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(Resumen

Este trabajo esta dedicado al estudio de desigualdades geométricas discretas y, en particular, a la dis-
cretizacion de desigualdades en el campo de la Geometria Convexa. En este contexto, por discretizacion
hacemos referencia al proceso de obtencién de andlogos de desigualdades ya conocidas en Geometria
Convexa, preservando la estructura y cualidades originales en la medida de lo posible, en un marco en el
que el espacio ambiente, las medidas involucradas, los objetos de estudio, los funcionales implicados,
o cualquier combinacién de éstos, son discretos. Conviene aclarar que, en el campo de la Geometria
Discreta, “discreto” se entiende a menudo en un sentido més restrictivo que el topolégico habitual. En
concreto, diremos que un conjunto es discreto si existe una distancia minima universal entre cualquier
pareja de puntos del conjunto.

Por razones operacionales, habitualmente es necesario asumir una mayor estructura aparte de la
discrecion del espacio ambiente. En particular, es comin considerar que el espacio sea también un grupo
aditivo. Un conjunto verificando las dos propiedades anteriores es un “reticulo”. Trabajaremos con
reticulos embebidos en R”, y como dichos reticulos son precisamente las imagenes lineales del reticulo
entero Z", la mayor parte del andlisis en este trabajo se centrard en el mismo, indicando ocasionalmente
como adaptar los resultados al caso general de reticulos arbitrarios.

De todos los posibles marcos de trabajo en el contexto anterior, quizd los dos mas comunes sean el
estudio de subconjuntos finitos de Z" con la medida de cardinalidad |- |, y el estudio de subconjuntos
acotados de R” con la medida dada por el “enumerador de puntos del reticulo” Gy (-) = | - NZ"|. Nuestro
trabajo se centra principalmente en éste tltimo, aunque el primero cobrard especial relevancia en el
capitulo 2.

Ademds de preservar la estructura general de las desigualdades durante el proceso de discretizacion,
procuraremos a menudo obtener la propiedad adicional de que las nuevas desigualdades permitan recuperar
las originales en el contexto continuo. Esto, aparte de proveer un indicador general de la calidad de la
discretizacion, proporciona un potencial método alternativo de progresar en el contexto continuo. Para
este proposito el enumerador de puntos del reticulo es particularmente apropiado, ya que tiene un mejor
comportamiento con respecto a la dilatacion de conjuntos, y buena parte de los métodos para obtener
versiones continuas de desigualdades a partir de andlogos discretos derivan de argumentos estandar de
integracion Riemann, o de otras aproximaciones de teoria de la medida, que pasan precisamente por
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dilatar los conjuntos implicados y tomar limites. En cualquier caso, en ocasiones esto también puede
llevarse a cabo inicamente con la cardinalidad.

La estructura general de la tesis es la siguiente. Por un lado, los primeros tres capitulos se ocupan
de la discretizacion de tres conocidas desigualdades en Geometria Convexa, a saber, la desigualdad de
Brunn-Minkowski, la desigualdad isoperimétrica y la desigualdad de Rogers-Shephard, respectivamente.
El dltimo capitulo, por otro lado, parte ya de un origen discreto, el segundo teorema de Minkowski,
aunque también puede entenderse como un proyecto de discretizacion, dado que estd dedicado a conectar
el funcional volumen con el enumerador de puntos del reticulo mediante los minimos sucesivos de
Minkowski (véase la definicion 4.1), asi como a obtener un andlogo del segundo teorema de Minkowski
para este ultimo funcional.

La estrategia del proceso de discretizacién empleado en los tres primeros capitulos fue introducida en
varios articulos recientes, incluyendo [63, 69], dedicados a la desigualdad de Brunn-Minkowski. Esta
desigualdad afirma que para cualesquiera conjuntos compactos no vacios K,L C R" (aunque el resultado
es cierto para familias mds generales de conjuntos medibles) se tiene que

vol (1= A)K +AL) "™ > (1= 4) vol (K)"/" 4 A vol(L)"/",
Es facil ver que los evidentes candidatos discretos
(1 =A)A+aB|"" > |a] "y B,
para conjuntos finitos A,B C Z",y
Ga (1= MK +2AL)"" > (1=2) Ga(K) /" + 2 Gy (L) /",

para conjuntos acotados no vacios K, L C R", no son ciertos en general. Por tanto, si uno quiere mantener
intacta la estructura de la desigualdad, es preciso alterar los conjuntos implicados. Los autores de los
articulos anteriormente mencionados mostraron que, extendiendo los conjuntos de la cota superior de
forma apropiada, las desigualdades podian cumplirse en general. En particular, en [69] se demostré que
para todo par de conjuntos acotados no vacios K,L C R", y cualquier A € (0, 1), se tiene

G (1= A)K+ AL+ (=1, 1)) > (1= 1) Ga(K) /" + A Gy (L) /",

La desigualdad es ajustada, y el cubo sumado no puede reducirse. Asimismo, implica la desigualdad de
Brunn-Minkowski clésica. Esta idea, y algunos de los principios subyacentes, constituyen los cimientos
de gran parte de los resultados de discretizacién contenidos en los tres primeros capitulos.

En el capitulo 1 comenzamos obteniendo una versidn de la dltima desigualdad para coeficientes
positivos arbitrarios. En concreto, en el teorema 1.2 mostramos que

G (tK + SL+ (—1, [t +51)") " > 1 G (K)'/" 4 Gy (1) /"

para todo ¢,s > 0 y cualesquiera conjuntos acotados no vacios K,L C R" con G,(K)Gy(L) > 0. Esta
extensién, que en el contexto continuo se sigue de forma trivial de la homogeneidad de orden n del
funcional volumen, ha de ser probada independientemente en el caso discreto, ya que el enumerador de
puntos del reticulo no es homogéneo. La prueba, no obstante, se basa en las mismas ideas. En concreto,
primero se obtiene una version discreta de una desigualdad funcional mds general, conocida como la
“desigualdad de Borell-Brascamp-Lieb” (véase el teorema 1.3). Particularizando esta desigualdad con las
funciones apropiadas (especificamente, con las funciones caracteristicas de los conjuntos involucrados),
se desprende el resultado buscado. La extension de conjuntos mediante la suma de cubos en el marco
geométrico se traslada de forma natural al marco funcional definiendo una extension particular de
funciones por medio del producto de Asplund (véase (4)).
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Tras esto, extendemos los andlogos discretos anteriores al marco L, para un parametro p > 1. Este
marco, en el campo de la Geometria Convexa, fue introducido por Firey en los afios 60 al definir una
extension apropiada de la suma de Minkowski, la p-suma +, (asi como el producto p-escalar ). Esta
operacién estaba originalmente restringida a los conjuntos compactos y convexos conteniendo al origen,
sin embargo, mds tarde fue generalizada por diversos autores a conjuntos acotados no vacios arbitrarios.
En este contexto, se verifica que para toda pareja de conjuntos compactos no vacios K,L C R", todo
A € (0,1) y cualquier p > 1,

vol(1=A)- K+, A-L)"" > (1= 4) vol (K)P/" ++ A vol (L)?/",

Aqui demostramos en el teorema 1.10 que, de modo andlogo, para todo A y p en las mismas condiciones,
y para cualesquiera conjuntos acotados no vacios K,L C R" con G,(K) G, (L) > 0,

Ga((1=A)-K+pA-L+(=1,1)")"" > (1= 1) Ga(K)?/" + A G (L)?/".

Como antes, el cubo no puede ser reducido (ni tampoco p-sumado, véase la observacién 1.15), la
desigualdad es 6ptima, e implica su andlogo continuo para el volumen (véase el teorema 1.19). El
enfoque consiste nuevamente en obtener primero una version funcional discreta mds fuerte, en concreto,
una desigualdad discreta de tipo L, Borell-Brascamp-Lieb (véase el teorema 1.12), la cual implica su
correspondiente version continua (véase el teorema 1.18), para luego particularizarla.

Concluimos el capitulo estudiando el marco anterior para valores del pardmetro p entre O y 1. En este
contexto, la definicion de la p-suma ha de ser nuevamente ajustada, esta vez, por medio de la llamada
“forma de Wulff” de una funcién (véase (3)). Para p = O en particular, esto da lugar a un problema
conocido habitualmente como la “conjetura log-Brunn-Minkowski” (véase [26]), que afirma que para todo
A € (0,1) y para cualesquiera conjuntos compactos, convexos y simétricos respecto del origen K,L C R”
se tiene que

vol((1—A)-K+9A-L) >vol(K)'"*vol(L)*.

La conjetura ha sido demostrada en varios escenarios, incluyendo el caso plano en el articulo original
[26], y el caso en el que los conjuntos implicados son incondicionales (véase [95], asi como [78] para
el resultado general con 0 < p < 1). Aqui probamos que, en los mismos escenarios y con las mismas
hipétesis (véase el teorema 1.20),

11

Gn ((1 —A)-(K+GCy) +oA- (L+Cy) + (-5,5

n
1-2 A
)') = Gulk) Gl
donde C, = [-1/2,1/2]". En esta ocasi6n la aproximacion se desvia de la explotada en secciones
anteriores, y en su lugar, surge directamente de relaciones entre el volumen y el enumerador de puntos
del reticulo. En cualquier caso, los cubos involucrados nuevamente no pueden reducirse (véase la
observacién 1.22), y la desigualdad implica su versién continua por argumentos similares a los anteriores.

El caso mds general con 0 < p < 1 también se estudia en estd seccidn, obteniendo resultados andlogos
(véase el teorema 1.23). Finalmente, consideramos enumeradores de puntos y medidas alternativas para
las cuales pueden obtenerse resultados de similar indole, en el espiritu de la desigualdad discreta de
log-Brunn-Minkowski (véanse la proposicion 1.25, el corolario 1.27 y los teoremas 1.28 y 1.29).

En el capitulo 2 nos centramos en la desigualdad isoperimétrica, quizds uno de los resultados ge-
ométricos mds cldsicos, y adicionalmente hoy dia, una de las primeras consecuencias de la desigualdad de
Brunn-Minkowski. Este resultado, en el contexto continuo habitual, sostiene que el drea de superficie
S(+) de un conjunto compacto y convexo de R” se minimiza, entre aquéllos con igual volumen, cuando
el conjunto es una bola euclidea. Alternativamente, el funcional S(-)"/vol(-)"~! es minimizado por las
bolas euclideas.
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Una formulacién equivalente de la desigualdad isoperimétrica es su versioén para paralelos exteriores,
a saber, que las bolas euclideas minimizan el funcional vol(K +7B,,) para todo ¢ > 0 entre los conjuntos
con igual volumen, donde B,, es la bola unidad euclidea cerrada. Esta version tiene la ventaja de involucrar
Unicamente una medida, y en consecuencia, es mas apropiada a la hora de extender la desigualdad
isoperimétrica a otros espacios. En el contexto discreto, Radcliffe y Veomett demostraron en [86] que el
funcional |- +{—1,0,1}"
por los segmentos iniciales de un orden de Z" adecuadamente definido, es decir, por los conjuntos que
consisten en los primeros r puntos de Z" en este orden, para r € N\ {0}. También extendieron este
resultado a N”. Los autores ya observaron, no obstante, que estos segmentos iniciales no son los tinicos

, en la familia de subconjuntos de Z" con cardinalidad prescrita, es minimizado

conjuntos minimizantes de dicho funcional, y es de hecho sencillo encontrar contraejemplos.

Aqui extendemos este estudio en dos direcciones. En primer lugar, obtenemos una caracterizacion de
la igualdad bajo condiciones especificas. En concreto, demostramos que cuando la cardinalidad fijada es
de la forma p” para algin p € N\ {0}, los correspondientes segmentos iniciales, que son cubos reticulares
estdndar, son de hecho los tinicos conjuntos que minimizan el funcional ’ +40,... ,s}”| para todo
s € N\ {0} (véase el teorema 2.16), y por tanto, en particular, de |-+ {—1,0,1}"| (debido a la invarianza
por traslaciones enteras, véanse los teoremas 2.14 y 2.15). Este resultado de caracterizacién se obtiene
mediante un proceso de reduccion que llamamos “normalizacién” (véase la definicién 2.27), ya que, como
mostraremos, es suficiente probar la caracterizacién para conjuntos que son invariantes bajo este proceso
(véanse el corolario 2.32 y el lema 2.33). Esta caracterizacion nos permitird adicionalmente caracterizar el
caso de igualdad en otras desigualdades discretas preestablecidas, incluyendo una desigualdad de tipo
Brunn-Minkowski probada en [69] (véase el teorema 2.34).

En segundo lugar, obtenemos una desigualdad en el mismo espiritu para el enumerador de puntos
del reticulo. En particular, encontramos conjuntos que minimizan el funcional G, (K + 10, 1]”) para
todo 7 > 0 en la familia de conjuntos acotados no vacios con G,(K) > 0 fijado (véase el teorema 2.37).
Asimismo, obtenemos un resultado de caracterizacién de la igualdad cuando G, (K) = (p + 1)" para algtin
p € N. Esta tltima propiedad se extiende a reticulos arbitrarios (véase la observacién 2.40), lo cual resulta
util para recuperar la correspondiente version para paralelos exteriores de la desigualdad isoperimétrica
para el volumen (véase el corolario 2.44).

En el capitulo 3 estudiamos la desigualdad de Rogers-Shephard y otras relacionadas. Esta desigualdad
provee de una cota superior para el volumen del cuerpo diferencia K — K de un conjunto compacto y
convexo K C R” (la correspondiente cota inferior se deriva de la desigualdad de Brunn-Minkowski). En
concreto, se tiene que

2
vol(K —K) < ( n> vol(K).
n
Esta desigualdad puede extenderse con el fin de involucrar a dos conjuntos del siguiente modo:
2
vol(K + L) vol (KN (—L)) < ( ”> vol(K)vol(L).
n

Aqui obtenemos andlogos discretos de las desigualdades anteriores para el enumerador de puntos del
reticulo mediante diversas aproximaciones. Por un lado, relacionando el volumen con el enumerador de
puntos del reticulo directamente podemos obtener las cotas

oar-n ()aier(23))

Gn(K+L)Gy(KN(-L)) < <2:> Gu(K+(—1,1)")Gu(L+(—1,1)")

(véanse los teoremas 3.6 y 3.7). Por otro lado, una versién discreta del enfoque original de Rogers
y Shephard basado en el “covariograma” nos permite obtener unas desigualdades adicionales de tipo
Rogers-Shephard (véase el teorema 3.5) que, de hecho, no son comparables con las anteriores.



Resumen Vi

Andlogamente, estudiamos también una versién discreta de una conocida desigualdad de tipo
“proyeccidn-seccion” obtenida igualmente por Rogers y Shephard en [89]. Esta desigualdad propor-
ciona una cota superior para el producto de los volimenes de una seccién y una proyeccion de un conjunto
compacto y convexo con respecto a subespacios lineales de R". En concreto, demostraron que para
cualquier subespacio lineal H C R” de dimensién k € {1,...,n— 1}, y para todo conjunto compacto y
convexo K C R", se tiene

vol,_i(Py K)volx(KNH) < <Z> vol(K),

donde Py denota la proyeccion ortogonal sobre H y voli es el volumen k-dimensional. En este trabajo
probamos que, bajo las mismas hipétesis,

G, «(Py.K)Gr(KNH) < (Z) Gu(K+(—1,1)")

(véase el teorema 3.1), donde Gy, es el enumerador de puntos del reticulo restringido a un subespacio lineal
de dimensién k. Este resultado requiere la asuncién adicional de que el subespacio lineal sea coordenado.

Finalmente, también obtenemos un andlogo discreto de la desigualdad de Berwald (véase el teo-
rema 3.10), que, en el contexto continuo, proporciona una relacién de monotonia entre ciertos momentos
normalizados de funciones céncavas (véase el teorema L). Este resultado es particularmente relevante
en nuestro estudio porque procura una demostracion unificada de las dos desigualdades para el volumen
anteriormente mencionadas, simplemente particularizdndola con funciones especificas (véase la discusién
de la pagina 64). En el contexto discreto, no obstante, esta desigualdad no permitira recuperar las nuevas
desigualdades mencionadas arriba, y en su lugar, obtendremos otras alternativas que combinan el volumen
con el enumerador de puntos del reticulo (véanse los corolarios 3.14 y 3.15).

Al igual que en los capitulos anteriores, probaremos que las nuevas desigualdades discretas obtenidas
permiten recuperar las correspondientes desigualdades para el volumen, tanto en el caso de las desigual-
dades de Rogers-Shephard y de tipo “proyeccion-seccion” (véase el teorema 3.17) como en el caso de la
desigualdad de Berwald (véase el teorema 3.19).

Para concluir, el capitulo 4 estd dedicado a estudiar relaciones directas entre el volumen y el enumer-
ador de puntos del reticulo. La motivacién principal es obtener un andlogo discreto del segundo teorema
de Minkowski (véase el teorema N), que proporciona las cotas

14 2 no2
— —— <vol(K) < —,
n! E)LI(K) - ( ) - iy} A,,(K)

donde K C IR" es un conjunto compacto y convexo y A;(K) es el i-ésimo minimo sucesivode K, i =1,...,n,
es decir, el menor niimero positivo tal que la correspondiente dilatacién del simetrizado central (K —K)/2
contiene al menos i puntos linealmente independientes de Z".

El enfoque deriva de una serie de conjeturas planteadas por Betke, Henk y Wills (véanse las conje-
turas 4.2 y 4.3) que, de ser ciertas, implicarfan una version de la desigualdad anteriormente mencionada
para el enumerador de puntos del reticulo. En este trabajo demostramos una version algo mas débil de
esta dltima conjetura, en concreto, probamos las cotas

Gn(K) < VOl(K)ﬁ (1 + n)LlZ(K)>

y, si A, (K) <2/n,

Ga(intK) > vol(K) | (1 - ”’l’éK)> :
=1
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(véase el teorema 4.11). En el teorema 4.15 mejoramos estas cotas en el plano, confirmando (al menos
asintéticamente) la conjetura original. Estas desigualdades, ademds de recuperar cotas cldsicas de
Blichfeldt, van der Corput, Minkowski y otros, permiten también obtener que

L 2
Gn(K) < —
x(K) = ,IJ (%’(K) +n)
(véase el corolario 4.12), es decir, un andlogo discreto de la cota superior del segundo teorema de
Minkowski (una cota inferior 6ptima ya fue probada por Betke, Henk y Wills).

La estrategia fundamental consiste en reducir el estudio a una clase mucho mas limitada de conjuntos,
los llamados “cuerpos convexos anti-blocking” (véanse la definicion 4.8 y la proposicién 4.9). Esta
reduccidn se lleva a cabo mediante una transformacién conocida como el “Blaschke shaking” (véase la
definicién 4.6), un proceso que guarda semejanza con la simetrizacién de Steiner y que pertenece a una
clase mas amplia de transformaciones denominadas “shakings”. A fin de demostrar los resultados més
fuertes en el plano, generalizamos este procedimiento al caso no ortogonal (véase la definicién 4.17). Otra
herramienta importante que desarrollamos es una desigualdad de Davenport-Schymura inversa (véase el
teorema 4.21).

Los resultados originales de esta tesis estan recogidos en los trabajos [9, 43, 64, 65, 66, 67].



(Abstract

This work is concerned with the study of discrete geometric inequalities and, in particular, with the
discretization of inequalities in the field of Convex Geometry. In this context, by discretization we refer
to the process of obtaining analogues of already known inequalities in Convex Geometry, preserving as
much of the original structure and qualities as possible, in a setting where the ambient space, the measures
involved, the objects of study, the implicated functionals, or any combination of these, are discrete. It is
worth clarifying that, in the field of Discrete Geometry, “discrete” is often understood in a sense stronger
than the standard topological one. Namely, we will say that a set is discrete if there exists a minimum
universal distance between any two points of the set.

For operational purposes it is often necessary to enforce additional structure on top of the discreteness
of the space, and in particular, it is rather common to consider the space to also be an additive group. A
set verifying the two properties above is called a “lattice”. We will consider lattices embedded in R”, and
since any such lattice is just a linear image of the integer lattice Z" and viceversa, most of the analysis
in this work will be restricted to Z", with eventual indications of how the results can be adapted to the
setting of arbitrary lattices.

Among all the possible frameworks of choice in the above setting, perhaps two of the most common
ones are the study of finite subsets of Z" together with the cardinality measure | - |, and the study of
bounded subsets of R” together with the “lattice point enumerator” measure Gy (-) = |- NZ"|. Our work
is primarily focused on the latter, although the former will also play an important role, specifically, in
Chapter 2.

On top of preserving the general structure of the inequalities during the process of discretization, we
will often strive for the additional property that the new inequalities allow one to retrieve the original ones
in the continuous setting. This, apart from serving as an overall indicator of how fit the discrete version
is, also provides a potential new method for furthering progress in the continuous field. For this purpose
the lattice point enumerator is particularly well suited, since it is better behaved than the cardinality with
respect to set dilations, and a vast number of methods to retrieve the continuous inequalities from the
discrete ones are derived from standard Riemann integration arguments, or other similar measure-theoretic
approaches that involve progressively dilating sets and taking limits. Nonetheless, this can at times be
achieved with the cardinality alone as well.
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The overall structure of the thesis is the following one. On the one hand, the first three chapters
deal with the discretization of three well-known inequalities in Convex Geometry, namely, the Brunn-
Minkowski inequality, the isoperimetric inequality, and the Rogers-Shephard inequality, respectively. The
fourth chapter, on the other hand, already starts from a discrete source, since it stems from Minkowski’s
Second Theorem, although it can also be understood as a discretization effort, since it deals with
connecting the volume functional with the lattice point enumerator via Minkowski’s successive minima
(see Definition 4.1), and obtaining an analogue of Minkowski’s Second Theorem for the latter functional.

The strategy for the discretization processes employed in the first three chapters was introduced in
several recent papers, including [63, 69], that dealt with the Brunn-Minkowski inequality. This classical
inequality states that for any non-empty compact sets K, L C R" (although the result holds true for more
general measurable sets) one has

vol (1= A)K +AL) "™ > (1= A) vol(K) /" + A vol(L)'/".
It is easy to see that the obvious potential discrete analogues
[(1=2)A+ 28] = A" 1|8,
for finite sets A,B C Z", and
G ((1=A)K+AL)"" > (1= 1) Gy(K)"/" + A G (L),

for non-empty bounded sets K,L C R", do not hold in general. Therefore, should one want to maintain
the structure of the inequality untouched, the sets involved would have to be altered. The authors of the
aforementioned papers showed that, by suitably extending the sets on the left-hand side, the inequalities
could be made to hold. In particular, in [69] it was proved that for any pair of non-empty bounded sets
K,L C R",and any A € (0,1), one has

G (1= MK+ AL+ (—1,1)")" > (1= 1) Ga(K) /" + A Gy (L) /",

This inequality is tight, and the cube being added cannot be reduced. Furthermore, it implies the classical
Brunn-Minkowski inequality. This idea, and some of the underlying principles, are the foundation of
many of the discretization results of the first three chapters.

In Chapter 1 we begin by obtaining a version of the last inequality for arbitrary positive coefficients.
Namely, we show in Theorem 1.2 that

G (tK + SL+ (—1, [t +51)") /" > £ G (K)'/" 4 Gy ()"

for any #,s > 0 and any non-empty bounded sets K,L C R”" with G,(K)Gy(L) > 0. This, which in the
continuous setting follows trivially from the homogeneity of degree n of the volume functional, needs to
be proved independently in the discrete setting, since the lattice point enumerator is not homogeneous. The
proof, nonetheless, follows the same ideas. In particular, a discrete version of a more general inequality,
known as the “Borell-Brascamp-Lieb” inequality, is obtained first (see Theorem 1.3). Particularizing this
inequality for suitable functions (specifically, for the characteristic function of the sets involved), then
yields the desired result. The extension of the sets by adding cubes in the geometric inequalities gets
translated in a natural way to this functional setting by defining a particular extension of a function via the
Asplund product (see (4)).

We follow this with an extension of the above discrete analogues to the L), setting, for a parameter
p > 1. This setting, in the field of Convex Geometry, was introduced by Firey in the 60’s by defining a
suitable extension of the Minkowski addition, the p-addition +, (as well as a p-scalar product -). This
was originally restricted to the setting of compact convex sets containing the origin, although it was later
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extended by various authors to arbitrary non-empty bounded sets. In this context, it holds that for any pair
of non-empty compact sets K,L C R", any A € (0,1) and any p > 1,

vol(1=A)- K+, A-L)"" > (1= 4) vol (K)?/" ++ A vol (L)?/",

Here, we show in Theorem 1.10 that, accordingly, for any such A and p, and for any non-empty bounded
sets K,L C R" with G,(K) Gy(L) >0,

Gu((1=A) - K4p AL+ (=1, 1)")"" > (1= 1) Ga(K)P/" + A G (L)?/".

As before, the cube cannot be reduced (nor substituted by its p-addition, see Remark 1.15), the inequality
is sharp, and it implies the continuous one for the volume (see Theorem 1.19). The approach is again
to obtain a stronger discrete functional inequality first, an L, Borell-Brascamp-Lieb type inequality
(see Theorem 1.12), which implies its corresponding continuous version (see Theorem 1.18), and then
particularize it.

We finish the chapter by studying the setting above for values of the parameter p between 0 and 1. In
this setting, the definition of the p-addition needs to be adjusted again, by means of the “Wulff shape” of
a function (see (3)). For p = 0 in particular, this leads to a problem often referred to as the “log-Brunn-
Minkowski conjecture” (see [26]), which states that for any A € (0, 1) and any origin-symmetric compact
convex sets K,L C R",

vol((1—A)-K+oA-L) > vol(K)'~* vol(L)*.

This conjecture has been proved in several scenarios, including the planar case in the original paper [26],
as well as when the sets involved are unconditional (see [95], as well as [78] for the general 0 < p < 1
result). Here, we show that, in the same scenarios and with the same hypothesis (see Theorem 1.20),

11

Gn ((1 —A)- (K4+GCp) +or- (L+Cy) + <7§,5

n
) ) > G (K)' "+ Gy (L),
where C, = [—1/2,1/2]". The approach this time diverts from the one exploited in the previous sections,
and instead arises directly from relations between the volume and the lattice point enumerator. Never-
theless, the cubes involved again cannot be reduced (see Remark 1.22), and the inequality implies the
continuous one by similar arguments as before.

The more general 0 < p < 1 setting is also studied, obtaining analogous results (see Theorem 1.23).
Finally, we consider some alternative point enumerators and discrete measures for which results in a similar
spirit to the discrete log-Brunn-Minkowski one can also be shown (see Proposition 1.25, Corollary 1.27,
Theorem 1.28 and Theorem 1.29).

In Chapter 2 we shift our focus to the isoperimetric inequality, possibly one of the most classical
geometric results, and additionally nowadays, one of the first consequences of the Brunn-Minkowski
inequality. This result, in the continuous setting, states that the surface area S(-) of a compact convex set
of R" is minimized, among the family of those with the same volume, when the set is an Euclidean ball.
Alternatively, the functional S(-)"/vol(-)"~! is minimized by the Euclidean balls.

An equivalent formulation of the isoperimetric inequality is the so-called “neighbourhood form”,
which states that Euclidean balls minimize the functional vol(K +¢B,,) for all # > 0 among the family of
sets with prescribed volume, where B, is the closed unit Euclidean ball. This form has the advantage of
only involving a single measure, and is thus more suitable to be extended to other spaces. In the discrete
setting, Radcliffe and Veomett showed in [86] that the functional } +{-1,0, 1}"’ is minimized, among
the subsets of Z" with prescribed cardinality, by the initial segments in a suitable order, i.e., by the sets
consisting of the first  points of Z" in this order, for r € N'\ {0}. They also extended this result to N".
The authors already pointed out, however, that these initial segments are not the only minimizing sets, and
the counterexamples are indeed easy to find.
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Here, we further this study in two directions. First, we obtain a characterization of the equality
under special conditions. Namely, we show that when the cardinality is p”, for some p € N\ {0},
then the corresponding initial segments, which are standard lattice cubes, are in fact characterized as
being the only minimizers of the functional |-+ {0,...,s}"| for any s € N\ {0} (see Theorem 2.16), and
thus, in particular, of ‘ +{-1,0, 1}”‘ (due to the invariance by integer translations, see Theorems 2.14
and 2.15). This characterization result is obtained via a reduction process we denote by “normalization”
(see Definition 2.27), since, as we will show, it suffices to obtain the characterization for sets that are
invariant under this process (see Corollary 2.32 and Lemma 2.33). The characterization result will
further allow us to characterize the equality case in other pre-established discrete inequalities, including a
Brunn-Minkowski type one proved in [69] (see Theorem 2.34).

Second, we obtain an inequality in the same spirit for the lattice point enumerator. Namely, we obtain
minimizers for the functional G, (K +1]0, 1]") for all + > 0 among the family of non-empty bounded
sets K C R" with G,(K) > 0 fixed (see Theorem 2.37), and also show a characterization result when
Gn(K) = (p+1)" for some p € N. This latter result can again be extended to arbitrary lattices (see
Remark 2.40), and is then utilized to retrieve the corresponding neighbourhood form of the isoperimetric
inequality for the volume (see Corollary 2.44).

In Chapter 3 we study the Rogers-Shephard inequality. This inequality provides an upper bound for
the volume of the difference body K — K of a compact convex set K C R" (a corresponding lower bound
is provided by the Brunn-Minkowski inequality). Namely, one has that

vol(K —K) < <2n”> vol(K).

This inequality can be extended to involve two different sets as follows:

) vol(K) vol(L).

Here, we obtain discrete analogues of the inequalities above for the lattice point enumerator using several

vol(K +L)vol(KN(-L)) < <2nn

different approaches. On the one hand, relating the volume with the lattice point enumerator directly
allows us to obtain the bounds

e ()aler (23))

Gn(K+L)G,(KN(-L)) < (2:) Gu(K+(=1,1)")Gu(L+(—1,1)")

and

(see Theorems 3.6 and 3.7). On the other hand, a discrete version of Rogers and Shephard’s original “co-
variogram” approach allows us to get further discrete Rogers-Shephard type inequalities (see Theorem 3.5)
which, in fact, are not comparable with the previous ones.

Similarly, we also study a discrete version of a well-known “projection-section” type inequality
obtained by Rogers and Shephard in [89]. This inequality provided an upper bound for the product of
the volumes of a section and a projection of a compact convex set with respect to a linear subspace of
R”. Namely, they proved that for any linear subspace H C R" of dimension k € {1,...,n— 1}, and any
compact and convex set K C R”, one has

vol,_x(Py K) volu(K NH) < <Z> vol(K),

where Py denotes the orthogonal projection onto H and voly, is the k-dimensional volume. Here we show,
under the same hypothesis, that

o sl )G O1) < () 6K+ (1,1



Abstract Xiii

(see Theorem 3.1), where Gy is the lattice point enumerator restricted to a linear subspace of dimension k.
This result requires the additional assumption that the linear subspace be a coordinate one.

Finally, we also obtain a discrete analogue of Berwald’s inequality (see Theorem 3.10), which, in the
continuous setting, provides a monotonicity relation between certain normalized moments of a function
(see Theorem L). This result is particularly relevant in this context since it also yields a unified proof for
both of the inequalities for the volume discussed above, by particularizing it with specific functions (see
Section 3.2, page 64). In the discrete setting, however, our inequality will not retrieve the discrete ones
mentioned above, but rather, some alternative ones (see Corollaries 3.14 and 3.15).

As in the previous chapters, we show that the discrete inequalities proved here allow one to retrieve the
corresponding continuous ones for the volume, both in the case of the Rogers-Shephard and the projection-
section inequalities (see Theorem 3.17) and in the case of Berwald’s inequality (see Theorem 3.19).

To conclude, Chapter 4 is devoted to study direct relations between the volume and the lattice point
enumerator. The motivation is to obtain a discrete analogue of Minkowski’s Second Theorem (see
Theorem N), which provides the bounds

12 2 n 2
iz =V =z

i=1

where K is a compact convex set and A;(K) is the i-th successive minima of K, i = 1,...,n, i.e., the
minimum positive number such that the corresponding dilation of the central symmetral (K — K)/2
contains i linearly independent points of Z".

The approach stems from a series of conjectures posed by Betke, Henk and Wills (see Conjectures 4.2
and 4.3) which, if proved true, would imply a version of the aforementioned inequality for the lattice point
enumerator. We show a weakened version of the latter conjecture, namely, we prove in Theorem 4.11 the
bounds

Ga(K) < Vol(K)ﬁ (1 + Mzm)

and, if A,,(K) <2/n,

) L n;i(K)
Gy (intK) > vol(K 1- .
W(intK) > vol( >;_11( !
These bounds are improved in the planar case (see Theorem 4.15), confirming (at least asymptotically)
the original conjecture. The inequalities, apart from retrieving classical bounds by Blichfeldt, van der
Corput, Minkowski and others, also allow us to obtain

Gn(K) < ﬁ (/l,-(zl() +n>

i=1

(see Corollary 4.12), i.e., a discrete analogue of the upper bound in Minkowski’s Second Theorem (a
sharp lower bound was already shown by Betke, Henk and Wills).

