SEMISIMPLE RANDOM WALKS ON THE TORUS

WEIKUN HE AND NICOLAS DE SAXCE

ABsTrACT. We study linear random walks on the torus and show a quantita-
tive equidistribution statement, under the assumption that the Zariski closure
of the acting group is semisimple.

1. INTRODUCTION

Let d > 2 be an integer and T¢ = R?/Z% the torus of dimension d. We study a
random walk (,,),>0 on T¢ given by

VYn>0, T,=¢gn. - -91%T0

where (g,)n>1 is a sequence of independent identically distributed random vari-
ables with law pu on GL4(Z) and zo € T¢ is a point. Let I' denote the group
generated by the support of p, and G be the Zariski closure of I' in GL4(R). In
their breakthrough paper [10], Bourgain, Furman, Lindenstrauss and Mozes showed
that if G acts strongly irreducibly and proximally on R?, then the random walk
(Zn)n>0 equidistributes in law to the Haar probability measure mrya as soon as zg
is irrational, i.e.
Vo & Qd/Zda W b 42—)—&-00 My .

Moreover, this result is quantitative : the rate of convergence is given in function
of how far away x( is from rational points of small denominator. Following their
strategy, we showed recently in [23] that their theorem was still valid without the
proximality assumption, as long as the action of G is strongly irreducible. On the
other hand, the theory developed by Benoist and Quint in their series of articles
[2, 4, 5, 3] made it clear that when studying random walks on homogeneous spaces,
it was most natural to only assume that the acting algebraic group G was semisim-
ple. Indeed, under this assumption they obtained a full classification of stationary
measures [4, Theorem 1.1] from which they deduced in [5] very general equidistri-
bution results. It was therefore desirable to obtain quantitative convergence results
similar to those of [10] or [23] in this more general setting. This is the goal of the
present article.

Of course, without the irreducibility assumption, there can exist some proper
closed T'-invariant subsets of T¢, and the random walk may not equidistribute to
the Haar measure, even if the starting point x is irrational. So in order to state
our main result, we need to set up some notation. Let G° denote the identity
component of G for the Zariski topology. The subalgebra of M (R) generated by
G° is denoted by E. Since G is semisimple, we may write R? =V, @V, & --- DV,
where for 4 = 0,...,r, V; is a maximal sum of simple G-modules having the same
top Lyapunov exponent for the action of u. We assume in addition that

)\1(,U,V1) D )‘1(/17‘/7") > )\1(,114,‘/0) =0.
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We define a quasi-norm on R¢ by

1
|U| — max ||Uz|| ESTAS)
0<i<r
where v = vy + ... + v, is the decomposition of v according to the direct sum
R? = @7_,V;. By convention, we set § = 400 and

0 if |lvo]| < 1,
o]+ = ol =
+o00 otherwise.

This quasi-norm induces a quasi-distance on R? given by d(z,y) = |= — y|, which
projects to a quasi-distance on T¢, still denoted by d. Our goal is the following
theorem.

Theorem 1.1 (Quantitative equidistribution of semisimple linear random walk on
T%). Let pu be a probability measure on GL4(Z) having a finite exponential moment.
Denote by G C GL4(R) the algebraic group gemerated by u, by G° its identity
component, and let E be the subalgebra of M4(R) generated by G°. If the algebraic
group G is semisimple, then for every A € (0,1), there exist C = C(u, A) > 0 such
that the following holds.

Given o € T¢, assume that for some t € (0,3), ap € Z%\ {0}, and n >

C'log lool,

(577 % 82 )(a0)| > .

Then, there exists v € G such that, denoting Wy = (agyE)* and Vi the sum of all
compact factors of G in R,

J(mo - % — U,Wo) <e ™

C
for some v € Vo, p € Z and q € Z\ {0} such that max(||v||,|q|) < (”‘1"”)

Here, of course, %, v and W are identified with their projection to the torus T%.
If the sequence (u*™ * dy,) does not converge to the Haar measure mra in the
weak-* topology, then, by Weyl’s equidistribution criterion, there are ag € Z¢\ {0}

and t > 0 such that |(p*™ * d,,)(ag)| > ¢ holds for an unbounded sequence of n € N.
Letting n goes to infinity along this sequence, we deduce the following qualitative
statement from the quantitative statement.

Corollary 1.2 (Qualitative statement). Let u be a probability measure on GL4(Z)
having a finite exponential moment. Denote by G C GL4(R) the algebraic group
generated by . Assume that G is semisimple. Then for any point xo € T?, either

*n *
Wk Oy =" M,

or
zo € Q1+ Vo + Wy mod Z¢,
where Vy denotes the sum of all compact factors of G in R? and Wy is a rational

subspace of R? invariant under the action of the identity component G° of G.

As a consequence, we recovers the classification of orbit closures due to Guivarc’h
and Starkov [20] and Muchnik [30].

Corollary 1.3 (Classification of orbit closures). Let I' C GL4(Z) be a subgroup
whose Zariski closure G is a semisimple algebraic group. Let xo € T¢. Then the
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orbit closure Tx is either the whole T or contained in a T-invariant closed subset
of the form

1
~Z4 4+ By, (0,R) + | J AW mod z?
q yeG/G°
where q is a nonzero integer, By, (0, R) is a ball in Vj, the sum of all compact factors

of G in R* and Wy is invariant under the action of the identity component G° of
G.

The qualitative statement could also be reformulated more simply as follows.

Corollary 1.4 (Equidistribution). Let u be a probability measure on GL4(Z) having
a finite exponential moment. Denote by I' C GL4(Z) the subgroup generated by p.
Assume that the Zariski closure of T' is semisimple. Then for any xo € T?, either
Wk 0y = mra Or T i contained in a proper I'-invariant closed subset.

A particularly simple case of the above results is when the group I' acts strongly
irreducibly on Q¢, that is, when I' preserves no nontrivial finite union of proper
subspaces of Q?. Then, for any ap € Z? \ {0} and any v € G, one must have
aoyE = (R?)*, so we obtain a simpler equidistribution statement.

Corollary 1.5 (Equidistribution of Q?-irreducible random walks). Assume that G
is semisimple and acts strongly irreducibly on Q?. Then for every A € (0,1), there
exist C = C(u, \) > 0 such that the following holds.

Given xo € T¢, assume that for some t € (0, %), ag € Z¢, and n > C'log M,

(™ 5 8, (a0)] > t.

c
Then there exists v € Vo, p € Z% and q € Z\ {0} such that max(||v|, |q|) < (”“t‘)”)

and
d(xo — g — U,O) <e ™.

In particular, if xo does not lie on a rational translate of the Vo leaf in T?, then
W™ % g, converges to mia.

It was observed by Benoist and Quint [4, Corollary 1.4] that if G is semisimple
without compact factors and acts irreducibly on Q?, then my. is the only atom-free
p-stationary probability measure on T9. By the results of [5], this implies that the
Cesaro averages = S°7_ ) u** % §,, converge to mpa. The above corollary immedi-
ately shows that convergence also holds without the averaging process. When p
is a symmetric probability measure on SLy4(Z), a general result of Timothée Bé-
nard [15, Theorem 1] implies this qualitative statement, but without the symmetry

assumption the result seems to be new.

Corollary 1.6. Assume that G is semisimple without compact factors and acts
strongly irreducibly on Q%. Then, for every xo irrational in T¢, the sequence of
measures ('™ * 0z, )n>0 converges in law to mra.

Our main motivation to carry out the rather technical proof presented here, is its
application to the spectral gap property for subgroups of algebraic groups, modulo
arbitrary integers. Indeed, as we shall explain in a forthcoming paper, Theorem 1.1
can be used to answer a question of Salehi Golsefidy and Varja [31, Question 2].

1.1. Outline of the proof. The paper is entirely devoted to the proof of Theo-
rem 1.1, for which we use the strategy introduced in [10], and more precisely the
variant used in [23] to avoid the proximality assumption. Section 2 deals with
discretized algebraic combinatorics in semisimple algebras: we prove some Fourier
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decay estimate for multiplicative convolutions of measures satisfying natural non-
concentration conditions, Theorem 2.1, generalizing results of Bourgain [9] for the
real line. The main input for our proof is a sum-product theorem for represen-
tations of real Lie groups [22, Theorem 1.1], which easily implies the discretized
sum-product theorem in semisimple algebras; then we use some L2-flattening lemma
similar to the one use by Bourgain and Gamburd in their work on the spectral gap
property.

After that, in order to apply the combinatorial results of the previous section to
the random walk, we need to check that the measure p*"™ appropriately rescaled
is not concentrated near proper affine subspaces of E, nor near singular elements;
this is done in Section 3. Just as in [23], the argument ultimately relies on the
spectral gap property modulo primes obtained by Salehi Golsefidy and Varju [31].
However, because the rescaling automorphism is no longer a homothety, the proof
involves a detailed analysis of the behavior of the random walk with respect to a
quasi-norm on the algebra E. To help the reader understand the main ideas of
the proof without having to go through all the technical details, we start with the
simpler case where F is simple; even in that case, the argument is different and
simpler than the one presented in [23], where similar estimates are needed.

In Section 4, we prove Theorem 4.2, an important Fourier decay estimate for
the law of the random walk. This simply follows from a combination of the two
previous sections when the group G is connected, but becomes more complicated
without this assumption. We follow the argument used in [25, Appendix B], with
minor modifications.

Section 5 makes the link between the random walk on GG and the random walk on
T<. The Fourier decay obtained in the previous section shows that if ;1*"*d,, has one
large Fourier coefficient, then reducing slightly the value of n, the measure p*" % 6,
has many large Fourier coefficients. Using a quantitative version of Wiener’s lemma,
one infers a first “granulation statement” p*" xd,, is concentrated near a finite set
of well-separated points in T%.

To conclude the proof of Theorem 1.1, we run backwards the random walk,
starting from the granulation estimate mentioned above. The argument uses in
particular the diophantine properties of the random walk, and the exponential
unstability of closed invariant subsets, obtained using a drift function, as in Eskin-
Margulis [17] or Benoist-Quint [4]. This is the content of Section 6.

1.2. Concluding remarks. Affine random walks. After some first results of J.-B.
Boyer [14], it was explained in [24] how to obtain quantitative equidistribution of
affine random walks on the torus, under the assumption that the action on R? is
strongly irreducible. The arguments in that paper could be adapted to our setting.

More general homogeneous spaces. Benoist and Quint [2, 4, 5] have obtained
equidistribution results that are valid in the much more general setting of homo-
geneous spaces of Lie groups. One drawback is that their convergence theorems
are not quantitative, and only concern the Cesaro averages % ZZ’;S Wk 0. SO it
would be interesting to see whether the techniques used in the present paper can be
used to study random walks on homogeneous spaces like SLg(R)/ SL4(Z), or other
homogeneous spaces.

On this subject, the first author has recently obtained, in collaboration with
Lakrec and Lindenstrauss, some partial results for affine random walks on nilman-
ifolds [25]; these spaces may be seen as the simplest generalization of tori, but the
analysis already becomes much more intricate.

In a slightly different direction, W. Kim [26] studied effective equidistribution
of expanding translates in the space of affine lattices. Also in a different direction,
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Lindenstrauss and Mohammadi [29] studied effective density in some homogeneous
spaces. Although these equidistribution results do not deal with random walks,
some of the techniques used there are similar enough to ours to be mentioned here,
especially those inspired by [10].

1.3. Acknowledgement. It is a pleasure to thank Yves Benoist and Elon Linden-
strauss for useful discussions, in particular on the existence of satellite measures in
the presence of compact factors.

W.H. is partially supported by KIAS Individual Grant (no. MG080401) of Korea
Institute for Advanced Study.

1.4. Notation. Here is a list of notation we use.

o f<g, 9> f, f=0(g), there exists a constant C' > 0 such that f < Cg.
o fxgif f<gand g < f.

e B(z,r), the ball of center  and radius r.

e By (-, ), aball, with the subscript V indicating the ambient space.

e V* the space of linear forms on a linear space V.

e A\ (u,V), the top Lyapunov exponent associated to the random walk on
a Euclidean space V defined by a probability measure p supported on a
group acting linearly on V.

w * v, multiplicative convolution.

w* = px - - % pu, multiplicative convolution power.

w B v, additive convolution.

pB5 = B ... B p, additive convolution power.

B v, the image measure of u ® v under the map (z,y) — x — y.
Ta(z)=1ifx € A, 14(x) = 0 otherwise.

#A, cardinality of a finite set A.

|A|, Lebesgue measure for subsets A of an Euclidean space or a torus.
Nbd(A4, ), é-neighborhood of A.

-|~, a quasi-norm

d(-, ), a quasi-distance, usually associated to a quasi-norm.
B(-, -), ball with respect to d.

Nbd( -, +), neighborhood with respect to d

P[-] and P[- | -], probability and conditional probability.

f«pt, image measure of p under the map f.

M (R), the space of d x d real matrices.

P(X), the space of Borel probability measure on a topological space.

(-, -), according to the context, the natural pairing V* x V — R or the
natural pairing Z¢ x T¢ — T.

2. SUM-PRODUCT, L2-FLATTENING AND FOURIER DECAY

In this section, we study multiplicative convolutions of measures on a semisimple
associative algebra E. Our goal is to derive Theorem 2.1 below, which shows that
under some natural non-concentration assumptions, such multiplicative convolu-
tions admit a polynomial Fourier decay. This generalizes results of Bourgain [9] for
E=R,of Li[28] for E=R®---® R, and of [23] for a simple algebra F.

Let E be a normed real algebra of finite dimension. The determinant detg(a) of
an element a € E is simply defined as the determinant of the multiplication map
E — E, z+— azx. Given p > 0, we let

Se(p) ={z € E|detp(z)] < p}.
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If W C FE is any subset, we let Nbd(W, p) denote the p-neighborhood of W, defined
by
Nbd(W,p)={z e E|FweW: |z —w| <p}.

The following definition summarizes the non-concentration conditions we shall need
in order to prove some Fourier decay for multiplicative convolutions.

Definition (Non-concentration conditions). Let £ > 0, k > 0, 7 > 0 be parameters.
We say a measure n on E satisfies NCy(e, s, ) at scale 6 > 0 if
(i) suppn C B(0,67°);
(ii) for every z € E, n(z + Sg(6%)) < 47;
(iii) for every p > 6 and every proper affine subspace W C E, n(Nbd(W, p)) <
0 Eph.

