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Abstract

We give some new results about diophantine simultaneous inequalities involving one quadratic
form and one linear generalising the Oppenheim conjecture. In the first part we compute
an exact lower asymptotic estimate of the number of integral values taken by such pairs,
by using uniform distribution of unipotents flows. In the second part, we prove an S-adic
version of the Oppenheim type problem for pairs. The proof uses S-adic dynamics and
strong approximation. We also discuss a conjecture due to A. Gorodnik about finding
optimal conditions which ensure density for pairs in dimension greater than three. This
conjecture was partially the motivation of this thesis and is still open at this time.



Introduction

The purpose of this thesis is to address some issues of the theory of Diophantine
inequalities involving one quadratic form and one linear form in light of the theory of
unipotent actions on homogeneous flows. For instance a first problem is to look, given any
€ > 0, whether the system of inequalities given by

|Q(x)|<eand | L(x)|<e (A)

has integer solutions x € Z"™ where () and L are respectively a indefinite nondegenerate
quadratic form and respectively a non zero linear form in n > 3 variables. A positive answer
to this problem is already known for pairs F' = (@, L) satisfiying both nice geometric and
arithmetic conditions. The result is due to S.G. Dani and G.A. Margulis ([DM90]) for the
case n = 3 and to A. Gorodnik for the case n > 4 ([Gor04]). We pursue this study by giving
a proof of a quantitative version of Dani and Margulis’ solution of (A) in dimension three,
more precisely we compute an exact asymptotic lower bound of the number of integral
solutions of (A) lying in growing subsets of R?. The second contribution is a generalisa-
tion of Gordonik’s result to the S-adic setting. The proof requires an interplay between
two mutually complementary methods based on ergodic theory and strong approximation
property.

Historically the case of a single quadratic form has been a great challenge during the
last century in the theory of diophantine approximation. In 1929, Oppenheim conjectured
that given an indefinite nondegenerate quadratic form in n > 3! which is not proportional
to a rational form and for any e > 0, there exists x € Z" such that

0<Q(x) |<e

It is easy to see that this statement of the conjecture is equivalent to the density of Q(Z™)
in R. The Oppenheim conjecture remained an open problem for more than fifty years. A
complete solution was finally given by G.A. Margulis in 1986 using ergodic theory. The
first attempts towards a solution to the Oppenheim conjecture relies on geometry of num-
bers to the count lattice points in a large ellipsoid due to Jarnik and Walfisz. Using this

! Originally Oppenheim stated the conjecture for n > 5 in analogy of Meyer’s theorem which states that

given a rational indefinite quadratic form in n > 5 variables then m(Q) = Zinf . |Q(x)| = 0. The extension
TEL™  z#

of the conjecture to the case of n > 3 variables is due to Davenport and Heilbronn in 1946.



method, Chowla proved in 1934, the Oppenheim conjecture for indefinite quadratic forms
in n > 9 variables. Later, by using a modification of Hardy-Littlewood’s Circle method,
Davenport and Heilbronn proved the same result for n > 5 in 1946. The same method
allowed Birch, Davenport and Ridout to prove in 1959 the conjecture for general quadratic
form for n > 21. Some progress has been made by R.C. Baker and Schlickewaei in 1986
by solving the general conjecture for n > 18 with some restrictions on the signature of Q.
This was the best known result before Margulis achieved to give a complete solution of
the Oppenheim conjecture.

In parallel to these developments, a remark made by Raghunathan in the late sev-
enties about orbit closures of unipotent actions on the space of lattices introduced new
insights on the Oppenheim conjecture (this was already formulated in a implicit way in
a paper of Cassels and Swinnerton-Dyer in 1955). This new point of view consists to
exploit ¢ la Felix Klein the action of the symmetry group SO(Q) of the cone defined by
@ on the homogenous space of lattices in R", namely SL(n,R)/SL(n,Z). Therefore in
order to establish the Oppenheim conjecture, we are led to prove that the orbit of Z"
(viewed as a lattice) under the action of SO(Q) is dense in the space of lattices in R".
The Raghunathan conjecture states more generally that the closure of an orbit Uz under
any unipotent subgroup U and any point x of a homogeneous space should be an orbit of
the same point under a subgroup L containing U, i.e. Uz = Lz.

The hidden dynamics of unipotent actions becomes more visible if one deals with the
action of a one-parameter unipotent flows u(t);cr on the space of lattices in R™. Indeed
such flows have a polynomial growth property, that is, given any lattice A, the function
t — |u(t)A| is a polynomial of degree n. This fundamental property implies that unipo-
tent flows show to satisfy the so-called nondivergence property which means roughly that
orbits do not spend in average most of their life outside compact subsets.

Since the proof of the Oppeheim conjecture reduces to the case n = 3, Margulis showed
using highly nontrivial properties of one-parameter subgroups of SL(3,R) that Raghu-
nathan’s conjecture is true for SO(2,1) acting on SL(3,R)/SL(3,Z)?. Shortly afterwards
in the early nineties, M.Ratner successfully solved the Raghunathan conjecture in full gen-
erality, and thus yields a direct proof of the Oppenheim conjecture. Fortunaltely this was
not the end of the story, and the influence of the theory of unipotent flows is increasing
in various directions. Another example of application in the theory of diophantine ap-
proximation on manifolds is the proof of Sprindzuk’s conjecture made by Kleinbock and
Margulis. At the opposite for non-unipotent actions, the famous Littlewood’s conjecture
concerning values of products of linear forms at integral points can be seen as an analog
of the Oppenheim conjecture . This conjecture is still open and it is a consequence of

2Tt is interesting to note that when dealing with dynamical methods working in low dimensions is clearly
advantageous while dealing with Circle methods is definitely not. As it was remarked before the natural
limit for the Circle method is n = 5.

3The Littlewood conjecture (1930) states that for any pair of reals (a,83), we have that
liminf,, n|nal|nB| = 0 where |.| is the distance to the set of integers, that is,



a conjecture of Margulis which is a analog of Raghunathan’s conjecture in the context of
diagonal actions. The best known result is that the set of exception to the Littlewood
conjecture has null Hausdorff dimension (due to Einsiedler, Lindenstrauss and Katok).

The Oppenheim conjecture itself was subject to several generalisations. A first ques-
tion concerns the distribution of the values of QQ(Z") in the real line. Since the proof of the
Oppenheim conjecture uses ergodic techniques, it is natural to expect that uniform distri-
bution property of the values of Q(Z") is satisfied. This part is known as the quantitative
version of the Oppenheim conjecture and the main contributions are due to Dani, Eskin,
Margulis and Mozes. An Another kind of generalisation concerns the S-adic version of
the Oppenheim conjecture, more precisely one can consider families of quadratic forms
(Qs)ses over the product of both archimedean and non-archimedean completions instead
of a single real quadratic form. The validity of the S-adic version of the Oppenheim con-
jecture has been proved by Borel and Prasad.

Our contribution is to proceed such similar generalisations to the Oppenheim conjec-
ture for pairs F' = (Q, L) which satisfies conditions so that the density set F'(Z™) holds.
Let us state the main results obtained in this thesis.

Quantitative Oppenheim conjecture for pairs.

Let 0 < a < b be given. We denote by |.| the euclidian norm and by Vol the Lebesgue
measure on R"”. Let v be a continuous positive function on the sphere {z e R": |z| = 1}
and let Q= {zx eR": |z| < I/(ﬁ)} a star-shaped open set. The quantitative Oppenheim
conjecture amounts to give an estimate of the following quantity

#{er”mTQ: a<Q(x)<b}
Vol(x e TQ: a<Q(z)<b)

when T — oo

pa,b(T) =

Equidistribution is satisfied if p,4(7") — 1 when T" — oo.

The equidistibution was proved in two steps, Dani-Margulis provided the lower bound
(1993) and Eskin-Margulis-Mozes (1998) provided the upper bound, the second step has
shown to be more intricate than the first one.

Under the hypothesis above, we have the following

o liminfy p,p(T) > 1
e limy p,,(T') =1 for signature (p,q) # (3,1) or (2,1).

o limy pop(T)(logT) ™ =1 with k=2 or 1 when (p,q) = (3,1), resp. (2,1).

f z(za-y)(zf-2)=0

in
(z,y,2)ez3-{0}



As mentioned before Dani-Margulis and Gorodnik were successful in finding sufficient
conditions which guarantee density for pairs (Q, L) respectively for n =3 and n > 4.
A natural question is to check if the values of pairs at integral points are equidistributed,
more precisely let introduce the following quantity

#{rxeZ"'nTQ: a<Q(x)<b, 0<L(z)<a}
Vol(x e TQ: a<Q(z)<b, 0<L(z)<a)

Pa,b,a(T) =

Equidistribution for pairs is satisfied if pg p,o(7) — 1 when T' - oo.

Unfortunately the existence of non-generic(*) points in dimension n > 4 does not allow us
to obtain equidistribution in this case. However in dimension 3, the situation is better and
a first step towards uniform distribution would be to obtain an asymptotic lower estimate
for pap.o(7T") in dimension 3. We obtain the following quantitative version for pairs (Q, L)
in dimension 3.

Theorem. Let F = (Q, L) be a pair consisting of a quadratic form Q and a nonzero linear
form L in dimension three satisfying the the following conditions

1. Q is nondegenerate.
2. The cone {@Q = 0} intersects tangentially the plane {L = 0}.
3. No linear combination of Q and L? is rational.

Then for any 0<a<b and a >0, we have

lijgn inf popo(T) 21

S-arithmetic version of Gorodnik’s result.

Let F' = (Q, L) be a pair consisting of a quadratic form @ and a nonzero linear form
L in n >4 variables satisfying the the following conditions @) is nondegenerate and Q7o
is indefinite and no linear combination of @ and L? is rational. Then it was proved by
Gorodnik that the set F(Z") is dense in R?. By using S-adic version of Ratner’s orbit
closure theorem we are able to generalises Gorodnik’s result to the S-adic setting. Indeed,
we get with analogous conditions that {(0,0)} is an accumulation point of F'(Z").

Theorem. Let F = (Q, L) be a pair consisting of a quadratic form Q and a nonzero linear
form L with coefficients in kg in dimension n > 4 satisfying the the following conditions

1. @ is nondegenerate

“A point € G/T is said to be generic if the orbit of z under the stabilizer H of the pair is dense in
G/T.



2. Q)r-o is isotropic i.e. {Qs=0}n{Ls=0}#{0} forall seS

3. For each s € S, the forms asQs + BsL? are irrational for any s, Bs in ks such that

(s, Bs) # (0,0)
Then for any € > 0, there exists x € O% - {0} such that

|Qs(x)|s <& and |Ls(x)|s < € for each s € S

We also obtain the same result when we relax the condition (3) by allowing some linear
combination to be rational but we need to add the condition that ();-o is nondegenerate
so that strong approximation holds for the stabiliser of F'.

Theorem. Let Q = (Qs)ses be a quadratic form on k% and L = (Ls)ses be a linear form
on kg with n > 4. Suppose that the pair F' = (Q, L) satisfies the following conditions,

1. @ is nondegenerate
2. Qr-o ts nondegenerate and isotropic

3. The quadratic form aQ+ BL? is irrational for any units o, B in kg such that (o, B) #
(0,0)

Then for any € >0, there exists x € O% - {0} such that
|Qs(x)|s <& and |Ls(x)|s <€ for each s€ S

Unfortunately it is not possible to conclude that F(Z") is dense in k% due to the fact
that square roots in nonarchimedian fields are not trivial contrary to the archimedean
case.

