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Submodular functions in additive combinatorics problems for
group actions and representations

Vincent Beck and Cédric Lecouvey

October 15, 2022

Abstract

We establish analogues in the context of group actions or group representations of some classical
problems and results in addtive combinatorics of groups. We also study the notion of left invariant
submodular function defined on power sets which plays a central role in our proofs.

1 Introduction

Consider a multiplicative group G acting on the left on a non empty set X. When A and Y are respectively
finite nonempty subsets of G and X what can be said about the cardinality |A Y| of the set A-Y =
{a-y| (a,y) € Ax Y} ? Here a -y means the image of y under the action of a. When X = G and the
action considered is the action by left multiplication (thus a -y = ay the product of the two elements
in the group G), this question relates to additive (or here multiplicative) combinatorics on groups and
there exists in the literature numerous results yielding lower and upper bounds for the cardinality of the
Kronecker product set AY (see for example [16] and [19]). Among them, Kneser’s theorem is a corner
stone claiming that in any abelian group

(Gay|+[AY] = [A[ + Y]

where Gay = {g € G | gAY = AY'} is the stabilizer of the product set AY. This theorem does not
remain true for non abelian groups even it is not immediate to find a simple counterexample. Therefore,
if we consider Ga.y ={g € G|g-(A-Y)= A-Y}, the inequality

Gay|+[A-Y[= Al +]Y] (1)

does not hold in the general left action context. In contrast, it is very easy to find a counterexample by
considering the action of the symmetric group &,, on the set {1,...,n} (see Example 2.1).

Although Kneser’s theorem does not have an immediate generalization in the group action context,
we shall see in this paper that it is nevertheless possible to obtain interesting analogues of various other
results in this setting, most of them being inspired by results or tools coming from additive combinatorics
for non abelian groups. Among them is the notion of submodular function defined on subsets of G or
subsets of X. In fact, we will often obtain two different families of statements by fixing Y and letting A
running on P(G) (the power set of G) or fixing A and letting Y running on P(X) (the power set of X).
This is for example the case for Theorems 5.6 and 5.9 which both are declinations of the same theorem
proved by Tao in [20] for product sets in general groups. Even if the context of group action studied
in this paper presents some analogies with the combinatorics of groups (i.e. the case of an action by
multiplication), it is worth mentioning that there are important differences. Maybe the most important
comes from the fact that the multiplication in a group can be performed on the left and on the right
whereas a group action is only one-hand sided. This makes many classical tools like the Dyson or Diderrich
transforms on subsets of groups (see for example [16] and [3]) irrelevant for group actions.



The present paper can also be regarded as a contribution of the general project to extend methods
developed in additive combinatorics of groups to more general contexts. In the linear context, where the
cardinalities of sets are replaced by the dimensions of vectors spaces, this was initiated in [8] for field
extensions and developed in particular in [4],[12], [1] (for fields and division rings) and in [2] and [15] (for
associative algebras). As far as we are aware, the group action setting presented in this paper was first
considered very more recently in [13] and [14] in connection with the notion of approximate groups. Our
approach here, based on tools coming from group theory and on the notion of submodular function, is
different. Most often, we are also able to state linear analogues of our results where group actions on
finite sets are replaced by finite-dimensional group representations.

Let us now describe more precisely the content of the paper. Section 2 is devoted to a general overview
of additive combinatorics type problems in the context of group actions and group representations. In
particular, we explain how the problem of determining lower and upper bounds for the previous cardinality
|A - Y| can theoretically be reduced to the classical group setting when sufficiently many information on
the orbit decompositions and the stabilizers of the elements is available. This is for example the case for
free actions. We also consider the particular case of a faithful action which gives a direct counterexample
to the inequality (1). Nevertheless in general, this reduction is not easy to perform and does not yield
statements so simple and elegant as in the group setting. The further sections give examples of such
results. Section 3 focuses on the notion of submodular function with various defining sets relevant for our
group action and group representation context. We define in particular a natural analogue of the classical
graph cut submodular function. Section 4 relies on Hamidoune’s notions of fragments and atoms (see [7])
also developed by Tao in [20]. In particular Proposition 4.3 gives informations on the structure of atoms
associated to a left regular submodular function defined on P(X). In Section 5, we state and prove the
analogues of theorems by Hamidoune, Tao and Petridis in our group action and group representation
setting which are at the heart of this paper. In Section 6, we establish complementary results more in
the spirit of the paper [13] by Murphy. Finally in Section 7, we give an analogue of a theorem by Ruzsa
for the action of a product set AB in the group G on a subset Y of X.

AMS classification: 05E15, 12E15, 11P70.
Keywords: group action, group representation, submodular functions, Kneser’s theorem, Pliinnecke-
Ruzsa’s inequalities.

2 Additive combinatorics problems in the context of group ac-
tions and representations

2.1 Group actions and representations

In the sequel we consider G a discrete group and X a set on which G acts. As usual, for any (g,x) € Gx X,
we shall denote by g - = the element of X corresponding to the action of g on z. Let us write

Ge={9eGlg-v=ua}

for the stabilizer of z in G. For any subset Y C X and any g € G, set ¢-Y ={g-y |y € Y}. Let
Gy ={geGlg-Y =Y}

be the stabilizer of Y in G. Observe that for any fixed g € G, the map

{X—>X @)

T—g-x

is bijective. In particular, for any finite subset Y C X, we have |g- Y| = |V, that is the sets g - Y and
Y have the same cardinality.



For any subset A C G and Y C X, define
AY=H{ay|(a,y) € AxY}.

In the sequel, we will study lower and upper bounds for the cardinality |A - Y| when A and Y are supposed
finite. In the particular case X = G and G acts on itself by left translation, we recover the classical problem
in additive combinatorics of determining lower and upper bounds for Minkowski products of finite subsets
of an ambient group.

It will also be interesting to replace the set X by its linear analogue, that to consider a representation
(p, V) of the group G instead of an action of G on X. Recall that a representation (p, V) is a morphism
of groups

p:G— GL(V)

where V' is a finite-dimensional vector space over a given field k. This can essentially be though as a
linear action of G on the vector space V' and we will write g - v the action of any element g € G on any
vector v € V. We thus have for any (A1, \2) € k% and any (v1,v2) € V?

g+ (A1 + Av2) = A (g - v1) + Aa(g - v2).