We say that a measure 1 on E satisfies NC(e, k, 7) at scale § > 0 if it can be written
as a sum of measures

_ . no satisfying NCq(e, &, 7)
n=mno+m with { m(E) < 6.

Given a finite measure p on FE, its Fourier transform j is the function on the
dual space E* given by the expression

VEe BT, j(g) = /E > &) dp(x).

If v is another finite measure on F, the multiplicative convolution u * v is defined
as the image measure of 4 ® v on F x E under the map (x,y) — xy. It should
not be confused with the additive convolution pHBv, image of p ® v under the map
(2.y) = o +y.

Theorem 2.1 (Fourier decay of multiplicative convolutions). Let E be a normed
finite-dimensional semisimple algebra over R. Given k > 0, there exists s =
s(E,k) € N and ¢ = ¢(E,k) > 0 such that for any parameter 7 € (0,ek) the
following holds for any scale § > 0 sufficiently small.

If n1,...,ns are probability measures on E satisfying NC(e, k, T) at scale 6, then
for all € € E* with 5717 < ||¢|| <67 17¢,

[(m1 % -+ xms) N ()] < 677

For E =R, this is due to Bourgain [9, Lemma 8.43]. For algebras of the form
E=R® - ®R, this is due to Li [28, Theorem 1.1]. We shall first prove this
theorem when all n; are equal, i.e. ;1 =--- = ns = n and then deduce the general
statement from this particular case following the argument in [24, Proof of Theorem
B.3]. Alternatively, one could adapt the first part of the proof to handle directly
the general case, but this would make notation cumbersome.

The proof we give for Theorem 2.1 follows a strategy originating in the work
of Bourgain, Glibichuk and Konyagin [13] on exponential sums in finite fields: one
deduces the bound on the exponential sum from a combinatorial “sum-product”
statement, using an L2-flattening statement. In our case, the combinatorial input
is a discretized sum-product theorem in semisimple algebras, which follows from a
general sum-product statement for representations of real Lie groups obtained in
[22, Theorem 2.3].

2.1. Sum-product in semisimple algebras. Sum-product estimates go back to
the work of Erdds and Szemerédi [16] who showed that there exists some positive
constant ¢ such that for any subset A of integers,

#(A+ A) + #(AA) > (#A)H*
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where A + A and AA denote respectively the sum-set and the product-set of A,
defined by A+ A={a+b; a,b€ A} and AA = {ab; a,b € A}. In the following,
we consider a normed semisimple algebra F of finite dimension over R, and our goal
is to prove a similar statement for subsets A C F, with the cardinality replaced by
the covering number N(A,§) of A at small scale § > 0. Recall that by definition,
N(A,6) is the minimal cardinality of a cover of A by balls of radius ¢ in E. In
order to ensure that the covering number of A at scale ¢ grows under addition or
multiplication, one of course has to assume that A is not essentially equal to a ball
in some subalgebra of E. We make a stronger assumption and require that A is
not concentrated near any proper affine subspace of E.

Definition (Affine non-concentration). Let V be a Euclidean space, and €,k > 0
two parameters. We say a subset A C V satisfies ANC(e, k) at scale § if

(i) AcCB(0,67¢) and

(ii) for every p > ¢ and every proper affine subspace W C V,

N(ANNDA(W, p),8) < 6~p N (A, 5).

Essentially, we want to show that if E is a semisimple algebra, then for every
k > 0, there exists € > 0 such that for any set A C Bg(0,1) satisfying ANC(e, k)
and 6% < N(A,6) < 5§~ 4mE+E one has N (A+ A, 0) + N(AAA,8) > §°N(4,96).
We shall prove a slightly more technical growth statement, involving the tensor
algebra FF ® E°P, where E°P denotes the algebra with the same linear structure as
E but with multiplication (a, b) — ba. Note that the algebra F® E°P acts naturally
on E by

Va,z € E, Vb € E°?, (a® b)x = axb.

Theorem 2.2 (Sum-product in semisimple algebras). Let E be a finite-dimensional
real semisimple algebra. Given k > 0, there exists ¢ = ¢(E, k) such that the follow-
ing holds for all § > 0 sufficiently small.

(i) Let A be a subset of E satisfying ANC(e, k) and
(i) 6% < N(A,0) < ¢~ dimEtr,
(iii) Let B C E @ E°P be a subset satisfying ANC(e, k).
Then there exists f € B such that
NA+A)+NA+fAS >0 °N(A4,9).

The theorem above is almost equivalent to the fact that one can obtain from
A a small ball in F using a bounded number of sums and products. This is the
content of the proposition below, which we obtain as a simple application of [22,
Theorem 2.3]. For a subset A in an algebra E and s € N*, we let (A), denote the
set of elements in F that can be obtained as sums of at most s products of at most
s elements of A or —A.

Proposition 2.3 (Bounded generation in semisimple algebras). Let E be a finite-
dimensional real semisimple algebra. Given k > 0 and cq, there existse = e(F, k,£0)
0 and s = s(E,k,e0) > 1 such that the following holds for all § > 0 sufficiently
small. If A C B(0,07°) satisfies ANC(g, k) at scale 6 in E, then

B(0,6%) C (A), + B(0,5).

Proof. We consider the action of the multiplicative group G = E* on V = E. By
semisimplicity, we may decompose F into a sum of non-trivial irreducible represen-
tations F = ®;V;. Let m;: G — GL(V;) denote the representation of G on V;. By
[22, Theorem 2.3], there is a neighbourhood U of the identity in G and constants
e =¢(FE,k,e0) > 0and s = s(E, k,e) > 1 such that the following holds for all § > 0
sufficiently small. Let Ay be a subset of U and A; C V a subset of B(0,1). Assume
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(i) foralli=1,...,k, for all p >4, N(m;(Ag),p) > 6p~F,
(ii) for any linear subspace W C V which is not G-invariant, there is a € Ag
such that d(a,Stabg(W)°) > é¢,
(iii) for any proper G-invariant linear subspace W C V, there is a € A; such
that d(a, W) > ¢é°.
Then
B(O7 (SEU> C <A0, A1>3 + B(O, (5)
Here, (Ag, A1)s denotes the set of elements in V' that can be obtained as sums of
at most s products of at most s elements of Ay and elements of A; U (—A;).
Our set A is not necessarily contained in the neighborhood U, but we may cover
A by translates of U in E, and then, by the pigeonhole principle, there is a € A
such that Ay = (A — a) N U satisfies

N (Ag,8) > 69N (A, 9).

This set Ag satisfies ANC(O(¢g), ). This non-concentration condition applied to
the suspaces @®;;V; shows that the first condition above is verified. Moreover, if
W C E is not G-invariant, then the algebra generated by Stabg (W) is a proper
subalgebra of E; so the second condition is also satisfied. To conclude, take A; = A,
which certainly satisfies the third condition. O

In short, Theorem 2.2 will follow from Proposition 2.3 applied to the set B in
the tensor algebra ¥ ® E°P, and from the Pliinnecke-Ruzsa inequality.

Proof of Theorem 2.2. For K > 1, define
Rs(A,K)={fe€ E®E® }N(AJrfA,d) < KN(A,6) }.

As explained in [21, Lemma 30], it follows from the Pliinnecke-Ruzsa inequality
that if M(A + A,0) < KN(A,0d), then the set Rs(A, K) is almost stable under
addition and multiplication. More precisely, for s € N,

(Rs(A,K))s + Bpgrer(0,8) C Rs(A, KOW),

Now assume for a contradiction that BU{1} C Rs(A,d~¢). Since E is a semisimple
algebra, £ ® E°P is also one. Thus, by Proposition 2.3 applied to the set B C
E ® E°P, for any gp > 0, there is s = s(E, k,£0) > 1 such that

B mer(0,6°) C (B), + B(0,0)
and therefore,
Bpgper(0,6°) C (B)s +B(0,8) C Rs(A,6-).
In particular, 6% € Rs(A, 6~ +()). This certainly implies 60 € Rg(A, §~Os(s0+2))
and then
BE@EOP (0, 1) C R5(A, 5_OS(EO+E)>.

If ¢y and € are chosen small enough, this contradicts Lemma 2.4 below. (]

We are left to show the next lemma, stating that if A has ANC(e, k) at scale ¢,
then Brgpgor(0,1) is not contained in Rs(A, 5 ¢).

Lemma 2.4. Let E be a finite-dimensional real semisimple algebra with £ = FE, &
-+ -@E, being its decomposition into minimal two-sided ideals. We writem;: E — FE;
for the corresponding projections.
Given k > 0, there exists ¢ = ¢(E,k) > 0 such that the following holds. Let
A C B(0,07°) be a subset of E. Assume
(Z) N(A, 5) <6 dim E+k
(ii) for each j =1,...,7, maxcp, N(AN T;l(BEj (z,0)),0) < p"N(A,J)
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then there exists f € Bpgpor(0,1) such that

N(A+ fA8) > °N(4,9).
Proof. The image of E® E°P in End(E) is equal to the image of @_, E; @ E;". Let
fi»3=1,...,r be afamily of jointly independent random elements of By ¢ gor (0,1)
distributed according to the Lebesgue measure on E; ® E;-’p, and set

f=tfiteo
regarded as a random element of End(E). In the following argument, probabilities
and expectations are taken with respect to these random variables. For each j,
since the algebra Ej is simple, the action of £; ® E;p on FEj; is irreducible. Hence
E; ® E;®(y) = Ej for any non-zero y € E; and consequently,

(21) Vo> 0,Vaeye By, P[If(y) —all < 8] <ot B y||m 5
Consider the map
p: AxA — FE
(zy) — z+fy
The energy of the map ¢ at scale § > 0 is defined as
Es(p, Ax A) =N ({(a,d',b,b)) € Ax Ax Ax A ||p(a)—p(a)] <6},6).

By the Cauchy-Schwarz inequality — see also [21, Lemma 12(i)],

N(A,6)*
AxA)d) =N(A AS) > —~r L,
Npld x 4),6) =N (A + F4.0) 2 2o B0
Taking expectations and applying Jensen’s inequality, we find
N(4, )

(2.2) E[N(A+ fA,6)] > Elsto A A

so it suffices to bound E[E5(p, A x A)] from above.
For that, let A be a maximal d-separated subset of A. By [21, Lemma 12(ii)],
El&s(p, Ax A< > Py —y) €Ba—a,50)].
z,y,x Y €A
Let p = §am &= . We split the sum into two parts according to whether
ijl,...,T’, ||7TJ(y/_y)||2p
If this is the case, then (2.1) implies
Pl f(y —y) € B(x —2/,50) | < g1mEp=dimE,
Otherwise, there is j € {1,...,r} such that 7;(y’) € B(7;(y),p). For fixed y the
number of such 3’ in A is

#( AN By (1), p)) < NANTT (Bl (9),0)). 0) < p"N(A,6).
Moreover for fixed y,y’ and x, we have
Z P[f(y' —y) € Bz —2',58)] < 1
z'€A

because the balls B(x’,56) have overlap multiplicity at most O(1). Putting these
considerations together, we obtain

E[&;(QO,A X A)} < 5dimEpfdimEN(A75)4 erNN(A,(S)S
< (6npfdimE +p/{)N(A76)3
— grmEEE A (A, 6)
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Combined with (2.2), this finishes the proof of the lemma. O

2.2. L2-flattening. Our goal is now to translate the sum-product theorem ob-
tained above in terms of measures on the semisimple algebra E. The result we
obtain is an L2-flattening lemma for additive and multiplicative convolutions of
measures on E. Statements of this form already appear implicitly in the work of
Bourgain [8, 9] on the Erd&s-Volkmann ring conjecture, and were later much popu-
larized by their application to the spectral gap problem by Bourgain and Gamburd
[12, 11]. They are usually derived from the analogous combinatorial growth state-
ment, via a decomposition of the measures into dyadic level sets, combined with an
application of the Balog-Szemerédi-Gowers lemma.

Before we can state our result, we give a non-concentration condition for mea-
sures on F, analogous to the one given for subsets in the previous paragraph.

Definition (Affine non-concentration for measures). Let V' be a Euclidean space,
and €,k > 0 two parameters. We say that a measure 7 on V satisfies ANC(e, k) at
scale ¢ if

(i) suppn C B(0,67°);

(ii) for every p > ¢ and every proper affine subspace W C V, n(Nbd(W, p)) <

6 Ep".
In this paper, measures are often studied at some fixed small positive scale J.

For that reason, it is convenient to define the reqularized measure ns of a measure
non E at scale § by

ns = n B Ps
where Ps = |]]13B((0°_§))‘ is the normalized indicator function of the ball of radius &

centered at 0. The measure 7s will be identified with its density with respect to
the Lebesgue measure on F, and we write

[1ll2,5 = [I9s]l2-

Proposition 2.5 (L?-flattening). Let E be finite-dimensional semisimple algebra
over R. Given k > 0, there exists € = ¢(E, k) such that the following holds for all
0 > 0 sufficiently small. Let n be a probability measure on E satisfying
(i) n is supported on E \ Sg(0%);

(i) n satisfies ANC(e, k) at scale § on E;

(ZZ’L) 57ﬁ+6 < ||77H%,6 < 5= dlmEJrIifE'
Then,

[l m 5 Bnsnnllzs < 6%[nll2,s-

We wish to deduce this proposition from Theorem 2.2. A first useful obser-
vation is that the non-concentration condition for measures is closely related to
non-concentration for subsets.

Lemma 2.6. Given an FEuclidean space V, and parameters ¢ > 0 and k > 0, the
following holds for all § > 0 sufficiently small.

(i) If A CV has ANC(e, k) at scale §, then there is a measure supported on A
which has ANC(2¢, k) at scale §.

(i) Let n be a probability measure on V satisfying ANC(e, k) at scale §. If
A CV is a subset such that n(A) > 6° then there is a subset A’ C A which
satisfies ANC(6¢e, k) at scale 6.