In Chapter 1, we recall the foundation of the theory of unipotent flows on homogeneous
spaces. In Chapter 2, we give an overview on Oppenheim conjecture by giving some history
of the problem and by explaining the reasons of the success of the dynamical point of view.
In Chapter 3, some generalisations on Oppenheim’s conjecture are explained in detail. A
quantitative Oppenheim type problem for pairs in dimension 3 is proved in Chapter 4.
The S-adic version of Gorodnik’s theorem for pairs in dimension 4 is proved in Chapter
5 by using both dynamics of unipotents actions and strong approximation. In the last
chapter we discuss a conjecture of Gorodnik for pairs which is still open.



Chapter 1

Dynamics of unipotents flows on
homogeneous spaces

In this chapter we give an overview of the most important results needed in the the-
ory of unipotent flows on homogeneous spaces. The theory of unipotent dynamics was
motivated in part by the Oppenheim conjecture, and one of the main result is the proof
of the Raghunathan conjecture due to M.Ratner. We state all the results in the general
framework of algebraic and Lie groups over any ground field & of characteristic zero. The
homogeneous spaces in question are given either by the space of lattices in R™ or by the
space of lattices in S-adic Lie groups.

1.1 Preliminaries

Instead of looking at G = SL(n,R) as a Lie group, it can be useful to emphasise on the
polynomial feature of the equation det(g) = 1 which characterises G. This point of view
allows one to forget the ground field and to speak intrinsically about the algebraic group
SL,,.

1.1.1 Linear algebraic groups

Let n,r be integers with n,r > 1. For any field k of characteristic zero (e.g. C,R,Q,

a finite extension of Q, or a finite product of such groups), we denote by k[z1,...,zy],
the ring of polynomial in n variables with coefficients in k. Given any family P,..., P. of
polynomials in k[x1,...,2,], we define the set of zeros of the family to be

Z(Py,...,P)={xek™ | Pj(x) =0 for every 1< j <r}

Such subsets define the closed subsets of a topology on k" called the Zariski topology.
For any subset A of k™, the Zariski closure of A is the smallest Zariski-closed subset
which contains A, we denote it by cl(A). A subset A of k" is said to be Zariski-dense



in B if cl(A) = B. The subsets X which are given by a Zariski-closed subset of the form
Z(Py,...,P.) are called the affine varieties. We begin to define the important notion of
(linear) algebraic group.

Denote by K an algebraic closure of k and by Gal(K/k) the absolute Galois group of k,
that is, the group of (field) automorphisms of K which leaves the field k invariant. The
absolute Galois obviously acts on the ring of polynomial with coefficients in K, by acting
on the coefficients.

The group GL,(K) is an open set in K n? given by the non-vanishing of the determinant
which is clearly a polynomial in the matrix entries and with coefficients in K.

Definition 1.1.1. A subgroup G of GL,,(K) is an algebraic group over K if it is a Zariski-
closed subset given by a family of polynomials Py, ..., P, of polynomials with matriz entries
and coefficients in K, i.e.

G ={g=(gr1) € GLn(K) | Pj(g11,- -, 9nn) =0 for every 1 <j<r}

Moreover if the coefficient of the P;’s can be chosen all in k then we say that G is an
algebraic group defined over k.

It is easy to see that a algebraic group G over K is defined over K if and only if G = G
for any o € Gal(K/k) where G is equal to Z(P{,...,P7) .

Definition 1.1.2. For any ring A in K, put

GLn(A) :={(ar;) € GL,(K) | ax; € A and det(ag;)™ € A for every 1 <k,l<n}
Given any algebraic group G, the set G(A) := G n GL,(A) is called the set of A-points of
G.
The special linear group and its subgroups

The fundamental algebraic group which will be of constant use is the special linear
group. It can be defined to be the Zariski closed subset associated with the single polyno-
mial P(g) =det(g) — 1 with coefficients in k

SLyx = Z(det -1) = {g = (gx,) € GLy(K) | det(g) =1}

It is easy to see that since det has rational coefficients that SL,, x is defined over Q.
The two following example of algebraic subgroups in SL,, will be of importance to us:

+ 0 0
The diagonal subgroup D, =| 0 =% 0 | of diagonal matrices with determinant one.
0 0 =

1
The subgroup U, =| 0 of upper triangular matrices with ones on the diagonal.
0

o = o
— X



1.1.2 Lie groups and Lie algebras

Definition 1.1.3. A real (resp. complex ) Lie group is a smooth ( resp. complez )
manifold G together with a structure such that both the multiplication map G xG - G and
the inverse map G - G are smooth ( resp. holomorphic )

All our Lie groups (otherwise stated) are assumed to be real.

Definition 1.1.4. Let G a Lie group ,then the tangent space at identity T.(G) of G is
called the Lie algebra of G we denote it by Lie(G) or g.

Definition 1.1.5. The adjoint representation Ad:G - Aut(g) is defined by:

d .
Ad(g)z = o li=o (gexp(ta)g™)  VgeG Vaeg

Definition 1.1.6. A Lie group G is said to be unimodular if its Haar mesure is both left
and right invariant i.e. | det(Ad(g)) |=1 for all g € G.

Definition 1.1.7. An element g € G is said

. Unipotent or Ad-unipotent if (Adg — Id)¥ = 0 for k € N ie all the eigenvalues of Adg
equal 1.

. Quasi-unipotent if all the eigenvalues of Adg are of absolute value equal to 1.

. Semisimple if the operator Adg is diagonalizable over C.

Define by induction the ascending series of G by: G' = G and GF*! = [G*, G*] where
[G,d] is the derived group of G ie the group generated by the commutators [a,b] =
aba™1b7! of elements of G.

Definition 1.1.8. A Lie group G is said to be solvable if there exists n € N such that
G" = {e}. The mazximal connected solvable normal subgroup R of G is called the radical
of G denoted R(G)

Definition 1.1.9. A connected Lie group G is said to be semisimple if its radical R(QG)
is trivial. Moreover if G has no nontrivial proper normal connected subgroups we say that
G is simple.

Every connected semisimple Lie group G can be uniquely decomposed into an almost di-
rect product G = G1...G, of its normal simple subgroups called the simple factors of G,
that is, G; and G; commute and the intersection G; N G is discrete if 7 # j.

For example compact semisimple Lie groups (e.g. SO(n),n > 3) cannot contain a unipotent
one-parameter subgroup. On the contrary noncompact semisimple connected Lie groups
(e.g. SL(n,R) for n > 2) are generated by unipotent one parameter subgroups.

Let G be a connected semisimple Lie group. Then as seen before GG is an almost direct
product of its simple factors. GG can be written as G = K.S where K is the product of all
the compact factors of G and S the noncompact ones.



Definition 1.1.10. Let G be a connected semisimple Lie group which admits the almost
direct product G = KS as above. Say that G is without compact factors or isotropic if K
18 trivial.

If a connected Lie group G is not semisimple, it always possible to factorize it by its radical
whenever the characteristic of the field is of characteristic zero (see [OV91], §4 )

Proposition 1.1.11 (Levi decomposition). Let G be a connected Lie group, R the radical
of G and L ¢ G a mazimal connected semisimple subgroup called a Levi subgroup of G.
Then LN R is discrete and G is generated by L and R. The decomposition G = LR is
called the Levi decomposition of G. Moreover if G is simply connected then G = L x R.

1.1.3 Quadratic forms and Orthogonal groups

Let k be a field of characteristic zero, a quadratic form @ over k in n variables is given
by a homogeneous polynomial of degree two with coefficients in k. Such a quadratic form
can be written

Q(x1,...,xy) = Z a;jz;xj where a;j = aj; in k for any 1<i,j<n
1<2,5<n

or
Q(x) = 2" Az for any x € M, 1(k)

where A = (a;;) is a symmetric matrix with respect to the canonical basis of R" (identified
with M, 1(k) the set of matrices with coefficients in k& with n rows and one column). Then
A is called the matrix associated of Q).

Some definitions and general properties of quadratic forms.

Let @ be a quadratic form over k with associated matrix A, then

Q is said to be nondegenerate if det(A) + 0, if not we say that Q is degenerate.

Q is said to be isotropic if there exists z € k™, x # 0 such that Q(x) = 0, if not we say that
Q is anisotropic.

To each quadratic form ), we can associate a bilinear symmetric form B : k" x k" — k
with

B(r,y) = 5(Qr +1) - Q) - Qy)
If V' is a vector subspace in k", the orthogonal of V' (w.r.t. B) is the subspace
Vi={zek": B(v,z) =0 for every veV}
The radical of () is defined to be equal to
rad(V) = {z € V: B(v,2) = 0 for every ve V}
It is easy to verify that, @) is nondegenerate if rad(V') = {0}.



Equivalent classes and representative sets of quadratic forms

Two quadratic forms @ and Q' are said to equivalent over k if there exists g € GL, (k)
such that Q(z) = Q'(gx) for every x € k™. In this case, we write Q ~ Q. Let k*? denote
the set of nonzero squares of k¥, we have the fundamental following result of classification

Proposition 1.1.12 ([Ser73], Chap. 1V, §1.6, Theorem 1’). Any quadratic form in n > 2
variables with coefficients in k is equivalent (over k) to

a1z + ..+ apx?
where a; lies in a set of representatives in k* [k*2 (1)

The case when k is a local field (e.g C, R, Q) is of most importance in number theory. It
is not difficult to verify that the set k*/k*? has respectively representatives given by

-Rep (C*/C*?) = {1} and Rep (R*/R*?) = {1}
- Rep (Q)/Q;?) = {L.p,u,up} where (Z) = -1 (when p odd) and Rep (Q3/Q3%) =
{£1,£2,+5,+10} (for a complete discution on squares in Qj, see [Ser73], Chap. I, §3.3).

Corollary 1.1.13. Let Q be a quadratic form in n > 2 variables with coefficients in k,
then if

. kE=C, thenQ:x%+...+xi, where k is the rank of Q)

. k=R, thenQ:$%+...+$§—m§+1+...+x% where (p,k —p) is the signature of Q and k
the rank of Q

. k=Q,, then Q =~ a12% +... + a,22 , where a; € {0,1,p,u,up} with (Z) =-1ifp=>3
and a; € {0,+1,+2,+5 +10} if p= 2.
In particular if QQ is nondegenerate then rank of Q is equal to n, i.e. k=n.

A hyperbolic plane P (w.r.t. Q) in V = k™, is a two-dimensional vector subspace spanned
by two nonzero vectors u,v € k™, say Q(u) = 0. The restriction of @ to P is of the form
Q(z) = z1x9 if one take {u,v,e3,...,e,} as a basis of k™.

Assume @ be nondegenerate, we denote by i(Q) the isotropic index of @, that is, the
maximum number of hyperbolic planes w.r.t. @ contained in k™. Therefore if i(Q) = r,
then there exist hyperbolic planes Py, ..., P, such that

VeP®..®oFP oV, where the restriction of @ to V,, is anisotropic.

We state an important result due to E. Witt,

Tt is sometimes denoted by Q = (a1,...,a,) in literature in order to emphasis the importance of the
field of definition.
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Theorem 1.1.14 (Witt, e.g. see [Ger] Theorem 2.44). Let ) be a nondegenerate quadratic
in V and suppose there exists an isometry p: F — F' between two subspaces F,F' of V.
Then there exists an isometry p:V —V such that p |p= p.

