us mention that Proposition
4.3 can be proved directly, working purely in a finite setting, by extending
the arguments of Bondy and Hell from [8]. In particular, the proof of [8,
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Proposition 2] can be extended from their setting of a single cyclic group
Zs to the present setting of Zs, X --- X Z,,. Indeed, supposing that s >
|G|, that proof consists in a compression argument whereby a certain set
S of points of Z; is deleted and the remaining points are compressed into
a shorter cyclic group in a way that is shown to yield a better circular
coloring. This can be carried out similarly here in each component Zj,,
i € [d] that has s; > |G|, by deleting not points but entire cosets of the
subgroup Zg, X -+ X Zs,_, x {0} X Zg,,, X -+ X Zs,. We omit the details,
as the resulting argument is in fact essentially a discrete analogue of the
compression carried out in the proof of Lemma 4.9. We chose to argue in
the continuous setting of T¢ as this setting will also be more convenient for
the proofs in the following sections.

4.3 On the stabilization dimension

Recall that the stabilization dimension of G for the toral chromatic numbers,
which we denoted by d*(G), is the least d € N such that x . (G) = x.(G)
for all d > d. The logarithmic upper bound for d*(G) mentioned in the
introduction (Proposition 4.4) is a consequence of the following lemma.

Lemma 4.11. Let G be a graph and let d € N be a positive integer such
that x.i(G) < Xea-1(G). Then x.a(G) > 22

Proof. Let R = (0,£1) x --- x (0,£4) be an open box in T¢ such that G is
R-colorable and pra(R) = 1/x.4(G) (as guaranteed by Theorem 4.7). Our
assumption x.(G) < X.a-1(G) implies that £; < 1/2 for all ¢ € [d]. Indeed,
if £; > 1/2 for some i, then the difference set R— R in T¢ has i-th coordinate-
projection covering all of T. For every edge zy € E(G), the coloring map
o : V(G) — T? satisfies R — R % o(z) — ¢(y) (since by definition of
the coloring we have (p(z) + R) N (¢(y) + R) = 0). Then there must be
J € [d]\ {i} such that R — R Z ¢(x); — ¢(y);. This implies that if we define
the new box R’ from R by increasing /; to 1, then G is also R'-colorable with
coloring map . Then, letting 7 denote the projection T¢ — T4~ which
deletes the i-th coordinate, we see that the open box R” = 7()(R’) and map
¢ =71 oy form an R’-coloring of G, with piga—1(R") = ppa(R') > pipa(R),
50 Xei(G) > Xa-1(G), which contradicts our assumption. Hence ¢; < 1/2
for all 7 € [d], so pupe(R) < 279, and the result follows. O
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Combining Lemma 4.11 with the inequality x.(G) < x(G) immediately
implies Proposition 4.4.

4.4 Graphs that separate the toral chromatic
numbers

In this section we produce a family of graphs {Gy : d € N} such that
Xei(Ga) < Xei-1(Gyq) for every d, thus providing examples of graphs that
separate the toral chromatic numbers for different dimensions.

For each d € N, the graph G, is a Cayley graph defined as follows. Let
us view the cyclic group Zs := Z/57Z as the set of integers {0, 1,2, 3,4} with
addition mod 5, let Qg be the set {0,1}? C Zg, and let C; be the difference
set Qq — Qq = {—1,0,1}¢ mod 5 in ZZ. The graph Gy is the Cayley graph
Cay(Zg, Sq) with generating set Sq = Z2 \ Cy. Equivalently

V(Gq):=1Z¢, E(Gq)={zy:x,y€Z: |z;— y;l5 > 2 for some i € [d]},
(4.12)
where |n|s = min{|n — 5m| : m € Z}. The r-toral chromatic number of G4
for r > d is easily determined.

Lemma 4.12. The Cayley graph Gq = Cay(Z2, 72\ {—1,0,1}?) satisfies
Vr>d, Xe(Ga) = xy(Ga) = x7(Ga) = (5/2)". (4.13)

Proof. Note that a subset Z of the vertex set Z¢ is independent if and only
if Z—7 C Cy. Therefore Z is independent if and only if for every x,y € Z we
have max{|z; —y;|5 : i € [d]} <1, and it follows that Z must be included in
a translate w+ Qg for some w € ZZ. Hence these translates are precisely the
maximum independent sets in GG4. In particular, the independence number
of Gy is

a(Gy) = 2% (4.14)

Hence, since G4 has order 5¢ and is vertex-transitive (as a Cayley graph), we
have x;(G4) = 5%/a(@) = 5¢/2¢. This immediately implies that x.(Gq) >
52/24 (by (4.7)). To see that x.(Gq) = 57/2¢, note that with the cube
Q' = (0,2/5)% C T and the homomorphism ¢ : Z¢ — T¢ embedding Zg
as the subgroup % - 74 C T? we have a coloring of G4 by Q'. Indeed, since
Cqy = Qq — Qq, if xy is an edge then (z 4+ Qq) N (y + Qq) = @ (otherwise
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x —y would be in Cy and not in Sy, contradicting that xy is an edge), so
(o(z)+ Q"N (p(y) +Q') = 0. Therefore x.a(Gq) < 5%/2¢. We conclude that
X1 (Ga) = xg(Ga) = xea(Gq) = 5%/24. This gives the case r = d of (4.13).
The case r > d follows, since xf(Gq) < xer(Ga) < xea(Gaq) for r > d. O

The main result of this section is the following.

Theorem 4.13. Fiz any d € N. Then, for every integer r € [0,d — 1] there
is no Borel set A C T" such that G4 is A-colorable and prr(A) = 1/x(Gq).

This theorem, combined with the fact that by Theorem 4.7 the supremum
1/x0a-1(Gyq) is attained as the measure of some box R C T¢! such that
G4 is R-colorable, implies that y.-1(Gq) > x.(Gq), as claimed at the
beginning of this section. In particular, this together with (4.13) implies
that d*(G4) = d, which implies Theorem 4.5. Note also that, since by
Theorem 4.2 the numbers y.a-1(Gq), X.a(Gq) are rationals of denominator
at most |Gy|? = 5%, we have in fact

Xet-1(Ga) > xea(Gg) +572%. (4.15)

Remark 4.14. Theorem 4.13 is stronger than necessary to deduce Theorem
4.5, since it tells us not just that no coloring box in any dimension r < d
attains the measure 1/y.(Gg), but that in fact no Borel coloring set in any
dimension r < d attains this measure either. We prove this stronger result
because it is also of interest concerning the gyrochromatic number, since it
tells us that x,(Gg) is not attained on any torus of dimension less than d,
i.e., the infimum in (4.5) is not attained for any » < d. As mentioned in the
introduction, in [11, Problem 4] the question is posed of whether for each
graph G there exists a finite dimension r for which the infimum in (4.5) is
attained. It follows from Theorem 4.13 that such a dimension, if it exists,
can be arbitrarily large depending on G. If one only aims to separate the
toral chromatic numbers (i.e. just prove that y.(Ggq) < Xea-1(Gg)) then
some parts of the argument that follows can be simplified; see Remark 4.20.

To prove Theorem 4.13, we need to show that no Borel set in T" that is
a coloring base for G can have measure 2¢/5¢ (this being the value of
Xei(Gq) by Lemma 4.12). To do this, we shall generalize the main argu-
ment from [11, §6]. This task will occupy the rest of this section, and can
be outlined as follows. The assumption that the coloring base has measure
24/5¢ (which equals the inverse of the fractional chromatic number), and
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the fact that there are exactly 5¢ maximal independent sets of size 2% (see
Proposition 4.15) implies that the fractional coloring is unique (i.e. the asso-
ciated linear program has a unique solution when viewed in terms of Borel
colorings; see Proposition 4.16). This in turn implies that such a coloring
can be further decomposed into smaller 5¢ coloring sets (with the property
that each original coloring set is a union of these smaller sets), in such a
way that the group Z¢ can be viewed as acting on the family of these sets
(see Lemma 4.17 and Lemma 4.18). Finally, using Lemma 4.19 to polish
some possible measure-theoretic rough edges, we conclude that Zg¢ should
be a subgroup of T¢"!, leading to a contradiction. Thus, in summary, the
extremal assumption that there is a coloring base of measure 2¢/5¢ forces
the coloring group (in this case T¢"!) to include Z¢ as a subgroup.

We begin by describing the structure of maximum independent sets of
Gg4. From (the proof of) Lemma 4.12, the following proposition follows
clearly.

Proposition 4.15. The only independent sets of mazimal size 2¢ in Gy are
the following 5¢ sets:

I, =v+ Qda
where v € Z3 and Q4 := {0,1}¢ C Z4.

Next we show that if there existed a coloring base in T" for G4 of measure
24/52 then this base would have a very special structure, which will later
be used to obtain a contradiction, implying that such a base cannot exist.

From now on we will use the notation from [11] and write X = Y if
two sets X and Y differ on a null set. Also, from now on in this section we
abbreviate the notation for the Haar measure ppr to p.

Lemma 4.16. Let A C T" be a Borel coloring base of the graph G4 and let
f:V(Gq) = T be such that A+ f(v) and A+ f(w) are disjoint for every
vw € E(Gy); for each v € V(Gy) let B, = A+ f(v) C T". If u(A) = (2/5)4,
then there exist disjoint measurable sets C, C T", v € Z2, such that for
every v € Z3 we have

B,= | J Cotu (4.16)

wEQRq

and for each v € Z¢ we have p(C,) = 1/5%.
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Proof. Let T be the set containing all independent sets of vertices of Gg.
For each I € Z, we define the following measurable subset of T":

Di={xeT :2€ A+ f(v) ifand only if v € [} =

=(JA+ro)\(UJA+fw)

vel vl

Observe that every x € T" belongs to D; for some I € Z. Indeed, the set
containing the vertices v such that x € A+ f(v) is an independent set I, by
definition of A being a coloring base for Gy, and then = € D; (note that we
may have I = (), which we also consider to be an independent set). Since
the sets Dy, I € T are pairwise disjoint by definition, we conclude that these
sets partition T”. We also have from the definition of D; that

A+ fw)= |J D1, (4.17)

I1€T:I5v

and it follows that - g )mA + f(v)) = ez |I] - p(Dr). On the
other hand, since the measure of A is 2¢/5% and G4 has order 5¢, we have
> vevic) A+ f(v)) = 24, The last two equalities combined with the fact

that a(G4) = 24 (by Proposition 4.15) imply that

=> I-uD=2" > D)+ Y |- wD).

IeT I€T:|1|=24 I€T:|1|<24

This implies, using ) ;. p(Dg) = 1, that

27 = Qd(l—z,u(DI)—i- Z M(D1)>+ Z

Iez IeZ:|1|=24 I€Z:|1|<24
= 2'=2 N D)+ Y - u(Di)
I€T:|I|<24 I€T:| <24
= 24 > (I]-2% - w(Dy),
I€T:|1|<24

which implies that u(Dy) = 0 for all I € Z with |I| < 2¢. Set
Cv = Dv*Qd'

By (4.17) and the fact (given by Proposition 4.15) that the only maximal

independent sets in G4 are the translates of (04, we have B, = UweQd Coiw
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for every v € Z¢. To complete the proof, we need to show each set C, has
measure 1/5%.

Recalling the notation I, used in Proposition 4.15, let M be the 5¢ x 5¢
matrix with rows and columns indexed by the elements of Z¢ such that
M,, = 1ifu € I, and M,, = 0 otherwise. Let z € R% be the vector
with entries indexed by the elements of Z¢ such that z, = u(Dj,). Observe
(using (4.17) and that pu(D;) = 0 for [I| < 29) that Mz is the vector with all
entries equal to pu(A) = (2/5)%. Let 2/ € R% be the vector with all entries
equal to 1/5%, and observe that Ma’ also has all entries equal to (2/5)%
Therefore, if we show that the matrix M is invertible, then we will have
x = 2/, which will complete the proof.