Proof. For the first item, let /1 be a maximal d-separated subset of A. The nor-
malised counting measure on A satisfies the desired property. The second item is
slightly more subtle. Since the normalised restriction of 7 to A satisfies ANC(2e, k),
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we may assume without loss of generality that A = supp u. Let d denote the di-
mension of V. Set Ao = A and for integers 0 < i < log § + 1,

1B(0,6)]
Then for all ¢ > 0, set A; = A, o + B(0,6). It follows from this construction that

; 1
Ny K 221 1a4, K <log 5

&p:{aeA2“1<

)7736 + 14,

Necessarily, there is some i > 0 such that 2¢|A;| > 6. It is then easy to check that
A" = A, satisfies ANC(3e, k) at scale 6. O

The next lemma is similar in spirit to the previous one. Roughly speaking, given
measures 7 on V and g on GL(V') such that the convolution p*nH u xn has large
L2-norm at scale d, we construct related subsets A C V and B C GL(V) such
that A — BA is not much larger than A. This is the central part of the proof of
Proposition 2.5; it relies on the Balog-Szemerédi-Gowers lemma.

Lemma 2.7. Let V be a Euclidean space and p a probability measure on GL(V)
such that

Vg esuppp, gl + g7 <67

Let 1 be a probability measure on By (0,07°) such that
[ B s
Then there exist a subset A C By (0,6-°)) and an element g; € supp u such that
§ImVEOO) 132 < N(A,5) < 57V 0@y

2.6 > 6°[Inll2,6-

-2
2,0
and
1({g € GL(V)|N(A—gg; '4,6) <6 PEN(A,0) }) > 69,
If moreover n satisfies ANC(g, k) in V at scale § for some k > 0 then A satisfies
ANC(O(e), k).
Proof. We use the following rough comparison notation : for positive quantities f
and g, we write f < g for f <5 °Egand f~ g for f < gandg< f.
We have
lxns Bpxnslla 2 luxnBpxnlas 2 lInslle-
As in the proof of Lemma 2.6, we can approximate ps using dyadic level sets : there
are o-discretized sets! (A;)i>0 in By (0,07°) such that A; is empty for ¢ > log%
and

(2.3) s < Y 2 1a, Snas+ La -
>0

By the pigeonhole principle, there are i, j > 0 such that
nsll2 < 11w+ ms B pxmsl2
S 21+J||M * ]lAi EIH’ * ]lAj ||2
s | Lga, BLga, I © 1)(9,4').
CGL(V)xGL(V)
In the last inequality, we used g * 14, = |detg|™' 1,4, and |detg| ~ 1 for all
g € supp p. By the right inequality in (2.3), we have
214 S 1 and 2412 < nslle

LA §-discretized set is a union of balls of radius §.
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and similarly
. I
Y|4,/ <1 and  2'[Af? S [[ns]|2-
By Young’s inequality and the estimate on det g, we have for all g, ¢’ € supp u,
2i+j||]lgx4i B ]lg'Aj ||2 S ”775”2‘

Thus, by the pigeonhole principle again, there exists gy € supp u and a set By C
supp p such that u(Bg) 2 1 and for all g € By,

7512 2 277 Lge 4, B Lga; ll2 2 [Insllo-
By the above estimates, this implies
1goa, BIga,ll3 2 2727 |lns]l3

2 27" Al B |4y

2 1 Ail5 14,2

~ g0 Ail21g4;*.
By the Balog-Szemerédi-Gowers lemma [32, Theorem 6.10], for each g € By there
are d-discretized subsets A, C A; and A} C A; such that

[Agl ~ |4il, |45] ~ |4;], and - N (goAg — gA;.8) S N 904y, 0)2N (g4, 0)%.

By a Cauchy-Schwarz and pigeonhole argument there are g; € By and B; C By
such that u(B;) 2 1 and

Vg € By, |Ag1 ﬁAg| ~ |Ag1| ~ |Ag| and |Algl ﬂA;| ~ IA:hl ~ IA:;‘-

1

For subsets A, A’ € V, write A ~ A" if N(A — 4',8) < N(A,8):N (4, 6).
By Ruzsa’s triangle inequality (see [32, Lemma 3.2 and Section 6], if A ~ A" and
A" =~ A", then A ~ A”, and moreover, if A ~ A’ for some sets A and A’, then
A~ Aand A’ ~ A'.

The above shows that for every g € By, goA, ~ gAj. This implies go Ay ~ goAy,
and since g is 6 °-Lipschitz, A, ~ A,. Therefore, for g, € By and g € B; as above,
we find Ay, = Ay, N Ay~ Ay. Similarly, Aj ~ Aj,. Finally

90Ag, = goAg = gAy = gAl =~ ggy ' goAg,

showing that A = goA,, has all the desired properties.
For the "moreover" part, note that n(A4;) 2 1. By the proof of Lemma 2.6(ii),
A; satisfies ANC(O(¢), k) and hence so does A,, and A. O

To prove Proposition 2.5 we use the above lemma for the action of £ ® E°P on
FE, and the apply the sum-product theorem in FE.

Proof of Proposition 2.5. Let p be the image measure of n ® n in GL(FE), so that
pwxnBuxn=nxnxnBn*xnxn. Assume for a contradiction that

e xn B pxnllzs > 0%(nll2,s-

Then by Lemma 2.7 there is a subset A C F satisfying the ANC(O(e), k) at scale
0 and an element g; € supp p such that

6—/1—0—0(5) S./\/'(A,(S) <6 dimE—H@—O(s).

and
1({g€GL(V) [N (A - ggy " A,8) < 57 PCIN(A,6) }) > 9.
By definition of u, we may write g1 = a1 ® by, and the above inequality becomes

(nxa;) @ (by ' *n)({ (a,b) € E x E|N(A—aAb,5) <6 CCN(A,5)}) > 696
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Since a1,b; & Sp(6%), the measures 7 * a7’ and by' * 1 satisfy ANC(O(e), k)
at scale 5. Moreover, Lemma 2.8 below shows that (1 * a]')®(b;* * 1) satisfies
ANC(O(g), §5). In view of Lemma 2.6(ii), this contradicts Theorem 2.2, provided ¢
is chosen small enough. (]

Lemma 2.8. Let Vi and V, be finite-dimensional linear spaces. For each i =1,2,
let n; be a measure on V; and denote by n,®n, the image measure of 11 ® 1 by the
natural bilinear map Vi3 x Vo — Vi @ V5.

Given two parameters €,k > 0, the following holds for § > 0 sufficiently small.
If m and 1y both satisfy ANC(e, k) at scale 6, then m1®n;y satisfies ANC(2¢, %) in
Vi ® Vs at scale 6.

Proof. Let v; and vy be independent random variables taking values respectively
in V1 and V3 and distributed according to 7; and 7. To establish ANC(2¢, §) for
N1®@Mng, it is enough to show that for any linear form ¢ € (V; ® Vo)* with |¢| = 1,
any t € R and any p > J, we have

(2.4) P[lo(vi ®v2) — t| < p] < 5/,

Note that (V3 ® Va)* = Vi* ® V5. Hence, letting (41, ...,%q) be a orthonormal
basis of V{*, we can write ¢ € (V] ® V5)* as

=11 Q@Y1+ + 1P ®@q

where ¢1,...,pq € V5 are uniquely determined. Moreover,

(2.5) 1= lel® = llpoll? + - + llall*

On the one hand, when v is fixed, the map
d
v p(v1 ®vg) = > hi(v1)pi(v2)
i=1

is the linear form 2?21 ©i(v2)Y; € Vi, which has norm Zf:1|<pi(v2)|2. Thus, by
independence of v, and ve and property ANC(g, ) for n;, we can estimate the
conditional probability

d
(2.6) Pllp( @ v2) —t < p| Dlpilva) 2 /2] < 57202
i=1

On the other hand, by property ANC(e, ) for 7o, for each i = 1,...,d,
P[lpi(va)| < p"?|l@ill ] < 67°p"/2.

Hence, on account of (2.5),

d
(2.7) P Y loi(wa)l? < o2 | < do=<p /2.
i=1

Inequalities (2.6) and (2.7) together imply (2.4) and finish the proof of the lemma.
O

2.3. Fourier decay. To prove Theorem 2.1 we apply the L?-flattening Proposi-
tion 2.5 repeatedly. The measures we obtain are images of tensor powers n* under
polynomial maps E¥ — E, and we need to compare their Fourier decay to that of
simple multiplicative convolutions of 7. This is the content of the next lemma. This
technique will also be useful to weaken slightly the assumptions of Theorem 2.1,
see Corollary 2.11 below.
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Lemma 2.9. Let E be any real associative algebra, and let n be a measure on E
with n(E) < 1. Let p =n*n*xnBnxn*n then for any integer m > 1,

VEe BY, pm©))P" < ().

Proof. By [25, Lemma B.6], if , , n” be probability measures on E, then the
Fourier transform of 5 = (' B7’) x " takes non-negative real values and moreover,

* A
VEe B, |mxn xn")NEP < (nx (' Bay') x ") (€).
By a simple renormalising argument we see that the same holds 7, o/, 0’ are

measures with total mass n(E),n (E),n"(E) < 1. Using this inequality m times
with measure 1’ = "3, so that u =’ B1/, we get

)] = [ =D w3 ()2 = - > 3 (€)]*
O

We shall also need a lemma on Fourier decay for multiplicative convolutions
of measures with small L?-norm. In the case where E = R, such bounds origi-
nate in the work of Falconer [18] on projection theorems, and appear explicitly in
Bourgain [9, Theorem 7]. The result below is taken from [23, Lemma 2.9].

Lemma 2.10. Let E be a finite-dimensional real associative algebra with unit.
The following holds for any parameters k > 0 and € > 0 and any scale § > 0 small
enough. Let n and v be probability measures on E. Assume
(i) lInll3,s <07,
(i) suppn C B(0,6¢) and suppv C B(0,579),
(iii) for every proper affine subspace W C E, v(Nbd(W,d)) < §2~.
Then for £ € E* with 517 < ||¢]| < 67172,

> (€)| < SameTs—O(e)
We can finally derive Theorem 2.1.

Proof of Theorem 2.1. First case: 1 = --- =ns = 1.
For a measure 7 satisfying NC(e, k,7) at scale 6, we write ess(n) to denote the
essential part of 7, defined as a measure on E satisfying
(i) ess(n) <n and ess(n)(E) = n(E) — 367,
(ii) ess(n) is supported on B(0,67¢) \ Sg(d9),
(iii) ess(n) satisfies ANC(e, k) at scale 4.
If n and 7’ satisfy NC(e, k, 7) at scale §, then nH /', nBn’ and n 7’ all satisfy
NC(O(¢), k, 3) at scale 5. We may therefore define inductively 1o = ess(n), and for
k>0,

M1 = ess(n;> Bng?),
to get, for each k > 0,
(i) m(E) = 1 =57,
(ii) 7 is supported on B(0,5 %))\ Sp(§OxE)),
(iii) 7y satisfies ANC(Ox(¢), k) at scale 4.
Note that ANC(Ok(g), k) implies

an”gzs < 57dimE+nfOk(a)‘

By Proposition 2.5, there exists ¢; = e1(E, k) such that, provided £ > 0 is small
enough, we have for each 0 < k < [%-I, either ||17;.3||§’(s < 4§ For

ktall55 < 67 [lll35-
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Hence there exists s < [%—‘ such that

[ns3,5 < 67"
By Lemma 2.10, for £ € E* with §—1F¢ < [|¢]| < 67172,
123(6)] < 67070 <57,

Now, a first application of Lemma 2.9 to p = 7?2, B2, with m = 2 yields

n2(E) + 67 = () > ;2 P(e )\2

A second application of the same lemma to u = 1?2, B3, with m =23 gives

WEFE) + 67 = @2 (E) > |2 ()]
and repeating this process s times, we finally obtain
0s(1) <In

22-3

575 (©) 2(e)] + 6o < 5o~ < jorm,

2
This allows to conclude the proof of the theorem in this first case:

72T (E)] < 0¥ ()] + 0,(67) < 6.

General case
To deduce the general case from the previous one, we follow [25, Proof of Theo-
rem B.3]. In short, one applies the previous case to the measures

=AM (m Bm) + -+ As(ns B,
where A = (Aq,...,A;) in RY is such that A\; +--- 4+ Ay < 1. The Fourier decay
for m1 % - -+ *xns can be deduced from that of 7y * - - - x 1) for every A using the fact
that Fourier coefficients of 7y % --- % 1) can be written as polynomials in A whose

coefficients are essentially Fourier coefficients of n; * - - - ns. The reader is referred
to [25] for details. O

We conclude this section by showing that the conclusion of Theorem 2.1 still
holds if the non-concentration assumption is only satisfied for some additive con-
volution of the measures 7;, i = 1,...,s. This will be useful when we study Fourier
decay of random walks on linear groups.

Corollary 2.11. Let E be a normed finite-dimensional semisimple algebra over R.
Given D € N* and x > 0, there exists s = s(F,k) € N and ¢ = ¢(F,x,D) > 0
such that for any parameter 7 € (0,ek) the following holds for any scale § > 0
sufficiently small.

If n;, i = 1,...,s are probability measures on E such that each nz-aaD satisfies
NC(e, k,7) at scale §, then for all £ € E* with 6~ < ||¢|| <6172,

(1 % -+ xms) N (§)] < 0°7.

Proof. Let £ € F* with 6= < ||¢|| < 6~~=. Since all the measures nP B 5P
i=1,...,s satisfy NC(e, k, 7) at scale §, Theorem 2.1 shows that

‘((W?DEW?D) SRR (nEaDEln?D))A(G)’ <67,

Applying [25, Lemma B.6] repeatedly s times, we see that
A
(P BHEP) w5 (P BEP))"(¢)|

+ (20 BnEh) «n,)"(€)

\Y
)
=@

S]

m
=3
=@
\P

‘QD

Y

> |(my o+ - %) (€)|BP°
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so that
(g -+ %) N(E)] < 6T

3. NON-CONCENTRATION FOR RANDOM WALKS ON SEMISIMPLE GROUPS

In this section we consider a probability measure p on SL4(Z), and we prove some
non-concentration property for the law of the associated random walk, viewed as
a measure on the algebra generated by u. Let I' be the group generated by the
support of p and G be the Zariski closure of " in SLy(R). We assume that G is
semisimple and Zariski connected.