Corollary 1.1.15 (Witt decomposition). Let @ be a quadratic form in V, then we get
the decomposition

V ~rad(Q) @ Viyp @ Van
where Vi, is a orthogonal sum of hyperbolic planes and such that Q\y,, is anisotropic.
We come now to the most important geometric object in the study of quadratic forms

Definition 1.1.16. Let Q be a quadratic form over a k-vector space V' of dimension n and
SL(V') be the group of automorphisms on V with determinant equal to one. The subgroup
of SL(V') consisting of the isometries of Q is called the special orthogonal group of Q, and
s denoted by

SO(Q) = {g eSL(V) | Q(gx) = Q(x) for every x € V}
We collect some useful and classical properties of orthogonal groups,

Proposition 1.1.17. Let Q be a quadratic form over a k-vector space V' of dimension
n >3, then

1. SO(Q) is a semisimple Lie group if Q is nondegenerate

2. SO(Q) has no compact factors if Q is isotropic

3. SO(Q)° a connected maximal subgroup of SL(V') if Q is isotropic
4. SO(Q) acts transitively on the level sets {Q =m}

Proof. For property (1) (see [Kn69], §2.1, example 3). The second assertion is proved
in ([B91] §23.4). The proof of property (3) in the real case generalises to any local field.
Let H = SO(Q)° and G = SL(n,R). Let L be a closed connected subgroup of G, such
that H ¢ L € G. Let h c [ € g be the correspondent Lie algebras. Then the complex-
ified quotient I¢/hc is a subalgebra gc/he. In particular it is an SO(n,C)-module for
the ad-representation. Since h¢ consists of skew-symmetric matrices and g¢ consists of
matrices of trace zero, thus ge/he consists of symmetric matrices with trace zero. But
since SO(n,C) acts irreducibly on gc/he we decuce that I = he or I = gc, therefore
L =SL(n,R) or L =S0(Q)°.

We now prove property (4), let ,y € V such that Q(z) = Q(y) = m for some m € k. Denote
by F' the vector subspace spanned by x and y. Define the endomorphism p : F — F by
p(z) =y and if dim(F)= 2, p(y) = z. Then p preserves Q|r, hence by Witt’s theorem we
can find an isometry p: V — V for @ which extends p. If p ¢ SO(Q), it suffices to consider
p =poo where o is some isometry for () of determinant —1 which fixes x.

11



Proposition 1.1.18. Let Q be an isotropic nondegenerate quadratic form over V a k-
vector space of dimension n > 3, then if SO(Q) is defined over Q then Q is proportional
with a quadratic form with rational coefficients.

Proof. This follows easily from the fact that if C(Q) = C(Q"), then there exists a nonzero
scalar \ € k such that Q' = \Q.

1.2 Homogeneous space and lattices

Definition 1.2.1. A homogeneous space X is a differentiable manifold given by the quo-
tient G/H of a connected Lie group G by a closed subgroup H of G.

A homogeneous space is always smooth as a manifold and therefore provides a fertile
ground for the study of dynamical systems.
Any right-invariant Haar measure on G induces a smooth volume measure on G/H which
is called a Haar measure as well. The space G/H is said to be finite volume if the Haar
measure v on G/H is G-invariant and finite.

Definition 1.2.2. A discrete subgroup I' of G is said to be a lattice if T' has finite covolume
in G, i.e. v(GT) < oo.

Any lattice I in G gives rise to a homogeneous space X = G/T" of finite volume. A basic
example is the d-dimensional torus T% = Rd/Zd, it is clearly compact, hence finite volume
for the Haar measure induced by the Lebesgue measure therefore Z¢ is a lattice in R%.

Definition 1.2.3. A lattice T in G is said to be uniform if G/ is compact.
The question of the existence of uniform lattices is highly non-trivial,

Theorem 1.2.4 (Borel, Theorem C, [B63]). Let G be a connected semisimple Lie group
then G has uniform lattices.

Some lattices can be realised as the integers points of some linear algebraic group over Q,

Theorem 1.2.5 (Borel, Harish-Chandra, [BH62]). Let G be a semisimple Q-algebraic
group then G(Z) is a lattice in G(R).

Since SL4 is a semisimple algebraic group defined over Q, we get the following corollary

Corollary 1.2.6. Let d > 2, then SL(d,Z) is a lattice in SL(d,R).
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1.2.1 Mahler’s Compactness Criterion

Bounded subsets of X, = SL(d,R)/SL(d,Z) can be described using Mahler’s Compact-
ness Criterion. Roughly one can see that arbitrarily large elements for a suitable topology
(see below) in X4 correspond to lattices with arbitrarily small vectors.

By definition of the quotient topology on X, a sequence {A;} of lattice in R? converges to
some lattice A in RY if and only if there exists a basis (f; 1, ..., fi.a) of {A;} which converges
to a basis (fi,..., fg) of A. A sequence of lattices {A;} goes to infinity in X, if for any
compact subset © of X; there exists some n large enough such that {A;} move away from
O for any ¢ >n. For d > 2, it is not difficult to show that X, is not compact.

For any lattice A in R?, one denotes by d(A) the volume of the torus R?/A. It is given by
the formula d(A) = |det(f1,..., fa)| where (fi,..., f4) is any basis of A.

Let us state the following result on the topology on the space of lattices in R?,

Theorem 1.2.7 (Mahler’s Compactness criterion). A subset © of X is relatively compact
i Xy if and only if there exists constants o, B >0 such that for all A € ©, one has:

d(A) < B8 and infy_goy[v] > .
Proof. (see e.g. [PR], Proposition 4.8)

The theorem just says that a set of lattices is relatively compact if and only if their volume
are bounded and they avoid a small ball around the origin.

Siegel summation formula

Denote like above by v the probability Haar measure on X, arising from the Haar mea-
sure on G. The interpretation of the elements of X as lattices in R? gives rises to the
following important connection between v and the Lebesgue measure on R%.

Let ¢ a function on R?, denote by ¢ the function on X, given by ¢(A) = > ¢(x).
A-{0}

Theorem 1.2.8 ([Sieg]). For any ¢ € L*(RY) one has $(A) < oo for v-almost all the
lattices A € X4 and we have the formula

Joet@yz= [ a)av(a)

This formula is very useful for counting lattices points inside regions in RY, indeed if ¢ is
the characteristic function of a subset B of R?, the integrand in the right-hand side gives
the cardinality of the finite set A — {0} n B.

1.2.2 Homogeneous actions

Let G be a Lie group and H c G its closed subgroup. Then G acts transitively by left
translations x — gz on the right homogeneous space G/H, hence H can be viewed as the
isotropy subgroup of some element in G/H.

13



Definition 1.2.9. Let F' a subgroup of G, the left action x — gx of F on G/H is said to
be a homogeneous action and this action is denoted by (G/H, F').

We assume in the following that G is a connected Lie group and v(G/H)< oo, a important
case concerns the action of a one-parameter group F := {¢; :t € R} with .5 = @y 0 @s.

Definition 1.2.10. If F' a one-parameter subgroup F := {p; : t € R} of G, then the
homogeneous action (G/H,F) is called a homogeneous flow.

There is an isomorphism between:
{The left F-action on G/H} «— {The right F-action on H\G}.

Hence it is equivalent to treat the case of right or left actions, for convenience we make
the choice to deal with left actions only.

1.2.3 Ergodic theory of homogeneous flows

Suppose that X = G/H is a homogeneous space and F' a Lie subgroup of G which acts
by left translations on X. We denote by p the Haar measure on X and we say that a
measurable subset A of X is F-invariant if p,(A) = A for any b € F where p: b~ py is the
left translation by b. In the case where F' is a one parameter subgroup {¢; : t € R}, the
F-invariance of A is equivalent to the fact that ¢;(A) = A for every t € R. The definition
can be extended to subsets up to an null measure set.

Definition 1.2.11. The action of F on X is said to be ergodic (with respect to u ) if
every F-invariant measurable subset A of X is either null or full i.e. either u(A) =0 or

w(X — A) =0. In this case, we say that the measure u is a F-invariant ergodic measure
on X.

The orbits of ergodic action have nice topological properties,

Proposition 1.2.12 (see e.g.[Zim84], Prop. 2.1.7 and 2.1.10). Let F a locally compact
group separable which acts on X and measure-preserving. If u is a F-invariant ergodic
measure then the orbit Fx is dense in supp(u). Moreover if F is a Lie subgroup of G,
then supp(u) = F.

Proof. We can assume X = supp(u). Let D a countable dense subset action of X and
D the set of all open balls with center points of D and positive rationnal radius. For all
B €D, and g € F let py the left translation map by g, the set Ap = Unezp;n(B) is the
set of points z such that the orbit F'z pass by B. This set verifies p;l(AB) = Ag. By
ergodicity of the action, u(Ag) = 1 thus A = ngcpAp also verifies u(A) = 1. The first
statement is proved since the orbits of points of A are dense in X. Since F' = F(R) where
F is a R-algebraic group acting on the R-variety X and that the F(R)-orbits in X(RR) are
locally closed, the F-ergodic measures on X(R) have their support carried by F(R)-orbits.
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The reason we focus on ergodic measures is that any invariant measure by the flow is a
geometrical combination of ergodic measures (%) (see [EW], §1.4)

Proposition 1.2.13 (Ergodic decomposition). Let ¢ : (X,B,u) — (X, B, 1) be a mea-
sure preserving map of a Borel preserving map. Then there is a Borel probability space
(Y,By,v) and a measurable map y ~ p,, for which

e [y U5 a ¢-invariant ergodic probability measure on X for almost every y
° [= fy pydv(y)

Pointwise Ergodic theorem

We state one of the most important result in Ergodic theory known as the pointwise
convergence Ergodic theorem for the following reason:

Theorem 1.2.14 (Birkhoff). Let pu a probability measure which is ergodic with respect to
a flow {¢;: t e R} on X. Then almost every (¢)-orbit in X is uniformly distributed with
respect to u i.e.

1 T
f[o f(¢t$)dt—>/deu when n — oo for a.e. e X

Proof. See e.g. [EW]

1.2.4 Geodesic and horocycle flows

Let us define the hyperbolic plane by H = {z € C| Imz > 0} which is know to be of constant

2 2
+d
curvature —1 relatively to the Poincaré metric 5 Y. The group SLy(R) acts on H
Yy

by Mobius transformations:

az+b . a b
gx=_—— 1fg—( e d )ESLZ(]R)

This action induces a transitive and isometric action of PSLs(R) on H, the stabilizer of
z =1 is K = SO(2) which is compact and H is identified with PSLy(R)/PSO2(R).

Definition 1.2.15. The unit tangent bundle on H is the set defined by:
TH ={(z,v)| 2€H and v is a tangent vector of H at z such that |v| = Imz}

Thus PSLy(R) acts on TH by:

2The precise statement is that the convex hull of the set of ¢-ergodic probability measures on X is
equal to the set of ¢-invariant probability measures on X
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az+b v
cz+d (cz+d)?

9-(2,0) = (9:2.9 (2)v) = ( )

This action allows to identify PSLa(R) with TH since the differential action is free and
transitive.
The hyperbolic distance on H is defined by:

d(z,y) =inf {I(y) | v:[0,1] > H is C;, ~7(0) =z and (1) =y}

1 "(t
where [(7) = M dt is the lenght of the curve v with respect to the Poincare
o Im(y(t))

metric on H.

Proposition 1.2.16. The geodesics of H are the half circles which their center lies on
the real axis and the lines orthogonal to the real axis.

Geodesic flow

Let (z,v) € TH and v the geodesic through g and of direction v. Let z; the point on
~ being at distance ¢ from z in the direction given by v and let v; the unit tangent vector
of v at z; in the same direction.