We now show that the matrix M is invertible. Let us assume that x
is a vector such that Mx = 0, and let us prove that x must be the zero
vector. The 5 entries of x can be interpreted as an assignment of real
numbers to the points of the grid Zg such that each of the 2¢-tuples of
entries corresponding to a translate of Qg in Z¢ sum to zero. It therefore
suffices to prove the following claim for each d € Zx:

if z € R% satisfies Z T, = 0 for every v € Z¢, then z = 0. (4.18)
wev+Qq

We prove this claim by induction on d. The case d = 0 is trivial. Fix d > 0.
For j € [0,4] let S; = {v € ZZ : v4 = j}. Observe that for every j, for every

v € S; we have
Z Ty = 0.
we(W+Qq)NS;

Indeed, by the assumption (4.18) for d, and splitting the sum >
into two parts using the hyperplanes S; and Sj11 mod 5, we have

) NE TET SR

we (v+Qq)NS; wE(v+Qa)NSj+1 mod 5

weV+Qq Lw

Concatenating these equalities as j cycles through Zs, we end up deducing

that
Z Ty = — Z Ty,

ve(w+Qq)NS; ve(w+Qa)NS;

which confirms that }° ¢, )ns, Tw = 0.
We have thus shown that for every j, the restriction of x to the (d — 1)-
dimensional hyperplane S; is a vector such that its coordinates inside any
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translate of Q4 N S; is 0, that is, this restriction satisfies (4.18) for d — 1
(identifying S; with ZZ~! the natural way). By induction, this implies that
x restricted to S is the O-vector. Since this holds for every j, we deduce
that z is the 0 vector. This shows that the matrix M is invertible, which
completes the proof. O

We now prove the main lemma of this section. We will view the subscripts
indexing the sets B, and C, in Lemma 4.16 as d-tuples (i1, s, .. .,%q) € Z¢,
which allows us to perform addition as with the elements of Zg. If A is
a coloring base in T" for G4 and f : V(G4) — T" is a function such that
A+ f(v) and A 4+ f(w) are disjoint for every edge vw, we write t,_,, for
f(w) — f(v). We also use the standard notation e; to denote the vector with
j-th coordinate equal to 1 if j = ¢ and equal to 0 otherwise.

Lemma 4.17. With the notation and assumptions from Lemma /.16, we
have

Vie[d,VveZiVw e Qu, Cosw +tosvres = Coraptes- (4.19)
Proof. We first note that Lemma 4.17 is equivalent to the following claim:

VS Cld], Vee{0,1}%, Vo e Zg, | | Corwttisre = | | Coturer

wEQy: WEQRy:
wlg=¢ w|s=¢

(4.20)
Indeed, this claim implies the lemma since (4.19) is the special case of (4.20)
with S = [d]. The opposite implication is also clear, since from (4.19) we
can deduce (4.20) by taking appropriate unions.

To prove (4.20), first note that the case S = () holds by definition of
ty—svte;, Since by (4.16) we have |—|w€Qd Cyoiw = B,. Let us now show that if
we prove the case |S| = 1 then the full claim (4.20) follows by induction on

[S1.

Suppose that |S| > 1, fix any € € {0,1}", and assume by induction that
(4.20) holds for every S’ C S and every ' € {0,1}*". Note that there exist
S1,S9 € S such that S = S; U Sy (this requires |S| > 1). Then, using the
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inductive hypothesis, we have

|_| OU+w + tv—w—l—ei

’LUEQdZ
wls=e
= < |_| Cerw + tv%v+e¢) N < |_| Cv+w’ + tvﬁ‘erei)
WEQR4: w' €Qyq:
wl|s; =¢ls; w'|s,=¢s,
= ( |_| Cv—f—w-&-ez-) N ( |_| Cv+w’+ei>
WEQR: w' €Qq:
wls; =¢ls, w'| 5y =¢|s,
= |_| Cv—i-w—&-em
’lUGQdZ
w|g=e

which proves (4.20) for S,e. Hence it suffices to prove the case |S| = 1 of
(4.20).

Fix i € [d]. We prove (4.20) for |S| = 1 by separating the case S = {i}
from the case S = {j}, j # 1.

To prove the case S = {i}, we want to show that

fore€{0,1}, VoeZi, || Cowttimre ™ || Coruwse-
WEQ g:w;=¢ WEQ g:w;=¢€

(4.21)

Since v and v — 2¢; are neighbours in G4, we have (B, + t, s, _2.,) N B, =
By_9¢,NB, = (). This implies that for every v’ we have (By +ty—y—2¢, )N By =
(), since By = B, + ty_. In particular, taking v" = v — ¢; we have

(Bv—ei + tv—w—Qei) N Bv—ei = @ (422>

Note that from (4.16) we clearly have both

|_| Cv+w = |_| C[vfei]er - Bv—ei and

WEQR g:w;=0 WEQR g w;=1

|_| Cv—ei—i—w - Bv—ei'

wWEQR g:w; =0

Combining this with (4.22), we deduce that the two sets ( [ Cogw) +
ty—v—2¢; and UweQd:wi:O Cy—e;+w are disjoint. The latter set is one half of
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B, _s,, indeed

Bv72ei = |_| C[U—Zei]+w U |_| C[v—2ei}+w

wWEQR gw;=1 WEQR g:w; =0
= |_| C’U—ei-i-’w L U C[v—?ei]-f-w-
WEQR g:w; =0 WEQR g:w;=0

Hence (UweQd:wi:O C’U_w) + ty—v—2¢, must be the other half of B, s, (using
that By, + ty—y—2¢; = By—2e,). It follows that

for e € {07 1},VU € Zga |_| Cv—i—w + tv—)v—2ei = |_| Cv—2ei+w-
WEQ g w; =€ WEQ gw; =€
(4.23)
We now deduce (4.21) by applying (4.23) with v, then with v — 2¢;, and

then USing that B, + tv—w—f—ei =B, + tv—>v—4ei = B, + tv—)fU—Qei + tv—?ei—>v—4ei~
Now we treat the case S = {j} with j # ¢, namely

fOl" € € {07 1}, \V//U - Zg, I—l Cv+w + tv—w—l—ei = U Ov+w+ei.
WEQg:wj=¢ WEQq:wj=¢
(4.24)
It suffices to prove that

Vo € Ze Yw,u € Qq with wj =0 and u; = 1; (Cprwttosvre; ) Cviure; = 0.
(4.25)

Indeed this would imply the case ¢ = 0 of (4.24), and the case € = 1 then

follows easily (using the partition of B, into two halves yielded by (4.24)).

To prove (4.25), note first that since v + 2e;, v+ e; are neighbours in G,
we have

(Bv—i—QGj + tv+26j—>v+ei) N Bv—i—er =0.

This implies that also (Bv+ej + tv+26]._w+ei) N Byie; = (). Then, since
Coywie;) Coture; are both subsets of B, ., (up to a null set), we have that
Cv+u+ej +tv+26j—>v+ei - Bv—i—ej +tv+26j—)1]+67; is dlSJOHlt from Ov+w+ej C Bv—i—ej-
Moreover, since Cyjute; is also a subset of Byige, (since u; = 1), and
Bv+2ej + tv+2ej—>v+ei = Bv+2ej + tv—l-er—)v + tv—>v+e¢7 we have

Cv—i—u—i—ej + tv—i—?ej—)fu—&—ei = Lutute; + tv+26j—>v + tv—w—&—ei-
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Thus we have proved the following:
Yo e Zg, Vw,u € Qq with w; =0, u; =1,

(Cv-l—u—i-ej + tv+26j—>v + tv—)fu—&—ei) N Cv—l—w—l—ej = @ (426>
Suppose for a contradiction that (4.25) fails, i.e.

' € Z¢, v w' € Qq, w; =0, u; = 1, with

/J/((CU/+UJ/ + t’Ul*VU/‘f’ei) N CU/+U/+61') > 0. (4'27)

We now distinguish three exhaustive cases according to possible values of
u}, w;, and obtain a contradiction in each of these cases.

Case 1: v, =1, w} € {0,1}.

In this case we shall contradict (4.26) from (4.27). To that end let us
decompose the set Cy iy in (4.27) using (4.23). We apply (4.23) with the
index 4 in that formula set to be j, and with v = v' 4 2e;, ¢ = 0, thus
obtaining

|_| Cv’+26j+w + tv’+26j~>v/ = |_| Cv’+w'

weEQg:w;=0 wEQg:w;=0

Since Clyr 1 is among the sets in the union on the right side here (as w} = 0),
and since we can write v’ + 2e; +w as v' + z +¢; for z = w + e; € Qg with
zj = 1 (since w; = 0), we deduce that the sets A, 1= Cyyw N (Coryzpe; +
toy2e,50'), 2 € Qq With z; = 1, form a partition of Cyy. (up to a null set).
Hence the sets A, +1,/ ¢, form a partition of Cyryyy +1y 0 te,. Therefore,
by (4.27), for some z € Q)4 with z; = 1 we must have

(A + tysge;) N Corgrge,) > 0. (4.28)

Then (4.28) contradicts (4.26), by setting u, v, w in the latter formula to be
z,v',u — e; — e; in the former formula respectively (noting that w is then
in @ with w; = 0 as it should, since u; = u} = 1, and noting also that
Uj = Zj = 1)

Case 2: u; =0, w; = 1.
In this case

Cv’—l—w’ + tv’—)v’—&—ei C UwGQd:wiZI Cv’+w + tv’—w’—l—ei I—leQd:w¢:1 Cv’+e¢+w7
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which is disjoint from Cyiyrye, C I—IweQd:wi:O Cy/te;+w, since the last two
unions form two disjoint halves of B, .,. Therefore (4.25) holds with u, v, w
equal to u',v’, w' respectively, which contradicts (4.27).

Case 3 : u, =0, w; = 0.

Recall that we are assuming from (4.27) that
u((CU’+w’ + tv’—w’—l—ei) N Cv’—&-u’—l—ei) >0

with ) = 1, wj = 0, for a contradiction. Let D = Cyiw N (Coryrye, —
ty v te; ), thus by assumption p(D) > 0. By setting the index i in (4.21)
to be j here (recalling that we have proved (4.21) already for every i € [d]),
we have

Ve € {0,1}, || Cosuttosvie = || Coture, (429
u€Qq:uj=¢ u€Qq:uj=¢
Similarly, by applying (4.21) with index ¢ we have
|_| O’u’—l—u—&-ei + t’u’—w’—l—ei = |_| Cv’+u+26i~ (430)
ueEQ g:u;=0 uEQR:u;=0

Now, as D + Ly —spiqe; C Cv/+u/+ei, we have (D + tv/ﬁvurei) + tvlﬁv/+e]’ C
Cyyute; + tysvye;, and by (4.29) with ¢ = 1 (using also the assumption
that v} = 1) this last set is included in | | Cy fute; up to a null set.
Hence, up to a null set we have

(D + tyswge,) +tyoswse, € | ] Corpure, (4.31)
u€Qq:uj=1

On the other hand, by (4.29) with e = 0 we have

uEQq:uj=1

D + tv’—)v’—i—ej C |_| Cv’+u+ej7
ueQd:UjZO
and this union is included in B,/, whence D + ¢,y ye; C By up to a null
set. Thus

D + tv’—)v’—i—ej + tv’—w’—l—ei C Bv’ + tv’—m’—l—ei = Bv’—&—ei-

This implies by (4.31) that B, ., has intersection of positive measure with
UueQd:ujzl Cyrsutre; C Buygoe,. But this is impossible since By ye, N By yoe, =
0 (as v' +e; and v' 4 2¢; are neighbours in Gy). This completes the proof of
this last case involved in (4.25), and thus completes the proof of Lemma 4.17.

[
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Our next step is to deduce that the elements ¢,_,,, can be replaced by integer
combinations of just d such elements.

Lemma 4.18. Let (C,),eza be the collection of subsets of T" in Lemma 4.17.
For each i € [d] let t; = to_.,. Then for every vertex v = (vy,...,v4) € Z4,
we have

Cy = Co 4 vity + - + vatq.

Proof. We argue by induction on |v| := vy +- - - +vy € Z (identifying ZZ with
[0,4]? the natural way). All calculations with subscripts are made modulo
5 throughout the proof. The cases |v| € {0,1} are implied by Lemma 4.17.
Let us therefore fix v with |v| > 1, which implies that v > 0 for some k.

There is a path v, ..., v in the lattice graph on 74 such that vy =0,
vy = v, |vey| < |v| for @ < £, vy = v + e; for some j = j(i) € [d], for
every i € [( — 1], and v = v_1) + ex. Applying (4.19) along this path, we
have

Co_ry = Co + Loy v T+ oy =iy (4.32)

O’U = Cek + tv(l)_>1)(2) + te + tU(@—Q)_VU(E—l)' (433)
Since C,, = Cj + to—e, by (4.19), the last two equations above imply that

Cv = CU(@,l) + t0—>ek - Cv—ek + t0—>ek - Cv—ek + tk- (434)

By induction on |v|, we have Coyy = Coturti+-- -+ (vg — Dt +- - -+ vgtq.
Combining the last two equations, the result follows. O

We need one more lemma before we can complete the proof of Theorem 4.13.
For a measurable set C' C T", we say that an element p € T" is a period of C
if prr (CA(C +p)) =0, where A here denotes the symmetric difference. We
say that p is a rational element if all its coordinates are rational numbers
(when p is viewed as a point in [0, 1]").

Lemma 4.19. Let C' be a Borel subset of T", let p € T" be a period of C,

and suppose that p is not rational. Then there exists a continuous surjective
homomorphism ¢ : T" — T* for some s € [0,7 — 1], and a Borel set C" C T*
such that u(CA¢=*C") = 0.

Proof. For k € Z" and x € T", we denote by k-x the element kyx1+- - -+ k,x,
in T, and we denote by Z - p the subgroup {np : n € Z} of T".