For any subset Z in V, we denote by (Z) the k-subspace of V' generated by the vectors in Z. We then
write for short dim(Z) instead of dim({(Z)). Given any k-subspace W of V and any subset A of G, the
set

A-W={a-v|(a,v) € AxW).

We will study its dimension dim(A - W) in terms of dim(W) and |A].

2.2 Orbit decomposition method for a group action

In this paragraph, we will assume that the set X is finite. Given an element x in X, we denote by
Oy ={g-x|g€ G} its orbit . Let us fix z1,...,2, in X so that

X =[]0,
=1

K2

is the disjoint union of the orbits O,,,i =1,...,r. It is classical that for any ¢ = 1,...,r the map

Ul 9Ge o g T

is well-defined and bijective. Assume now that we have fixed a representative g[i] in each left coset gG,
of G/Gy,. Also for any subset S in G, write |S|; for the cardinality of the set of cosets {¢gG,, | g € S}
which is the same as the cardinality of the set S[i] = {g[i] | g[i] € S}.

For any subset Y C X, write Y; = Y N O,,. Then, we have for any subset A C G

AY=|]A Y.
i=1
Finally, for any i = 1,...,7, we get by setting B; = {g[i] | G, € &; ' (Y;)} the equalities |Y;| = |B;|,
|A-Y;| = |AB;|; and

A-Y] =3 |4B,),.
=1

Therefore, the problem of studying the cardinality of |A - Y| can be formally reduced to the problem of
studying first each product sets AB; in the group G and next the number |AB;|, of left cosets attained
by the elements of AB;. Since we have

|AB;|
|Gz,

< |ABZ|1 < |AB’L|7Z:175T



we get

s ABi| 4.y < s AB
which theoretically reduces the question to classical estimations of product sets in groups which is largely
addressed in the literature. In particular, when the action is simply transitive (that is when there is
only one orbit and each stabilizer is trivial), both problems are equivalent. When the action is free (each
stabilizer is trivial) we just get

4-Y] = Y4B
i=1

so that the study of |A - Y| can be performed from the group setting up to the determination of the orbits
of the action of G on X. Nevertheless, in the general case, in addition to the orbit decomposition, this
method imposes to have many information on the different stabilizers, their associated left cosets and the
maps ¢;,t = 1,...,r and do not yield statements so simple and elegant as in the group setting. In the
sequel, we will see that it is in fact possible to overcome the orbit decomposition method to get in the
group action setting results of comparable complexity to their group setting analogues.

2.3 Dual problem
Assume that the group G acts on the set X and consider a finite subset Z in X. Let

Dz ={(AY)eP@G) xP(Y)|A-Y = Z}.

Observe first that ({1} x Z) belongs to Dz which is thus nonempty. For the left action of an abelian
group G on itself, Kneser’s theorem (1) can be interpreted as an upper bound for the sum |A|+ |Y| when
(A,Y) runs over Dz

max (Al +|Y]) < [Gz|+|Z].
(A,Y)E'Dz

In the general case, it is thus natural to ask for a subset Uz in G depending only on Z and such that

Al +1Y]) <|U Z|.
Lmae (4] +[Y) < U] + 12

In the sequel, we will study the more tractable following situation. Fix the subsets Y C X, 49 C G and
Z = Ag - Y. Next consider the set

ky(Z)={9€G|g-Y CZ} DA,

Clearly, for any g € rky(Z), we have Gzg C ky(Z). Hence, the set ky(Z) is a disjoint union of right
cosets of Gz \ G. Then we get

max [Al+ Y] < [y (Z2)] + Y] < [ky (2)] + |Z]
ACG|AY=Z

since |Z| =|A-Y| > |Y] and A C ky(Z). The first bound is sharp because ky(Z)-Y = Z. In general,
the set Ky (Z) is not a subgroup (or a translated of a subgroup of G)). We will see in Section 5 how the
study of affine maps of the form |A| — A |A| + |Y] (instead of |A| — |A| + |Y|) where A is a positive
real permits to make appear bounds related to subgroups of G more in the spirit of Kneser’s theorem.

2.4 Faithful action

Recall that the action of G on X is said faithful when the group homomorphism

G— 6(X)
{X—>X
gr—
T g T



is injective. Here G(X) is the group of bijections of X. When X is finite, we can then assume that
X ={1,...,n} and G is then a subgroup of &,, the symmetric group on {1,...,n}. Thus, if we consider
YCc{l,...,n}and AC G C &, we get

4y = Yo,

Example 2.1 AssumeY = {1,...,k}, G = &,, and consider n > £ > k. Let Ay be the set of permuta-
tions o € &,, such that o({1,...,k}) C {1,...,€}. One easily checks that

4
|Ao| = m(n — k).

Now, observe that Ay - Y ={1,...,£} and the stabilizer S 4,.yv of Ag-Y thus has cardinality
|G a,v| =0 % (n—20)N.

We so get

0! {—k n—k
. > <— ! — N > —  (n—=k)! " > _
Ao - Y|+ S a,.v| > Y|+ |Ao] L+ 0 x (n—10) _k—i—(g_k)!(n k) (:>£!(n—€)! > <n—£) 1

which can only hold when £ =k for otherwise

{—k n—k
_— —1>1.
=0 <1 and (n—é) 1>1

In particular, when £ > k, the inequality (1) does not hold. When k = £, the set Ag is a group isomorphic
to the direct product Sy X &,,_ and we get Ay -Y =Y with S a,.y = Ao in which case (1) becomes an
equality.

3 Submodular functions

3.1 Background

Consider a set S (in the sequel S could be a group G or the set X on which G acts). Let P(S) be the
power set of S.

Definition 3.1 The map f: P(S) — R is said submodular when
J(ANB)+ f(AUB) < f(A) + [(B) (3)
for any subsets A and B in P(S).
The submodular function f is said
e increasing when f(A) < f(B) for any subsets A C B C S,
e symmetric when f(S\ A) = f(A) for any subset A C S.

Very often, we shall consider submodular functions defined on the set Pgy,(.S) of finite subsets in S
rather than on P(S). When S is finite, one can check that f is submodular if and only if for any subsets
Ay C Ay of P(S) and any s € S\ Az, we have

F(A1U{s}) = f(A1) > f(A2 U {s}) — f(A2). (4)

Now, consider V' a vector space over the field k. For any S C V, write (S) for the k-vector space
generated by S in V.