Definition 1.2.17. The one parameter group given by gi(z,v) = (z¢,v¢) is called the
geodesic flow

Using the identification between TH and PSLy(R), the realization of the geodesic flow has
a very nice algebraic description in terms of matrix multiplication.

Proposition 1.2.18. The geodesic flow on TH correspond to the right multiplication in

t
PSL2(R) by the matriz aj, where a; = ( % e(_)t )

Proof. Using the identification between TH and PSLy(R), for any (z,v) € TH there exists
g € PSLy(R) such that:

g.(z0,v0) = (2,v) where zp =i and vy relative to 2
because g acts isometrically ie g preserves geodesics we have
9t(2,v) = g1(9-(20,v0)) = 9.9t) (20,v0)) = gay/2-(20,v0)

the last equality is obvious regarding the geodesic determined by 2y and vyg.
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Figure 1.1: The horocycle flow

(Zt,Ut) —

Horocycle flow

Let (z,v) € TH and ~ the geodesic associated ie the geodesic in H such that v(0) = z and
7'(0) = v. Let C; the hyperbolic circle of center y(¢) through 2z and let Cs the limit when
t — oo of Cy called the positive horocycle determined by (z,v). Let z; the unit normal
vector to C'os which is at distance ¢ from z (following the trigonometric sense) and v the
unit normal vector to Cy at z; directed in-ward.

Definition 1.2.19. The one-parameter group hi(z,v) = (z¢,v¢) is called the horocyclic
flow on TH

The horocycle flow can be define more concretely in the following way: for all (z,v) € TH,
there exists a unique horocycle Co (i.e. a circle tangent to the real axis) through z and
having v as a normal (inward) vector, the horocycle flow is just obtain by pushing (z,v)
along Co, with a distance t.

Using the identification again between TH and PSLy(R), we obtain an analog of the last
proposition for the horocycle flow.

Proposition 1.2.20. The horocycle flow on TH correspond to the right multiplication in

. 1t
PSLy(R) by the unipotent group U = {ut = ( 01 )| te ]R}.
The fact that we can translate the action of the geodesic and horocycle flow in terms
of matrix multiplication make the situation easier to deal with, for instance can deduces
immediately the following relations between the two flows:

10
b 1

then we have the fundamental relation of commutation:

Proposition 1.2.21. Let H ={ hy = | be R} the one parameter unipotent group

17



Usy = QApUge-2t

hba/t = athbeth
et 0 ce . .
0 et | t e R} the proposition implies that right U-
orbit on PSLo(R) form the contracting foliation for the right A-action relative to the
left-invariant metric on PSLy(R) since a_jugsa; = uge-2¢ - Id when t - oo while H-action
form the expanding foliation since a_thpas = hp.2t diverges when t — oo. For any left-
invariant metric dg in G we have,

Remark. If we put A = {at =

dG(gatugusat) = dG(gatvgata—tusat) = dg(l, a—tusat) = dG(Ivue‘ts) -0 ast— +oo

Ergodicity of geodesic and horocycle flows

A proof of the following theorem relies on the notion Mautner phenomenum (e.g. see
[DWMo], Proposition 3.2.3)

Theorem 1.2.22 (see e.g. [DWMo], Corollary 3.2.4). The geodesic flow h; is ergodic on
SL(2,R)/T.

The previous result is due to Hopf but follows from a more general statement,

Theorem 1.2.23 (Moore, [Mo66]). Suppose G is a connected, simple Lie group with finite
center, I' a lattice in G and {a;} a one-parameter subgroup of G such that its closure {a;}
is not compact. Then {a;} is ergodic on G|T' (w.r.t. the Haar measure on G/T").

Corollary 1.2.24. The horocycle flow hy is ergodic on SL(2,R)/T.

Since the horocycle flow is ergodic on X = G/T, the pointwise ergodic theorem shows that
almost every orbit of {h;} on X is uniformly distributed w.r.t. the G-invariant probability
measure (i, in other words for any bounded continuous function f on G/T

1 T
T /0 f(hgz)dt — fG/F fdp as T — oo for p-almost every x e X

There is a fundamental question which confronts us: Can we replace almost by all in
the previous convergence and more generally can we also replace the horocycle flow by
any one-parameter unipotent subgroup. These are the issues we discuss now in the next
section.

1.3 Ratner’s classification theorems

1.3.1 The Raghunathan conjecture

A representative example of a unipotent flow is given by the horocycle flow on the unit
tangent bundle of a surface of constant curvature —1 and finite area. In 1936, Hedlund
[Hedl] proved that horocycle orbits are either closed or dense, more precisely he proved
that
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Theorem 1.3.1 (Hedlund). If G = SL(2,R), T is a lattice in G and U is a unipotent
one-parameter subgroup of G, then every U-orbit on G/T is either closed or dense in GJT.
In particular if G|T is compact then all the U-orbits are dense.

This result was strengthened by Furstenberg in 1972 [Furst72], who proved that under the
same hypothesis, the action of U on the compact space G/I" is uniquely ergodic, i.e. the
G-invariant probability measure is the only U-invariant probability measure on G/T".
The Raghunathan conjecture is a far reaching generalisation of this fact to any homoge-
neous space and unipotent action. The conjecture is mentioned for the first time by Dani
in [Dan81] and it was formulated in two different versions. The first one concerns the orig-
inal version of a conjecture previously raised by Raghunathan in the mid seventies about
the structure of the orbit closure under unipotent actions in homogeneous spaces. The
second one deals with the classification of ergodic measures and is due to Dani himself.

Conjecture 1.3.2 (Raghunathan topological conjecture). Let G be a connected Lie group,
and let T' be a lattice in G. Let U be an Ad-unipotent subgroup of G. Then for any
x € GJT, the closure of Ux is a homogeneous space and there exists a closed connected
subgroup L = L(z) which contains U such that Uz = Lz.

The second conjecture emphasises the classification of U-ergodic measures generalising the
above-mentioned result of Furstenberg to arbitrary connected Lie groups.

Conjecture 1.3.3 (Dani measure classification conjecture). Let G be a connected Lie
group, and let I' be a discrete subgroup in G. Let U be an Ad-unipotent subgroup of G.
Then any ergodic U-invariant measure p on G/ is algebraic, that is, there exists x € G/T
and a subgroup L c G containing U such that Lx is closed and u is the L-invariant
probability measure on L.

In the same paper [Dan81], Dani proved his conjecture for G reductive and U horospherical
w.r.t. some element a € G (i.e. U=U,={g€G |a"ga™ — e,n - +o0}) which is maximal.
Later in 1986, Dani proved the Raghunathan conjecture for G reductive and U an arbitrary
horospherical subgroup of G [Dan86a).

The first result on Raghunathan’s conjecture for nonhorospherical subgroups of semisimple
groups was obtained by Dani and Margulis in [DM90]. They proved the conjecture in the
case when G = SL(3,R) and U = {u(t)} is a one-parameter unipotent subgroup of G such
that u(t) — I has rank 2 for all ¢ # 0.

The result of Furstenberg mentioned above implies for the case when G = SL(2,R), T" is
a uniform lattice and U = {u(t)} is a one-parameter unipotent subgroup of G that every
orbit of {u(t)} on G/T is uniformly distributed w.r.t. the G-invariant probability measure,
in other words for any bounded continuous function f on G/T,

1 ,T
— - T—>
T [0 f(ugz)dt fG/r fdu as 00
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Dani and Smilie extended this result to nonuniform lattices I in G = SL(2,R) and every
nonperiodic orbit {u(¢)} in [DanSm]. Such results had already been proved by Dani
in [Dan82] for I' = SL(2,Z). In this paper Dani formulated the uniform distribution
conjecture for unipotent flows on SL(n,R)/I". This was extended to arbitrary connected
Lie groups and actions of closed subgroups generated by unipotents by Margulis at the
ICM 1990 Kyoto (Japan),

Conjecture 1.3.4 (Dani uniform distribution conjecture). Let G be a connected Lie group
and T a lattice in G. Let {u(t)} be a one-parameter unipotent subgroup of G. Then for
any x € G|T there exists a closed subgroup of F of G (containing U) such that the orbit
Fx is closed and the trajectory {u(t)x : t > 0} is uniformly distributed with respect to a
(unique) F-invariant probability measure (i, supported on Fx. In other words, for any
bounded continuous function f on GJT,

1 T
T fo f(ugr)dt — -[G/F fduz when T — oo

1.3.2 Ratner’s results on the Raghunathan conjecture

In a series of papers, M. Ratner made a major breakthrough in the theory of dynamics
on homogeneous spaces by solving in full generality the Dani-Raghunathan conjectures in
all theirs variants. The first result concerns the proof of measure classification version
of Ragunathan’s conjecture which classifies ergodic measures invariant under unipotent
subgroups,

Theorem 1.3.5 (Ratner’s measure classification theorem, [Ratn91a)). Let G be a con-
nected Lie group, and let I' be a lattice in G. Let U be a connected Lie subgroup of G
generated by one-parameter unipotent groups. Then any ergodic U-invariant measure p
on GIT s algebraic; that is, there erxists x € G/T' and a subgroup L c G containing U
(and generated by unipotents) such that Lz is closed and p is the L-invariant probability
measure on Lx.

The general philosophy in the theory of unipotent dynamics is that classifying ergodic
invariant measures is easier than classifying intermediate subgroups, indeed the notion
of entropy is a very useful tool for the classification of ergodic measures which has no
equivalent in the side of the intermediate subgroups. We have the following correspondence
(see proposition 1.2.12)

Ergodic U-invariant measures on G/I' < Intermediate subgroups U c L c G
p < Lz =supp(p) with z € G/T
Theorem 1.3.6 (Ratner’s orbit closure theorem). Let G be a connected Lie group, and
let T be a lattice in G. Let H be a connected Lie subgroup of G generated by one-parameter

unipotent groups. Then for any x € G|T there exists a closed connected subgroup P c H
such that Hx = Lz and Lx admits a L-invariant probability measure.
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The following theorem due to N. Shah gives extra information about the structure of the
intermediate subgroups arising from Ratner’s orbit closure theorem above,

Theorem 1.3.7 ([Sh91], Prop. 3.2). Let G be a semisimple algebraic group defined over
Q and T' be an arithmetic subgroup of G. Let E be a subgroup of G(R) generated by
unipotent elements and assume that

ET = RT where R is a closed connected subgroup of G(R)

such that RN T has finite covolume in R. Then R = E(R)° where E is the smallest
Q-subgroup of G whose group of real points contains E.

1.4 Uniform distribution of unipotent trajectories

Let G be a connected Lie group and I' a discrete subgroup of G. Let U be a connected
closed subgroup of G. Ratner’s uniform distribution theorem below says that if I' is a
lattice of a connected Lie group G and U = {u;} be a unipotent one-parameter subgroup
of G then for any x € G/T" the {u;}-orbit of x is uniformly distributed in its closure, that
is for any bounded continuous function ¢ on G/T

Lt d d
_ t— "
Tfo @ (ugr) fG/Fso i

when T — oo and u, is the H-invariant probability measure supported by the orbit
Hzx = {ux |t € R}, in particular if {usz | t € R} is dense in G/T', that is to say if = is
U-generic, then one can take u, = p to be the G-invariant probability measure of G/T" and
the orbit of x is uniformly distributed with respect to pu.

