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Abstract

We explain how the method introduced by Guth, Katz and Zahl for
the real line R, can be used to prove a sum-product theorem for division
algebras over a local field K of zero characteristic.

Introduction

In the ring of integers Z, one observes a form of independence between
addition and multiplication, which translates in particular as follows: If A is
a finite subset in Z, the cardinality of the set (A + A) U (A - A) of sums and
products of two elements of A is not controlled by that of A. This sum-product
phenomenon seems to have been first studied by Erdés and Szemerédi [9], who
proved in 1983 the following remarkable combinatorial result.

Theorem 1 (Erdgs-Szemerédi). There exists 7 > 0 such that for any finite
subset A C Z,
|A+A|+|A- Al > AT

Erdss and Szemerédi also conjectured that for all ¢ > 0, the inequality
|A+ A|+|A- A] > |A|?>~¢ would be valid as soon as the cardinality of A is large
enough. Solymosi [19] showed that one could take 7 = % in the above theorem,
and at present, the best result in the direction of the conjecture of Erdés and
Szemerédi, due to Rudnev and Stevens [18], gives 7 = % + %67. The present
article deals with statements analogous to the sum-product theorem of Erdés
and Szemerédi, but which apply in other rings, and to infinite sets whose size is

measured by a covering number at some small scale.

The sum-product phenomenon goes well beyond the framework of finite sets
of integers. We now know that the inequality of the above theorem is valid for
any finite subset of any field which is not too close to a subfield, and Tao |20] even
obtained a version which applies in any ring without zero divisors. Furthermore,
Katz and Tao [14] also suggested in 2001 to study the sum-product phenomenon
for subsets of R whose size would be measured using a covering number at one
small positive scale §. Their goal was to address a conjecture of Erdés and
Volkmann |21} 8] according to which there does not exist a Borel subring of
R with Hausdorff dimension strictly between 0 and 1. That conjecture was
solved shortly afterwards by Edgar and Miller |7] using an elegant method which



allowed them more generally to study the Borel subrings of a local field of zero
characteristic.

Theorem 2 (Edgar-Miller). 1. Any Borel subring of C of strictly positive
dimension is equal to R or C.

2. Let K be a finite extension of Q,. Any Borel subring of K of strictly
positive dimension is closed.

Note that the first point implies that a Borel subring of R of strictly positive
dimension is equal to R, while the second shows that a Borel subring of Q,
of strictly positive dimension positive is equal to Z, or Q,. Independently of
Edgar and Miller, and almost at the same time, Bourgain 2] managed to carry
out, in the case of R, the method envisaged by Katz and Tao [14] and he thus
obtained the following more precise result.

Proposition 1 (Bourgain). If A is a Borel subset of R such that 0 < dimpg A <
1, then dimyg A + AA > dimy A.

A central element of Bourgain’s proof is a discretized sum-product theorem,
in which the cardinality is replaced by a covering number. Given & > 0, the
covering number at scale § of a subset A of a metric space X is defined by

N
N(A,6) =min{N | 3ay,...,ay € X : Ac | B(x:,6)}.

i=1

The discretized sum-product theorem, conjectured by Katz and Tao [14] and
later proved by Bourgain |2} |3] states as follows.

Theorem 3 (Discretized sum-product in R). Given o > 0, there exists € > 0
such that the following statement holds for any sufficiently small § > 0.
Let A C [0,1] be such that

1. N(A,0) <67 77¢;
2.Vp>6,Vee E, N(ANB(x,p),d) < p°d °N(A,J);
Then
N(A+ A, 6)+ N(AA,8) > 67 °N(A,J).

The first proofs of this result by Bourgain [2, 3] were based on a fine multi-
scale analysis of the subsets A in R which satisfy N(A+ A, ) < delta N (A, ).
Recently, Guth, Katz and Zahl [10] found a new, more direct proof. The aim
of this article is to present a slightly modified version of their proof, valid more
generally in any local division algebra of zero characteristic. We shall obtain
the following general statement.

Theorem 4 (Sum-product in a local division algebra). Let E be a finite-

dimensional division algebra on R or Q,. Given o € (0,dim E), there exists

€ > 0 such that the following statement holds for any sufficiently small 6 > 0.
Let A C Bg(0,1) be such that

1. N(A,§) <6 77=;
2.¥p>4§,Ve e E, N(AN B(z,p),0) < p?d N (A,0);
3. YF C E subalgebra, 3a € A: d(a, F) > 6°.



Then,
N(A+ AA,0) > 07 °N(A4,9).