Definition 3.2 The map f : P(V) — R is said k-submodular when it is submodular and for any subset
S of V, we have

f(5) = F((9)),

that is, f is constant on all the generating subsets of a given k-subspace of V.

Let us now introduce examples of submodular functions relevant for our purposes.

3.2 Group action and graph cut type submodular function

Let G be a finite group acting on the finite set X. For any subset Y C X, set

By ={(9,y) €eGxY |g-y¢g Y}

Consider the cut function (x)
. P(X)— ZZQ
I { Y |By] (5)

Proposition 3.3 The previous function f is submodular and nonnegative. Moreover, for any g € G and

anyY € V, we have f(g-Y) = f(Y).
Proof. Consider Y; and Y3 subsets of X such that Y7 C Y5 and yo € X \ Y2. Then

Ey,ugyy ={(9,) €eGx Y1 |g-y ¢ Vi \{(9.9) € GxY1|g-y=ywo} H(g:%0) 9 v & Y1U{yo}}.
This gives
F(Byiugyor) = f(Evy) + {(g:90) | 9- 90 € Y1 U{yo}} — [Gyol |Oy, N Y1

Similarly, we have

F(Evyugyoy) = F(Eva) + (9, 90) | 9- 90 & Y2 U {yo}} — |Gy | 1Oy, N Y.

Now, the assumption Y; C Ys implies the set inclusions

{(g90) | 9-v0 & Y2U{wo}} C {(g:%0) | 9-%0 ¢ Y1 U {y}}and Oy, "Y1 C Oy N Ya.

This gives
f(EYlu{yo}) - f(BEv,) 2 f(EY2U{yo}) — f(Ey,)

and f is submodular by (4). Moreover, the function f is clearly nonnegative. Finally, for any ¥ C X
and any go € G the map
Yoo : { Ey — Ego.y .
7 (95y) — (90990 90 Y)

is a bijection which implies that f(go-Y) = f(Y) as desired. m

Remark 3.4 When the action of G on X is free, it can be represented by an oriented graph T'= (X, E)
with set of vertices X and set of arrows x — x’ when there exists g € G such that ¥’ = g-x. Observe that
such an element g is then unique by assumption. Then the previous function f becomes the cut function
of I' which is classical in graph theory and known to be submodular.



3.3 Action on a fixed set or subspace

As before assume G acts on X and fix Y a finite subset of X. Let Pun(G) be the subset of finite subsets
in G. Then the map
f . { Pﬁn(G) — ZZO
Yl A— A Y]

is increasing submodular. Indeed, we have for any finite subsets A and B
(ANB)-YC(A-Y)N(B-Y)and (AUB)- Y =(A-Y)U(B-Y).
Similarly, when (p, V) is a linear representation of G and W a fixed subspace of V', the map

¢ . { Pﬁn(G) — ZZO
Wl A dim(A - W)

is increasing submodular because

(ANB)- W) C (A-W)N(B-W) and (AUB) - W) = (A-W) + (B-W).

3.4 Action of a fixed subset in a group

When G acts on X and A is a fixed finite subset of G, we can alternatively consider the map

f . ’Pﬁn(X)—>ZZO
ALY — A Y]

defined on the set Pg,(X) of finite subsets of X. This gives yet a submodular function since for any Y, Z
in Pgn(X), we have

A-YNZ)c(A-Y)N(A-Z)and A- (Y UZ)=(A-Y)U(A-Z).
Also, if we have a representation (p, V) of G we can define similarly the map

¢ . { ,Pkﬁn(_X) — ZZO
"1 Y — dim(4-Y)

where (A-Y) is the k-vector space generated by A-Y and Pran (V) is the set of subsets Y of V' contained in
a finite-dimensional subspace. This gives a k-submodular function since we have dim(A-Y;) = dim(A-Y3)
for any two subsets Y7 and Y3 in Pign(X) such that (Y1) = (Y3).

3.5 Combinations of submodular functions

The following property is easy to check.

Proposition 3.5 The set of nonnegative submodular functions defined from a set S is a cone: given f
and g nonnegative submodular on P(S) and (A, u) € R>q, the map

Af+ug
is yet submodular nonnegative.

Now assume f is submodular (f is not assumed nonnegative here) and « is a modular map defined
on P(S), that is satisfying
u(AUB) 4+ u(ANB) =u(A) + u(B).

Then, we also get the following proposition.



Proposition 3.6 For any real A € R, the map f — Au is submodular on P(S).
Proof. Consider A and B subsets of S. We have
f(AUB) + f(ANB) < f(A) + f(B) (6)
because f is submodular and
M(AU B) + Au(AN B) = Au(A) + Au(B)

by definition of the map u. By subtracting the last inequality to (6), we get the submodularity of f — Au.
|

Remark 3.7 The two previous propositions remain true if the notion of submodular functions defined
on P(S) is replaced by that of k-submodular functions defined on P(V') where V is a k-vector space.

Example 3.8 We resume the notation of the previous section.

1. When G acts on X and Y C X is a fized finite subset of X or (p,V) is a representation of G and
Y CV is a fived subset of V' such that dim(Y') is finite, the maps

oo Pan(G) = R and o - Pan(G) = R
YOl A A Y| = A4 Wl A dim(4-Y) — M4

are submodular for any real .

2. When G acts on X or (p,V) is a representation of G and A is a fized finite subset of G, the maps

dA : { Pﬁn(X) — R Pkﬁn(V) — R

Yo A Y| Aly| @d0oa: { Y — dim(A - Y) — Adim(Y)

are respectively submodular and k-submodular for any real A (recall here that Pran (V) is the set of
subsets Y of V' contained in a finite-dimensional subspace).

4 Fragments and atoms

4.1 Definitions and general properties

In this paragraph, we fix a submodular function f defined on P(S) such that m = miny _pep,, sy f(Y)
exists. Then a fragment for f is a nonempty finite subset Y of S such that f(Y) =m. An atom for f is
a fragment of minimal cardinality. Observe that there exists at least one fragment and one atom by the
hypotheses on f. Moreover, by definition, all the atoms have the same finite cardinality.

