ON ROGERS-SHEPHARD TYPE INEQUALITIES FOR THE
LATTICE POINT ENUMERATOR
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ABSTRACT. In this paper we study various Rogers-Shephard type inequalities
for the lattice point enumerator G, (-) on R™. In particular, for any non-empty
convex bounded sets K, L C R™, we show that

2n

G (K + )G (K 1 (=1)) < (7) G (K + (-1,1)") G (L + (-1,1)").

and
n n
Gk (P K)GR(K 0 H) < ()G (K + (<1,1)7),

for H = lin{e1,...,ex}, k€ {1,...,n —1}.

Additionally, a discrete counterpart to a classical result by Berwald for
concave functions, from which other discrete Rogers-Shephard type inequalities
may be derived, is shown. Furthermore, we prove that these new discrete

analogues for Gy (-) imply the corresponding results involving the Lebesgue
measure.

1. INTRODUCTION AND MAIN RESULTS

Let K™ be the set of all convex bodies of the Euclidean space R™, i.e., the
family of all non-empty compact convex sets in R™. The n-dimensional volume of
a measurable set M C R", i.e., its n-dimensional Lebesgue measure, is denoted by
vol(M) or vol, (M) if the distinction of the dimension is useful (when integrating,
as usual, dz will stand for dvol(z)). The Minkowski sum of two non-empty sets
A, B C R™ is the classical vector addition of them, A+ B={a+b: a € A, b € B},
and we write A — B for A+ (—B). We denote by A~ B={z €R": 2+ B C
A} the so-called Minkowski difference of A and B (for more on this notion and
its connection with the Minkowski sum, we refer the reader to [34, Section 3.1]).
Moreover, AA represents the set {Aa : a € A} for A > 0, and dim A denotes its
dimension, i.e., the dimension of its affine hull.

A fundamental relation involving the volume and the Minkowski addition is the
Brunn-Minkowski inequality. One form of it states that if K, L € K™ and A € (0,1)
then

(1.1) vol((1 = N)K + )\L)l/n > (1= Avol(K)M/™ 4+ Avol(L)Y/.

The Brunn-Minkowski inequality has become not only a cornerstone of the Brunn-
Minkowski theory (for which we refer the reader to the updated monograph [34])
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but also a powerful tool in other related fields of mathematics. Moreover, it quickly
yields other well-known inequalities, such as the isoperimetric inequality, it has
inspired new engaging related results and it has been the starting point for new
extensions and generalizations (see e.g. [34, Chapter 9]). For extensive survey
articles on this and other related inequalities we refer the reader to [10} [I5].

In the particular case when L = —K and A = 1/2, gives

vol(K — K) > 2"vol(K).

An upper bound for the volume of the difference body K — K is given by the
Rogers-Shephard inequality, originally proven in [29]. For more details about this
inequality, we also refer the reader to [34], Section 10.1].

Theorem A (The Rogers-Shephard inequality). Let K € K™. Then
2

(1.2) vol(K — K) < ( ">vol(K).
n

This relation for K — K can be generalized to the Minkowski addition of two
convex bodies K, L € K™ as follows:

(1.3) vol(K + L)vol(K N (—L)) < ( "

2”) vol (K )vol(L).

The Rogers-Shephard inequality was recently extended to the functional setting
[4 ©, @, [14], generalized to different types of measures [8, B1], as well as studied
in the L, setting [3, 13]. Moreover, it was recently extended to other geometric
functionals [7], and a reverse form of Rogers-Shephard 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 [I], and it was proven an optimal
stability version of it in [I2]. Tt is also interesting to note that a strengthening of
this inequality for mixed volumes was conjectured (independently by Godbersen
and Makai Jr., see [34, Note 5 for Section 10.1] and the references therein); a
conjecture on which engaging progress was recently made in [9].

In [I6) Gardner and Gronchi obtained a powerful discrete analogue of the follow-
ing form of the Brunn-Minkowski inequality, in the setting of Z™ with the cardinality
|-]: vol(K 4+ L) > vol(Bk + By,), where Bg and By, denote centered Euclidean balls
of the same volume as K and L, respectively. Moreover, from the mentioned ver-
sion, they derive some inequalities that improve previous results by Ruzsa, collected
in [32,33].

More recently, different discrete analogues of the Brunn-Minkowski inequality
have been obtained, including the case of its classical form (cf. (L.1))) for the cardi-
nality [I8] 22} 26], functional extensions of it [21], [25], 26l 27| 5] and versions for the
lattice point enumerator Gy, (-) [211 23] 26], which is given by G, (M) = |[M NZ"|.
In this respect, |26, Theorem 2.1] reads as follows:

Theorem B. Let A € (0,1) and let K, L C R™ be non-empty bounded sets. Then
(14)  Go((1=NK + AL+ (=1, 1)) > (1= NG (K)M™ 4+ AGy (L),

Apart from the above-mentioned discrete analogues of the Brunn-Minkowski
inequality, various discrete counterparts, for the lattice point enumerator G,,(+), of
results in Convex Geometry were recently proven. Some examples of such results
are Koldobsky’s slicing inequality 2], Meyer’s inequality [I9] and an isoperimetric
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type inequality [24]. We refer the reader to these articles and the references therein
for other connected problems, questions and results.

At this point, and taking into account the strong connection between the Brunn-
Minkowski inequality and the Rogers-Shephard inequality , it is natural to
wonder about the possibility of obtaining a discrete version of the latter, when
dealing with the lattice point enumerator. To this aim, a very elegant discrete
analogue of the Rogers-Shephard inequality in the planar case (in fact, a
stronger version of it) was shown in [I16], as a consequence of Pick’s theorem jointly

with :

Theorem C. Let P C R? be a convex polygon with integer vertices. Then
(1.5) G(P — P) < 6Ga(P) — b(P) — 5,

where b(P) denotes the number of integer points in the boundary of P.

However, when dealing with an arbitrary convex body K € K", one cannot
expect to get a discrete counterpart of (1.2)) for the lattice point enumerator G, (-),
namely,

Gu(K — K) < (2:> G (K).