CHAPTER 4. ON TORAL CHROMATIC NUMBERS OF GRAPHS 99

By Kronecker’s theorem [9, Ch. VII, Proposition 7], the subgroup Z - p
is dense in the closed subgroup

V= (p")t:={zeT": forall k € Z" such that k-p =0, we have k -z = 0}
< T,

We have that V' (as a compact abelian Lie group) is isomorphic to T @ Z
for some 7" < r and some finite abelian group Z, and ' > 1 (otherwise p has
only rational coordinates). Let ¢ : T" — T"/V be the natural quotient map,
a continuous surjective homomorphism with kernel V', and let () denote the
quotient T"/V, a compact connected abelian Lie group, which is isomorphic
to T* for some s. We have s < r since r’ > 1.

By the quotient integral formula [23, Theorem 1.5.2], for any Borel set
B and the Haar measures pg, py on @@ and V' respectively, we have

e (B) = /Q (B 06 (1)) dug )

where y; denotes the Haar measure on ¢! (¢) defined by uy (A —z) for every
Borel set A C ¢~1(t) and some x € ¢~ 1(¢).

In particular, we have pr(C) = [, 1:(C'N ¢~ (1)) dug(t). Let Cy be the
Borel set obtained from C' by removing all points belonging to cosets ¢~ (t)
in which C is null, i.e. 1¢,(z) = lo(@)1(1(C N ¢~ (¢(z))) > 0). Using
the quotient integral formula, we see that u(CAC}) = 0. In particular, the
element p is also a period of (.

Let By = Cy + Z - p. Then by the period property and the fact that
countable unions of null sets are null, we have pr-(C1AB;) = 0. We shall

now prove that
e (B1A(Cy + V) = 0. (4.35)

This will complete the proof, since then on one hand we will have
0 S M (CA(Cl—i—V)) S T (CACl)—F/LTr (ClAB1)+MTv- (BlA<Cl+V)) = O,

and on the other hand C; +V = ¢~1(C") for the Borel set C" = ¢(Cy+V) C
@ (that C” is Borel follows from [41, Theorems (15.1) and (12.17)]).

To prove (4.35), since the left side is pr- ((C1 + V) \ By), by the quotient
integral formula it suffices to prove that for every ¢ > 0, for all £ € () with
1 (Cr N @~1(t)) > 0 we have

(B¢ (1) > (1—e) u((C1+V)no~'(t)). (4.36)
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To prove this, note first that ut(Bl N gb‘l(t)) > 0 if and only if ut(C’l N
¢7'(t)) > 0, whence for any such ¢ there exists ¢, € C; N ¢ (t) which is a
Lebesgue density point of C;N¢~!(¢) (relative to the Haar measure y;). The
fact that ¢; € C1N¢~*(t) implies that p: ((C1+V)NG7 (1)) = pe(c+V) =1,
so we have to show that p(By N ¢~1(t)) > (1 —e).

For any (small) open ball J centered on 0 in (the identity component of)
V', we have

(B0 67 0) = — s [ wB @+ D) d). @30

Moreover, for every integer n, we have

Mt(B1 N(c+y+ J)) > ,ut((Cl +np) N (¢ +Z/+J))

= Mt(cl N (ct+y—np+<]))

> e (Cr0 (e + ) = e ((er + T)A(er +y —np + J))
1 (Crn (e + J)) — pv (JA(y —np + J)).
Since ¢ is a density point, for some ball J we have (01 N (e +J )) >
(1—¢/2)py (J). Then, for this J, the density of Z-p in V implies that there

is n such that np is sufficiently close to y to ensure that py (JA(y—np+J)) <
spv(J). It follows that

pv(BiN(c+y+J) > (1—e)pv(J).

Using this in (4.37), we deduce that py (BN ¢~ (t)) > (1 —¢), and (4.36)
follows. O

We shall now obtain the contradiction completing the proof of the main
result.

Proof of Theorem /.13. Suppose for a contradiction that for some r < d
there is a Borel set A C T" of measure 1/x.4(G) such that G is A-colorable.
Assume without loss of generality that r is the minimal dimension in [d — 1]
for which this holds.

Let t;, @ € [d] be the elements of T" obtained in Lemma 4.18; and let
C be the set Cj in that lemma. Note that t; # 0 for each 7, otherwise
AN (A+2t;) = A+# 0, contradicting that A is a coloring base (since 0 and
2¢; form an edge in G4). Then the element p; := 5¢; is a non-zero period of
the set C for each ¢ € [d].
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We claim that each element ¢; is rational. Indeed, suppose for a contra-
diction that for some ¢ the element ¢; is not rational. Then p; is not rational
either. By Lemma 4.19, it follows that there is a Borel set C' C T"~! such
that ppr—1(C") = pp-(C) and G is C’-colorable, contradicting the minimality
of r.

Thus ¢; is a non-zero rational element of T" for each i € [d], and then we
can write the finite order of ¢; in the form 5%n,; with a; the non-negative
integer such that ged(n;,5) = 1. Let ¢, = n;t;. Then we have Cy + t, =
C0,....0,n; mod 5,0,...,0)- Note that n; # 0 mod 5. Note also that ¢; has order
5.

We claim that for some j € [d] there are integers \;, i € [d]\{;j} such that
t; = > ey Aiti mod 1. To see this, note first that by the identification
of T" with [0, 1]" that we are using, each element ¢} is viewed as an element
in [0,1]" with coordinates that are all integer multiples of 5~*. Since d is
greater than the dimension of the vector space Q", these elements ¢/, ...,
are linearly dependent over Q. It follows that there are integers cq,...,cq
not all zero with ged(cy, ..., cq) = 1 such that ¢;t) + -+ + ¢4ty = 0 in Q%
Since the integers ¢; are coprime, not all of them can be divisible by 5, so
there exists j € [d] such that ged(cj,5%) = 1. Hence there are non-zero
integers a, b such that ac; + 05% = 1. Then

0 = alat)+---+caty) = acit) + -+ acit; + - + acqty
= acltll—i—---—i-t;-—b5o‘jt;+--~+acdt;
= acity + -+t 4+ +acgty mod 1,

the last equality holding because all coordinates of ¢ are integer multiples
of 57%, so that 5%t = 0 mod 1. Letting \; = —ac;, our claim follows.

We deduce the following (with calculations in the subscripts all made
mod 5):

C(Aml,--~,>\171n]’71707)\j+1nj+1,~~7>\dnd) = Co+ Z Ait; = CO_I't;' = C(Ov'~~707nj707"'70)'
i€[d]\{j}

This implies that n; = 0 mod 5, which is impossible since ged(n;,5) =
1. O

Remark 4.20. If we want to prove just that x.(Gg) < xe-1(Gg), instead of
the stronger Theorem 4.13, then there is a shorter way to finish the above
proof, using the box structure of R. Indeed, note that up to Lemma 4.18 all
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the results work if we assume that B is an open box R. Then, let C' = C
and p; := bt; as above, and observe that, since these elements are periods
of C for each i € [d], and since the box R is the union of translates of C,
it follows that the p; are also periods of R for each . Moreover, we can
suppose that R is a proper box in T" in the sense that all side-lengths of
R are strictly less than 1 (otherwise we can reduce dimensions by deleting
the dimensions corresponding to side-lengths equal to 1, as in the proof of
Lemma 4.11). However, a proper box in T" does not have periods other

than 0, so 5t; = 0 mod 1 for each 7. Hence tq,...,t; are elements of the
subgroup % - Z; < T" and therefore cannot be independent over Z, whence
there is v = (vq,...,vq) € [0,4]¢ with coordinates not all zero such that

vity + - - +vgtg = 0 mod 1. But then Cy = C,, with 0 # v, a contradiction.

4.5 Upper bound for x(G) in terms of x.4(G)
using box coverings of T

Recall that from (4.3) we have the strict upper bound
X(G) < xe(G) + 1. (4.38)

In this section we extend this to a similar upper bound for x(G) in terms
of x.(G), phrased in terms of optimal coverings of the torus by translates
of a given box. To state the result we use the following terminology.

Given d € Nand ¢ = (¢,...,43) € (0,1]¢, let R = R({) := [Ticig (0, 6),
and let R denote the closure of R, that is R = [Ticig[0, 4:]. We shall say

that a set A C T? is an (-covering of T? if A + R = T?. If R is non-empty
then the compactness of T¢ implies that there exist finite /-coverings. We
then define

My(¢) := min{|A| : A is an (-covering of T%}.
We can now state the main result of this section.
Proposition 4.21. For every d € N and every finite graph G we have

G) < min My(0). 4.39
X )_EeRd:XCd(G):(gl...gd)—l a(f) ( )
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This implies the following upper bound for x(G) in terms of x.(G)

G) < x.a(G) - i My(0)b, -4, 4.40
X( )_Xd( ) KERd:XCd(an)lil(él...gd)—l d( ) 1 d ( )

Note that for d = 1 we have M;(¢) = [1/¢] < 1+ 1/¢, so in this case (4.40)
implies (4.38).

To prove Proposition 4.21 we use the following simple fact.

Lemma 4.22. If A is an (-covering of T?, then letting R' = R'({) :=
Hie[d] [07&'); we have A + R’ = T¢,

Proof. Fix any x € T?. By the covering assumption, for each n € N there
is a point ™ € A such that = + 1(1,...,1) € a{™ 4+ R. Since we can
suppose that A is finite, by passing to a subsequence if necessary we can
assume that o™ is the same point a € A for all n > ng, and thus assume
that  + £(1,...,1) € a+ R for all n > ng. Then for each i € [d] we
have x; + % € a; + [0,4;] for all n > ng, which implies in the limit that
x; € a; +[0,¢;), whence = € a+ R'. O

Proof of Proposition 4.21. Fixany £ € (0,1]% such that x.(G) = (¢1 -+ €q)7",
let p : V(G) — T? be a coloring map for G by the open box R(£), and let A
be an (-covering of T%. Let ¢ : V(G) — A be a map that sends each vertex v
to an element a € A such that ¢(v) € a+ R’ with R' =[], 5[0, (;) (such an
element a exists by Lemma 4.22). We prove that c is a coloring of G, which
will imply (4.39) by taking the minimum. If ¢(u) = ¢(v) then ¢(u) and ¢(v)
are in the same box a + R, so |p(u); — ¢(v):|r < ¢; for every i € [d], which
by definition of the d-toral coloring ¢ implies that uv ¢ E(G). This shows
that each set ¢~ !({a}), a € A is an independent set, so c is a coloring as
claimed. ]

Proposition 4.21 motivates the search for good upper bounds for the quanti-
ties My(¢). In the case {1 = - -+ = {4, this is a known combinatorial problem
of finding optimal coverings of T¢ by translates of a cube, a problem related
to information theory which was studied in particular in [26]. The problem
is still open, in the sense that an exact formula for My(¢) in the cube case
is still unknown (see a discussion on this in [26, Section 6]). As far as we
know, the problem of optimal coverings of T¢ by boxes has not been treated
in the literature previously (though certain cases in dimension 2 have been
used, see for instance [48]).
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Question 4.23. Give an ezxact formula for My(f) in terms of the compo-
nents {; of £, i € [d].

We do not embark on trying to solve this problem completely in this chapter.
Instead we shall complete this section by proving related results.

To begin with, the simple observation that the grid

31 14
A= e : .. [1/¢;]
{<(1/m’ ’(1/@1) (i, GH 16117}
is an /-covering of T? yields the following upper bound

(0 < TIr. (4.41)
i€[d]

Let us establish a lower bound for M,(¢) in terms of the d projections of ¢
to T 1.

Proposition 4.24. For each { € (0,1)¢ and i € [d),
let g(z) = (61, e ,&'71, £i+17 ce 7£d> € (0, 1]d_1. Let M;(é) = mln{nNz, n& >
Md,1<€(i))} = maxie[d] (Mdfl(g(l))/&—‘ . Then

My(¢) > M(0). (4.42)

Proof. Let A be an (-covering of T?. By Proposition 4.22 we have A+ R =
T, where R’ = []%_,[0,£;). For each i € [d] and t € [0,1], we define the slit

Xie={(z1,...,20) € T | € (t,t + 4]} . (4.43)

For each t, since A+ R’ covers the set {z : x; = t + {;}, there must be at
least My_1(ly, ..., 0i—1,0;is1, ..., 05) points a € A such that a+ R N{x : z; =
t+£;} # 0, so we must have |A N X;,| > My, (¢D).

Assume first that ¢; is a rational number equal to k;/n; for each i € [d],
and consider the k;-fold covering of T¢ by the n, slits Xij/nir J € [n:]. We

then have
kZ|A| = Z Z 1Xi,j/'ni (a) = Z ’A ﬂX@tl

a€A j€[ni] J€[ni]
>n; Md—1(€1, v licy by, 7€d)7
that is |A| £; > My_1(¢%). Since this holds for all i we deduce |A| > M} ({),
and (4.42) follows in this case where ¢ € Q. The result when ¢; is a

positive real number (not necessarily rational) now follows by approximating
¢; arbitrarily closely by rational numbers we obtain number. O]
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Observe that when the box is a square [0,¢]%, i.e. £ = (g,...,¢), from (4.42)
and an induction on the dimension we recover the following lower bound
from [26, Theorem 2]:

Ma(0) > [e7 e ... [e7H 1T -+ 1,

where there are d applications of the ceiling function.