The main strategy is to reduce the study to a much narrower class of sets, the so-called “anti-blocking
convex bodies” (see Definition 4.8 and Proposition 4.9). This reduction is done via a transformation
known as the “Blaschke shaking” (see Definition 4.6), a process which bares resemblance to Steiner’s sym-
metrization and which belongs to a broader class of transformations called “shakings”. In order to prove
the stronger planar results we generalize this process to the non-orthogonal setting (see Definition 4.17).
Another important tool is a reversal of an inequality of Davenport-Schymura (see Theorem 4.21).

The original results of this thesis are collected in [9, 43, 64, 65, 66, 67].






(Background

We will denote the non-negative integers by N. As usual, we will write R” to represent the n-dimensional
Euclidean space endowed with the standard inner product (-,-) and the Euclidean norm ||-||. The n-
dimensional integer lattice will be denoted by Z". We will further write N” to refer to the points in Z" with
coordinates in N. More generally, an n-dimensional lattice A C R" is the set of all integer combinations
of n linearly independent vectors vy, ..., v,, with the set B = {vi,...,v,} being called a basis of A.

For any set A C R”", the smallest convex set containing A is called the convex hull of A, and is
denoted by convA. Similarly, linA (resp. affA) is the linear (resp. affine) hull of A, i.e., the smallest
linear (resp. affine) subspace of R” containing A. As usual, dimA = dim(affA) is the dimension of A.
Furthermore, intA, clA and bdA are, respectively, the interior, closure and boundary of A with respect
to the Euclidean topology. Additionally, we will denote the set of all k-dimensional linear subspaces of
R by LI, k=0,...,n. Forany H € L, the set H € L"_, is the orthogonal complement of H, and the
operator Py is the orthogonal projection onto H. For the sake of simplicity, for u € R" we will just write
ut = (lin{u})J‘.

The Euclidean closed unit ball will be represented by B,. We will also work with lattice cubes, i.e.,
intersections of cubes with sides parallel to the coordinate hyperplanes and Z". For alli = 1,...,n, the
i-th canonical unit vector will by denoted by e;, and, for the sake of brevity, we will write ¢; = lin{e;} to
denote the i-th coordinate line. As usual, |x| will represent the floor function of x € R, i.e., the greatest
integer less than or equal to x, and [x]| will denote the ceiling function of x, i.e., the least integer greater
than or equal to x. For x,y € R", we will write [x,y] to represent the closed segment with endpoints x and
y, 1.e.,

ey ={(1=A)x+Ay: 0<A <1},

and analogously, we will set
(ry)={(1-A)x+Ay: 0<A <1}

for the open segment with endpoints x,y. The semi-open and semi-closed intervals will be denoted
accordingly. Moreover, given vy,...,v, € R", we will write (v;---v,) to represent the square matrix
having the v;’s as columns.
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For a measurable set M C R”" with dimM = k for some k =0, . .. ,n, vol (M) signifies its k-dimensional
Lebesgue measure. In particular, vol(M) := vol, (M) is its standard volume, and when integrating, as
usual, dx will stand for dvol(x). As discrete counterparts we use |X| to denote the cardinality of any finite
set X C R”, together with the lattice point enumerator G, (K) = |K NZ"| for any bounded set K C R".
The next fact will turn out to be crucial throughout the dissertation: it follows from standard measure
theory arguments (see Figure 1) that, for any compact convex set K C R” (and, in fact, for any Jordan
measurable set, see e.g. [53, (3), page 120]), the volume and the lattice point enumerator are equivalent

“on a big scale”, in the sense that
G,(rK
hmJ%J:wﬂm. (1)

r—eo

Figure 1: lllustration of (1).

Additionally, S(M) represents the surface area (Minkowski content) of a non-empty compact convex
set M C R, ie.,
1(M + ¢€B,,) — vol(M
S(M) = lim YOI M +€Bn) = vol(M)

-0t &

2

Given any non-empty set M C R", any t € R and any i € {1,...,n}, we shall denote by M'(¢) the
section of M at height ¢ orthogonal to ¢;, i.e.,

Mi(l‘) = {(xl,...,xn,l) € R (xl,...,xi,l,t,xi,...,xn,l) GM}.
For the sake of brevity, we will also just use M(¢) = M"(t). Furthermore, for any 7 € R we will write
M-, = {(xl,...,xn) EM:xi>t,i= 1,...,n},

a notation which will be adapted in the natural sense for other inequality signs.

The Minkowski addition of two non-empty sets A,B C R" is definedasA+B={a+b:a€A:bc B}.
Moreover, AA represents the set {Aa:a € A} for any A € R, and as usual, we write —A = (—1)A, that
is, the reflection of A at the origin. We will similarly denote by A — B = A + (—B). Furthermore, A
is origin-symmetric if —A = A. In this setting, we have the following standard properties, which are
straightforward to verify.

Proposition 1 Let A,B,C C R” and A,u > 0. Then:

(AUB)+C=(A+C)U(B+C),
(ANB)+C C (A+C)N(B+C),
(AUB)+(ANB) CA+B,
AA+AB=A(A+B),

AA+UA D (A +u)A.

A convex body is a non-empty compact and convex set K C R". More generally, a set A C R" is
star-shaped if there exists a point xo € A such that [xo,x] C A for all x € A. In the setting of convex bodies,
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all the inclusions in Proposition 1 are equalities, provided that A U B is also a convex body (see, e.g., [97,
Section 3.1]).

The support function of a convex body K is given by hg(u) = maxyeg (x,u) for all u € R". Tt is
well-known that the support functions are exactly the sublinear forms of R, and that they characterize
the convex bodies (see, e.g., [97, Theorem 1.7.1]). This, together with the fact that the unit balls of the
real normed spaces are precisely the origin-symmetric convex bodies, yields a strong and fruitful bond
between the fields of Convex Geometry and Functional Analysis.

A useful way to construct convex bodies is the so-called Wulff shape of a function (see, e.g., [97,
Section 7.5]). Given a positive continuous function f : S"~! — R, the set

W(f)= () {xeR": (xu) < f(u)} 3)
ueS—1

is clearly a convex body containing the origin in its interior, known as the Wulff shape of f (here, S"~!
denotes the unit sphere of R"). We certainly also have hyyr) < f, with equality if and only if f is sublinear.
Moreover, the following property holds:

Lemma 2 [97, Lemma 7.5.2] If {f;: "' — R>0}jeN converges uniformly to f, then {W(f;)}
converges to WW(f) in the Hausdorff metric.

JEN

We will denote the characteristic function of a set A C R" by x,, i.e.,

1 ifxea,
=0 ifx ¢ A.

Additionally, for a function ¢ : R” — R we write ¢° : R” — R to represent the function defined by

0°(z) = sup ¢(z+u) forallzeR", 4)
ue(—1,1)"
unless otherwise stated. Such an extension of ¢ is just the Asplund product x of the functions ¢ and
X(~1,1y»» Which can be seen as the functional analogue of the Minkowski sum of sets in the setting of
log-concave functions. Indeed,

9°(z)= sup @(z+u)= sup P(z—u)=sup @(z—u)x(11y(u)

ue(—1,1)" ue(—1,1)" ucR”

= sup O (ur) x—11y(u2) = (9% X(—1,1y) (2)-

urtuz=z

)

For more information on the Asplund product, also known as the sup-convolution, we refer the reader to
[97, Section 9.5] and the references therein. In addition, as usual, [@|e = SUpP,cpn @ (x).

We will need to utilize the inequality between the arithmetic and geometric means. We recall that
given {a;}/_; C R>¢ for some r € N\ {0}, this inequality states that

r r l/r
% Y ai> (Hai) ) (6)
i=1 i=1

with equality if and only if a; = - -- = a,,.

Finally, we will make extensive use of Holder’s inequality. In one of its general forms (see, e.g.,
[56, Theorem 11]), it states that given some r € N\ {0}, if we have {a; = (a;1,... ,ain)}::I CRZ, and
{4}, CRsy with Y7 1/A4; =1, then

1%
n r r n 2’
Y [ai < ( a; J’> ) (N
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with equality if and only if the points {a;};_, are linearly dependent. For r = 2, when 41,4, € R<; with
1/A1 + 1/, = 1, the reverse inequality holds with the same equality case:

. . Vb 1%
Zaljazj > (Z aﬁ.) (Z a%j) , ()
= =1 =1

(see, e.g., [56, Theorem 13]).



1.1

(Brunn-Minkowski type inequalities

The Brunn-Minkowski theorem is a core foundation of the Brunn-Minkowski theory, and its impact
far outreaches this field, yielding results in many related mathematical disciplines. It states that the
functional vol (1 —A)K +AL) /" for K,L C R” convex bodies, is concave in A € [0, 1]. Generalizations
and analogues of this result have proved to be a fruitful field of study, involving other operations, spaces
and measures, as well as obtaining related inequalities and simpler proofs of already known ones, being
the isoperimetric inequality one of the most remarkable examples in this respect. We refer the reader to
[14, 45] for extensive survey articles on the topic, as well as to the updated monograph [97, Chapter 9]
and the references therein.

In this chapter we will obtain several discrete analogues of the Brunn-Minkowski inequality for the
lattice point enumerator Gy (-). The common approach that we will follow in almost all scenarios is to
first obtain stronger functional versions, then particularize these, and finally discuss some consequences
and applications.

The Brunn-Minkowski inequality: different versions and extensions

A classical result connecting the notions of volume and Minkowski addition is the Brunn-Minkowski
inequality (see, e.g., [45]).

Theorem A — Brunn-Minkowski inequality. Let K, L C R" be non-empty compact sets. Then
vol(K +L)'/" > vol(K)'/" +vol (L)'/". (1.1)

If K and L are also convex, equality holds if and only if the sets are either homothetic or they lie in
parallel hyperplanes.

Furthermore, for any A € (0,1),

vol((1—A)K +AL) > vol(K)' " vol(L)*. (1.2)
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This inequality is known as the multiplicative Brunn-Minkowski inequality, and is a simple consequence
of (1.1) and the arithmetic-geometric mean inequality. Indeed, both inequalities (1.1) and (1.2) are
equivalent.

Due to the homogeneity of degree n of the volume (i.e., vol(AA) = A" vol(A), for A C R" and A > 0),
(1.1) is equivalent to the fact that Vol(-)l/ " is a concave functional. The original hypothesis can be
significantly relaxed, as the Brunn-Minkowski inequality holds for arbitrary measurable sets.

One of the first, and most well-known, functional equivalent versions of the Brunn-Minkowski

inequality is the Prékopa-Leindler inequality ([83, 84]).

Theorem B — Prékopa-Leindler inequality. Let A € (0,1) and let f,g,h: R" — R>( be Lebesgue
integrable functions verifying

R((1=A)x+Ay) > f(x)! " *g(y)*

for all x,y € R". Then

[ hd> ( Rnf(x)cbc)l_l (/Rng(x)dxy (1.3)

To see that this inequality implies (1.2), it suffices to consider f = x,,g=x, andh=x, , . ,,. For
the converse, one can apply (1.2) to the superlevel sets of f, g, and A.

A powerful generalization of Prékopa-Leindler’s inequality is the Borell-Brascamp-Lieb inequality
([23, 27]), which provides a uniparametric family of analogues.

Before stating it, we recall the notions of a-sum and a-mean, oo € RU {£eo}. For any 7, s > 0 and
any a,b > 0 we will write

min{a,b} if o0 = —oo,
85 (a,b) = § (ra® +5b%) '/ if o € R\ {0},
max{a,b} if @ = oo,
and
S&M (a,b) if o #£0,
M%c(avb) - la—l A 1
al=*p ifa=0.

If ab =0, we set S’ (a,b) = M2 (a,b) = 0. For a general reference for a-means of non-negative numbers,
we refer the reader to the classic text of Hardy, Littlewood and Pélya [56] and to the handbook [28]).

Theorem C — Borell-Brascamp-Lieb inequality. Let A € (0,1) and let —1/n < p < 0. Consider
Lebesgue integrable functions f,g,h : R" — R verifying

h((1=A)x+2y) > M2 (f(x),8(»)) (1.4)

for all x,y € R". Then

h(x)dx > M*,

e " <]/HJKX)dx,/£ng(x)dx> - (1.5)

The case p = 0 recovers the Prékopa-Leindler inequality (1.3), whereas taking p = o and f = y,,
g=x, andh=yx, , ., retrieves the additive form of the Brunn-Minkowski inequality (1.1).
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In subsequent sections we will prove discrete analogues of the above result, and this will enable us
to obtain multiple consequences, including the announced discrete versions of the Brunn-Minkowski
inequality.

The L, Brunn-Minkowski inequality

The L, Brunn-Minkowski theory is a recent and remarkable extension of the classical Brunn-Minkowski
theory which groundworks were laid by Lutwak after initiating a deep and systematic study of p-additions
and their consequences in [74, 75]. This is not only a very active area of research nowadays, but it
has further supposed to be the starting point for new developments and generalizations. An example of
the latter can be seen in [48, 49, 80] and the references therein, where the authors perform a thorough
investigation into the fundamental characteristics of operations between sets and provide an elegant
construction that allows one to define a general pointwise operation between sets. For more information
on the L, Brunn-Minkowski theory and its consequences we refer the reader to [97, Section 9.1].

The L, sum K +, L, p > 1, of two convex bodies K,L C R" containing the origin was originally
defined by Firey in [41] as the only convex body whose support function is given by

hice,n() = (e ()P +he (). (1.6)

Naturally associated with the p-addition one finds a p-scalar product: r- K = r'/PK for any r > 0. This
p-scalar multiplication depends on p, but for the sake of simplicity we will just write - instead of “-,”.

It is easy to see that 4 is the standard Minkowski sum, and thus, that this notion provides a
uniparametric generalization of the Brunn-Minkowski inequality. Additionally, it can be seen that
K +oL=conv(KUL).

This operation is order reversing in the parameter p, thatis, if 1 < p <g¢, then K+,L C K+, L. On the
contrary, it is order preserving for p-convex combinations, i.e., (1 —4)-K+,A-LC (1—-1)-K+,A-L,
for A € (0,1).

Of particular interest for us is the L, version of the Brunn-Minkowski inequality. This was proved by
Firey in [41], and states that for any two convex bodies K, L C R” containing the origin, any A € (0,1),
and all p > 1, one has

vol(1=A)- K+, A-L)"" > (1= A) vol (K)?/" ++ A vol (L)?/" (1.7)

We note that the hypothesis for the sets in the previous definition, unlike in the standard Brunn-
Minkowski inequality, cannot be relaxed. Indeed, compactness and convexity are required so that the
support functions characterize the sets, and the bodies need to contain the origin for the support function
to be non-negative.

In order to elude this inconvenience, Lutwak, Yang and Zhang (see [76]) introduced an alternative
pointwise definition which is valid for arbitrary sets. Specifically, for any two non-empty bounded sets
K,L C R" and any p > 1, they defined

KﬁJ:{U—MW%+uWyxEKJELu€mﬂ}, (1.8)

where g € [1,0] is the Holder conjugate of p, i.e., such that 1 /p+1/g = 1, and showed that when K and
L are convex bodies containing the origin, the definition coincides with the one of Firey. We note that
if p =1 then g = oo, and thus the above notion again reduces to the standard Minkowski addition. The
authors also proved the corresponding L, Brunn-Minkowski inequality (1.7) in this general setting.

It is desirable to extend the aforementioned notions to the case 0 < p < 1, and, in particular, to the
case p = (. A strong reason for this is that the corresponding and recently conjectured Brunn-Minkowski
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inequality in this setting for symmetric convex bodies, known in the literature as the log-Brunn-Minkowski
inequality, would be stronger than all other L, versions of the form

vol(1—=A)-K+,A-L) > vol(K)'~* vol(L)* (1.9)

for any p > 0 (see [26]).

Conjecture 1.1 — log-Brunn-Minkowski inequality. Let K,L C R" be origin-symmetric convex
bodies, and let A € (0,1). Then

vol(1—A)-K+oA-L) > vol(K)' *vol(L)*. (1.10)

However, it is easy to see that both definitions for K +, L given above can be problematic when p < 1.
Indeed, the former fails since the p-sum of support functions is no longer sublinear when p < 1, and thus,
is not the support function of any convex body; whereas for the latter, difficulties may arise due to the
fact that g would be negative. Therefore, the extension is obtained, in the setting of convex bodies, by
means of the Wulff shape (see (3)) determined by the support functions of the sets. In particular, given
two convex bodies K, L C R” containing the origin and a fixed A € (0,1),

(1—A)-K+pA L= w(((1 —l)hK(u)P+7LhL(u)1’)1/p).

It can be seen that this definition coincides with the one of Firey when p > 1. In the case p = 0, the
previous notion translates into the limit case

(1-A)-K+oA-L= w(hK@)l*’thL(u)*).

Conjecture 1.1 was solved in the plane already in [26], and the corresponding equality cases, both for
(1.9) and (1.10) were characterized. The authors also noted that the central symmetry hypothesis cannot
be removed. The conjecture can be solved in the complex case as a consequence of a generalization of the
Blaschke-Santal6 inequality due to Cordero-Erausquin, as shown by Rotem in [90].

Since then, other symmetric scenarios have been considered. For the case of unconditional convex
bodies (i.e., convex bodies that have orthogonal symmetry with respect to all the canonical hyperplanes)
in general dimension, Conjecture 1.1 was solved by Saroglou in [95]. In [78], Marsiglietti proved the
more general inequality

vol((1—24)-K+,2 .L)"/" > (1= 4)vol(K)?/" + A vol(L)?/" (1.11)

forall 0 < p<1and A € (0,1), when K and L are unconditional convex bodies. These results were
generalized by Boroczky and Kalantzopoulos in [25] to the setting of convex bodies which have linear
symmetry (not necessarily orthogonal) with respect to n hyperplanes with linearly independent normal
vectors. In a more functional setting, Saroglou also showed in [96] that the conjecture implies the
corresponding inequality for any log-concave measure.

Furthermore, the question of the stability of Brunn-Minkowski type inequalities of this form has also
been studied, and local results (with respect to the Hausdorff topology) have been obtained, for instance,
in [33, 35, 73, 85].

For further information on the log-Brunn-Minkowski, we refer the reader to the previous manuscripts
and the references therein.

Discrete versions of the Brunn-Minkowski inequality

As already stated, another common approach to extend the Brunn-Minkowski inequality is to consider
alternative spaces and measures. In this regard, the integer lattice Z" endowed with the cardinality measure
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has been extensively studied. Perhaps the first naive inequality in this context is the classic one given by
|X+Y|>|X|+|Y|—1 for any non-empty finite sets X,¥Y C Z".

Ruzsa obtained in [93, 94] some of the first strengthenings of this inequality. In particular, he showed
that if also |Y| < |X| and dim(X 4+ Y) = n then
n(n+1)

X+¥] 2 X+ nly| - 2

(1.12)

In [46] Gardner and Gronchi obtained a powerful discrete analogue of the following form of the Brunn-
Minkowski inequality, in the setting of Z" with the cardinality: vol(K + L) > vol(Bx + By.), where Bg and
By denote the centered Euclidean balls of the same volume as K and L, respectively. More precisely, they
proved that if XY are non-empty finite subsets of the integer lattice Z", with dimension dimY = n, then

X +Y[ > |[Dj+ Dy (1.13)

Here D|);(\ ,D‘Yy‘ are Y-initial segments: for m € N\ {0}, D}, is the set of the first m points of Z~ in the
so-called “Y-order”, which is a particular order defined on Z% , depending only on the cardinality of Y.
For both a proper definition and a deep study of it we refer the reader to [46]. As consequences of (1.13),
they also got two additional engaging discrete Brunn-Minkowski type inequalities improving Ruzsa’s

inequality (1.12):

X4y > x|V S (Y] - n)

(n!)l/n
and, if |[Y| < [X

, then
nn—1)

XY 2 X]+ (= DY+ (X] =) (=)= 2

In [63], a discrete Brunn-Minkowski type inequality in the classical form (1.1) was proved: for
X,Y C Z" non-empty finite sets,
X+ |1 > x|t |,

where X is a suitable extension of X (not depending on Y).

Another way of extending the set in the left-hand side in order to obtain a discrete Brunn-Minkowski
type inequality is to sum the discrete unit cube {0, 1}". This has been performed, e.g., in [50, 69]. In
particular, we have the following result:

Theorem D [69, Theorem 3.2] Let X,Y C Z" be non-empty finite sets. Then
X +7 +{0,13"|"/" > x| /" 4 |y |/, (1.14)
Equality holds if both X and Y are lattice cubes.

Recently, other discrete analogues of the Brunn-Minkowski inequality have been obtained for the
cardinality [50, 63, 69], functional extensions of it [55, 64, 65, 68, 69, 71, 100] and versions for the lattice
point enumerator Gy (+) [55, 64, 65, 67, 69], some of which we will discuss in subsequent sections. In this
respect, in [69] the authors show the necessity of extending (1 —A)K+ALto (1—A)K+ AL+ (—1,1)"
in order to get a discrete analogue of (1.1) for all A € (0, 1), as follows:

Theorem E Let A € (0,1) and let K, L C R" be non-empty bounded sets. Then
G ((1=A)K+ AL+ (—1,1)")"" > (1= 2) Ga(K) /" + A G (L) /", (1.15)

The inequality is sharp.
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Apart from the above-mentioned discrete Brunn-Minkowski type inequalities, various discrete coun-
terparts, for the lattice point enumerator Gy (+), of classical results in Convex Geometry have been recently
proven. Some examples of such results are Koldobsky'’s slicing inequality [2], Meyer’s inequality [42],
an isoperimetric type inequality [67] (which we will discuss in Chapter 2), or a Rogers-Shephard type
inequality [9] (which we will discuss in Chapter 3). We refer the reader to these articles and the references
therein for other connected problems, questions and results.

1.2 The Brunn-Minkowski inequality for positive combinations of sets

In the continuous setting, due to the homogeneity of the volume, (1.1) is equivalent to
vol(tK +sL)'/" > tvol(K)'/" + svol(L)'/" (1.16)

for any ¢,s > 0 and any non-empty compact sets K, L C R". However, since Gy (-) is not homogeneous,
it is not possible to directly obtain this generalization from (1.15). Nonetheless, the proof itself can be
adapted. The results of this section are contained in [67] unless otherwise stated. In particular, in this
section we will prove:

Theorem 1.2 [67, Theorem 1.1] Let¢,s > 0 and let K, L C R" be non-empty bounded sets such that
G (K)Gy(L) > 0. Then

1/n

G (tK +sL+ (—1,[t+51)") " > 1 Gu(K) /" +5Go (L) /" (1.17)

Equality is attained, when t +s € Z, if K = [0,a]" and L = [0, b]" are cubes with a,b,ta+ sb € Z.

We will also show that (1.17) implies (1.16) for non-empty compact sets (see Theorem 1.9).

In [67] a direct geometrical proof is provided. Here, we will use a different approach: we will show
Theorem 1.2 by proving a more general functional result, from which Theorem 1.2 will be derived as an
immediate consequence. Indeed, we will show the following result:

Theorem 1.3 Lett,s > 0 and let K,L C R” be non-empty bounded sets. Let —1/n < @ < e, ot # 0,
and let f,g,h: R" — R>( be non-negative functions such that

h(tx+sy) > [1f(0)% +sg(»)*] (1.18)

for all x € K, y € L with f(x)g(y) > 0. Then

) B (z) > S"

z€(M+(=1,[t+s]))nzn e

( Y ), Y g(y)>, (1.19)

xekKnz" yeELNZ"

where M = tK + sL and h°(z) = SUPye (1, [145])n (2 — ).

The proof follows the same steps to those of the proof of [69, Theorem 2.2], replacing convex
combinations (1 —A)x+ Ay, for A € (0,1), by linear combinations 7x + sy, with ¢,s > 0, and making the
suitable adaptations. We nonetheless include it here for the sake of completeness. We observe that the
adjustment in the definition of 4°(-) (compared to /°(-), see (5)) stems from the lack of symmetry of the
cube (—1,[t+s])" whent+s # L.

We start by proving the following result, which will be used to obtain the 1-dimensional case of
Theorem 1.2. It again turns out to be the corresponding analogue of [69, Lemma 2.1] (by suitably replacing
the parameters 1 — A and A by ¢ and s, respectively).
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Lemma 1.4 Let ¢t,s > 0 and let K,L,M C R be non-empty sets verifying that tK +sL C M. If

M = J;_,[a;,bi], with a;,b; € Z for all i = 1,...,r, is a finite union of pairwise disjoint compact

intervals with integer extremes then

G1(M)+r(t+s— 1) > tGl(K) +SG1(L).
Proof.  We prove the result by induction on r. For the case r = 1, i.e., when M = [a;,b;] is a (non-empty)
compact interval (with aj, b € Z), we have on the one hand that G| (M) = by —a; + 1. Moreover, denoting
by a =infK, b = supK, ¢ = infL and d = supL, we clearly get G|(K) < G;([a,b]) = |b] — [a] + 1
and Gi(L) < Gi([c,d]) = |d] — [c] + 1. On the other hand, the inclusion tK + sL C M implies that
by >t|b]+s|d| and a; <tla]+s[c], and thus by —a; > (|b] — [a])+s(|d]| — [c]). Altogether, we
get Gy(M) —1>1t(Gy1(K)—1)+s(Gi(L) — 1), showing the case r = 1.
r+1

So, we suppose that the inequality is true for » > 1 and assume that M = (J!_| [a;, b;], where b; < a;
forall 1 <i<r.

Denoting by M| = [a;,b;]| and M, = Ulrizl [ai,b;], we may assume, without loss of generality, that
M, N (1K +5sL) # 0. Hence, we may define m = sup(M; N (tK +sL)) and then, since K and L are bounded
(because tK + sL C M), there exist k € clK and [ € clL (where cl- denotes the topological closure) such
that 1k +s! = m. Thus, considering the sets Kj = {x e K :x <k}, K, =K\K;, Li={xe L:x<lI}
and L, = L\ L;, we have that tK; + sL; C M; and tK; + sL, C M,. Therefore, applying the induction
hypothesis (and taking into account that M, are M, are disjoint), we finish the proof:

GIM)+(r+1)t+s—1)=G (M) +(t+s—1)+Gi (M) +r(t+s—1)
>1G1 (K1) +sGi (L)) +1Gi1(K2) +5G(Ly) =tG(K)+sGy(L). [ |

Now we prove the case n = 1 of Theorem 1.2, which will be necessary in the proof of Theorem 1.3.

Lemma 1.5 Let¢,s > 0 and let K, L C R be non-empty bounded sets. Then
G1<zK+sL+(—1,[t+s1)) > 1Gy(K) +sGy(L). (1.20)
Equality is attained, when ¢ + s € Z, if K = [0,a] and L = [0, b] are intervals with a,b,ta+ sb € Z.

Proof. Let M =,k [|x], [x]]. Clearly, since K and L are bounded, M is a finite union of compact
disjoint intervals, say M = |J/_, [a;, b;] for some a;,b; € Z,i=1,...,r.

Forl={1<i<r:ai—b <[t+s—1]},let M = MU (Ue;[bi,air1]) and let
M'=M'+[0,[t+s—1]] =M+ [0, [t +s—1]].
From Lemma 1.4 we obtain
Gi(M")=Gi(M)+ (r—I))([t+5—1]) > Gy (M')+ (r—1|)(t+s—1) >t G (K) +5G(L).
This yields (1.20) since MNZ = (1K +sL+(—1,1)) NZ and
M'NZ = (iK+sL+ (=1, [t+s=1]+1)) NZ.

Finally, in order to show that equality may be attained (for some #,s > 0), it is enough to consider
a,b,t,s > 0 such that a,b,t +s,ta+ sb € Z, and take K = [0,a] and L = [0, ], for which we have

tK+sL+ (—1,[t+s]) = (—1,ta+sb+1+s),

and thus
G, (zK+sL+ (-1, (z+s1)) =tla+1)+s(b+1)=1Gi(K)+sGi(L). |
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Before proving Theorem 1.3 we need to state an auxiliary result, which can be regarded as a discrete
counterpart of the well-known Cavalieri Principle for the lattice point enumerator (see [69] and the
references therein).

Lemma 1.6 [69, Corollary 2.1] Let Q C R” be a bounded set, let f : R” — [0, ) and consider a set
{ki}I_ysuchthat 0 =ko < ky < --- <k, and f(QNZ") C {ki}|_,. Then

r

Y fx) =Y (ki—ki1)Ga({xeQ: f(x) > k}).

xeQNZ? i=1

We are now ready to prove Theorem 1.3.
Proof of Theorem 1.3.  We may assume that (¥,cxrzn f(x)) (Lyeznz08(v)) > 0, since otherwise the
result is trivial. We will prove it by induction on the dimension. So, we let n = 1, and we write

= >0, b= 0 and c= (ta®+sb*)"%>0.
a= xrer}(agczf() , yrenL%XZg()> and c¢= (ta*+sb*)"/* >

We also consider the normalized functions F,G,H,H® : R — R given by

fx) g(y) h(z) 5 h°(2)
Fx)=—=, G(y)===, H(z)= d H = .
W= 6= Ho=" wmd wE="
We will first show that, for all x € K and all y € L, we have
H(tx+sy) > min{F(x),G(y)}. (1.21)

Without loss of generality we can assume that f(x)g(y) > 0. Then, setting 6 = sb* /c%*, we have on the
one hand, for any ¢ # oo,

hlex ) > (1) s0)) " =

= ((1-8)F(\)* +0G(5)*) /" > c-min{F (x),G(»)},

c®

ta®F (x)* +sbaG(y)a> 1/a

where in the last step we have used that min{,-} = M?*_(-,-) and that M-, -) is increasing in a € R.
On the other hand, if o = oo, we clearly have

b
b 59) = max{ 12600} = ¢-max { 27 (. 260) } > ¢-min{ (9,60}
since ¢ = max{a, b} in this case. This shows (1.21).
Let us now define, for any 7 € R, the level sets
Kc={x€eK:F(x)>1}, L;={yeL:G(y)>r1},
M;={zeM:H(z)>1}, N;={zeM+ (- 1(:+s) > 1}

By construction, these sets are non-empty for all 7 € [0,1]. Then, on the one hand, (1.18) implies that
tK; +sL; C M for every T € [0, 1], and thus, Lemma 1.5 yields that

Gi (MT+(—1,(z+s1)) > 1Gy(K;) +5G1(Ly), (1.22)

for all 7 € [0, 1]. On the other hand, it is clear by definition that H®(z+u) > H(z) forany u € (—1, [t +s5]),
and this implies that
M+ (—1,[t+5]) C Ny, (1.23)

for every 7 € [0,1].
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Next we consider, for some r € N\ {0}, points {k;}!_; C R>o with 0 = ko < k; < --- < k, such that
(kYo > F(KNZ)UG(LNZ) UH<_><(M+ (—1,]t+5])) mz).

By construction, there exists ¢ € {0,...,r} with kg = max,cgnz F (x) = maxyeznz G(y) = 1. Then, by
applying Lemma 1.6, together with (1.22) and (1.23), we get

) h*(z) = Y cH®(z Z (ki — ki—1) G1 (Ny,)
2€(M+(=1,[t+5]))NZ ze(M+(=1,[1+5]))NZ i=1
> e Y (ki — ki 1) Gy (Ng) Z (ki —ki_1) Gl(Mk+( 1 [r+s]))
"j‘ = (1.24)

To finish, we observe that if @ # oo, then by setting

04 —1 ~1
h=-a h=_—. ar=((1""%a)”", (s"/b) ") and
ay = (t("‘“)/“ Y fx), sty g(y)>,

xeKNZ yeLNZ

and applying the reverse Holder inequality (8) to the last term in (1.24) yields (1.19) for n = 1, as desired.
If @ = o this last inequality is trivial, since in that case o/ (ot +1) = 1.

Now, we assume the result holds for all dimensions up to n — 1. The n-dimensional case will follow
from the successive application of the (n — 1)-dimensional and 1-dimensional cases.

First, we fix points tx € 7(K), 7, € ©(L) and T = tTx + 57, where (M) = {r e R: M(r) # 0} for
M C R"™. We also consider the functions fi,g1,4; : R — R> given by
filx) =f(xtk), &1(y) =8(,7) and hi(z) =h(z, 7).