Indeed, just considering K = [—1/2,1/2]™ one would obtain 3" < (27?), which is
false for n = 1,2,3,4. Moreover, as pointed out in [I9], where the authors consider
certain simplices with integer vertices, there is neither a possible extension of
in dimension n > 3 nor even a hope to get G,,(K—K) < ¢, G, (K) for some constant
¢n > 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 (L.4)), an alternative to get such an
inequality for the lattice point enumerator would be to consider some extension of
K (by Minkowski adding certain cube) on the right-hand side of (or, more
generally, on that of ) In this regard, here we show the following:

Theorem 1.1. Let K C R™ be a non-empty convexr bounded set. Then

(1.6) Gn(K — K) < (2:)(;” <K+ (—Zi)n)

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 (1.3)):

Theorem 1.2. Let K,L C R" be non-empty convex bounded sets and let

~ vol (K+ L+ (
“or T Vol (K + L+ (

1 1\"
—35:3) )
“L € (0,1).
Then

2n

(L7) Gu(K +L)G (K N (~1) < (n

)cm o (K + (—1, 1)) G (L + (~1, 1)").
In particular, taking L = — K, with 0 € K,

"), Selfr L)

(18) Gu(K — K) < (
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Both ([1.6) and (1.7) (and thus also (1.8) are asymptotically sharp (in the sense

that, for any of these inequalities, there exist convex bodies containing the origin
in such a way that the ratio between the right-hand and the left-hand sides, when
applied to dilations of these sets scaled by a factor r > 0, tends to 1 as r — 00; see
Remark and, even more, they imply the continuous versions and ,
respectively.

Furthermore, we will also show in Section [3] an alternative discrete version of
(1.3) involving both the Minkowski difference and the addition of the sets and the
cube (—1,1)" (see Theorem [3.)).

In [30, Theorem 1], Rogers and Shephard also gave the following lower bound
for the volume of a convex body K € K™ in terms of the volumes of a projection
and a section of K. Before recalling its precise statement we need some auxiliary
notation: the set of all k-dimensional linear subspaces of R" is denoted by L}, and
for H € L}, the orthogonal projection of M onto H is denoted by Py M ; moreover,
as usual, H+ € L7, represents the orthogonal complement of H.

Theorem D. Let k € {1,...,n—1} and H € L}. Let K € K" be a convez body.
Then

(1.9) Vol i (Pyrs K )voly (K N H) < (Z) vol(K).

In this paper we will show that the above result also admits a suitable discrete
version for the lattice point enumerator G, (). More precisely, we obtain:
Theorem 1.3. Let k € {1,...,n— 1} and H =lin{e1,...,ex} € L}. Let K CR"

be a non-empty convex bounded set. Then

(1.10) Gnoi(Pyo K)Gu(K N H) < (Z)GH(K—i- (—1,1)™).

A classical result due to Berwald [I1] (see also [4] [5] for other extensions and
considerations), from which the Rogers-Shephard inequalities (1.2)) and (1.9) can
be derived, relates certain weighted power means of a concave function, as follows:

Theorem E (Berwald’s inequality). Let K € K" be a convez body with dim K = n
and let f : K — R>q be a concave function. Then, for any 0 < p < g,

R P S O ) N N
(1.11) (VOI(K)/Kf (z) dz < Vol(K)/Kf (z) dx .

As mentioned, it is remarkable to point out that the above result provides one
with an alternative unified proof of both Theorems [A] and [D}] either by considering
the function f : Py1 K — R given by

f(x) =voly (KN (z+ H))

for H € L}, p =k (and n’ = n — k), and letting ¢ — oo, or by considering the
function f: K — K — R>( defined by

1/k

f(@) = vol (K N (z + K))"",

p = n, and letting ¢ — oo (see Section [4| for the precise details on the obtention of
Theorems [A| and |§| from Theorem .
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Therefore, one may wonder whether Berwald’s inequality also admits a discrete
analogue. To establish its statement, we need the following notation (see [26] and
the references therein for more about this notion): for a function ¢ : K — Rxg
defined on a convex bounded set K C R™, we denote by ¢° : K +(—1,1)" — Rxg
the function given by

¢°(z) = sup P(z+wu) forall z€ K+ (—1,1)",
ue(—1,1)"

where ¢ : R® — R>q is the function defined by

_ p(z) ifzek,
P(z) = :
0 otherwise.
In other words, ¢° is the function whose hypograph is the closure of the Minkowski
sum of the hypograph of ¢ and (—1,1)" x {0}.
Here we show the following discrete analogue of Berwald’s inequality (1.11)):

Theorem 1.4. Let K C R™ be a conver bounded set containing the origin and let
f i+ K — Rxg be a concave function with f(0) = |f|e. Then, for any 0 < p < g,

(n+9) 1/a (+7) e
(1.12) <GnT(LK) Z fq($)> < G,:(lK) Z () (x)

e KNZ" ze(K+(—1,1)n)NZn"

Remark 1.5. Let us point out that the origin does not play any role in the latter
theorem and the assumption on the origin could be substituted by |f|oo = f(x0o) for
some xg € Z". It is, however, needed in our proof that, that the mazimum of f is
attained at some point in Z.".

As we will see along the manuscript, all our discrete analogues for the lattice point
enumerator G, (-) imply the corresponding classical inequalities (see Theorems
and .

The paper is organized as follows: in Section [2] we recall some preliminaries
and we derive Theorem [I.3] as a consequence of a stronger inequality, collected in
Theorem 2.1 In Section [3]we obtain our discrete Rogers-Shephard type inequalities
(in particular, we prove both Theorems and and we show that these discrete
analogues imply the corresponding continuous versions. Finally, Section [4]is mainly
devoted to the proof of Theorem

2. DISCRETE PROJECTION-SECTION INEQUALITIES

We start this section by recalling some notions and fixing some notation that
will be needed throughout the rest of the manuscript. We shall work in the n-
dimensional Euclidean space R™, with origin 0 (or 0, if the distinction of the di-
mension is useful), endowed with the standard inner product (-, -}, and we will write
e; to represent the ¢-th canonical unit vector. Given a non-empty set M C R”, let
conv M and lin M denote, respectively, the convex and linear hulls of M, i.e., the
smallest convex set and vector subspace, respectively, containing the set M. More-
over, x,, will represent the characteristic function of M. We will also write

hyp(f) = {(z,t): v € M, t €R, f(z) >t} C R

for the hypograph of a non-negative function f: M — Rxg.
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For the vector subspace H = lin{es,...,ex} € L, k€ {1,...,n — 1} we denote
by
Ge(M) = |M N (z+ (ZF x {0,—1}))|
for any M C x + H for some x € H+. Analogously, we write
Grp(M) = [M N (y+ ({06} x Z2°7))]

for each M C y + H*, for y € H. Furthermore, for the sake of simplicity, we will
write Cpr := (—1,1)" N H.
Finally, as usual in the literature, we will use the following conventional notation:

(Z) T T(s +1;)(1i; i)s 1)

for any 7, s > 0, where I'(-) denotes the Gamma function.