For real algebras, Weikun He [11] proved a version of this result that holds
more generally in any simple algebra, using the sum-product results in C that
appear in [4]. With an additional hypothesis of non-concentration in the neigh-
borhood of ideals, one can even show that this type of statement is still valid
in any real semi-simple algebra |12, Theorem 2.2], and also for certain repre-
sentations of real Lie groups [13]. The proof presented here does not apply to
this general framework, but it is more elementary, does not use the variants of
the sum-product in C of Bourgain and Gamburd, and moreover, remains valid
for division algebras over Q,. The attentive reader will have noticed that the
conclusion of the sum-product theorem in a local division algebra is a little
weaker than in the case of R, since we only obtain a bound on the set A+ AA,
which allows to control both A + A and AA. If we want to keep our assump-
tions, this is inevitable, as shown by the example of the pure imaginary segment
A =10,7] in C. However, a lemma of Katz and Tao ensures that if A satisfies
N(A+ A,0)+ N(AA,0) < 6 °N(A,J), then there exists a part A’ in A such
that N(A’A’ + A’A’,5) < 6-C()N(A,6), and this makes it possible to improve
the conclusion of Theorem to find a statement close to that of Bourgain, if one
replaces the third assumption by a condition ensuring that A is not concentrated
near sets of the form aF', where F' is a subalgebra of E and a € E. In the case
of R or Qp, there are no proper subalgebras, and this condition is automatically
implied by (ii).

In a follow-up paper [6], we shall use Theorem W to show that in a finite-
dimensional division algebra over R or Q,, every Borel subring of positive dimen-
sion is closed, which answers a MillerEI about the generalization of the conjecture
of Erdés and Volkmann to non-commutative local division algebras. We shall
even obtain a dimensional inequality analogous to Proposition [1] above.

In the following, we shall state and prove Theorem [ in several particular
cases before dealing with the general case. The reader will undoubtedly find
this approach a little repetitive, but it will allow us to study precisely how the
growth rate € depends on the ambient algebra E, and perhaps also to bring up
more clearly the main ideas of the proof in the simplest cases.

The plan of the article is as follows: after some preliminary reminders from
additive combinatorics, we study in Section [1| the algebras defined on Q,, by
first treating the case £ = Q,, where the proof is the most transparent, then
we explain in Section [2] the necessary modifications to adapt the proofs to cover
the case of real algebras. We conclude the paper with some remarks on possible
extensions of the results presented here.

Notation and preliminary results

Throughout this article, we consider a local field k£ with zero characteristic.
By Ostrowski’s theorem, £ is equal to R, C, or a finite extension of Q,, for some
prime number p. We are interested in the combinatorial properties of sum and
product in a finite-dimensional division algebra E over k. The usual absolute
value on R or Q, extends uniquely to F, and this endows E with a natural

1. We thank Emmanuel Breuillard for mentioning this question to us.



structure of normed algebra, Euclidean if k is Archimedean, and ultrametric if
k is ultrametric. Recall that if A and B are two subsets of E, we note

A+B={a+b; ac A, be B}

and
AB={ab; a€ A, be B}.

Additionally, if n is a natural number,
A= {ar+ - +an s a € A}

and
A" ={ay...an ; a; € A}.

Finally, we denote
(A)s = sA® — sA°.

Many of the elementary results from additive combinatorics usually stated for
finite sets and cardinality adapt naturally to covering numbers. In particular, we
shall use the Pliinnecke inequality for covering numbers, which can be deduced
from the usual Pliinnecke inequality by an approximation argument. Below, and
throughout, we write X < Y if there exists a constant C such that X < CY;
the constant C' may depend on the ambient algebra E.

Proposition 2 (Pliinnecke’s inequality). Let A and B be two subsets of E such
that N(A+ B,6) < KN(A,§). For all natural numbers m and n,

N(mA —nA,s) < K™ N(A, §).

If A is a subset of a metric space, we denote A the neighborhood of A of
size ¢ in X, i.e.

AC) = {z | d(z,A) < 5}

We shall also use Ruzsa’s covering lemma for the quantities N(-,¢), the proof
of which is left as an exercise.

Lemma 1 (Ruzsa’s covering lemma). Let A and B be two subsets of E such
that N(A + B,5) < KN(A,5). There exists a subset X C B®) such that
NX,0)SKand BCA-A+X.

Sometimes, we shall use the Landau notation X = O(Y) to mean X <Y.
In particular, the notation O(1) denotes a constant which may depend on the
ambient algebra F.

1 Division algebras over Q,

The proof of Theorem @ is a little simpler when £ = Q,, and we shall
therefore start with this particular case. Then, we shall treat the case of a
finite extension k of Q,, for which it suffices to introduce a lemma of “escape
out of subspaces”’; we shall see that the growth exponent obtained in this case
is relatively independent of k. Finally, we shall indicate the few modifications
necessary to adapt the proof to the case of a non-commutative division algebra
E over Qp; unfortunately, in this non-commutative framework, our proof gives
a growth exponent which depends on the dimension of E on Q,.



1.1 Sum-product in Z,

The p-adic valuation of a rational number z is the unique integer v,(z) such
that u
x=pUr®. 7 with a and b not divisible by p.

One defines an absolute value on Q by the formula |z|, = p~ @ and the
associated distance is given by d,(z,y) = | — y|p. The field Q, of the p-adic
numbers is equal to the complement of Q for this distance. We also note Z,, the
closure of Z in Q,; it is an open and closed neighborhood of 0 in @Q,. Recall
that the distance d, on Q, is ultrametric, i.e.

Ve,y,z2 € Qp,  dp(z, z) < max{dy(z,y),dp(y,2)}.