Lemma 4.1 Assume Ay and As are two atoms of the submodular function f. Then A1 = As or AiNAs =

0.
Proof. Assume A; N As is not empty. Since f is a submodular function on Pg,(S), we can write
f(A1 N A2) + f(A1U A2) < f(A1) + f(A2) =2m

by using that A; and As are atoms. We have f(A; N A3) > m and f(A; U A2) > m since m =
miny spep,,.(s) f(Y), we get f(A1 N Az) = f(A1 U As) = m. Hence both A; U Ay and A; N Ay are
fragments for f. Now, observe that A1 N Ay C A;. Thus by minimality of the cardinality of an atom,
we have |41 N Az| = |A1| and therefore A; N Ay = A; which means that A; C A;. But A; and As have
same cardinality since they are atoms. So A1 = A;. =



4.2 Left invariant submodular functions on groups

Let G be a group and f : Pgn(G) — R a submodular function. It is said left invariant when f(gA) = f(A)
for any g € G and any finite subset A C G.

Proposition 4.2 Assume f is submodular and left invariant such that m = mingpep,, (o) f(A) exists.
Then, there exists a unique atom H for f containing 1. Moreover H 1is a finite subgroup of G, the atoms
of G are the left cosets gH with g € G and they yield a partition of G.

Proof. The existence of an atom is obtained as in the previous paragraph. Now, if A is an atom, since it
is nonempty, we get that a~!A is also an atom for any a € A because f(a"'A) =m. Then H = a 1A is
an atom containing 1. Let H' be another atom containing 1. Then H N H' is nonempty, thus by Lemma
4.1, we must have H = H' which proves that there exists indeed a unique atom H containing 1. Given
h € H, we show similarly that h~'H is an atom containing 1 so that h~'H = H. Therefore, for any
h,h' € H we get that h~'h/ belongs to H which shows that H is a subgroup of G (finite by definition of
f). Let A be an atom for H. Then, for any a € A, the atom a~'A coincide with H because it contains
1. Thus, A = aH is a left coset of H. It is then well-known that the left cosets of H yields a partition of
G. nm

4.3 Left invariant submodular functions for group actions

Assume that G acts on the set X and consider f : Pgn(X) — R a submodular function such that
m = infy_pep,, (x) f(Y) exists. The function f is said left invariant if for any g € G and any Y C X,
we have f(g-Y) = f(Y). In this case, we get by Lemma 4.1 that for any atom Y and any g € G

g+ Yy is an atom such that g- Yy =Yy or g- Yo NYy = 0.

Let A be the set of atoms for f. We thus get an action of the group GG on the set of atoms A. Now given
any element o in the atom Yy, we obtain the inclusion Gy, C Gy, of the stabilizers of yy and Yy for the
action of G on X. Indeed, for any g € Gy,, we have yp = g -yo € g-Yp and also yg € Yy. Therefore
g-YoNYy # 0 and g- Yy = Yy which means that g belongs to Gy,. Observe also that if yo belongs to the
atom Yy, then any element g - yo also belongs to an atom (because g - yo belongs to g - Yy). We will call
the set
cx)= 11 Y
Yo A

the core of X. The action of G on X restricts to an action on C(X) and thus, the set C(X) is a disjoint
union of orbits for the action of G on X. Moreover, for any such orbit O and any atom Yy, we have

ONYy=0o0rONYy={g9-y17€ Gy,/Gy,} withyo € ONY)

that is O NY} is empty or parametrized by the elements of the coset Gy, /Gy, with yo € O NY} since
Gy, is then a subgroup of Gy,. In particular, if the action of G on X is assumed to be transitive, we
have a unique orbit, C(X) = X and the atoms form a partition of X. Let us summarize the previous
observations.

Proposition 4.3 Assume that G acts on the set X and f : Pan(X) — R is a left invariant submodular
function such that m = infy pep,, (x) f(Y) exists. We have the following properties.

1. The group G acts on the set A of atoms for f.

2. The action of G restricts to the core C(X) of X, defined as the disjoint union of the atoms for f
which is thus also a disjoint union of orbits for the action of G on X.

3. For any atom Yy and any orbit O, the intersection ONYy is empty or parametrized by the elements
of the coset Gy, /Gy, with yo € ONYy.



4. When the action of G on X is transitive, C(X) = X, each element of X belongs to one atom.

Example 4.4 For each action of a finite group G on the finite set X, one can consider the cut function f
as defined in (5). By Proposition 3.3, it is nonnegative submodular and left invariant. Also the minimum
of f is equal to zero and is attained in any subsetY such that g-y € Y for anyg € G and anyy € Y. This
means that the fragments of f are the disjoint union of orbits and the atoms are the orbits of minimal
cardinality. The core is the disjoint union of the orbits with minimal cardinality.

Example 4.5 Here is another example in which atoms are the orbits with minimal cardinality; the
submodular function considered is the function dg of Example 3.8 and Subsection 4.4. Fiz o € S,,
consider X = {1,...,n} and A = (o). As suggested in Section 2.2, X can be written as X = X;U---UX,
where the X; are the orbits of X under the action of A. In this case, da(Y) =32, x. vy | X;| = AlY].
Among the subset Z of X meeting non trivially exactly the same X; as'Y, da(Z) is minimal precisely
when Z = Uj x,ny20X;. In this case, da(Z) = (1 — N)|Z|. Thus, for A\ < 1, the fragments and atoms
coincide and are the X; with minimal cardinality. When X\ =1, every union of orbits is a fragment and
the atoms are the X; with minimal cardinality.

4.4 Behavior of the atoms for the submodular function d4

The function d4 defined in Example 3.8 on Pap(X) by da(Y) = |A - Y|—A|Y] is submodular nonnegative
for any A € [0, 1] and left invariant when G is abelian (see § 5.3). In contrast to the previous examples,
the corresponding atoms and cores depend on A and on the definition of the action. Our goal in this
paragraph is to show that, roughly speaking, the cardinality of fragments is bounded by |A| for small
values of A whereas, for values of A close to 1 and when the action is free, the cardinality of fragments
become larger than |A].