Now we prove Theorem under the mild assumption that K contains the
origin, by showing the following more general result. In Remark [3.2] we will give an
alternative proof of Theorem [I.3] also valid for the case of any non-empty convex
bounded set K (not necessarily containing the origin).

Theorem 2.1. Let k€ {1,...,n—1} and H =lin{ey,...,ex} € L}. Let K C R"
be a convex bounded set containing the origin. Then
(2.1)

n—k -1
5 (179 (0) e atreros
n-—1 1 (3

=0

Gr(KNH) < Gp(K+(-1,1)").

In particular, taking only the terms corresponding to ¢ = 0 and ¢ = n — k, we
obtain

KZ:) +G”’“(PHLK)] CuENH) < (Z)Gn(K+ (—1,1)").

Proof. First, for any r > 0, we define the superlevel set
D, = {x € Pyo (K + (-1,1)") : Gk((K + (=1, 1)") N (z + H)) > 1"}
= {.Z‘ € Pyg. K+ Cqgu: G]g(((K-i-CHL) N (.Z‘-‘,—H)) —|—CH> > 7“}.
Now, let « € Dy, y € Cy1 and A € [0,1]. So, from the convexity of K, we have
(2.2)
1/k
Gk(((K +Cr)N(1=Nz+Ay+H))+ CH)
1/k
> Gk<(1 — N ((K + Cya) N (@ + H)) + M(K + C) N (y + H)) +CH) .

Notice that, since x € Dy = Py K +Cpgr and y € Cyi C Py K+ Cyo (because
0 € K), the sets (K +Cg.)N(z+ H),(K + Cgy1) N (y + H) are non-empty and
then the above sum

1-=N({(K+Chxu)n(z+H))+AN(K+Cxe)N(y+H)) +Cx
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is well-defined. Hence, from (1.4) we get

<
(U +Coa) 1 (o H)) 4 A((K + Cppa) 0 (g + H)) + Car)

/\

> (1= NGR((K + Cya) N+ H))* 4 2Gx (K + Cyo) 0 (y+ H))V*
> \Gp(K N H)YE,
where in the last inequality we have used that
Ge((K+Chu)n(y+H)) > Gr(ly+K)N(y+ H)) = Gp(K N H)

for every y € Cg 1. Thus, setting

v~ (gm)

for any 0 < s < Gi(K N H) (observe that G, (K N H) # 0 since 0 € K), from (2.2)
and (2.3]) for A = A; we conclude that

(1= X)(PyrK +Cyr) + A\Cpr C Dy,
In other words, for any 0 < s < G (K N H) we have
(1=X)Pyrt K+ Cpyr CDs
and then, by , we get
(1= A)Gn (P K)YO70) L X G ({0,_x DY 7R < G g (Dg) Y/ (F)

and consequently

n—k
n—k ) . )
(2.4) Z ( ; >(1 — )\s)l)\?_k_lGn_k(PHLK)Z/(n_k) < Gn—k(Ds)
i=0
forall 0 < s < Gp(KNH).

Now, on the one hand, we observe that

Gr(KNH) ) ) 1 ) .
/ (1= X) A F 0 ds = kEGp(K N H)/ 0" (1~ 6) do
0 0

F'n—9I'(+1)
I'n+1)
-1
__F (”) Gr(K N H)

n—11\1?

Zka(KﬁH)

and hence, integration on s € [0, G (K N H)] on the left-hand side of (2.4)) yields

n—k —1
[Z k ‘ (n - k) (n) G (Pygo K)1/ 7 H)
n—1 1 1

=0

Gk(K n H)
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On the other hand, we have

Gk(KﬂH)
/ G x(D,) ds
0

Gk(KﬂH)
- / $ Yo, ()
0

2€(Py1 K+C,y 1 )NZn

- > min{Gk(((K—l—CHL)ﬂ(m-f—H))“v‘CH),Gk(KmH)}
xe(Py 1 K+C 1 )NZ7
< 3 Gr (K +Cyr) 0 (2 + H)) + C

2E€(Py1L K+C oy )Nzn

_ 3 Gk((K+(—1,1)")m(x+H))

CDG(PHLK+CHL)QZ"
=G (K +(-1,1)").
This concludes the proof. (I

Remark 2.2. The role of H = lin{ey,...,ex} in the above result can be played by
any other k-dimensional coordinate (vector) subspace.

Next we derive a first discrete analogue of the Rogers-Shephard inequality (|1.3)),
by considering a suitable (2n)-dimensional convex bounded set and applying The-
orem following the original idea of Rogers and Shephard in [30]:

Corollary 2.3. Let K,L C R" be convex bounded sets containing the origin. Then
2
(25)  Gn(K + L)Gn(K N (~L)) < ( :) G (K + (=1,1)") G (L + (—2,2)").