For d = 2, the following exact formula is obtained by generalizing [26,
Theorem 3].

Proposition 4.25. For every ( € (0,1]? we have
Mal) = M3(0) = max{ TEE], [TE141 ),

Proof. Consider the line y = (ﬁ}x in T?, which wraps around T in the
second coordinate [%]—many times. Place M (¢) equally spaced centers
of boxes [0, ¢1] x [0, /0] along this line. Fix any a € T. We show that
the boxes cover the line X, = {(z,y) : * = a}, which implies the result.
Consider the slit X, (using the notation from (4.43)). The projections
to the z-axis T x {0} of the equally spaced centers give equally spaced
points on this axis, so the distance between two consecutive such projections
is 1/Mj(¢). Therefore in the slit X;, (of z-width ¢;) there are at least
|61 M5(0)] > My(¢y) = [1/€3] centers of these boxes. Observe that if two
projected centers in T x {0} are consecutive then they are also consecutive
along the line y = [%]x itself, and their projections to {0} x T are also
consecutive and distanced on this line by at most

[1/61/M5(€) < [1/61/(Mi(61) /€2) = £ (4.44)

It follows that the non-empty intersections of these boxes with X, form
segments of length ¢, which leave no gap between any two consecutive of
them (by (4.44)). These segments thus cover X,, and the result follows. [

We close this section with the following upper bound for My (¢) which applies
the greedy algorithm, inspired by a similar application in [54].

Proposition 4.26. For each i € [d], let {; = a;/b; € (0,1), with a;,b;
coprime positive integers. Then My(l) < L’iﬁd (1+ > icia 108 (4:b)), where
b =lem(by, ..., ba).
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This is easily seen to improve markedly on the simple bound (4.41), for
instance by considering the diagonal case ¢; = ¢ for all i € [d].

Proof. As before, let R' = [];c4[0,4;). Let G denote the subgroup of T

isomorphic to Z¢. Let R = R'NG. Applying [50, Theorem 4], there is a

set A C G that is an (-covering and satisfies [A| < ZHglflpd — _1__(q 4
y - |R| #ipa (R)

log |R|). The result now follows since |R| = §b--- §2b. O



Chapter 5

On Motzkin’s problem in the
circle

This chapter is the result of a collaboration with Pablo Candela, Juanjo
Rué and Oriol Serra. The contents were the object of an invited publication
in Proceedings of the Steklov Institute of Mathematics, for a special issue
in 2021 commemorating the 130-th birth anniversary of Ivan Matveevich
Vinogradov; see [12].

5.1 Introduction

Many interesting developments in combinatorial number theory are related
to the general problem of determining how large a subset of an abelian
group can be if the set avoids certain prescribed configurations. Famous
examples include Szemerédi’s theorem, where the configurations in question
are arithmetic progressions in sets of integers. Another notable problem of
this kind, posed by T. S. Motzkin, asks how large a set of integers can be if it
does not contain any pair of elements whose difference lies in a prescribed set.
More precisely, given a non-empty subset D of the set of positive integers
N, let us say that a set A C Z is D-avoiding if for every a,a’ € A we have
la—d'| ¢ D, in other words if the difference set A— A ={a—ad :a,d € A}
is disjoint from D. Let A(N) denote the cardinality |A N [-N, N]|, and
let §(A) denote the upper density of A, namely 6(A) = limsupy_, ., %.
Then, Motzkin’s problem (posed originally for sets A C N in an unpublished
problem collection; see [14]) consists in determining the following quantity,

107
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sometimes called the Motzkin density of D:
Mdz(D) := sup{6(A) : A is a D-avoiding subset of Z}. (5.1)

The first publication on Motzkin’s problem is the paper [14] by Cantor and
Gordon. Their results include a full solution for |D| < 2. This involves
proving that the elements of D can be assumed to be coprime, then proving
that Mdz (D) = 1/2 for |D| = 1, and then proving the following formula for
D= {dh dg} with ng(dl, dg) =1:

[“5%]

dy+dy

Mdz (D) = (5.2)
Motzkin’s problem is still open in general. In the decades since the initial
paper [14], the problem has motivated many works, and various special cases
have been addressed; see for instance [31,34,47,55-57]. The problem also
has interesting relations with other well-known topics in combinatorics and
number theory, such as the fractional chromatic number of distance graphs,
or the lonely runner conjecture; see for example [46] and the references
therein.

There is an analogue of Motzkin’s problem for any compact abelian
group Z. Namely, given a non-empty set D C Z, letting p denote the
Haar probability measure on Z, the problem is to determine or estimate the
quantity

Mdz(D) := sup{u(A) : A C Z a Borel set with (A — A)ND =0}. (5.3)

In particular, a hitherto unexplored yet natural analogue of Motzkin’s prob-
lem consists in taking Z to be the circle group T = R/Z, which we shall
view as the interval [0, 1] with addition modulo 1, letting D be a set of real
numbers in (0, 1). In this paper we make a first treatment of this problem
for D a finite set {t,...,%,}.

In Section 5.2 we make some observations on the problem for general
r € N, showing in particular that it can be approached using tools from er-
godic theory. We illustrate this first in the “extreme” case where DU {1} is
linearly independent over Q, applying the version of Rokhlin’s lemma for free
measure-preserving actions of Z” to prove that in this case Mdr(D) = 1/2;
see Theorem 5.7. (Different applications of Rokhlin’s lemma in combinato-
rial number theory have been given recently in [3,27].) The general case,
where D U {1} may be linearly dependent over QQ, can be approached using
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more general versions of Rokhlin’s lemma which are applicable to free ac-
tions of quotients of Z". In particular, the problem of determining Mdr(D)
can thus be transferred to a similar problem in the discrete setting of the
finitely generated abelian group Z"/A, where A is the kernel of the homo-
morphism Z" — T, n — nity+- - - +n,t,.. In this setting, a natural notion of
Motzkin density can be defined using Folner sequences; see Definition 5.8.
We then have the following result.

Theorem 5.1. Let D = {ty,...,t,} C T, let A be the kernel of the homo-
morphism Z" — T, n +— nity + -+ + n,t,, and let E be the image of the
standard basis of R" in the quotient Z"/A. Then Mdy(D) = Mdgzr-/a(E).

This result also holds for more general compact abelian groups; see Theorem
5.9.

Theorem 5.1 can be used as a first step in an approach towards deter-
mining Mdr (D), since the corresponding Motzkin density in the discrete
setting, i.e. Mdzr/a(E), can often be simpler to determine. In this paper we
pursue this approach for r < 2.

Another notable special case of the problem, at the other extreme from
D U {1} being linearly independent over Q, is the case in which D C Q.
This reduces to the problem of determining the independence ratio of a
circulant graph which we call the associated circulant graph. More pre-
cisely, supposing that each element of D is of the form ¢; = a;/b; with
coprime positive integers a; < b;, then the subgroup (D) < T is isomor-
phic to Zy with N = lem(by, ..., b,). The associated circulant graph is the
(undirected) connected circulant graph G with vertex set Zy (viewed as the
set of integers [0, N — 1] with addition modulo N) with jumps dy,...,d,
where d; = a;N/b;. Thus z,y € Zy form an edge in G if and only if
x —y = d; or —d; mod N for some i € [r]. Equivalently G is the Cayley
graph on Zy with generating set {d;, —d; : i € [r]}, which we shall denote
by G = Cay(Zn,{d,...,d,}). The independence ratio of G is %, where
a(@G) is the independence number of G, i.e. the maximal cardinality of an
independent (or stable) set in G. As a straightforward consequence of The-
orem 5.1 we have Mdr(D) = Mdz, ({d,...,d.}) = %; see Lemma 5.13.
Let us mention also that if dy,...,d, are fixed integers then, as N — oo,
the ratios % converge to Mdz({dy,...,d,}), and in this sense Motzkin’s
problem in T can be seen to subsume the original problem in Z for finitely
many missing differences; we detail this in Remark 5.14.
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Circulant graphs are extensively treated in the combinatorics and com-
puter science literature (in the latter they are also known as multiple-loop
networks or chordal rings); see for instance [6, 10, 21,29, 38]. However,
these works study mostly other parameters than the independence ratio.

Works determining the independence ratio of certain circulant graphs in-
clude [28,43].

After these remarks on the problem for general r, and a brief solution for
r =1 (see Proposition 5.15), we close Section 5.2 and focus on the problem
for r = 2 for the rest of the paper. We then distinguish two cases.

In Section 5.3 we treat the case in which at least one element of D is
irrational. Here we obtain the following exact solution (see Theorem 5.17).

Theorem 5.2. Let D = {t;,t2} C (0,1) with D ¢ Q. If DU{1} is linearly
independent over Q, then Mdr(D) = 1/2. Otherwise, letting mg, my, mo be
integers not all zero such that mo = myty + mats and ged(mg, my, mo) = 1,
we have

k/2
Mdr(D) = %, where k = |my| + |mal. (5.4)

In Section 5.4, we focus on the case in which both elements of D are rational.
This is equivalent to determining the independence ratio of circulant graphs
with two jumps. We study this problem using mainly tools from the geom-
etry of numbers. The usefulness of such tools for the analysis of circulant
graphs is well-known (see for instance [10,22,52]), though apparently before
the present work these tools had not been used to study the independence
ratio.

The independence ratio of a circulant graph G is easily seen to be 1/2
when G is bipartite, so we can assume that G contains odd cycles. The
so-called “no-homomorphism lemma” from [1] yields an upper bound for
% of the form 21 where k is the odd girth of G, i.e. the smallest length

2k
of an odd cycle in G (see Lemma 5.18). It is then natural to examine how
accurate this upper bound is as an estimate for # In particular, the

odd girth is always one of the successive minima, relative to the ¢-norm,
of a 2-dimensional lattice naturally associated with G; see Lemma 5.24
(the lattice in question is just the lattice A from Theorem 5.1 applied in
this special case). This expression of the odd girth makes the estimate %
relatively easy to compute; see Remark 5.28, where an algorithm is outlined.
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Regarding the accuracy of this estimate for @, we obtain the following

result, showing that the estimate is asymptotically sharp.!

Theorem 5.3. Let D = {t1,t2} € QN (0,1). Let G be the associated
circulant graph, and let N be the order of G. If G is bipartite then Mdr (D) =
# = % Otherwise, letting k be the odd girth of G, we have

LES MdT(D):M > k1 3 (5.5)

This is obtained as an immediate consequence of an equivalent estimate for
the independence number of connected circulant graphs with two jumps,
given in Theorem 5.22.

The independence ratio of a circulant graph G is equal to the reciprocal
of its fractional chromatic number x;(G). Therefore (5.5) yields also an
asymptotically sharp estimate for the fractional chromatic number of a con-
nected circulant graph G of order N with 2 jumps and odd girth &, namely
2 < x(G) < Ik

We also study the question of the sharpness of the bounds in (5.5) for
fixed N, not just as N — oo. In Proposition 5.21 we provide an infinite
family of examples of 2-jump circulant graphs whose independence ratios
attain the lower bound in (5.5) up to the absolute constant multiplying
1/+/N. In Proposition 5.29 we give an infinite family of examples attaining
the upper bound in (5.5) (see also Remark 5.20).

Finally, we note that the odd-girth notion enables a unification of solu-
tions to Motzkin’s problem for two missing differences across various set-
tings, in the non-bipartite case. For example, Theorem 5.3 can be seen to
imply the formula (5.2) of Cantor and Gordon, by expressing this formula in
terms of the odd girth of the corresponding distance graph Cay(Z, {d;, ds}),
and viewing the corresponding Motzkin density as the limit of independence
ratios of circulant graphs Cay(Zy, {d1,ds2}). In Section 5.5 we detail such
connections and discuss some questions for further research.

1See [19] for hardness results on estimating the independence number of general cir-
culant graphs.
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5.2 On the problem for a general finite set
D

In this section we make some initial observations on the problem of deter-
mining Mdr (D) for finite D, illustrating especially how tools from ergodic
theory can be applied to the problem. In particular we shall use Rokhlin’s
lemma for free actions of finitely generated abelian groups, which we state
below after recalling some terminology.

Definition 5.4. A measure-preserving action of a countable discrete group
[' on a proba- bility space (X, X, u) is a map f : I' x X — X such that
for every g € T" there is a measure-preserving map f, : X — X, with fiq,
being the identity map, and such that for every g, h € I" and z € X we have
fon(x) = fy(fu(x)). We say that such an action is free if for every g,h € I’
with g # h we have p({xr € X : f,(z) = fu(z)}) = 0.