More precisely, assume that A < 1/|A|. Then every fragment Y for d4 verifies |Y| < |A|. Indeed if we
assume |Y| > |A| + 1, we get for any y € YV

da(Y) =[A- Y[ =AY > (1 =NY[= (1 =N(A[+1) = [A] = A+ 1 = A[A] > |A] = A > da({y})

because |A - {y}| < |A|. This thus gives the contradiction d4({y}) < da(Y).
Now assume that the action of G on X is free and A C G is such that | X| > |A|. Consider u < 1 and
any subset Y of X such that |Y| < u|A|. For any X € [0, 1] such that

| X] — 4]

LT o<
X | — plA]

we get for the function da corresponding to A
da(Y) = [A-Y| = AY| > [A] = AIY| > |A] — pAlA]
Here we use that our action is free to insure that |A - Y| > |A|. By observing that

Lo 1XI-14

> 2L s A = A > (1= \)|X
] < Al Al (- DIX]

and da(X) = (1 —A)|X]|, we get that Y cannot be a fragment. In particular, when p > 1— ‘—i‘, we obtain

that the fragments are of cardinality at least |A| for any function d4 such that

N b
= IX] = 4] = IXT-JA[+1

Thus, atoms and fragments indeed strongly depend on A and are in general not easy to determine
explicitly.
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4.5 Left invariant k-submodular functions and group representations

When (p, V) is a linear representation of G, we can proceed similarly for any left invariant k-submodular
function f : Pran(V) — R such that m = infoqim(y)<toc f(Y) exists. We define a fragment as a k-
vector subspace W of V' which is not reduced to {0} and such that f(W) = m. By definition of the
k-submodular function f, we can replace W by any of its generating set Y since f(Y) = f(W). An atom
for f will be a fragment with minimal dimension. The function f is said left invariant if for any g € G
and any subspace W of V, we have f(g-W) = f(W). all the atoms have the same dimension and we
have a linear analogue of Lemma 4.1 whose proof is similar.

Lemma 4.6 Assume Wi and Wy are two atoms of f. Then Wi = Wy or Wp N Wo = {0}.

5 Generalizations of results in additive group theory

We resume the definition of the submodular functions cy,vy,da,d4 of Example 3.8. In any cases, recall
that we consider an action of the discrete group G on a set X (or a linear action on a vector space V).
The functions cy,vy, Y C X are defined on Px,(G) from a fixed finite subset of X or V' whereas the
functions d4 and 4 are defined on Pgy,(X) or Pran (V) from a finite fixed subset A C G. Also, all these
functions attain their minimum on their restrictions to nonempty subsets as soon as they are nonnegative
because their images are discrete subsets of Rx>g.

5.1 Group action context and submodular functions cy

Let us start with an observation which is not relevant in the context of additive group theory but crucial
in our group action context. Consider the map

[ Paal@)\ {0} = Qs
v : { Ar— %

Then it might happen that

inf A) =0. 7
acritn @ A @

This will be in particular the case if Gy is an infinite subgroup of G since subsets A in Gy may have
arbitrary large cardinalities whereas |AY| = |Y| is then fixed. In the opposite direction, we will always
have p > 0 when

1. there exists an element yo € Y such that G, = {1} and then p > 1 (this is in particular true if we
consider the action by left translation of G on itself),

2. or the group G is finite and then pu > % because we always have |[A-Y| > |Y] and Y is fixed.

To overcome this difficulty, we need in general the assumption

[A-Y]

= 1m _—
= acpmon 4]

Example 5.1

1. When the action is free (for example in the case of the left translation of G on itself), we have
|A-Y]|>|A]| so that p > 1.

11



2. For the action of the symmetric group &, on {1,...,n}, when |A-Y| =¥, we get with the notation
of Example 2.1
|A-Y] |Ag-Y| 14

mn =
AZDEPsa(S0)]|AY[=¢ | A] | Aol o (n —k)!

which is minimal for £ = n and then

3. Assume G is finite and acts on itself by conjugation. If we consider Y a subset of Z(G) the center
of G, we get A-Y =Y for any subset A C G. Then

H= inf —|A.Y| :m.
aeP@\oy |4 |G
4. We get similarly p = % as soon as Y is a set of fived elements under the action of G.

Remark 5.2 Assume G is finite and the infimum p in (8) is attained for the subset Ag C G, that is

= I’?X;}T‘ > 0. Since we have Gy - Y =Y for the stabilizer Gy of Y, the set Ay is a disjoint union of

left Gy -cosets. In particular, Gy 1is finite.

Under the assumption g > 0, for any A € [0, u], the function cy defined on Pg,(G) by ey (4) =
|A- Y] — A\|A| is submodular. Moreover, we have

cy(A) =[A-Y|=XA]Z|A-Y[-pn|A] =0

and cy is nonnegative. Observe that
ey (4) > (u— N A].

Also for any g € G
cy(9A) = [gA - Y| = X|gA| = ey (4)

thus the map cy is also left invariant. We get the following theorem.

Theorem 5.3 Consider a subset Y C X and set

[A-Y]

= inf _.
H A€Pra(\{0} |A]

Then
e cither p =20,
e or for any A € [0, u], there exists a finite subgroup H of G containing Gy such that
[A- Y| > XA+ |H-Y|=AH|>XA|+|Y| -\ H]| (9)
for any subset A in G.

Proof. Assume p > 0 and set as usual m = ming_pep,, (@) cy(A4). The case A = 0 is trivial (take
H = Gy and remark that Gy is finite by a previous remark). Consider A €0, ] and Ay € Pun(G) such

that u = "?{Z;}Tl. Then, for any A € Pg,(G), we have

ey (A) = [A-Y[= XA 2 [Ag- Y[ = AlAo| = (1 = A) [Ag| 2 0

12



so that cy is a nonnegative submodular function. By Proposition 4.2, there thus exists a unique atom H
for ¢y containing 1 which is a subgroup of G. Assume there exists g € Gy such g ¢ H. Then

cy (HU{g}) = [(HU{g}) - Y| =A|HU{g}| = cy(H) = A < cy (H)

and H U {g} is nonempty. This contradicts the fact that H is an atom. Thus, we must have Gy C H.
Also since H is an atom, we have for any finite subset A in G

cy(A) =[A-Y[=A[A| > |H-Y| = A[H| = cy(H)

which gives
|[A- Y| >MA|+|H-Y|-\H]|.