It is this inequality, stronger than the triangular inequality, which makes the
proof of the discretized sum-product theorem a little more transparent in Q,
than in R. Throughout the rest of this section, the prime number p is fixed,
and we simply write d(z,y) = dp(z,y).

The algebra E = Q,, does not contain any non-trivial subalgebra, so Theo-
rem [ is a little simpler in this particular case.

o(l—o)
21420

Theorem 5 (Discretized sum-product in Z,,). Giveno € (0,1), lete = >

0. The following statement holds for any small enough § > 0.
Let A C Zy be such that

1. N(A,0)=6"°;
2.Vp>4,VeeE, N(ANB(z,p),6) < Cp°N(A,S).
Then,
N(AA — AA,5) > C~OPW5==N(4,9).

Proof. Let v > 0 be a parameter. We consider the set

ap — az
B = ;a1,a9,a3,a4 €A, |laz —a4] > 67y NZ,
a3z — a4

and the scale
= 527,

Note that the set B always contains 0 and 1. We distinguish two cases.
First case: Vo € B, d(x + 1, B) < ;.
If d(y, B) < 01, there exists  in B such that d(y,z) < d1, and then

dly+1,B) <max{d(y + 1,2+ 1),d(z+1,B)} < 0.

This shows that B(®") is stable under z — = + 1. Therefore B(®1) contains Z,
and also Z,,, by density. In particular,

N(B,6,) > 67 =61127,

Let B’ be a maximal 20;-separated subset in B, and for each z in B’, fix a
representation

x = Z—I where a, € A— Aand b, € (A— A)\ B(0,67).

€T



If A’ is a maximal 26!~ 7-separated part in A\ B(0,67), the map

AxB = AA—A)x (A—A)A
(a,z) (aay,bya)

is injective at the ¢ scale. Indeed, suppose

{ aa; = u+ O(9)
bra = v+ O(0)

where O(d) denotes an element of norm at most J. Then,

a; _u 1 _u
x__v+o<|abm|)_v+0(6l)

so x € B’ is uniquely determined, and

v 1) v
= — — == 5=
¢ bﬁo(lbw) p T2

is also determined in A’. Therefore,
N(AA = AA5) = N(B,oy)| A 2 571427 4).
As |A'| ~ N(A,8'77) 2 57N (A,5) and N(A,5) = 67, we obtain

N(AA — AA,8) > 52t A2 N (A, 6).

Second case: There exists z in B such that d(z + 1, B) > ¢;.
Let us write x + 1 = £, with e; € 24 —2A4 and es € A — A such that [e;] < [es]
and |eg| > 07. We first want to get a lower bound on N(e1A + e3A4,d). Let

Q = {(a1,a2,a3,a1) € A** | e2a1 + e1a4 = e2as + eraz + O(0)}.
If (a1, a2,as,a4) is in Q, then

w §(5|eg\_1\a3—a4|_1 §51_7|a3—a4|_1.

a3z — Q4

Since d(£t, B) > §'77, we must have |a3 — as| < 67, If a4 is known up to an
error of size §, by non-concentration, there are at most C§77 N (A, 0) possibilities
for az. Then, if a1, a3, as are known up to §, the non-concentration assumption
and the equality

e e
ag = a; + —ay — —az + O(lea| ~19)
€9 €9

show that there are at most Clea| 707 N (A, d) possibilities for as, and so
N(Q,6) S C®les| 767N (4, 6),

With the Cauchy-Schwarz inequality this gives

4
N(A; 6) > 0—2‘62|06—o(1+'y).

> V7
N(etA+exA,d) > N@©.0) ~



On the other hand, as
€1A + €2A C B(O, |62D7

we can also bound

1
N(etA+e3A,0) S ————N(AA+e1 A+ exA)d
(e1 24,9) N(AA,|eg|)( ! 24,9)
1 1
<COF—— N(AA+ e A+ erA
SO N @ e Y AA T A e2d,0)

< 7t ea|  N(4AA — 3AA, 5)
and with the Pliinnecke inequality,

7
N(AA - 14147 5) z Oio(l)|62|7o_ N(elA + 62A, (;) 2 070(1)570_,\/'
N(A, ) N(A,9)

_ o= 1—
To conclude, we set v = 31+i, so that € = 2 = =2 3 — ‘;EH;), and the
7

case disjunction above therefore shows that one always has

N(AA — AA,6) > C OW§=N(4,0).

1.2 Finite extensions of Q,

In this paragraph, we consider a finite extension k of Q,. The absolute value
||, on Q, admits a unique extension to k, and for z,y in k, we again write
d(z,y) = |z — y|p. This distance on k satisfies the ultrametric inequality. We
refer to [1] for the elementary properties of finite extensions of Q,,.