Definition 5.5. Let f be a measure-preserving action of a countable dis-
crete group ' on a probability space (X, X,u), and let K C . If Be X
is such that the sets f,(B), g € K are pairwise disjoint, then the union
Uyex fo(B) is called a K-tower for f with base B.

A subset K of an abelian group I is said to tile I if there exists C' C I' such
that we have the partition I' = | | . K +c. The version of Rokhlin’s lemma
that we shall use is the following special case of [53, p. 58, Theorem 5].

Lemma 5.6. Let I' be a finitely generated abelian group and let f be a free
measure-preserving action of I' on a standard probability space (X, X, ).
Let K C T be a finite set that tiles I'. Then for every € > 0 there exists a
K -tower for f of measure at least 1 — .

As a first simple example of the use of this lemma in this context, let us
treat swiftly the case of Motzkin’s problem in T where D U {1} is linearly
independent over Q.
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5.2.1 The case of linear independence of D U {1} over

Q

In this subsection we prove the following result.

Theorem 5.7. Let D be a finite subset of (0,1) such that DU{1} is linearly
independent over Q. Then Mdr(D) = . Moreover, no D-avoiding Borel
set A C T satisfies p(A) = 1.

In the proof we use the special case of Lemma 5.6 for free actions of Z",
which was given in [20, Theorem 3.1] and independently in [40, Theorem 1].

Proof. Let D = {t,...,t,}. Clearly Mdr(D) < . Fix any € > 0 and any
odd N € N.
The translations by the elements ¢1,...,f. € D generate a measure-

preserving action f of Z" on T, namely f(n,z) = x + nity + -+ + n.t,
mod 1. It follows from the linear independence of D U {1} over Q that this
action is free. By Lemma 5.6 there is a Borel set B C T that is the base of
a [0, N)"-tower for f of Haar probability at least 1 — «.

Let A= |_| B+ jity + -+ it
J1yeeesdr € [0,N—=2]: j1+---+jr is even

It is readily seen that (A +t;) N A =0 for each i € [r], so A is D-avoiding.
Moreover, since the translates of B in the tower have equal measure at
least (1 —¢)/N", and since A consists of (N — 1)"/2 of these sets, we have
p(A) > (N =1)"/2)(1 —e)/N" > (1 —¢)(1 = 1/N)"/2. Letting N — oo

and & — 0, we deduce that Mdr(D) > 3, so Md(D) = 3.

To see that the supremum 1/2 cannot be attained, suppose for a con-
tradiction that A C T is a measurable D-avoiding set with u(A4) = 1/2.
Since A+t C A° := T\ A and p(A +t1) = 1/2 = u(A°), we have
p((A+t1)AA®) = 0. Hence p((A + 2t1)A(A + ¢1)°) = 0. By the triangle
inequality p((A+2t1)AA) < p((A+2t)A(A+11)) +p((A+t)°AA) = 0.
Hence A is an invariant set of measure 1/2 for the map = — x + 2¢;, con-
tradicting the fact that, since ¢ is irrational, this map is ergodic. O]
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5.2.2 Transference to finitely generated abelian groups

Given a compact abelian group Z, and D = {t;,...,t,} C Z, we consider
the lattice
A={neZ :mt,+- - +n,t, =0}, (5.6)

that is, the kernel of the homomorphism Z" — Z, n +— nit; + - -+ + n,t,.
The finitely generated abelian group Z"/A then has a free action f on Z,

well-defined by
fn+Az)=x+ (ny+u)ty + -+ (n, +u,)t,, foranyue A. (5.7)

The main idea in the proof of Theorem 5.7 is that the Rokhlin lemma enables
the problem of determining Mdr (D) to be transferred to a discrete setting,
where it can be easier to solve. The transference part of this approach can
be carried out more generally. We establish this in Theorem 5.9 below, for a
general finite set D, and not just for T but for any compact abelian group Z
such that (Z, ) is a standard probability space, so that Lemma 5.6 can be
applied with X = Z and X the Borel o-algebra on Z. This applicability holds
if Z is metrizable (as (Z, X) is then a standard Borel space [41, (4.2),(12.5)]).
To avoid further technicalities, we shall assume that Z is metrizable.

Our transference result (Theorem 5.9 below) expresses the Motzkin den-
sity Mdz(D) as an analogous quantity in Z"/A. To detail this, we first des-
cribe a natural notion of Motzkin density in any finitely generated abelian
group I'.

For any set X we denote by P (X) the set of all finite subsets of X.
Recall that a sequence (Fy)nen of sets in Pooo(I') is a Folner sequence if

FyA F
for every g € I' we have lim [FvA(g + Fiv)l

= 0. 5.8
N—oo |FN’ ( )

Definition 5.8. Let I" be a finitely generated abelian group and let £ C T'.
Let

Op : Peool) = Z>o, S — max{|A|:ACS, (A—ANE=0}.

Then we define

Mdr(E) := lim op(Fiy)

, for any Fglner sequence (Fy)nen in I, (5.9)
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Note that the function ¢g is monotone relative to inclusion, subadditive
relative to unions, and I'-invariant. It follows by known results that the
limit in (5.9) exists and is independent of the choice of Fglner sequence
(see [45, Theorem 6.1] or [24, Proposition 2.2]).

A Folner sequence (Fy)yen in I is a tiling Folner sequence if Fy tiles T
for every N € N. Such a sequence can be obtained using the fundamental
result that there is a group isomorphism ¥ : Z¢ x I — I for some finite
group IV and d € Z>(. Indeed we can then take (for instance)

Fy =9([-N,N]* x I). (5.10)

A definition of Motzkin density in I" can also be formulated using the notion
of upper density relative to a fized Folner sequence (see Definition 5.10
and (5.15)); the resulting definition, alternative to (5.9), is a more direct
extension of the original one used in (5.1) if we use the sequence given by
(5.10). Later in this section we show that for finite sets E this definition
agrees with (5.9) (see Lemma 5.11). We shall use mainly the definition of
Motzkin density given in (5.9), as it is more convenient for our arguments.

We can now state the transference result.

Theorem 5.9. Let Z be a compact metrizable abelian group, let D =
{t1,...,t,} C Z, let A be the kernel of the homomorphism Z" — 7, n
nity + -+ +n.t,., and let E be the image of the standard basis of R™ in the
quotient Z" /A. Then Mdz(D) = Mdz-/A(E).

Proof. Let I' = 7" /A, let (Fy)nen be a tiling Folner sequence in T, and let
us denote the elements of E by €], ..., el. It follows from (5.8) that

) re

V8 >0, INy, YN > No, Vi€ [r], |(Fy+e)\ Fx| <6|Fx|.  (5.11)

We first prove that
Mdz(D) > Mdr(E). (5.12)
Fix any ¢ > 0. By (5.9) and (5.11), we can fix N such that the following
properties hold: firstly there is an E-avoiding set A’ C Fy satisfying % >
Mdr(£) — £, and secondly for each i € [r] we have |(Fy +¢€;)\ Fn| < £|Fn|.
Let A”={g€ A :g+ECFy}. Wehave A\A" C{g€Fy:g+E¢
Fn} C Uiy v\ (Fv —¢€;). This together with the properties above implies

A% > Mdp(E) —

£
|Fn| — 2°
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By Lemma 5.6 applied to the action f defined in (5.7), there is a base
B C Z of an Fy-tower for f of measure at least 1—5. Let A= || 4 fo(B).
For every i € [r], the set A +t; = ||, can fye(B) is disjoint from A
(otherwise, since A” + e, C Fy, the tower property implies that ¢’ + ¢, = g

for some g, g’ € A”, contradicting that A” is F-avoiding). Hence Mdyz(D) >
1_¢

w(A) = |A"|w(B) > |Fn|(Mdp(E) — 5) |FJ\72| > Mdr(F) —e. This yields
(5.12) by letting € — 0.
We now prove that
Mdz (D) < Mdr(E). (5.13)

Fix any D-avoiding Borel set A C Z, and any € > 0. By (5.9) and (5.11),
we can fix N such that firstly |(Fv + ¢€;) \ Fny| < 5| Fn| for every i € [r],
and secondly

S
every F-avoiding set S C Fyy satisfies % < Mdr(F) + (5.14)

| Fv|

DO | ™

By Lemma 5.6, there is a base B C Z of an Fiy-tower for f of measure at least
1—5. We claim that there is a partition of B into non-empty measurable sets
B,, j € [M], such that there is a set A" C A (which is therefore D-avoiding)
with p(A") > p(A) — 5, and with the property that for every j € [M]
there is S; C Fy such that A’ is of the form A" = | |;c;yq,es, fo(B))-
Before we prove this claim, let us explain how it yields (5.13). The D-
avoiding property of A’ implies that each set S; is E-avoiding. Indeed,
otherwise there would be j € [M] and ¢ € [r] such that there is ¢’ € S; with
g +¢€; € S;. But then the form of A’ implies that fy . (B;) C A’ (since
g:=g +e €8;) and fy o (B)) = fg(Bj) +t; C A +1; (since g’ € Sj), so
AN (A +1;) D fyie(B;) # 0, contradicting that A" is D-avoiding. Hence

each S; is indeed E-avoiding. By (5.14) we then have |‘I§i;|| < Mdr(E) + §

for all j € [M]. Then, using >~y 1(B;)|Fn| = ,u(|_|g€FN fo(B)) <1, we
have pi(A") < 325 19511(B;) < Mdr(E) + 3, so u(A) < Mdr(E) + ¢, and
(5.13) follows by letting ¢ — 0.

We now prove the claim by finding the desired partition of B and the set
A'. For every g € Fy, we have the partition BY = {B,, B,1} of B with
atoms By := BN f;'(A) and By := B\ By;. The desired partition is
the common refinement (or supremum) of these partitions, i.e. the partition
of B whose atoms are all the non-empty intersections of the atoms of B
as g ranges in Fy. Let Bi,..., By be the atoms in this partition. Let
A=, [AN f3(B)] C A. Since the Fy-tower with base B has measure
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at least 1 — 5, we have u(A\ A') < 5. Since A" = [ | . fy(By1), and each
set By is a union of some of the atoms B;, it follows that A’ is a union of
some of the atoms of the partition {f,(B;) : j € [M],g € Fn}. Hence for
every j € [M] there is a set S; C Fiy such that A" = | ;¢ L,es, fo(B))-
This proves the claim and completes the proof. O

To close this subsection, let us detail the other natural definition of the
Motzkin density of a finite set in a finitely generated abelian group, as
announced earlier. We do this in Lemma 5.11 below. This is not used in
later sections of this paper, but it can be used for instance in an alternative
proof of Theorem 5.9; see Remark 5.12.

Definition 5.10. Let I' be a finitely generated abelian group. Given any
set A C I', and any Fglner sequence F = (F)nen in I', the upper density

of A relative to F is defined by 0£(A) := limsupy_, . %Qﬁﬂ'

Lemma 5.11. Let I be a finitely generated abelian group, let F be a tiling
Folner sequence in ', and let E be a finite subset of I'. Then

Mdp(E) = sup{6r(A): ACT, (A—-A)NE =0} (5.15)

Proof. Tt is easily checked from the definitions that Mdp(FE) > 07 (A) for
every E-avoiding set A C I', so Mdr(E) > sup{dr(A): ACT, (A-A)NE =
0}. We now prove that

Mdr(E) <sup{or(A): ACT, (A—A)NE =0} (5.16)

Let Fi, Fy,... be the sets in F, and fix any ¢ > 0. By (5.9), for all N

sufficiently large we have % > Mdr(E) — 5, so there is an E-avoiding

set S C Fiy with % > Mdp(E) — 5. Since E is finite, it follows from (5.8)

that for all N sufficiently large we also have |(Fiy + ) \ F| < 57 |Fiv| for
each t € E. Let us now fix N with the previous two properties. The set

S':={g€S:9+LE C Fy} satisfies S\ S" C U,;cp Fn \ (Fy — 1), s0 % >
5]

Ty — 3 = Mdr(E)—e. By assumption there is a tiling I' = | | o ¢+ Fiy. It is

then easily checked that A = C+S5"is E-avoiding. Therefore it now suffices
to prove that 07(A) > 15l since then Mdrp(E) < 87(A) + ¢, and (5.16)

[END
follows by taking the supremum and letting ¢ — 0. For each N’ € N, let
C'={ceC:c+Fy C Fy}. Then |FyNA| > |FyN(C'+5)| = ZL|c +

|FN]

Fn| = %(|FN/| — |Fn/ \ (C" + Fy)|). Moreover, letting 7' = Fy — Fi, we
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have Fy/\ (C'"+ Fn) C Fxe\(T+ Fy). Indeed, if g € Fy/\ (C'+ Fy) then by
the tiling we have g = ¢+« for some ¢ € C, x € Fl, and by the definition of
C" we have c+x’ & Fy: for some 2’ € Fiy; so g+2'—x & Fyr. Thus we deduce
that Dx04l > 157 (1- M) Applying now (5.8) with variable N’

PN W [Fn ] _ ,
and every g € T, we deduce that 0x(A) = limsupy/_, |F|1}$f| > %,

required.

as

Remark 5.12. Using (5.15), the anonymous referee provided an alternative
proof of (5.13) (the second half of the proof of Theorem 5.9) by applying the
pointwise ergodic theorem for actions of finitely generated abelian groups.
We gratefully include the argument here.