For any x € K(tx) and any y € L(7z), (1.18) implies that iy (tx+sy) > (21 (x)* +sg1(»)%) % Therefore,
the induction hypothesis (i.e. (1.19) for dimension n — 1) yields

1/B

B B
Y m@)> l( Y fl(x)> +S< Y 81()’)) ; (1.25)
zeQNZ"-! xeK (tg)NZn—1 yeL(t )NZr—!

where Q| = 1K (tx) +sL(t.) + (-1, [t +s])n_1 and B =a/((n— 1)+ 1). By convexity, it is clear that
Q) C QZ(T)’ where ) = tK+SL+(_1a [t+s—|)n_lx{0}' If we write h/(Z, I") = supue(fl,ﬁwts‘\)”*l h(Z—M,I")
for any z € R"~! and any r € R, then (1.25) implies

1/B

i B
Y H(zr)> z< Y & (x)) +sQ ) gl(y)) : (1.26)
zn—1 xeK( zZn—1 eL( Y/

z€Q(T)NZ— Tx )2~ L)L

Now, if we consider the functions f>, g2,h2 : R — R given by

A=Y flr), M= Y ) ad b= Y i),

xeK(r)nzr-1 yEL(r)nZ-1 ZEQ (r)NZ-!
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then (1.26) translates into &y (tTg + s7) > (t fz(TK)ﬁ +sg2(‘L'L)ﬁ) VB Since this reasoning is valid for
any Tx € w(K) and any 7, € w(L), we can apply the 1-dimensional result to the sets 7(K), w(L) and the
functions f», g2,/ to obtain

Y n Vr
), wi(r)z <t< Y fz(TK)> +s< ) gz(’CL)> ) : (1.27)
reQ3NZ xen(K)NZ T.en(L)NZ

where Q3 = t71(K) +s7(L)+(—1, [t +5]) :n(tK+sL+(—1, [zm)”) andy=B/(B+1)=a/(na+1).

On the one hand, it is clear that
Y fw)= ) f@) ad Y e(u)= Y} g0) (1.28)
xen(K)NZ xeEKNZ" T en(L)NZ yeELNZ!
On the other hand, we get
Z ho®(r) < Z h°(z).
reQsNZ ZE(MJF(*L"Z‘Fﬂ )n)ant
Indeed, since clearly

Qo(r—w) = (M+ (= 1,r+51)"" % {0}) (r=w) (M4 (=1, [1451)") ()
forall w € (—1, [t +s]), we have that

Y m(r)= ) sup Y W (z,r—w)
reQ3N7Z reQ3NZ we(—l,(t-&-s'\)zefzz(rfw)ﬁZ"‘l
< Y Y sup  H(z,r—w).
r€QNZ e (M-4(—1,[1+s])r) (nze-1 we(=1,[t+s])

A straightforward computation shows that the above expression is equal to L. e(M+(=1,[t+51))nz h®(z).
This, together with (1.27) and (1.28), finishes the proof. [ ]

Finally, we can easily derive Theorem 1.2 from Theorem 1.3:
Proof of Theorem 1.2. It suffices to apply Theorem 1.3 with ot = oo, f = y,, g =%, and h =y, ,, for

which we clearly have that h° = Xokosto(1 fosr The equality check is trivial. [ |

Remark 1.7 Theorem 1.2 can be extended to the setting of an arbitrary n-dimensional lattice A C R”.
Indeed, if B = {vi,...,v,} is a basis of A, we may consider ¢ : R” — R” the linear bijection given by
o(x) =Y x;v; forany x = (x1,...,x,) € R". Then, denoting by Go (M) = |M N A|, Theorem 1.2 yields

1/
GA(rK+sL+<p((—1,[t+s])")> "> 1GA(K) /" + G (L)
for any non-empty bounded sets K,L C R" with GA(K)Ga(L) >0 and all 7,5 > 0. ¢

Theorem 1.2 allows us to obtain a property for the lattice point enumerator that resembles the
homogeneity of the volume:

Corollary 1.8 Lett > 0 and let K C R” be a non-empty bounded set. Then
Gy <tK—|— (-1, M)") > "Gy (K).

Proof.  We may assume, without loss of generality, that G,(K) > 0. Then the result follows from
Theorem 1.2 for s = 0 and L = {0}. ]

To conclude the section, we point out that in [69, Corollary 2.3] it was shown that the discrete
inequality (1.17) witht =1—A and s = A (for A € (0,1)) implies the corresponding form of the classical
Brunn-Minkowski inequality (i.e., for such values of ¢ and s). Since the latter is equivalent, by homogeneity,
to (1.16) for arbitrary ¢,s > 0, we immediately get the following result.



1.3 A discrete L, Brunn-Minkowski inequality for p > 1 11

Theorem 1.9 [67, Theorem 1.3] The discrete Brunn-Minkowski inequality (1.17) implies the classical
Brunn-Minkowski inequality (1.16) for non-empty compact sets.

Furthermore, a direct proof of this result can be given in a way similar to what is performed in
Section 2.5 within the proof of Theorem 2.43, by directly approximating the volume by means of the
lattice point enumerator, as the lattice shrinks.

1.3 A discrete L, Brunn-Minkowski inequality for p > 1

In this section we will prove a discrete analogue of the L, Brunn-Minkowski inequality (1.7) for the
lattice point enumerator (see Theorem 1.10). We will also show that this new discrete inequality implies
its continuous analogue (1.7) (see Theorem 1.19). In both cases, the approach will be to first obtain a
more general functional version of the result, namely, an appropriate discrete Borell-Brascamp-Lieb type
theorem (see Theorems 1.12 and 1.18). The results are collected in [65]. The main theorem of this section
is the following one:

Theorem 1.10 [65, Theorem 1.1] Let A € (0,1) and p > 1, and let K,L C R" be bounded sets with
Gn(K)Gn(L) > 0. Then

Ga((1=A)-K+pA-L+(=1,1)")""" > (1= 1) Ga(K)?/" + A Ga(L)?/". (1.29)

The inequality is sharp.

For any fixed p > 1, the Minkowski addition of the cube (—1,1)" on the left-hand side of the latter
inequality cannot be, in general, neither reduced (by means of a smaller cube) nor substituted by its p-sum
(see Remark 1.15). And again, as in the classical framework, the case p = 1 of this result recovers (1.15).

1.3.1 Functional results: Background and main theorems

Following the spirit of [69], we will prove Theorem 1.10 for the lattice point enumerator G,(-) by
showing (the more general version of) its functional counterpart (see Theorem 1.12). In particular, in
[69], Theorem E was obtained by first proving the following discrete analogue of Borell-Brascamp-Lieb’s
inequality (Theorem C).

Theorem F Let A € (0,1) and let K,L C R”" be non-empty bounded sets. Let —1/n < o < oo and let
f,8,h: R" — R>( be non-negative functions such that

B((1=A)x+Ay) > [(1=A) (0% +Ag(y)*]

forallx € K, y € L with f(x)g(y) > 0. Then

ze(M+(—1,1)")nZ"

where M = (1 —A)K + AL.

Taking into account the definition of p-sum given by (1.8), it is natural to wonder about the possibility
of extending Theorem C to the L, setting by suitably modifying the condition on the functions there
involved (cf. (1.4)). Such an expected L, version of the Borell-Brascamp-Lieb inequality has been very
recently obtained in [92] (shown independently, for the case o > 0, in [103]):
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Theorem G Let A € (0,1)and p > 1. Let —1/n < ot < o and let f,g,h: R" — R be integrable
functions such that

h((l _A)I/P(l _u)l/qx+ll/P“1/qy) > [(1 —)\,)l/p(l _“)l/qf(x)a_'_)Ll/Plul/qg(y)a 1/ (1.30)

for all x,y € R” with f(x)g(y) > 0and all u € [0,1]. Then

no+1

[ sz e ([ e | ear).

Before continuing, we would like to clarify the special case of o¢ = 0 in condition (1.30) of the
previous result:

Remark 1.11 On the one hand, it is clear that

=rpr ifs+r=1
1. o o l/a: a 5
Jim (sa®+rb%) 0 ifs+r<l.

On the other hand, we have
(1=)YP(1 =) /a4 2 rylle =1

ifu=2A2,and
(1=)YP(1 =) a4 2 Pyl <1

forall u € [0, 1] with u # A, by Holder’s inequality (7) (jointly with its equality case). Then, by convention,
the case ¢ = 0 in (1.30) will be understood as

R((1=A)x+Ay) > f(x) P g(y)*

for all x,y € R". In other words, the case o = 0 in Theorem G is the same to the one in Theorem C, i.e.,
the classical Prékopa-Leindler inequality (see Theorem B). ¢

We will now show the corresponding L,, version of Theorem F. In other words, we prove a discrete
analogue of Theorem G, which, in particular, will imply Theorem 1.10. We follow here the underlying
idea of the original proof of (1.7) given in [76].

Theorem 1.12 [65, Theorem 2.1] Let A € (0,1) and p > 1, and let K, L C R” be non-empty bounded
sets. Let —1/n < o < oo and let f,g,h : R" — R>( be non-negative functions such that

h((l _)L)l/p(l _“)1/61)6_{_11/17’111/61),) > {(1 _)L)l/p(l —[,L)l/qf(x)a _|_ll/17u1/qg(y)oc} l/a (1.31)

forall x € K, y € L with f(x)g(y) >0 and all u € [0,1]. Then

Y @) =M ( Y fx), Y g(y)>, (1.32)

2€(Mp+(—1,1)")NZ"

where M, = (1—1)-K+,A-L.

As in the classical framework, the case a = 0 in this result is that of Theorem F (see Remark 1.11).
Proof.  Along the proof, we will assume that

( ) f(X>>< Y g@)) >0,
xeKnz" yeLNZ"
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since the result is trivial otherwise. Now we set, for any given (i € [0, 1] (to be suitably chosen later),
t=1(uo) = (1= 2)/P(1-po)' /s and s =s(u) := A"y,

for which one has, by Holder’s inequality (7), that # +s < 1. Notice that the assumption (1.31) can be
then rewritten, in terms of ¢, s, as

h(tx+sy) > [1£(x)% +sg()%] '/

forall x € K and y € L with f(x)g(y) > 0, and thus Theorem 1.3 yields

y 7 (z) > 8,

1
2€(tK+sL+(=1,[t+s] ) )Nz e

( Y f. Y g(y)>- (133)

xeKNz" yeLNZ"
Moreover, from (1.8) we clearly have
—(1— a1 — yn\t/a Vp,Vay _
My=(1-4)-K+,A-LD(1—=A4)/P(1—uo) K+ A"Puy""L =tK+sL.

This, together with (1.33) and the fact that (—1,1)" D (=1, [t +s])", allows us to conclude that

) h°(z) > S

2e(My+(—1,1)") Nz ret

( Y /), Y g(y))-

xeKnz" yeLNZ?

Notice also that if &« = —1/n then ot/ (na+ 1) = —eo and hence we are done. Then, in the following we
may assume that o # 0, —1/n (cf. Remark 1.11). For the sake of brevity we write

o

Bi= no+1

6(—oo,O)U<O,’11], F:=Y f(x) and G:= Y g(y).

xeKnz" yeLNZ?

Thus, taking

o= A (Eyerz )" _ AGPP

(1=2) (Exeknzr f(x))pﬁ +2 (ZyELman(y))pﬁ (1—A)FPB + AGPB’

a straightforward computation yields
st 1/ Vap g 1/py e "
5 (F.G) = ((1=2)17(1 = o) V1FP 4 21171 1GP)

1/B
e L B P
(1—A)FPB +AGPB (1—A)FPB +AGPB

((1 — A)FBO+P/9) 4 A GB(+r/a

AN /(o)
(1 -a)Er - aGe)' = (=M 267 ) T = MG (R.).
1 — A)FPB 4+ AGP

This concludes the proof. u

Remark 1.13 Following the same approach as the one in the proof of Theorem 1.12, just replacing the
sums of the functions f, g and 4 by their integrals on R”, one may also derive Theorem G. For this, one
can similarly exploit the suitable version of Theorem 1.5 for linear combinations ¢x + sy instead of the
one for means (1 —A4)x+ Ay (see [23]). ¢
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An analogous result for arbitrary lattices can be obtained. Given an n-dimensional lattice A with basis
B={vi,...,vu}, let ¢ : R" — R" be the linear (bijective) map defined by ¢(x) = Y1, x;v; for each
x = (x1,...,%,) € R". Taking into account the pointwise definition of the p-sum given in (1.8), we have

O((1-2)-9 ' (K)+pA-9 (L) = (1= A)-K+,A-L.

This allows us to extend the statement of Theorem 1.12 to the setting of an n-dimensional lattice A C R",
by considering the auxiliary functions f3, g5, /45 : R* — R>( given by

f8(x) = f(e(x)), g5(x)=g(o(x)) and h(x) =h(p(x))
for any x € R", as follows:
Corollary 1.14 LetA € (0,1), —1/n < ot < oo, and p > 1. Consider non-empty bounded sets K, L C R".
Let f,g,h: R* — R>( be non-negative functions such that

1
(1= V71 = ) o4 A1P 1) 2 (1= 2)VP(1 = ) o)+ 21 ogy)e]

forall x € K,y € L with f(x)g(y) > 0andall u € [0,1]. Let A C R” be an n-dimensional lattice with
basis B = {vi,...,v,} and let @ (x) = Y7, x;v; for x € R". Then

Y h°8 (2) > M ( Y f(x) Zg(y)>,

ZG(MIH‘(P((—LI)"))I’]A xEKNA yELﬁA

where My, = (1 =2)- K+, A -Land h°5(2) = sup,c (1,1 h(z+u) forall z € R".

1.3.2 Some geometric consequences

We start by showing, as previously announced, that, as in the classical setting, the geometric inequality

(1.29) can be derived from the functional one (1.32):

Proof of Theorem 1.10. By applying (1.32) with & = oo to the characteristic functions f = x,, g =X,

and h = Xo-ayepinr for which h° = Xi1-ayks i1y > ONE immediately gets (1.29).
Finally, to show that the equality can be attained, it is enough to consider K = L = [0,m]" with m € N,

for which Gy (1= A) K+, AL+ (—1,1)") = (m+1)" = Gp(K) = Gy(L). n

Now, for bounded sets K,L C R" with G,(K) G,(L) > 0, it was shown in [69] that

1/n 1/n 1/n
Gn<K;—L+[O 1]> . GalE) ;GH(L) |

i.e., that (1.15) for A = 1/2 also holds by replacing the cube (—1,1)" by [0, 1]". However, the latter
inequality is in general not true for any A € (0, 1). Thus, and regarding (1.29), it is a natural question to
wonder whether (—1, 1)"” might be similarly reduced to a smaller cube.

Remark 1.15 We notice on the one hand that the set (—1,1)" cannot be reduced to a strictly smaller
cube of the form (—1,4a]" (or [—a, 1)") with a € (0, 1), for any fixed value of p > 1. Indeed, it is enough
to consider, as an example, the sets K = [0, 1], L = [0,2] in dimension n = 1 and the combination

—(1=A)-K+pA-L+(—1,d] = (—1,M§(1,2)+a} - (-1,(1—;L+/12P)1/P+a

(observe that K, L C R" are n-dimensional convex bodies containing the origin and hence, as mentioned
in the introduction, the p-sum defined by (1.8) agrees with the classical definition given by (1.6)).
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Then, since G|(M) = LM;} (1,2)+a| +1 and ./\/lf,L (1,2) € [1,2], it is enough to find A > 0 such that
M% (1,2) +a < 2. But this is always possible because

lim M2 (1,2) = lim (1—-A+A27)"/P =1,
A—0t A—0t

and therefore we have G; (M) = 2 for A > 0 small enough. However, for the right-hand side of (1.29) we
have G| (K) =2 and G (L) = 3, and thus
M2 (Gi(K),Gi(L)) = M5 (2,3) € [2,3].
Since A > 0, we know that M,’} (Gi(K),Gi(L)) > 2, which shows that
Gi((1-A)-K+pA-L+(—1,a]) < M*(G(K),Gi(L)).

On the other hand, taking a look at (1.15), one could think that its natural L, version could be given
by considering the p-sum of the cube (—1, 1)" on the left-hand side of (1.29) (instead of its Minkowski
addition). In fact, when dealing with n-dimensional convex bodies K,L C R" containing the origin, one
has that

(1=A4)-K4+,A-L+,[-1,1]"C(1=A)-K+,A-L+[-1,1]"
for any p > 1 (see [41]). So, p-summing the cube (—1,1)" on the left-hand side of (1.29) would be,
sometimes, tighter than (Minkowski) adding it. Nevertheless, this is not possible either. Indeed, by again
considering the sets K = [0, 1], L = [0,2] in dimension n = 1 and p = 2, for which we have by (1.6) that

1 1
E-1<+25-L: [0,v2.5],

we get, now using (1.8),

2 2
as desired. ¢

G1<1.K+21-L+2(—1,1)>§ G ((—1,@)) —2<v65 = MY?(2,3) = MY? (G1(K),Gi (L)),

We observe now that Theorem 1.10 holds also true for arbitrary non-negative (L,) linear combinations
of K and L, albeit with a suitable modification of the cube. More precisely, we have:

Corollary 1.16 Letz,s > 0and p > 1, and let K,L C R” be bounded sets such that G, (K) G, (L) > 0.
Then

2\ P/n
Gn(z-K+ps-L+<—1,[(zﬂ)””]) ) > 1 Gy (K)P/" 4 5 Gy (L)P/".

Proof. The proof follows the same argument to that of Theorem 1.12, by replacing 1 — A and A by ¢
and s, respectively, for the characteristic functions f = x,, g = x, and h =¥, . So, in this case, it is
enough to set

F=f(uo):=1"P(1—po)"/* and §=5(uo) :=s""u)/",

for which 7+ § < (t +5)'/? by Holder’s inequality (7), and then

(—1, [(t+s)‘/”])n > (—1, [f+s‘])n.

The proof is now concluded as the one of Theorem 1.12. [ |

Regarding Theorem D, it makes no sense to wonder about an L, version of inequality (1.14), by just
replacing A + B by A +, B on the left-hand side, since A +, B is no longer finite (see (1.8)), for p > 1.
However, from Corollary 1.16 for K = A, L = B and t = s = 1 we get the following result:
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Corollary 1.17 Let A,B C Z" be finite, A, B # (. Then

Gu(A+,B+(=1,2)")7" > |A]P/" + |BIP/". (1.34)

Clearly, for p = 1, the latter inequality is exactly (1.14), since A+ B C Z" and the sole integer points
in (—1,2)" are those in {0, 1}".

We would further like to note that unlike in the linear case (p = 1), the cube (—1,2)" on the left-hand
side of (1.34) cannot be, in general, reduced to {0,1}" or even to [0,1]". To see this, it is enough to
considern=1,A=1{0,...,a} and B={0,...,b} for some a,b € N with 0 < a < b. Indeed, on the one
hand, taking into account that S, (+,-) is decreasing in p, we have (see e.g. [56, Theorem 19])

S, (JAl,1B]) =S, (a+1,b+1) € [b+1,a+b+2],

and moreover, S, (a+1,b+1) >a+b+1 for p > 1 small enough. On the other hand, if we denote by
K =10,a] and L =[0,b], then K +,L = [O,Sp (a,b)] since K and L are 1-dimensional convex bodies
containing the origin (and thus their p-sum is also given by (1.6)). Furthermore, due to the fact that
S,(a,b) <a+bforall p>1, we obtain |S,(a,b) | +1 < a+b. Therefore, altogether we get

Gi(A+,B+[0,1]) <G|(K+,L+[0,1]) = |S,(a,b)| +2
<a+b+1<8,(a+1,b+1)=38,(|A],|B])

for any p > 1 small enough. In fact, taking for instance a = b = 1 and p = 3/2, the latter inequality holds,
which shows that [0, 1]" cannot replace (—1,2)" on the left-hand side of (1.34).

From the discrete setting to the continuous one

Next we show that our discrete counterpart, Theorem 1.12, implies the continuous result collected in
Theorem G, under mild assumptions for the functions there involved, in the spirit of what happens for
p =1 (see [69, Theorem 2.4]).

Theorem 1.18 [65, Theorem 2.2] The discrete L, Borell-Brascamp-Lieb type inequality (Theo-
rem 1.12) implies the (continuous) L, Borell-Brascamp-Lieb inequality (Theorem G), provided that the
functions f,g are Riemann integrable and # is upper semicontinuous.

Proof. Let f,g,h:R" — R>( be functions in the conditions of Theorem G, namely, verifying (1.30)
for all x,y € R” with f(x)g(y) > 0and all u € [0, 1], for some fixed p > 1,4 € (0,1) and —1/n < ot < oo

We will first prove that, given k € N\ {0} and C = [k, k]", we have

[ o> M ( [rwas [ g dx) | (135)

na+l

Theorem G will then follow simply by taking limits as k — co. To this aim, we may assume that the
functions f, g and & vanish outside C (multiplying them by the characteristic functions of C, if necessary).
We shall also write Cy = [—k, k)".

Foreachm € N, we letR" = [0,27") and 0" =R™ —R™ = (—=27",27"), and we define the functions
Sms &nyhm - R" — R>q given by

fm(x)= sup f(z), &m(x)= sup g(z) and hy(x)= sup h(z).

zEx+R™ zEx+R™ zEx+R™

Moreover, for the sake of simplicity, we set ¢ := (1 —A)Y/?(1 — u)"/% and s := A'/7 /4 for any given
u € [0, 1], for which we get, as a consequence of Holder’s inequality (7), that  +s < 1. Again, condition
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(1.30) can be rewritten in terms of ¢, s as

hlez +s22) > [tf(21)" +sg(22)]
for all 7,7, € R" with f(z1)g(z2) > 0. Thus, since (¢ +s)R™ C R™, we have

hy(tx+sy)= sup h(z) > sup h(z) = sup h(tzi +s20)
ZELx+sy+R™ z€t(x+R™)+s(y+R™) 21 Ex+RM 2 €y+R™

o oql/a
> sup [ff(zl)“Jrsg(Zz)a]]/a: [f< sup f(m)) +S< sup g(Zz)) ]

71 €x+R™ 7, €y+R™ 71 Ex+R™ zE€y+R™
1
= [tfu(0)% +5gm()*]"

for all x,y € C (and so, in particular, for all x,y € Cp) with f,,,(x)gm(y) > 0 and all u € [0, 1]. Hence, the
functions f,,, gm, s are in the conditions of Corollary 1.14 and we may apply it for the sets K = L = Cj
and the lattice 27Z". Note that in this case ¢ ((—1,1)") = O™ and thus we obtain

ho'"()>/\/l’lpa< Y ), )Y gm(y>>, (1.36)

2€[M,+0m|n2-m7n x€CoM2MZ1 yeCoM2—m 7

where M, = (1 —1)-Cy+, A - Cy and ki (z) = sup,con hm(z+u). Now, since C is an n-dimensional
convex body containing the origin, from (1.6) we get

(1=A)-Co+pA-CoC (1—1)-CH,A-C=C,

which, jointly with the fact that (C+O™)N27"Z" = CN27"Z", allows us to deduce (from (1.36)) that

) h°"’()>M%< Y ), Y gm(y)>. (1.37)

zeCn2—mznr €Con2—m7n yeCon2—mzn

We now consider the function / : R” — R given by h(x) = supgcsom (x+ 0), and show that, for every
fixed z € R" and any x € z+ O™, we have h(x) > h%»(z). Indeed,
h(x) = sup h(x+6) = sup sup sup A(x+u+v-+w)> sup sup sup A(x+u+v+w)
6e30m weOmyeOm ucOm weO" yeO™ ycR™
= sup sup hy(x+v+w)= sup Ay (x+w) > hr(z).

weOm yeOm weQm

(1.38)

Furthermore, for any r > 0 let
C,={xeC:h(x)>r} and C,={xc€C+R":h(x)>r}.

Notice that the superlevel sets C, are compact, since 4 is upper semicontinuous and C is compact (see,
e.g., [87, Theorem 1.6]), and then we clearly have C, =,,_;(C, +30™). Moreover, since & vanishes
outside C, from the definition of h we get C, C C, +30™ for all r > 0. Thus, by Fubini’s theorem and the
monotone convergence theorem, we obtain

/h(x)dx:/ Vol(C,)dr:/ Vol<ﬂ (C+30™) ) dr = li_r>n vol(C,+30™)dr
c 0 0 _ 0 m—e

0o

= lim [ vol(C,+30™)dr> lim [ vol(C,)dr= lim h(x)dx.

m—eo J) m—ee /() m—ee JC4RM

This, together with (1.38) and the fact that C+R"™ = CN27"Z" 4R, implies that

h(x)dx > lim h(x)dx > lim 27 Y hr(2).
C

m—ree JC4+R™M m—eo zeCr2—m7n
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Finally, since f is Riemann integrable and

p—mn Z fm (x)

xeCon2—mzn

is an upper Riemann sum of f for the partition
{x-l—Rm X € Coﬁ27mZ"}

of C, we clearly have

lim 27" Y fu(x) = / f(x)dx.
mere xeCon2 Mz ¢

The same holds for the function g and then, taking limits on both sides of (1.37), we get (1.35). This
finishes the proof. [ |

We conclude this section by showing that the L, Brunn-Minkowski inequality (1.7), in the setting of
n-dimensional convex bodies, can be derived as a consequence of the new discrete inequality (1.29) for
the lattice point enumerator Gy(+):

Theorem 1.19 [65, Theorem 1.2] The discrete L, Brunn-Minkowski type inequality (1.29) implies the
L, Brunn-Minkowski inequality (1.7) for n-dimensional convex bodies K and L.

Proof. Due to the well-known fact that a function is Riemann integrable if and only if it is continuous
almost everywhere, since the boundary of a convex set has null measure, and also taking into account the
characterization of the upper semicontinuity in terms of the level sets, we directly get the desired result as
a consequence of Theorem 1.18. [ |

We emphasize the necessity of assuming convexity in Theorem 1.19: if one considers, for instance,
bounded measurable sets K,L C R" of positive volume containing no rational points, one clearly cannot
expect to recover the L, Brunn-Minkowski inequality (1.7) by shrinking the lattice Z" by means of
successively considering 277", m € N.

A discrete log-Brunn-Minkowski inequality. The L, case for 0 < p < 1.

In this section we will obtain discrete versions of the log-Brunn-Minkowski inequality (1.10) for various
point enumerators (including the lattice point enumerator) in some special cases, namely, when the
convex bodies involved are unconditional, or simply origin-symmetric in the plane (see Theorem 1.20
and Corollary 1.26). The methods developed will also be extended to the L), setting for 0 < p < 1, thus
yielding discrete analogues of (1.11) (see Theorem 1.23). Finally, inequalities for some alternatives
measures will also be obtained using a similar technique to the one employed in the previous section, i.e.,
functionalization via Borell-Brascamp-Lieb type inequalities (see Theorems 1.28 and 1.29). The results
contained in this section have been collected in [64].

Preliminaries and notation

To begin with, let us establish some notation, for the sake of simplicity. Given x,y € R”, we will write
xy € R" to denote the point with coordinates (xy); = x;y; for all i = 1,...,n, while, if x € RZ, x* will
be the point such that (x*); = x* for any given A > 0, i = 1,...,n. Analogously, we will denote by
AB={ab€R":a € A,bc B} forany A,B C R", as well as A* = {a* : a € A} for any set A C R", and

any scalar A > 0. Finally, for any bounded set K C R” and any discrete set A, we will use the functional
GA(K) = |KNA|.
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Next we introduce an operation closely related to the standard p-sum of convex bodies, which was
utilized in [95] and [78] for the L, Brunn-Minkowski inequalities discussed in Section 1.1.1. Given two
non-empty sets K,L C R%;and 1 > 0,

(1-4)-K®pA-L= {(((1—l)XTJr?Lyf)l/p,.._,((l =2+ Axh) ")
(1.39)
(X1yeesxn) EK, (V1,5 0) eL},

Again, the case p = 0 must be understood as its limit case, and thus,
(1—A)-K@oA-L=K'""*L*.

It was proved in [78] that (1 —A)-K®,A-L C (1—-A4)-K+,A-L for any p € [0,1], which implies
that, in order to obtain an L, Brunn-Minkowski type inequality for p € [0, 1], it suffices to consider the
set (1 —A4)-K @, A -Lin the left-hand side (cf. (1.11)). Using this approach, Marsiglietti proved that if
K,L C R" are unconditional convex bodies, A € (0,1) and 0 < p < 1, then

vol((1—2)-K@®, A L) > M}, (vol(K),vol(L)). (1.40)

Furthermore, in order to obtain additional inequalities for different point enumerators, we shall
consider, for any p > 0, the change of variables ¢, : R. ; — R% given by ¢,(x); = xl-l/p, i=1,....,n
Analogously, we will denote by v, : R.; — R, theichange of variables given by y,(x); = a“, for
any a > 1 (so that y, is bijective). These changes_of variables will allow us to establish the spaces and
functionals with which we will obtain our results. We will write I', = ¢,(Z%,) and A, = y,(ZZ,,).

Log-Brunn-Minkowski type inequalities for different point enumerators

Our initial result provides a discretization of Saroglou’s result (see Section 1.1.1), i.e., a discrete version
of the conjectured inequality (1.10) for the lattice point enumerator of unconditional convex bodies,
as well as of (1.10) for origin-symmetric planar convex bodies. For the sake of brevity, the (closed)
origin-symmetric unit cube will be denoted as C, := [—1/2,1/2]".

Theorem 1.20 [64, Theorem 2.1] Let K, L C R” be origin-symmetric convex bodies and let A € (0, 1).
If either K, L are unconditional convex bodies or n = 2, then

Ga ((11)-(K+cn) +od- (L+GCy) + (;;)) > Go(K)' *Gu(L)*. (141

Furthermore, it is equivalent to the log-Brunn-Minkowski inequality (1.10) both for unconditional
convex bodies or when n = 2.

The proof relies on several relations between the volume and the lattice point enumerator of a convex
bounded set K C R”. On the one hand, it is well-known that

11 11
Gu(K) < vol K+(—7,7)" and  vol(K) < Gy K+(—7,7)" . (1.42)
2°2 2°2
The first inequality can be found in [51, (3.3)]. The second one is gathered in [52, page 877]. On the other

hand, we recall the remarkable fact that, roughly speaking, the volume and the lattice point enumerator of
a convex body K C R" are equivalent when K is large enough, i.e.,

lim %:K) = vol(K)

r—yoo r
(see (1)). We will also need the following more general version of this relation (whose proof can be found
in [9, (3.14)]):
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Lemma 1.21 Let K C R" be a convex body and let M C R” be a bounded set containing the origin.

Then
. Gn(rK+M)
lim ——~

r—eo r

= vol(K). (1.43)

Proof. Given € > 0 and a large enough r > 0, it follows that M C (reK) + z, for some z, € Z", and thus

G,(rK G,(rK+M G,(rK+M
vol(K) = lim Gu(rK) < ]iminfM < limsupM
r—eo r—oo rh F—so0 "
G, (r(K+¢eK
< lim M = vol(K + €K) = (1+¢€)" vol(K).
r—oo r
Since € > 0 was arbitrary, (1.43) holds. [ ]

Now we are in the conditions to prove Theorem 1.20.
Proof of Theorem 1.20. Clearly, if K C R" is an unconditional convex body (or just origin-symmetric),
so is K+ C,. Thus, using (1.42) and Saroglou’s result (inequality (1.10) for unconditional convex bodies)
we obtain

Gn(K)'"™* Gu(L)* < vol(K +C) Vol (L+C,)* < v01<(1 ~2)- (K+Gy) +oA- (L+Cn))

<G, <(1 —A)- (K+Cy) +0A- (L+Cy) + (—;;)) :

as required. The case of n = 2 is analogous but using the known log-Brunn-Minkowski inequality
(1.10) for origin-symmetric planar convex bodies. This shows, moreover, that the log-Brunn-Minkowski
inequality yields the discrete version (1.41).

In order to conclude the proof, we show that (1.41) implies (1.10) when K and L are unconditional
sets (respectively, when n = 2). We observe that, for any convex bodies K,L C R” and any r > 0,

(1—=2A)-(rK)4+oA-(rL) =r((1—24)-K+oA-L).

Now, let K, L C R" be unconditional convex bodies (respectively, let n = 2), and fix € > 0. Then, using
(1), (1.41) and (1.43) we get, on one hand,

Gn (rK)lf’lG (rL)’L

vol(K)'~* vol(L)* = lim

r—yoo

(P +Cy) oA (rL+Gy) + (=5,4)")

< lim

r—yoo r't

Gn<r (K+1c,)+ ,1.(L+icn))+(—§,;)”> (1.44)
= lim
r—yoo r’

Gn(r (K +¢€B, )+07L-(L+an))+(—$,%)”)
< lim

r—oo r

=vol((1—A)-(K+€B,)+oA-(L+€By)),

which is valid for all € > 0. On the other hand, one clearly has that

hicyen, () *hp e, () = (hx(u) + €)' (ho(u)+€)*

for any € > 0 (for K and L fixed). Furthermore, since each sequence of functions {hK +e}, and {h +¢€},
converges uniformly to /g and h;, respectively, and the function (x,y) + x'~ Ay* is uniformly continuous
in any closed rectangle [0,a] x [0,5], we get that { (hx + €)'~ “*(hy+€)* } and so also {hKﬁaB hlﬁBn }e,
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converges uniformly to h}{lhﬁ. Then Lemma 2 ensures that the sequence of Wulff shapes associated to
the functions h*

K+8B,,h%+8B,,’ namely,
(1—A)-(K+¢€B,)+oA-(L+€B,),
converges to (1 —A4) - K +¢ A - L in the Hausdorff metric. Finally, the continuity of the volume yields

;igévol((l —A)-(K+€B,)+oA-(L+€B,)) =vol((1-24)-K+oA-L).