Theorem 6 (Discretized sum-product in k). Let k be o finite extension of Qp,
andd = [k : Q). Giveno € (0,1), we sete = 998=9) " The following statement

4(40+0)
holds for any sufficiently small § > 0.
Let A C By(0,1) be such that

1. N(A,0) =6,

2. Vp>6,Vr ek, N(ANB(x,p),8) < Cpl°N(A,$);

3. VF C k subalgebra over Qp,, Ja € A: d(a,F) > c.
Then,

N(A+ AA,§) > PO OM=N(4,0).
Remark. The quantity o corresponds to the renormalized dimension of A:

dim A
d

o=dim' A := .
And the lower bound on € given by the above theorem shows that the growth
rate for the renormalized dimension is independent of the field k. Indeed, setting

I _ € o(l—o)
e =35>~ , we have

dim’(A + AA) > dim’ A +¢'.



Proof of Theorem[f The proof is similar to that of theorem [5] but we use the
two operations (z,y) — z+y and (z,y) — xy instead of  — z + 1, to obtain a
growth rate that is independent of k. As above, for v > 0, we consider the set

a1 — ag
B:{ ; a1, ao,a3,a4 € A, |a3—a4|2(57}ﬁ3k(0,1)
a3 — a4

and the scale
= 5137,

Note that the set B always contains 0 and 1. We make two cases.

First case: Vx,y € B, d(z + y, B) < §; and d(zy, B) < d;.

Let us show that B©") is stable under + and x. If d(z', B),d(y’, B) < §1, we
choose z,y € B, such that d(z’, z),d(y’,y) < d1, and then

d(z' +y',B) <max{d(z' + 3,z +9),dlx+y' 2 +y),dlx+y, B)} < 0.
Similarly, as A C By (0, 1),
d(z"y', B) < max{d(z"y’,zy’), d(zy’, zy),d(xy, B)} < 1.

Since B contains 0 and 1, the stability under addition shows that B(°1) > Ly,
then the stability under multiplication, with the proposition [4] below below,
shows that there exists a subalgebra F' of E such that

Br(0,c°M) ¢ B < Br(0,0(1)). (1)

First suppose F' C E. If aq is a fixed element of maximum norm in A, the inclu-
sion B C F implies that aal(A — A) C F. Since A is far from any subalgebra,
we can find a in A such that d(a, F) > ¢, and then F' and oF are in direct sum,
so that

N(A— A+ AA - AA,8) 2 C OWN(ag (A — A) + aay (A — A), )
> OWC-OWN(A - A,6)?
> PDo=0Mg=doN( 4, §).

~

With the Pliinnecke inequality, this implies
N(A+ AA,§) > COC-OMs—IN(A,5). (2)
Now suppose F' = E. The left inclusion in the formula above implies
N(B,8)) > OMgrd = O g—d+3dr

Let us then consider B’ a maximal 26;-separated subset in B, and for each z in
B’, let us fix a representation

z= Zi where a, € A— A and b, € (A — A)\ B(0,57).

x

If A’ is a maximal 261~ 7-separated subset in A\ B(0,d7), then the map

A xB — AA-A)x(A-AA
(a,z) + (aza,bza)



is injective at scale §. Therefore,

N(AA — AA,5)?

<
N(B,5,) < ya

Since |A’| ~ N(A,8'77) 2 67 N(A,6), we find

N(AA — AA,§) > CW5= =T N(4,5),
which by the Pliinnecke inequality implies
N(A+ AA,8) > CD5= = N4, 5). (3)

Second case: There exists « and y in B such that d(x+y, B) > 0 or d(zy, B) >
1.
Depending on the case, write  +y = £ with e; € 2(A — A)(A — A) and
ea € (A— A)(A - A), or zy = fracejes with e; € (A — A)(A — A) and
es € (A— A)(A — A). Note that in any case |e;| < |es| and |es| > 627.

We first want to get a lower bound on N(e1A + e34,d). Let

Q = {(a1,a2,a3,a1) € A** | e2a1 + e1a4 = esas + eraz + O(0)}.
If (a1, a2, as,aq) belongs to Q, then
5 61—27

= lea(az —aq)| T |az — aq|

ap—az €

a3 — Qg4 €92

Since d(¢, B) > 51737, we must have |az — a4 < 67. If a4 is known up to 4,
by non-concentration, there are at most C§7%° N (A, §) choices for az. Then, if
ai,as,as are known up to 4, as

€104 €1as3 6

+ O(

2 ex o]

)

as = ay +

the non-concentration hypothesis shows that there are at most Cles| =469 N (4, §)
possibilities for as, and so

N(Q,8) < C?|eg| 754NN (A, 5)*.
Consequently,

N(e1 A+ egA, 8) > Jm > O 2|eg|to 5o (14),
Since e; A + ea A C By(0, |ez|), this implies
N(A+e1A+eyA,8) = N(A, |ea|)N(e1 A+ e3A, 6)
> C*O(l)|62|7da‘€2|d057dcr(1+~y)
= COW4IN(A,0).

Now, according to Proposition [3] below and the remark that follows it,

N(A+e1A+esA,0) _ (N(A+A4,6)\*
N(4,5) ~ N(4,5)



and so,
N(A+ AA,5) > COWs=R N(A,5). (4)

With v = , we find

l1—0o
+2)
(1-0—4y)d doy  o(l—o0) < ad
4 38 4(38+0) 14
and the inequalities (2)), (3) and (4) together allow us to conclude:
N(A+ AA,8) 2 CDCOM5==N(4,0).