Theorem 1.4.1 (Ratner’s uniform distribution theorem, [Ratn91b]). Let G be a connected
Lie group and T a lattice in G. Let {u(t)} be a one-parameter unipotent subgroup of G.
Then for any x € G|T there exists a closed subgroup of F of G (containing U ) such that the
orbit Fx is closed and the trajectory {u(t)x :t > 0} is uniformly distributed with respect to
a (unique) F-invariant probability measure p, supported on Fx. In other words, for any
bounded continuous function f on GJT,

1 rT
T fo f(ugx)dt - fG/F fduy, when T — co

1.4.1 Quantitative nondivergence

The set S(U) of U is defined to be the set of all z € G/T" such that there exists a
proper closed subgroup H containing U such that Hz is closed and has H-invariant finite
measure. This set is called the singular set for U, we also put G(U) = G/T' - S(U) the set
of U-generic points. It is clear that for any U-generic point x, the orbit Ux is dense in
G/T. Let H the class of all proper closed connected subgroups H of G such that H n T’
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is a lattice in H and Ad(H nT") is Zariski dense in Ad(H), where Ad denotes the adjoint
representation of G. The class H is countable ([DM93], Proposition 2.1) and we have
S(U) =Upgeny X(H,U)T/T where X(H,U) ={ge G|Ug < gH} ([DM93], Proposition 2.3).
These notions make sense when U = {u(t)|t € R} is a one-parameter unipotent subgroup,
in this case one can use the fundamental property shared by unipotent flows that is to
have polynomial growth with respect to the parameter. In the linear context this property
has the following application which has an elementary proof,

Proposition 1.4.2 ([DM93] , Prop 4.2). Let V a finite dimensional real vector space
and let A be an algebraic variety of V.. Then for any compact C of A and any € >0 there
exists a compact subset D of A such that the following holds: for any neighbourhood ® of
D inV there exists neighbourhood P’ of C in'V such that for any unipotent one-parameter
subgroup {us} of GL(V), anyveV —® and any T >0, we have

A{te[0,T] |uwe®}) <eA({te[0,T] | uw € })

If C' c D c V satisfy the property of the proposition, one says that the relative size of the
compact subset C' in D does not exceed €. Now we state the fundamental quantitative
nondivergence property, about the behaviour of unipotent flows near singular sets.

Theorem 1.4.3 ( [DM93], Theorem 1). Let G be a connected Lie group and I' a discrete
subgroup of G. Let U be a closed connected subgroup of G generated by its unipotent ele-
ments. Let F' be a compact subset of G(U). Then for any e > 0 there exists a neighbourhood
® of S(U) such that for any unipotent one-parameter subgroup {u;} of G and any x € F

A{te[0,T]|ugx e ®}) <eT for allT >0

In other words, the theorem says that the orbit under any unipotent flow of any U-generic
point z lying in a compact set spends in average most of its life outside a neighbourhood
of the singular set of U.

1.4.2 Linearisation of singular sets

In this section we discuss the breakthrough paper [DM93] which introduced one of the
most important techniques in homogeneous dynamics. The linearisation technique consists
of assigning to each H € H a finite dimensional linear representation (gg, Vi) of G, a map
ng =n: G — Vg and an algebraic variety Ay of Vi such that n™'(Ay) = X(H,U).
Hence the singular set of U can be seen as S(U) = Ugenn (A )T/T after linearisation.
Using proposition 1.4.2 one can prove the following result about the behaviour of unipotent
flows near singulars set for closed connected subgroups of G generated by its unipotent
elements.

More precisely, let g = Lie(G) and for every H € H with dimension h we associate the
vector space given by Vi = A" g and the representation py == A"ad: G - GL(Vg).
Let &1,...,&, be a basis of subalgebra § ¢ g of the subgroup H ¢ G. Then A" = Ropy
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where p = pgr = &1 A ... A&y € V. The following map is the main tool of the theory of
linearisation

n=ng:G —- Vim
g = p(9)pu
Clearly n(H) c Rp. For any H € H, let 'y = Np(H) the normaliser of H in T
Lemma 1.4.4 ([DM93], Lemma 3.1). 'y ={yeTl:p(y)p==+p}

Proof. If p(y)p = +p for v € T', then Ad(y) normalises h and hence v € I'yy. Conversely, if
v € Ty then ~ normalises the lattice I'n H ¢ H, and hence the conjuguaison v ~ yhy~!
preserves the bi-invariant Haar measure on H and (up to a sign) the volume form on §.

Lemma 1.4.5 ([DM93], Proposition 3.2). Let H € H and let A = Ay c V the Zariski
closure of the set n(X(H,U)). Then

X(H,U)=n""(4)

Proof. The inclusion X(H,U) c n!(A) comes from the definition. Conversely, let
u = Lie(U) the one-dimensional subspace of g. Then,

g€ X(H,U) == ucAd(g)(h) = n(g) Au=0<+=n(g) € 4o

where Ag={veV :vAau=0} is Zariski closed and contains A.

Self-intersection points
Definition 1.4.6. Let M be a subset of G. We say that g € M is a point of (H,T)-
intersection if there exists an element v €' =g such that gy e M.

g € M is not S.I. (self-intersection) <= the map gI' — gI'y is injective

We are interested in the self-intersection of the set X (H,U). The normaliser I'yy = Np(H )
is contained in X (H,U) and if the equality Np(H) = X (H,U) holds then the set X (H,U)
has no (H,I")-self-intersection.

Proposition 1.4.7 ([DM93], Proposition 3.3). The set of (H,T')-intersection points of
X(H,U) is contained in the union of X(H ,U) where H are in H and have dimension
less that h.

Using the aforementioned proposition and induction, one can prove the following funda-
mental result,

Theorem 1.4.8 ([DM93], Theorem 3.4). Let I' a discrete subgroup of G and let H € H.
Then the orbit
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N (T) = pa(T)p is discrete in Vi

From the above theorem it is not difficult to deduce,

Corollary 1.4.9 ([DM93], Corollary 3.5). Let H € H, A the Zariski closure of n(X (H,U))
in'V and D the compact set in A. Denote by Yp the set of (H,T')-intersections of n~'(D)
and let K be a compact set in G|T' = YpI'. The there exists a neighbourhood ¢ of D in V
such that n~1(®) n KT has self-intersection.

1.4.3 Proof of Theorem 1.4.3

We present the proof as given in [DM93]. The singular set S(U) is equal to the count-
able unions of o-compact subsets X (H,U) for H € H. Therefore it suffices to construct, for
any € >0, € G(U), H € H and any compact sets C' c X(H,U), K c G/T, neighbourhood
Q of the compact set CT' ¢ G/I" such that

(*) Mte[0,T]:ur e QnK}<eT  foral T >0

We proceed by induction on h = dim(H ), the case of dimension 1 is trivial. Assume h > 2.
We fixane >0, x € G(U), HeH, Cc X(H,U) and a compact K in G/I". By proposition
1.4.7 and by induction hypothesis, there exists a neighbourhood Q' of the set YyI' ¢ G/T’
such that

(%) Mtel[0,T]:ur e X nK} <eT/2 forall T >0
At this moment, we introduce the linearisation procedure. Let
V' =Vu, p=pu,n=ng and A= Ag

We are now in a linear setup, thus proposition 1.4.2 implies that there exists a compact
subset D c A containing n(C') as a subcompact of relative size at most €/4. One can write
x = gI" for some g € G, since 1(T") is discrete in V by theorem 1.4.8, the set n(gI") = p(g)n(T)
is discrete as well. We have n(¢I') n A = @, indeed by proposition 1.4.5

X(H,U)=n"Y(A) and gvy ¢ X(H,U) for all yeT'

In particular there exists a neighbourhood ®" = ®'(D) c V such that n(¢l')n®’ = @. Let K’
be a compact set in G such that KT' = K = K-Q' ¢ G/T". By corollary 1.4.9, there exists a
neighbourhood ®” = ®”(D) in V so that the set n~}(®”)nK'T has no (H,T')-intersections.
We put ® = &' n®"”. Then there exists a neighbourhood ¥ = ¥(n(C)) c ® c V so that for
all T >0

(% % %) Mte[0,T]:p(u)veW} <eXte[0,T]:p(u)ved } forany veV -
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The end of the proof consists of showing that Q = n~!(¥)I is the required neighbourhood
of CT. We fix a T'> 0 and for every g € n(I') = p(I")p we define

I(q) = {te(0,T):p(usg)qe @}
J(q) = {te(0,T):p(urg)qe ¥ and w9l € K1}
I'(q) = {te(0,T):3a>0:[t,t+a]cI(q)and up.gl € K1}

Clearly for any ¢ € n(I"), we have the following inclusions J(q) c I'(¢q) c I(q).

Concerning I', given any q1,qz € n(I') we have either ¢; = g2 or I'(q1) N I'(q2) = @. In-
deed if we write ¢ = n(71) and g2 = n(72) then given any t € I'(q1) N I'(g2), there exists
a a >0 such that [¢t,t+a] c I(q1)NnI(g2) and upqgl € K1 = K'T. We already know that
n71(®) n K'T has no (H,T')-self-intersections, then y1I'f; = v%I'yy and the lemma 1.4.4 we

get that q1 = p(y1)p = £p(72)p = £q2.

Let g € n(T") and let (a,b) a connected component of I(q). Thus, p(u.g)q ¢ ® and
J(q) n(a,b) + @ then I'(q) contains an interval (a,c), a < ¢ < b, such that J(q) n (a,b) c
(a,c]. Hence by applying (* * *) to v = p(ugg)qge V —® and T = ¢ - a > 0, we obtain

A(I(a) 0 (a.0)) £ TAI' () 0 (a.))
In particular, A(J(q)) < Z)\(I'(q)) therefore

Mte[0,T]:ugl e QnK b =M U J(@) <> ¥ MI'(q)) <eT/2 for all T >0
gen(I) 4 qen(T)

The last inequality follows because I'(q1) N I'(g2) = @ if 1 # +q2. Hence (*) follows from
the inequality (**).

Uniform equidistribution theorem

Now we can state the Uniform equidistribution theorem of Dani-Margulis which moti-
vated the introduction of linearisation before, this result provided a uniform version with
respect to x of Ratner’s uniform distribution theorem provided x stays in compact subsets
which avoid a finite number of singular subsets.

Theorem 1.4.10 ([DM93], Prop. 9.4). Let G be a connected Lie group and I' a lattice
of G. Let i be the G-invariant probability measure on GT'. Let U = {us} be a unipotent
one-parameter subgroup of G and ¢ be a bounded continuous function on GJT'. Let K be
a compact subset of G[T' and let € > 0 be given. Then there exist finitely many proper
closed subgroups Hy,---, Hi such that each H; nT" is a lattice in H; and compacts subsets
Cy,-,Cy of X(H1,U),--, X(Hg,U) respectively, for which the following holds: For any
compact subset F' of K —uC;T'[T" there exists a Ty > 0 such that for all x € F and T > Ty,

1 T
- dt—f d ‘
Tfo o(ur) o PO <€
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1.5 Topological rigidity of products of real and p-adic Lie
groups

1.5.1 Orbit closure theorem for regular p-adic Lie groups after Ratner

Let k a local field of characteristic zero (i.e. R, C or a finite extension of Q, or
equivalently the fields ks for variable number fields). If G is an algebraic group defined
over k, then the group G(k) of rational points of G is endowed with a structure of Lie
group over k, and the Lie algebra of the Lie group G(k), is the space of rational points
over k of the Lie algebra of G, as an algebraic group, that is:

Liegr(G(k)) = Liei_cr(G) (k)

Assumptions. For each place s € S, we are given a Lie group G over ks and a closed
subgroup H; generated by Ad-unipotent one-dimensional subgroups over k;. The product
G of the Gy is then in a natural way a locally compact topological group, and the product
H of the H is a closed subgroup of G. We identify Gy(t € S) to the subgroup of G
consisting of the elements g4(s € S) such that gs =1 for s # ¢.