Let E denote the R-linear span of G in My(R), which is also the subalgebra
generated by G in M4(R). Since G is semisimple, one may decompose E into a
direct sum of irreducible G-modules. This gives a decomposition of E into minimal
left ideals, so that by the fundamental theorem of semisimple rings [33, §117], E is
a semisimple algebra. Let

(3.1) E=E,&---®E,

be the decomposition of F into simple factors, i.e. into minimal two-sided ideals.
For j =1,...,7, let mj: E — E; denote the corresponding projections. Consider
the top Lyapunov exponent associated to p on each of the factors E;, defined by

n—-—+0o0

o1 n
Ml Ey) = Jim o o) | (o)

In order to study the law at time n of the random walk, we shall use the rescaling
automorphism ¢,,: £ — F defined by

(3.2) onlg) =D e EDm(g).
=1

Recall that by Furstenberg’s theorem [19] on the positivity of the Lyapunov
exponent, one has A;(u, Ej) > 0 with equality if and only if 7,(G) is compact.
After reordering the factors, we may assume that A;(u, E;) > 0 if and only if j <'s
for some integer s <r. Let E' = E1 & ---® E; and 7' : E — E’ the corresponding
projection. Finally, for n > 1 we define

fn = (7" 0 n ) (™).
The goal of this section is as follows.

Proposition 3.1 (Non-concentration). Let p be a probability measure on SLq(Z)
having a finite exponential moment. Let G denote the algebraic group generated by
w. Assume that G is semisimple and Zariski connected, and denote by E C My4(R)
the algebra generated by G. Writing D = dim E, there exists K = r(u) > 0 such
that for any € > 0 there exists T > 0 such that ui‘?D satisfies NC(e, k, T) at scale
e " in E’ for all n sufficiently large.

The reader can easily convince themselves that p,, does not satisfy NC(e, s, 7),
especially the nonconcentration condition near singular matrices. Hence taking an
additive convolution power is necessary.
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3.1. Non-concentration near affine subspaces. In this subsection we show that
if p is a probability measure on SL4(Z) generating a connected semisimple algebraic
group G, the law at time n of the random walk associated to p is not concentrated
near proper affine subspaces of the algebra generated by p.

We introduce a quasi-norm adapted to the random walk on the algebra E gener-
ated by p. Given an element g in E, we write g = Y ._, g; according to the direct
sum decomposition (4.1) and set

1
~ = | 3T B |
lg” = max flgif| >+

Note that |g| = 0 if and only if ¢ lies in the sum
Ey ;:E‘S+1@...@ET

of all compact factors. We denote by d the quasi-distance on E given by d(z,y) =
|x — y|~. For instance, if W is any affine subspace of F, we write

(0. W) = inf ~
(9, W) wleW“g wl
Our goal is the following proposition.

Proposition 3.2 (Affine non-concentration on E). Let u and G be as in There
exists k = k() > 0 such that for every n > 0 and p > e~ ", for every affine
hyperplane W C E such that W — W D Ejy,

u*"({g € G’d(g, W) < p min |m;(g)| }) < p®
Jj€Jw
where Jyy ={1<j<r|V;¢W —-W}.

Remark. In general, it is not possible to replace the minimum minje s, |7;(g)|”
by |g|~. This can be seen for example by taking G = G; x G and g = p1 ® py; in
other words, the random walk is the direct product of two independent copies of a
random walk on GG;. By the central limit theorem for random matrix products, the
probability to obtain at time n an element g = (g1, g2) such that [|g1 ]| < e=V"| g2]|
has a positive limit ¢. Therefore, for large n,

1w ({g=(g1,92) € G|llgrll < e Vgl 1=
and taking W = {0} x Spang(Gy), we find
pwr({gealdgw)<e Vg }) = g
3.1.1. The case of a simple algebra. For clarity, we first explain the proof of Propo-
sition 3.2 when the algebra F generated by G is simple. In that case, the quasi-norm

is a norm on E and minje s, |7;(g)|” = ||g||. The key result in the proof is following
proposition, which we shall later apply to the irreducible action of G x G on E.

€
5

Proposition 3.3. Let p be a probability measure on SLy(Z) with a finite exponen-
tial moment. Assume that the algebraic group G generated by p is Zariski connected
and acts irreducibly on V = R?. There exists k = k(p) such that for every v € V,
and any affine hyperplane W C V,

w"({g € Gld(gv, W) < pllgvl }) < p*.

Proof. First step: escape from affine subvarieties.
There exists ¢ > 0 such that for every affine map f on E that is not identically zero
on G,

W ({geGlflg)=0}) <e

Indeed, by [2, Lemme 8.5], the group G is semisimple. So the desired inequality
follows from the spectral gap property modulo prime integers [31], combined with
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the Lang-Weil estimates on the number of points on algebraic varieties in finite
fields. We refer the reader to [23, Proposition 3.7] for a detailed argument.
Second step: a small neighborhood via a Diophantine property.

There exist C,c > 0 such that for every non-zero polynomial map f of degree at
most 1 on G,

W ({g e GlIf(@l < e "IIf}) < e

By the large deviation principle (see Theorem 3.11), there exists ¢ > 0 such that
for all n large enough, u**({g € G | ||lg|| > e****V)}) < e=“". Therefore, to prove
the desired inequality, it suffices to show that for C' > 0 large enough, the subset
A, C My(Z) defined as

Ay ={g€T||f(g)l < e | f|| and ||g|| < 1Y)}

is included in G Nker v for some affine map ¢ : £ — R not identically zero on G.

Suppose for a contradiction that this is not the case. Letting k = dim R<1[G] be
the dimension of the space of polynomial maps on G of degree at most 1, we may
choose g1, ...,gr in A, such that the linear map

L: R«u[G] — R*
v e (@91)s 5 0(gr)
is bijective. Since it has integer coefficients and norm at most e“o™, we get, [|[L ™| <
¢, In particular, |[f]| < e“"|[Lf]| = X" maxi<i<ulf(g:)] < e Tem " S]],
which is the desired contradiction.

Third step: distance to proper subspaces.
There exist C', ¢ > 0 such that for every v € V and every affine hyperplane W C V,

" ({g € G |d(gu,W) <e “o|}) < e .

Then, let oy : V — R be an affine map such that ker oy = W, and consider the
affine map on G given by

lowll
Note that |f, w(g)] =< d(gv,W). Let B = Bg(1,1) denote the unit ball cen-
tered at the identity in G. Note that [|v|]| < sup,cp|fo,w(g)| within constants
independent of v and W. Indeed, otherwise, we may find v, and W, such that
SUP,cp d(gvn, W) — 0. Extracting subsequences if necessary, we may assume that
v, — v and W,, — W; then for every g € B, d(gv, W) = limd(gv,, W,,) = 0. This
implies that G - v C W and contradicts the assumption that G acts irreducibly on
V. The desired inequality therefore follows from the previous step.
Fourth step: scaling.
First observe that increasing C' slightly, we can assume that for every v € V and
every affine hyperplane W C V,

" ({g € Gldgv,W) <e “"|gv||}) < e "
Indeed, by the large deviation estimate,
w({geGllgv] < eMMv)}) =1 —e

where A\; = A1 (p, V) is the top Lypunov exponent of .

Let k = &, where C,c > 0 are the constants obtained above. Choose m € N*
—Cm

such that p=e
1" ({g € Gld(gv,W) < pllgv|| })
- / 5™ ({g € G |d(ggv, W) < e~ lggrvl] })du™ =™ (gy)

< e—cm — pH.

fow(9) = awioy)

and write
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O

Proof of Proposition 3.2, case where E is simple. For x € E, let L, : E — E and
R, : E — E denote the left and right multiplication by z, respectively. Given a
probability measure p on G, we define a probability measure i on GL(E) by

1 1
p=sLip+ iR*IL

2

The group generated by g is isomorphic to G x G and acts irreducibly on FE.
Moreover, in an appropriate basis, the elements of supp iz have integer coefficients,
so we may apply Proposition 3.3 to f1, with vector v = 1g, the unit of . Note that
if g is a random element distributed according to p*", then g- 1g has law p*", and
therefore we find, uniformly over all affine hyperplanens W C E,

" ({geGldg,W) <pllgll}) < p~,

which is exactly the content of Proposition 3.2 in the case where F is simple. [

3.1.2. General case. The proof of Proposition 3.2 in the general case follows the
same strategy as in the simple case, but the argument becomes slightly more tech-
nical, because the norm on F is replaced by a quasi-norm, and E contains proper
ideals.

To state the appropriate generalization of Proposition 3.3, we consider a proba-
bility measure p on SLg(Z) with some finite exponential moment, and let G be the
algebraic group generated by p. We assume that G is Zariski connected and that
the space V = R? can be decomposed into a sum of irreducible representations of
G:

V=Vi®&- oV,

We denote by 7;: V. — Vj, j = 1,...,r the corresponding projections. To define
a quasi-norm on V, we fix « = (a1,...,as) an s-tuple of positive real numbers,
where s is some fixed integer 1 < s < r, and set

ol = Jolz = o [ (0)|.
For example, |v|~ = 0 if and only if v € V := Vi1 @ -+ @ V,.. The quasi-distance
associated to | - |~ on V is given by

d(v,w) = do(v,w) = [v —wl3.
It satisfies a weak form of the triangle inequality:
Vu,v,w €V,  d(u,w) <q d(u,v) + d(v,w).
Given a subset W C V, and v € V, we define the distance from v to W by
d(v,W) = wlggv d(v,w).

Remark. In all our applications, we shall take s so that Vy = V41 @ --- @ V. is
the sum of all compact factors and

Q; forj=1,...,s

B )‘1(/1'7 ‘/J)
to obtain a quasi-norm adapted to the random walk associated to u, same as the
one defined in the introduction. However, the proof works in the more general
setting of any choice of s and a.

In the remainder of this subsection, s and « are fixed and the implied constants
in all Landau and Vinogradov notations may depend on d and «.
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Proposition 3.4. Assume that G is Zariski connected and that the linear span of
G in End(V) contains 7; for j =1,...,s. Then there ezists k = k(p, &) > 0 such
that for any v € V' and any affine hyperplane W C V with Vo C W — W,

Vn>0,Vp>e ", uw"({geG ‘ d(gv,W) < ijél}ilvhj(gvﬂw }) < pt

where Jyy ={1<j<r|V; ¢ W-W}

Remark. The requirement that the linear span of G contain 7, j = 1,...,s is
here to exclude examples such as V = V; @ V;, with G acting irreducibly on V.
Indeed, in that case the diagonal subspace W = {(v1,v1) ; v1 € V1 } is stable under
G, so the proposition cannot hold.

In the proof, we will use Lemma 3.5 and Lemma 3.6, whose proofs will be given
right after.

Proof. First and second step: spectral gap and Diophantine property.
Arguing exactly as in the proof of Proposition 3.3 we obtain that there exist C,c > 0
such that for every polynomial map f of degree at most 1 on G,

wr({g Gl e OmIfI}) < e

Third step: distance to proper subspaces.
There exist C7, ¢ > 0 such that for every v € V and every affine hyperplane W such
that W — W DV,

" ({geq| d(gv, W) < e~ min |m;(v)| P <e
JjeJw

To prove this, Lemma 3.5 below shows that it is enough to show that if B is some
large ball in G, then
" ({geG| d(gv, W) < e" " sup d(hv, W) }) < e
heB
Now let oy : V — R be an affine map such that ker oy = W, and denote by £y
the linear part of ¢y ; by Lemma 3.6 below, the distance to W for the quasi-norm

is given by
(i)

5 ew (v)
d(v,W) <
vv E ‘/’ (U, ) Zéw(ul);éo Z V% (Uz)

where (u;)1<i<q is an orthonormal basis compatible with the quasi-norm and u; €
Vi@ for i = 1,...,d. Therefore, if g satisfies d(gv, W) < e=“1" sup,c g d(hv, W),
there must exist 4 such that

3

Qi) h Qi)
(PW(gU) <o e—Cln sup W( ’U)
L (uq) neB | fw(uq)
whence
_Cin
lew (9v)] <a e 9@ suplow (hv)|.
heB

If ac—(l) > C, the previous step applied to the affine map f: g — pw (gv) shows that
J(i

the p*™-measure of such points is bounded above by e

is proved.

Fourth step: scaling

Note that there are Cy = Cy(p, ) > 1 and ¢ = ¢(u) > 0 such that for any vector

v € V and any affine hyperplane W C V with Vo C W — W,
(3.3) vn>0, p"({geq| d(gv, W) < e~ C2n Iél}n Imi(gu)|” }) < e
JIeJw

—Cn

, S0 the desired statement
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This readily follows from the previous step, and from the fact that, by the expo-
nential moment assumption, there are C5 = C3(p) > 1 and ¢ = ¢(u) > 0 such
that

p"({g € Glllgl = e }) < e,
Noting that for any j = 1,...,s, |m;(gv)|~ < ||g||%|m;(v)|~, we obtain (3.3) by
taking Co = C1 + (maxi<;<s a;)Cs.
Finally, given e™ < p < 1, set m = L%zng. Writing p*" = p*™  p*(»=™) and
using the fact that (3.3) holds uniformly in v, we find

w({g € Gldgv,W) < p min | (gv)|” H

: / W ({g € G ldlgho, W) < =™ min [m;(gho)[~ })du* "™ ()
G JjE€Jw

<< e—cm

<< pC/CQ.

This finishes the proof of Proposition 3.4. O

We are left to show the two technical lemmas on quasi-norms and distances to
hyperplanes that we used in the proof.

Lemma 3.5. Assume that the linear span of G in End(V) contains m;, for j =
1,...,8. Then there exists a ball B C G such that for any affine hyperplane W C 'V
with Vo CW — W, and anyv €V,

min |m;(v)|” < sup d(gv, W).
Jj€Jw gEB

Proof. In the particular case r = 1 (irreducible case), one may assume that the
quasi-norm is equal to the euclidean norm. So the desired inequality with B =
Bg(1,1) has already been proved in the third step of the proof of Proposition 3.3.

For the general case, first observe that by working in the quotient space V/Vj,
we may assume that Vo = {0}, that is, V = V; & --- & V;. Then assume for a
contradiction that for arbitrarily large R and arbitrarily small ¢ > 0, there exists
v e Vand W C V such that

(3.4) Vg € B¢(1,R), d(gv,W) < ¢ min |m;(v)|".