In particular, taking L = — K,

Gn (K +(-2,2)")
G (K)

(2.6) Gn(K - K) < (2:) G (K + (=1,1)")

Proof. Consider the (2n)-dimensional convex bounded set containing the origin
defined by

F= {(x,y) e R : xEK,m—yG—L}
and let H = lin{ey,...,e,} € L£L2". Notice that Py F is the set of points (0,y)
such that (z,y) € F for some x € R™, which is equivalent to the fact that y € z+ L

for some = € K, and hence we get Py F' = {0,} x (K + L). Moreover, we clearly
have that

FNH=(Kn(-L)) x {0,}.
Now, given (z,y) € F + (—1,1)?", we have that € z; + (—1,1)" for some z1 € K

and that y € y; + (—1,1)" for some y1 € 1 + L C z + (—1,1)" + L. So, for every
(r,y) e F+(-1,1)>", 2z €e K+ (-1,1)" and y € z + L + (—2,2)". Thus,

Gon (F + (—1,1)*") < > Gn(z + L+ (-2,2)")
ze(K+(—1,1)7)NZn"

=Gp(K+(—=1,1)")Gn(L + (—2,2)").
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Therefore, from Theorem [1.3| (applied to the convex bounded set F' containing the
origin and the vector subspace H) we obtain

2
Gn(K 4+ L)Gn (KN (-L)) < (:) Gn (K + (-1,1)")Gp (L + (=2,2)"),
which clearly further implies ([2.6]). This concludes the proof. ([l

As we will see in the forthcoming section, we will derive other discrete Rogers-
Shephard type inequalities, which are actually stronger than those (collected in
Corollary that may be obtained as a consequence of applying the discrete
projection-section inequality , in contrast to what happens in the continuous
setting.

3. DISCRETE ROGERS-SHEPHARD TYPE INEQUALITIES

When dealing with the (proof of the) Rogers-Shephard inequality (1.2)), one is
naturally led to the notion of the covariogram of a convex body K € K™, that is,
the function f :R"™ — R>( given by

f(x) =vol(K N (z + K)).

Its discrete version for finite sets A C R™, (x+ A)|, [,
where the authors show elegant relations of the latter with the continuous version.
Here, first we will consider the following slight modification of the corresponding
discrete version (for the lattice point enumerator) of the covariogram of K:

2 Go (K + (-1,1)") N (2 + K + (-1,1)")).

By using this, and exploiting the classical proof of the Rogers-Shephard inequality
(1.2) that is based on the covariogram, we get to the following result. Again, we
will present it in the more general setting of two convex bounded sets K, L C R™.

Theorem 3.1. Let K, L C R™ be convex bounded sets containing the origin, and
such that (—1,1)™ C L. Then

(3.1)
[Z s () () e+ 1) 6 (0 (-0~ 11)

i=0
< Gp(K + (-1, 1)")Gp (L + (-1,1)™).
In particular, taking L = —K (for a convex set K C R™ with (—1,1)" C K),

n " in Gn(K +(=1,1)7)
(3.2) ZQn_Z< )(2) G ((K — K) ~ (-1,1)") /" < Gn((K—:((l,l))"))'

1=

Before showing the result, we observe that taking only the terms corresponding
to i = 0 and ¢« = n in the above expressions we obtain

() rea( + ~ 1) G (K (-0 ~ (L)

< (?) Qo (K + (—1,1)")Co (L + (—1,1)7)
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and
o, 2\ G (K + (—1,1)7)?
() o0~ 0 < () SIS R
respectively.

Moreover, taking only the term corresponding to ¢ = n applied to the sets
K and L' := L+ (—1,1)" (and taking into account the relations between the
Minkowski difference and addition; see e.g. [34, Lemma 3.1.11]), one recovers again
the statement of Corollary

Proof. First, for any r > 0, we consider the superlevel set
D, ={z e (K+1)+(-2,2)": Gu((K+(-1L,1)") N (&= L+ (-1,1)")) = r}.

Now, let x € K+ L, y € (—1,1)" and X € [0,1]. Then, from the convexity of K
and L, we have

1/n
G (K + (=1,1)") 0 (L= Na + dy = L+ (=1,1)"))

(3.3) n

> Gn((l N (KN (z— L)) + MK (y— L)) + (-1, 1)n)

Notice that, since x € K+ L and y € (—1,1)" C L C K + L (because 0 € K), the
sets KN (z — L), KN (y— L) are non-empty and then the above sum

(1-XN(KNn(z—L)+AXKn({y—L)+(-1,1)"
is well-defined. Hence, from we get

Gn((l - N(EN(@-L)+XKn(y—-1L)+ (-1, 1)")1/"
> 1/n

(3.4) (1= NG (KN (z—L)"" + MG (K 0 (y — L))
> 3G (50 (<1 ~ (~1.1)7) "

where in the last inequality we have used that

G (KN (y— L)) > Gy (K N ((=L) ~ (-1, 1)n))

for every y € (—1,1)". Observing also that G, (K N ((-=L) ~ (-1, 1)”)) # 0 since
0€ KN ((—L)~ (-1,1)"), we may define

1/n
S

Go (K N ((=2) ~ (L. 1)"))

As =

forany 0 < s < G, (Kﬂ ((—L) ~ (-1, 1)”)). Thus, from (3.3) and (3.4 for A = A
we conclude that

(1= 2)(K+ L)+ X(-1,1)" C Ds.
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In particular, for any 0 < s < G, (K N ((-L) ~ (-1, 1)”)) we have

(1= X ((K + L) ~ (=1, 1)") + (=1,1)"
—(1— /\5)<((K L) ~ (=1, 1))+ (-1, 1)%) FA(=1,1)"
Cl=X)(K+L)+A(—1,1)" C Ds.

Then, by (1.4), we get

1/n

(1= 2)Gn((K+ L) ~ (=1, 1)") " + XGr({0D)Y™ < G (Dy) /™

and consequently

35 3 (1) AN G (K D~ (11) " < Gl

£ 7
1=0

for all 0 < s < G,L<K N ((=L) ~ (-1, 1)%)).