Two slight restrictions are imposed on Gg, if s is not archimedean.

1. The kernel of the adjoint representation is the center Z(Gs) of G.
2. The orders of the finite subgroups of G5 are bounded.

If G is the group of rational points of an algebraic group which is connected in the Zariski
topology, the first condition is fullfilled. The condition 2 is always verified if G, is linear
(see e.g. [B94] §7.3). Ratner introduiced the following notion.

Definition 1.5.1. Let s € S a non-archimedean place, then G is said to be Ad-reqular if
it satisfies the first condition and reqular if it satisfies both conditions.

In particular we see from the remarks above that if G is the group of rational points of
a linear algebraic group which is connected in the Zariski topology defined over kg, it is
regular. This notion was exploited by Ratner to prove in [R93] the following Orbit closure
Theorem valid for any p-adic regular Lie groups which is not necessarily the group of
points of a linear algebraic groups,

Theorem 1.5.2 (Ratner). Let G,H be as before. Let M be a closed subgroup of G
containing H and T' a discrete subgroup of finite covolume of M. Let x € M/T. Then M
contains a closed subgroup L such that H.x = L.x and L n M,, where M, is the stabilizer
of x, has finite covolume in L.
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1.5.2 Rigidity of unipotent orbits in S-adic groups

Now we turn to the generalisation of the Raghunathan conjecture for S-arithmetic
products. For simplicity we consider the problem of the topological of rigidity under
unipotent action within the group S-arithmetic group Gg = SL,,(ks). Let I's be the S-
arithmetic subgroup of Gg given by I's = SL,,(Og). The ring Og is a lattice in kg. Define
Qs = Gg/I'g, it is the space of free of Og-submodules of k% of maximal rank and deter-
minant one. Then (g is the homogeneous space of unimodular lattices in kG, by lattice
we mean a discrete subgroup of Gg of finite covolume with respect to the Haar measure.
For every s € S, let Us be a unipotent ks-algebraic subgroup of SL, i, and denote by
U = [1sesUs(ks) the associated unipotent subgroup of Gg.

We are interested with the left action of & on the homogeneous space (lg and more
particularly with the closure of such orbits. If x € (2g it turns out that the closure of the
orbit Uz is also an orbit of . This result is the generalisation of Ratner’s orbit closure
theorem proven independently by Margulis-Tomanov and Ratner, we state it as it is in
[MT94].

Theorem 1.5.3 ([MT94], Theorem 11.1). Assume thatU is generated by its one-dimensi-
onal unipotent subgroups. Then for any x € Qg, there exists a closed subgroup M = M (x) c
Ggs containing U such that the closure of the orbit Ux coincides with Mx and Mx admits
a M -invariant probability measure.

The following theorem generalises the quantitative nondivergence property (1.4.3) to the
S-adic case,

Theorem 1.5.4 ([MT94], Theorem 11.6). Let U be a subgroup of Gs generated by unipo-
tent ks-algebraic subgroups of Gs contained in U. Let F be a compact subset of G(U).
Assume that T is a lattice in Gg. Then for any € > 0, there exists a neighbourhood ) of
S(U) such that for any one-parameter unipotent subgroup {u} of Gg, wheret e k,, ve S,
any x € F and any B >0

ou{t €ky | [tly < Byuyx € Q} <eB

where o, s the Haar probability in k,.
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Chapter 2

The Oppenheim conjecture on
quadratic forms

2.1 The Oppenheim conjecture

Let @) denote a nondegenerate quadratic form on R™ which is indefinite i.e. Q(z) =0
for some x € R™ — {0} or equivalently Q(R™) = R. It may be written

Q(a;) = Z Qi T; T (aij =aj; € R, det(aij) * 0)

1<i,5<n
Unless otherwise stated we assume n > 3. We are concerned with the set Q(Z").

Definition 2.1.1. Q) is said to be rational if Q is proportional to a rational quadratic
form that is, if there exists ¢ € R* such that QQ = c¢.Qq for some Qy quadratic form with
coefficients in Q. If not Q is said to be irrational.

We can assume that @)y have integral coefficients. Therefore, if ) is rational one has that
Q(Z"™) = c.Qo(Z") c c.Z is discrete

The Oppenheim conjecture states that, conversely, if @ is irrationnal, then Q(Z™) is not
discrete around the origin. More precisely, consider the three following conditions:

(i) Q is irrational
(i1) Given € > 0, there exists x € Z" such that 0 < |Q(z)| < e.
(i1)" Given € > 0, there exists x € Z" such that |Q(z)|<e.

The Oppenheim conjecture is that (i) = (i), the condition (7) leaves open the possibilty
that Q(Z") accumulates to zero only on one side, but Oppenheim showed (see [Op3]) that
this cannot happen for n > 3 but it can for n = 2. It follows that the condition (ii) implies:
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(ii1) Q(Z") is dense in R

so that the conjectural dichotomy was in fact:
- Q rational < Q(Z") is discrete

- Q irrational < Q(Z") is dense

Counterexample of the Oppenheim conjecture for n = 2.

Let Q(z,y) = y? — 3222 where B is positive irrational quadratic integer such that 52 ¢ Q.
Thus Q is clearly irrational. For any x,y € Z,x,y #+ 0 there exists ¢ > 0 such that:

C
1B —ylx| > 2

For z # 0, we can write
Q(z,y) =2 (y/x + B)(y/x ~ B)

We have to prove that |Q(z,y)| has stricly positive lower bound for x,y € Z not both zero.
This is clear if one of them is equal to zero. So let z,y be both positive. Then |y/z+ | > 3,
hence |Q(z,y)| > ¢f. Thus @ does not assume arbitrarily small values at integer points.

Reduction of the Oppenheim conjecture to dimension 3

The first relevant case to examine for the Oppenheim conjecture is when the dimension is
equal to three. Actually this case is the only we have to check because it suffices to prove
the Oppenheim conjecture for dimension 3.

Lemma 2.1.2. [t suffices to prove the Oppenheim conjecture for n =3

Proof. We proceed by induction. In fact, for n > 3 we select a rational basis vy, ...,v, € Q"
in R™ such that the restriction of ) to the linear hull L =< v1,...,v,_1 > is an indefinite
nondegenerate quadratic form and @ is nontrivial on the the plane < vy,vy > (we can do
this by reducing @ to principal axes, then perturbing the basis obtain to make it rational).
Assume that the form is rational on the subspace L. We set

Li=<v1,...,0p_1,Un_1 +tv, >

Then for a sufficiently small || < 0, the restriction of @ to L; is an indefinite nondegenerate
form as well. Assume that for some rational 0 < ¢ < § the form Q|y, is rational. Since
the restriction of @ to L n Ly =< v1,...,v,_2 > is nontrivial for n > 3, it follows that there
exists a > 0 such that the form a@) has rational coefficients on L and L;. But then aQ
has rational coefficients on all of R™ . This contradiction shows that the restriction of @)
to some rational hyperplane L;,t € QQ, is a nondegenerate indefinite irrational form, and
one can lower the dimension to n — 1.
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2.2 History of the conjecture

In 1929, Oppenheim stated his conjecture on the values of indefinite irrational quadratic
forms at integer points. This conjecture is the analog of the classical result due to Meyer
for irrational forms. Indeed, given a quadratic form () in n variables, let us set

m(Q) = inf {|Q(x)|: x € Z" - {0}}

Meyer’s theorem says that if @) is rational and n > 5 then ) represents zero over Z non-
trivially i.e. there exists x € Z" — {0} such that Q(x) = 0 i.e. m(Q) = 0. Therefore the
Oppenheim conjecture is equivalent to the statement that if () is irrational and n > 5 then
m(Q) =0.

Later on it was realised that m(Q) should be also equal to 0 under the weaker condition
that n > 3, the formulation of the Oppenheim conjecture in its final form due to Davenport
and Heilbronn who made the conjecture for the particular case of diagonal forms (i.e. given
by Q(x1,..,2,) = Mz3 + ... + \yz2). We summarise briefly some of the most important
results of the history of the Oppenheim conjecture. We follow the presentation of Margulis
as in [Mar97], see the same paper for more details.

Chowla’s first result

The first significant result towards the Oppenheim conjecture after those made by
Oppenheim himself was obtained in 1934 by Chowla (see [Ch34]) and concerns indefinite
diagonal forms

_ 2 2 2 2
QX1 ey Tn) = MT] + oo + An Ty + Aps 1T g + ooe + AT,

such that n > 9 with all the ratios \;/\; (i # j) are irrational.

The proof uses a theorem of Jarnik and Walfisz on the number of integer points lying in
a large ellipsoid. Let @ be a positive definite quadratic form in n variables. Let Ng(X)
be the number of integer solutions of the inequality Q(x) < X, in other words the number
of points from the lattice Z" lying in the ellipsoid £g(X) = {x e R" : Q(z) < X'}. Using a
linear change of variables, one can easily see that

7Tn/2

where Cg = ————
¢ UDr(z+1)
In 1930, Jarnik and Walfisz proved the following result

Vol(Eg(X)) = Cg.X™/? with D = disc(Q)> 0.

Theorem 2.2.1 (Jarnik-Walfisz). Suppose Q is a positive definite diagonal irrational form
in n > 5 variables then:

Ngo(X) = Vol (Eg(X)) + o(X™*1).

It follows from this theorem and the volume estimate of an ellipsoid given before that
for any fixed € > 0, the asymptotic of the number of integral solutions of the inequalities
X <Q(x) < X +¢ is given by
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No(X +¢) - No(X) ~ sCQg.X”/2—1 as X — oco.

In particular, the gaps between successive values of @) must tend to 0, that is

No(X +¢e)-Ng(X)>0 forany >0 and forany X > Xo(e). (2.1)

2.2.1 The Oppenheim conjecture from the analytic point of view

In 1972, Davenport and Heilbronn conjectured in [DavH] that the same result should
be true for general positive definite irrational quadratic form in n > 5 variable, in the same
paper they also got a partial result using the Hardy-Littlewood circle method. Now let us
deduces Chowla result, so let n > 9 and all the ratios A;/A; (i # j) be irrational numbers.
The fact that @ is positive definite encouraged Chowla to make the following remark.

Chowla’s argument: Of nine positive or negative number, at least five must have the
same sign.

Hence we may assume that A1, .., A5 are positive and \; < 0 for some i € {6, ...,n}. Applying
equality (2.1) to the positive definite quadratic form Q(z1,..,25) = \123 +... + A\sz2, we get
that there exists y > Xo(¢), y > 0 and integers my,...,m, not all equal to zero such that

n
Z)\rm% =—y and y< Alm%+...+)\5m§ <y+e
r=6
This concludes the proof since we found non trivial integer vector m satisfying |Q(m)| < e.

The Oppenheim conjecture for diagonal forms for n > 5

The Oppenheim conjecture for diagonal forms in n > 5 variables was proved by Dav-
enport and Heilbronn in 1946, clearly as we already saw before it is enough to prove it for
n =5. Actually, Davenport and Heilbronn proved a much stronger statement which gives
a quantitative estimate on the distribution of the values of @ at integral points lying in a
box.

Theorem 2.2.2 (Davenport-Heilbronn, [DavH]). Let A1, .., A5 real numbers, not all of the
same sign and none of them is zero, such that the ratios X\i/\; (i #j) are irrational.

Let Q the diagonal quadratic form given by Q(x1,....,T5) = \1x? + ... + Asz2.