E =

O

It remains to prove the two results that we used. The first is a standard
additive combinatorics result, which shows that the growth of the set A + AA
makes it possible to control that of any set

(A)s = sA® — sA°.
The proof is based on Pliinnecke’s inequality and Ruzsa’s covering lemma.

Proposition 3. Let E be a finite-dimensional algebra on R or Q,. If A C
Bg(0,1) satisfies N(A+ AA, ) < KN(A,96), then, for every integer s > 1,

N((A),8) < KON(A4,6).

Remark. If A satisfies N(A + AA,§) < KN(A,J), and if e, ¢} and ez are
three elements of (A — A)(A — A), we leave it to the reader to check that the
proof of this proposition yields

N(A+e1A+e)A—eyA,8) S K3BN(A,6).

Proof of Proposition[3. Let us first show that for all z € (A)g, there exists a
finite set X, s such that

N(X,40) < K%W et zACA-A+X,,.

This can be seen by induction on s. For s = 1, by Ruzsa’s covering lemma,
there exists a set X such that N(X,0) < K and AA C A— A+ X, so the result
is clear. Then, we notice that if tA CA- A+ X;;andyA C A-A+ X
then thanks to Ruzsa’s covering lemma again, we can write

Y,S»

(x+y)AC zA+yA
CA—A+A—A+X,,+X,.
CA—A+ Xty st1

for a set Xy 4y 41 such that N(X;4y s41,0) S K9 Likewise,
(x—y)ACA—A+ X, y i1,
and also,

2yA CzA— A+ X,
CA-A+A-A+X,,— X, +2Xy,
C A — A + Xzy’erl'

10



Naturally, this property still holds for all z in a §-neighborhood of (A).

Let us now show by induction that there exists X, in a §-neighborhood of
(A)s such that N(X,,6) < K9 and A° ¢ A— A+ X,. This has already
been seen for s = 2. Let us therefore assume the result is known for some s > 2.
Then,

A+ AT C A+ AA-A+X,) CA+AA - AA + AX,.

By the first part of the proof, AX, C A — A+ X', where X' = Upzex, Xy s, 50

NA+ATL ) < NA+AA - AA+ A - A+ X')9)
< K9%WN(A4,6)

Then
AU CA— At Xop,

by Ruzsa’s covering lemma.
To conclude, it suffices to observe that we have

(A)y = A"+ -+ A°
CA—A+ - +A—A+ X, £ £X,

which indeed implies N ((A),, ) < K9 N(A,§), by the Pliinnecke inequality.
O

The second proposition gives a bound on the number of products necessary
to generate an algebra E from a generating subset A. In the real case, this
statement is proven in He |11, Proposition 16| using the Lojasiewicz inequality.
We give here a slightly different proof, which also applies to the p-adic case.

Proposition 4 (Escape from subspaces). Let E be a normed division algebra
over R or Qp, and let A C Bg(0,1) be a subset at distance p > 0 of any
subalgebra. There exists ay,...,aq in A? such that det(ay, ..., aq) > p©M).
Proof. Replacing A by A\ Bg(0,p) if necessary, we may assume that every
element a in A satisfies |a| > p.

We construct the basis (ax)r>1 by induction. Let k£ > 0, and suppose that
the elements a;, ¢ < k have been constructed in A* so that for all i < k,
d(a;, Vi) > p®1) | where V; = Span(a;;j < 7). Let G denote the compact group
of elements of norm 1 in F, and

A'={—;ae A}

a
|al
The group G naturally acts from the left on F, and A’ is at distance p from
any subgroup of the form Stabg W, where W < E is a subgroup vector space,

because by assumption, A is at distance p from any subalgebra. The second
point of Lemma [2] below applied to the set

F={w=uvA--Av, € AN"E; |w|=1}
therefore shows that there exists a in A such that
a

A1 Vieer, Vi) = d(@Viey, Vi) 2 pom.

11



Now, given the condition d(a;, Vi) > p®1) for i = 1,...,k, we have

d(aVig1, Vis1) < p~ 00 max d(aa;, Vit1).

Therefore, there exists a in A and i € {1,...,k} such that d(aa;, Viy1) > p@0).
We then set aj1 = aa; € AR,

The family (a;)1<i<q is a family of elements of A4 and the inequalities
d(a;, Vi) > p°® and |a;| = O(1) for i = 1,...,d show that we also have

det(al, ey ad) > pO(l).
O

Lemma 2 (Distance to stabilizer). Let G be a compact Lie group on k =R or
Qp, and V be a linear representation of G on k.

1. For all v € V, there exists a constant ¢ > 0 such that for all g € G,
d(gv,v) > c¢-d(g,Stabg v).

2. If F is a compact subset invariant under the action of G, there exists
C > 0 such that for all v € F, there exists v1 € F such that for all
g € G, d(g,Stabg v1) < Cd(gv,v).