Now, writing sg = G, (K N((=L) ~ (-1, 1)")), on the one hand we observe
that

/O (1= A A" ds = n Gy, (K N ((=L) ~ (-1, 1)”)) /O p2n=i-1(1 _ )i g

T(2n —i)T(i + 1)
I'2n+1)

= () eu (0 -0 = 1)

—nG, (K N((-L) ~ (-1, U”))

7

and hence, integration on s € [0, so] on the left-hand side of (3.5|) yields

G, (Kﬂ((—L) ~ (1, 1)")).

li Q”H—i (Zt) (2Zn> _lGn((K + L)~ (—1,1)7) 7"
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On the other hand, we have

/O " Ga(D,) ds
= /050 Z Xop, (z)ds

2€(K+L+(—2,2)")NZ"

Z min{Gn((K+(—1,1)”)ﬂ(x—L—i—(—l,l)")),so}

2€(K+L+(—2,2)")NZ"

2 G”((K“*Ll)") N (fﬂ*L+(—1,1)n))

2E€(K+L+(—2,2)")NZ"

Z Z XK+(71,1)" (y)X$7L+(71,1)7L (y)

rz€(K+L+(—2,2)")NZ" yeL™

Z Z Xt cnm DXty rnn (@)

ze(K+L4(—2,2)")NZn yELn

Z Xt (~1,1m (y) Z Xy+r+(-1,0n (a:)

yezn e€(K+L+(—2,2)")NZn
=G (K 4+ (-=1,1)")Gp (L + (-1,1)").
This concludes the proof. O

IN

Next we will use a different approach to show a discrete analogue of the Rogers-
Shephard inequality . To this aim, let K C R™ be a non-empty convex bounded
set. Then the following two relations involving the lattice point enumerator Gy, (+)
and the volume vol(-) hold:

(3.6) G (K) < vol <K n (—; ;)n>
and
(3.7) vol(K) < G, (K + (—; ;)"> .

Regarding (3.6]) (cf. e.g. [20, Equation (3.3)]), notice that it can be easily deduced
from the inclusion K NZ" C K jointly with the fact that G, (K) = vol (K NZ") +

(—1/2,1/2)").
It is also easy to derive (3.7) (although it is “folklore”, we have not found a
precise reference for it): let A = {z € Z": (z+(—1/2,1/2)") N K # 0}, for which

one clearly has
1 1\"
A K - = nz"
and thus

(3.8) |A] < G, (K+ <; ;)n> .

Moreover, taking the null measure set M := R™ \ (Z" + (—1/2,1/2)"), we get

1 1\"
KCMU|:A+<2,2> ]
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and hence

(3.9) vol(K) < vol <A+ (—1 1)n> = |A.

272
Thus, using (3.9)) and (3.8]), (3.7)) follows.
Now, we are in a condition to show Theorems [I.1] and

Proof of Theorem[1.1]. Using (3.6) jointly with the classical Rogers-Shephard in-
equality (1.2]) (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 closure
of their closures) and (3.7)), we get

k10 < (14 (12)")

1 1\" 1 1\"
vl (e (31) - [5e (pr) )
2n 1 1\" 2n 3 3\"

< 1| K ——, = < K -, = .

< () (e (57) ) = (Ve (= (553))
This concludes the proof. O
Proof of Theorem[I-3 By (3.6) and the fact that, for any 4, B,C C R™,
(3.10) (ANB)+CcCc(A+C)N(B+0O)

(see e.g. [34] Equation (3.2)]), we get
Gn(K + L)Gp (K N (—L))

< vol <K +L+ (; ;)n> vol (K N(-L)+ (; ;)n)

< g, VOI(K + L+ (=1,1)")vol ({KJr <—; ;)n] N [—L+ <—; ;)HD :

Now, applying the classical Rogers-Shephard inequality (1.3 (again, the assump-
tion on the convex sets K, L to be closed is not needed) jointly with (3.7]), we
have

¢ VOU(K + L+ (—1,1)")vol ([K+ (‘é ;)n] n [‘L‘L (‘i ;ﬂ)
< (2:>chLvol (K+ <—; ;>n> vol <L+ (—;;)n)

< (?)c“ G (K + (=1,1)") G (L + (=1, 1)").

This concludes the proof. ([

Remark 3.2. We can also use this approach based on the relations between the
volume and the lattice point enumerator to provide an alternative proof to Theo-

rem . Indeed, from (3.6)), (3.10]), (1.9) (for which the assumption on the convex
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set K to be closed is not necessary) and (3.7)), we obtain
Gn,k(PHLK)Gk(K n H)

< vol,_, ((leK) + 1cHL) vol, ((K NH) + ;cH)
< vol_s (pHL [K+ (; ;) ]) vol, ({KJr (; ;)] mH>
S<Z)VOI<K+( ) ) () (K + (~1,1)").

We point out that, now, there is no need to assume that 0 € K. However, notice
that such a method does not allow us to show the statement of the stronger inequality
collected in Theorem [21]

Given a convex bounded set containing the origin K, if we apply (3.1)) to the
sets K and L' := —K + (—1,1)" we have

(3.11)
L on\ Cvigm - Ga(E + (=1,1D)") G (K +(=2,2)")
;%Z(z)(z) Gl — )T < Gn(K) '

At this point, it is natural to compare the discrete analogues of (1.2]) that involve
extensions of K by Minkowski adding certain cubes, i.e., the above inequality, (|1.6)

and .

First, to compare this inequality with (|1.6)), we need to relate

G (K + (=1,1)") Gy (K + (—2,2)") _”z‘:l n <)<2n) lGn(K—K)"/"

G, (K) 20— i

(w0 (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 us with a smaller upper

bound for
o\
Gn(K - K)
n

and hence, in the plane, (L.6)) is tighter than (3.11)). This is an immediate conse-
quence of the following result.

and

Proposition 3.3. Let K € K? be a planar convex body containing the origin. Then

(3.12) Go(K+(-1,1)%) < Go(K+(— 21;4 < ><4>1G2(KK)%‘/2.

K2

Proof. Let H; = {x € R?: (x,e;) =0}, i=1,2, and set
m = max G1(Py, K),
for which we will assume without loss of generality that m = G1(Pg, K). Then, K is

contained in a rectangle [—ay, b1] X [—az, ba], with a;,b; > 0 and G ([fai, bz]) <m,
i=1,2.
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So, we clearly have that Go(K) < m? and Go(K — K) < (2m + 1)%2. Moreover,
since K + (—1,1)? is open and thus, for any x € (Py, K) N Z2,
(K +(-2,2)*) N (z + lin{e })
contains at least two more integer points than
(K +(=1,1)*) N (z + lin{es }),
we get
Ga (K +(=2,2)%) > Go(K + (-1,1)%) + 2m.
Altogether, since m > 1 (because 0 € K), we have

11 11
5+§G2(K—K)1/2 < §+§(2m+1) < 2m < Go(K+(-2,2)%) =G (K +(—1,1)?),
which is equivalent to (3.12]). O

Next we relate (1.6) and (1.8).
Remark 3.4. Inequalities (1.6) and (1.8) are not comparable. Indeed, taking K =

[ r) r] wlth r > (), one haS
47" - | v <
¢ ’ 47 + 2 ’

So, on the one hand, if r € N we get

Gn(K) =G, <K+ (—Z Z)") =G, (K +(-1,1)")

and thus

BT (o (33)).