JjeJw
Applying several times the irreducible case in each Vj}, j = 1,...,s to the vector
mj(v), we obtain vectors

(35) 'Uj,lg-..yvj,dimvj (S BG(lal)Tfj(U) _ﬂ'j(’l))
forming a basis of V; such that
ij,l A ANV dim vy || > ||7Tj(U)||dimVj_

Concatenate these bases to get a basis (uq,...,uq) of V, which has the property
that

(3.6) lug A=+ Augll > Tl ()Y,
j=1

Let Wy = W — W denote the direction of W. By assumption, for j = 1,...,s,
there exist constants 3;; € R and elements g in G such that

T = Bjrlk-
o



22 WEIKUN HE AND NICOLAS DE SAXCE

Set R large enough so that for all k, g B¢(1,1) C Bg(1, R). Taking (3.4) and (3.5)
into account, this implies that for each i =1,...,d,

1(u; <2 ; in |7;(v)|".
d(u;, Wy) < c;\ﬁg,kljrg}rvlvm(v)l

For each i = 1,...,d, let w; € Wy be such that

d(u;, w;) < ¢ min |7, (v)|~,
Jj€Jw

where the involved constant depends on the numbers j3; ;. Using the assumption
that Eng Jw Vi C Wo, after adjusting w;, we can moreover ensure that

w; —U; € @ ‘/j

j€Jw
We can bound

S
3 1
(3.7) |lwi A Awg —ug A Augl| < e H||7Tj(v)||dimvj.
j=1

Indeed, developing the first wedge product using w; = w; + (w; — u;) and then
decomposing each vector along Vi & --- @ V; and further developing the sum, we
can express wy A -+ Awg —up A -+ Aug as a sum of wedge products of d vectors
of the following types

(i) (first type) m;(w; — u;) with j € Jyw, or

(ii) (second type) m;(u;) with 1 < j <'s.
In each wedge product, the first type appears at least once and the product is zero
unless 7; appears exactly dim V; times. We can bound vectors of the first type by

~ 1 1
[l (wi — wi) || < d(wi, ui) i < e [l (v)]
and vectors of the second type by
[l (i) | < [l (0)]]-
This proves (3.7).
We then choose ¢ be to small enough so that (3.7) combined with (3.6) implies

wy A -+ Awg # 0 contradicting the condition that Wy is a proper linear subspace
of V. 0

The second lemma is an elementary computation using the definition of the
quasi-norm. It is instructive to convince oneself with a picture that the lemma
holds when the quasi-norm is simply the euclidean norm on R<.

Lemma 3.6. Let (u;)i1<i<q be a union of orthonormal bases of each of the Vj,
j=1,...,r. Fori=1,...,d, denote by j(i) the unique integer such that u; € Vj.

Let v € V and let W C V be an affine hyperplane with with Vo C W — W. Let
ow: V — R be an affine map such that

W={veV]pw(w) =0}
Let by : V — R denote the linear part of oy . We have for any v € V,
d(v, W) = ew (v) [
il (us)20 | Oy (u;)

Proof. Note that ¢y (u;) # 0 implies that j(i) € Jw and Jw C {1,...,s} because
Vo CW — W. It follows that o) is defined and positive.

For any i € {1,...,d} with £y (u;) # 0, we have v — 2%y, ¢ W, Hence

ZW(Ui)ui
5 ow (v)
dlv,W) <
( ) ‘KW(W)

®j(4)
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Let uw € V be such that v —u € W. Write u = Zil z;u;. Then

ow(v) = pw (v —u) + by (u Zméw (us).

It follows that there exists ¢ with fy(u;) # 0 and such that

|z:| > “PW()
= o) |

This allows to conclude since
dv,v —u) = |u|” > 170500y (W) |95 > ||
O

To conclude, we explain how to obtain Proposition 3.2 from Proposition 3.4.
The argument is essentially the same as the one used in the particular case where
FE is simple.

Proof of Proposition 3.2, general case. Forx € E/let L, : E - Fand R, : F — E
denote the left and right multiplication by x, respectively. Then, define

L: FEF — EndFE R: E — EndFE
and

Given a probability measure p on G, we define a probability measure i on GL(E)
by

%L*u + %R*/L

The group G generated by fi is isomorphic to G x G and the decomposition of E into
irreducible G-submodules is simply the decomposition into simple ideals £ = @;E;.
By definition, the algebra generated by G contains the unit 1z, of E; for each j. It
follows that the linear span of G contains all projections mj: & — E;. Moreover,
in an appropriate basis, the elements of supp i have integer coefficients, so we may
apply Proposition 3.4 to ji, with vector v = 1g. Note that if g is a random element
distributed according to g*", then g-1g has law p*", and therefore we obtain x > 0
such that uniformly over all affine hyperplanes W C F with W — W D Ej,

Vn>0,Yp>e ", p({geGldlgW)< p min |m;(g)|” 1) <ot

ﬂ:

O

3.2. Non-concentration at singular matrices. As in the previous paragraph,
1 denotes a probability measure on SLy(Z). We assume that the algebraic group
G generated by p is semisimple and connected, and let E be the algebra generated
by G in My(R). Recall that for € E, we defined detg(z) to be the determinant
of the map £ — FE, y — zy. Note that detg is a homogeneous polynomial function
on FE of degree equal to dim E. Recall also that

fn = (7" 0 0 )i (™),
where 7’: £ — FE’ is the projection to the direct sum E' = E1®- - -® E, of all simple

ideals with non-zero Lyapunov exponent, and ¢, : £ — E is the renormalisation
map defined in (4.2).

Lemma 3.7. Given w > 0 there exists ¢ = c(pu,w) > 0 such that the following
holds.

Vn >0, Vy € E, ,ufD({ x € E ||detp (x—y)| <e ™" }) e
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Note that for all z in E', detp/(v) = [[_, detp,(m;(x)) and hence for every
n >0, and every x € F,

det g (71'/ o Wn(x)) _ H e~ (dim Ej) A (1, Ej)n detEj (71'](.7;))
j=1

This immediately reduces the proof of Lemma 3.7 to the following.

Lemma 3.8. Given w > 0 there exists ¢ = c(pu,w) > 0 such that the following holds
foreveryj=1,...,5, alln>0and ally € E;,

(,U/*H)EED({ x € E’ |d€tEj (7‘[‘](1') _ y)‘ < e(dimEj)kdu,Ej)n—wn }) < e o,

The idea is to apply [23, Proposition 3.2], where the case where E is simple
were treated. However, upon projecting to a simple factor, the random walk might
no longer be defined with integer coefficients: simple factors of £ are only defined
over a number field. So we could not apply [23, Proposition 3.2] as it is stated.
Nevertheless, we can remark that, in the proof of [23, Proposition 3.2], [23, Lemma
3.13] holds more generally for the projected random walk from E to each E; and
then the rest of the proof of [23, Proposition 3.2] for a projected random walk is
identical.

Here is the detailed proof. We need two ingredients from [23]. For a probability
measure g on a semisimple Lie group G and a finite dimensional linear representa-
tion (p, V') of G over R, recall that

M V) = tim [ 1oglolo)|dn (o)
nJa

n—r+00

denotes the top Lyapunov exponent associated to the random walk induced on V.
By semisimplicity V is a sum of irreducible sub-representations. The sum of irre-
ducible sub-representations of same top Lyapunov exponent is a sum of isotypical
components. For A € R, we will denote by py: V — V the G-equivariant projection

onto
> 14

V’CV, irreducible
A1 (s, V)2

The following is [23, Proposition 3.17].

Proposition 3.9. Let u be a probability measure on SLy(Z) having a finite ex-
ponential moment. Let G denote the Zariski closure of the subgroup generated by
supp(p) in SLg(R). Assume that G is semisimple and Zariski connected. Given
D>1,A>0, and w > 0, there is ¢ = c¢(p, D, \,w) > 0 such that the following
holds for every f € R[Gl<p.

Vn >0, w({g € GlIf@] < O Mpa(A}) < e,
Here py: R[G]<p — R[G|<p is defined as above.

The following is [23, Lemma 3.18]. For k > 1 and a measure pu on G, u®F =
§® ---® pu denotes the product measure on GF = G x --- x G.

Lemma 3.10. Let V be a Euclidean space. Let p be a Borel probability measure
on SL(V) having a finite exponential moment. Let G denote the Zariski closure of
the subgroup generated by supp(p) in SL4(R). Assume that G is Zariski connected,
is mot compact and acts irreducibly on V.

Let E denote the R-span of G in End(V). Let f € R[E]<p and let k > dim E
be an integer. Define F € R[G¥|<p to be the polynomial function

V(z1,...,x) e G*, F(xy,...,x5) = f(z1+ - + k).
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Then we have
I fpllrE <p KDk 1PDA () () IRiGH <

where fp is the degree D homogeneous part of f and ppx,(uv): R[G¥l<p —
R[Gk]SD denotes the projection to the sum of irreducible G*-subrepresentations
M C R[Gk}SD with /\1(,u®k,M) > D)\l(pJ, V)

Proof of Lemma 3.8. Fix j =1,...,s. Remember that E; is a simple algebra over
R. Using Wedderburn’s structure theorem, we can find a irreducible faithful linear
representation E; — End(V;). It is easy to see that Ay (i, E;) = Ay (mj,p,V;). The
Zariski closure of the subgroup generated by supp(7; ) is precisely 7;(G). It spans
E;, is Zariski connected, acts irreducibly on V; and is not compact. Thus, we can
apply Lemma 3.10 to m;_pu.

Let y € E; and consider the polynomial function f € R[E}], f(z) = detg, (z—y).
The degree of f is D; = dim F; and its degree D; homogeneous part is detg,. Recall
D =dim E. Consider F € R[r;(G)"]<p, defined as

Vei,...,zp € mj(G), F(z1,...,2p) = f(z1+---+zp).
By Lemma 3.10,
HijM(Mij)(F)||]R[7rj(G)D]§D]. > ”detEjHR[Ej]ng >p 1.

The linear map 0;: R[r;(G)P] — R[GP] obtained by precomposing (7, ..., ;)
is injective and sends irreducible 7;(G)P-subrepresentations to irreducible GP-
subrepresentations. Moreover, for any irreducible m;(G)P-subrepresentation M C
R[r;(G)P], we have

)\1((71']‘*/14)®D,M) =1 (M®D>@j(M))'
It follows that
Hij)\l(lth)(F o (’ﬂ'j, e 77Tj))HR[GD]§Dj >>E 1.

Then we obtain Lemma 3.8 by applying Proposition 3.9 to the measure u®” and
the polynomial function F o (mj,...,m;) € R[GP]<p,. O

3.3. Proof of Proposition 3.1. In order to obtain the required non-concentration
properties for the measure u,,, we shall use the basic large deviation estimates for
matrix products that have already been used in the proof of Proposition 3.4. The
statement below is taken from Boyer [14, Theorem A.5|, which generalizes previous
results of Le Page [27] and Bougerol [7, Theorem V.6.2].

Theorem 3.11 (Large deviation estimates). Let u be a Borel probability measure
on GL4(R) having a finite exponential moment. For any w > 0, there is ¢ =
c(p,w) > 0, such that the following holds.

(i) For allm > 1,

1
wr({ger| ]n logllgl| — (e B 2w }) < e,

(ii) Assume further that the group generated by supp(u) acts irreducibly on R<,
For alln > 1 and all v € R?\ {0},

gv]]

— A1 (p, RY
o~ MR

1
u*"({gel’“ ‘log
n

o)) e

To prove Proposition 3.1, we shall only need the first item; the second item will
be used later in Section 6.
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Proof of Proposition 3.1. Note that condition NC(e, k, 7) was defined for algebras
endowed with a norm, and not with a quasi-norm. However, for some constants
a, B > 0, we have, for every v € F’,

{ [[o]] < |v|NZ if [Jof| > 1
[ol] < Jol~"if o] < 1.
So if some measure satisfies condition NC(g, x,7) for the quasi-norm |-|~ on E’,

then it satisfies NC(ae, g, 7) for the usual norm ||| on E’. It is therefore sufficient
to check the non-concentration properties of y, with respect to the quasi-distance
d.

For that, let € > 0 be some small parameter. By Theorem 3.11(i) applied to
each 7;_pi, there exists 7 = 7(y,€) > 0 such that

un({g €F |Vj =1,...,s |m(g)” >e " }) >1—e ™
Let 1 be the restriction of u, to such g and write
Pn =10 + 11

so that 14 (E) < e~7". By Proposition 3.2, there exists £ = x(u) > 0 such that for
any affine hyperplane W C FE with Fy CW — W,

Yoz e p({g € Gldlg W) < p min|m(g)|” }) < p"
By definition of ¢, and of the quasi-norm || on E, we have |p,(g)| = e "|g| for
every g € G and therefore, for every affine hyperplane W C E’,
Yoze " m({g € E'[dlg,W) < p min |mi(g)] }) < o~
By definition of vg, this implies
(3.8) Vp>e ", v({geFE ’ d(g, W) < pe==" }) < p”

and this inequality is still valid for any convolution v B 7. On the other hand,
Lemma 3.7 shows that

(3.9) Vye B, pEP({zec B ||detp(x—y)| <e " }) <e ™
Let 1y be the restriction of v H ,uf(D_l) to B/ (0,€2™), and write
pn” =10+ 11
By Theorem 3.11(i), we have 11 (E’) < €™ for some 7 = 7(¢) > 0, and by equations
(3.8) and (3.9), the measure 7 satisfies NCq(2¢, 5, 7). O

4. FOURIER SPECTRUM OF THE RANDOM WALK

Let 1 be a probability measure on GL4(Z). Denote by I' C GL4(Z) the subgroup
generated by supp(p) and G C GL4(R) the Zariski closure of T' in GL4(R). Under
the assumption that G is semisimple, we want to show some Fourier decay property
for the measure p*™ on the algebra E generated by G.

4.1. Connected case. The result we need about Fourier decay for random walks
is particularly transparent and easy to prove when the algebraic group G generated
by p is Zariski connected. So we first explain this particular case. Recall that
¢n: E — F is the rescaling automorphism given by (4.2), that 7’: E — E’ denotes
the projection to the direct sum of all non-compact factors in E, and that for any
integer n > 1, we let
pn = (" 0 @n ). (1™")

be the image of u*™ after rescaling and projection to E’. We will denote by E’*
the space of linear forms on E’ over the real numbers.
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Theorem 4.1 (Fourier decay for random walks in E’). Assume that G is semisim-
ple and Zariski connected. Then there exists oy = ag(p) > 0 such that for every
a1 € (0,ap), there exists co = co(p, 1) > 0 such that for all n sufficiently large,
for all € € E'" with

eosn < g < e

the following estimate on the Fourier transform of p*™ holds:

[ (E)] < em ™.
We let E' act on E’* on the right by

VEe B, Vr,ye E', (¢ z)(y) = &(zy).
Moreover, we let FE act on E'" via 7’.