Let E C I' = Z"/A as defined in Theorem 5.9, let f be the action of T’
on Z, and let F be the tiling Fglner sequence given by (5.10). Let A C Z
be a Borel set with u(A) > Mdr(F). We will find a point x € Z such that
A, = {g €T : f,(x) € A} satisfies 67(A,) > u(A). Thus we will have
07(A,) > Mdp(E), implying by (5.15) that A, is not E-avoiding, so that
there are distinct elements a,b € A, with a —b € E. Then f,(z), fy(x) € A,
which implies that A — A contains the element f,(z) — fy(x) = fo_4(0) € D,
so A is not D-avoiding. Hence Mdz(D) < Mdr(FE).

To find the set A,, we apply the pointwise ergodic theorem for finitely
generated abelian groups with the action f (for instance as a special case
of [44, Theorem 1.2], noting that F clearly has the required property of being
tempered). Thus we deduce that the averages x ﬁ Y gery L1alfy(2))

converge pointwise almost everywhere to an f-invariant function 1, € L!(yu).
We have [14dp = [14du = u(A), and it follows that the set of points
r € Z with 14(x) > u(A) has positive Haar measure. Therefore there
exists € Z at which the limit of these averages is at least p(A). Hence

5.2.3 The case D C Q: the independence ratio of cir-
culant graphs

Let us formalize the remarks, made in the introduction, about the general
rational case D C Q in the circle group.

Lemma 5.13. Let D = {t,...,t.} C (0,1), where for each i € |r] we have
ti = a;/b; with 1 < a; < b; and ged(a;,b;) = 1. Let N =lem(by,...,b,), and
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let G be the connected circulant graph on Zy with jumps dy,...,d, where
d; = Nt;. Then Mdr(D) = %

Proof. The connectedness of GG is equivalent to the elements dy, . . ., d, gener-
ating the full group Zy, which is equivalent to ged(dy, . ..,d,, N) = 1, which
in turn is equivalent to gcd(%, ceey %, N) =1 by our assumptions. This last
equality can be seen to hold using the identity lem(by,...,b,) = m

where m; = [ [\ iy b5 for i € [r].

Using the notation in Theorem 5.9, we have Mdr(D) = Mdz-/a(E).
Letting ¢/ denote the homomorphism Z" — T, n — nyt; + - - - +n,t,., by the
first isomorphism theorem we have Z" /A = 1¢(Z"). Denoting by % - Zy the

subgroup of T of order N, we have ¢(Z") = + - Zy, and ¢(e}) = t; = &
N

=z

for i € [r]. It follows that Mdz. /s (E) = Md. g (D) =Mdg,({ds,...,d.}

This last quantity equals % Hence Mdr (D) %

~—

U

Remark 5.14. Lemma 5.13 shows that Motzkin’s problem in T subsumes the
problem of determining the independence ratio of circulant graphs. Solving
the latter problem in turn yields a solution to Motzkin’s original problem in
Z for finitely many missing differences. This follows from the fact that for
any finite set D C N, identifying Zy with the integer interval Fy = [—%, %]
with addition mod N, we see that limy_,. Mdz, (D) = Mdz(D). Indeed,
this can be seen from (5.9) noting that limy_,.. d”flg?‘” — Mdgz, (D) = 0,
and it can also be seen from previous work: by [43, Theorem 4.1] the limit
limpy 0 Mdz, (D) equals the reciprocal of the fractional chromatic number
of the graph Cay(Z, D); this reciprocal in turn equals Mdz(D) [47, Theorem

1].

5.2.4 The case |D| =1

Proposition 5.15. For D = {t} with t € (0,1) we have

1/2, tZQ
Mdr(D) = { IN/2| /N, t= %, ged(d, N) = 1.

Proof. The case t ¢ Q follows from Theorem 5.7. For t = % with coprime
integers d, N, we have by Lemma 5.13 that Mdr(D) is the independence ra-
tio of an N-cycle. This ratio is easily seen to equal | N/2| / N by identifying
the cycle’s vertex set with [0, N — 1], where x,y € [0, N — 1] form an edge
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if and only if |z — y| = 1 mod N, and noting that {0,2,...,2(|N/2| — 1)}
is a stable set of maximal cardinality in this cycle. O

5.3 The case |[D|=2,D ¢ Q

In this section we suppose that D = {t1,t2} C (0,1) where t;,t, are not
both rational, and we prove Theorem 5.2. Theorem 5.7 already covers the
case in which 1,t;,%, are linearly independent over QQ, in other words, the
case in which the lattice A from (5.6) is trivial (i.e. A = {0}). The case
in which A has full rank 2 corresponds to D C Q (treated in the next
section). Therefore, here it only remains to address the case in which A has
rank 1, that is, where A is a non-trivial cyclic subgroup of Z?. We begin
by describing this subgroup more explicitly in terms of the assumption in
Theorem 5.2.

Lemma 5.16. Let t1,to € (0,1) such that {t1,t2} ¢ Q and 1,t1,ty are
linearly dependent over Q. Let A be the kernel of the homomorphism 72 —
T, (n1,n2) — nity + nots, and let my, mo € Z. Then (mq, my) generates A
iof and only if there is mg € Z such that

(mg, my, ma) € Z3\{O}, mo = myt;+maoty  and  ged(mg, my, mg) = 1.
(5.17)

Proof. If (my,ms) generates A (i.e. A = Z(my,msy)) then in particular
(my,m2) € A, so there is mg € Z such that mg = mqt; + maty (and
clearly mj,my cannot be both 0 since A is non-trivial); moreover g :=
ged(mo, m1, m2) must be 1, as otherwise (**, *2) would be an element of

A\ Z(my, ms), contradicting that (my,ms) generates A. Hence (5.17) holds.

To see the converse, note first that if (5.17) holds then (mqy,ms) € A,
so Z(my,mz) C A and it only remains to prove the opposite inclusion.
For this, it suffices to prove that every m’ = (m{, m}, m}) € Z* satisfying
my = mit; + mhty is an integer multiple of m = (mg, my, my). If one of
t1,ty is rational, say t; € Q, then since of t, ¢ Q we must have my =
my = 0, so my/my = t; = my/my and the claim is then clear. Let us
therefore assume that ti,¢5 are both irrational. We have by assumption

moy = m1t1 + mth

my = mit; + mbts
Multiplying the first equation by m/, the second one by m;, and subtracting,

. Note that none of my, m} is zero, otherwise ¢, € Q.
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we deduce that mymy—mem| = (mymb—m)ms)ts. Since ty & Q, this implies
mymy = mimy and mym; = mem). The former equation implies that
(mq, mg), (m},m)) are linearly dependent over Q. Hence there are coprime
non-zero integers a, b such that a(mi, ms) = b(m/, m}). Using this in the
system of equations above yields amg = amit; + amgts = bmity + bmbty =
bmyg, so am = bm'. This combined with ged(a,b) = ged(mg, mi,mg) = 1
implies [b| = 1, so m’ is indeed in Zm. O

In view of Lemma 5.16 and Theorem 5.9, to complete the proof of Theorem
5.2 it now suffices to prove the following result.

Theorem 5.17. Let A be a cyclic subgroup of Z? generated by an element
(my,my) € Z*\ {0}. Let E be the image of the standard basis {e1,ea} in
the quotient Z*/A. Then

Mdg2/p(E) = |k/2]/k, where k= |mq|+ |mal. (5.18)

The basic idea of the proof is that the (undirected) Cayley graph
Cay(Z?*/A, E) can be decomposed by partitioning Z?/A into translates of a
cycle of length & in the graph, so that Mdyzz /s () is then easily shown to
equal the independence ratio of this cycle.

Proof. We can assume without loss of generality that m; > 0 and my > 0.

Let R denote the set Z(1,—1) + [0,k — 1] x {0} = {(ni,ns) € Z* :
ni+ng € [0,k —1]}. It is easily checked that R is a fundamental domain for
the action of A on Z?. For this proof we identify Z%/A as a group with R
equipped with addition mod A (i.e. addition in Z? composed with reduction
mod A into R), and we identify E with {e1,e2} C R.

Let G be the Cayley graph on R with generating set E, i.e. with uv being
an edge in G if and only if v — u € {e1, —eq, €9, —e2} (where the operations
are in R). Let C = C; U Cy C R where C} = {(0,7) : i € [0,mq — 1]}
and Cy = {(i,mqg — 1) : i € [my]} (if m; = 0 then Cy = ()). Note that the
subgraph of G induced by C' (denoted by G|[C]) is a k-cycle. Note also that
R=],cz C+n(l,-1).

We now prove that Mdzz/,(E) is the independence ratio of G[C], i.e.

N

U‘:—IGJ. For N € Nlet Fy = |[|,_ y C+n(l,—1). It is easily seen that

(Fn)nen is a Folner sequence in R.

To see that Mdzz/, (E) > %, let S be a stable subset of C' of maximal
size (thus |S| = [k/2]) and note that S is E-avoiding. Let A :=|], ., S+
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n(l,—-1) = S+ Z(1,—-1). We claim that A is E-avoiding. Indeed, suppose
for a contradiction that there is x € A with x +¢; € A for i = 1 or 2. Since
A is invariant under translation by elements of Z(1,—1), we can suppose
that z € S. If x + e; € A, then we must have z +¢e; € SU (S + (1,—1)).
This implies that (S+e;)N[SU(S+(1,—1))] # 0, which implies that S — S
contains e; or ey, which is impossible since S is E-avoiding. If x + ey € A,
then x + ey € SU(S — (1,—1)), but then (S+e3) N[SU(S —(1,-1))] # 0,
which similarly contradicts that S is F-avoiding. This proves our claim.

Now note that % = % = Lk_]é2j for all N. Hence by (5.9) we have

Mdgz )\ (E) > F21

To see that Mdgz/x(F) < %, note that for any ¢ > 0, by (5.9), for

some N € N there exists an F-avoiding set A C Fl such that % >

Mdgza(E) — . We also have 2l = Grber S0 0 [(C +n(1,-1)) N AJ.
Now each set AN (C +n(1,—1)) is a stable set in (a translate of) the cycle

G[C], so this set has size at most [k/2]. We deduce that 1AL < F21 4
|| k

Mdzz /A (E) < % + ¢ and the desired inequality follows letting ¢ — 0. [

5.4 |D| =2, D C Q: the independence ratio
of 2-jump circulant graphs

When both elements of D are rational, it follows from Lemma 5.13 that
Mdr (D) is the independence ratio of a connected circulant graph with
two jumps. Thus, throughout this section we let G be a circulant graph

Cay(Zy,{di1,ds}) with ged(N,dy,dy) = 1. Our aim is to determine «a(G).

It is well-known (and easily seen) that in this situation if G is bipartite
then a(G) = §. If G is not bipartite then it contains an odd cycle. Recall
that the odd girth of G is then defined to be the smallest length of an odd
cycle in G. We then have the following upper bound for a(G).

Lemma 5.18 (Odd-girth bound). Let G be a circulant graph of order N
and odd girth k. Then
a(G) < [N (5.19)

This is an immediate consequence of the “no homomorphism lemma” of
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Albertson and Collins, which we recall here; see [1, Theorem 2] and also [33,
Lemma 3.3].

Lemma 5.19. Let G be a vertex transitive graph and let H be a subgraph
of G. Then o(GQ)/|V(G)| < a(H)/|V(H)|.

Remark 5.20. The odd-girth bound (5.19) is attained in many cases. Note
first that if G is 2-regular (i.e. every vertex in G has two neighbours) then
d; equals dy or —dy, that is, there is just one jump of odd order N, so o(G)
attains the odd-girth bound |N/2] in this case. If G is 3-regular (which
occurs only if N is even and one of the jumps is N/2) then it can be seen
that the odd-girth bound is attained as well, using for instance [37, Corollary
2.27]. Therefore, from now on we assume that G is 4-regular. Among 4-
regular connected circulant graphs, examples attaining the odd-girth bound
include those given by Gao and Zhu in [28, Theorem 7], which have jumps
1 and dy, with dy sufficiently small compared to N. We establish a different
family of examples in Proposition 5.29 below.

The following result provides an infinite family of examples of 2-jump circu-
lant graphs with independence number strictly below the odd-girth bound.