Proof. Let us denote H = Stabg v and h = Lie(H). Let W be a complement of
b in g = Lie(V) and U be a neighborhood of 0 in W such that Y + ¥ -v be a
diffeomorphism of U on its image. There exists ¢g > 0 such that if d(g, H) < co,
we can write g = e¥ h, with h € H and Y € U, hence

d(gv,v) = d(e"v,v) = |[Y]| =~ d(g, H).

Since moreover, the continuous function g Z((Zt}l’;)) is strictly positive on the
compact set d(g, H) > ¢, we indeed find that there exists ¢ > 0 such that for
all g € G, d(gv,v) > cd(g, H). This shows the first part of the lemma.

For the second, let vy be a unit vector in V. Let Tj be the tangent space to
Gy at the point vy and T5- be a (Stabg vg)-invariant complement in V. In a
neighborhood U,, of G'vg, any vector v can be written uniquely

v=21x+4t,

with z = o(z)vg € Guvy and t € o(x)T; for a certain o(x) € G, and the map
v mapsto(x,t) is a diffeomorphism of U, onto Gvg x Bry (0,70). Now, for g
in G,

gu=gr+gt et gtcgo(x)Ty =o(gx)Ty,

Therefore,

1
—-d(g, Stabg o (z)vo)
Co
according to the first point of the lemma. This shows the desired property for
all v in the neighborhood of an arbitrary point v, taking v; = o(x)vy. We
conclude by taking a finite covering of F' by open sets of the form U,,. O

v
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1.3 Non-commutative division algebras

In this paragraph, E denotes a division algebra over @Q,, not necessarily
commutative. The usual absolute value |-|, on Q, again extends uniquely to
E.

Theorem 7 (Sum-product in division algebras over Q,). Let E be a division
algebra of dimension d over Q,. Given o € (0,1), there exists € = e(d) > 0 such
that the following statement holds for any sufficiently small 6 > 0.

Let A C Bg(0,1) be such that

1. N(A,0) =6,

2.V¥p>6§,Vz € E, N(AN B(x,p),8) < Cp¥N(A,J);

3. VF C E subalgebra, Ja € A: d(a,F) > c.

Then,
N(A+ AA,6) > CHC=OW=N(A4,6).

Proof. Let us denote K = W. We want to show that K > ¢?MC—0M 5=,

Given a parameter v > 0, we consider the set

B =B, UB,,
where
By = {(al —ag)(as — a4)_1 i a1,a2,a3,a4 € A, |az —ay| > 57}
and
By = {(a1 —as) Yas —a4) ; a1,a9,a3,a4 € A, |az — ag| > 5”}.
We also let

T

Note that the set B always contains 0 and 1. The lack of commutativity makes
it difficult to check stability of B under + and x, so we go back to the argument
used for Qp, which only involves the operation x — = + 1. It is because of this
that the growth exponent obtained will depend on the dimension of £ on Q,.
First case: Vo € B, d(x + 1, B) < ;.

The set BV is then stable by « — x 4+ 1. Therefore, B > Z,,, and so

N(BYNZ,,6) 267" or N(BPYNZ,,6) 26"

Suppose to fix ideas that the first inequality holds. According to Proposition [4]
above, we can find elements aq,...,aq in A% which form a base of E with
determinant ¢!, Consequently,

N(a1BPY 4+ 4 aqBYPY 51) > CW g4, (5)

Consider a maximal d;-separated subset B in A + Bi, and for each x in B/, fix
a representation

4, € A(A— A)+ (A— A)

o
x =agzb," where { by € (A—A)\ B(0,57)

13



Let also A’ be a maximal §'~7-separated subset in A\ B(0,47). The map

A xB — (AAA—AAA+ AA— AA) x (AA— AA)
(a,z) +— (aza,bza)

is injective at scale §. Therefore,

AAA — AAA+ AA— AA,5)N(AA — AA,5)

N(A+ B1,0) < M

A’
and with Proposition [3]
N(A,¥)?
N(A+ B1,61) K32(|A’/)

S K325 D N(A,0)

and so
N(A+ By,6) S K32673N (A, 6).
By Ruzsa’s covering lemma, this implies that there exists a part X such that
N(X,0) < K326739 and
BiCcA- A+

Consequently, for a set X’ such that N(X’,d) < N(X,8)% < K32d5=3d"y,
a1By + -+ + agBy C dAM — dAT! + X!
and therefore, with Proposition [3]
N(arBy + -+ agB,8) S K325 3TN (dAH — gA™+1 5)
< KO« =37 N (4, 5).
This inequality together with @ gives
OW =424y < N () By +- - +ayBy,81) < N(ayBi+ - +agBy,8) < KO W§—3C7N (4, )

whence
FOal) > CO(1)5fd(170)+2'y+3d2'y'

Second case: There exists z in B such that d(z + 1, B) > ¢;.
To fix ideas, suppose x € By so that we can write

r+1=eje;" with e €24 —-2A, ey € A— A, and |ey] > 7.