Proof. Let D =dim E’, e = ¢(F’, k, D) and s = s(E’, k) be the quantities given by
Corollary 2.11. By Proposition 3.1, given «; € (0, 1), there exists k > 0 such that
for any € > 0, there exists 7 > 0 such that u&? satisfies NC(%*, K, 7) at scale e™"
in E' for all n sufficiently large. This formally implies that uPP satisfies NC(e, x, 7)
at all scales § € [e™", e~ "% ].

Without loss of generality, we may of course assume that 7 € (0,ex). Let £ € E'*
be such that e 2 < ||¢|| < e™. Taking & = ||¢]|~%, we have § € [e™, e~ %] so
8P satisfies NC(e, #,7) at scale 6. Therefore, Corollary 2.11 shows that p., =
[y * -+ - % 1y, satisfies

[sn ()] < e

This shows the desired property if n € sZ. In general, take oy = 4—18. For n large
and £ € E'" such that e®™ < ||€|| < e®™, write n = sm + r, with 0 < r < s and

n(©) = /G o (€ ) (2).

Then, observe from the exponential moment assumption that outside of a set of
[i-measure at most e~°", one has e~ "% ||€]| < ||€ - z| < e3= /]| and so

e E <eT < € z|| < ezveds <e™.

For such ¢ - z, we may bound

(€ )| < e < e
whence
fin(€)] < e™F +emm < e

with ¢ = min(§, 5%). O

4.2. Disconnected case. As before, ;1 denotes a probability measure on GL4(Z),
and G the algebraic group generated by p. We still assume that G is semisimple
but no longer that it is Zariski connected. The identity component G° is then a
finite index subgroup in G. We now write E for the subalgebra generated by G in
M4 (R). As before, we decompose

(4.1) E=E® -0k,

into simple ideals and define the rescaling automorphism ¢, : E — E by
(4.2) on(g) = z e~ MM Fi) ()
j=1

where Ay (u, Ej) denotes the top Lyapunov exponent associated to p on each of the
factors E;. Also, we assume that \i(u, Ej) = 0 if and only if j > s and denote by
7' E— E' = FE &---® E, the projection to the non-compact factors.
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Example. When G is not Zariski connected, we shall write £ for the algebra

generated by G, and let E denote the algebra generated by the identity component
. (11 (10 (0 1

G° of G. Let ap = (0 1), a; = (1 1) and w = (_1 0). Then define by

w 0 w 0

) and s = (

blocks Ag = (0 a 0 a

) in SL4(Z) and set

1
0= Z(5A0+5A1 +(5A0—1 +5A1—1).

One has G ~ (Z/47) x SLy(R) and E ~ C x My(R). On the other hand, the algebra
generated by G° is F ~ R x M3(R) if one identifies C ~ {<_ab 2) ; a,b e R}
and R ~ R1. The law p*" of the random walk at time n is supported by F if n is
even, and by AgE ~ iR x M(R) if n is odd. It is always concentrated on a proper
subspace of F.

To overcome this issue, we shall use the algebra E C E generated by the identity
component G° in G. The group G° has finite index in G and we let

F=G/G.

With a slight abuse of notation, we identify F with a set of representatives in G
and write G as a disjoint union

G=|]~G

yEF

Any measure v on G can then be decomposed uniquely in the form

V= z:'y,kl/7

YEF

where each v, is a measure on E. Finally, we let E/ = 7n/(E), and for n > 1 and
v EF,
Hnqy = (n' o ©n)«[(1")4]-

Fourier decay for (integer coefficient) random walks on non-connected semisimple
groups can be stated as follows.

Theorem 4.2 (Fourier decay for random walks in E’). Let u, G, G° and F be as
above. Then there exists ag = ap(p) > 0 such that for every oy € (0,ayp), there
exists co = co(pt, 1) > 0 such that for all n sufficiently large, ally € F and £ € E'™
with

et < JIE]| < e

the following estimate on the Fourier transform of p*™ holds:

[ A (§)] < €7

One can ask whether the same statement holds if supp(u) is not assumed to have
integer coefficients.

4.3. Induced random walk on the identity component. In order to prove
Theorem 4.2, we shall use the induced random walk on G°, whose definition is
given below. Since by definition G° is connected, this will allow us to use the
results of Section 3. The drawback is that we can no longer use the simple identity
Msn = Mn %+ % [1y; SO we shall have to write pg, as a weighted sum of convolutions
related to the induced measure p° on the identity component, which makes the
argument more technical.
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Let (gn)n>1 be a sequence of independent random variables distributed according
to p. Consider the return times to G°,

7(1)=inf{n>1]g, g1 €G°}
and recursively for m > 2,
7(m)=inf{n>1t(m—1)|gn-- g1 € G°}.

Those are the return times of a Markov chain on the finite space G/G°, so that for
every m > 1, 7(m) is almost surely finite. In fact, by Kac’s formula [6, Lemma 5.4]

E[r(1)] = [G : G°).

The random variables (gr(m) - - - §r(m—1)+1)m>0 are independent and identically dis-
tributed with law .°, the law of g,(1)---g1. Note that u° is a probability measure
on G° and has the following properties [1, Lemmas 4.40 and 4.42].

Lemma 4.3. Let pu be a probability measure on a real algebraic group G and p°
the induced measure on the identity component G°. Let T = [G : G°. If p admits
some finite exponential moment, then:

(i) The measure p° has some finite exponential moment;
(i) For every w > 0, there exists ¢ = c(u,w) > 0 such that for all m sufficiently
large, P[|T(m) — Tm| > wm] < e~°™.

In order to prove Theorem 4.2, we shall need to relate the random walk defined
by p and the one defined by p°. For that, we introduce, for m > 1 and ¢ > 1, the
law v, of the random variable

Gr(m) g1 conditional to the event 7(m) = /.

Naturally, v, is also the law of the variable g;-- - g1 conditional to 7(m) = £. On
the one hand, we may relate the measures v, to (u°)*™ with the formula

(4.3) ()™ =" peve.
£€N
where py = P[r(m) = {]. Here, we are hiding the dependency of v, and py on m in
order to make notation less cumbersome.
On the other hand, writing ¢; + --- + {5 + k = n for some natural integers n, s
and /4,...,¢s, we have

(4.4) = S b pe ™t v x s v+ (Plr(sm) > n)))
Ot l+h=n

where the notation ((¢)) for some positive quantity ¢ means some unspecified posi-

tive measure of total mass at most t. These two formulae will allow us to use the

non-concentration properties of (u°)*™ to prove some Fourier decay estimate for

M*”l‘

Before we derive Theorem 4.2, we note that the scaling automorphism 7, on E
associated to p° is simply given by ¢} = ¢,,r, where T' = [G : G°]. This readily
follows from the fact that if F; is any simple ideal in £ and V' any G°-irreducible
submodule of FE;, then Ay (u°, V) = TA1(u, E;).

Proof of Theorem 4.2. Let a; > 0 be a given small number. Since the algebraic
group generated by u° is connected, Proposition 3.1 applies to the induced random
walk on G°. We let k = k(u°) > 0 be the constant given by that proposition. Let
D =dimF and s = s(E,k) > 1 and ¢ = ¢(E, k, D) > 0 be the constants given by
Corollary 2.11.

Given «a; > 0, Proposition 3.1 shows that for all m large enough, the measure

(7 0 @)« (((1°)™™)EL B ((u°)™)EP)
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satisfies NC(%3%,k,7) in E' at scale e for some 7 > 0. This implies that the
same measure satisfies NC(5,,7) in £’ at all scales § € [e™™, e”*""]. Without loss
of generality, we may assume that 7 < ke/2 and 7 < /2.

Let w = w(p, a1) be a constant whose value is to be determined later. Fix n > 1
large, and set m = | (1 — 2w)#% |, where T' = [G : G°]. Everything below is true
for n sufficiently large (larger than some ny depending on p and «y). The letter ¢
denotes a small positive constant, whose value may vary from one line to the other,
depending on p and oy but independent of n.

By Lemma 4.3, we have

Plr(sm) >n—wn] <e™"
and

Plr(sm) < n — 3wn] < e™".
Put

£={£€N|p526_%m}.
We can bound

Z Doy Do, < sne” 70" < e,
(010 bs) ELS
Thus, (4.4) becomes
P = > e, pe ™ v kv (€M),

Ly,...0s€L, wn<k<3wn
L+ +Ls+hk=n

Let v € F. To finish the proof of the theorem, it suffices to establish an upper
bound of the form e~ “" for the quantity

Ioy0, k(8) == /GO e(€om o pn(v 1g))A(™  vg, % - % vg,) (9)
= //e . 6(5 o 71',(Spn_smT(’7719)()0SmT(h)))d,u*k(g)d(l/gs s - xvp, ) (h)

- / @ 0 pumr)elve, w2 v) (€ Prmamr (07 9) A" (9)-

uniformly for all 4,...,¢, € £ and wn < k < 3wn with {1 +---+ 4, + k =n.
First, we claim that uniformly for all £ € £, the measure

(7" 0 Y1) s (VEED =] VEED)

satisfies NC(e, k,27) in E' at all scales § € [e”™,e~*™], provided that m > 1 is
large enough. Indeed, developing ((1°)*™)®PB((1°)*™)®BP using (4.3), we see that
for any ¢ > 1,

()™ PP B (1) ™% = pi” (P BYP) +((1)).

The inequality p?P > =™ for { € L together with the fact that the left-hand
side rescaled by 7’ o 1 satisfies NC(§, %, 7) in E’ at all scales § € [e™™,e™*1"™]
show our claim. By Corollary 2.11, this implies, for all ¢ € (E’)* such that e*™ <
Il < em,

|((ﬂ_/ o %smT)*(VZS Kook V51)>/\(<)| < e—‘((;%i)%m <e°m,
Note that for any g € vG°,
(4.5) 1EMg™ 171 < 1€ - en—smr (VI < [€llll@n—smrlllg]l-

On the one hand, we have 0 < n — smT < 3wn. Hence, there exists a constant
C = C(p) > 1 such that

Cwn

||Q0nfsmT|| <e
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On the other hand, using the assumption that p has a finite exponential moment
and Markov’s inequality, we can find a constant C' = C'(u) > 1 such that for any
k > 1, the p**-measure of the set of g € I" such that
(4.6) lgll <% and g7 < "
is at least 1 — e~ F.

Set g = 7= and let £ € (E')* be such that e®" < ||£|| < e®0". Using k < 3wn,
we have, for any g € supp(u**) satisfying (4.6),

(a1 —4Cw)n H < e(oco+5Cw)n.

< ||§ ' (pn—smT(’y_lg)

With the choice w = min{ &%, 5587}, We can guarantee that this implies

€

e S 604177,/2 S ||£ : (Pn—smT(inlg)H S em.
Putting everything together, we obtain
eyt ()] S €™ +e7F <7 T

for all £1,...,4s, € L, wn < k < 3wn with £1 + -+ + €5 + k = n. This concludes the
proof of the theorem. O

5. FROM FOURIER DECAY TO GRANULAR STRUCTURE

As in the previous section, x denotes a probability measure on GL4(Z) and we
study the random walk associated to x on T?, with starting distribution v € P(T4).
The law of the walk at time n is v, = pu*" x v. The goal of this section is to show
that if v,, has a large Fourier coeflicient, then the starting distribution v must have
some strong concentration property.

5.1. Concentration statement for the random walk. In order to state the
main proposition of this section, we need to set up some notation. As before, G
denotes the algebraic subgroup generated by p, E C M4(R) denotes the algebra
generated by the identity component G° of G, F denotes the finite group G/G°
and T = #F.

Changing notation slightly, we now consider a decomposition of E

E:EO@El@“'@Er

into maximal sums of minimal ideals with same Lyapunov exponent for the action
of u°. We assume that the summands are ordered so that

Al(MO,El) > > Al(MO,ET) >0= Al(MO,Eo).

Here, Ej is eventually trivial.

The group G acts naturally on the space V = R? and for 1 < j < r, we let V;
be the sum of all simple G°-submodules W C V such that A;(u°, W) = A1 (u°, E;).
Equivalently, V; is also the sum of all simple G-submodules W C V such that
)\1(#, W) = %)\1(/.140, E,L'). We have

V=VyoVo - oV.
Let m;: V — V; denote the corresponding projection. Define a quasi-norm on V' by

1
ol = masx s (v)]| 7O

where by convention

Ilm<v>|é=||m<v>||+°°={ 0 if |mo(v)| <1

+oo  otherwise.
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This induces a quasi distance on T?. For z,y € T¢, define

d(z,y) = v —w|~ if there are lifts v € V of 2 and w € V of y such that [jv — w|| < %,
LY = otherwise.

Neighborhoods of subsets of T with respect to this quasi-distance will be denoted
by Nbd(-, -). Finally, for a rational subspace W C V, we let W mod Z? denote
its projection in T¢, which is a subtorus.

Proposition 5.1. Let p be a probability measure on GL4(Z) and v be a Borel
probability measure on T¢. If the algebraic group G generated by p is semisimple,
then there exist C' = C(u) > 0 and 7 > 0 such that the following holds.

Assume that for some t € (0, 3),

|ﬂ*/”*\z/(a0)\ >t for some ag € Z% and n > C'log ”i—on.

Then, there exists v € F such that, denoting
W = (apyE)*
there exists a finite subset X C T¢ such that
(X — X) N Nbd(W mod Z%,e~1=277) = {0}

and
V(X + Nbd(W mod 2%, e~(1=7m)) > 100,

The proof of Proposition 5.1 is in two steps: First, using the results of Section 4,
one shows that the inequality |;*" = v/(ag)| > ¢ implies that p*" % v has many
large Fourier coefficients (reducing slightly the value of n) and then, one applies a
Fourier analysis lemma originating in the work of Bourgain, Furman, Lindenstrauss
and Mozes [10, Proposition 7.5]. We start with the statement and proof of a general
version of that lemma adapted to our needs.