]
Remark 5.4

1. Observe that when p =0, the inequality (9) still holds since it reduces to |[A-Y| > |Y].

2. When Y contains an element with trivial stabilizer, we have pu > 1 and the theorem generalizes
Hamidoune’s one when G acts on itself by left translation.

3. Note that we must have H = {1} when G is torsion free because H is a finite subgroup of G.

The theorem also has a dual interpretation in the spirit of § 2.3. Consider a finite subset Y in X such
that such that p > 0.

Corollary 5.5 For any X €]0, u] and any finite subset Ay in G there exists a subgroup H of G containing
Gy such that

A max A +|Y| < AH|+ |4 Y].
ACG|AY=A0Y

In another direction, we can also get the following analogue of a Theorem by Tao and Petridis (see
[19]) in our group action context.

Theorem 5.6 Consider A a finite subset of G and Y a finite subset of X. Assume that
|A-Y| < oA
with a € R>q. Then, there ezists a nonempty subset B in A such that
|CB-Y| < al|CB|
for any finite subset C of G.

Proof. Define the map g4,y such that

, { PAN{D} = Qso
gAYy - C — %

and its minimum g (which indeed exists since P(A) is finite). Let B C A such that p = %T‘. Now
let us consider the function cy defined on Pg,(G) by ¢y (C) = |C - Y] — p|C|. We have seen that he
function cy is submodular and left invariant. We also have here ¢y (B) = 0 and for any C' C A we get
cy (C) > ey (B) = 0. Nevertheless, ¢y is not nonnegative on Pun(G) in general. Now for any nonempty
finite subset S of G and any g € G, we can write

ey(BUg™'S) +ey(BNg 'S) <ey(B) +ev(g™'S) <ev(S)

13



because cy (B) = 0 and cy (g71S5) = ¢y (S). We also have cy (BN g~159) > 0 because BNg~'SCBC A
which implies that ¢y (B U g™'S) < ¢y (S) for any g € G and any S € Pgn(G). By left invariance, this
gives

cy(gBUS) <cy(5) (10)

for any g € G and any S € Pg,(G).
Now, let us consider a subset C' of G such that C' = {g1,g2,...,9m} and C* = {g1,92,.. ., gm_1}. We
get for any S’ € Pg,(G)

cy(CBUS') = ¢y (gmBU(C°BUS")) < ey (C°BU S)
by applying (10) with g = g,, and S = C’BU S’. By an easy induction on m we finally obtain
cy (CBUS') < ey (S")
for any S’ € Pan(G). In particular for S’ = ), we get
cy(CB)<0«<=|CB - Y|—p|CB|<0«<=|CB Y| < u|CB|

since cy (0) = 0. We conclude by observing that = mincc 4,020 ?TTI < % <a =

5.2 Group representation context and submodular functions vy

If we consider a representation (p, V) of G and a finite-dimensional k-subspace W = k(Y) in V, we can
get an analogue of Theorem 5.3. The proof uses the same arguments and is thus omitted here.

Theorem 5.7 Consider a subset Y C X and set

. dim(A-Y)
= n -
AZ0EP,(G) |Al

Then
o cither p =20
e or for any A € [0, u], there exists a finite subgroup H of G containing Gy such that
dim(A-Y) > AA|+dim(H -Y) — A|H| > MA|+dim(Y) — A\ |H]|
for any subset A in G.
We also have an analogue of Theorem 5.6.

Theorem 5.8 Consider A a finite subset of G and W a finite-dimensional k-subspace of V. Assume
that
dim(A-Y) < «a|A]

with a € R>q. Then, there exists a nonempty subset B in A such that
dim(CB-Y) < a|CB|

for any finite subset C of G.
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5.3 Group action context and submodular functions d4

Recall that for any fixed finite subset A in G and any A > 0, the submodular function d 4 is defined on
Pan(X) by da(Y) =]A-Y| — A|Y]. Observe, the function d4 is not left invariant in general as defined
in § 4.3 but this is nevertheless the case when G is assumed abelian. Indeed, we then have for any g € G

da(g-Y)=1A-(g- V)= Xg-Y|=1[gA-Y|=X|g-Y|=[A-Y]| = A]Y|=da(Y)

because we have |[gA- Y| =|A-Y]| and |g-Y]| = |Y]| by (2). The function d4 is not nonnegative for any
A > 0 but it is the case when A € [0, 1] because we have for any A C G and any Y C X the inequalities
[A-Y[>[Y] = AlY].

We get the following theorem.

Theorem 5.9 Assume G is abelian. Consider A a finite subset of G and 'Y a finite subset of X. Assume
that
4-Y|<aly|

with o € R>q. Then, there exists a nonempty subset Z in'Y such that
|AC - Z| < a|C - Z|
for any finite subset C of G.

Proof. Define the map gy, 4 such that

{ Pﬁn ) \ {@} — Q>O
qy,A - S |A-S|
Sl
and its minimum p. Let Z C Y such that p = 12 7] 221 Now let us consider the function da defined on

Pan(X) by da(S) =|A-S|—w]|S|. The function d4 is submodular and left invariant because G is abelian.
We have d4(Z) = 0 and for any S C Y we get d4(S) > 0. Here again, the function d4 is not nonnegative
on Pg,(X) in general. Now for any nonempty finite subset S of X and any g € G, we can write

da(ZUg™'8) +da(ZNg™8) <da(Z)+da(g™*S) < da(S)

because d4(Z) = 0 and da(g~1S) = da(S). We also have da(ZNg=1S) > 0 because ZNg~'SCZCY
which implies that da(Z Ug=1S) < da(S) for any g € G and any S € Pg,(X). By left invariance, this
gives

da(gZ U S) < da(S) (11)

for any g € G and any S € Pan(X).
Now, let us consider a subset C' of G such that C' = {g1,g2,...,9m} and C* = {g1,92,.. ., gm_1}. We
get for any S’ € Pap(X)

da((C-2)US") = dal(gm - Z)U((C°- Z)US") < da((C” - Z) U S"))
by applying (11) with g = g,, and S = (C” - Z) U S’. By induction on m we finally obtain
da((C-Z)US") < da(S")
for any S” € Pgn(X). In particular for S' = (), we get since da(0)) =0
da(C-2) <0<«=[A-(C- Z)| = p|C- Z| <0 = [AC - Z| < p|C - Z].