Proposition 5.21. Let d € N be odd, let N = 2d(d + 1), and let G =
Cay(Zy,{d,d + 1}). Then o(G) = d?, and G has girth k = 2d + 1, so
a(G) = ['FN] - 5

Proof. We first prove that G has girth 2d + 1. Every cycle in G can be
translated in Zy to obtain a cycle C' of same length starting from 0. To
every such cycle C' there correspond integers a, b such that a(d+1)+bd = 0
mod N and such that the length of the cycle is |a| + [b|. Supposing first
that a(d 4+ 1) + bd = ¢N for a non-zero integer ¢, we have 2d(d + 1) = N <
leN| < (Ja] + [6])(d+ 1), so |a| + |[b] > 2d and therefore the cycle has length
at least 2d + 1. Note that this length is achieved by the cycle in which first
the element d is added d+ 1 times to 0, and then the element d+ 1 is added
d times to reach N. The remaining possibility is that a(d 4+ 1) + bd = 0.
Then |a|(d + 1) = |b|d > lem(d,d + 1), and this least common multiple is
d(d+ 1) (since d,d + 1 are coprime), so we deduce |a| > d and |b| > d + 1,
so |a| +|b| > 2d + 1.

k—1 _ | 242+ | _ 2 | d?
Next, note that \_—% NJ = \_ 241 J = \_d2 + 2d+1J2_ d* + \_Zd—f—lj’ and
d—1 _ d+1 ?  _ d-1 d+1 | _ d-1
7 (2d+1) =d® — T, s0 557 = G + 550, s0 |55 ] = G5
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Finally, we prove that a(G) = d*. To this end, let ¢ denote the homo-
morphism ¢ : Z? — Zy, (z,y) = x(d+ 1) + yd mod N, and let A = ker ¢.
Let R denote the fundamental domain [0,2d — 1] x [0, d] C Z? equipped with
Z*-addition mod A, and note that ¢ restricts to an isomorphism R — Zy, so
we may identify G with the Cayley graph Cay(R, {e1, e2}). Let H denote the
subgroup [0,2d —1] x {0} of R. It is easily seen that for every stable set S of
G, each of the d+1 cosets of H contains at most d elements of S. A stable set
S’ of size d* can be constructed by letting Sy = {(2i,0) :i € [0,d—1]} C H
and then letting S’ = W(Uje[o,d—l] So+3(1,1) mod A). Hence a(G) > d>.

Now let S C R be any maximum stable set in G. Since |S| > d?, the
average number of points of S per coset of H is greater than d—1, so there is
a coset of H whose intersection with S has size d and is therefore a translate
of the above set Sp. Hence we may assume (translating if necessary) that
HnNS =8, It follows that S N (H + e3) C (Sp + e2)® and also, using
that —ey = (d,d) mod A, that SN (H —e2) = SN (H + (d,d)) C (So +
(d,d))® = (So + (1,d))¢, where the last equality follows from the invariance
So = So + 2e1. Therefore S\ H is a stable set of the subgraph of G induced
by S\ (HU(So+e2)U(So+(1,d))). In this induced subgraph, every vertical
line is a path of even length d — 1, which contains at most (d—1)/2 elements
of S. Therefore |S| < d+2d(d —1)/2 = d?, so o(G) = d°. O

Proposition 5.21 shows that for a connected circulant graph

G = Cay(Zy,{di,ds}) the independence number «(G) can go below the
odd-girth bound by as much as a constant multiple of v/ N. We will show
that this is the correct order of magnitude for how large the difference
between these two quantities can be. Thus, in particular, the odd-girth
bound is an estimate for a(G) that is asymptotically tight as N increases.
We will establish this by proving the following result, which immediately
yields Theorem 5.3.

Theorem 5.22. Let G = Cay(ZN,{dl,dg}) with <d1,d2> = ZN. [fG 18
bipartite then a(G) = N/2. Otherwise, letting k denote the odd girth of G,
we have

|5AN] > o(G) > [5EN-3VN]. (5.20)

By Remark 5.20 there are arbitrarily large N for which the upper bound
in (5.20) is sharp, and by Proposition 5.21 there are also arbitrarily large
N for which the lower bound in (5.20) is sharp up to the absolute constant
multiplying v'N.
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To prove Theorem 5.22 we shall use the following full-rank lattice natu-
rally associated with G:

A={r €Z®: x1dy + 23ds =0 mod N}, (5.21)
that is, the lattice A is the kernel of the homomorphism
¢ : 7% = Ly, (x1,72) — 21d; + 22dy mod N. (5.22)

Since we suppose that (dy,ds) = Zy, we have that ¢ is surjective. Note
that ¢ is also a graph homomorphism Cay(Z?, {e;,es}) — G.

The lattice A is useful to analyze cycles in GG. In particular, short cycles
are related to the successive minima A, Ay of A relative to the ¢'-norm,
namely (see [15])

A1 = min{p : dim (Span(B,NA)) > 1}, Ay = min{p : dim (Span(B,NA)) > 2}

(5.23)
where B, is the ball in R? centered at the origin and of radius p relative to
the /*-norm.

Remark 5.23. The lattice in (5.21) is a special case of the lattice in (5.6).
These objects, as well as the role played by short cycles in the case of two
missing differences, are some ideas unifying the various cases of Motzkin’s
problem treated in this paper. We say more about this in Section 5.5.

The following lemma shows that we can always select a convenient basis
for A.

Lemma 5.24. Let G = Cay(ZN, {dl, dg}) with <d1, d2> = ZN, and let )\1, )\2
be the successive minima defined in (5.23). Then there exist u,v € A with
the following properties:

1. {u,v} is a basis of A such that ||ully = M1, ||v]1 = Ae.

2. If G has odd girth k, then k € {1, A\2}.

Proof. Property (i) is a standard result (see [15, p. 204, Lemma 1]).

To see property (i), note first that A\, Ay are both lengths of cycles in G.
Indeed, given any w € Z? let P(w) denote the path in Z? that starts at the
origin, then adds e; = (1,0) if wy; > 0 (resp. —e; if wy < 0) until it reaches
(wy,0) and then adds es = (0,1) if wy > 0 (resp. —eq if wy < 0) until it



CHAPTER 5. ON MOTZKIN’S PROBLEM IN THE CIRCLE 126

ends at w. Note that if w is u or v, then the map ¢ from (5.22) is injective
on P(w) \ {w}, so that ¢(P(w)) is indeed a cycle in G of length ||wl|[; = ;.
Indeed, suppose for a contradiction that there exist z,y € P(w) \ {w} with
o(x) = p(y) and ||z||; < [|y]l1. Then y —x € A\ {0} would have ||y —z||; <
|lwll1 < A2, so y — 2 would be in the span of u (by [15, p. 204, Lemma 1]).
Hence ||wlly > ||u||1, so w must be v. Then v — (y —z) = w — (y — x) is an
element of A\ {0} of /-norm less than ||wl||; = A, so it is also in the span
of u. This contradicts the linear independence of u, v.

If G has odd girth k, then by translating we find a k-cycle C' = (xy =
0,21, ...,2, = 0) in G. We can then construct a walk C' = (& = 0, &y, ..., %)
in Cay(Z?, {e1,es}) such that ¢(C) = C (in particular ¢ restricted to
C\{#} is bijective onto C'). Note that 7 is in A and cannot be 0, since oth-
erwise k would be even. Hence ||Zx|[y > A1, and so k > A;. If Ay is odd, then
we must have k£ = \q, since by the previous paragraph A is the length of an
odd cycle in G, and k is the minimal such length. If Ay is even, then A must
be odd. Indeed, otherwise for every cycle C' = (zo = 0,21, ..., 21,2, = 0)
in G, for the walk C' = (g = 0,Z1,...,T,) in Z* satisfying gp(é’) = C,
we have that z,, € A, so ,, is an integer combination of u,v and therefore
|Zn]|1 would be even. This would imply that every cycle in G has even
length, contradicting that G has odd cycles. Since k cannot be the even
number )\; and is at least the /*-norm of some non-zero element in A, we
have k > Ay, whence k = Ay (since Ay is an odd-cycle length). This proves

property (7). O

We shall use the basis {u, v} to estimate a(G). We begin by reformulating
the bipartite case in terms of the minima from (5.23).

Lemma 5.25. We have a(G) = N/2 if and only if Ay and Ay are both even.

Proof. We first prove the backward implication. If A\; and A\, are both even,
then, as noted in the proof of Lemma 5.24, the graph G has no odd cycles,
so it is bipartite and therefore a(G) = N/2.

For the forward implication, note that if one of A{, Ay is odd then G
has odd girth £ € {A1, A2} by Lemma 5.24, so by Lemma 5.19 we have
a(G) < ELIN < N/2. O

Thus, to prove Theorem 5.22 (more precisely (5.20) therein) we can assume
that at least one of u,v has odd ¢'-norm.
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Let P denote the parallelogram determined by u, v:
P:=1[0,1)% (u,v) :={au+Bv:a,B €[0,1)}

By standard results, the Lebesgue measure of P is the absolute value of
det (45 v ), which is also equal to the index |Z?/A|, which equals N by the
first isomorphism theorem and the surjectivity of ¢. Moreover, since P is
also a fundamental domain for Z?/A, we have that |P N Z?| is also equal to
1Z2 /|, so

|PNZ* = N. (5.24)

The following result tells us that for each ¢ € {1,2} we can always partition
a large subset of Zy into useful translates of a cycle of length A;.

Lemma 5.26. Let G = Cay(Zy,{d1,ds}) be 4-reqular with {(d,ds) = Zn,
let A be the associated lattice from (5.21), and let A1, Ay be the successive
minima of A relative to the £*-norm. Then for each i € {1,2} there exists a
Ai-cycle C; in G and 1,69 € {1,—1} such that we have the following union
of pairwise disjoint translates of C; in Zy:

|

=

|-2

(CZ +t(€1d1 +€2d2)). (525)

o~
|

The idea of the proof is that there is a lattice path in Z? which represents a
Ai-cycle and has the property that, modulo A, one can tile a large subset of
P N Z* with certain translates of this path. The images of these translates
under ¢ then yield (5.25).

Proof. Let {u,v} be the basis of A provided by Lemma 5.24. We prove
(5.25) for ¢ = 1; the proof for i = 2 is similar. Note that the operations
of permuting d;,ds; and changing their sign all yield isomorphisms of G,
and that the conclusion of the lemma is not affected by these operations.
It follows that, by performing such operations if necessary, we can assume
that u has both coordinates non-negative and the angle from u to v is in
(m,2m) (i.e. det (s o) < 0). In the resulting more specific situation, we can
prove (5.25) with 1 = —&y = 1, as follows.

We first settle the case in which one of uq, us is 0. If u; = 0, then
us = Ap is the order of dy in Zy. We then set C; to be the cycle (dy). By
Minkowski’s second theorem [15, p. 203, (12)] we have A Ay < 2N, and each
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A; is at least 3 (otherwise G is not 4-regular). Hence \; < N, so in particular
(1 is a proper subgroup of Zy. Since (dy,ds) = Zy, the cosets of the form
Ci +tdy, t > 0 cover Zy. Then the smallest t € N such that td; € C is
t = N/ (in particular d; ¢ C4). Hence (5.25) holds with ¢ up to N/A; — 1
in this case, as a particular way to write the partition of Zy into cosets of
Cy. A similar argument yields (5.25) when uy = 0.

We assume from now on that u, us > 0.
Let Oy = (2 = 0,2®,...,2™) = 4 — ¢,) be the lattice path in Z? of
length A\; which starts at the origin, ends at u — ey, and stays as close as
possible to the line Ru while staying below this line (i.e. z§) < Z—fxgj ) for all

j € [M]). We can describe € inductively as follows, using the fact that the
vertical distance to Ru from a point 29 below Ru is Z—fxgj ) _ xéj ).
) + ey, Z—jmgj) —z¥) e [0,1)
29 + ey, Z—fz&j) - :Egj) >1
(5.26)
We now estimate the greatest positive integer s such that the homomorphism
¢ from (5.22) is injective on | J;_, C; + #(1,—1). First note that, for every
s € N, there is no pair of points in this union differing by a non-zero multiple
of u. Indeed, supposing that z € C; +i(1,—1) and y € Cy + j(1,—1) for
j > 1, then y cannot be x+u (let alone being z+7ru for any integer r > 1), for
we have yo < us—1—7, while x9+us > us—1i, 80 xo+us—1ys > j—i+1 > 0.
Therefore ¢ is injective on J;_, Ci+ t(1,—1) if and only if no pair of points
in this union differ by an element of the form au + bv with a,b € Z and
b # 0. A sufficient condition for this to hold is that every point in the
union lies strictly above the line v + Ru. To ensure that this condition
holds, it suffices to ensure that no point of Cy + (s, —s) lies on or below
the line v + Ru. Let z denote the point in C, most distant from Ru in the
direction of (1,—1), i.e. the point that maximizes the Euclidean length of
the line segment parallel to (1,—1) joining the point to the line Ru. Then
the above condition holds if we set s = || — 1 where o, 1 are the unique
real solutions to z + o(1,—1) = v + nu. (We are unable to guarantee that
the condition still holds with s = ||, because if o happens to be an integer
then z + (0, —0) = v + nu is on the line v + Ru and then we are unable to
ensure that ¢ is injective as desired.)