5.2. A quantitative version of Wiener’s lemma. Wiener’s lemma in harmonic
analysis states that a measure v on the torus T¢ is atom-free if and only if its Fourier
series tends to zero in density, i.e. given ¢ > 0, the proportion of vectors a € Z<¢
in a large ball B(0, N) such that |#(a)| > t, tends to zero as N goes to infinity. In
their paper [10], Bourgain, Furman, Lindenstrauss and Mozes observed that this
statement could be made quantitative: If B(0,N) contains a proportion at least
s > 0 of integer vectors satisfying [#(a)| > ¢, then there exists a ball B = B(z, +)
of radius & in T¢ such that v(B) > (st)®, where the involved constant depends
only on d. In order to later be able to use the quasi-norm adapted to a random
walk, we need to generalize this statement. It turns out to be most convenient to
formulate the lemma in terms of convex sets and polar pairs.

We will need to generalize slightly the notation N'(-,d) of covering number.
Instead of covering a set by balls, we will use translates of a convex body. Given
a symmetric convex body B € R? and A C V a bounded non-empty subset, we
define the covering number of A by B by

N
N(A,B):min{NZI'Elzl,...,xNGV,AC U(lerB)}
i=1

We shall also say that A is B-separated, if (A — A) N B = {0}. Let us briefly list
some useful properties of covering numbers. These may be used without explicit
mention in the sequel; the elementary proofs are left to the reader.
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e Let f: V — W be a linear map to another Euclidean space W. Then, for
any set A C V and any convex body B C W,

(5.1) N(f(A),f(B)) <N(A,B)
with equality if f is a linear isomorphism.
e Let B’ C V be another convex body, then
N(A,B") < N(A,B)N(B, B).
e In A, maximal B-separated subsets have cardinality at least N (A, B).
e If B is symmetric and A is 2B-separated then N (A, B) > #A.
o Let f: V — W be a surjective linear map between Euclidean spaces. Let
B,C C V be convex bodies and let A C C be a subset of C. We have
N(f(4).1(B) _ N(A,B)
N(f(C), f(B)) — NI(C,B)

where the implied constant in the >> notation depends only on dim V.

(5.2)

Let R? be endowed with the usual scalar product. Given a symmetric convex
body C C RY, its polar set C* is defined by

C*={zecRVyeC, (x,y) <1}.

If C D B(0,2), then C* C B(0, 1) and we naturally identify C* with its projection
to T¢. The quantitative version of Wiener’s lemma that we need is given by the
proposition below.

Proposition 5.2. Let v be a probability measure on T? and write for t > 0
Ay ={acZ|i(a) >t}

Assume that for some symmetric convex subsets B C C C R? containing B(0,1),
we have, for some cy € Z¢ and some s > 0

(5.3) N(AN(co+C),B) > s- 'g:.

Then there exists a B*-separated subset X C T such that
V(X +C%) >4 8325,

Proof. The implied constants in the Vinogradov notation in this proof depend only
on d. We shall need two auxiliary functions; the first one corresponds to the pair
of convex sets (C,C*), the second to (B, B*):

(1) There exists a smooth function 9: T¢ — R>q such that
(a) fq]‘d ¢ = 15
(b) ¥ < 155 Lo,
() ¥ > Lacnza-
(2) There exists a smooth function ¢: T? — Rx( such that
(i) > 1p-,
(ii) @ is real and positive and ¢ < ﬁ 15815 < ﬁ 1s5.
One obtains ¢ by taking any smooth symmetric bump function supported on 1—160*
with integral [¢ = 1. The third property follows from the fact that for every

£€20NZ and x € -C*, one has ({,z) < £ and hence R(e((¢,2))) > %. The

2
function ¢ can be given explicitly by the formula p(z) = ‘ﬁ Zae%Bmzd e({a, x>)‘
for all z in T?. The second item is immediate by definition of ¢, and the first one

follows from the fact that by Minkowski’s first theorem on convex bodies, one has
#(3BNZ% > |B|
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Pick a maximal 2B-separated subset A’ C A; N (¢o+ C) such that all coefficients
v(a), a € A’ fall in the same quadrant of C. One still has #A4’ > N(A;N(co+C), B)

and moreover
t#A’
‘ 3 ﬁ(a)‘ > A
acA’ \/§
By the Cauchy-Schwarz inequality,

Z via—0b) = /Td| Z €(<a,x>)|2du(x) > ‘/Td Z e(({a, z))dv(z) 2 > t2(#A4)2.

a,be A’ acA’ acA’

Hence, there exists a translate A of A’ such that A c A’ — A’ € 2C and
)Z ﬁ(a)‘ > 24 A
a€cA
and
C
(5.4) #A=H#A">s- IBI'
Consider the function f: T¢ — R defined by
Ve e T, f(x) = e((a,x)).
a€A

On the one hand, using the definition of f, the properties of ¢ and the fact that A
is 2B-separated, one has, for any y € T¢,

[ 8= [ e s
< Z /¢(x_y)€(<a1—a2,x>)dx

ai,a2€A

< Y plar—as)

ai,az€A

1
<<7| Z ]12]3(&1—@2)

|B a1,a2€A

#A
<=
| B

On the other hand, from the properties of ¢ and of those of A,
‘/T faw B )| =3 p@ba)] > | X oa)] > P
acA acA

Let (yi)icr be a maximal family of (4B*)-separated points in T¢. Then the
translates (y; + B*);e; are disjoint and have a total volume > 1. By Fubini’s
theorem,

X [ eme=3wes] [ ez,
ieq JotyitB* el T4
Hence, translation all y; by some 2 € T? if necessary, we may assume that

(5.5) Z(/‘HB* fA(v B w)‘ S 24A,

iel
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By the Cauchy-Schwarz inequality, for each i € I,

dvBy)| < 2 B )2
’/yz‘“rB* / (V w)‘ B \//?/1+B*|f| \/‘/yi+B*(V ’l/))
A
< \/a\/(u B ) (y; + B*)y?iaé(* vHy
<v(y;+B* + C*)\/ihﬁé’wc|
|B|

where h; = — == rm=—. Recalling (5.4) and (5.5), we obtain some constant
L = L(d) > 1 depending only on d such that

1/242
S vy + B+ C)hP >
iel
On the other hand, since for every z in T¢, one has (vBv)(z) < V(Tgfr) , increasing

the value of L if necessary, we get

Vi, h; <L.
Finally, (y;)icr is 4B*-separated so
Zy(yi+B* +C") < Zl/(yZ +2-B")<1
i€l i€l
and we may set J ={i €I |h; > %}toﬁnd
$1/242

) * *) >

ieJ
For each i € J, fix x; € y; + B* such that
B ) (z;) = &
(vEBY)(xi) Jnax v @)

and let
X={zx;;ieJ}.
Since the family (y;);cs is 4B*-separated, the set X is B*-separated. For the second
property, note that for each ¢ in J,
v(a; +C*) > |C*|(v B ) (z:) = hiv(yi + B* + C*) > st'v(y; + B* + C*).
so that
v(X+C* = Zz/(ml +C*) > stt Zy(yi + B* +C*) > s3/245.
icJ ieJ

O

5.3. Proof of Proposition 5.1. To prove Proposition 5.1, we follow the same
pattern as in [23]. The only difference here is that we need to find the correct polar
pairs (B, B*) and (C, C*) to apply Proposition 5.2. First, let us state two lemmas
that are probably well-known.

Lemma 5.3 ([23, Lemma 4.3] Additive structure of large Fourier coefficients). Let
w be a Borel probability measure on SL4(Z) and v a Borel probability measure on
T, If

|;m(a0)| >t >0,
then for any integer k > 1, the set

A= {g€ Ma(Z)||(aog)| > 5*/2}
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satisfies
HE g Bk A) > ﬁ
(B B ) (A) 2 -
Lemma 5.4 ([23, Lemma 4.4] Regularity from Fourier decay). Given D > 1 and
a > 0 sufficiently small, there exist constants ¢ = ¢(D,«) > 0 and C; = C1 (D, «) >
0 such that the following holds for all 0 < 6 < ct. Let n be a Borel measure on RP,
of total mass (RP) < 1. Let A be a subset of RP. Assume

(i) supp(n) C B(0,67%),
(ii) for all & € RP with 6= < ||&|| < 6717, [a(&)] < [I€]17,

(iii) n(A) > t.
Then there exists a € RP such that

N(AN B(a,6%),6) > et™+! (?)D
where 8 = (2D + 1)a.
We are ready to prove the main proposition of this section.
Proof of Proposition 5.1. We shall use Lemma 5.4 with D = dim F’ and
ming<;<, A1 (@, V4)

o 0 = ming<;<, A1 (@, V3)
3(2D + 1) max; )\1(#,‘/@) 3maxi<i<r )\1(#,‘/1‘).
aag

Let C; = Ci(D,a) be as in the lemma. Let ap = ag(p), a1 = “§° and ¢ =
co(p, a1) be as in Theorem 4.2. Set also kg = [aoc—ocl] and k = Tkg, where T = #F.
Assume

| % v(a)| > t.
By Lemma 5.3, there is a subset A C M4(Z) such that

tQk

Vge A, |plag) >

and
2k
((N*n>EEk =] (u*n>53k)<A) > %

Note that p*™ is supported on U,yeF vE. We can cover p*™ by its restrictions
(") |4k to each subspace yE. Thanks to the choice of k and the commutativity
of additive convolutions, there exists v € F' such that

t2k‘

272k "

(u*”)ﬁ%’ H (a probability measure)(A) >

Hence for some x; € My(Z), we have
sy Bk 2
(W) e (w1 + A) 2 ST
Let i’ be the pushforward of (u*")%@? under the map g — (7’ 0 ,,)(y"1g) and let
A= (1" op,)(ENy Nz +A)) C E
so that

(5.6) (A > 2.

agn

Lemma 5.4 will be used at scale = e~ "2~ . By the definition of y,, , in Section 4.

We have ' = uf,’fyo. By Theorem 4.2, for all £ € E™* with 6~ = eM™ < ||| <

@om — §=2_ we have

e
7/ ()] < e~Focom < g =
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In view of the large deviation principle for p*", we may replace " by its restriction
to B(0,0~ %) while maintaining (5.6) and the conclusion of Theorem 4.2. Thus by
Lemma 5.4 applied to n’ and A’, there exists xs € Bp/(0,0~%) such that

(5.7) N (A" N B(x2,67),5) > O §=PU=H),
Now define convex bodies in E by

Co = ¢—n(Br/(0,0°) x B, (0,R)) and By = ¢_n(Bg/(0,0) x Bg, (0, R))
where R = O,,(k) is a constant large enough so that v~*A C E’ x Bg, (0, R). Then
the inequality (5.7) implies that for some x3 in F,

N(HTAN(Cy + x3), By) > tO0W§=PU=A) 100 ||1C30 .
0
Indeed, with
fll E — B
r = T op,(y ley + 1)
one has fi(y71A) D A, 7’ 0 v,(By) = B/(0,6), and taking z3 € E’ such that
7' 0 pn (Y twy 4+ 23) = 9, f1(Co + x3) = Br/(72,6%). The choice of R guarantees
that f1(y"'AN (Co + x3)) = fi(y *A) N f1(Co + x3). One concludes using the
inequality (5.1) on fi.
Now let

C = agyCo + Bra(0,2) and B = agyBo + Bra(0,2)
and apply (5.2) to f: x — agyz to obtain, with ¢y = agyzxs,
N(agAN (C + o), B) N N(y7TAN (Cy + z3), By)

o(1)
N(C, B) N(Co, By) >t

whence
y1C1

|BI
Since ©(agg) > t°M) for every g € A, Proposition 5.2 shows that there exists a
B*-separated subset X C T¢ such that

v(X +C*) > 90,

To conclude, it remains to describe the sets B* and C*. For that, first consider a
decomposition of the space of linear forms on R? into irreducible components under
the right action of G°

N(aAN(C+co),B) >0

(Rd)* =V =vVVg...qv"

and write p;, i = 1, ...,k for the corresponding projections. Since ag7y is an integer
vector, and each V) is defined over a number field, by Liouville’s Theorem, there
exists a constant C' > 0 such that for each ¢ such that p;(agy) # 0, one has

-C
llaol| =™ << [lpi(aoy)|l < [laoll

Therefore, for any € > 0, we may choose C. > 0 such that n > C; log M

fori=1,...,k,

implies,

pi(agy) =0 or e =" < |p;(agy)|l < e
Thus, if p;(agy) # 0 and Ay (u, V®) # 0, then
pi(apy)Bo C By (0, e(Al(“’V“)HE)"(S)
and o
pi(agy)Co D By (0, eV =eInghy,
Now consider the decomposition of V' = R? according to Lyapunov exponents

V=WeWhe --al,
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where for ¢ = 0,...,7, V; is the sum of all irreducible G-submodules of V' with
Lyapunov exponent A;(u, F;). Since W = (agyE)* is a submodule, it can be
written

W=Wy&®---e&W,, where W, =WnYV, i=0,...,r.

An elementary computation based on the above observations shows that for some
compact subset Ay C Vj containing By, (0, 1), (we identify subsets of By (0, 1) with
their projections in T¢)

1
B* D Ap x H {v; € Vi|d(vi, W;) < e=MalwVidFeng=1 and |y < 5}

1<i<r

and

1
C* c Apx [ {vi € Vild(vi,W;) < emMl¥d=ng=8 and [|v; || < 5 )

1<i<r

Recalling 6 = e~ "% and setting 7 = Wi(uv) > 0, we may choose € > 0 small
enough so that

e~V +ms—1 _ o=(ua(uVi)+e=F)n 5 o=(1-20) A1 (Vi)

and

e~ Vi) =e)ns—B _ o~((uVi)=e=250)n < o=(1=7) M (nViIn

Finally, since Ay can be covered by a bounded number of translates of By, (0, %), we

may assume replace Ag by By, (0, %), and then B* D Nbd(W mod Z%, e~ (1-27)n)

while C* ¢ Nbd(W mod Z%, e~(1=7)), O

For a technical reason, instead of on the torus, we will have to work on a union
a tori T¢ x F, where I acts diagonally. For a measure v on T x F and a € Z%, we
write u*/n*\y(a, 1) for the Fourier coefficient at frequency a of the restriction of v
to T? x {1} viewed as a measure on T¢.