This, together with (1.44), shows (1.10) and concludes the proof. [ |

Remark 1.22 We note that the cube C,, cannot be removed in the left-hand side of (1.20), not even
summing up a bigger cube instead of (—1/2,1/2)"; i.e., an inequality of the form

Ga(((1-2)-K+oA-L) +(~B,B)") = Ga(K)'~* Ga(L)* (1.45)

for all convex bodies K,L C R" does not hold for any constant > 0. Indeed, it suffices to consider
the sets K = [—a,a] and L = [—b,b] in R, where 0 < b < 1/2 and a € N is large enough in order for the

inequality
1\'"* 1 1
1-1 L A -
a <<1+2a> o7 b>>ﬁ+2

to hold. Then, the above expression rewrites as
20"t +2B4+1 < (2a+1)7, (1.46)
and since ((1—A)-K+oA-L) +(—B,B) = (—a'*b* — B,a'"*b* + B), we have
G (((1 —A)-K+oA-L)+ (—ﬁ,ﬁ)) <2(a"*b* 4+ B) +1.
Furthermore, G| (K) = 2a+ 1 and G (L) > 1 and, consequently, (1.46) contradicts (1.45), as desired.
Finally, the Minkowski addition of (—1/2,1/2)" is also necessary i.e., an inequality of the form
Go((1=2)(K+Cy)+oA - (L+Cp)+ (=B, B)") = Ga(K)' ™ Gu(L)* (1.47)

does not hold, in general, if 0 < B < 1/2. To show it, we consider the sets K = [—a,a]| and L = [—b,b] in
R, for fixed a,b > 0. Then, it is clear that

1-2 A
Gi((1-2)-(K+Cy)4oA-(L+C1)+(—B,B)) <2 KH;) (b+;> +BJ +1.

Note that, if B < 1/2, we may choose 0 < A < I such that (254 1)* < 2(1 — ), because 2(1 — ) > 1
and limy_,o+ (2b+ 1)* = 1. This condition is equivalent to (1/2'"*)(b+1/2)* +B < 1, and a simple
continuity argument then shows that, for sufficiently small values of a, we also have the inequality
(a+1/2)""*(b+1/2)* + B < 1. Consequently, in this case we have

Gi((1-2)-(K+C1)+oA- (L+Ci)+(=B.B)) =1,
which contradicts (1.47) when b > 1 because, in that case, G;(K) > 1 and G;(L) > 1. ¢

Following the same argument as the one in the proof of Theorem 1.20, but now using (1.40), one can
get the L, version of that theorem when 0 < p < 1, i.e., a discrete version of Marsiglietti’s result. Again,
neither C, nor (—1/2,1/2)" can be removed from the inequality.



22 Chapter 1. Brunn-Minkowski type inequalities

Theorem 1.23 [64, Theorem 3.1] Let K, L C R”" be two unconditional convex bodies and let A € (0,1).
Then, for any 0 < p < 1,

Gn ((1 —A) (K+Cy) ®pA- (L+Cy) + (—% ;)) M2, (G(K),Ga(L)).- (1.48)

Furthermore, it is equivalent to the L, Brunn-Minkowski inequality (1.40) for unconditional convex
bodies.

Next we will deal with the point enumerator Gy, (-) (and Gr,,(-)). First, we prove the following simple
properties of the functions y, and ¢,, which will be useful throughout the rest of the section.

Lemma 1.24 Let K,L C R%, be non-empty bounded sets and let A € (0,1). Then
i) Ga, (K |l;la OZ”‘ and
i) vy (K1 M) = (1= )y (K) + Ay (L),
Furthermore, if K,L C R’éo then, for any 0 < p < 1,
iii) Gr ‘ ﬂZ"’ and
v) @, (( JL) K@p/l L) =(1-2)¢, ' (K)+ A, (L).
Proof.  On the one hand

GAH(K):|KmAa\:’Kﬂy/a(Z’;O)’:W;l(K)ﬂZ’;O\ ly;  (K) Nz,

On the other hand
v (YY), = log, (6 M) = (1= 2)logaxi+ Alog, yi = (1= )y, ()i + Ay, ' ()i
forallxe K,y € Land all i =1,...,n. Completely analogous arguments yield properties iii) and iv). =

The following result for G, can now be shown.

Proposition 1.25 Let a > 1 and A € (0,1), and let K,L C R%, be non-empty bounded sets with
GAa (K)GAa (L) > 0. Then

1/n
G ((1,a2)"K1*lL*) > (1=A)Ga, (K)/" + AGy, (L)', (1.49)
and the inequality is sharp.

Proof. 'We observe that the cube (—1,1)" in inequality (1.15) can be replaced by (0,2)" due to the
invariance by integer translations, and so, we may apply it to the sets y, ' (K) and y, (L) to obtain

‘[(1 _)L)IVJI(K)+A’W¢;1(L)+(072)n:| mZ” 1/7! | mZn‘l/n—‘rl‘ ﬁZn‘l/n

Now, using both items i) and ii) of Lemma 1.24, and taking into account that v, ((0,2)") = (1,a*)", we
get (1.49).

To see that equality may be attained, we consider K = L = [1,a™]" for any m € N, for which one has
(1,a®)"K'“*L* = (1,a"+?)" and

Ga, ([1.a™") = Ga, ((1,a™2)") = (m+1)". m

In particular, using the arithmetic-geometric mean inequality, a discrete log-Brunn-Minkowski type
inequality for G, () is obtained as a direct consequence:
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Corollary 1.26 Leta > 1and A € (0,1), and let K,L C R%, be non-empty bounded sets. Then
Ga, ((1,a2)"K'1*) = Ga, (K)' G, (L)%,
and the inequality is sharp.

Proposition 1.25 can be adapted to the 0 < p < 1 setting using items iii) and iv) of Lemma 1.24:

Corollary 1.27 Let0 < p < 1and 2 € (0,1), and let K,L C R%, be non-empty bounded sets with
Grp (K )GF,, (L) > 0. Then

/n

1
Gr, ((1 —A)-K@®pA-LdD, (o,zl/p)”) > (1—1)Gr, (K)"/" + AGr, (L) "/".

1.4.3 A log-Brunn-Minkowski type inequality for an alternative discrete measure

Next, we observe that the proofs of the log-Brunn-Minkowski inequality for unconditional convex bodies
by Saroglou [95] and of the 0 < p < 1 case by Marsiglietti [78] strongly rely on the Prékopa-Leindler
inequality and on the more general Borell-Brascamp-Lieb inequality, respectively. Since discrete versions
of these inequalities have been recently obtained (see Theorem F), we wonder whether a similar approach
could yield new discrete versions of the log-Brunn-Minkowski inequality (as well as of (1.40) in the case
0 < p < 1). To this end, we define an alternative (discrete) measure for which a result in the same spirit as
the ones in the previous section can also be proved. For any a > 1 and any bounded set M C R”, let

w(M)= Y, 9¢(z), (1.50)

ZEMNA,

where the density function ¢ : R* — R is given by

#(2) Zﬁa-

We note that u, coincides with G, when the density function ¢ = 1. We will use a similar technique as
the one used in [95] to approach the problem in the discrete setting.

Theorem 1.28 [64, Theorem 2.2] Let K,L C R’él be non-empty bounded sets, and let @ > 1 and
A € (0,1). Then

@"tta (@ a) KT ) > (K)ol

Proof. 'To begin with, we clearly have
a'l, ((a_l,a)”Kl_ALg =a" Z o(w) > Z sup  o(v)p(w).
wel(a=! @K' =*LA|NA, wel(a "t ay KA IANA, vE(@ )"
Applying the change of variables defined by ,, and using the fact that y; ' ((a~!,a)") = (—1,1)" and
the symmetry of (—1,1)", the above expression rewrites into
sup az?:l i aZZ’:l = Z sup aZ}‘:l Uitz
ey (a1 )"K' =ALA)"Zr ue(—1,1)" eyl ((a1,a)"K'=*LA)"Zr ue(—1,1)"

Next, we denote by h(z) = aXi=1%, and use Lemma 1.24 to get that the last sum equals to
Y sup h(u+z)= Y h®(z)
zeys ((a " @k -4 L2 )Nz e (=1,1)" zewy (a1 a) K\~ L2A)NZ»

= Z h(z).
z€[(1=-2)wa ' (K)+ Ay (L)+(=1,1)]nzr
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Now, if we consider the functions f = g = h, it is straightforward to verify that they are under the
conditions of the discrete Prékopa-Leindler inequality (Theorem F for p = 0), that is,

h((1=2)x+4y) > f(0)' e
forall x € y, ' (K) and y € y, (L), which yields

1-1 A

h°(z) = Y f Yy s

z€[(1-2)ya ' (K)+Aya ! (L)+(~1,1)"]nz" xeyy ! (K)nz yeya (LNZ"

Finally, performing the change of variables to f and g similarly to how we did it for /, and putting it all
together, we can conclude the result:

1-2 A
a”ua((al,a)"K”L*p( )) ¢<x>> ( )) ¢(y)> =a(K) P pa(L)t

xeKNA, yeLNA,

In order to extend the previous result to the 0 < p < 1 setting, we need to consider the density function

¢ : R" — R given by
n 1/p
0(x) = (Zd’) :
i=1

and the measure v, defined as

for any non-empty bounded set A C R".

Additionally, since ¢, can only be defined for points with non-negative coordinates, the definition of
¢° must be adapted (for this result only) to

¢°(z) = sup ¢(z—u),

ue(0,2)"
which, due to the invariance by integer translations of the standard lattice point enumerator, still allows
one to apply results like Theorem F or Theorem 1.12.

With these ingredients, and using a similar argument to the one employed in the proof of Theorem 1.28,
we can show the following result.

Theorem 1.29 [64, Theorem 4.1] Let K,L C R%; be non-empty bounded sets and let A € (0,1). Then,
forany 0 < p <1,

Vp<(1 —A) K®pA LB, (0741/p)n> > My (vp(K), vp(L)).

np+1

Proof. By definition we have

&

1

1/p
p
Z; ,
1

2€[(1-2)-K®pA-Ld,(0,4/7)"] T,

and since clearly
(0,2'/7)" @, { (27,....217) } € (0,417,
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the above expression can be bounded by

W(u—xyk@pxlﬂ%(aﬂwf)z )y (

z€e {(171)»K@pl-L@p(0721/]1)n]nrp

n 1/p
> Z sup <ZZ?+M?> .

z€ [(1_;L),K@p/l,L@p(O’zl/p)n]mrp ue(0,21/P)n \ i=1

Next, applying the change of variables defined by ¢, and denoting by h(z) = ( o z,-) /p

rewrites into
" 1/p
Z sup Z Zit+u;
1

z€[p  ((1=2)KDpa-Le, (0.2V/r)r) iz € (0:2)" \i=

= Z sup h(z+u)
€ [(Pp—l ((1 —A)-K@ML@,,(OQI/P)")}ﬁZ” ue(0,2)"

B L ()
ze[(p,,‘l ((171)-K@pl,L@p(o’zl/p)n)}QZ,,

- Z h°(z),
€ [(l_l)‘l’;l (K)+Agy" (L)""(O,Z)”)]QZ"

, the last term

where the last identity arises from Lemma 1.24 iv).

Now, if we consider the functions f = g = A, it is immediate that the condition

h((1=2A)x+2Ay) = M5 (f(x),8())

holds, and thus, Theorem F yields

Y h(z) > M*,

1
z€[(1=2) 9, (K)+A gy (L)+(0,2)] N2 "\ vegy (K)nz yeoy \(L)nzn

Finally, performing the change of variables defined by ¢,,, it is easy to check that the above expression is
equal to

M, (vp(K),vp(L)),

np+1

and so we can conclude that

Vp<(1 —A) K®pA LBy (0741/p)n> > MY, (vp(K),vp(L)),

np+1

as desired. []






(Isoperimetric type inequalities

The isoperimetric inequality is one of the most renowned classical inequalities in mathematics, dating back
to the hellenistic period. As a result, it is perhaps one of the most outstanding and striking consequences
of the Brunn-Minkowski inequality (1.1). Its form for convex bodies in R” states that the volume vol(-)
and the surface area S(-) of any n-dimensional convex body K satisfy

S(K) \" 1K)\
(K) \" 5 ( yol(K) ‘ @0
S(Bn) vol(B,)
In other words, Euclidean balls minimize the surface area among those convex bodies with prescribed
positive volume.

There exist various facets of the isoperimetric inequality (see e.g. [97, Section 7.2] and the references
therein), having different ramifications into other settings such as its versions in the spherical and
hyperbolic spaces (see e.g. [29]), or its version for mixed volumes known as Minkowski’s first inequality
(cf. [97, Theorem 7.2.1]). The isoperimetric inequality has been the starting point for new engaging
related results, such as a reverse isoperimetric inequality (see [12]), and it has led to various remarkable
consequences not only in geometry but also in analysis (see e.g. [32]), such as an equivalent analytic
version due to Sobolev (see e.g. [45, Section 5]). Other related inequalities, which can be consulted in [97,
Section 7.2], include Diskant’s inequality or the Bonnesen-type inequalities in the plane. For an extensive
survey article on this inequality we refer the reader to [82].

The isoperimetric inequality (2.1) admits the following (slightly more general) “neighbourhood form”
(see e.g. [79, Proposition 14.2.1]), which is a direct consequence of the Brunn-Minkowski inequality: for
any n-dimensional compact set K C R”, and all ¢ > 0, we have

vol(K +1B,) > vol(rB, +B,), (2.2)

where rB,,, r > 0, is a ball of the same volume as K. In fact, if K is in addition convex, by subtracting
vol(K) = vol(rB,,), dividing both sides of (2.2) by 7, and taking limits as # — 0™, one immediately gets
(2.1) from (2.2) (see (2)).

The neighbourhood K +1tB,,, t > 0, of an n-dimensional compact set K coincides with the set of all
points of R" having (Euclidean) distance from K at most ¢. Exchanging the role of the unit ball B, in (2.2)



2.1

28 Chapter 2. Isoperimetric type inequalities

by another (n-dimensional) convex body £ C R”, i.e., changing the involved “distance”, one is naturally
led to the fact that

vol(K+tE) > vol(rE +tE) (2.3)

for all + > 0, where again r > 0 is such that rE has the same volume as K. Thus, the advantage of using
the volume of a neighbourhood of K, instead of its surface area, is that it can be extended to non-convex
compact sets, and, moreover, to other spaces in which the latter notion makes no sense; it just suffices to
consider a metric and a measure on the given space.

A brief survey on the neighborhood form of the isoperimetric inequality can be found in [79, Sec-
tion 14.2], where different spaces are considered (e.g. the Gauss space and the n-dimensional discrete
unit cube {0, 1}"). In [104] and [37], this type of inequalities are studied in Z" endowed with the L; norm,
characterizing the equality in some particular cases. Similar inequalities also hold in other discrete metric
spaces, in the settings of combinatorics and graph theory (for which we refer the reader to [57]).

In this chapter we will present several new discrete analogues of the isoperimetric inequality, both
for the cardinality (see Theorem 2.9 and Corollary 2.11) and for the lattice point enumerator (see
Theorems 2.37 and 2.41). We will further obtain some characterizations of the equality in special cases
(see Theorems 2.14, 2.15, 2.16, 2.37 and Corollary 2.34), and finally, we will also show that these
inequalities imply the classical versions for the volume (see Theorem 2.43 and Corollary 2.44). The
results collected in this chapter can be found in [67, 66].

Discrete isoperimetric inequalities. Preliminaries

In [86], Radcliffe and Veomett proved an exceptional discrete isoperimetric inequality in the spirit of (2.3)
for the integer lattice Z" endowed with the L., norm considering the cardinality as the measure. To this
end, the authors defined the following complete order in Z".

Definition 2.1 If n = 1, the order < in Z is defined by

0<1<-1<2<-2<---<m<-m=<...

For n > 2 and for any vector w = (wy,...,w,) € Z", let
my, =max{w;:i=1,...,n}, iW:min{i: w,-:mw}
=<
and
! n—1
w :(wl,...,wiw,l,wiwﬂ,...,wn)EZ .

Then, < is defined recursively as follows: for any u,v € Z" with u # v, one has u < v if either
1. m, <m, or
2. m, = m, and then either i, < i, or (i, = i, and) ' < V.

Moreover, we write u < v if eitheru < voru =v.

We note that, in order to define < in N”, one could see that order as the restriction of the order in Z"
to the subset N, or as the generalization of the usual order in N, to which one applies the same process
described in Definition 2.1.

For any r € N\ {0}, we denote by Z, (resp., J,) the initial segment in Z" (resp., N") of cardinality r,
that is, the set of the first » points with respect to the order < of Z" (resp., N"*). The following figure shows
examples of initial segments, both in Z" and in N".
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Figure 2.1: The initial segments Z,; (left) and 7,3 (right) for n = 2.

The authors then showed that the initial segments Z, C Z" minimize the functional ‘X +{-1,0,1}"
among all sets X C Z" with |X| =r:

’

Theorem H [86, Theorem 1] Let X C Z" with r = |X| € N\ {0}. Then

|X +{-1,0,1}"| > |Z,+{-1,0,1}"|. (2.4)

Radcliffe and Veomett also considered the restriction of the order to N” to show an analogous result
for the corresponding initial segments 7, C N".

Theorem | [86, Corollary 1] Let X C N" with r = |X| € N\ {0}. Then
|(X+{-1,0,1}") NN"| > |(F+{-1,0,1}") NN"|. (2.5)

Remark 2.2 Tt can be easily verified from the definition of < that for r = (p + 1)", with p € N, the
initial segments Z, C Z" and 7, C N" are both lattice cubes. More precisely, Z, = {—p/2,...,p/2}" for
pevenand Z, = {—(p+1)/2+1,...,(p +1)/2}" for p odd, whereas J, = {0,...,p}" for all p € N.
See Remark 2.6 for a more precise description of the structure of the initial segments. ¢

For any given x € Z" we denote its rank, i.e., its position with respect to the order < in Z", by
r(x) € N\ {0}. Furthermore, for any non-empty finite set X C Z", the rank of X is defined as

r(X)= Z r(x).

xeX

We will use the same notation when working with < in N", without specifying if there is no ambiguity.

Definition 2.3 [86, Definition 2] A non-empty set X C N"*, n > 1, is said to be downward compressed
in the i-th coordinate, i = 1,...,n, with respect to x = (x1,...,x,_1) € N'~lif the set

{yeN: (X1 e ey Xim 1y )y Xy« ooy Xn—1) EX}

is either empty or of the form {y € N: 0 <y < a} for some a € N.

Moreover, we say that X C N" is downward compressed in the i-th coordinate if it is downward
compressed in the i-th coordinate with respect to all x € N"~1,

Finally, we say that X C N” is downward compressed if it is downward compressed in the i-th
coordinate for alli = 1,...,n (see Figure 2.2).

2.1.1 Comparing the initial segments in Z" and N"

Let us obtain in this section several useful properties of the order from Definition 2.1 and the corresponding
initial segments. These will be useful throughout the rest of the chapter. First, we make a few observations.
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Figure 2.2: From left to right: a finite set, a downward compressed set in the 2nd coordinate and
a downward compressed set.

Remark 2.4 Letx,y,z € Z" (resp. N"). Then:

1. If for some i € {1,...,n} we have x; < y; and x; = y; for all j # i, then x < y.
2. In particular, if x; < y;foralli=1,...,n, then x < y.
3. Ifx <y, thenx+z<y+z ¢

On the one hand, a straightforward consequence of the above observation is that every initial segment
Jr C N" is downward compressed. And since clearly every downward compressed set X C N” verifies

(X+{-1,0,1}")NN" =X +{0,1}", (2.6)

then so does 7, for all r € N.
On the other hand, in [86, page 11], the authors show that

(4 (= 1.0.1)) NN +20 = | (T + {10, 1} 1"

)

where x € N” satisfies 7, U{x} = J.41 and (x) € {0,...,n} is the number of coordinates equal to zero in
x. Putting all this together immediately yields the following result.

Lemma 2.5 Let r € N and let x € N” be such that 7, U{x} = J,+1. Then

|74+ {0, 1} [+ 2! = | F1 +{0,1}"].

We will now analyze the (n — 1)-dimensional sections of the initial segments, providing a description
which will become crucial in subsequent sections. We note that, for any x € Z" (resp. N"), all but the “last”
section of Z,.(,) (resp. J,(y)) are uniquely determined by m, and iy. Indeed:

Remark 2.6 For x € Z", let r = r(x). Then, from the fact that Z, = {z € Z" : z < x} we get that the only
non-empty (n — 1)-dimensional sections of Z, (with respect to e; ) are

(T)m)={teZ:t <m "' x{teZ:t <m "™ 2.7
for all m < m,, and

() (my) ={z€Z" Viz=X}Cc{t€Z:t <m Y I x {reZ:t <m}"h. (2.8)

Now, let y € N" and r = r(y). Then, since J, ={z€N':z <y} CN'and {re N:t <m,} =
{0,...,my — 1}, the prior relations translate into

(T (m) ={0,...,my — 13571 % {0,...,m,}"™D (2.9)
for all 0 < m < my, and
(T (my) ={zeN""L:z <y} € {0,...,my — 1}571 % {0,...,my}" ™ (2.10)

(see Figure 2.3). ¢
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(a) The initial segment Zy, c Z3, whose last point (b) The initial segment J44 ¢ N3, whose last point
isx=(—1,2,1) with my =2 and i, = 2. isy=1(2,3,1) withmy, =3 and i, = 2.

Figure 2.3: The sections of the initial segments 7,4, and Jy4.

Before proceeding it is convenient to make the following useful observation.

Remark 2.7 We note that the sequence

1, 2, ..., =2 gl
onooon=l.z 0 92 3n=2 9. 3n-l

3, 34, L, 324020 34

is strictly increasing, and therefore,
{[s'(s+1)" ", s s+ 1)) NN:se N\ {0},i=1,...,n}
is a partition of N\ {0}. ¢

This allows us to obtain a fundamental connection between the initial segments in Z" and N":

I Lemma 2.8 Let r € N, r > 0. Then |Z, +{0,1}"| = |7, + {0, 1}"].

Proof. We proceed by induction on the dimension n. The case n = 1 is immediate since we have
1Z.+{0,1}| =r+1=|7,+{0,1}].

Now, let n > 1, and assume that the (n — 1)-dimensional case is already proved. Let x € Z", y € N" be
the last points in the order < of Z, and 7, respectively (so, r(x) = r = r(y)), and let

s=|{meZ:m=<my}|,
i.e., the number of sections of Z, of the form (2.7). Then, using (2.7) and (2.8), we have
sH(s+ 1) < < sh (s 1)L (2.11)
Analogously, from (2.9) and (2.10), we get
ml; (my+ 1) <r< m;"_l(my 4 1)t (2.12)
Therefore, using Remark 2.7, (2.11) and (2.12) imply that s = m,, and i, = i, and, consequently,
{z € 7' g <X =r—s(s+1)""=|{z€ N1 g <Y}

Remark 2.6 also yields that both initial segments are the union of a lattice box of cardinality s’ (s + 1)~
with an (n — 1)-dimensional initial segment of cardinality r — s’ (s + 1)"~%, in their respective orders.
Moreover, we have

IZ4+40,1)7] = (s Dis(s+2)" 5+ [{e € 22 2 <} + {0,117
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and
|7 +{0, 1} = (s+ 1) (s+2)" "+ |[{ze N" iz <y} + {0, 1} 1.

This concludes the proof since the induction hypothesis implies that

{zez" 'z =X} +{0, 1} = [{zeN" iz =y} +{0,1}"!|. u

New discrete isoperimetric inequalities for the cardinality

As suggested by the work in the previous section (see (2.6) or Lemma 2.8), and as we will further see in
this section (see Corollary 2.13), in order to develop a framework that allows us to obtain results that can
be applied to the settings of Z" and N" simultaneously, it will be convenient to work with the functional
X +{0,1}"|, x cZ".

Therefore, following the ideas from [104, 86], we now prove the following new discrete isoperimetric
type inequality. We will later show that it is, in fact, equivalent to Theorem I (see Proposition 2.12). In
Section 2.4 we will see that this result for the cardinality can be used to obtain discrete isoperimetric-type
inequalities in the setting of compact sets of R" for the lattice point enumerator (see Theorems 2.37
and 2.41), which will in turn enable us to recover the original continuous versions of the isoperimetric
inequality for the volume (see Theorem 2.43).

Theorem 2.9 [66, Lemma 2.6] Let X C N" be a non-empty finite set with |X| = r. Then

X +{0,1}"| > |7 +{0,1}"|. (2.13)

Proof. If n =1, since J, = {0,...,r— 1} C N, by applying Theorem D to the sets X,{0} C N we
immediately get
X +{0,1}| > r+1=|7+{0,1}]. (2.14)

Letn > 1. If X is downward compressed then the result is a direct consequence of Theorem I, together
with the fact that 7, is also downward compressed and (2.6).

If X is not downward compressed, it is enough to show that we can find a downward compressed set
Z C N" such that |X| = |Z| and |X 4 {0,1}"| > |Z+ {0, 1}"|, and apply the previous case.

So, we assume that X is not downward compressed in the i-th coordinate, for some i € {1,...,n}, and
we define the set Y C N” as

Y= (J{01, it X, ox) €N < (x4 4) DX}

xeX

The set Y is downward compressed in the i-th coordinate and satisfies | (x+¢;) N X ‘ = }(x—l—f,') ny ‘ for
all x € N”. Therefore, |Y| = |X|. Furthermore, since Y is downward compressed in the i-th coordinate, then
for all x € N" one has that (x+ ¢;) NY has no “holes”, i.e., it is formed by consecutive points of N in x+/;.
Hence, |(x+£;) N (Y +{0,1}")| < |(x+£;) N (X +{0,1}")|, and therefore, |Y +{0,1}"| < |X +{0,1}"|.

We also note that, by repeatedly “compressing” the set X with respect to different coordinates as many
times as necessary, we eventually get a downward compressed set Z C N” after a finite number of steps.

Indeed, by looking at the ranks of X and Y, we note that (X) > r(Y) with an strict inequality if X # Y
(cf. Remark 2.4), and so it is a consequence of the fact that 7(X) is bounded from below. |

Remark 2.10 We note that 7, 4+ {0, 1}" is an initial segment, which follows from (2.6) and the fact that
(7 +{—1,0,1}") NN" is an initial segment (cf. [86, page 11]). ¢

As a consequence of the previous remark, by iterating Theorem 2.9, one gets the following corollary.
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Corollary 2.11 Let X C N” be a non-empty finite set with |[X| = r. Then, for all s € N,
X +{0,....s}"| > |F+{0,....s}". (2.15)

Since for every r € N\ {0} the set Z, + {—1,0, 1}" is an initial segment in Z" (see [86, Lemma 1]),
iterating Theorem H similarly yields that

X +{=s,....s}"| = |-+ {-s,....5}"| (2.16)

for any X C Z" and all s € N, which is equivalent to Theorem H. It is also easy to show that Corollary 2.11
and Theorem I are equivalent.

I Proposition 2.12 The discrete isoperimetric inequalities (2.5) and (2.15) are equivalent.

Proof.  Since the proof of Corollary 2.11 uses Theorem 2.9 (and thus, Theorem I), we only need to show
that (2.15) implies (2.5). But this is a direct consequence of the fact that

|(X+{=1,0,1}") "\N"| > [X +{0,1}"[ > |7, +{0,1}"| = | (7 +{~1,0,1}") NN"

)

for all finite sets X C N with |X| > r (cf. (2.6)). ]

We finish the section by noting the strong connection between the initial segments in Z" and N" that
was already pointed out in the previous section.

On the one hand, just like Z,, the initial segments 7, also give equality in (2.16) for any s € N, and
thus, also in (2.4). Indeed, it suffices to apply Corollary 2.11 with the cube {0, ...,2s}", together with the
translation invariance of the cardinality.

On the other hand, the initial segments Z, C Z" also attain the equality in (2.15) (and thus in (2.5)).
In fact, since for every r € N\ {0} the set Z, + {—1,0,1}" is an initial segment in Z", and likewise,
Jr-+{0,1}" is an initial segment in N (see Remark 2.10), by iterating these properties, using (2.15),
(2.16) and Lemma 2.8, and due to the translation invariance of the cardinality, we have the following
result which generalizes Lemma 2.8:

I Corollary 2.13 Let r € N, r > 0. Then |Z, +{0,...,s}"| = |7, +{0,...,s}"| for all s € N.

Characterization of the equality cases for the cardinality

Radcliffe and Veomett already observed in [86] that it is not possible to fully characterize (in general)
the equality case in (2.4) and (2.5), since there are examples of sets that reach the equality and are not
isomorphic to any initial segment.

Nevertheless, here we show, on the one hand, that lattice cubes can be characterized as the only sets
(of the appropriate cardinality) attaining equality in Theorem H and Theorem I:

Theorem 2.14 [66, Theorem 1.1] Let X C Z" with |X| = (p +1)" for some p € N. Then equality
holds in (2.4) if and only if X is a lattice cube.

Theorem 2.15 [66, Theorem 1.2] Let X C N” with |X| = (p 4 1)" for some p € N. Then equality
holds in (2.5) if and only if X = {0,...,p}".
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We will do this by showing a stronger characterization of lattice cubes as the only minimizers of the
functional |X +{0,...,s}"| for all s € N\ {0}:

Theorem 2.16 [66, Theorem 3.1] Let X C N with |X| = (p + 1)" for some p € N and let s € N with
s> 0. If
|X +{0,....s}"| = |Tps1r +{0,...,s}"

)

then X is a lattice cube.

This will further allow us to characterize lattice cubes in a wider family of discrete inequalities, for
instance, in the Brunn-Minkowski type inequality given in Theorem D (see Corollary 2.34), or in the
inequalities for the lattice point enumerator that we will prove in Section 2.4.

We first set further new definitions and get some initial results. The next subsections address separately
the 2-dimensional and the general case of Theorem 2.16 for s = 1. An additional inductive argument then
shows Theorem 2.16 in its full generality. Finally, as a consequence, we obtain Theorems 2.14 and 2.15.
We refer the reader to [104] and [37] for similar studies with other norms.

Definition 2.17 We say that a non-empty finite set X C N” is optimal if for all A C N" with |A| = |X]
we have |[A+{0,1}"] > |X +{0,1}"].

Definition 2.18 Given a finite set X C N, we define the (n-dimensional) neighborhood of X as
N% = (X +{0,1}") \ X if X # 0, and N% = 0 if X = 0. Moreover, its cardinality will be denoted by
n(X) = [N |.

We note that the optimality of a finite set can be defined in terms of the functional n(-), since any set
X C N"is optimal if and only if n(A) > n(X) for each A C N” with |A| = |X|.

Lemma 2.19 Letn > 1 and let X C N” be a non-empty finite set. If |X| > (p + 1)" for some p € N,
then |X +{0,1}"| > (p+2)" and n(X) > (p+2)"— (p +1)".

Proof. LetJ,C J, C J. CN'witha= (p+1)",b=(p+1)"+1and ¢ = |X|. Then, J, ={0,...,p}"
and 7, = J,U(0,...,0,p + 1) (see Remark 2.2), and Theorem 2.9 yields
X +{0,1}"| > |7 +{0,1}"| > | T+ {0,1}"| = (p +2)".

In the following, we show that for any r € N, r > 0, we have n(7,+1) > n(J,). Let xo € N" be the last
point in the order < of 7,4 . Then, using Remark 2.4, and since x < (1,...,1) for all x € {0, 1}", we get
ZHx=<z+(1,...,1) <xo+(1,...,1),
for all z < xo. This implies that xo + (1,...,1) € (41 +{0,1}") \ (7 + {0,1}"). Consequently,

| Tt +{0,1}"| > |7 +{0,1}"| +1,
and, since | J,+1| = | 7| + 1, we deduce that
0(Trr) = |Tovr +40,11"| = 1 Tria] > |+ {0,1}"| |71 = n(),
as desired. This concludes the proof, since we also have
n(J)=(p+2)"—(p+1)" and n(J)=(p+2)"+2"" = ((p+1)"+1)
(see, e.g., Lemma 2.5), and therefore,

n(X) = [X+{0,1}"| = X| > |7 +{0,1}"| —c=n(T) >n(F) > (p+2)" = (p+1)". =
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Definition 2.20 We say that a non-empty finite set X C N” is connected if for each x,y € X, each
i€{l,...,n}, and any m € N such that x; < m < y;, there exists z € X satisfying z; = m.

An important observation is that any optimal set (see Definition 2.17) is connected. Indeed, a similar
argument to the one in [37, Proposition 1.4], translating one connected component next to the boundary
of another one (without overlapping) to strictly decrease the functional n(-), shows the following result:

I Proposition 2.21 If X C N" is optimal, then X is connected.

Characterization in dimension 2

The 2-dimensional case of Theorem 2.16 is based on the fact that any connected set X can be enlarged up
to a suitable lattice box without increasing the functional n(X).