We conclude by observing that y = mingcy,gp I’?—I < % <a n

Under the same hypotheses as in the previous theorem, we get the following interesting corollary.
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Corollary 5.10 Assume G is abelian and |A-Y| < «a|Y|. Then, there exists a nonempty subset Z in'Y
such that for any integer n > 1 we have

|A™ - Z| < o™ |Z].

Proof. By applying the theorem, we get a subset Z of Y such that |AC - Z| < «|C - Z| for any finite
subset C' of G. In particular, with C = {1}, this gives |A - Z| < «|Z], that is the corollary for n = 1.
Now consider an integer n > 2 and assume by induction that we have ‘A”fl . Z’ < ! |Z]. We then
get

A" Z| = |A- A" Z| <A™ Z| < o™ | Z]

where the first inequality is obtained by using the theorem with C' = A"~! and the second one is the
induction hypothesis. m

5.4 Group representation context and submodular functions d4

Here again, we have a group representation version of the results in § 5.3 when (p, V) is a representation
of G.

Theorem 5.11 Assume G is abelian. Consider A a finite subset of G and W = k({Y') a finite-dimensional
k-subspace of V. Assume that
dim(A-Y) < adim(Y)

with o € R>q. Then, there exists a k-subspace Z # {0} in W such that
dim(AC - Z7) < adim(C - Y)
for any finite subset C of G.

Corollary 5.12 Assume G is abelian and dim(A - Y) < adim(Y). Then, there exists a k-subspace
Z # {0} in (Y) such that for any integer n > 1 we have

dim(A" - Z) < o dim(Z).

6 Symmetry sets and simple upper bounds

Assume that the group G acts on the set X and consider a finite nonempty subset Y of X. The notion
of symmetry set was introduced by Murphy in [13]. Consider a real a €]0, 1], the symmetry set of Y in
G for « is defined as

Sym,(Y)={g€G|lg-YNY|[=a|V[}.

We also introduce the weak stabilizer of Y as

Iy ={geGlg-YnY #0}= [ Sym,(Y).
«€]0,1]

One immediately checks that 1 € T'y and g € Sym, (V) if and only if g=! € Sym, (Y). Also, if G acts
on itself by left translation and A C G, we have I'y = AA~L. Observe also that Sym,(Y) = Gy is the
stabilizer of Y in G. In general we always have Gy C Sym, (Y) for any a €]0,1] and more generally
Sym,,(Y) C Sym,,(Y) for o’ < a. Therefore the sequence of subsets (Sym,(Y))ae[o,1] decreases from G
to Gy when « increases in ]0, 1]. The set

lg-YNY]|

{T|QGFY}CQ>O

is discrete and not empty. Thus it admits a minimum ag and we then have I'y = Sym,, (V).
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When (p, V) is a linear representation of G such that V' # {0}, we define similarly for any k-subspace
W #{0} of V

Sym, (W)={¢ge G|dimg-WnNW > adimW}.
F'w={g9eGlg-WnW #{0}}.
We yet have 1 € Sym, (W) and g € Sym,, (W) if and only if g~ € Sym,, (W).

In this section, we examine what information can be extracted when assumption are done on the

cardinality ratio “?}'}‘/I (or the dimension ratio dg?rg‘?;)/) ). This problem was addressed in detail by Murphy

in [13] for group actions setting. Let us start by recalling the first result of [13] and state its linear version.
Proposition 6.1

1. Assume that |A-Y| = |Y|. Then H = (A71A)! is a subgroup of Gy and Y decomposes into
H-orbits.

2. Assume that dim(A - W) = dimW. Then H = (A=YA) is a subgroup of Gw. When k has char-
acteristic zero and H 1is finite, the k-space W decomposes into irreducible representations for the
group H

Proof. 1: For any a € A, wehave 1 €ea'Aand a™*A-Y =Y because Y Ca*A-Y and [a7'4-Y| =
|A-Y|=[Y]. This shows that A71A-Y =Y and thus the desired inclusion (A~*A) C Gy. Since H is a
subgroup of Gy, it acts on Y which yields the decomposition in H-orbits.

2: We get similarly A='A-W = W and the decomposition of W in irreducible representations for the
finite group H follows from the semisimplicity of its representation theory in characteristic zero. m

We now examine simple cases where the hypotheses of the previous proposition are relaxed. In the
following « is a fixed real in |0, 1].

Lemma 6.2 1. Assume A C G andY C X are finite and nonempty and such that |A-Y| < (2—a) |Y].
Then A=A C Sym, (Y).

2. Assume A C G and W is a finite dimensional k-subspace of V' such that dim(A-W) < (2—a) dim W.
Then A=t A C Sym, (W)

Proof. 1: Consider a,b in A. Since we have |a-Y|=10-Y|=|Y],a- Y CA- Y, b-Y CA-Y and
|A-Y] < (2= a)|Y|, we must have [(a-Y)N(b-Y)| > a|Y]. We thus obtain [(b™'a-Y)NY| > a|Y|
and the desired inclusion A7 A C Sym,, (Y).

2: This works similarly: given a,b in A, we must have (a- W) N (b- W) # {0} and thus a~'b belongs
to Sym, (W). m

Given a subset S of G, (S) be the subgroup of G generated by the elements in S.

Proposition 6.3

1. Assume A C G and Y C X are nonempty and such that |A™'-Y| < 252 |Y|. Then (AA™1)? is
contained in Sym, (V).

2. Assume A C G and W is a k-subspace of V such that dim(A~' - W) < 322 dim W. Then (AA™1)?
is contained in Sym, (W).

IHere (A~!A) means the subgroup of G generated by A~1A.
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Proof. 1: Consider u = ab~' in AA~! with a,b in A. We have

(@™t V)Nn@ V)| =la Y|+ b7 Y] = |- Y)UD Y| >
1+a
2

21Y|—]A7h Y| > Y|
where the second inequality follows from the inclusions a=!-Y C A='-Y and b='-Y C A~!-Y together
with the hypothesis ‘A‘l . Y‘ < 352Y|. We thus get

1+

«
Y|.
2y

YNnu-Y|>

For any v € AA™!, we get similarly

1+

«
Y|.
21y

b=t Yy nY|[=Ynu-Y|>

This implies that both sets Y Nu-Y and v~! - Y NY intersect non trivially in ¥ and
lu-Yno b YAY|[> Y nu Y[+ |o7" Y NY| = Y|>alY].