Then there exists arbitrarily large integers P such that the inequalities

|Q(x1,....,x5)| <1 and 1 <x; < P for each i€ {1,..,5}

have more than yP? integral solutions where v =y(\1, ..., \5) > 0.
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The Oppenheim conjecture for general quadratic forms

For general quadratic forms the best result towards the Oppenheim conjecture concerns
the case when n > 21 and are due to Birch, Davenport and Ridout (see [DavR]). In 1986,
Baker and Schlickewei proved a slight generalisation for n > 18 with restrictive signatures.
At this stage, the methods coming from analytic number theory were not sufficient to
prove the Oppenheim conjecture for small number of variables.

2.3 Dynamical interpretation of the Oppenheim conjecture

The turning point for the conjecture occurred in the eighties when M.S. Raghunathan
formulated his conjecture on closures of orbits of unipotent actions in the space of lattices.
In particular a special case, namely Theorem 2.3.1 below, would imply Oppenheim’s con-
jecture. In 1986, using this strategy, Margulis proved the Oppenheim conjecture in full
generality. Let us consider the three following conditions

(i) Q is irrational
(i7) Given € > 0, there exists x € Z™ such that 0 < |Q(z)| < e.
(i7)" Given € > 0, there exists x € Z" such that |Q(z)| < e.

Actually Margulis first proved a weak form of the Oppenheim conjecture, namely the im-
plication (i) = (i7)" ([Mar86], [Mar89a]). When informed by A.Borel of the fact that the
Oppenheim conjecture was a slightly stronger one, he quickly completed his argument and
finally established the full Oppenheim conjecture in [Mar89b]. The most difficult was to
prove (i) = (ii)’, following the strategy of Raghunathan it was sufficent for Margulis to
prove the following statement on closures of orbits:

Theorem 2.3.1. Any relatively compact orbit of SO(2,1)° in SL(3,R)/SL(3,Z) is com-
pact.

This is a particular case of the Raghunathan conjecture which was proved in full generality
by M.Ratner few years after. In the original proof of this theorem made by Margulis, the
key point is to use the dynamics of some one-parameters subgroups of SL(3,R) acting
on the homeogeneous space of lattices, namely SL(3,R)/SL(3,Z). In a certain sense,
Margulis’ proof is elementary since it does not make any use of major results other than
Mahler’s compactness criterion. However the proof is tricky and requires some deep and
technical topological results about one-parameter subgroups of SL(3,R) (see [Mar89a],
[Mar89b]).
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2.3.1 Deduction of the Oppenheim conjecure from Theorem 2.3.1

Let @ a non-degenerate indefinte quadratic form over R3, and S = SO(Q). Let as
usual G = SL(3,R) , I' = SL(3,R) q(z) = 2z123 — 3 and H = SO(q)°. Since the form Q is
indefinte and nondegenerate over R? there exists g € G such that Q(z) = Ag(gx) for some
X eR. It follows that H = gSg~! and H is generated by the two unipotent subgroups Uj
and U{.

Lemma 2.3.2. If Theorem 2.3.1 is true then the Oppenheim conjecture holds.

Proof. To prove the Oppenheim conjecture it suffices to prove that the set q(gZ3 ) has 0
as an accumulation point provided that the form @ is irrational. Assume the opposite: 0
is an isolated point of the set. Then the orbit Hz is relatively compact in G/T" where z =
gl e G/T'. Indeed, suppose that hygl’ - oo for some sequence (hy) € H. Then by Mahler’s
criterion, 0 is a limit point for the family of lattices hxgl',k € N. But q(hrgl') = q(gx),
and we arrive to a contradiction.

Hence the orbit HgT is relatively compact in G/T". By the hypothesis, it must be compact.
Then T'ng ' Hyg is a lattice in ¢g~' Hg which is Zariski dense by Borel’s density theorem. It
follows that g™ Hg is defined over Q. But H = SO(q)®, it implies that ¢ is rational. Indeed
every symmetric matrix B preserved by the subgroup H is proportional to the associated
symmetric matrix C of ¢ since H is generated by the two unipotent subgroups U; and UlT

u1(1)Buy (1)t = B and u;(1)*Bui(1) = B implies B = uC for some p € R.

Therefore RC' consists of all symmetric matrices preserved by the Q-defined subgroup
g 'Hg. Since the lattice I'n g"'Hyg is Zariski dense, hence RC is determined by a system
of linear equations with integer coefficients. But such a system has a rational solution,
hence for some p € R the matrix B = uC' of ) has all its entries rational. This contradicts
the fact that @ is irrational and the Oppenheim conjecture is proved.

2.3.2 The proof of Oppenheim conjecture using Ratner’s theorem

The proof of the Oppenheim can be easily settled using Ratner’s Orbit closure theorem.
We prove the Oppenheim conjecture using the following version of Ratner’s theorem.

Theorem 2.3.3. Let G be a connected Lie group, and let I' be a lattice in G. Let H be a
connected Lie subgroup of G generated by one-parameter unipotent groups. Then for any
x € G[T there exists a closed connected subgroup H c L such that Hx = Lz.

In order to apply this theorem let G = SL(n,R) and T = SL(n,Z). It follows by Corollary
1.2.6 that I' is a lattice of G. Let ) be an indefinite nondegenerate irrational quadratic
form over R™ of signature (r,s) with r,s > 1.

There exists g € G such that

2
Tyl T

Q(7) = M\g(gr) for some A € R and with ¢(z) =23+ ...+ 22

p ST
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Let H = SO(Q)° then SO(q)° = gHg ™', moreover H is generated by unipotents elements
since SO(q) = SO(r, s) is generated by unipotent elements for n =7+ s > 3. We can apply
Ratner’s theorem to obtain the existence of a closed connected subgroup L of G which
contains H such that

Ho=L.o
where o is the origin of the space of lattices G/T'. In other words,
one has HZ" = LZ" for some closed connected L such that Hc Lc G

At first sight, it seems difficult to classify such intermediate subgroups, but using property
(3) of Proposition 1.1.17 yields that H is maximal among all closed connected subgroups
of G, hence L=H or L=G. If L =H, since LnTI is a lattice in L using Borel’s density
theorem (see e.g. [Furst76]) we get that L is defined over Q. Thus @ is proportional to a
rational form, which leads to a contradiction. Hence L = G and HT = G,

Q(Z") = Q(HTZ") > Q(GZ") = Q(R" - {0}) =R

that is Q(Z™) =R and the Oppenheim conjecture is proved.

2.3.3 The Littlewood conjecture

We introduce here a conjecture due to Littlewood (1930) which can be seen as an ana-
log of the Oppenheim conjecture for cubic forms instead of quadratic forms. In particular,
as the Oppenheim conjecture is deduced from Raghunathan’s conjecture, Littlewood’s
conjecture can be deduced from a dynamical statement which is a conjecture due to Mar-
gulis which is the analog of the Raghunathan conjecture for diagonal actions.

Let a € R™, denote by m(a) =11, |a;| and 7, (a) = [T, |ai|+ with |a|+ = max(1,a).
Let be given an arbitrary y = (a, ) € R?, the conjecture of Littlewood states that
liminf,, 40 n|na|ng| =0

with |.| be the distance to the nearest integer. Using the notations above, the Littlewood
conjecture can be written in the following way

(L) For any ¢ > 0, there exists ¢ € Z — {0} and p € Z? such that |g|.7(qy + p) <e.

Using multiplicative version of Khinchine’s transference principle, we have the equivalent
statement.

(L") For any € > 0, there exists ¢ € Z% — {0} and p € Z such that 7,(q).lqy + p| < e.
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Dynamical interpretation of the Littlewood’s conjecture

Given any (a, ) € R?, one can define a cubic form with real variables defined by

P(z,y,z) = x(za+y)(zf + z)
It is easy to see that the Littlewood’s conjecture is equivalent to the following assertion

L inf |P(x,y,2)|=0f ,B) e R

(€") int [P(.9,2)] =0 for any (a.6)
In particular, (L") was partially proved by Cassels-Swinnerton-Dyer for pairs (a, ) of
cubic irrationals in the same cubic fields. The best result known around the 2000’s was
due to Pollington and Velani [PV].
Recall that Bad:= {x € [0,1] such that 3¢ >0 with |qz[ > £ for all ¢>1}.

Theorem 2.3.4 (Pollington-Velani). Given « eBad there exists a subset G(a) of Bad
with Hausdorff dimension one such that, for any € G(«), the pair («, 8) satisfies (L).

The best known result toward Littlewood’s conjecture is due to Einsiedler, Katok and
Lindenstrauss and shows that the set of exceptions of (£) is very small.

Theorem 2.3.5 ([EKLO06]). The set of pairs (c,3) for which the Littlewood’s conjecture
fails,

Z:={(a, B) e R? : liminf,, e n|nal|nB| > 0}
has Hausdorff dimension zero.

The analogy with Oppenheim’s conjecture invites us to consider the strategy used by
Margulis. Hence we are naturally led to the study of the stabiliser of P under the action
of SL(3,R). By remarking that P = P o g, g, where

1 00
Py(z,y,2) =xyz and gog=| a 1 0 |eSL(3,R)
g 0 1

it suffices to consider the stabiliser of Py since the stabiliser of P is the image of the
stabiliser of Fy by the conjugation by g, g. The stabiliser of F is given by the subgroup A
of full diagonal matrices in SL(3,R), for technical reasons it is more convenient to consider
the two-parameter diagonal subgroup given by

e 0 0
A*z{asvrz 0 e 0 |: r,seR+}cA.
0 0 e°

By applying Mahler’s compactness criterion in the homogeneous space X3 = G/T of lattices
in R3, it is not difficult to prove the following equivalence.
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Proposition 2.3.6. The pair (o, 3) satisfies (L") if and only if the A*-orbit of go gl is
unbounded in G|T'. Moreover, for any § > 0, there is a compact Cs in X3 so that if

liminf, 0 n|na|||ns| > 6.
Then A*.gq " c Cs.

The analogy with the Oppenheim conjecture ends here, the major issue is that A" is not
generated by unipotent elements, thus Ratner’s theorem does not apply. The rigidity of
diagonal actions on G/I" have been conjectured by Margulis.

Conjecture 2.3.7 (Margulis). Let d > 3 and pu be an A-invariant ergodic measure on
Xg4. Then there is an intermediate subgroup A c L ¢ G such that u is L-invariant and
supported by a closed L-orbit Lx for some x € X, .

In order to prove Theorem 2.3.5, Einsiedler, Katok and Lindenstrauss proved a particular
case of Margulis’s conjecture involving an additional entropy condition.

Theorem 2.3.8 ([EKLO06]). Let 1 be an A-invariant ergodic measure on Xg4 such that
there exists a one parameter subgroup of A acting with positive entropy, then there is an
intermediate subgroup A c¢ L ¢ G such that p is L-invariant and supported by a closed
L-orbit Lz for some x € Xq. In particular if d =3, p is the Haar measure on Xs.

Following the analogy with Ratner’s theorems, Margulis suggested a conjecture about the
orbit closures under the action of the diagonal subgroup A. We state it in the case of
dimension 3 as it is in [Shapll] (see Conjecture 6.1).