On the other hand, if r ¢ N then

Gu(K+(=1,1)") _ (r+1)"(2lr)+3)" (143500 -
oo Gn(K) (4r +2)n(27] +1)" 1+ 725 ’
where |r| denotes the floor function of r (i.e., the greatest integer less than or equal

to r), and hence

o G (K + (—1,1)7) G (K+ (_3 3)”) .

c

Cn(K) 4’4
3.1. From the discrete analogues to the continuous versions. It is intuitive
that one can approximate the volume of a convex body by successively shrinking
the lattice. This can be easily seen by means of the fact that the volume and the
lattice point enumerator are equivalent when the convex body is “large enough”.
More precisely, given a convex body K € K™ with dimension dim K = n, we have
Gp(rK
(3.13) lim Gn(rK) = vol(K)
r—00 rn

(see e.g. [36l Lemma 3.22]). Moreover, it is easy to check that
K+M
(3.14) lim G”(rij)

r—00 T

= vol(K)
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for any bounded convex set M containing the origin. Indeed, given € > 0 it follows
that, for any r > 0 large enough, M C (reK) + z, for some z, € Z", and thus

n(rK n(rK + M . n(rK + M
vol(K) = Tim Sn ) i CnlTE M) e p GnTE M)
T—00 rn r—00 rm r—00 rn
Gp(r(K+eK
< lim M =vol(K +eK) = (1 4+ ¢)"vol(K).
r—o0 T

Since ¢ > 0 was arbitrary, (3.14) holds.

We then conclude this section by proving that the discrete versions of the
projection-section and the Rogers-Shephard inequalities we have previously shown
imply their corresponding continuous analogues, by exploiting the above relations
between the lattice point enumerator and the volume. To this aim, regarding the
discrete projection-section type inequalities, we will show that already im-
plies (and hence, the same is obtained from the stronger inequality )
In the same way, we will prove that is enough to derive (1.3) (and thus, the
same happens for the more powerful inequalities and (3.1)). Moreover, in
particular, implies (and so, the same is true for the stronger versions

@), @3 amd G2)).

Theorem 3.5. Let K, L € K" be convez bodies containing the origin with dim K =
dim L =n. Then

i) The discrete inequality (1.10]) for the lattice point enumerator implies the
classical projection-section inequality (1.9)) for the volume.

il) The discrete inequality (2.5) for the lattice point enumerator implies the
classical Rogers-Shephard inequality (L.3)) for the volume.

Proof. Applying (1.10) with rK (for r > 0), taking limits as » — oo and using

(3-13) and (3.14)), we get

vol,, —(Pg1 K)voly(K N H) = lim

Gn_k(TPHLK) ) Gk(T(KﬂH))

r—00 rn—k rk
I Gpr—k (PHJ_ (TK))Gk((TK) N H)
= 11m
r—00 rn
. n Gn(TK+ (_171)77,) _(n
< Tlgglo (k) s = <k>V01(K).

Analogously, but now applying (2.5) with 7K and rL (for r > 0), we obtain

G (r(K + L))G ( -1)))

vol(K + L)vol(K N (—L)) = lim

r—00

Gn(rK + rL)Gn((rK) (—rL))

= lim 5
r—00 ren
K -1, L —2,2)"
r—oo \ n r

_ (2:> Vol (K )vol(L).

This concludes the proof. (I
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Remark 3.6. Since (1.9) and (1.3) are sharp, from the proof above, we have that
their discrete analogues (1.10) and (2.5)) (and hence their corresponding stronger
related versions) are asymptotically sharp.

4. A DISCRETE ANALOGUE OF BERWALD’S INEQUALITY

Let K C R™ be a convex bounded set containing the origin, let f : K — Rxg
be a non-negative function and set p > 0. We will write p to denote the counting
measure on Z", considered as a measure on R”, namely, the measure on R" given
by w(M) = G, (M) for any M C R™. First we observe that we have

(4.1) DA p—/ PP 1G,, ({xGK f(z >t})dt

cEKNZ™

Indeed, by Fubini’s theorem, we obtain

f(=z)
> s@r= [ S duta R(/O pi* dt)xk()du(w)

reKNZ"
oo
/0 /Rnptp ' L)X 0,5 (ay (1) dpu() dt

I / Xever reron, (@) du(z) dt
O ]R'VL
=/ PG ({z € Ko flw) > t}) at,
0
which shows (4.1)).

To prove Theorem [1.4] we need the following auxiliary results.

Lemma 4.1. Let K C R™ be a convex bounded set containing the origin and let
m > 0. Let hy, : K+ (—1,1)" — R be the concave function whose hypograph is
the closure of conv((K x {0})U(0,,m)) + ((—1,1)" x {0}). Then, for every p >0,

1/p

n+p
(4.2) G( "K) Z B ()P > m.
n(K) ze(K+(—1,1)n)NZ"

Proof. Observe that, for any 0 <t < m,

(conv((K x {0}) U (0,,m)) + ((—=1,1)" x {0})) N (R™ x {t})

(-8

{ze K+ (-1,1)": hp(z) >t} = (1 - 7;) K+ (-1,1)™

and thus
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Then, using (1.4) we get

/Ooptpflcn({x €K+ (~1,1)": hyn(z) > t}) dt
0

= /Omptp_lGn ((1 — ;) K+ (-1, 1)”) dt

m n 1
> / ptP~! (1—;) Gn(K)dt:pmpGn(K)/ P71 —s)"ds
0 0

B L+l n+p)”
=pm Gn(K)F(n—&—p—i—l) =m Gn(K)< n > .

This, together with (4.1]) applied to the function h,,, yields

ot 2w 6,00 7)

z€(K+(—1,1)»)NZ"
which shows (4.2)). O

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).

Lemma 4.2. Let K C R™ be a convex bounded set containing the origin and let
f i+ K — Rxq be a concave function with f(0) = |f|e > 0. For any p > 0, let
1/p
(n:lrp) o\ P
m = >, ()@

G () ze(K+(—1,1)")Nzn»

and let g : R>9 — R>¢ be the function given by

(1—L)"Gu(K) ift<m,
g(t) = ‘
0 otherwise.