Therefore we obtain that |[vu-Y NY| > «|Y| and the product vu of any two elements u,v in AA~!
belongs to Sym,, (V). In particular, by taking v = 1 € AA™!, we get that AA~! is contained in Sym,_, (V).
2: The proof can be easily adapted to the context of a the linear representation V of G. m

Remark 6.4

1. When G acts on itself by left translation and Y = A, we have I'y = AA™! and the hypothesis
’Afl . Y’ < 231Y| implies that (AA™ ) C AA™!, that is AA™! is itself a subgroup of G. Indeed,
for some o, (AA™1)? C Sym,(Y) C Ty = AA™ L.

2. If we assume |A-Y| < 3 |Y|, we get similarly that (A~1A)? is contained Ty .
Assertion 1 of the previous remark suggests the following corollary of Proposition 6.3.

Corollary 6.5 Assume that A C G and Y C X are nonempty and that there exists a €]0, 1] such that

3 —

«
Y|.
2y

Sym,(Y) C AA™ and |A7' Y| <

Then AA™! is a subgroup of G.

Proof. By Proposition 6.3, we get (AA™1)? C Sym, (V) C AA~!. Therefore, AA™! is a finite subgroup
of G. m

We can also use Theorem 5.3 to generalize the previous results.

Theorem 6.6 Consider a discrete group G acting on X. Let A, Y be nonempty finite subsets respectively
of G and X such that |A| > |Y|. Assume that

|S-Y]
= 1n
K S#BEPra(G) |5

> 0 and there exists € > 0 such that |[A-Y| < (2 —¢e)u|Y].

Then, there exists a finite subgroup H of G such that Y is contained in the disjoint union H -Y of
H-orbits with

2 2
[H] < (- =DIY] and |H Y| < p(z -DIY].
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Proof. Set A = p(1—5). By definition of x and by considering the submodular nonnegative left invariant
function cy defined in Example 3.8, we must have

9
cy(8) =15 Y| =AlS[ 2 (b= A)[S| 2 u515] 2 0 (12)

for any finite subset S C G. Now, we can write by using the hypotheses |[A-Y| < (2 — &)u|Y] and
412 1Y i i i

ey (A) = |4 Y] = p(1 = ) A £ 2= pul¥] = (1 = ) Y] = (1 = 5)|Y]. (13)
Let H be the unique atom for ¢y containing 1. By Theorem 5.3, we know that H is a finite subgroup of
G and ¢y (H) < cy(A). We must have by (12) and (13)
2
€

< Zer(f) € Zey(A) < (2= 1) Y]

Ep
as desired.
We also get
ey (H) = [H-Y| = p(1 = 5) [H| < ey (4) < p(1 = 5)[¥].
Therefore

e e
[H Y < (1= S) [H]+ (1= )Y

Since p = infgepy, @)\ {0} % and H € Pgy(G) \ {0}, we should have p |H| < |H - Y| which gives

€ €
[H-Y[< (1= H-Y]+pl-5)Y].
By gathering the occurrences of |H - Y|, we finally obtain and the announced upper bound for |H - Y|

2
[H- Y[ <p(z-DIY]

7 Action of a product subset of G on a subset of X

Assume that G acts on the set X. We now address the question of determining an upper bound of AB-Y
when A, B are nonempty finite subsets of G and Y a finite subset of X. This is an action group version
of Theorem 9.2 in [18].

Theorem 7.1 With the previous notation we have
[AB-Y[* < |AB||B- Y| mas{|4b- Y|}, (14)
In particular, when the elements of A commute with those of B we have
|AB-Y|* < |AB||B-Y||A-Y].
Proof. We proceed by induction on |B|. When B = {b}, we obtain

|Ab- Y| < |Ab||b- Y| max{|Ab- Y|}
beB

by observing that |Ab-Y| < |Ab||Y] and |b- Y| = |Y|. Now assume |B| > 1, set m = max,ecp{|Au-Y|}
and fix b € B such that m = |Ab-Y|. Write B = B’ U {b}. Set A = {a1,...,a,} and Y = {y1,...,ys}-
We have AB = AB’ U Ab. There exists a subset A” of A such that

AB = AB' || ab.
a€AP
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Similarly, there exists a subset Y? of Y such that

B-Y=(B"Y)|]by.
yey?

We get

AB.Y =(AB'-Y) | (ab-Y)=(AB"-Y) | (aB-Y)=(AB"-Y) U @B -Y) U U (ab-y).
acAb acAb ac€Ab acAbyeY?

Since we have |J (aB’-Y) C AB’-Y, we have in fact
acA?

AB-Y =(AB"-Y) J U (ab-y).
acAbyeY?®

By the previous decomposition, there exists X C A” x Y such that

AB-Y =(AB"-Y) || (ab-y).
(a,y)eX

Set @ = |X|, B = |A’| and v = |Y?|. Since |AB-Y| = |AB'-Y| + a , the desired inequality (14) is
equivalent to
(|AB"-Y|+a)* < (|AB'| + B)(|B"- Y| +v)m. (15)

By the induction hypothesis, we have
|AB'-Y|* < |AB'||B’ - Y|m. (16)
because maxyep {|Au - Y|)} < maxyep{|Au-Y|)} =m. We have || (ab-y) C Ab-Y and therefore
a < m. Since X C A” x Y, we have also a < 87y. We get a? < mﬂ(:?})];;multiplying in (16), this gives
o?|AB'-Y|> < |AB'||B' - Y|m?B.

Therefore

VIAB'|+B|B-Y|

a|AB Y| <my/v|AB'| x B|B'-Y| <m 5

So
20|AB' - Y| <m~vy|AB'| +mgB|B' - Y].

Combining this last inequality with o < m3y and (16), we finally get
(IAB' - Y|+ a)? = |AB - Y|* +2a|AB' - Y|+ a? <
m[AB||B"- Y|+ my|AB'|+mB|B'-Y|+mpBy = (|AB'[+ B)(|B"- Y| +~7)m

as desired. m
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