Thus, for a finite non-empty set X C N2, we denote by B (X) C N? the smallest lattice box (with
respect to set inclusion) such that X C B (X), i.e., B(X) = ([a1,b1] x [a2,b,]) "N?, where, for i = 1,2,

a; =min{x;: (x;,x) €X} and b; =max{x;: (x;,x2) €X}.

Lemma 2.22 Let X C N? be a non-empty connected finite set. Then
n(B(X)) <n(X).

Proof. 'We may assume, by applying a translation to X if necessary, that B (X) = ([1,b1] x [1,5,]) "N?
for some b = (by,b,) € N2. Then,

IB(X)| = biby, |B(X)+{0,1}"| = (b1 + 1) (b2 +1)

and therefore n(B (X)) = (b1 +1)(by+1) —biby =b; + by + 1.
Let X1,X> C (X +{0,1}?) \ X be defined as

X = {(xl,xz) € X : P(m,x2) € X with m >x1} +e; and
X, = {(xl,xz) € XUX; : Blx;,m) € X UX; with m >X2}+62.

We note that X; C (X +e;) \ X and X> C (X +{0,1}?) \ (X +e;). Therefore X; N X, = 0 and, since X is
connected, |X;| = b, and |X;| = by + 1. Altogether we conclude the proof since we have

n(B(X)):b1+b2+1:|X1|+]X2\§n(X). |

We are now under the conditions to prove the following lemma, which corresponds to the 2-
dimensional case of Theorem 2.16 for s = 1.

Lemma 2.23 Let X C N? be a non-empty finite set with |X| = (p + 1)? for some p € N. If
X +{0,13| = (p+2)%,

then X is a lattice cube.

Proof. By the hypothesis on X, we deduce that X is optimal and, consequently, by Proposition 2.21, it is
connected. Furthermore, it must satisfy X = B (X). Otherwise we would have |B(X)| > |X| = (p +1)?
and, by Lemma 2.22, n(B(X)) <n(X) = (p +2)? — (p + 1)?, which would contradict Lemma 2.19.
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We assume, by applying a translation to X if necessary, that X = B(X) = ([0,b1] x [0,b;]) NN?
for some b = (by,b,) € N?. Then, the equality condition in the well-known arithmetic-geometric mean
inequality (see, e.g., [28, page 71]) shows that the equations

(P+1)?>=|X|=(by+1)(by+1) and 2(p+1)+1=n(X)=b;+by+3
imply p = by = by, as desired. [ |

2.3.2 Characterization in general dimension

The proof when n > 2 in Theorem 2.16 is based on a process that we call “normalization” (see Defini-
tion 2.27). It extends the process of normalization introduced in [104, Section 4] and adapts it to the Lo
setting. The next lemma shows that the functional n(-) can be estimated in terms of the sections of the set.

Lemma2.24 Letn > 1 andi€ {1,...,n}, and let X C N” be a non-empty finite set. Then

X) > (U X'm) +1{0,13"! N Ll @.17)
meN
Furthermore, if the sections X’(m) form a decreasing sequence, namely, X’(0) D X’(1) D ..., then

equality holds in (2.17).
Proof. In order to prove (2.17), we consider the sets
Y ={yeX :yi=m}+ ({0,1}" x {0} x {0,1}"7)
for all m € N such that {y € X : y; =m} # 0, and

Y={yeX+{0,1}":y+ke; ¢ X +{0,1}" forall k > 0}.

Clearly, the sets Y,, are pairwise disjoint and do not intersect with Y. Furthermore, ¥,, C X + {0, 1}"

and |Y,,| = |X(m) + {0, 1}”_1| for all m € N with X'(m) # 0. Moreover, observe that |Y| = ’Pe_LY‘ and
PuY =Py (X+{0.13") = (U X'om)) +{0.1"".
meN
Therefore,

X +{0, 13" > Y[+ ) [Yul =

meN

(U x‘om) + 10,13 1‘+ Y xim)+{o.0|
meN me

X' (m)#0

By subtracting |X| = ¥,,cr | X! (m)| we conclude the proof of (2.17). Now, if we have my € N such that
Xi(m) = 0 for all m > mg and

X(0) D X{(1) DX'(2) D --- D X'(mg) #0,

then
[y ex+{0.1)" 3 =0} = [X'(0) + {0,1}"""|

and
{yex+{0.1)" = m+1}] = x'(m) + {0,13"

for all 0 < m < mg. With this we can conclude the proof:
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X +{o0, 1}"\_%2 ‘{yEX—i—{O 1} y,—m}‘ '(0)+{0,1}" 1\+Z|X )+{0,1}" 7|

= [(UXm)+{0.11 |+ X [xim)+{0.13"]. .
meN meN

X (m)#0

We note that any optimal set X C N must reach equality in Lemma 2.24: indeed, simply by changing
each section X' (m) by an initial segment in N"~! of the same cardinality, and then rearranging the sections
in decreasing order, we get a new set Z C N” that gives equality in Lemma 2.24. Therefore

= (U Zm)+ {01y |+ L |Ngh | = 1Z0) |
meN el (2.18)
< [X'(0)+ {013+ Y [N ’< (Ux )Jr{o,l}"-1 ‘<n X),

mEN

and thus n(Z) = n(X) due to the optimality of X. This allows us to deduce the following result.

Corollary 2.25 Letn > 1 and i € {1,...,n}, and let X C N" be an optimal set. Then the sections
X'(m) are optimal (as (n — 1)-dimensional sets) and satisfy

n—1
in(m)) . (2.19)

— |( U X"(m)) +{0,1}"!
meN

+)
meN

We note that the converse is not true: there are examples of non-optimal sets satisfying (2.19) for all
i=1,...,n, and having all (n — 1)-dimensional sections optimal (see Figure 2.4).

Figure 2.4: Left: A set X ¢ N3 (in black) and X +{0,1}3 (in white). Right: J5 ¢ N3 (in black) and Jy 4 {0,1}3 (in
white). X safisfies (2.19) and its 2-dimensional sections are opfimal, but n(X) =23 > 22 = n(J).

The following result shows, roughly speaking, that in order to minimize the expression n(7,) + n(Jp)
for a,b € N with a + b fixed, one may begin by choosing a,b such that one of the resulting initial
segments is the largest possible lattice box of the form {0,...,p — 1}/ x {0,...,p}"~/ for some p € N and
Jj € {1,...,n}. Furthermore, it shows that a single initial segment .7, does never exceed this minimum.

Lemma 2.26 Let a,b,c € N\ {0} with max{a,b} < ¢ < a+b and such that ¢ = p/(p + 1)"~/ for
some p € Nand j € {1,...,n}. Then

0(T0) +10(T) = 0(Jatp—c) +0(TL). (2.20)

Moreover,

0(Ja) +n(Tp) > n(Tasp)- 2.21)
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Proof. We proceed by induction on the dimension n. Both inequalities are clear for n = 1 since for every
initial segment 7, C N we have n(7,) = 1.

Assume now that n > 1 and that the lemma holds for every value of the dimension up ton — 1. It
suffices to show thatif 1 <a < b < c=p’/(p+1)"/, then it is possible to find d € N with 0 < d < a and
d < ¢ — b such that

0(Ja) +0(Tp) 2 0(Ja-a) +0(To1a), (2.22)
and iterating this process will prove the lemma. Indeed, notice on the one hand that the conditions above
imply that 1 <a—d <b+d <c, and if ¢ < a+ b, it is easy to check that the process will necessarily
conclude when the upper bound is reached, i.e., (2.20). On the other hand, if ¢ > a+ b, then it will
necessarily conclude when the lower bound is reached, i.e.,

n(Ja) +0(Tp) > n(J1) +0(Tatb-1),

which implies (2.21) since Lemma 2.5 yields 2" — 1 +n(Jy1p—1) > n(Tutp)-

Now, in other to prove (2.22), we let x, y € N" be the last points with respect to < in 7, J5, respectively.
Also, for the sake of brevity, we denote by G,H C N"~! the last non-empty sections of 7, 7, C N", i.e.,
= (Ja)"(my) and H = (J)" (my).
We note that since 1 < a, J, has at least two non-empty sections (with respect to the direction e; ),
and therefore |G| < a. Using Remark 2.6 (in particular, (2.9) and (2.10)), we know that

a=ms(m,+1)"%+|G| and b= m} (my+1)""" + |H| (2.23)

with _
G| <mi ' (my+ 1) and  |H| <my " (my+1)"7. (2.24)

Also, since a < b then x =y, and thus either m, < m,, or m, = m, with i, > i,. This implies (see
Remark 2.7) that _
G| < mi (my+ 1) <y~ (my 1), (2.25)

Likewise, since '
my (my+1)"™ <b<c=pl(p+1)"

then Remark 2.7 implies that ¢ > m;"_l (my + 1)”_iy+] . This, together with (2.23), shows that

ml " (my+ 1) —|H| < c—b. (2.26)

Now, we consider the following cases, which are exhaustive as a consequence of (2.24):

M |G| >[H].
(ii) |G| < [H| <my~ ‘<my+1>" b,
(i) |G| < |H|=my " (my+1)"" and iy > 1.

(v) |G| < |H| =m} " (my+1)"" and iy = 1.

In case (i) we choose d = \G] |H|, and so we may, roughly speaking, interchange the last sections G
and H, i.e., we have H = (J,_4)" (m,) and G = (Jj14)" (my). The rest of the sections (and their union)
remain the same, i.e., (Ju_q)"(m) = (Ju)*(m) for all 0 < m < my and (Jp+q)" (m) = (J;)" (m) for all
0 < m < my. Therefore, by using Corollary 2.25, we get (2.22) with equality. Clearly 0 < d < |G| < a,
and d < ¢ — b follows from (2.25) and (2.26).

In case (ii) we set @ = |G|, b= |[H| and ¢ = m;v_l (my+1)"", and we use the induction hypothesis
(in dimension n — 1). We choose d = min(a, ¢ — b) and so, we get

a+b c

NG | = !

n—1
+ [N ’



2.3 Characterization of the equality cases for the cardinality 39

if ¢ < a+b,and
-1 -1 —1
[N+ N > [

if ¢ > a+b. Again, from Remark 2.6 we get that (J,_q)"(m) = (J,)"*(m) for all 0 < m < m, and
(Tora)” (m) = (Jp)" (m) for all 0 < m < my, and the union of the sections remains likewise unchanged.
Thus, an application of Corollary 2.25 yields (2.22). We again trivially have 0 < d < |G| < a, and
d < ¢ — b follows directly from (2.26).

In case (iii) we have J, = {0,...,my — 1}~ 1 x {0,...,m,}"">*! (see Remark 2.6). Therefore, we
may choose d = |G|, and, by applying Remark 2.6 again, we get that the only non-empty sections of
Ta—q are (Ju_q)™(m) = (Ja)" (m) for all 0 < m < m,. Moreover, the only non-empty sections of Jj 4
are (Jpra)” ' (m) = () (m) forall 0 < m < my and (Tpsa)™ ! (my) = G. So, since the union of all
these sections has not changed, by using Corollary 2.25 we obtain (2.22), once more with equality. It is
straightforward that 0 < d = |G| < a, and since b = m;rl (my+1)"">"! and b < ¢, Remark 2.7 implies
c> mﬁfz(my 4+ 1)"=5*2_and so from (2.25) it follows that d < ¢ — b.

Finally, in case (iv) we have J, = {0,...,m,}". Again, we may choose d = |G|, which yields the
same sections for 7,_; as in the previous case, whereas for the non-empty sections of 7, s we have
(Tp+a)" (m) = (Tp)" (m) for all 0 < m < my and (Jp+q)" (my+ 1) = G. Once more, Corollary 2.25 yields
(2.22) with equality. It is again trivial that 0 < d = |G| < a, and this time, since b = (m,+1)" and b < ¢,
Remark 2.7 implies ¢ > (my +1)"~! (my+2), and so d < ¢ — b follows from (2.25).

This completes the proof of (2.22), and thus, of the result. [ |

Now, for any a,n € N, a,n > 0, let C C J, C N" be the largest lattice box (with respect to the
cardinality) of the form C = {0,...,p — 1}/ x{0,...,p}"/ for some p,j € N, 1 < j < n. Then, we
denote by c(a,n) = |C| = p/(p + 1)"~/. Furthermore, for any i € {1,...,n} and any non-empty set
X C N", we denote by ¢/(X) = maxen c(|X(m)|,n—1).

We proceed to define the notion of “normalization”, which extends the normalization process defined
in [104] and also utilized, among others, in [86] (see Figure 2.5 for an example of this construction).

Definition 2.27 Letn > 1 and k € {1,...,n}, and let X C N" be a non-empty finite set. Let p € N
and j € {1,...,n— 1} be such that ¢*(X) = p/(p 4 1)"~'~/. The k-normalization of X, denoted by
X C N, is the result of the following process:
(i) Replacing each non-empty section X*(m), m € N, by the (n — 1)-dimensional initial segment of
the same cardinality.
(i) Reordering the sections in decreasing order (with respect to set inclusion) such that the largest
section corresponds to m = 0.
(iii) Starting with m; = 1 and my = max{m € N : X¥(m) # 0}, and while m; < p < my, we repeat
both of these steps:
1. If |X*(my)| < ck(X), we replace the sections X*(m;) and X*(m,) by the initial segments
of cardinality |X*(m)| +h and |X*(my)| — h, respectively, where

h= min{\Xk(mz)\, K(X) - ]Xk(ml)\}.

2. If |X*(my)| = 0, we decrease m, by 1, whereas if [X*(m;)| = ¢*(X), we increase m; by 1.

Furthermore, we say that X C N is stable if X = X forallk=1,...,n.

Remark 2.28 We note that the end result X of a k-normalization, k € {1,...,n}, is a set such that its
non-empty sections, (Yk)k(m), m € N, are (n— 1)-dimensional initial segments ordered in decreasing order,
e, (X0 (0) > X (1) > (X0)"(2) > ..., and we have either (X;) (p+1) = 0 or |(X)" (m)| = *(X)
forallm e {1,...,p} (where p is as in Definition 2.27). ¢
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e e

Figure 2.5: From left to right: a finite set, together with the same set after each step of the 3-normalization is
applied.

Next we show that neither the rank nor the functional n(-) increase under the normalization process.

I Lemma 2.29 Let X C N" be a non-empty finite set. If X # X for k € {1,...,n}, then r(X) > r(Xy).

Proof. We proceed by proving that if any of the 3 steps of the normalization changes the set, then the
rank of X strictly decreases.

First, it is straightforward from the definition of the order < that if some section is not an ((n — 1)-
dimensional) initial segment, then the (n-dimensional) rank of the set will decrease under step (i).

Next, since all sections are initial segments, if |X*(m;)| < |X*(m,)| for some m; < my then we
have X*(m;) C X*(m,). Therefore, interchanging these sections is equivalent to translating the points
in {X*(my) \ X*(m1)} x {my} by reducing their k-th coordinate by m, —my, which decreases the rank
strictly due to Remark 2.4.

In the third step, if we move a point z with m; > z; > p (with p as specified in Definition 2.27) to a
point y € N" with m, < p, then again from the definition of the order < the rank strictly decreases.  ®

I Lemma 2.30 Let X C N" be a non-empty finite set. Then n(X) > n(Xy) forallk=1,...,n.

Proof. Letk € {1,...,n}. To begin with, we prove that the first two steps of the normalization process
do not increase n(-). Let us denote this resulting intermediate set by Z. By construction, we know there
exists a permutation ¢ : N — N such that, for every m € N", Z¥(m) is either empty or an initial segment
with |Z*(m)| = |X*(o(m))|. Then, the optimality of the initial segments (cf. Theorem 2.9) implies that
‘Ngk_(in)‘ < ‘N;‘(Z(IG (m))‘ for every m € N, and, taking into account that the sections of Z form a decreasing
sequence, Lemma 2.24 yields n(Z) < n(X) (cf. (2.18)).

To finish, we prove that the third step of the normalization process does not increase n(-) either. We
observe that the equality case in Lemma 2.24 gives

n(z) = |2(0)+{0,1}" |+ ¥ N;;(ln)‘ and
_ L et (2.27)
n(®0) = | (%) O+ (0.1~ + N ;

Note that Z¥(0) = (Yk)k(O). Now, we let my, my and h be as in the third step of Definition 2.27, and we
set a = |Z¥(my)|, b = |Z*(my)| and ¢ = c¥(Z). So, clearly h = min{b,c —a}. Then, on the one hand, if
h=b < c—a, we have |Z¥(m;)|+h = a+b and | Z¥(m,)| — h = 0, and thus (2.21) (in dimension n — 1)
ensures that this step strictly decreases the sum of the cardinalities of the above (n — 1)-dimensional
neighborhoods. On the other hand, if 4 = ¢ —a < b, then ¢ < a+ b, and as per Definition 2.27 we also
clearly have max{a,b} < c. Therefore (2.20) (in dimension n — 1) again yields that this step does not
increase the sum of the cardinalities of the (n — 1)-dimensional neighborhoods above. Consequently, from
(2.27) we conclude that n(Z) > n(Xy), as desired. ]
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The stability property allows us to decompose the set in a precise way:

Lemma 2.31 Letn >3, p > 1 and let X C N” be a non-empty finite set with |[X| = (p+1)". If X is
stable, then there exist A, B C N" such that

AC{0,....p—1}""x{p+1}, 0#Bc{p}x{0,...,p}""!

and
X=AUBU ({0,...,p — 1} x {0,...,p}" 7).

Proof.  For the sake of brevity we write C = {0,...,p}". If X = C, then the result holds by taking A = 0
and B= {p} x{0,...,p}"!, and so we assume that X # C.

For any i € {1,...,n}, since X is stable, we know that the non-empty sections X'(m) are initial
segments verifying

X(0) DX (1)DX'(2)D..., (2.28)
and so (p,...,p) ¢ X because X # C.

First, we show that if X'(m) # 0 for some i € {1,...,n} and m > 2, then {0,...,m —2}" C X must
hold. To see this, let x € X with x; = m. Then, for any j # i, since X/(x ;) is an initial segment, we
get {0,...,m—1}""! C X/(x;). Fixing such an index j # i, this implies in particular that we have
(m—1,....om—1,x;;m—1,...,m—1) € X, and thus just like before, for any k # j, we obtain that
{0,...,m—2}""1 c X¥(m—1), since X¥(m — 1) is an initial segment (observe how it is crucial in this
step that n > 3). This in particular implies that (m —2,...,m —2) € X, which together with (2.28) yields
{0,...,m—2}" C X, as desired.

It is easy to check that the previous property applied to m = p + 1 and m = p + 2, respectively, together
with the fact that X # C, yields

{0,...,p—1}"CX CH{O,....,p+1}".

In fact, we further have
X c{o,....p}" ' x{0,....p+1}. (2.29)

Indeed, if X'(p + 1) # 0 for some i < n, then there exists x € X such that x; = p + 1. Fixing any j #i,n
and using a very similar argument to the previous one, exploiting that X/(x;) is an initial segment, we
obtain that pe; + (p + 1)e, € X. But this yields {0,...,p}"! € X(p) (since X(p) is an initial segment),
contradicting that (p,...,p) ¢ X. This proves (2.29), as desired.

Now, on the one hand, (2.29) yields X' (p) # 0, since otherwise we would have

X[ < {0,...,p =1} x{0,...,p}" 2 x{0,....p+ 1} =p(p+1)" 2(p+2) < (p+1)",

a contradiction. Since X!(p) is an initial segment then (0,...,0) € X'(p), and thus (p,0,...,0) € X.
Hence, (p,0,...,0) € X"(0), and therefore, since X" (0) is an initial segment, we have

{0,....p—1} x{0,...,p}"2 C X"(0). (2.30)
Both (2.29) and (2.30), together with the fact that X # C and thus X"(0) # {0,...,p}"~!, yield the bounds
p(p+1)"2 < [X"(0)] < (p+1)"".

This implies that ¢"(X) = p(p +1)"2.
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On the other hand, since X # C, it follows from (2.29) that X" (p + 1) # 0. Therefore, as X is stable
(and thus X = X,), Remark 2.28 for k = n implies that we have |X"(m)| > p(p +1)""2forallm=0,...,p.
Consequently, since X"(m) is an initial segment, we have

{0,....,p =1} x{0,...,p}""2 C X"(m) (2.31)
forallm=0,...,p.
Finally, we note that, in fact,
X"(p+1)c{o,....,p—1}""1, (2.32)

Indeed, if x € X"(p + 1) with x; = p for i < n, then since X'(p) is an initial segment, we would have
{0,...,p}*! € Xi(p), contradicting that (p,...,p) ¢ X.

This concludes the proof by setting A = X"(p 4+ 1) x {p+1} and B= {p} x X! (p), as a consequence
of (2.29), (2.31) and (2.32). [ |

Finally, we prove that in order to characterize the lattice cubes we only need stability and, either
cardinality 2", or optimality.

Corollary 2.32 Let n > 3 and let X C N" be a non-empty finite set with |X| = 2". If X is stable, then
X ={0,1}".

Proof. Let A,B C N" be the sets arising from Lemma 2.31 for p = 1. We notice that X = {0,1}" if and
only if A = 0. Therefore, if X # {0, 1}", then we must have |A| = 1 and, since |A| + |B] = 2""!, we also
have |B| = 2"~! — 1. Moreover, since X is stable, B is an (n — 1)-dimensional initial segment, and so

X = ({0,1}"\ (1,...,1)) U(0,...,0,2).

This contradicts the stability of X since X, = {0,1}" # X. [ ]

Lemma 2.33 Letn >3, p > 2 and let X C N” be a non-empty finite set with |[X| = (p+1)". If X is
optimal and stable, then X = {0,...,p}".

Proof. Assume that X # {0,...,p}" and let A, B C N" be the sets arising from Lemma 2.31. Observe
that, since X is not a lattice cube, the set A # 0. Then, |A| > 0 and

Al+|B] = (p+1)"". (2.33)

If (A+{0,1}") N (B+{0,1}") = 0 then, since A=X"(p+1) x {p+1} and B = {p} x X'(p), we
clearly have, on the one hand, that

_ 1 —1
X) = ‘N{ - 1}x{0,..p}n- 1’+’N§’(,, (p+1) ’+‘N;l(1(p)”

On the other hand, the optimality of X yields

n(X) =n({0,...,p}") = ‘N?o ..... {0, p ) 1)+‘Nn ! plp

a contradiction because (2.21) for a = ‘X"(p + 1)‘ and b = ‘Xl (p)‘ implies (see also (2.33)) that

[Ny |+ [N | > [N

p}n 1 ‘

Now, if (A+{0,1}") N (B+{0,1}") #0, then (p —1,0,...,0,p + 1) € A. This, together with the fact that
A=X"(p+1)x{p+1}isan (n— 1)-dimensional initial segment, implies, on the one hand, that there are
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(p — 1)p"~? points in X"(p + 1) strictly smaller, in the order <, than (p —1,0,...,0) € X"(p + 1), and
therefore, |A| > (p — 1)p" 2. On the other hand, they ensure that (p —2,p —1,...,p—1,p+1) €A C X.

From now on we will write (xj,...,X;,...,x,) to indicate that the i-th coordinate x; does not appear in
the point (x1,...,x,), being henceforth a point in R"~!. Thus, considering the section X"~ (p — 1), which
is also an (n — 1)-dimensional initial segment, one has that

(P,....p.p—1,p)<(p=2,p=1,....p—1,p+1) in X" '(p—1),
and hence (p,...,p,p/—\l,p) cex" (p-1),ie., (p,...,p,p—1,p) €X.
Next we observe that, since X is stable and X"(p + 1) # 0, then the set
D={(p,....p.m) eEN":m=0,....p} C {p} x{0,....p}""!

satisfies that DN X = 0, since otherwise we would have ¢ (X) = (p + 1)"~! and thus, by Remark 2.28,
that X = {0,...,p}", a contradiction. Furthermore,

B={p}xX'(p) C {p} x{0,....p}" ",
which yields |B] < [{p} x {0,...,p}" | = |D| = (p+1)""' = (p + 1), and we are going to see that, in
fact, equality holds. Firstly, it is easy to see that if

(ﬁ\?pv-"apvp*lvp)'<x0j(b\7pa"'vp)v

for some x € N, then xo = (D, p, ..., p,m) forsome m € {0,...,p}. Since r((p,p,...,p)) = (p+1)""!,
this implies that

r((B.p,-.pp—1,p)) = (p+1)" = (p+1).
Now, given that (9,p,...,p,p —1,p) € X'(p), and that X' (p) is an (n — 1)-dimensional initial segment,
we know that [X'(p)| > r((p,p,...,p,p —1,p)). Consequently, we have that

1B = [x"(0)| > r((P.p,-- .0 —1,p0)) = (0 +1)" " = (p+1).

Bl=(p+1)"!'—(p+1), and by (2.33), |A| = p + 1. This contradicts the fact that
|A| > (p —1)p"~!, except when n = 3 and p = 2. In this case, a direct computation proves that X is not
optimal (see Figure 2.6): indeed, in that case, |X| = 3% and n(X) =41 > 37 = n(J3). ]

To sum up,

Figure 2.6: The stable set X ¢ N3 from the proof of Lemma 2.33. The sets A and B are shown in red and blue,
respectively.

We are now in the position to prove Theorem 2.16.
Proof of Theorem 2.16.  'We proceed by induction on s € N. Let s = 1. Since J(p41)» = {0,...,p}", then
‘j(pﬂ)n +{0,1}"| = [{0,...,p +1}"| = (p +2)", and so we have to prove that

if ‘X + {0, 1}”’ = (p+2)", then X is a lattice cube. (2.34)

If p = 0 the result is trivial. Thus, we assume p > 1 and we proceed by induction on the dimension. If
n =1 then, in order to have |(X +{0,1}) \X! = 1, necessarily it must be X = {0,..., p} up to translations,
i.e., a lattice cube. The case n = 2 is Lemma 2.23.
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So we assume n > 3. Then, there exists a sequence of sets {X j};=1 given recursively by X, | = @i,
forsomei; € {1,...,n}, j=1,...,r, with X; = X, such that X, is stable. Indeed, since the normalization
process either leaves the set unchanged or strictly decreases its rank (see Lemma 2.29), which is bounded
from below, such a sequence always exists.

By Theorem 2.9 the set X is optimal, and so Lemma 2.30 ensures that all X; are also optimal for
j=1,...,r. Therefore, if p = 1, Corollary 2.32 ensures that X, is the lattice cube {0, 1}", whereas for
p >2,Lemma 2.33 shows that X, = {0,...,p}".

Let us now focus on X,_;. Since X,_; is optimal, Corollary 2.25 yields

0% 1) = (U &) m) + {0,131 . (2.35)

meN

+ 2
meN

n—1
N(XH )'r=1(m)

Moreover, we have
(Xr—1);, , =X ={0,....p}".

We show next that this last normalization procedure does not involve the third step of the normalization
process. Indeed, since all non-empty sections of the lattice cube X, = {0,...,p}" are of the form
{0,...,p}"!, applying step (iii) of the normalization process to X, | would imply the existence of
a section (X, l)i’*‘ (my), for some my € N, that becomes empty during such a step. But then, due to
(2.35), an analogous argument to the one of the proof of Lemma 2.30 would show that n(X,_;) > n(X,),
contradicting the optimality of X,_;.

Therefore, only the steps (i) and (ii) in Definition 2.27 are used in the last normalization (X,_) iy
which ensures that X,_; has exactly p + 1 non-empty sections (X, 1)if ~!(m), each of them with cardinality
(p +1)""1. We also know that all these (non-empty) sections (X,_1)"~' (m) are optimal sets in N"~! (see

Corollary 2.25), and so
(X—1)"" (m) + {0, 1}"" = (p+2)"".

Thus, the induction hypothesis allows us to conclude that every (non-empty) section (X,_; )" (m) is
an (n — 1)-dimensional lattice cube. Furthermore, since X,_; is optimal, Proposition 2.21 ensures it is
connected, and hence all these sections are consecutive. Finally, they must all be equal as well: indeed,
otherwise, for any non-empty section (X,_1 )"~ (mg), mo € N, we would have

(1) (mo) + {0,117~ < (U (1) (m)) -+ {0,117,

meN

and hence we could translate the sections such that for every non-empty (X, )i"’1 (m), m € N, we had
(X1 )i’*‘ (m) = (X, )i”‘ (my), strictly reducing the functional n(-) (see (2.35)); this would contradict the
optimality of X,_;. Therefore, X,_ is itself a lattice cube. The same conclusion is naturally obtained for
all X;, j=1,...,r. In particular, X = X; is a lattice cube, which concludes the proof of the case s = 1.
Thus we have shown (2.34).

Finally, assume now that s > 1 and that the result holds for s — 1. On the one hand, Corollary 2.11
ensures that

X +{0,....s=1}"| > | T 1y +{0,...,s = 1}"| = (p+5)".
On the other hand, if ’X—i— {0,...,s—1}"| > (p +s)", then Lemma 2.19 would imply that
X +{0,....5}"| > (p+s+1)" = |Tpr1y +1{0,....5}",

a contradiction. Therefore, |X +{0,...,s—1}"| = ‘J(pﬂ)n +{0,...,s—1}"|, and thus, the induction
hypothesis yields that X is a lattice cube, as desired. [ |
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Characterizations of the equality cases in other inequalities

As a consequence of Theorem 2.16, we derive several equality characterizations in discrete isoperimetric-
type and Brunn-Minkowski-type inequalities. We begin by proving Theorems 2.14 and 2.15, thus
providing the announced characterizations of Radcliffe and Veomett’s results, Theorems H and I.

Proof of Theorem 2.14. Letr = (p +1)". By the translation invariance of the cardinality we may assume,
without loss of generality, that X C N". Then Corollaries 2.11 and 2.13 yield

X +{-1,0,1}"| = |x +{0,1,2}"| > |7, +{0,1,2}"| = |Z, +{0,1,2}"| = |Z, + {-1,0,1}"|.

Thus, if [X +{—1,0,1}"| = |Z, + {—1,0,1}"|, we get that |X + {0,1,2}"| = |7, + {0, 1,2}"|, and Theo-
rem 2.16 shows that X is a lattice cube. The converse is obvious. [ ]

Proof of Theorem 2.15. Letr = (p + 1)". By Corollary 2.11 and (2.6) for .7,, we have
|(X+{-1,0,1}") NN"| > |X +{0,1}"| > | T +{0,1}"| = [ (F +{—1,0,1}") NN"|.
Thus, if equality holds in (2.5), we get, in particular, that ‘X +{0, 1}"‘ = ‘Jr +{0,1}"|, and Theorem 2.16

shows that X is a lattice cube. Furthermore, in order to have | (X +{—1,0,1}") NN"| = |X +{0,1}"|, it
must in fact be X = {0,...,p}", as desired. The converse is obvious. |

Furthermore, as a consequence of Theorem 2.16, we can also characterize the equality case in (1.14)
in some particular cases:

Corollary 2.34 Let X C Z" be a finite set with [X| = (p + 1)" for some p € N and let Y be a lattice
cube. Then
‘X—FY—F{O,l}n‘l/n — |X|l/n+|Y’1/n

if and only if X is a lattice cube.

Proof. If X is a lattice cube then Theorem D shows the result. So we assume that
X +¥ {0, 13"/ = x| /" 4 |y,
and letY = {0,...,s}" for some s € N. Then, by applying Corollary 2.11, we have
(P+s+2)"=|X+Y+{0,1}"] > |T o1y +Y +{0,1}"| = (p +s+2)".

Thus,

X+{0,...,s+1}"| = |J(ps1y +{0,...,5+1}"| and Theorem 2.16 concludes the proof. u

Remark 2.35 We note that there are examples of sets (even with the cardinality of a lattice cube)
reaching equality in Theorem D which are not lattice cubes (see Figure 2.7). ¢

Figure 2.7: A set X c 72 with |X| = 16 which is not a lattice cube (left), and X 4+ X + {0, 1}2 (right), satisfying
the equality in (1.14): |X +X +{0,1}2|'/* =8 = 2/x|1/2,
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2.4 New discrete isoperimetric inequalities for the lattice point enumerator

Let K be a non-empty bounded set with Gy (K) = Gy (r[—1,1]") = (2r+ 1)" for some r € N. Then, from
Theorem 1.2 fort =1 and s € N,

Go (K +s[= 11"+ (~1,71+5)") > (GH(K)I/”—i—an([—l,1]")1/">n: (2r+3s+1)"

:Gn<r[—1,l]"—|—s[—1,l]"—l— (-1, [1+s1)”)7

which gives a particular discrete analogue of (2.3) for the lattice point enumerator G, (-). Here we will
show how such a type of inequality can be extended to the setting of arbitrary non-empty bounded sets of
R”", i.e., with an arbitrary amount of integer points, and any s > 0. This inequality will be generalized
to arbitrary lattices (see Remark 2.40). The main tool for this will be the discrete isoperimetric-type
inequality for the cardinality obtained in Corollary 2.11.

Before stating the theorem, we need further notation. Using the initial segments Z, C Z" we may
define the family of extended cubes Cz, C R": a uniparametric family of star-shaped sets characterized as
the largest sets (with respect to inclusion) such that Cz. + (—1,1)" C Z,+ (—1,1)". Analogously, extended
cubes C7. C RZ, can be defined.