Then, there exists to € R>q such that

(4.3) Gn<{a: EK+(~1,1)": () > t}) > g(t)
for all0 <t <ty and
(4.4) g(t) > Gn({x eK: flz)> t})

for all t > tg.

Proof. First we will show that m > |f|e. To this aim, assume by contradiction
that m < |f|e and set h,, : K + (—1,1)" — Rxq 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))
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and so hyp(f°) D hyp(h.,). This also implies that
{re K+ (-1,1)": f(x) >t} D{z e K+ (=1,1)": hp(x) >t}

for all 0 < t < |f|eo. Therefore, assuming that m < |f|e, the latter inclusion
jointly with (4.1)) applied to the functions f¢ and Ay, Lemma and the fact that

Gn({x ERK+(—1,1)": fo(x) > t}) >1

for all 0 <t < |f|oo (since f(0) =|f|s), imply that

n+p [floo 1/p
m = (én’(}{)) /O ptp—lGn({a: e K+ (-1,1)": f(z) > t}) dt)
(

Ry pme o 1/p
> <Gn(K)/o pt 1Gn({z€K+(fl,1) : f (1‘)>t}) dt)
(n;Li‘P) m - . 1/p
> (Gn(K) /0 Dt Gn({x eK+(-1,1)": hpy(x) > t}) dt)
1/p
(e p
~\ Gu(R) > hin () > m,

z€(K+(—1,1)")NZ"™

a contradiction.
Now, since f° < |f|s, we trivially have

0=Go({fz e K+ (-1,1)": £°@) > Ifl}) < 9(1fl)
and thus we may consider
toi=inf {t >0 Go({z € K+(-1,1)": f°(2) > 1}) < g(1)} < oc.

Then, on the one hand, we obtain by the definition of ¢y that (4.3 holds for all
0<t<ty<|floo- Moreover, since

{reK+(-1,1)": f(x)>t}={zeK: f(z) >t} +(-1,1)"

(which is an open convex bounded set) for all 0 < ¢ < |f|., we have that the
function ¢t — G, ({x eK+(-1,1)": fo(z) > t}) is continuous from the right on
R>g. Therefore, we obtain that

Gn({x e K+ (~1,1)": f(z) > to}) < g(to).
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On the other hand, given ¢ € [to,|f|s]| and taking A € (0,1] such that ty = A,
from (|1.4)) we obtain

(4.5)
Gn({x €K+ (-1,1)": f(z) > to})l/n
1/n
=Go({reK: fl@) > to} +(-1,1)")
>G( MzeK: f) >0} + Mz e K: f(z) >t} +( 1,1)”)1/n
> (1= NG (K)" 4+ AGn ({r € K & f(2) > t})l/"

and also (taking into account that ty < |f|eo < m)
to t
(46) ()" = (1= ) G ()" = (=N G8) /742 (1= 1) Gu()117

Thus, using ([.5) and (4.6), we get that (4.4) holds for all ¢y < ¢ < |f|s. This
concludes the proof since (4.4) is further trivially true for any ¢ € [|f |oo> ) O

Proof of Theorem[I.]] We may assume, without loss of generality, that |f|~ > 0,
and let m and g be defined as in Lemma [£.2] Observe also that, for any r > 0,

(4.7) (é:%K)) /Om rt 1 (1 - ;)n G, (K) dt) " =m.

From (4.1)) applied to f° jointly with the definition of g and m, the latter implies,
in particular, that

(4.8) /OOO t”_lGn({x EK+(-1,1)": fo(x) > t}) dt = /OOO tP~1g(t) dt.
Hence, with ty as provided by Lemma we obtain, from and , that
[t eu(tr e K L7 £ @ > 1) - 0] a

- /too a1 [g(t ({x eK: f(z)> t})]

- /Otg tp=Lpa=p [Gn({x e K+ (~1,1)": f(z) > t}) - g(t)} dt
—/ Plt‘”’[g ({xEK f()>t})}dt

< tg"’/ Pt [Gn<{x eK+(-1,1)": f(x) > t}) —g(t)] dt
—t‘”’/ = [g(t) ({xEK f(@) > 1})] at.
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Moreover, we have
t4P /Ototp—l [Gn({x EK+(-L1)": f(x) > t}) - g(t)} dt
+tg—1’/:tp—1[ ({xeK flz >t}) —g( )] dt
< 1P /oootpl [Gn({x €K+ (-L1)": f(z) > t}) - g(t)} dt =0,

where the latter equality follows from (4.8).
Altogether, we have shown that

/Ot"tQ—lGn<{x eK+(-1,1)": fo(z) > t}) dt
+/Ootq*1G ({xeK f(z >t}> dt</ootq—1g(t)dt
0

to

and hence

/Oootq—lG ({J;EK flz >t}>dt</oootq_1g(t)dt.

Consequently, from (4.7) for r = ¢, we have

n+q o 1/q
(it [ (i e s> )

< (é:’(t;{)) /Om qti! (1 - ;)nGn(K) dt) " =m

and thus, from (4.1]) applied to f and g,

(n+ 1/q (n+p) 1/p
q n o\ P
< Z fila ) < G (K) Z (f°)" (@)
zGKﬂZ" z€(K+(—1,1)")NZn»
This concludes the proof. O

As briefly pointed out within the introduction, the continuous version of Berwald’s
inequality (Theorem allows us to derive the Rogers-Shephard inequalities
and . To show this, first notice that Stirling’s formula for the gamma function
yields the asymptotic formula

li_}rn () =1
THVEEr

I

e . 1 .
which implies, in particular, that (") /4 41 as g — oo. Moreover, given a

convex body K € K™ with dim K = n and a concave function f : K — R, it is

well-known that
1/q
lim (/ fq(m)dfv> = 1flos
q—00 K
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(here we notice that, since f is concave, |f|w agrees with esssup,¢x f(x)). Thus,
applying Theorem [E| with p = k (and n’ = n — k) and the concave function (cf.
(1.1)) f : Py K — R>( given by

f(x) =vole (K N (x + H))*
for H € L}, one gets Theorem |E| by taking limit as ¢ — oco. Indeed, one has

q—00 VOln_k(PHL K)