(If + € By, we must instead write z + 1 = 65161 and use the set e; A + ex A
below, but the rest of the argument adapts without difficulty.)
We first want to bound N(Aey + Aeq, ) from below. Let

Q = {(a1,a2,a3,a4) € A** | ajes + age; = azses + aze; + O(0)}.
If (a1, a2, as,aq) belongs to @, then

‘(ag —a4) Hay —as) — 6162_1‘ < dlea| Has —aq| "t <8 ag —aq] 7t

14



Since d(eje; ', B) > 61727, we must have |az — ay| < §7. If a4 is known up to 4,
then by non-concentration there are at most C§%7% N (A, §) possibilities for as.
Then, if a1, a3, ay are known up to ¢, as

as + azere; ' = ai + aserey "+ O(lea| 716)

the non-concentration assumption shows that there are at most Clea| =97 §9° N (A, §)
possibilities for as, and so

N(Q.0) < CPlea| #7077 HFIN (4, 6)".
Subsequently,

4
N(A7 56) > 072|62‘d057d0(1+'y)

N(der + ez, 8) = o

and then, as before,
N(A+ Aej + Aey, 8) =2 C~OW§=4IN(A, ).
With Proposition [3] this yields
KO > 0 g—dv.
Choosing v = dU-9) " we find in both cases above K > CMe-0Ms==¢ for a

! 3d772
certain € > 0 depending on d. O

2 Division algebras over R

We now briefly explain how the above proof adapts to derive a discretized
sum-product theorem in real division algebras. Note that according to Wed-
derburn’s theorem, such an algebra is isomorphic to R, C or H, the quaternion
algebra. The argument is similar to that given for algebra over QQ,, but it is
necessary to compensate for the fact that the distance is no longer ultrametric.
To do this, we replace the operation x +— x + 1 by the two operations x — 5
and x — ITH

The algebra of quaternions

Recall that the quaternion algebra H is a four-dimensional algebra over R,
a basis of which is given by the elements (1,1, j, k) satisfying the relations i2 =
j2=k?>= —1and ij = k . One can identify H with the subalgebra of M(C)

generated by the matrices

(i 0 (0 1 0 i
o8 e Gg) )

The algebra H is non-commutative, but has no zero divisors, so it is a division
algebra. Any proper subalgebra of H is isomorphic to R or C. Naturally, the
only subalgebra isomorphic to R is R ~ R1, but there exist in H an infinite
number of embeddings of C, among which C ~ R1 & Ri, C ~ R1 & Rj and

15



C ~ R1 @ Rk. The usual absolute value on R extends uniquely to an absolute
value on H, given by the formula

la+bi + cj + dj| = Va2 + b2 + 2 + d2.

In H, the discretized sum-product theorem states as follows.

o(l—o)

Theorem 8 (Discretized sum-product in H). Given o € (0,1), let e = 35—
2

The following statement is valid for any sufficiently small § > 0.
Let A C By(0,1) be such that

1. N(A,5) =614,
2. ¥p >4, Vo € H, N(AN B(z,p),d) < Cp?N(A,J);
3. VF C H subalgebra, 3a € A: d(a, F) > c.
Then,
N(A+ AA, ) > PWC=OM5eN(A4,9).

Proof. As in the p-adic case, we use an auxiliary parameter v > 0 and we
consider

B = B; U B,

where

B, = {<a1 —ag)(az —ag) " ; ar,ag,a3,a4 € A, |az — ag| > 67}
and

By = {(a1 —az)"(as — a4) ; a1,az,a3,a4 € A, |ag —ay4| > 07}
We also put

5, = 51—,
We shall show that p N(A+ AA,$) > §-¢
T ON@y) T

First case: Vo € B, d(%,B) < % and d(2:, B) < &.
The set BV is then stable by z — 5 and x — ztl

zHL " Therefore, B > [0, 1],
and so

NBPYN[0,1],6) =67 or N(BLYN[0,1],61) = 67"

Let us assume to fix ideas that the first inequality is satisfied. According to
Proposition [4] above, we can find elements a1, ...,as in A? which form a basis
of H with determinant ¢°("). Subsequently,

N(a B + -+ aBP™,61) > OWor. (6)

Consider B’ a maximal d;-separated subset in A + Bi, and for each z in B’, fix
a representation

4y € A(A— A)+ (A— A)
by € (A— A)\ B(0,57)

T =a.b;?

where {

16



If A’ is a maximal §'~7-separated subset in A\ B(0,47), the map

A xB — (AAA—AAA+ AA— AA) x (AA— AA)
(a,z) +— (aza,bza)

is injective at scale § Consequently,

N(AAA — AAA+ AA— AA,5)N(AA — AA,5)
A’

N(A+ By,61) <
SOTYKRN(A,S).
and so
N(A+ By,6) ST K*2N(A,6).