Definition 2.36 For a non-empty bounded set M C R", we write
Cu= {(/lel,...,lnxn) eR": (xl,...,xn) eEM,A; € [0,1] fori= 1,...,1’1}.

For the sake of brevity, we just write C, := Cyy) for any x € R".

Figure 2.8: The set Cy C R? for a finite set X c R? (left) and the set C 7, ¢ R? (right).

Theorem 2.37 [66, Theorem 1.3] Let K C R” be a non-empty bounded set. If r = G, (K) > 0, then
Gn (K +1[0,1]") > Gy (Cg, +1[0,1]") (2.36)

for all # > 0. When G,(K) = (p +1)" for some p € N, equality holds for 7 > 0 if and only if KN Z" is
a lattice cube and we have

(K+1[0,1]")NZ" = (KNZ") + (:0,1]"NZ").

Proof.  First, we show that for every A € [0, 1) we have
Cr +[0,A]" C T +1[0,1)". (2.37)

Indeed, if y € C, +[0,A]", then y € C, + [0,A]" for some x € J,. Hence y; <x;+ A and x; € N for
alli=1,...,n,and so |y;| <x;, i=1,...,n. Then Remark 2.4 implies that ([yi],...,|y.]) < x, and
therefore

Y€ (Wi)seeslym)) +[0,1)" € F+[0,1)".
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Let ¢ > 0 (the case ¢t = 0 is trivial). By applying (2.37) with A =¢ — || and adding the cube [0, [#]]",
we immediately get
Cg +1[0,1]" C T+ (1+[£])[0,1)".

This completes the proof since, by applying Corollary 2.11 with s = [z, we get

Gn(K+1[0,1") = Gy ((KNZ") +1[0,1]") = |[(KNZ")+{0,..., 1] }"| = | T +{0,..., [1]}"]

= G (T (14 11)[0.1) = Ga(Cor 1[0, 117). (2.38)

Now, we assume that G,(K) = (p + 1)" for some p € N. In order to characterize the equality in
(2.38), we first note that we have

(j,+ (1+ m)[o,n") NZ"' = J,+{0,..., [t]}" = (Cz,NZ") + (1[0,1]" N Z") C (Cg, +1[0,1]") NZ",

which gives equality in the last inequality of (2.38).

So we have equality in (2.38) if and only if the relations G, (K +[0,1]") = Gn (KN Z") +1[0,1]")
and |(KNZ") +{0,...,[t]}"| = |7+ {0,...,[t]}"| hold. The first one is equivalent to

(K+1[0,1)")NZ" = (KNZ") + (t[0,1]"NZ"),

whereas the second one holds if and only if we have equality in Corollary 2.11, i.e., when K NZ" is a
lattice cube (see Theorem 2.16), as desired. [ ]

Remark 2.38 In order to find a global optimal set for inequality (2.36), i.e., a set attaining equality in
Theorem 2.37 for all values of t > 0, we observe that if we have a non-empty bounded set K C R" such
that (K +[0,1)") NZ" = KNZ", then, by repeatedly adding the lattice cube {0, 1}", one gets

(K+1[0,1]")NZ" = (KNZ") + (¢[0,1]"NZ")

for all + > 0. This shows that we have equality in Theorem 2.37 for all + > 0 if and only if KNZ" is a
lattice cube and K satisfies (K +[0,1)") NZ" = KNZ", provided G, (K) = (p + 1)" for some p € N. ¢

Remark 2.39 We note that the role of the set C 7, in Theorem 2.37 can also be played by any non-empty
bounded set M C R" with G, (M) = r such that M +10,1)" C 7, +10, 1)". Nevertheless, C 7, are the largest
sets (with respect to set inclusion) contained in RZ ) satisfying this property. Indeed, for any x € R, with
x+[0,1)" C J,+10,1)" we have x € Cyyy, where y € N" is given by y; = [x;] foralli = 1,...,n. Since
y€ (x+[0,1))NN" C (J,+[0,1)") NN" = 7,, we get x € Cy,. ¢

Remark 2.40 Theorem 2.37 also holds for an arbitrary lattice A C R™: if B = {v,...,v,} is a basis of
A, we denote by Gy (M) = |M N A| for any M C R”" and by ¢ : R” — R”" the linear (bijective) map given
by @(x) =Y, x;v; for any x = (x1,...,x,) € R", then Theorem 2.37 yields

Ga(K+10(10,1")) > Ga(9(Cz) +19((0.1]"))
for any bounded set K C R"” with GA(K) =r > 0 and all > 0. ¢

As a consequence of Theorem 2.37, a discrete isoperimetric inequality in the setting of Z" can also be
obtained, which we independently proved in [67].

Theorem 2.41 [67, Theorem 1.2] Let K C R”" be a non-empty bounded set. If r = G,(K) > 0, then for
all t > 0 we have
Gn(K +1[—1,1]") > Gy (Cz, +1[-1,1]"). (2.39)
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Proof. Fort>0and r> 0, let ' = Gy (Cyg, +1[0,1]"). It is clear from the definition that, if A,B C R,
then Cayp = Cs + Cp. In particular, since J. = J, + {0,..., 7] }n, we have Cy7, = Cgz + [¢][0,1]".
Furthermore, Corollary 2.13 implies that

Ga(Cx, +1[-1.1]") = G (Cz, + [1][-1,1]") = G (C, + 1] [~1.1").

Therefore,

Gn(Cz, +1[-1,1]") =Gy (Cyq, + |t][-1,1]") = Gu(—Cg, + |t][-1,1]")
G (—Cg, + 1J[=1,0" + [£][0,1]") = Gu (—Cg, + 1] [0,1]")

< Gn(Cg, +1[0,1]").

Finally, using Theorem 2.37 with the set —K, we have
¥ =Gn(Cg +1[0,1]") < Gn(—K +1[0,1]") = Gy (K +1[—1,0]").
And, consequently, Theorem 2.37 applied now to the set K +¢[—1,0]" yields

Gn(Cz, +1[-1,1]") < Gn(Cg, +1[0,1]") < Gy (K +1[—1,0]" +1[0,1]") = Gp (K +1[-1,1]"). =

From the discrete setting to the continuous one

We finish the chapter by showing that the discrete isoperimetric-type inequalities for the lattice point
enumerator obtained in Section 2.4 (which are themselves consequences of the inequalities for the
cardinality obtained in Section 2.2) imply the continuous version of the isoperimetric inequality for the
volume in its neighborhood form in the setting of compact subsets of R”, i.e., (2.3) when £ C R" is a cube.
It suffices to prove that Theorem 2.41 implies (2.3) for E = [—1, 1]". The homogeneity and translation
invariance of the volume then yields the result for any cube, and thus, we also obtain that Theorem 2.37
implies the neighborhood form of the isoperimetric inequality.

We first fix some additional notation. For each m € N, we denote by G, , () the lattice point enumerator
with respect to the lattice 277", that is,

Gua(L) = |LNQ27"Z")| = |(2"L)NZ"| = Gy (2"L),

for any L C R". Moreover, as in the proof of Theorem 1.18, for each m € N, we write R” = [0,27")" C R"
and O" =R” —R"™ = (—27",27™)", Finally, for any compact set M C R" and each m € N we denote by

My ={z€27"Z": (z+R")NM # 0},

for which we clearly have
McM,+R"CM+0". (2.40)

Before stating the main result we prove the following auxiliary one. The existence of all sequence
limits appearing in the succeeding proofs follows from standard arguments (e.g. due to the sequences
being monotonic and bounded), and thus, for the sake of clarity, we omit them.

Lemma 2.42 Let K C R” be a non-empty compact set. If {p,}neny C N is a sequence satisfying
2pm+1)" < |Kpn| < (2pm+3)" then

iy P _ YOLK)!™

m—yoeo QM 2

(2.41)
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Proof.  First we show that lim,,_,. 27" |K,,| = vol(K). Using (2.40) we have
vol(K) < vol(K,, +R™) < vol(K +0O™).

This, together with the identity vol(K,, +R") = 27""|K,,| and the fact that {K + O™}, is a decreasing
sequence with

oo

() (K+0™) =K

m=0

shows that

m—soo QMN m—soo

K [o<]
vol(K) < lim K] < lim vol(K +0") = vol (ﬂ (K—i—Om)) = vol(K).
m=0
Furthermore, from
2 )" K,
lim @pm+1)" < lim |Kn| = vol(K),
2mn

m—roo 2mn nM—>o0
we infer the existence of a constant ¢ > 0 such that p,, < 2p,, +1 < 2"¢ for all m € N. Thus, applying
that (x+2)" —x" < 3"x"~! for any x > 1, we have

0 < [Knl = 2pm+1)" < (2pm+3)" = @pm+ 1) <3"(2pm+ 1) <37 (2" 1),
and since we may assume, without loss of generality, that ¢ > 1/4, then

0 < K| — (2pm+1)" < 3" (2m+1c+ l)nfl < 3" (2m+lc+2m+1c)”*1 _ pmn—m+2n—23n n—1
Hence,

_ n
0 < lim |Km| (2pm+ 1) < lim 27m+2n723ncn71 =0.

m—oo 2mn m—soo

Finally, we have

vol(K)Y" 1 K\ L Kl = @p D)L @pt )M
2 o 5 oo DM - E mli[zo omn mlill, mn
—1 lim 2pn 1 _ lim Pm
C Dm—ee 2M oo QM
which shows (2.41). This concludes the proof. [ ]

We observe that, considering the partition

{ [(2k+1)", (2k+3)") mN}keN

of N'\ {0}, then the relation (2p,, +1)" < |Kyy| < (2pm +3)" given in Lemma 2.42 uniquely determines
such a sequence {py }meny C N.

We are now ready to prove the main result of the section. The underlying idea is simply to successively
shrink the lattice and then to approximate the volume by means of the lattice point enumerator.

Theorem 2.43 [67, Theorem 1.4] The discrete isoperimetric inequality (2.39) implies the classical
isoperimetric inequality (2.3), with E = [—1, 1", for non-empty compact sets.

Proof.  Let {pm}men C N be a sequence satisfying the conditions of Lemma 2.42 and, for the sake of
brevity, we write r,, = (2p,, +1)". Since

G (27K +2"R") = Gpon(Kn + R™) = |Kn| > (2p+1)" = | T, | = Ga(Cz, ),
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applying (2.39) we get

G (K +R" +1[—1,1]") = Gn (2"K; +2"R™ +2"1[—1,1]") > Gy (Cz,, +2"1[—1,1]")
=G (27"Cz, +1[—1,1]")

for all m € N. Therefore

i G (Ko +R™ +1[—1,1]") > fim Gua(27Cs,, +z[—1,1]n).

m—soo mn m—soo mn

(2.42)
Applying (2.40) again to the set M = K,,, + R™ +1[—1,1]", we get
Ky +R"+1[~11]"C (Kp +R" +1[~1,1]") +R" C Ky +R" +1[~1,1]"+ 0" C K +1[~1,1]" +20"
and then

G (K +R™ +1[—1,1]") B ‘(Km—I—R’”—i—t[—l,l]”)m‘

2mn - 2mn
< vol (K +1[—1,1]" +20™).

- VOl((Km +R™ 4 £[—1, 1]”)m+R’”>

Since {K +1[—1,1]" 420" }m cn 18 a decreasing sequence with

oo

ﬂ (K+f[—1,1]"+20m) :K—Ft[—l,]]”’

m=0
we have
: o n my _ o n
lim vol(K +[—1,1]" +-20") = vol (K +[-1,1]").
Therefore ( [ ] )
. G (K +R™+1[—1,1]"
lim S < vol(K +1[-1,1]"). (2.43)

Finally, we note that
G’”v" (Z_mCIrm +t[_17 ﬂn) = (2(pm +tn1) + 1)’17

where 1, := |[2"¢] for all m € N (which clearly satisfies that #,,/2™ — t as m — o). Thus, writing
r = vol(K)'/" /2 and applying Lemma 2.42, we get

. Gm,n (Z_mcl}m +t[_171]n) . 2(]7 +1 )+1 " n
dim, S = lim (S5 ) = (20 40)" = vol (=11 o[- 1, 1)),
This, together with (2.42) and (2.43), shows (2.3), as desired. [ ]

The following result is a straightforward consequence of Theorem 2.43 and the proof of Theorem 2.41.

Corollary 2.44 The discrete isoperimetric inequality (2.36) implies the classical isoperimetric inequal-
ity (2.3), with E = [0, 1", for non-empty compact sets.
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One particularly significant application of the Brunn-Minkowski inequality, given any non-empty compact
set K C R", is a lower bound for the volume of the set K — K. In particular, (1.1) with L = —K yields

vol(K — K) > 2" vol(K).

When K is a convex body, the set K — K is known as the difference body, and it plays an important role
in scenarios where central symmetry is critical. In fact, the modified version (1/2)(K — K) is known as
the central symmetral of K, where the constant is added merely for scaling purposes. This set is trivially
origin-symmetric, and it constitutes one of the most essential symmetrizations in Convex Geometry.

A corresponding upper bound for the volume of the difference body K — K is given by the Rogers-
Shephard inequality, originally proven in [88]. For more details about this inequality, we also refer the
reader to [97, Section 10.1].

Theorem J — Rogers-Shephard inequality. Let K C R” be a convex body. Then

2
vol(K —K) < < ”) vol(K). 3.1)
n
Equality holds if and only if K is a simplex.

This relation can be generalized to the Minkowski addition of two convex bodies K,L C R" as follows:
2
vol(K +L)vol(KN(—L)) < ( n> vol(K) vol(L). (3.2)
n

The Rogers-Shephard inequality was recently extended to the functional setting [4, 6, 10, 34], gener-
alized to different types of measures [8, 91], as well as studied in the L, setting [3, 18]. Moreover, it was
recently extended to other geometric functionals [7], and a reverse form of Rogers-Shephard’s inequality
in the setting of log-concave functions was given in [3]. The role of this inequality in characterization
results of the difference body was also studied in [1], and an optimal stability version of it was proved in
[24]. It is also interesting to note that a strengthening of this inequality for mixed volumes was conjectured
independently by Godbersen and Makai Jr. (see [97, Note 5 for Section 10.1] and the references therein);
a conjecture on which engaging progress was recently made in [10].
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In [89, Theorem 1], Rogers and Shephard also gave the following lower bound for the volume of a
convex body K C R" in terms of the volumes of a projection and a section of K.

Theorem K Letk € {1,...,n—1} and H € L}. Let K C R" be a convex body. Then

vol,_x(Py.K) volx(KNH) < <Z> vol(K). (3.3)

On a related note, a classical result due to Berwald [16] (see also [4, 5] for other extensions and
considerations) relates certain weighted power means of a concave function, as follows:

Theorem L — Berwald inequality. Let K C R” be a convex body with dimK = n and consider a
concave function f : K — R>g. Then, for any 0 < p < ¢,

5 1 e a ) (D) 1
<V01(K)/Kf (x)dx) = VOl(K)/Kf (x)dx ' i)

Remarkably, this result provides an alternative unified proof of both Theorems J and K (see Section 3.2,
page 64 for the computations).

In this chapter we will use methods in a similar spirit to the ones employed in the previous ones to
obtain several new Rogers-Shephard type inequalities for the lattice point enumerator. We will also get a
discretization of Berwald’s inequality (3.4) and use it to prove further alternative Rogers-Shephard type
inequalities, although as we will see, one cannot expect to retrieve the first ones. Finally, we will show
that these new discrete analogues imply their corresponding continuous versions for the volume discussed
in this introduction. The results from this chapter are collected in [9].

3.1 New discrete Rogers-Shephard type inequalities

A very elegant discrete analogue of the Rogers-Shephard inequality (3.1) in the planar case (in fact,
a stronger version of it) was shown in [46], as a consequence of Pick’s theorem jointly with (3.1):

Theorem M Let P C R? be a convex polygon with integer vertices. Then
Ga(P—P) < 6Gs(P) —b(P) -5, (35)
where b(P) denotes the number of integer points in the boundary of P.

However, when dealing with an arbitrary convex body K C R”, one cannot expect to get a discrete
counterpart of (3.1) for the lattice point enumerator G, (-), namely,

Gu(K —K) < <2n”> G(K).

Indeed, just considering K = [—1/2,1/2]" one would obtain 3" < (*"), which is false for n = 1,2,3,4.
Moreover, as pointed out in [42], where the authors consider certain simplices with integer vertices, there
is neither a possible extension of (3.5) in dimension n > 3 nor even a hope to get G,(K — K) < ¢, G, (K)

for some constant ¢,, > 0 depending only on the dimension n, for n > 3.

Altogether, and taking into account the “behavior” of the discrete version of the Brunn-Minkowski
inequality collected in (1.15), an alternative to get such an inequality for the lattice point enumerator
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would be to consider some extension of K (by Minkowski adding a certain cube) on the upper bound side
of the different Rogers-Shephard type inequalities.

We will develop the discrete versions of these inequalities with two different approaches. The first one
will adapt the argument based on the covariogram used in the original proofs by Rogers and Shephard.
The second one will exploit the relations between the volume and the lattice point enumerator (1.42),
which were already used in Section 1.4 to obtain the discrete log-Brunn-Minkowski analogues (1.41) and
(1.48). These methods will produce alternative inequalities which are not necessarily comparable in some
cases, as well as provide alternative proofs of the same inequalities in other cases.

For the sake of brevity, we introduce some further notation for this section. We will write
hyp(f) = {(x,t): xeM, 1 €R, f(x) >t} CR"!

for the hypograph of a non-negative function f : M — R, where M C R" is non-empty. Moreover,
for a vector subspace of the form H = lin{ey,...,ex} € L}, k€ {1,...,n—1}, and any M C x+ H with
x € H+, we denote by

Gy(M) = )Mn (x+ (Z* x {0}”"<)> ‘
Analogously, for each M C y +H" with y € H, we use
Go k) = [ (v + ({0} x 22 4)) |

Furthermore, we will write Cy := (—1,1)" N H for the sake of simplicity. Finally, as usual in the literature,
we will utilize the following conventional notation:

()= renre—srn

for any r,s > 0, where I'(+) is the Gamma function.

3.1.1 Projection-section type inequalities

The main result of this section is the following theorem, which provides a discrete analogue of (3.3) for
the lattice point enumerator.

Theorem 3.1 Letk € {1,...,n—1} and H =lin{ey,... e} € L}. Let K C R” be a non-empty convex
bounded set. Then

Gy« (P K)Gr(KNH) < <Z> Gn(K+(—1,1)"). (3.6)

As anticipated in the previous section, we will provide two different proofs. The first one is a direct
consequence of the following, stronger inequality.

Theorem 3.2 Letk € {1,...,n—1} and H =lin{ey,...,er} € £}. Let K C R" be a convex bounded
set containing the origin. Then

"tk (n—k\ (n\"" il
[Zn_l( ; ><l) Gy k(P K) ")
i=0

Indeed, taking only the term corresponding to i = n — k, Theorem 3.1 follows immediately, under the
additional mild assumption that K contains the origin.

G(KNH) <Gu(K+(—1,1)"). (3.7)




54 Chapter 3. Rogers-Shephard type inequalities

Proof. First, for any r > 0, we define the superlevel set
D, = {x € Py (K+(—1,1)") : Gk((K+ (—1,1") N (x+H)) > r}
_ {x € Py K+Cpu: Gk(((KJrCHl) N (x+H)) +CH) > r}

(see Proposition 1). Now, let x € Dy, y € Cy1 and A € [0,1]. So, from the convexity of K, we have

1/k
Gk<((K+CHL>ﬂ (1=A)x+Ay+H)) +CH)

|k (3.8)

> Gk((l —A)((K+Cy)N(x+H))+A((K+Cy)N(y+H)) +CH)

We notice that, since x € Dy = Py K+ Cy1 and y € Cy1 C Py1 K+ Cp1 (because 0 € K), the sets
(K4+Cyi)N(x+H),(K+Cyr)N(y+ H) are non-empty and then the above sum

(1-=A)((K4+Cy)N(x+H))+A((K+Cy)N(y+H))+Cy
is well-defined. Hence, from (1.15) we get

Gk<(1 —A)((K+Cy)N(x+H))+A((K+Cyi)N(y+H)) +CH)1/k
> (1=2) Gy (K+Cp) N (x+H) £ 216G (K +Cu) N (v +H)) (3.9)
> AGy(KNH)'¥,
where in the last inequality we have used that
Gi((K+Chu)N(y+H)) > Ge((y+K)N(y+H)) =G (KNH)
for every y € Cy.1. Thus, setting

for any 0 < s < Gx(KNH) (observe that G, (K NH) # 0 since 0 € K), from (3.8) and (3.9) for A = A, we
conclude that
(1 - A‘.S) (PHLK—i_CHL) +A‘SCHJ~ C DS'

In other words, for any 0 < s < Gx(KNH) we have
(1 =Ag)Py K+ Cp. C Dy
and then, by (1.15), we get
(1= 25) G (P K)V 70 1 4, G, ({01970 < G,y (D).
Consequently,

n—k —k i ) )
Y (" i )(1 — ) ARG, 4 (P K)Y R < G, k(D) (3.10)
i=0

forall 0 <s < Gy(KNH).

Now, on the one hand, doing the change of variables 8 = A,, we get that

G (KNH) . ) 1 ) )
/ (1—)LS)%S"”‘”ds:ka(KﬁH)/ 0"~~1(1— 6)'de
0 0

— NI n\ !
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and hence, integration on s € [0, Gx(K N H)] on the left-hand side of (3.10) yields

n—k . -1 .
[Z £ (” , k) <"> Gyt (P K) | Gu(K N H).
n—i i i
On the other hand, we have
Gk(KﬂH) Gk(KﬁH)
/ ank(,Ds) ds = / Z Ao, (x) ds
0 0 x€(P, K+C,y 1 )L
- y min{Gk<((K+CHL)ﬂ(x+H))+CH>,Gk(KﬂH)}
xe(P, K+C,y 1 )NZr
< Y G(((K+Cun(et ) +Ch)
XE(PHLK"'_CHL)QZH

— Y G((K+ (L)) N+ H)) = Ga(K+ (1,1,
x€(P, . K+Cyy )02

This concludes the proof. [ |
Remark 3.3 The role of H =lin{ey,...,e;} in the above result can be played by any other k-dimensional
coordinate (vector) subspace. ¢

As anticipated, we can also obtain a direct proof of Theorem 3.1 using the relations (1.42) between
the volume and the lattice point enumerator, as well as the original projection-section inequality for the
volume (3.3) (for which the assumption on the convex set K to be closed is not necessary), taking into
account the properties of the Minkowski addition from Proposition 1.

Alternative proof of Theorem 3.1. 'We have
1 1
Gn_k(PHLK) Gk(KﬁH) <vol,_x <(PHLK) + 2CHi> voly <(KQH) + ZCH>
<wvol Py K+ —11 ' vol K+ —11 ' NH
> n—k HL 272 k 272
n 1 1\" n
< - < _1.1)"
< (k> vol <K+< 2,2> ) < <k> Gn(K+(—1,1)"),

as desired. [ ]

We point out that, with the argument above, there is no need to assume that 0 € K. However, such a
method does not allow one to show the statement of the stronger inequality collected in Theorem 3.2.

3.1.2 Sum-intersection type inequalities

First we derive a discrete analogue of the Rogers-Shephard inequality (3.2) (and, as a consequence, of
(3.1)), by considering a suitable (2r)-dimensional convex bounded set and applying the projection-section
inequality collected in Theorem 3.1, following the original idea of Rogers and Shephard in [89]:

Theorem 3.4 Let K,L C R" be convex bounded sets containing the origin. Then

Gu(K +L) G, (KN (~L)) < (2:) G (K + (—1,1)") Gy (L+ (=2,2)"). 3.11)

In particular, taking L = —K, we have

) G (K+(~1,1y) (K$E;§’2)n) ' (3.12)

n

G, (K —K) < (2”
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Proof. Consider the (2n)-dimensional convex bounded set containing the origin defined by
F={(xy)eR":xeK,x—ye L}

and let H = lin{ey,...,e,} € £L2". Notice that P,.F is the set of points (0,y) such that (x,y) € F
for some x € R", which is equivalent to the fact that y € x + L for some x € K, and hence we get
Py F ={0}" x (K+ L). Moreover, we clearly have that

FNH= (KN (-L)) x {0}".

Now, given (x,y) € F +(—1,1)?", we have that x € x; + (—1,1)" for some x; € K and thaty € y; +(—1,1)"
for some y; € x; +L C x+ (—1,1)"+ L. So, for every (x,y) € F+(—1,1)*", x € K+ (—1,1)" and
y€x+L+(—2,2)". Thus,

Gon(F +(—1,1)*") < ) Gp(x+L+(=2,2)") =Gu(K+ (—1,1)") Gy (L+ (—2,2)").
xe(K+(—1,1)mnzr

Therefore, from Theorem 3.1 (applied to the convex bounded set F' containing the origin and the vector
subspace H) we obtain

Gu(K+L)G, (KN (L)) < <2n"> Gu(K+ (—1,1)") Gy (L+ (—2,2)"),

which clearly further implies (3.12). This concludes the proof. [ |

Next we prove another discrete Rogers-Shephard type inequality which is actually stronger than the
one collected in Theorem 3.4. Indeed, (3.11) may be obtained as a consequence of it. Before stating the
result, we make some additional considerations.

When dealing with the (proof of the) Rogers-Shephard inequality (3.1), one is naturally led to the
notion of the covariogram of a convex body K C R”", that is, the function f : R" — R>( given by
f(x) =vol (KN (x+K)). Its discrete version for finite sets A C R", x — |[AN (x+A)|, has been studied
in [47], where the authors show elegant relations of the latter with the continuous version. Here, we
will consider the following slight modification of the corresponding discrete version for Gy (-) of the
covariogram of K:

x+—>Gn((K+(—l,1)") n (x+1<+(—1,1)")).

By using this, and exploiting the classical proof of the Rogers-Shephard inequality (3.1) that is based
on the covariogram, we can obtain the following discrete version. Again, we will present it in the more
general setting of two convex bounded sets K, L C R". We recall that given A, B C R", the set

A~B:=()(A—x)={xeR":x+BCA} (3.13)
xXEB

is the Minkowski difference (or Minkowski subtraction) of A and B. It is clear that (A + B) ~ B = A,
whereas the inclusion (A ~ B) + B C A also holds. For more on this notion and its connection with the
Minkowski sum, we refer the reader to [97, Section 3.1].

Theorem 3.5 Let K,L C R" be convex bounded sets containing the origin such that (—1,1)" C L. Then

[Xn: 2nn_l- <’ll) <2in> R Gu((K+L) ~ (—1, 1)”)””

i=0

Gu (KN ((=1) ~ (=1,1)))

<Gu(K+(-1,1)") Gy (L+(—1,1)").

(3.14)




3.1 New discrete Rogers-Shephard type inequalities 57

In particular, taking L = —K (for a convex set K C R" with (—1,1)" C K), we have

Zn‘, < )(i”) Gu((K—K) ~ (=1,1)")/" < G(( ((—_117711);2)2, (3.15)

Before showing the result, we observe that taking only the term corresponding to i = n in the above
expressions we obtain, respectively,

Gu((K+L) ~ (~1,1)") Gy (KN (L) ~ (-1,1)") ) < <

and

2n—i

2n

) Gal o+ (~1,1)) Gy L+ (1.1

n

Zn) G (K +(=1,1)")°

Gn((K—K) ~ (=1.1)) < (n Gu(K ~ (~1,1)7)

Proof.  First, for any r > 0, we consider the superlevel set
D, — {x € (K+L)+(=2,2)": G,,((K+ (=1, 1)") N (x—L+ (1, 1)")) > r}.
Now, letx € K+L,y € (—1,1)" and A € [0,1]. Then, from the convexity of K and L, we have

Gn<(K+(—1,1)”) N((1 —l)x—l—?ty—L—i—(—l,l)"))l/n 516

an((l—l)(Kﬂ(x—L)) +A(KN(y—L)) +(—1,1)")1/".

Notice that, sincex € K+Landy € (—1,1)" C L C K+ L (because 0 € K), the sets KN (x—L),KN(y—L)
are non-empty and then the above sum

(1-A)(KN(x—L))+A(KN(y—L)) +(-1,1)"
is well-defined. Hence, from (1.15) we get
G (1= ) (KN (x=L)) + A (KN (y=L)) + (-1, 1)")1/"

MEAG (KN (y—D)" (317

226, (kn (1)~ (-1,17)) ",

where in the last inequality we have used that, for every y € (—1,1)",

Gu(KN(y—L)) > Gn(Kﬂ ((~L) ~ (—1,1)")).

>(1-1)G,(KN(x—L))

Observing also that G, (Kﬂ ((=L) ~ (-1, 1)")) #0since 0 € KN ((—L) ~ (—1,1)"), we may define

1/n
o (Gn(m(u>~<171>")))

forany 0 <s <G, <Kﬂ ((—L) ~ (-1, 1)”)). Thus, from (3.16) and (3.17) for A = A, we conclude that

(1=A)(K+L)+A(—1,1)" C Ds.
In particular, for any 0 <5 <G, (Kﬂ ((=L) ~ (-1, 1)”)) we have

(1=2A)((K+L)~ (—1,1)") +(=1,1)" = (1 —ls)(((K—l—L) ~(-=1,1)") +(—1,1)"> + As(—1,1)"
C (1 —2A)(K+L)+2A(—1,1)" C D;.
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Then, by (1.15), we get
(1= A) G ((K+L) ~ (=1, 1)) /" £ 4,G, ({0} /* < G, (D) /"

and, consequently,

f (") VATG, (K +L) ~ (—1,1)")"" < G,(Dy) (3.18)

i=0

for auogngn(lm ((~L) ~ (—1,1)")).
Now, writing so = G, <Kﬂ ((=L) ~ (-1, 1)”)), we observe that

/Oso(l —A)AM s = n G, (Km ((~L) ~ (~1, 1)”)) /01 0>==1(1 - 0)do

—1G, (,m ((—L) ~ (—1, 1)n)> r(z:;(zi)i(;; 1)

n (), KN ((—L) ~(—1,1)")
( )

2n—i\ i

and hence, integration on s € [0, 0] on the left-hand side of (3.18) yields

!i zn”ﬂ (l> <2ln> Gu((K+L) ~ (—1,1)")""

i=0

G, (lm ((-L) ~ (—1,1)")).
Finally, integrating the right-hand side of (3.18) we can conclude the proof:

[leoas=[" ¥z was

x€(K+L+(-2,2)")NZ"

- Y min{Gn((K—i-(—l,l)”)ﬂ(x—L+(—1,1)")),So}

x€(K+L+(—2,2)")nzZn

)y Gn((K+(—1,1)")m(x_LH_l’l)n))

xe(K+L+(—2,2)m)NZn

- Z Z XK+ ~1,1)n X LA(~1,1)" (y>

x€(K+L+(—2,2)")NZn yeZn

- Z Z X 11" XL (x)

xE(K+L+(—2,2))NZn yeZr

= Z %K+(—l.l)" y Z %y+L+(—l.l)" (X)

yEZ! x€(K+L+(-2,2)")NZ"
=Gu(K+(—=1,1)") Gu (L4 (—1,1)"). m

We observe that, given convex bounded sets K,L C IR” containing the origin, applying Theorem 3.5 to
the sets K and L+ (—1,1)", and taking only the term corresponding to i = n (bearing in mind the relations
between the Minkowski difference and addition), one gets

| A

Gu(K +L) G, (KN (—L)) < <2n”> G (K +(—1,1)") Gy (L+ (=2,2)"), (3.19)

i.e., Theorem 3.4.

What we have just seen shows that, in contrast to what happens in the continuous case, in the discrete
setting the inequalities obtained directly using the covariogram method (Theorem 3.5) are in fact stronger
than the ones derived as a consequence of the projection-section inequality (Theorem 3.4).

As in the previous section, we can also obtain an alternative discrete Rogers-Shephard type inequality
by exploiting the relations (1.42) between the volume and the lattice point enumerator and using the
original inequality for the volume (3.1). In this regard, here we show the following:
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Theorem 3.6 Let K C R" be a non-empty convex bounded set. Then

G (K —K) < <2:> Gy <K+ <—i, i)n) . (3.20)

Proof. Using (1.42) jointly with the classical Rogers-Shephard inequality (3.1) (for which the assumption
on the convex bounded set K to be closed is actually not necessary, due to the facts that the boundary of a
convex set has null measure and the closure of the Minkowski sum of bounded sets is the Minkowski sum
of their closures), we get

Go(K ) < vol (K~ K+ (é;)) ol (x+ <‘ii>— i (‘H)D
e () el (3))

When considering the Minkowski sum of two non-empty convex bounded sets K, L C R", instead of
K — K, we have the following discrete counterpart of (3.2):

Theorem 3.7 Let K,L C R" be non-empty convex bounded sets and let

vol (K+L+(—%,%)">
= N €(0,1).