(n) 1/k
— k xT)dx
= <Volnk(PHLK) /PHLKf (z)d )

(n) 1/k
= —kL VO
N <V01n_k(PHLK) I(K)> ’

where the last equality follows from Fubini’s theorem.
Analogously, from Theorem [Ef for p = n and the concave function (cf. (1.1))
f: K — K — Ry given by

n—k—+q 1/q
volg (K N H)Y* < |floe = lim <("’“)/ f4(x) dm)
Pyl K

f(@) = vol (K N (z + K))"",

for which one has

/IGKfn(x) dr = //n X (W) Xosx (v) dyda = //n X (U)X, (x) dzdy
= vol(K)?,

one gets
y (1) v
n — — M n q
vOl(K)!" = [floe = Jim (i [ pr(a)da

() o N e AN
= (vol(KK) /K_Kf () dm) - (vol(KK)VOl(K) ) ’

and so Theorem [A] follows.

Arguing in a similar way in the discrete setting, but now applying Theorem
(for the above-mentioned functions and values of p, and letting ¢ — c0), we get the
following results:

Corollary 4.3. Let k € {1,...,n — 1} and H € L}. Let K C R" be a convex
bounded set containing the origin. Then
n
G i (Pyo K)voly(KNH) < <k> > sup voly, (Kﬂ((x+z)+H)>.
w€(Py 1 K+Cpp 1 )nzn 2€Cut
Corollary 4.4. Let K C R™ be a convex bounded set containing the origin. Then
2
Gn(K — K)vol(K) < ( ”) 3 sup Vol(K N ((z+2)+ K)).
n

ee(K—K+(—1,1)ym)nzn *€(=1LD"
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We point out that the more general result, involving convex bounded sets K, L C
R™ containing the origin such that max,e x4z vol(K N (z — L)) = vol(K N (—L))
may be also derived, obtaining in this way that

G (K+L)vol(KN(~L)) < <2:> > sup vl (KN ((a+2)-L)).

ze(K+L+(—1,1)m)nzn *€(=LD"

We also observe that one cannot immediately derive, in principle, other discrete
versions of the Rogers-Shephard inequalitie and from Theorem
despite counting with the discrete analogue (1.4) of the classical Brunn-Minkowski
inequality, because of the lack of concavity of the functional G,,(-)*/™. This is the
reason for which Theorem yields the above discrete counterparts of and
, 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].

We conclude the paper by showing that the discrete version of Berwald’s inequal-
ity we have previously proven implies its continuous analogue:

Theorem 4.5. Let K € K" and let f : K — R>¢ be a concave function. Then
the discrete inequality (1.12|) implies the classical Berwald inequality (1.11).

Before proving this result we observe the following. Given K € K™ and a concave
function f : K — R>(, we have

49 tm |5 S ()| -dm | 3w = e

e(rK)nz" yeKN((1/r)z™)

since f is Riemann integrable (because it is concave on the convex set K, whose
boundary has null measure).

Moreover, we may assume without loss of generality that f is upper semicontin-
uous. Indeed, otherwise we would work with its upper closure, which is determined
via the closure of the superlevel sets of f (see [28, 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 (ry)ren with 7 — 0 as k — oo,
we have

DL

(4.10) ({rek: f@) 2t} +m(-1,1)") = {w e K : f(x) 2 1}

k

1

due to the fact that {z € K : f(z) > t} is closed for all ¢t > 0.

Proof of Theorem[.5. On the one hand, from (1.12)) applied to the function h :
rK — Rxq given by h(x) := f(x/r), we get

1/q 1/p
n-+p

n+q
a2 ) <(atm B 670

ye(rK)nz» ye(rK+(—1,1)»)NzZ"



24 DAVID ALONSO-GUTIERREZ, EDUARDO LUCAS, AND JESUS YEPES NICOLAS

On the other hand, given € > 0, for sufficiently large » > 0 we have that

> (h*)"(v)

yE(rK+(—1,1)n)NZn

o . y+u P
- > Ee)

y/re(K+(1/r)(=1,1)")N((1/r)Z")

N

we(K+(1/r)(~1,1)m)n((1/r)zm) \vEA/M(=L1"

Z < ) sup f(z:+v)>

we(K+e(—1,)mN((1/r)z") (-Lm

IN

IN

(£o9)" (),

a€(K+e(=1,1)")N((1/r)Z")
where f° : K +¢e(—1,1)" — Rx¢ is the function given by
[ (z)=  sup flz+u)

u€e(—1,1)"

for all z € R™. Thus, for r large enough, we get

1/q 1/p
n+p

a2 o) < (qr 2

ye(rK)nz» z€(K+e(—1,1)")N((1/r)Z™)

which implies, using and - that

) o ) T
(vol /f ) = (vol(K) /1<+s(—1,1)n(f ) (m)dx) .

Since € > 0 was arbitrary, to conclude the proof it is enough to show that
4.11 inf f°f z)dz < / fP(x
(410 e>0 K+e(—1,1)n(

To this aim first observe that, by Fubini’s theorem, we have (cf. (4.1))
(4.12)

(o) (z) da = /Oooptplvol({x € K+e(=1,1)": fo(x) > t}) de

K+e(—1,1)n

Now, since
{reK+e(-1,1)": f=(x)>t}={zcK: f(z)>t}+e(-1,1)",
we have
vol({x €K +e(—1,1)": fo(z) > t}) < vol({m €K f(a) >t} +e(—1, 1)”)
and hence, from (I10),
(413) lim vol({w € K +e(-1,1)" s f*(2) > t}) <vol({z € K : f(2) = 1}).

e—0t



ROGERS-SHEPHARD INEQUALITIES FOR THE LATTICE POINT ENUMERATOR 25

Therefore, taking limits as € — 07 in both sides of ([4.12), applying the monotone
convergence theorem and using (4.13]), we get

inf/ o)’ (xz)de = lim o) (z) dz
e>0 Jg4e(—1,1) (7%) 0" K+s(71,1)"( )
< / ptp_lvol({a: eK: f(z)> t}) dt
0
= [ fP(z)dz.
K
So (4.11)) follows, which concludes the proof. O
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