By Ruzsa’s covering lemma, this implies that there exists a set X such that
N(X,8) S5 127K32 and
BiCcA- A+

But Ruzsa’s covering lemma also gives AA C Y+ A— A, with N(Y,d) < K and
therefore
af(A—A)+- - +as(A—A) CY' +44AA - 4AA

for a set Y’ such that N(Y’,6) < K® Thus,
N(ai(A—A)+---+as(A— A),0) S KEN(4AA - 4AA,5) < KON(A,6).
Therefore,
N(a1By+ -+ ayB1,0) S K N (a1 (A~ A) + - +as(A - A),9)
< KU1\ (A, 0)
This inequality, put in relation with @, gives
OW§=4+8Y < N(ay By + - - + ay By, 6)

5 ‘[(1445748'yj\]—(147 5)
— K1446—48’y—40
whence

l1—o—14y

K 2 W5

Second case: There exists x in B such that d(3, B) > %1 or d( fracx +12,B) >
01
?.

To fix ideas, assume « € By and d(2£%, B) > &

%, so that we can write
z+1 :elegl with e € 24 —2A4, es€ A— A, and |es| > §7.
We first want to get a lower bound for N(Aes + Aeq,d). Let
Q = {(a1,a2,as,a4) € AX4 | a1eq + ase; = ages + azer + O(0)}.
If (a1, a2, a3, aq) belongs to @, then

|(a3 —ag) May —as) — elegl‘ < dlea| Has —ag| 7t <8 ag — aq] 7t
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Since d(eje; ', B) > §'727/2, we must have |az — aq| < 267. If ay is known
up to an error §, by non-concentration, there are at most C2%7§*7 N (A, )
possibilities for az. Then, if a1, a3, as are known up to 9, as

az +azere; " = aj +azere; 4+ O(|ea| 9)

the non-concentration hypothesis shows that there are at most C|es| ~47 647 N (A, 6)
possibilities for as, and so

N(Q,6) S C?ley| #7647 ITIN (A, 5)*.

Thus,

N(A,0)* —2| o4
N(Aey + A > > 7§—ao(l+y),
( e1 + 82,(5)_ N(Q,é) NC |€2‘ 1)

On the other hand, as Ae; + Aes C By(0, |ez]), one has
1

~ N(4, lez])

< Clea|* N(A + Aey + Aey, d)

< Clea|* N(A+3AA — 3AA, )

< Clea|* KTN (A, 6)

N(A61 +A€2,5) (A+A€1 +A62,5)

where the last inequality follows from the Pliinnecke inequality. So,
N(A, 6) > C73K7(574U(1+’Y)

and therefore
40y

K >0 W57

o(l=0)

360443 We find in both cases

Choosing v = = and setting ¢ =

36 4<’+

K > CO(l)c—O(l)(s—s.

The real line and the complex plane

The methods used in the previous paragraph also apply to prove a discretized
sum-product theorem in R or C, and the argument is even a little simpler, very

close to that used for @, in the first part. In the case of R, we obtain a result
o(l—o)

27420
while for C, the statement is identical to Theorem |§| but with ¢ = 2Z4=9) The

724320
detailed proofs are left to the interested reader.

exactly similar to Theorem [5 I obtained for @,, but with a constant € =

Conclusion

For certain applications, it can be interesting to slightly modify the assump-
tions of the discretized sum-product theorem, or to study the dependence of the
growth rate € as a function of the other parameters. We briefly discuss some of
these issues.
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Weakening the non-concentration assumption

Bourgain and Gamburd [5] noticed that the discretized sum-product theorem
in R is still valid when the non-concentration condition is given by a parameter
K > 0 not necessarily equal to the dimension ¢. This version of the discretized
sum-product is essential for the proof of their spectral gap theorem for subgroups
of SU4 generated by elements with algebraic entries.

The argument which makes it possible to weaken the non-concentration as-
sumption is a bit technical, but quite formal, and it applies equally well to
algebras with local division. We then obtain the following result, of which we
do not include the detailed demonstration.

Theorem 9 (Sum-product in local division algebras). Let E be a finite-dimensional
division algebra on R or Q,. Given o € (0,dim E) and k > 0, there existse > 0
such that the following statement holds for all sufficiently small § > 0.

Let A C Bg(0,1) be such that

1. N(A,0) <d6777¢;
2.Vp>6,Ve e E, N(A,p) >p";
3. VF C E sub-algebra, Ja € A: d(a, F) > 6°.

Then,
N(A+ AA,0) > 0 °N(A4,9).

Growth exponent

The problem of the dependence of the growth exponent ¢ as a function of
o has already been much studied in the case of R. Recently, Orponen and
Shmerkin |16, Theorem 1.22] managed to obtain for Bourgain’s statement the
lower bound € > ¢/6 when o € (0,2/3), which is much better than the bound
given by the argument presented above. We note however that their approach
does not provide a new proof of the discretized sum-product, since it is based
on a discretized radial projection theorem [17], itself based on Bourgain’s dis-
cretized sum-product theorem.

It would be interesting to also obtain better estimates of the growth rate in
the setting of a general local division algebra. We saw in Theorem [f] that this
rate is uniform for all local fields with zero characteristic. One may conjecture
that this is still the case for any division algebra, not necessarily commutative,
and perhaps for any simple associative algebra on R or Q,. This could have ap-
plications to the study of random walk in compact groups, such as Lubotzky [15]
Problem 10.9.1]. Unfortunately, our proof does not seem to adapt to give this
result.
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