%= Nol(K+ L+ (—1, 1))
Then
Gn(K+L)Gy(KN(-L)) < <2n”> cxr Gn(K+(=1,1)") Gy (L+ (—1,1)"). (3.21)

In particular, taking L = —K, with 0 € K,

2n> Bt l)n)z (3.22)

Gn(K —K) < <n G (K)

Proof. By (1.42) and Proposition 1, we get
1 1\" 1 1\"
Gu(K+L)Gy(KN(—L)) <vol (K+L+ ~5:5 ) |vol KN(-L)+ ~575

< g, Vol(K+L+(—1,1)") volqKJr <—;;>] N [—L+ (—;;H) :

Now, applying the classical Rogers-Shephard inequality (3.2) (again, the assumption on the convex sets
K, L to be closed is not needed) jointly with (1.42) once more, we have

et o[k (435) o [+ (5.5) )
. <2nn>CK_L vol <K+ (—éé)) vol (L+ (—;;))

2n
< <n>cu Gn(K+(=1,1)") Gu(L+ (—=1,1)"). m
We note that, as we will see (Remark 3.18), both (3.20) and (3.21) (and thus also (3.22)) are asymp-

totically sharp, in the sense that, for any of these inequalities, there exist convex bodies containing the
origin such that the ratio between the right-hand side and the left-hand side is arbitrarily close to 1.
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Since we have at this point obtained several alternative discrete analogues of Rogers-Shephard’s
inequality that involve extensions of K by Minkowski adding certain cubes, it is natural to wonder about
how they compare. We finish the section by performing such a contrast.

On the one hand, given a convex bounded set K containing the origin, if we apply (3.14) to the sets K
and L' :== —K + (—1,1)" we get

n -1 _ n B "
;)2nnl<;:> (2?) GH(K_K),/"SG,,(KH 1,12}3(3}(,,)(1{“ 2,2) )' 323

On the other hand, we have the previously obtained inequalities (3.20) and (3.22). So, does there exist a
relation between (3.20), (3.22) and (3.23)?

First, to compare (3.23) with (3.20), we need to relate

G (K +(—1, 1)(:3((;”)(K+ (—2,2)") _2; ﬁ (n> <2ln> ! Ga(K — K}

o (e (-33))

Although, unfortunately, we do not have a full answer to this question, next we show that in dimension
n = 2 the latter expression provides a smaller upper bound for

Gu(K — K) (2") h

n

and

and hence, in the plane, (3.20) is tighter than (3.23). This is a direct consequence of the following result.

Proposition 3.8 Let K C R? be a planar convex bounded set containing the origin. Then

1 1

Ga(K+(=1,1%) <Ga(K+(-2,2)*) =5 - gG2(1<—K)‘/2 (3.24)

Proof. LetH;={x€R?: (x,e;) =0},i=1,2, and set

m:= m%Gl(PH,.K),
=1,

for which we will assume without loss of generality that m = G (Py,K). Then, K is contained in a
rectangle [—ay,b1] X [—az,by), with a;,b; > 0 and G, ([—a;,bi]) <m, i=1,2.

So, we clearly have that G;(K) < m? and G>(K — K) < (2m+ 1)%. Moreover, since K + (—1,1)?
is open and thus, for any x € (Py,K) NZ?, (K+(—2,2)*) N (x+¢;) contains at least two more integer
points than (K + (—1,1)%) N (x+¢1), we get

Ga (K +(-2,2)%) > Go(K +(—1,1)) +2m.

Altogether, since m > 1 (because 0 € K), we have

1 1 1 1
—+-Gy(K—K)'? < =
S+ 3Gk —K)2 <o+
which shows (3.24). [ ]

Since clearly

2m+1) <2m < Gy (K +(=2,2)*) = G2 (K + (—1,1)?),

W |

G (K +(—1,1)?) Go (K +(~2,2)?)
Gy (K) ’

2
G, <K+ <—i,i> ) <Gy(K+(—1,1)?) and G2 (K +(-2,2)%) <

we obtain the desired comparison. Next we relate (3.20) and (3.22).
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Remark 3.9 Inequalities (3.20) and (3.22) are not comparable. Indeed, taking K = [—r,r]" with r > 0,

one has
4r+1\" <1
c = .
K-k 4r+2

So, on the one hand, if r € N\ {0} we get

G.(K) =G, <K+ <—i, i)) =G, (K+(-1,1)")

%KG4K+<1JVY<“h<K+<_33>3,

G, (K) 4’4
On the other hand, if r ¢ N'\ {0} then

G (K+(~1,1)") (4r+1)"(2LrJ+3)"_<1+zmz+1>n
= 1 > 1,

and thus

Cx G, (K) (@dr+2)n(2[r) +1)" 1+ 7
and hence 5
G (K +(—1,1)") 3 3)\"
GG (’“(_4’4) ) ¢

A discrete version of Berwald’s inequality

The main result of this section is the following discrete analogue of Berwald’s inequality (3.4):

Theorem 3.10 Let K C R" be a convex bounded set containing the origin and let f : K — R>o be a
concave function with f(0) = | f|e. Then, forany 0 < p < g,

(")

/a 1/p
(x V)| o 3.5
<G"(K) XEKZ”Z”f ( )> - (G"(K) xE(K+(;l)n)ﬂZn(f ) ( )) ( )

We note that since f in the above result (and in the rest of the section) is defined in K C R", rather
than in R”, the extension f* must be understood as being applied to the zero-extension of f, i.e., the
function that is equal to f in K and O otherwise.

Remark 3.11 We note that the assumption on the origin in the theorem above could be substituted by
| fleo = f(x0) for some xo € KNZ". The assumption that the maximum of f is attained in a point of Z" is,
however, necessary in our proof. ¢

To begin, let K C R" be a convex bounded set containing the origin, let f : K — R>( be a non-
negative function and set p > 0. We will write u to denote the counting measure on 7Z."*, considered as a
measure on R”, namely, u(M) = G, (M) for any M C R". First we observe that we have

Y f)r :/prtp’lGn({xeK: £() >r}) dr. (3.26)

xeKNz"
Indeed, by Fubini’s theorem, we obtain

L= [ seradn = [ ([ pra) mioauto
= /O ) - ptP 1y, (%) X050y, () dpe (x) dt = /0 B ptP! /R Kk s (x)du(x)de
= /prfpflGn<{x €K: f(x)> t}) dr.

To prove Theorem 3.10, we need the following auxiliary results.
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Lemma 3.12 Let K C R” be a convex bounded set containing the origin and let m > 0. Consider
also the concave function h,, : K+ (—1,1)" — R whose hypograph is the closure of the set
conv ((K x {0})U ({0}",m)) + ((—1,1)" x {0}). Then, for every p >0,

1/p
) hm(x)P> > m. (3.27)

Proof.  Observe that, for any 0 <7 < m,
(conv((K x {0 U ({0} m)) + ((=1,1)" < {0} ) N (R x {r}) = (1= =) K+ (=1,1)") x {1}

and thus "
(X €K+ (=1,1)": hy(x) > 1} = (1 - a)K+(—1,1)”.

Then, using (1.15) we get
oo p—1 _ n. — " p—1 _L _ n
/Opt Gn({xeK+( 1,1) .hm(x)>t})dt /Opt G,,((1 m)K+( 1,1)>dt

> /Ompt"*1 (1 — %)nGn(K) dr

— pm? Gn(K)/Ol s771(1 - s)"ds
L(p)T(n+1)
IC(n+p+1)

— Gn<1<><"+p>_]-

n

= pm? G,(K)

This, together with (3.26) applied to the function #,,, shows (3.27). [ ]

Now, given a concave function f : K — R defined on a convex bounded set K C R", we will relate
the number of integer points of the superlevel sets of both the function f and its extension f° (whose
hypograph is the closure of the Minkowski addition of the hypograph of f and (—1,1)" x {0}) in terms
of a suitable (1/n)-concave function (on its support). To see this, for any fixed p > 0, we set

(n+p) 1/p
mz(anK)xE 2 (x)> ’

(K+(—1,1)m)nz"
and we consider the function g : R>9 — R>¢ given by

{ (1-LY'Gu(K) ift <m,

0 otherwise.

g(r) =

Lemma 3.13 Let K C R" be a convex bounded set containing the origin, and let f : K — R be
a concave function with f(0) = |f|. > 0. For any p > 0, consider m and g defined as above. Then,
there exists 7o € R>¢ such that

Gn({xeK+(—1,1)":f>(x) >z}) > g(t) (3.28)

forall 0 <t <ty and
g(t) ZGn<{xeK: fx) >t}) (3.29)

for all r > 1.
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Proof.  First we will show that m > | f|e. To this aim, assume by contradiction that m < |f|. and set
hm : K+ (—1,1)" — R the concave function whose hypograph is the closure of

conv((K x {0})U ({0}",m)) + ((—1,1)" x {0}).

Then, by the concavity of f, hyp(f) D conv((K x {0}) U ({0}",m)), and so hyp(f°) > hyp(h,). This
also implies that {x € K+ (—1,1)": f°(x) >t} D {x € K+ (—=1,1)": hy(x) > 1} forall 0 <7 < |f]w.
Therefore, assuming that m < |f]|, the latter inclusion jointly with (3.26) applied to the functions f° and
hm, Lemma 3.12 and the fact that G, ({x eK+(—1L,1)": fo(x) > t}) > 1 forevery 0 <t < |f]| (since
f(0) = |f]), imply the contradiction

n+p o
o= (S reliserrcnarsrion)o)

(")

m 1/p
> (Gn(K)/o pt”“Gn({xeKJr(—l,l)”:f°(x)>t}>dt>

(".")

. 1/p
> (Gn(K)/o p;P—‘Gn({xeK+(—1,1)” : hy(x) >t}> dt)
= ( 0) )3 hm(x)”> " > m.

Gy (K) xe(K+(—1,1)y")nzn

1/p

Now, since f© < |f], we trivially have
0=G,({reK+(=1.1)": £'(0) > Ifl}) <g(If-).
and thus we may consider
= inf{t >0: G,,({x EK+(—1,1)": f(x) > t}) < g(t)} < oo,

Then, on the one hand, we obtain by the definition of to that (3. 28) holds for all 0 <7 <ty < |f|. Moreover,
since {x € K+ (—1,1)": f°(x) >1} ={x€K: f(x) >t} +(—1,1)" (which is an open convex bounded

set) for every 0 <t < |f]., we have that the function 7 — Gn({x eK+(=1,1)": fo(x) > t}) is
continuous from the right on R>g. Therefore, we obtain that

Gn({xeKJr(—l,l)” : fo(x) > t0}> < gl(t).

On the other hand, given ¢ € [, |f]«] and taking A € (0,1] such that 7o = Az, from (1.15) we get

Gn({xeK+(—1,1)”:fo(x)>t0}>1 _G({xEK £ > 10} +( 1,1)”)1/"

> Gu((1= ) {x €Ki f(1) 20} + A{x €K fx) > 1} +( 1,1)")1/"(3.30)
> (1-2)Gu(K)/" + .G, ({xeK flx >r})1/"
and also (taking into account that o < | f|e < m)
in_ (1 _ T Wn _ (1 1/n _r 1/n
g(to) _(1 m)Gn(K) — (1-2)Gn(K) +7L(1 m)G,,(K) . (3.31)

Thus, using (3.30) and (3.31), we get that (3.29) holds for all 7p <t < |f|~. This concludes the proof,
since (3.29) is further trivially true for any 7 € [|f]e, ). [ ]
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Proof of Theorem 3.10. 'We may assume, without loss of generality, that |f|. > 0, and let m and g be
defined as in Lemma 3.13. Observe also that, for any r > 0,

n+r m n ir
(é% [ (-1 Gn(K)dt> —m. (3.32)

From (3.26) applied to f° jointly with the definition of g and m, the latter implies, in particular, that

/Omﬂ’*l G, ({x CK+(—1,1)": fo(x) > z}) dr = /mﬂ’*lg(t)dz. (3.33)

0

Hence, with 7y as provided by Lemma 3.13 we obtain, from (3.28) and (3.29), that
/()totq‘l[Gn({xeK+(—l,1)”:ﬁ(x) >t}) Z)] dr
—/[Wtq*1 [g(t ({xeK flx >t}> dt
:/Ototplﬂ” [Gn({xeKJr(—l,l)":ﬁ( )>t}> gt )] dr
—/ Pl /’[g Gy({rxekK: f()>t})}dt
gtg”’/ P 1{ ({x€K+ BOL f“(x)>t}>—g(t)} dt
—tg"’/ P! [g(t —G,,({xeK: f(x) >t})} dt.

Moreover, we have
tgp/0’°tp—1 [Gn({x EK+(—1,1)": fo(x) > z}) —g(o} dr
+zg*!’/t°°zpfl[ <{xeK flx >t}) )}dt

g;g"’/omﬂ’*l{Gn({xeKJr(—l,l)" L o) >z}) —g(t)} dr =0,

where the latter equality follows from (3.33).

Altogether, we have shown that

/Ototq1Gn({xeK+(—1,1)”:ﬁ(x)>t}>dt+/t()®tq1Gn({xeK: f(x)>t})dt§/:ﬂ*1g(t)dt

and hence -
/ "' G, ({xEK flx >t}>dt</ 117 g(r) dt.
0 0

Consequently, from (3.32) for r = g, we have

n+q) oo 1/q n . . 1/q
(éﬂj’(_l{))/o gt G, ({xEK flx >t}) dt) < <énjz-2)/o g9~ (1_%> Gn(K)dt> -

and thus, from (3.26) applied to f and g, we conclude the proof:

(n+q) 1/q (" +) , 1p
7 4(x n VP (x '
(Gn(K) xE%Z”‘f ( )> S (GH(K) xE(K+(Zl71)n)ﬂzn (f ) ( )> u
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As briefly pointed out within the introduction, the continuous version of Berwald’s inequality (Theo-
rem L) allows us to derive the Rogers-Shephard inequalities (3.3) and (3.1). To show this, first notice that
Stirling’s formula for the gamma function yields the asymptotic formula

lim # =1
T E )

which implies, in particular, that (") Y4 1 as g — . Moreover, given a convex body K C R" with
dimK = n and a concave function f : K — R>, it is well-known that

1/q
kg(éf%ﬂw> ~ 1Al

(here we notice that, since f is concave, agrees with esssup, g f(x)). Thus, applying Theorem L
with p = k (and n’ = n— k) and the concave function (cf. (1.1)) f : Py. K — R>( given by the expression

f(x) = volg (K N(x+H )) Y for H € Ly, we get Theorem K by taking limits as g — 0. Indeed, we have

)

n k+q i
Uk < (] = “(
VOlk(KmH) ‘f|oo ‘}Ll;lgo <V01n k PHLK / f )

(n) 1/k (n) 1/k
< <Volnkl(<PHL % /P Hmfk(x)dx> = (VolnkaHLK) Vol(K)> ,

where the last equality follows from Fubini’s theorem.

Analogously, from Theorem L for p = n and the concave function (cf. (1.1)) f: K — K — R given
by f(x) = vol (K N (x+K))"/", for which we have

[ rwae= [ a0t 0)dde= [ [ 002, () drdy = vol(K)2

we get

q—e \ vol(K — K) Jk—k

() . () A
= <V01(K—K) K_Kf (x)dx) - <V01(K—K) vol(K) ) ’

and so Theorem J follows.

n+ 1/q
vol(K)'/" = | f|o = lim <<q) fq(x)dx>

We finish the section by pointing out that, arguing in a similar way in the discrete setting, but now
applying Theorem 3.10 (for the above-mentioned functions and values of p, and letting g — o), we get
the following results:

Corollary 3.14 Letk € {1,...,n—1} and H € L].. Let K C R" be a convex bounded set containing
the origin. Then

Gu—ik(Py K)volg(KNH) < <Z> Z sup volk<Kﬂ((x+z)+H)).
E(PHLK+CHL)QZH ZGCHL



66 Chapter 3. Rogers-Shephard type inequalities

Corollary 3.15 Let K C R" be a convex bounded set containing the origin. Then

2n

G, (K —K)vol(K) < <n

) sup Vol(Kﬂ((x+Z)+K)).
xe(K—K+(—1,1)")nzn 2€(=1,1)"

We point out that the more general result, involving convex bounded sets K,L C R" containing the
origin such that maxyeg 7 vol (K N (x — L)) = vol (K N (—L)) may be also derived, obtaining that

Gu(K+L)vol(KN(-L)) < <2n) ) sup VOl(Kﬂ((X—i-Z)—L)).
n xe(K+L+(—1,1)1)nzn 2€(=1,1)"

Remark 3.16 We also observe that one cannot immediately derive, in principle, other discrete versions
of the Rogers-Shephard inequalities (3.3) and (3.1) from Theorem 3.10, despite counting with the discrete
analogue (1.15) of the classical Brunn-Minkowski inequality, because of the lack of concavity of the
functional G,(-)!/". This is the reason for which Theorem 3.10 yields the above discrete counterparts
of (3.3) and (3.1), where the volume arises jointly with the lattice point enumerator. Some engaging
examples of discrete analogues of classical inequalities where these two functionals appear together can
be found in [2]. ¢

3.3 From the discrete setting to the continuous one

We begin by proving that the discrete versions of the projection-section and the Rogers-Shephard inequal-
ities we have shown in Section 3.1 imply their corresponding continuous analogues, by exploiting the
relations (1.4.2) and (1.43) between the lattice point enumerator and the volume. To this aim, regarding
the discrete projection-section type inequalities, we will show that (3.6) already implies (3.3) (and hence,
the same is obtained from the stronger inequality (3.7)). In the same way, we will prove that (3.11) is
enough to derive (3.2) (and thus, the same happens for the more powerful inequalities (3.21) and (3.14)).
Moreover, in particular, (3.12) implies (3.1) (and so, the same is true for the stronger versions (3.20),
(3.22) and (3.19)).

Theorem 3.17 Let K,L C R" be convex bodies containing the origin with dimK = dimL = n. Then
1. The discrete inequality (3.6) for the lattice point enumerator implies the classical projection-
section inequality (3.3) for the volume.

2. The discrete inequality (3.11) for the lattice point enumerator implies the classical Rogers-
Shephard inequality (3.2) for the volume.

Proof.  Applying (3.6) with rK (for r > 0), taking limits as » — oo and using (1.4.2) and (1.43), we get
Gk (rPy.K) Gi(r(KNH)) lim Gy (Py: (rK)) Gk ((rK)NH)

vol,_(Py1K) voly(KNH) = lim

r—oo pn—k rk r—oo m
. (n\ Gu(rK+(—=1,1)") n
< = .
< rh_)rg ( k) o ‘ vol(K)

Analogously, but now applying (3.11) with rK and rL (for r > 0), we obtain

Gu(r(K+L1))Gu (r(K N (-L)) \ GalrK+rL)G, ((rK) N (=rL)

vol(K +L)vol (KN (—L)) :};ngo o = lim o
20\ G (rK 4+ (—1,1)") G, (rL + (—2,2)" 2
< lim< n> n(rK+ (1Y) )2 L+ (22,2)) = < n) vol(K) vol(L).
r—e \ 1 rn n

This concludes the proof. [ |
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Remark 3.18 Since (3.3) and (3.2) are sharp, from the proof above, we have that their discrete analogues
(3.6) and (3.11) (and hence their corresponding stronger related versions) are asymptotically sharp. 4

To conclude the chapter, we show that the discrete version of Berwald’s inequality obtained in
Section 3.2, Theorem 3.10, implies its continuous analogue, Theorem L.

Before stating and proving this result we observe the following. Given a convex body K C R"” and a
concave function f : K — R, we have

N I

xe(rK)NZ* yeKﬁ((

lim
r—o0

since f is Riemann integrable (because it is concave on the convex set K, whose boundary has null
Lebesgue measure).

Moreover, we may assume without loss of generality that f is upper semicontinuous. Indeed, otherwise
we would work with its upper closure, which is determined via the closure of the superlevel sets of f
(see [87, page 14 and Theorem 1.6]) and thus has the same integral on R"” because of Fubini’s theorem
together with the facts that all the superlevel sets of f are convex (since f is concave) and the boundary of
a convex set has null (Lebesgue) measure. Notice then that, for any decreasing sequence {r¢ }ren C R
with r; — 0 as k — oo, we have

oo

N({rek: fm =i} +n(=1,1)") = {xeK: f(x) =1} (3.35)

k=0

due to the fact that {x € K : f(x) > t} is closed for all > 0.

Theorem 3.19 Let K C R" be a convex body with dimK = n and let f : K — R>( be a concave
function. Then the discrete inequality (3.25) implies the classical Berwald inequality (3.4).

Proof.  On the one hand, from (3.25) applied to the function & : rK — R>( given by h(x) := f(x/r),

r >0, we get y

n 14 n P

( ( Zq) Z hq(y)> < ( Zi’) Z (ho)[’(y)
Gn(rK) YE(rK)NZ" Gn(rK) ye(rk+(=1,1)")nz"

On the other hand, given € > 0, for sufficiently large » > 0 we have that

p
Z (ho)P(y): Z < sup f<y-ir-u>>
ye(rK+(—=1,1)1)nz" y/relK+(1/r)(=1,1)7]n[(1/r)zr] \ue(=11)"

p
( sup f(x+v)>
x€[K+(1/r)(=1,1)7]n[(1/r)ze] \vE/r)(=1.1)"

P
< ) < sup  f(x+ v))
xe[K+e(=1,1)7n[(1/r)z7) \vee(=1,1)"

< (£°)" (x),

x€[K+e(=1,1)7]n[(1/r)Z"]

where f°¢ : K+¢€(—1,1)" — R is the function given by

()= sup flz+u)

uce(—1,1)"

for all z € R”.
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Thus, for r large enough, we get

(n+q) 1/q 1/p
(Gn(an) ye(r;)’mznhq(y)> = (G rk > () (x))

( )xE[KJrs(fl,l)"]ﬁ[(l/’)Z"]

=

which implies, using (3.34) and (1.4.2), that

Co) [ o) < (5D g
vol(K) /Kf (x) ~ \ vol(K) /K%(u)n(f )" '

Since € > 0 was arbitrary, to conclude the proof it is enough to show that

: oe\ P
égg K+£(*1,1)n(f ) (x)dxg/Kfp(x)dx. (3:36)

To this aim first observe that, by Fubini’s theorem, we have (cf. (3.26))
/ (f%)”(x)dx:/ pﬂ’*lvol({xeKJre(—Ll)" L £ (x) >z}) . (337)
K+e(—1,1)" 0

Now, since
{xeK+e(-1,1)": f=(x) >t} ={xeK: f(x) >t} +e(—1,1)",
we have
Vol<{x€ K+e(—1,1)": f(x) > t}) < Vol<{x€K: flx)> t}+£(—1,1)”)
and hence, from (3.35),

tim vol ({x € K+e(~1,1)": f*(x) > 1}) <vol({x € K: f(x) = 1}). (3.38)

e—0t

Therefore, taking limits as € — 0™ in both sides of (3.37), applying the monotone convergence theorem
and using (3.38), we get

inf )P (x)dx = 1i )P (x)dx
ér>10 K+e(—1,1)’1(f<>) (x) 81}51* K+e(—1,1)" (fo) (X)

S/prtpflvol<{xel(:f(x)Zt})dt:/Kf”(x)dx.

So (3.36) follows, which concludes the proof. [ ]



(Inequalities for the successive minima

As the work in the previous chapters suggests, inequalities relating the volume and the lattice point
enumerator functionals can be a very powerful asset. This type of inequalities has been explored since
the inception of Convex Geometry. Minkowski himself showed in 1891 ([81]) that if K C R" is an
origin-symmetric bounded and convex set with vol(K) > 2", then G, (intK) > 1, in what is now known as
Minkowski’s 1st Theorem. This inequality is tight, as shown e.g. by the set (—1,1)".

Analogously, one of Blichfeldt’s most well-known results, obtained in 1921 ([21]), states that if
K C R" is a bounded convex set with dim(K NZ") = n, then G,(K) < (n+ 1)!vol(K). It can be checked
that the inequality is again tight by considering, for instance, the standard simplex S, = conv{0,e,...,e,}.
Conversely, van der Corput obtained a lower bound in 1935 ([54, Chapter 2, Theorem 7.1]). In particular,
he showed that if K is, in addition, origin-symmetric, then G, (intK) > 27" vol(K ), which is once again
tight, for example, for [—1, 1]". Clearly, this result strengthens that of Minkowski.

Since all these inequalities are already sharp (yet sometimes vastly inaccurate), one way to improve
them is to introduce parameters depending on the actual sets involved. This technique was already
exploited by Minkowski to improve the bound in his original fundamental theorem. To present this, let
us first observe that if we denote by A; = min{)t >0:G,(AK) > 1}, then said theorem translates into
vol(A1K) < 2", and thus vol(K) < 2"/Af". Minkowski generalized this and defined the succesive minima
of an origin-symmetric convex body:

Definition 4.1 Let K C R”" be an origin-symmetric convex body. Then
Ai(K) =min{A > 0:dim(AKNZ") > i}, (4.1
foreachi=1,...,n.

If a linearly independent set {u;}}_, C Z" satisfies u; € A;(K)K forall i =1,...,n, we say that the u;’s
realize the successive minima A;(K). Though we will not need it, the above definition (and the subsequent
result) can be extended to arbitrary lattices in a natural way.

More generally, if K is not origin-symmetric, one may define A;(K) := A;(cs(K)), where cs(K) is
the central symmetral (1/2)(K — K) of K. It is clear that 0 < 4;(K) < A3(K) < --- < A,(K) and that
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Ai(uK) = u=';(K) for all u > 0. With this notion, Minkowski refined the bound of his first theorem and
proved the following powerful result in 1896:

Theorem N — Minkowski Second Theorem. Let K C R” be a convex body. Then

1 & 2 2
— H WK <vol(K) < H WK (4.2)

!
nis i=1

The lower and upper bounds in (4.2) are attained, e.g., by the standard simplex S, and the cube
[—1,1]", respectively.

For origin-symmetric K, this was proved by Minkowski [54, Chapter 2, Theorems 9.1 and 9.2]. In
the general case, the upper bound follows directly from the inequality vol(K) < vol(cs(K)), which in
turn is a special case of the Brunn-Minkowski inequality (1.1). The lower bound can also be proved by
an inclusion argument, similar to the symmetric case: one considers the convex hull of the 2n vectors
+u;/Ai(K) of cs(K) that realize the A;(K) [60, Remark 1.1].

Many alternatives to Minkowski’s complicated original proof have been obtained. One of the first short
proofs was given by Davenport [38]. More analytic proofs were obtained by Weyl [105] and Estermann
[40]; whereas Bambah, Woods and Zassenhaus provided three new proofs in [13]. A more recent example
was obtained by Henk [59].

The result has been extended, for instance, to more general successive minima functionals by Hlawka
[54, Section 9.5]; to more general discrete sets, not necessarily lattices, by Woods [106]; to intrinsic
volumes by Henk [58]; or to surface area measures by Henk, Henze and Herndndez Cifre [60].

In this chapter we will study and obtain inequalities that simultaneously relate the volume, the lattice
point enumerator, and the successive minima (see Theorems 4.11 and 4.15), following conjectures by
Betke, Henk and Wills (see Conjecture 4.3). These inequalities recover, in particular, all the classical
inequalities by Minkowski, Blichfeldt and van der Corput, as well as (1) (see Remark 4.4). Furthermore,
one powerful application of these inequalities will be a discrete analogue of Minkowski’s 2nd Theorem
for the lattice point enumerator (see Corollary 4.12). The key method to obtain these results will be a
reduction to a special class of sets called “anti-blocking” (see Definition 4.8). The results of this chapter
are collected in [43].

Discrete analogues of Minkowski’s 2nd Theorem

Betke, Henk and Wills studied in [17] the relation between the lattice point enumerator and the successive
minima of K and obtained, for origin-symmetric convex bodies, that

i) =0 ).

i=1

where, for the lower bound, A,,(K) < 2 is needed. While the lower bound is best-possible, it is conjectured
in [17, Conjecture 2.1] that the upper bound can be strengthened as follows:

Conjecture 4.2 — Betke, Henk, Wills. Let K C R" be a convex body. Then

Ga(K) < H Ll,-(zK) + 1J. 4.3)

i=1

Equality would be attained, e.g., for boxes of the form [—mj,m] X --- X [—m,,m,|, where m; € Z~o.
In dimension 2 the conjecture was confirmed by Betke, Henk and Wills themselves [17, Theorem 2.2],
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whereas in dimension 3 it was shown by Malikiosis [77, Section 3.2]. Moreover Malikiosis also proved in
[77, Theorem 3.2.1] that

4 n 2
F2(n-1)/2
Gy(K) < 63 H(MK) +1>. 4.4)

To this day, (4.4) is the best known upper bound for G,(K) in terms of the successive minima in general
dimension. Betke, Henk and Wills additionally pointed out in [17, Proposition 2.2] that any inequality of

the form . 5
Gn(K) < H(MK)”)’ (4.5)

i=1
for some numbers ¢; € R, i = 1,...,n, independent of K (but not necessarily of n), would imply the upper
bound in Minkowski’s Second Theorem (4.2). Indeed, one can asymptotically approximate the volume of
K by the lattice point enumerator using (1), to which (4.5) could then be applied, and the resulting limit is
precisely Minkowski’s bound.

In this paper, we use Minkowski’s Second Theorem (Theorem N) to show (4.5) with ¢; = n (see
Corollary 4.12). In order to do so, we aim to express the deviation between G, (K ) and vol(K) in terms of
the successive minima A;(K), i = 1,...,n. Our approach stems from another conjecture by Betke, Henk
and Wills that relates the volume, the lattice point enumerator and the successive minima simultaneously.

Conjecture 4.3 Let K C R" be a convex body. Then,

G (K) < vol(K) Hl <1 + Mé“) (4.6)

and, if A,(K) <2/n,

Gy (intK) > Vol(K)ﬁ(l - M’éK)) 4.7)

Moreover, if K is origin-symmetric and 4, < 2, we have

Ga(intK) > vol(K) H <1 - MzK)) . (4.8)

i=1

On the one hand, the bound (4.8) is stated as Conjecture 2.2 in [17], where it is formulated for arbitrary
n-dimensional lattices. However, there is no loss of generality in restricting to the integer lattice Z". On
the other hand, (4.6) and (4.7) have been posed to the authors by Martin Henk personally. In this chapter,
we will confirm a slightly weakened version of these inequalities in the general n-dimensional setting (see
Theorem 4.11), as well as obtain tight confirmations (either asymptotically, see Theorem 4.15, or in some
special cases, completely, see Proposition 4.16) in the 2-dimensional setting.

All inequalities in Conjecture 4.3 have equality cases that are invariant with respect to integer scaling.
Indeed, (4.6) is tight, e.g., for integer multiples of the standard simplex S,,, since A;(S,) = 2 and therefore,

Vol(mSn)ﬁ<l + M’;&l)) = r}!ﬁ(eri),

where the right-hand side is exactly the Ehrhart polynomial of S, (see [15, Theorem 2.2 (a)]). In view of
[15, Theorem 2.2 (b)], we also have

and so (4.7) is tight for integer multiples of S, as well. As it was mentioned already in [17], equality cases
for (4.8) are given, for example, by boxes parallel to the coordinate axes with integer side lengths.
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One immediate application of Conjecture 4.3 is that it would yield a discrete analogue of Minkowski’s
2nd Theorem. Indeed, (4.6) together with the upper bound in Minkowski’s 2nd Theorem (4.2) yields

) <1 (37 )

i=1

which, though weaker than (4.3), is nonetheless of the form (4.5), and thus, it would imply the upper
bound in (4.2). Consequently, it would result in an equivalent discrete analogue of the upper bound in
Minkowski’s 2nd Theorem.

Remark 4.4 Apart from this discrete analogue, Conjecture 4.3 is interesting in its own right. On the one
hand, one can deduce (1) from it, since A;(rK) tends to 0 as r — co. On the other hand, if K contains an
n-dimensional set of lattice points it follows that A;(K) < 2, and if K is also origin-symmetric, one has
Ai(K) < 1foralli=1,...,n. Therefore, from Conjecture 4.3 we retrieve the universal bounds

Gn(K) < (n+1)! vol(K),
in the general case, and
Gp(intK) > 27" vol(K),

in the symmetric case, i.e., the classical results by Blichfeldt and van der Corput. ¢

4.2 Reduction of the problem to a simpler class of sets

The main goal of this section is to obtain results that will allow us to reduce the analysis of Conjecture 4.3
to a simpler class of convex bodies, the so-called anti-blocking convex bodies. For this, we will make use
of a powerful tool, similar to Steiner’s symmetrization, known as the Blaschke shaking, which is part of a
wider class of transformations known as “shakings”.

Before doing this, it is necessary to introduce the gauge function. If K C R" is an origin-symmetric
convex body, its gauge function |- |x : R” — R is given by

|x|k = min{r>0:x € rK}.

The gauge function of K is a norm in R"” whose unit ball is precisely K.

Remark 4.5 As an alternative to (4.1), one can use the gauge function of cs(K) to define the successive
minima. Namely, one has that A, (K) = min [z ), where z ranges over Z" \ {0}, and A;(K) = min [z ),
where z ranges over Z" \ lin(A;—; (K)cs(K) N Z") ¢

We finally note that if A C R" is a lattice, then s0 is P x)1 A for every set X C A.