¢ =0, and for j € [\ —1], 20D = {

Note that z is a point in C; maximizing the vertical distance to Ru, i.e.
uz ) _ 20 By (5.26), if the vertical distance

Z—le — 29 = h = maX;ep, o™
from zU) to Ru is at least 1, then from zU+Y) the distance is smaller than
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that from z). Hence the maximum h occurs at z = 2! where 2U) has
vertical distance d to Ru which is maximal subject to being less than 1.

Thus d < max;ejo,u,—1j{j 22} = 1 — 892 g0 = (4 L2 < ttue—gedlune)

We therefore have ¢ > ¢/ where (0, —“tue=scdlmuely 4 51 1) € y + Ru.

ul
We obtain (using A\; = w3 +ug, N = ugv; —uqvy) that o’ = %—H—%ﬁ’m >
)\—]\i —1. Hence, setting s = |o] —1 > L%J —2, we conclude that ¢ is injective
on the set S := J;_y (Cy +¢(1,—1)). It is easily seen from (5.26) that the
translates of C; forming S are pairwise disjoint, so by injectivity of ¢ the
images of these translates under ¢ are also pairwise disjoint. Letting C be
the cycle ¢(Cy) in G, we deduce (5.25) in this case, which completes the
proof. O]

Using the tiling by cycles in Lemma 5.26, we can form large independent sets
in G by carefully choosing a maximal independent subset in each translate
of C; in (5.25) except the last translate. This yields the following result.

Proposition 5.27. Let G = Cay(Zy, {d1,d2}) be 4-reqular with (dy,ds) =
Zy, let A be the associated lattice from (5.21), and let A\, Ay be the successive
minima of A relative to the £*-norm. Then

a(G) > max (|| -2) %] (5.27)

A

Proof. Let | |,_, C; + t(e1dy + €2ds) be the partition in (5.25), with s =
L%J — 2. Let B be the independent subset of C; of maximal size obtained
by starting from 0 and picking one of every two successive elements, stopping
once we have picked [2!] elements. Let A := o Bt t(erd) + eady). Tt
suffices to prove that A is stable, as then «(G) > |A| > s|3|. We prove
this for ¢ = 1; the proof for ¢+ = 2 is similar. By initial operations similar to
those in the previous proof, we may assume that ¢, = —gy = 1, ug, us > 0,

and det (s o) < 0.

Suppose for a contradiction that vertices x,y € A form an edge in G.
Since B is stable, these vertices must lie in distinct translates of C;. Shifting
and relabeling, we can suppose that x € B and y € B +t/'(d; — dy) for some
tell,s—1].

We claim that ¢ = 1. To see this let C} be the Z2-path described in
(5.26), and note that since ¢ is bijective on | |;_,C1 + t(1, —1), there are
unique € Cy and § € Cy+t/'(1, —1) with ¢(Z) = =, p(y) = y. The distance
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in G between x and y (i.e. the length of a shortest path from x to y in G)
is || — Z||p/a := minea ||§ — T — 2][1. Since z,y are neighbours in G, this
distance is 1, so there is z € A and w € {£ey, £ey} such that § = T+ w + z.
If ¢/ > 2 then this cannot happen with z being just a multiple of u, so z must
be of the form nyu 4+ ngv for ny € Z and ny € N. But then y —w =2 + 2
lies on or below the line v + Ru, which is impossible by construction of s
since t' < s — 1. This proves our claim.

Since ¢’ = 1, we have § € C; + (1,—1), and since § = T + w + z, we have
that Cy + (1, —1) overlaps mod A with Cy 4+ w. By construction of Cy, this
requires w to be e; or —ey (since C’l —ep and C’l + e, clearly do not overlap
with C} + (1, —1)). We deduce that y = (& +w+ 2) equals z+d; or = — d.
Since y = b+ dy — dy for some b € B, we deduce that b = x 4+ dy or z — dj,
so x, b are elements of B adjacent in (G, contradicting that B is stable. This
proves that A is stable and completes the proof. n

Since the odd girth k of G is in {A1, Ao}, from (5.27) we deduce immediately
that
o(6) 2 (| -2) 15 (5.29)

The lower bound here may seem to be close to the odd-girth bound, but
the two bounds can in fact differ by as much as a fraction of N, when k
is proportional to N. However, combining (5.27) with Minkowski’s second
theorem, we can now prove the main result of this section, Theorem 5.22,
which ensures that the odd-girth bound itself is close to a(G).

Proof of Theorem 5.22. By (5.19), it suffices to prove the lower bound for
a(G) in (5.20). As noted in Remark 5.20, if G is d-regular with d < 4 and
has odd girth k, then we already know that a(G) = [N, so (5.20) holds
in these cases. We therefore assume from now on that G is 4-regular.

Suppose first that £ = A\;. Then by Minkowski’s second theorem we have
E </ A < V2N. (5.29)
Therefore, in this case by (5.27) we have
2 2k

0(C) = (|2 ~2)55t > (¥ ~8)51 2 SN — 3k 4 3> SN 3V

Supposing instead that &k = Ay > Ay, then by minimality of £ and the fact
that A; is the length of a cycle in G, we have that A\; must be even, so
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A1 > 4 (since G is 4-regular). By Minkowski’s second theorem again we
have A\; < v2N. Then by (5.27) we have (using that 2k < A\ A\y/2 < N)
2(@)2 (18] -2)% > ¥~ n > SN+ X - 3VAN 2 51N -3V, D

A1

Remark 5.28. As mentioned above, from (5.20) we immediately deduce
the asymptotically sharp estimate (5.5). To compute the main term kQ—_kl
in this estimate, it suffices to find the vectors u, v from Lemma 5.24. This
can be done using the Lagrange-Gauss reduction algorithm for the ¢!-norm

[39], starting from any basis u/,v' for A (for instance u' = (2, —%) o' =
(Na, Nb) where g = ged(dy, d2) and a, b € Z satisfy a% + b% =1).

9 g

To finish this section, we consider the problem of determining for which
4-regular circulant graphs with 2 jumps the independence number matches
the odd-girth bound. We do not solve this problem fully, but we provide
the following family of such graphs, which is naturally described in terms of
the associated lattice, and which differs significantly from the family given
by Gao and Zhu in [28, Theorem 7].

Proposition 5.29. Let G = Cay(Zy, {d1,d2}) be 4-reqular with (dy,ds) =
Zy, and suppose that G has odd girth k. Let w be the basis element in

{u,v} such that ||w||; = k. If some coordinate of w is 0, then a(G) equals
the odd-girth bound %N .

Note that by permuting d; and d, if necessary, we can assume that w; = 0,
so that w = (0, k). In this case the subgroup (d») < Zy constitutes a k-cycle
C'in G (and in particular k divides N). Let w’ € {u,v} \ {w}. As noted in
the proof of Lemma 5.26, we have the partition

with w| = N/k. In particular wid; € C, so there is j € [— %, %] which
is the integer with least absolute value such that wjd; + jds = 0 mod N.
Then, since ||w'[|; is the other smallest length of a non-trivial cycle in G, it

follows that wj = j.

Proof of Proposition 5.29. We first observe that the following claim implies
the conclusion of the proposition.

Claim: There is a walk po, p1, .. ., Pu
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in Cay(Zy, {1,—1}) starting at 0 and ending at wy. (5.30)

Indeed, if (5.30) holds then we can construct a set A C Zy that is stable in G
and has |[A| = LN as follows. The set Ay = {0,2ds,4ds, . .., (k— 3)ds} C
C is stable in GG and has size % (which is maximal subject to being a stable
set included in C). Then, letting po,pi1, ..., pw; be a walk as described in

(5.30), the following set is stable of size 2 %=L

k2
wi—1
A= | | Ag+tdy + pids.
t=0

We now prove the claim (5.30), by distinguishing two cases according to the
parity of ||w']];.

Suppose that [[w'[; is odd. Then w} + |w)| = |w'[; > k. Then =
wh >k — |w).

We can then see that there is a walk as claimed in (5.30), as follows. Since
w) — (k — |wj|) is non-negative even, we can start the walk by alternating
+1 and —1, setting pg = 0, p1 = 1, pp = 0, and so on up 0 Pu; —(k—juy) = 0.
From here the walk becomes monotonic, adding only +1s (resp. —1s) to end
at pu, =k — |wy| = wy mod k if wy € [—£1,0) (resp. puw; = —(k —|wy|) =
wh mod k if wh € [0, E1]).

Suppose now that [|w’||; is even. We claim that w} > |w)|. Indeed,
otherwise the number w| + k — |wj| is less than k, is odd (since it equals
k+ ||w'|ly — 2|w)]), and is positive (since [wh] < £1). On the other hand
this number is the length of an odd cycle in G. Indeed, since w’ € A, we
have sw|d; + |w)|dy = 0 mod N for some s € {1, —1}. Hence, since dy has
order k, we have —swid; + (k — |w}|)d2 = 0 mod N, which indeed implies
the existence of a cycle of length w} + k — |wj|. This proves our claim.
Since w| > |wh|, we have that w} — |w)| = [Jw'[|; — 2|w)| is non-negative
even. We can then construct a walk as claimed in (5.30) as follows. We
start again by alternating +1 and —1, setting po = 0, p1 = 1, po = 0, and
so on up to py, | = 0. From here the path goes monotonically again,

k=1

to end at p,, = why (adding only +1s if w;y € [0,%5] and only —1s if

wh € [—%,0)). O



CHAPTER 5. ON MOTZKIN’S PROBLEM IN THE CIRCLE 133
5.5 Final remarks

As mentioned in the introduction and explained in Remark 5.14, Motzkin’s
problem in T can be seen to subsume (in its rational case D C Q) the original
problem in Z for finite D. At the end of the introduction we mentioned
a more specific instance of this, namely that the asymptotic solution to
the case of two rational missing differences in T (i.e. Theorem 5.3) implies

the classical solution (5.2) of Cantor and Gordon, namely Mdz({d;, ds}) =
[(d1+d2)/2]
di+d2

As explained in Remark 5.14, we have Mdz, ({d1,d2}) — Mdz({d1, d2})
as N — oo. It is easily seen that if di,ds are both odd then, for N even,
the circulant graph Gy := Cay(Zy,{dy,d>}) is bipartite, while if dy,ds
have different parity then for large NV the graph Gy has odd girth d; + ds.
Hence in all cases Theorem 5.3 indeed yields formula (5.2) in the limit. In
particular, in the non-bipartite case, formula (5.2) can be written in terms
of the odd girth k of Cay(Z, {dy,ds}), namely Mdyz({d;, d>}) = &1

2k

for any coprime positive integers di, ds. Let us detail this.

Formula (5.4) from Theorem 5.2 can also be phrased in terms of the
odd girth of an associated graph, namely the uncountable Cayley graph
G = Cay(T,{ti,t2}). Under the assumptions of Theorem 5.2, it can be
seen that if mq, my have equal parity then G is bipartite (since then every
element of the associated lattice A is a multiple of (my, ms) by Lemma 5.16
and therefore has even £'-norm, which implies that every cycle in G is even),
and otherwise G has odd girth k£ = |m4| + |maz|, so that formula (5.4) can
be written Mdy({t1,t2}) = &1

These connections suggest that there may be a more fundamental result,
phrased in terms of the odd girth of a more general type of Cayley graph,
which would imply all the above results in the case |D| = 2, thus shedding
more light on the above connections.

It would be interesting to explore Motzkin’s problem further, in at least
two directions that would extend the main results of this paper.

One direction consists in considering more general compact or finite
abelian groups. In this paper we have focused on the circle group, but
some of our main results extend readily to more general compact abelian
groups Z. For instance, the conclusion Mdy(D) = 1/2 in Theorem 5.7 is
extended to Mdz(D) = 1/2 by a similar argument using Rokhlin’s lemma
if the assumption of linear independence over Q is replaced by the trivial-
ity of the lattice A from (5.6). Theorem 5.3 can also be formulated more
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generally, whenever t;,t, generate a finite subgroup Z' of Z, as the esti-

mate 21 > Mdz({t1,5}) > 52 — \/iﬁ where N is the order of Z' and k

is the odd girth of Cay(Z', {t1,t2}) (assuming this graph is not bipartite).
Let us mention also that there are previous results in combinatorics which
can be viewed as determining Motzkin densities in other complex cases not
addressed in this paper. There is for example the main result from the pa-
per [42] by Kleitman, which can be phrased as follows (we are grateful to
the anonymous referee for mentioning this).

Theorem 5.30 (Kleitman 1966). Let k,n € N with 2k < n. Let G = 7,
and let
D={(zy,...,2n) € G: #{j : z; =1} > 2k}.

Then Mdg(D) = & 328 (7).
A second natural direction of further research is to address the problem in
T for finite sets D of cardinality at least 3. Here the transference result
and tiling arguments in sections 5.2-5.4 may constitute useful elements for
a general approach. A particularly appealing question in this direction is
whether, and in what form, the asymptotically sharp estimate (5.5) can be
refined and extended to circulant graphs with more than 2 jumps.
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