A more careful look at the proof will give us the following slightly more precise
version of Proposition 5.1.

Corollary 5.5. Let p be a probability measure on GL4(Z) Assume the algebraic
group G generated by p is semisimple and write F = G/G°. Let v be a Borel
probability measure on T x F. Then there exist C = C(u) > 0 and 7 > 0 such that
the following holds.

Assume that for some t € (0, 3),

llao]

uﬂy(ao, 1)‘ >t for some ag € Z* and n > Clog -

Then, there exists v € F such that, denoting
W = (agvE)*
there exists a finite subset X C T x {y~1} such that
(X — X) N Nbd(W mod Z%,e~1=277) = {0}

and
V(X + Nbd(W mod Z%,e~(=7m)) > (00,

Here, of course, the addition on T? x {71} is defined for the torus coordinate.
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6. CONCENTRATION AND UNSTABILITY OF THE RANDOM WALK

In this section, we finally prove the main result of the paper. We consider a
probability measure y on GL4(Z) and the associated random walk on the torus T¢,
starting from a point xo € T?. Letting I" be the group generated by supp  and G
the Zariski closure of I'; we assusme that G is semisimple as an algebraic group,
and we show — in a quantitative way — that if the law p*" x §,, of the random
walk is not exponentially close to the Haar measure on T?, then the starting point
xo is exponentially close to a proper closed invariant subset.

But let us first introduce a new space on which it is convenient to study the
random walk, especially to overcome issues related to being Zariski disconnected.
As before, G° denotes the identity component of G, and F = G/G°. The subalgebra
of M4(R) generated by G° is denoted by E. In order to keep track of the coset
modulo G°, we let

Vo=Tx F
and let I' act on Yj diagonally.

Let W, be a rational G°-invariant subspace of V = R%. We can define a factor
of Yo =Y by

Y = | | RY(yWo + 2% x {7}.
yEF
The action of I' on Y is defined in the obvious way. This way, the natural projection
Yy — Y is I'-equivariant.

Given ag € Z* for which the random walk p*"  §,,, has large Fourier at ag. We

will set

Wo=V°+ (apE)*
and study the random walk on Y associated to this W}, because information given
by the assumption is all contained in this factor.

In the introduction, we defined the quasi-distance adapted to the random walk
on V and on T¢. Similarly, we can define a quasi-distance on each of the tori
R%/(Z% + yWp) in Y. Together, theses quasi-distances define a quasi-distance on
Y by the formula

} d(z1,20) if 1 = s,
d((z1,m). (22,72)) = {+OO otherwise

Below we will state a slightly more precise version of Theorem 1.1. Let V}
denote the sum of all compact factors of G in R¢, that is, the sum of irreducible
subrepresentations W C V such that A (i, W) = 0. We fix a G-invariant Euclidean
norm on Vy and write By, (0, R) for the closed ball in V; with radius R > 0 with
respect to this norm. Given some parameter () > 0, we note that

1
By, (0,Q) + | -27 c R
q<Q

is [-invariant. As a consequence, the set

1
Zg=| | (Br(0,Q)+ | J =Z% mod yWy + Z7) x {~}
YEF <Q

is a I-invariant closed subset of Y.
Theorem 6.1. Assume that p has a finite exponential moment and the algebraic

group G is semisimple. Then for every A € (0,1), there exist C = C(u, \) > 0 such
that the following holds.
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Given ag € Z2, let Y be defined as above. For any xo € T?, if

M % o, 1
(6.1) (™ x8uy)(a0)| >t for somet € (0, 5) and n > Clog HatOH’

then there is vo € F such that writing yo = (xog mod Wy, v0) € Y, we have

c
dom 202 sorsame = (191)

To obtain Theorem 1.1 from this theorem, it suffices lift yo and Zg to Yy and
then project to T?.

We proceed to the proof of Theorem 6.1. We fix the meaning of ag € Z¢, Wy, C V,
xo € T? as in the statement. By the pigeonhole principle, (6.1) implies that there
is 79 € F such that

t

B Bz 30) (00, 1)]

where the notation u*"m,%)(ao, 1) is defined in the paragraph preceding Corol-
lary 5.5. This choice of vy determines yo € Y. We fix this y for the rest of the
proof.

6.1. Bootstrapping concentration. In order to prove Theorem 6.1, we start
from the granulation estimate obtained in the previous section as Proposition 5.1.
The first step is then to run backwards the random walk to increase the concentra-
tion.

Proposition 6.2 (High concentration). Assume (6.1). Given n > 0, there ezists
llaoll

= and p > 0 with |log p| < ny such that for some y €Y,

)b, (Bly, p) 2 .
Proof. Using (6.2) and Corollary 5.5 and observing that (agyE)* = v~ (agE)*,

we obtain that for ng > log @, there exists an e~ (17270 _geparated subset Xo

contained in a single torus in Y such that

ny <, log

’u*(n—no) * 5y0 (Nbd(X(), e—(l—‘r)no)) > tCo.

Increasing Cj if necessary, we may also assume that #X, < e“°™. Fix some
large k € N and then € > 0 such that 2ke < 1. Starting with
™o
2d
we apply Lemma 6.3 below & times successively. This yields integers m;, and scales
r; > pq, defined inductively by

mo=[22), ro=e (=200 and py = e (=m0,

rip1 = e~ miFe)y,

piy1 = e~ mill==)p,
mip1 = [mi(1—§)]

and at each step, an r;-separated set X; such that #X,; < #X, and

) tCo\ ¢
pr=mo=mo==mi) . 5 (Nbd(X;, pi)) > <2> '

Set ny =ng+mg+ -+ +mg and p = pg. One has #X; < #X, and

*(n—mn1) N t o
H Yk 8y, (NbA (X, p)) > >
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so that for some y € X,

k k
- 1 tCo d tCo d
#(n—ny) (B ) > 2 > g~ Cono [ 2__
f * 0y, (B(y,p)) 2 X, \ 2 >e 5

Now, since mg + - - - +my > % we may choose k large enough so that mg+-- -+

llaoll

my > 30%"", and then ng < log *5* large enough to ensure that

2
The proposition follows. O

dk
m C
pP=pr =< e~ (=) (mottmy) < o= 2 < 6_% <t O) ' .

After using Corollary 5.5, we can now forget how Wy is constructed from aq. All
what we need is that Wy is a G°-invariant rational subspace containing V°.

We now prove the lemma that was used in the above proof. The notion of
r-seperated sets in Y are with respect to the quasi-distance on Y.

Lemma 6.3. For any € > 0 there exist ¢ > 0 and mg € N depending only on p
and & such that the following holds for any Borel probability measure v on Y and
any m > mg.

Let r >0 and p > 0 be such that (™)™ p < r. Set

—m(14¢) m(l—g)

r=e r and pp=e" p-

If X is an r-separated subset contained in a single torus in 'Y, then there is an r-

separated subset X1 C Y, contained in a single torus, with cardinality #X; < #X
and such that

I/(Nbd(Xl, p1)) = (W™ xv) (Nbd(X, p))d —e M

Proof. In this proof, we write X () for Nbd(X7 p). By Jensen’s inequality and the
definition of p*™ x v, (see [10, Lemma 7.6] for details),

W) (XP) <3 ) (g (T X 0 g X ).
g1,--,9d €L
This implies that the set of d-tuples (g;)1<i<q such that

(6.3) y(gl—lX(p) A---N g;lX(”)) > (™ « ,/)(X(p))d _emcm

has (p*™)®%-measure at least e=“™. Using the fact that the large deviation esti-
mates Theorem 3.11(i) and (ii) are valid under the only assumption that the action
is irreducible, one readily checks that [23, Lemma 5.5] and its proof are also valid
under this assumption. Applying this lemma in each irreducible subrepresentation
of R?, one obtains that if ¢ is chosen small enough, there must exist g;,...,g4 € I
satisfying (6.3) and moreover,

(6.4) Vo e RY/Wo\ {0}, e379™ < max

and (using the large deviation estimates again and the fact that —Agimw (1, W) <
(dim W — 1)A1(u, W) for any G-invariant W C V)

(65) Vi € {1, . 7d}7 |gi|N S e(1+5)m and ‘g;1|~ S e(d—l+€)’m.

We fix such elements g1, ..., gq for the rest of the proof.

Since X is contained in a single torus, all the g;’s are contained in the same class
in G/G°.

We claim that the set g; ' X(?)0---Ng; ' X(¥) is included in a union of at most #X
balls of radius p; = e~ (=) p. Indeed, from (6.5) and the fact that e(d+1)mp < r,
we find, for a given x € X and i > 1, that the set gflf%(x,p) meets at most
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one component g; 'B(y, p), y € X. Therefore, there are at most #X non-empty
intersections gflﬁ(ml, p)N---N g(;l]%(xd,p), for z1,...,2q € X.

If z,y lie inside such an intersection, then, for each i, J(gix,giy) < p. Then
(6.4) and (6.5) implies that d(z,y) < e"(1=9)™p = p;. Thus, each intersection
g7 ' B(z1,p) N -+ N gy 'Blzg, p) is included in a ball of radius p;.

Finally, using (6.5), we see that these p;-balls are separated by at least r; =
e~ (4e)my - Moreover they are contained in the same torus in Y because the g;’s
are in the same G° coset. This finishes the proof of the proposition. O

6.2. A diophantine property. From the high concentration property obtained
in the previous paragraph, we want to infer that p*("~"1) x dy, is concentrated near
a proper [-invariant subset. The argument relies on a diophantine property of the
random walk, coming from the fact that p is supported on GL4(Z).

Proposition 6.4 (Concentration near a closed invariant subset). Given 8 > 0,
there exists C > 0 such that the following holds.

Assume (6.1). Then there ezist ny € N* such that % log Hatoll <n; <Clog @
and p € [e=C™ e~ and Q < p=F such that

) by, (NbA(Zg. p) 2 9.

This proposition is an immediate consequence of Proposition 6.2 and of a dio-
phantine property of the random walk, given by the following lemma.

Lemma 6.5 (Diophantine property). For every 8 > 0, there exist constants C' and
n > 0 depending on p and B such that for any yo,y € Y, if for n > Cllog p|, one
has

(1" 5 by, )(B(y, p)) = p"
then d(y, Zg) < p'=# for some Q < p=F.

Proof. Consider the action of G on Ve = | |, cp V/YWo x {7}. Since V/Wj contains
no G°-invariant vector, for every non-zero (vy,vs) in Vi X Vg, the set { g| gv1 = v }
is a linear subvariety in G of dimension less than dim G. Using the spectral gap
property modulo prime numbers [31] (the same way it is used in the first step
of the proof of Proposition 3.3), we obtain that for m large enough, for some cg
independent of (v1,vsy),

(6.6) PO (g1, Gm) G- gron = 02 }) < em O™
Fix m such that o
e > pl > e om,
It C is large enough, the condition n > C|log p| ensures that n > m. From the
assumed inequality, it follows that there exists some y; € Y such that

(u™ % 8y, ) (B(y, p)) = p",
which implies that the set

A ={(91,---.9m) € (supp )" | d(gm - .- q191,9) < p}
satisfies
PO (Ag) > p" > e,
Using the finite exponential moment of 1 and reducing the set A,,, we can assume
further that for all (g;) € A, [|gm -+~ g1 < e€0™ for some Cy = Co(p).
Write y1 = (21,71) and y = (z,7). Recalling (6.6) above, one infers that the
linear map
0: V/mWo xV/yWy — (V/AWo)Am
(v1,v2) = (Gn - 9101 — V2)(g)eA,,
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is injective. Moreover, in the canonical bases, its matrix has coefficients in Z
bounded by e, so its inverse has coefficients in 5Z for some @ < e“™, and

bounded by e“1™. Therefore, any solution (vi,ve) in V/v1 Wy x V/vWj to
v(gla cee ag’rn) € Ama Gm ---01V1 — V2 € B(())p) + Zd mod ’YWO

can be written, for some wy,ws € Z% and wuy,uy in B(0,e“1p),

1
v1 = =wi +u; mod Wy and vy = awz + ue mod yYWj.

Q

This applies in particular to representatives of (x1,z) in V/y Wy x V/AWy. It
follows that

d(y, Z,cym) < eC1p.
If » > 0 is chosen so small that %n < f3, one has

20 cgm 204
Cim _ oo "2 <p Congp—ﬁ

e

so the lemma is proved. O

6.3. Unstability of closed invariant subsets. To conclude the proof of Theo-
rem 6.1, we use a variant of the argument given in [24, §3]. It is based on Foster’s
exponential recurrence criterion, applied to a well-chosen function associated to a
closed invariant subset. This technique has been used extensively in homogeneous
dynamics since the work of Eskin and Margulis [17], in particular by Benoist and
Quint for their study of stationary measures [2, 4, 5, 3].

Lemma 6.6 (Margulis inequality). For every A € (0,1), there exist constants
C,a > 0 depending only on p such that the following holds. For @Q > 2, define a
function ¢o: Y — RU {+o0} by

_ [ dly, Zo)™™ ifd(y,Zq) >0
eQly) = { +o0 otherwise.

For ally € Y and all integers n > 1,

/ vo(gy)dp™(g) < e " po(y) + Q.

The proof of such inequalities is an application of Furstenberg’s law of large
numbers [6, Theorem 4.28], using also the exponential moment assumption on p.
Since it is rather standard, we leave it to the reader, and turn to the proof of
Theorem 6.1.

Proof of Theorem 6.1. Let C,«a > 0 be the parameters given by Lemma 6.6 applied
with A" = 142 instead of A. Then set § = &%;.

Proposition 6.4 shows that for some n; =<3 log
there exist @ < p~? such that

) w6, (Nbd(Zg, p) > pP.
Applying Lemma 6.6 yields
poth < / eq(gyo)du* ") (g)

g e—)\/a(n—nl)goQ(yO) +QC
Note that Q° < p=9? < 1p=># and therefore

llaoll

—Cin —cin
1224 and some p € [e”“1™ T M

1

pa(yo) = dlyo, Zg)~* > M) pmatl s Nangm Grallteaim,




44

Since n; =< log @ and M =\ + %, taking n > 1< log
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llaol|

T—x — ylelds

d(yo, Zg) < e

and the theorem is proved. O
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