4.2.1 Properties of the Blaschke shaking

An important tool for the simplification of Conjecture 4.3 is the following one (see Figure 4.1):

Definition 4.6 — Blaschke shaking. Let K C R” be a convex body and let u € R"\ {0}. The Blaschke
shaking of K with respect to u™- is given by

shy(K) = | J [x,x—l—voll((x—l—lin{u})ﬁl()u}

xeP | K [Jul

The Blaschke shaking was introduced in [20]. This process, which bares resemblance to Steiner’s
symmetrization, belongs to a wider class of transformations known as “shakings”. These processes
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were explored, for instance, to obtain discrete isoperimetric inequalities by Kleitman [72], and more
recently by Bollobds and Leader [22]. Stability results, akin to that of Gross for Steiner’s symmetrization,
were obtained by Biehl [19], Schopf [98], and more recently, by Campi, Colesanti and Gronchi [31], for
example. Other applications can be found in [30] and [102].

she, (K) S=

she, (shel (K))

Figure 4.1: lllustration of two consecutive Blaschke shakings.
The operator sh, is known to preserve convexity [31, Lemma 1.1], and we have the following result:

Proposition 4.7 Let K C R” be a convex body and let u € R"\ {0}. For the Blaschke shaking sh,(K),
the following relations hold:
1) P,.K C Shu(K),

ii) vol(K) = vol(sh,(K)),

1ii) ’u|cs(K) = I”|cs(shu(K)) and

V) [x]cg(x) 2 |PMLX|CS(Shu(K)) for all x € R™.
If u =e;, for some i € {1,...,n}, we also have

V) Gi(K) < Gy(she,(K)),

vi) Gp(intK) > Gy (intshe, (K)).

Proof. 1) and ii) follow directly from the definition of sh,(K). For iii), if u = (r/2)(x —y) for any
x,y € R" and any r € R\ {0}, projecting onto u* yields P,.x = P,.y. For each z € P, K, and denoting by
(. = (z+1in{u}) NK, let d; € R be such that £, = d,u+ sh,(¢;). Then dy = dy and, by definition, z € K if
and only if z — du € sh,(K). Therefore, given r > 0 and considering

- *dx - *dx
=y (x—da)— (y—dw)

2 2

we obtain that u € res(K) if and only if u € res(sh,(K)), i.e. iii).
For iv) let r = ]x];S% x)- Then there are a,b € K such that rx = (a — b) /2, and from i) it follows that

1

rP,x= 3 (P,ia—P,b) € cs(shy(K)).

Thus |r B, x| (g, (k)) < 1, which implies iv) by the choice of r.
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In order to prove v), we show that the number of lattice points in a segment [a,b] C R of length b —a
is maximized, e.g., when a € Z. Otherwise, we could let § = a — |a] and observe that

Gi(la—8,b6—8])=|b—6]—[a—6]+1=|b—6]|—|a|+1>|b]—|a] = |b] —[a] + 1 =G ([a,b]).

It is then enough to note that the lattice points in K and she, (K) are contained in segments parallel to e; of
equal length, and that the ones in sh, (K) start at a lattice point. Therefore, they contain at least as many
lattice points as the corresponding segments in K (cf. Figure 4.1).

vi) is proved with the same argument, but since the segments involved are now open, translating them
such that one endpoint is a lattice point will never increase their lattice point count. [ |

Properties of anti-blocking convex bodies

We now prove a series of useful properties for the following class of sets.

Definition 4.8 — Anti-blocking convex body. A convex body K C RY, is anti-blocking if for every
(x1,...,x,) €K,
{(,...x) R :x;<x;, i=1,...,n} CK.

Given the convexity of K, the condition above translates into K Nej- = P K foralli=1,...,n. Equiva-
lently, the anti-blocking convex bodies are exactly the first orthants of the unconditional convex bodies.

Anti-blocking convex bodies were introduced in [44]. Their volumes were extensively studied in [11].
We observe that, in the discrete setting, the set of lattice points K N 7Z" inside an anti-blocking convex
body K is a (downward) compressed set (see Definition 2.3). Compressed sets were considered in [50] (in
the context of sum-set estimates) and in [86] (in the context of discrete isoperimetric inequalities), for
instance.

The goal of this section is to prove the following statement, from which it follows that it is enough to
show (4.6) and (4.7) for the special class of anti-blocking convex bodies.

Proposition 4.9 For any convex body K C R", there exists an anti-blocking convex body A C R”,
such that the following holds: -
i) vol(K) = vol(A),
i) Gn(K) < Ga(A),
iii) Gp(intK) > Gy(intA) and
iv) A4(K) > Ai(A) foralli=1,...,n.

Proof. Letvy,...,v, € Z" be linearly independent such that [v;.,) = Ai(K). Since all the functionals
involved are invariant with respect to integer unimodular transformations, we may assume that the matrix
(vi---v,) is an upper triangular matrix (e.g., a Hermite normal form, see e.g. [99, Section 4.1]). Let
Ko =K, and for j € {1,...,n}, let K; = she,(K;_1). We will show that A := K, is the desired body.

First, we observe that items i)—iii) follow immediately from a repeated application of items ii), v)
and vi) of Proposition 4.7. In order to prove item iv), it suffices to show that for any j = 0,...,n there
exist linearly independent vectors uy, ..., u, € Z" such that [u;| .k ) < A(K), and such that the matrix

(uy - - up) is of the form
D; O
2 ), w
n—j

where D; is a (j x j)-diagonal matrix and 7, is an ((n— j) x (n— j))-upper triangular matrix; note that
in this way we would get that u; ¢ lin(A;—; (K)cs(K)NZ"), i =2,...,n (see Remark 4.5).
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For j =0, the statement is clearly true for u; = v;, i = 1,...,n. So we assume that the claim holds for
some j— 1 < n and we apply induction. We choose u; = P, u;, for i # j, and u’j = uj. On the one hand,
J
since K; = she;(K; 1), then in view of Proposition 4.7 iv) and our induction hypothesis we have
|

‘ui cs(Kj) -

L < Wl < M(K)

: <
for all i # j. From Proposition 4.7 iii) it also follows that

|MHCS(KI») - }uj}cs(Kj,l) < A’J(K)

On the other hand, the matrix (u] - - - u},) differs from (u - - - u,) only by the zeros in the j-th row after the

diagonal entry. Therefore, the system u}, ..., u}, € Z" is also linearly independent and is of the form (4.9).
Altogether, the claim is proved, and taking Jj = n shows item iv).

It only remains to prove that A is indeed anti-blocking. To this end, it suffices to show that for any
j=0,...,nand any x € K; we have P x € K; foralli=1,...,j

For j = 0 the statement is trivial. So we assume the claim holds for some j—1 € {1,...,n—1}
and apply induction. Let x € K;. By item i) of Proposition 4.7 it follows that P, X € K;, and S0, we

consider i € {1,...,j—1}. Now, let x; be the j-th entry of x, and consider the point y with minimum j-th
coordinate in (x+¢;) NK;_; (cf. Figure 4.2).

K

Pe¥ PC_L'y+Xij P;y Pe#y;»x]»ej 1
J 1 i i
Figure 4.2: Construction for the proof that A is anti-blocking in Proposition 4.9.

Then, [y, y —i—xjej] C Kj_1. By induction, it follows that [P LY, P ety +xjej] C Kj_1. Due to the fact
that PJ_P ety = PJ_P LX, we have that [P 1P, LY, PJ_P Lx+xjej] C K;, and since PJ_P LXtxje; = PJ_X
the statement is proved for j. Altogether, we get that the desired claim holds, and takmg Jj =nyields that
A is anti-blocking. [ |

The inductive proof of the second claim in the previous proof essentially corresponds to the argument
given in the proof of [31, Lemma 1.2].

One of the reasons why anti-blocking convex bodies are beneficial when dealing with successive
minima problems is that the successive minima are always realized by the canonical basis of Z".

Lemma 4.10 Let K C R" be an anti-blocking convex body. Then the coordinates can be permuted
such that [e;] k) = A(K). In this case, one also has (2/4i(K))e; € K, i=1,...,n

Proof. Letvy,...,v, € Z" be linearly independent with |v[. ) = A;i(K), i =1,...,n. Then there exists
a permutation ¢ of {1,...,n} such that the o;-th entry of v; is non-zero, since otherwise we would get
det (v; ---v,) =0, a contradiction. For the sake of simplicity we assume that o is the identity. Since K is
anti-blocking,

w; =Py = Pﬂ Lv, CK,
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and thus a repeated application of item iv) of Proposition 4.7 shows that |wi|. k) < [Vilesx) = Ai(K). By
the minimality of the A;’s and the fact that w; € ;N Z", we obtain that w; = e; and |e;| es(K) = Ai(K).

For the second part, we deduce from [e; k) = Ai(K) that

1 1

mei = E(a—b),

for some a,b € K. Since 1/A;(K) is the maximum number r such that re; € cs(K), and K is anti-blocking,
b; must be zero. Therefore b € e;-, and the anti-blocking property again implies that

2 2
Mei—Pg[<Wej+b> —Pg[a EK,

as desired. [ ]

Slightly weakened n-dimensional results

The main result of this section is a slightly weakened version of Conjecture 4.3 in the general n-dimensional
setting. In particular, we prove the following theorem, which provides a weakening of (4.6) and (4.7):

Theorem 4.11 [43, Theorem 1.1] Let K C R" be a convex body. Then

L I’l?Li(K)
Gu(K) < vol(K)E (1 +— > : (4.10)
Moreover, if A,(K) < 2/n, we have
) 2 Ai(K
Gn(intK) > Vol(K)iIJ <1 U 2( )> . @.11)

As anticipated in Section 4.1, from this we can deduce immediately, by applying the upper bound in
(4.2) to the volume in (4.10), the following inequality:

Corollary 4.12 Let K C R" be a convex body. Then

Gn(K) < H <7L,~(2K) +n> . 4.12)

i=1

While our bound is tight for convex bodies rK, r — oo, it is weaker than Malikiosis’s bound (4.4) if,
e.g., 4i(K) = 1/c for some fixed number ¢ > 0. Then the bound in (4.12) is of order »n", while the bound
in (4.4) is of order V3"

We will use the following result due to van der Corput (see [54, Ch.2, Theorem 6.1]):

Theorem O Let M C R” be a Jordan-measurable set. Then there exists a vector z € R” such that
vol(M) < G,(M +2z). (4.13)

We first provide the following bounds in terms of the covering radius p(K) of a convex body K C R”,
i.e., the smallest number u > 0 such that uK + 7" = R".
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Proposition 4.13 Let K C R" be a convex body. Then

n

Gn(K) < vol(K) (14 p(K))". (4.14)
If u(K) <1,ie., K+7Z"=R", we also have
Ga(intK) > vol(K) (1 — u(K))". (4.15)
Both inequalities are tight.

Proof. We write u = pu(K) for the sake of brevity. For the upper bound, it is enough to show that uK
contains a measurable set S that Z"-tiles R”, i.e., with S+7Z" = R" and (intS) N (z+intS) = 0 for all
z € 7"\ {0}. Indeed, in that case, since vol(S) = 1 (see, e.g., [54, Theorem 1, page 82]), we have

Gn(K)= ) vol(S)=vol((KNZ")+5S) < vol(K+uK) = (1+ u)" vol(K).
zeKNZ"

In order to find S, let P = [0, 1]". There are finitely many translates uK +x;, x; € Z", i = 1,...,m, that
cover P. We define inductively P, = PN (uK +x;) and

P= (P\UPj> N (UK +x;).

Jj<i

Now, let S; = B, —x; C uK and S = |12, S;. We claim that S is the desired set. To prove this, we show
that S has volume 1 and that its Z"-translates do not overlap (see again [54, Theorem 1, page 82]).

Clearly the P;’s are non-overlapping, i.e., (intP;) N (intP;) = 0, and satisfy | Ji_; P, = P. The S;’s are
non-overlapping too. Indeed, if there were i # j such that intS; intersected intS;, then int P; would intersect
x; —x; +1int P;. Since the Z"-translates of P are non-overlapping, we would have x; = x;, a contradiction.
Therefore the S;’s are non-overlapping and it follows that

vol(S) = ivol(Si) = ivol(P,-) =vol(P)=1.

Now assume that (intS) N (x+intS) # @ for some x € Z". Then there exist i, j € {1,...,m} such that
—x; +int P; intersects —x; +x +intP;. Again, since the Z"-translates of P are non-overlapping, as well as
the P;’s, we must have i = j and x = 0. Hence, the Z"-translates of S are non-overlapping, and so S is as
desired. This finishes the proof of the upper bound.

For the lower bound, we apply (4.13) to K’ = (1 — u)intK and obtain a vector z € R” such that
vol(K") < Gy(K' +7z). Since uK +Z" = R", we may assume that z € uK. Thus,

vol(K)(1 — )" = vol(K") < Gy(K'+2) < Gn((1 — p)intK + uK) = Gy (intK).

In order to see that both inequalities are tight, consider K = [0,m]", where m € Z~. For such cubes one
has vol(K) = m", Gy(K) = (m+1)", Gy(intK) = (m—1)" and u(K) = 1/m. So equality is achieved in
both bounds. |

The upper bound (4.14) was also shown independently by Dadush in [36, Lemma 7.4.1]. The strategy
of finding an appropriate tiling that we used in the proof of (4.14) was also applied earlier, for instance, in
the proof of a classical result by Blichfeldt (see [54, Chapter 2, Theorem 5.2]). Moreover, in [107], the
authors showed that convex tilings in these conditions (i.e., of the form S+ Z" with § C K, where K + Z"
is a prescribed covering) need not exist.

On the one hand, the disadvantage of (4.14) in comparison to the upper bound (4.10) is that it cannot
benefit from K being large in a lattice subspace. To see this, it suffices to consider the convex body
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K = [—rr]" ! x[~1/2,1/2], where r is “large”. Then it holds that (K) = 1, and so the constant in
(4.14) is 2". But the constant in (4.10) is of order n+ 1, since A;(K) — 0 as r — oo for i < n.

On the other hand, (4.15) is actually stronger than the lower bound (4.11) in Theorem 4.11. In fact,
we will use (4.15) to prove (4.11).

Remark 4.14 Applied to the special class of convex lattice tiles, i.e., convex bodies K with K 7" = R"
and (intK) N (z+intK) = 0 for all z € Z" \ {0}, Proposition 4.13 yields, for r > 1, that

(r—1)" <Gy (int(rK)) and Gy(rK) < (r+1)",
since vol(K) = u(K) =1 and u(rK) = u(K)/r, which is sharp for K = [0,1]" and r € Z~o. ¢

We will also need to make use of an inequality of Davenport (see [39]), which states that for any
convex body K C R" one has the bound

Go(K)< ). vol, (PyK), (4.16)
Ic{l,..n}

where ¢; = lin{e; : i € I'}. We note that the extremal terms in the above expression are vol(K) (corre-
sponding to I = 0, by setting £y = {0}) and 1 = vol({0}) (corresponding to / = {1,...,n}). The same
convention will be used from now on. For the sake of consistency, we will further convene that an empty
sum be equal to 0 and an empty product be equal to 1.

Since K will be anti-blocking in our case, (4.16) can also be derived directly as follows:

Gn(K) = vol (K NZ") +[=1,0]") < vol(K+[~1,01") = )" vol, (P, K),

where the last identity follows from the fact that, since K is anti-blocking, the Minkowski sum can be
decomposed into a union of disjoint prisms:

+[-1,0"= |J {x=(1,....5) R : Pyix € P K and x; € [—1,0] for alliel}.

We are now ready to prove Theorem 4.11.

Proof of Theorem 4.11.  Let us denote by 4; = A;(K), i = 1,...,n, for the sake of brevity. In order to prove
(4.10), we may suppose that K is anti-blocking by Proposition 4.9. After renumbering the coordinates, we
can also assume that [e;|. k) = A; holds for all i = 1,...,n (see Lemma 4.10). For any set/ C {1,...,n},
let ¢; =lin{e; : i € I'}. The Rogers-Shephard inequality (3.3) then yields

voly (K N1 £7) vol, 4 (P, K) < <Z> vol(K), @.17)

forany I C {1,...,n} with |I| =k, k € {0,...,n}. By Lemma 4.10 we have (2/4;)e; € K and so, from
(4.17), we deduce that

n vol(K) n vol(K)
VOlnfk(PgliK) < <k> W < <k) vol, (conv{ 2/A)e;ci EI})

—k'()vol H - < vol(K H—

tEI iel

Combining this with Davenport’s inequality (4.16) we get

Go(K) <vol(K) Y []" = vo 1"1 <1+>

Ic{l,...,n} i€l
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as desired. In order to prove (4.11), we use the lower bound (4.15) in terms of (K, as well as the relation

wE) <) 5 (4.18)
i=1
(see, e.g., [70, Lemma 2.4]). Since A, <2/n, (4.18) yields (K) < 1. Thus, we may apply Proposition 4.13
to obtain
A{ n
G (intK) > vol(K) (1 — u(K))" > vol(K) (1 -Y 2)
i=1
1 ¢ AN n A
= vol(K) Z(l—nl> Zvol(K)H(l—nl>,

iz 2 i=1 2

where the last step follows from the inequality (6) between the arithmetic and geometric means. [ |

4.4 The stronger 2-dimensional results

The main result of this section is the following theorem, which confirms Conjecture 4.3 in the planar case,
either exactly in the case of the upper bound (4.6), or asymptotically in the case of the lower bound (4.7).

Theorem 4.15 [43, Theorem 1.4] Let K C R? be a planar convex body. Then

G>(K) < vol(K) (1+M2K)> (1+22(K)) (4.19)
and
G (intK) > vol(K) (1 _A gK) — X (K)) . (4.20)

In particular, for any € > 0, if A;(K) < 2¢/(1+ ¢€) it follows from (4.20) that

M (K
G (intK) > vol(K) <1 — ‘g)> (1-(1+¢)A(K)),
which is the announced asymptotic confirmation.

Before proving this result though, we show that (4.8) can in fact be confirmed exactly for the special
class of origin-symmetric lattice polygons (i.e. origin-symmetric sets which are the convex hull of finitely
many integer lattice points).

Proposition 4.16 Let P C R? be a planar origin-symmetric lattice polygon. Then we have

G vy (120 (1 2iPY)

Proof. On the one hand, Pick’s Theorem (see, e.g., [15, Theorem 2.8]) states that for a lattice polygon P

one has Go(bd P

Gz (intP) = vol(P) — 2<2) +1. (4.21)
On the other hand, an inequality of Henk, Schiirmann and Wills ([61, (1.6)]) for origin-symmetric lattice
polygons yields

G (bdP) M(P) | Aa(P)
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Combining (4.21) with (4.22) we obtain

2+2

Gs(intP) > vol(P) — vol(P) <’11 (P) | Aa(P )) +1.

By the upper bound in Minkowski’s second theorem (4.2), we have 1 > vol(P)A;(P)A,(P)/4. Hence,

G (intP) > vol(P) <1 — MéP) - QLZgP) + M (P)L?Z(P)> > vol(P) <1 — )LléP)> <1 — ;Lz(ID)),

2

and the proof is finished. u

Now, in order to prove the general planar results established in Theorem 4.15, we need to take the
reduction developed in Section 4.2 a step further.

Non-orthogonal shakings

We extend the notion of the Blaschke shaking to the setting of non-orthogonal projections. This will
enable us to transform a convex body K in such a way that it is not only anti-blocking, but in addition,
also located below the diagonal line passing through (2/4;(K))e; and (2/A;(K))e; (see Figure 4.3).

For any affine line / C R? and any vector u € R?\ {0} which is not parallel to ¢, let 7, denote the
projection onto £ in the direction of u.

Definition 4.17 Let K C R? be a planar convex body and fix u € R?\ {0}. Let £ C R? be an affine
line that is not parallel to u. Then, the shaking of K with respect to ¢ along u is given by

sh, ((K) = U [x, x+vol, <(x—|—lin{u}) ﬂK) u] .

x€m, ¢(K) [ull

Clearly, sh, = sh,, ,.. We will use the fact that non-orthogonal Blaschke shakings are monotonous,
which is a widely known fact for classical orthogonal Blaschke shakings (see, e.g., [31, Lemma 1.1 (iii)]).

Lemma 4.18 Let K, L C R? be planar convex bodies with K C L. Also, consider an affine line ¢ C R?
and a vector u € R"\ {0} not parallel to £. Then we have

Shmg (K) C Shuyg (L) .

Proof. 1f x € sh, ¢(K), then clearly x € m, ((K) C m,¢(L). By inclusion, we also have
I :==vol; ((x—Hin{u}) ﬂK) <vol; ((x+lin{u}) OL) =:b.

Hence, since x € sh, ¢(K), we have

M] C [ﬂu,e(x)a ﬂu,z(x)‘HZM] C shy (L),

e [m,,m), T () + 1, Tl

el

as desired. [ ]

As we saw in Section 4.2, it is enough to prove Theorem 4.15 when K is anti-blocking. Starting
with an anti-blocking convex body K that satisfies |e;|. k) = Ai(K), i = 1,2 (see Lemma 4.10), here we
construct a new convex body A by first shaking K vertically and then horizontally with respect to a lattice
diagonal of the form

D= {(xl,)Q) S R? X1 +x = m}
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for some m € Z, and finally shaking back down to e5 . More formally, we set A = T (K), where
T =she,osh_¢ posh_, p.

Note that the value m € Z may be chosen arbitrarily since the parameters involved are invariant by lattice
translations.

Sh*ez,D (K) (Sh*el;D o Shfez,D)(K)

Figure 4.3: lllustration of the shaking process T.

Lemma 4.19 Let K C R? be a planar convex body and set A = T(K). Then the following statements
hold:

1) A is convex,
ii) A is anti-blocking,
iii) vol(A) = vol(K),
iv) G2(A) = Go(K),
v) Gy(intA) < Gy (intK),
vi) A1(A) < Ai(K),
vii) A2(A) = 4»(K) and
vii)) A C {(x1,x2) € R?:x14+x <2/4i(A) }.

Proof.  For i) we show that sh,, ;(K) is convex for all u € R?\ {0} and every affine line ¢ C R? not parallel
to u. To see this, we consider x,y € sh, ¢(K). Let X and y denote the extreme points of the segments
KN (x+1lin{u}) and KN (y+lin{u}), respectively, that minimize (-,u). Then, the points

~ _ u
Z:Z+||Z_7ru,€(z)”ma Ze{x,})},
are contained in K, and thus, Lemma 4.18 implies that

conv{m, ¢(x), T e(y), x, y} = shy¢(conv{X, X, 3, y}) C sh, ,(K).

In particular, [x,y] C sh, ¢(K), which shows that sh, ¢(K) is convex, and therefore, that A is convex too.

Next we consider, on the one hand, the box

- foafe] o]

Clearly, we have K C B, and by Lemma 4.18, it follows that A C T'(B). Both sh_, p and she, p do not
change the length of the vertical segments, whereas it is easy to see that sh_e, p cannot increase them
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either (cf. Figure 4.3 for K = B). Since the vertical segments of B are all of length 2/, (K), we conclude
that all vertical segments in 7'(B) (and thus also in A) are of length at most 2/, (K).

On the other hand, by considering the triangle

R P P o

which verifies T(A) = A due to the fact that A, (K) < A,(K), we see that AN ¥, has length precisely
2/22(K). Since by construction we have ANey = P, 1A, we obtain from this that AN ef =P, LA as well.
Therefore, A is anti-blocking and satisfies [e2|.4) = 42(K), together with [eq .4y < [e1]ea) = 41 (K).
Altogether, we have proved items ii), vi) and vii).

iii) follows from Fubini’s theorem applied to lin{u} and u™, since also for arbitrary non-orthogonal
shakings one has that P, sh, ((K) = P,. K and

vol; (shu,g(K) N (x—l—lin{u})) = vol; (Kﬂ (x+lin{u}))

for any x € u*.

iv) and v) are proved in the same way as items v) and vi) of Proposition 4.7: since 7T_,, D(Zz) =7’NnD
for i = 1,2, all the segments in the direction of e; of the set sh_, p(K) containing lattice points have an
endpoint in DN Z2.

Finally, for viii), let z € D be the point with minimum 2nd coordinate in sh_¢, p (sh,ezp (K )) Then
sh_¢, p(sh_e, p(K)) C conv{me,, Pz, z},

where m € 7 is such that me, € D (cf. Figure 4.3), and applying she, to both sides of the inclusion yields

ACCOHV{ M? )e]’kj 3 }C{(xl,m)ER X1 +x < M? )}

as desired. [ ]

4.4.2 Proof of Theorem 4.15

For the proof of Theorem 4.15 we will need the following estimates, which follow from elementary
properties of concave functions:

Lemma 4.20 Let f: [a,b] — R be a concave function. Then, we have

/abf(’)df > %(f(a)+f(b))(bfa)_

Moreover, if f'(a) exists, then also

Léﬂﬂwfxb—®<fw%+;w—aV%®)-

Proof. For the lower bound, let g be the affine function given b a) = f(a) and g(b) = f(b), i.e.,
8 g Y& 8

f(b)—f(a)

8l1) =", —

By concavity we have f > g, and therefore

(t—a)+ f(a).

b b 1
| rwar= e =3 (1) +£0) (b~ a)
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For the upper bound let & be the tangent of f ata, i.e.,

h(t) = f'(a)(t —a) + f(a).

Again, by concavity we get & > f, and thus
b b 1
/a Flo)dr g/a h(t)dt < (b—a) (f(a)-i—z(b—a)f’(a)), -

Before proving Theorem 4.15 we need one more ingredient, which is in fact valid in general dimension.
Schymura generalized Davenport’s inequality (4.16) and obtained, for an arbitrary linearly independent
set {b1,...,b,} CZ", that

Gn(K)

IN

Z VOln_m (PFILK) VOlk(PI)7
Ic{l,...,n}

where ¢; =lin{b; : i € I} and P, =Y ;;[0,b;] (see [62, Lemma 1.1]). We reverse it in the following way.

Theorem 4.21 [43, Theorem 1.3] Let K C R” be a convex body and let B = {by,...,b,} CZ" be a
linearly independent set. Then

vol(K) <} Gp, 2 (P (intK)), (4.23)
c{l,.n} !

where ¢; = lin{b; : i € I'}. The inequality is tight.

Proof. It suffices to prove that, given a general n-dimensional lattice A C R” and a linearly independent
set B={by,...,b,} C A, then, for every convex and bounded (not necessarily closed) set K C R" and
any z = (Zlv"'7zn) eR”,
Ga(K+2)< )] Gr,, (P K), (4.24)
ICsuppg(2)

where suppg(z) = {i € {1,...,n} : & #0} forz =Y}, o;b;. Indeed, (4.24) for A = Z" yields

Go(z+intk) < ) Gp, 2 (P (intK))
c{l,..n} !

for any z € R", and hence (4.23) follows from (4.13).

If z = 0 there is only one term in (4.24) corresponding to / = @, and so (4.24) reads as GA (K) < GA(K),
a tautology. Thus, from now on we assume that z # 0.

First we note that if n = 1, then (4.24) states for non-zero z that
Ga(K +2) < Ga(K) + 1. (4.25)

Since any convex body K C R is an interval, the statement is trivial. Now, for any n > 1, we will prove
(4.24) by induction on |supp(z)|. If [suppp(z)| = 1 then z = o b; for some o # 0, and thus

GaK+2)= Y GA<(K+z)ﬂ(x+lin{b1})>.
xe(PbIL K)ﬁ(PblLA)

Since the bodies on the right-hand side are segments parallel to b, we can apply (4.25) to obtain

GiK+2)< Y (GA (KN (r+tin{i}) ) + 1> =GA(K)+Gp A(PK),  (4.26)
xe(P, . K)N(P, llA) !

which corresponds to (4.24) in this case.
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Finally, let z = Y7 | 0;b; be an arbitrary non-zero vector, and consider any j € suppz(z). We define
Z=z—ojbjand " =P, 7, as well as B’ = B\ {b;} and B” = P, B'. Then, we observe that
J J

supp(2') = suppgr (2”) = suppp(z) \ {/}-

Therefore, setting = lin{Pb biiel } using (4.26) and applying the induction hypothesis (4.24) to
J
both K, A, B,Z,and P, K, P,i A, B”, Z’, we obtain that
J J

GA(K +2)=Ga(K+7 + ajb; )<GA(K+Z)+GPLA< bL(K-i-Z)) GA(K‘FZ)‘FGPLA( bLK+z ")

S Z GP/%A (PZIl K) + Z GP[ILij«‘A (P[]LPbJLK)

ICsuppp(2)\{/j} ICsuppp(2)\{/j}
= X (Gra(PK) +Gry A A(Py K)) = X GPLA(Pe,LK)'
ICsuppp(2)\{/j} ! 107} ICsuppy(z

10{j}
This finishes the proof of (4.24), and hence, of (4.23).

Finally, to see that (4.23) is tight, take b; = ¢; and let K = [0,k;] X - -- X [0,k,], where ki, ...k, € Z~o.
Then we have

vol(K Hk_H ki—D+1)="Y JJ-1= ) Gp,, 20 (P (intK)),
i=1

IC{l,....n} i€l Ic{l,...n}

as desired. [ |
We are now in the conditions to prove Theorem 4.15.

Proof of Theorem 4.15.  'We write A; = A;(K), i = 1,...,n, for the sake of brevity. In view of Proposi-
tion 4.9 and Lemma 4.19, we can assume that K is an anti-blocking convex body with |e;[¢,(x) = A; and
such that K C {(x1,x2) € R?:x; +x, <2/A; }. Consequently, hg (e2) =2/, holds. Consider the function
f:0,2/24] — R given by f(¢) = vol; (KN (re2+¢1)). Since K is convex, f is concave. Moreover, since
K is anti-blocking, f is decreasing. Furthermore, from the inclusion K C {(xl,xz) ER?:x;+x < 2/ ll}
it follows that

2
ft) < f(0)—t= ! 4.27)
1
forall 7 € [0,2/4,]. First, we observe that we have
[2/22] [2/2,]
Gy (K Z G1 KN lez—i-fl Z

i=0

- % (f(0)+f<uzJ>> +LZ§J (;(ﬂi— D+56) )+ | 2| +1

Applying the lower bound in Lemma 4.20 to the terms ( (i — 1)+ f(i)) /2 and using (4.27) fort = [2/25
we deduce that

2 1] 2 [2/22] 2 2 1
< - _ - <
GalK) < 5 M+/ f()dt+bJ+1 Vol(K) + 3=+ 5 +1
M A

A
< vol(K) <1 +A+ 5T 2) = vol(K) <1 + 2‘) (1+21),
where the last inequality follows from the lower bound in Minkowski’s second theorem (4.2). This shows

the upper bound (4.19).

For the lower bound, we can assume that f is differentiable. Otherwise, we could approximate f with
a linear spline ¢ from below, which in turn could be approximated by a smooth concave function g from
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below by rounding its corners. This function would satisfy that g(0) = f(0), and thus, the anti-blocking
convex body

2
K = {(xbxz)eRz:OSXlez, 0<x Sg(XZ)} CK

would be located underneath the diagonal { (x,x) € R? : x; +x, = 2/A;(K’) } as well, as desired.

We observe that [2/A; — 1] is the height of the highest horizontal integer line that intersects intK.
Therefore, we can estimate the number of interior lattice points of K as follows:

12/20-1] [2/30-1] [2/22-11 2
Gy(intK) = ) Gi((intK)N(iea+£1)) > Y, (fF)—-1)= ) f(i)—[ w

i=1 i=1 i=1
Now, on the one hand, we can use the upper bound in Lemma 4.20 in order to get

)z [ " roa-Lr

forall i =1,...,]2/A — 1]. On the other hand, since 2/A; — [2/A, — 1] < 1, we also have from
Lemma 4.20 that

(72 faros =3 G-l ) (5 -21)

Altogether, we obtain the estimate
2/7(,2 1

2/
G, (intK) > / f(o)dr+ fe)de
i [2/da—1]

_;<D/Al:ﬂ lf’() (2 Li_lbfquz_]b)_[i_q was)
= vol(K /f t)dt
ACE oG DG D) T

Next, due to (4.27), we have
1 2 1
/ fOydt < ———-. (4.29)
0 A

Furthermore, in order to bound the last sum in (4.28), we observe that f” is decreasing and non-positive,
due to the facts that f is concave and K is anti-blocking, respectively. Therefore, we obtain that

R R (=)
< b/l;l]l/ii]f’(t)dt—i— ((fz— 1) qi— 11 —1>>f’ (/122_ 1)

2/A—1 , - 2 2
<[ rwa=s(Z-1)-ro<i- 4,

where we have used (4.27) in the last step. Substituting this and (4.29) into (4.28) yields

G, (intK) > vol(K) —jl—i- ! +— ! (?Lzz 1) {fz _ 1-‘ > vol(K) — 2 1

o) (1= i (£ 1)) 2o (15 <),

where the last inequality follows from the lower bound in Minkowski’s second theorem (4.2). Therefore,
the proof of the lower bound (4.20) is finished. ]
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