Conjecture 2.3.9 (Margulis). For each x € X3, one of the following three options occur:
1. Ax is dense

2. Ax s closed

3. Az is contained in a closed orbit Hx of an intermediate subgroup H in SL(3,R)xR3
which contains A, where H could be one the following three subgroup of SL(3,R):

0 * * 0 %
H1= 0 ,HQZ 0 * ,H3= 0 = 0
* 0 * 0

*

o * %
o * X

U.Shapira exhibited in ([Shapl1], Theorem 6.2) a counterexample to this conjecture which
proceeded a previous similar contradiction of the conjecture due to F. Maucourant who
treats the case of the subgroups of A while Shapira deals with the maximal split torus
([Maul0]). In the same paper, Shapira proved that the set of exception of the inhomoge-
neous uniform version of the Littlewood conjecture is of null Lebesgue measure, that is,
for almost any pair (o, 3)

V3, 6€R  liminf, e |nflna—|[nf - 6] = 0.
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Chapter 3

Some generalisations of the
Oppenheim conjecture

The validity of the different forms of Raghunathan conjecture, namely topological
rigidity, uniform distribution and S-arithmetic version of it, have given rise in parallel to
some extensions of the Oppenheim conjecture.

The first generalisation that we introduce in §4.1.1 concerns the density of the values taken
by pairs F' = (Q, L) consisting of one quadratic form and one linear form at integral points.
The first result in this direction deals with pairs in dimension 3 satisfying natural arith-
metic and geometric conditions and is due to S.G. Dani and G.A. Margulis (see Theorem
3.1.1).

For dimension greater than 3, sufficient conditions to guarantee the density of F'(Z™) were
given by A. Gorodnik (see Theorem 3.1.3). It is conjectured by A.Gorodnik that one
can relax the geometric condition on the pair in order to obtain optimal conditions which
ensure density (see conjecture 6.1.1).

Historically the first generalisation of the Oppenheim conjecture is due to A.Borel and
G.Prasad who generalised the original proof of Margulis to the S-arithmetic case (see
theorem 3.2.1). The proof rests essentially on the use of strong approximation property
together with tools of geometry of numbers. Later, as soon as Raghunathan conjecture was
proved in fully generality for product of real and p-adic Lie groups, Borel gave a stronger
result which proves density instead of non-discretness around the origin (see Theorem
3.2.2). The advantage of his proof is that it does not require the use of strong approxima-
tion, however it involves technical group-theoretical arguments to eliminate superfluous
contribution of the intermediate subgroups coming from Ratner’s classifcation.

Finally in §3.3, we treat the problem of the distribution of the values of F(Z"™) which
are known to be dense in the real line under Oppenheim’s assumptions. The so-called
quantitative Oppenheim conjecture states that the points of F'(Z™) are not only dense in
the real line but also equidistributed with respect to Lebesgue measure when the signature
of F'is not (2,1).
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These highly nontrivial results have been proved in three steps,

a) The lower bound due to Dani and Margulis (see [DM93], corollary 5)

b) The upper bound due to Eskin, Margulis and Mozes for signatures not equal to (2,1)
or (2,2) (see [EMM98])

¢) The case of low signatures due to Eskin, Margulis and Mozes (see [EMMO05])

3.1 Oppenheim type problem for pairs (Q, L)

A similar Oppenheim type problem concerns the existence of integral solutions of
simultaneous diophantine inequalities involving one quadratic form and one linear form.
More precisely given a pair (Q, L) and (a, b) € R? the problem is to find sufficient conditions
which guarantee the existence of an integral vector in x € Z" such that

(A) For any € > 0 one has simultaneously |Q(z) —a| <e and |L(x) —b| < e.

That is to say that the set {(Q(z),L(z)) : z € Z"} is dense in R2. This problem was
first considered by S.G. Dani and G.Margulis [DM90] for a pair (Q, L) consisting of one
nondegenerate indefinite quadratic form and a nonzero linear form in dimension 3.

Theorem 3.1.1 (Dani-Margulis). Let Q be a non degenerate indefinite quadratic form
and L be a nonzero linear form in real coefficients and in three variables. Suppose that

1. The plane {L =0} is tangential to the cone {Q =0}

2. No linear combinaison (with real coefficients) of Q and L? is rational

Then the set {(Q(x), L(x)) : x € Z3} is dense in R?.

3.1.1 Case when density fails

The geometric condition (1) cannot be replaced by the weaker condition that the in-
tersection of the plane and the cone is nonzero, in other words the condition Q|p-o is
indefinite is not sufficient for density to holds in dimension three. Indeed, due to a result
of Kleinbock-Margulis we can measure the size of the set of pairs for which density fails.
Let assume that F' = (Q, L) is a pair in three variables such that Q- is indefinite,
hence there exists g € SL(3,R) such that Q(x) = Qo(gx) and L(x) = Lo(gx) where
Qo(x) = 2123 — 23 and Lo(z) = 72 (note that in the case of the assumptions of Theorem
3.1.1 we may have Lo(z) = z3 instead). We denote it by (Q, L) = (QF, L]), this allows us
to translate properties of such pairs into properties of the associated g’s in SL(3,R). We
have the following,
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Theorem 3.1.2 (Dani). There exists g € SL(3,R) and € > 0 such that the following
conditions are satisfied for the pair (Q,L) = (Qf, L{)

(i) No linear combination (with real coefficients) of Q and L* is rational.

(ii) There does not exist any nonzero integral vector x € Z* such that
|Q(x)| <& and |L(z)| < e.

Moreover, the set
& ={g €SL(3,R) such that (i) and (ii) holds for some & >0}

has Hausdorff dimension 8, in particular (i)—(ii) are satisfied for uncountably many pairs

(Q,L).

The proof of this theorem can be found in ([Dan00], Theorem 7.3), it essentially rests on the
following result due to Kleinbock and Margulis. Let us define the diagonal one-parameter
subgroup of SL(3,R) by

D = {diag(e7!,1,e') : t e R}
and
B ={A eSL(3,R)/SL(3,Z) such that D.A is bounded }.

It was proved in [KM] that the set of g € SL(3,R) such that gZ> € B intersects every
nonempty set of SL(3,R) in a set of Hausdorff dimension 8. The proof of Theorem 3.1.2
consists to show that the exception set £ is an intersection of some nonempty subset of
SL(3,R) with the previous set.

3.1.2 Density in higher dimension

When the dimension is greater than 3, in contrast with the three dimensional case,
the assumption Q7 is indefinite is sufficient for density to holds, this result is due to
A.Gorodnik [Gor04]

Theorem 3.1.3 (Gorodnik). Let QQ be a non degenerate quadratic form and L be a
nonzero linear form in dimension n > 4. Suppose that

1. Qo s indefinite
2. No linear combination (with real coefficients) of Q and L* is rational

Then the set {(Q(x), L(x)) : x € Z"} is dense in R?, that is, given any (a,b) € R? and any
€ >0 there exists an nonzero x € Z™ such that
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|Q(x) —al<e and |L(x) - b <e.

The proof of this theorem reduces to the case of dimension 4, and it uses a refinement
of Ratner’s Orbit closure theorem due to N.Shah, namely Theorem 1.3.7. The condition
(1) is a sufficient condition to ensure that we have {(Q(z),L(z)) : x € R"} = R%2. The
most important obstruction to prove density for pairs is that the identity component of
the stabilizer of a pair (@, L) is no longer maximal among the connected Lie subgroups
of SL(4,R) in contrast with the case of the isotropy groups SO(3,1)° or SO(2,2)°. To
overcome this difficulty, Gorodnik considers separately equivalent classes of pair (Q, L)
into two types by the following classification:

Let G = SL(n,R) for any pair (Q,L) there exists a g € G such that for any = ¢ R”

(Q(z), L(x)) = (Qo(gr), Lo(gx)) where the pairs (Qo, Lo) are given by
(Qo(x), Lo(x)) = (a7 + -+ a7 —:1:12)+1 —wo—z? x,) forp=1,- nor

(Qo(x), Lo(z)) = (23 + TL =T = =T g+ Tp 1T, Ty) for p=1,- S[%52]-

The pairs (Q, L) equlvalent to the first (resp.second) pair (QO,LO) are said to be of
type (I) (vesp. type (II) ). We define Qf(z) = Qo(g9x) and L{(z) = Lo(gz) for any g € G
and x € R"™.

Let be given a pair (Q, L) consisting of a non degenerate quadratic form and a nonzero
linear form. Then there exists g € G such that (Q,L) = (Qf, L§) and the stabilizer of the
pair (@, L) is defined by the following subgroup of G,

Stab(Q, L) = {h e GI(Q", L") = (Q, L)}.

Clearly one has Stab(Q, L) = gStab(Qo, Lo)g™" and we are reduced to study the stabi-
lizer of canonical pairs (Qg, Lg). The proof of the Theorem 3.1.3 is divided in two parts
following each type and consists of applying Ratner-Shah’s theorems 1.3.7 and to study
the action of Stab(Qq, Lo) on the dual space of C*. Despite the non maximality of the
stabilizer, he has able to classify all the complex semisimple Lie algebras in s[(4,C). The
situation for pairs of type (II) is more complicated than with pairs of type (I) since the
dual action of the stabilizer has three irreducible components for the pairs of type (II),
instead of two for the pairs of type (I).

3.2 S-arithmetic Oppenheim conjecture after Borel-Prasad

S -arithmetic setting

Let k£ be a number field and O the ring of integers of k. For every normalized absolute
value |.|, on k, let k, be the completion of k at v. In the sequel S is a finite set of places of
k containing the set So, of the archimedean ones, kg the direct sum of the fields k(s € S)
and Og the ring of S-integers of k (i.e. of elements z € k such that |z|, <1 for v € S). For

s non-archimedean, the valuation ring of the local field ks is denoted O;.
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Let F' be a quadratic form on k4. Equivalently, F' can be viewed as a family (Fy)(s € 5),
where F; is a quadratic form on k7. The form F' is non-degenerate if and only if each Fj
is non-degenerate. We say that F' is isotropic if each F§ is so, i.e. if there exists for every
s €S an element x5 € k) — {0} such that Fs(xs) =0.

The form F is said to be rational (over k) if there exists a quadratic form F, on k™ and a
unit ¢ of kg such that F' = c.Fo, irrational otherwise.
If we take k = Q and S = S, the quadratic forms are real and in this case we know that:

Any real non-degenerate quadratic form is isotropic if and only if it is indefinite.

Following this observation A.Borel and G.Prasad suggested and proved a generalization
of the Oppenheim conjecture in the S-arithmetic setting in [BP92],

Theorem 3.2.1. Let n >3 and F' be an isotropic non-degenerate quadratic form on k.
Then the following two conditions are equivalent:

(i) F is irrational.
(i1) Given € >0 , there exists x € OF such that 0 < |Fs(x)|, <& for all seS.

The proof in [BP92] is modeled on Margulis’s original proof of the Oppenheim conjecture.
Their proof is quite technical, it involves a lot of different methods and relies heavily on
weak and strong approximation property. In contrast with the real case, if F/(O%) accu-
mulates around zero it does not implies density in k% This issue is due to the fact that
the quotient k7 /k}2 has order 1 or 2 depending on whether s is a real or a complex place
and order 4 or 8 when s is non-archimedean. The density of F'(O%) is characterised by
the following equivalence:

+ The set F(O%) is dense in kg if and only if for any € > 0, and ¢, € k}/k}?, there exist
x € OF such that 0 <|F,(z)|s < € and such that Fy(x) e ¢, for all s€S.

This equivalence has been raised in ([BP92], §6) in order to find a strategy towards density
in the absence of the proof of Raghunathan conjecture in the S-arithmetic case at this
time. It is still on open problem to show density using the equivalence above i.e. without
requiring the use of Ratner’s theorems.

The density of FI(O%) in kg was established in ([B94], §8), using Ratner’s rigidity of
unipotent S-products.

Theorem 3.2.2. Let n >3 and F' be an isotropic non-degenerate quadratic form on k.
Suppose F' is irrational, then F(O%) is dense in kg.

We will give the proof of Borel and Prasad and we begin by fixing some notations.
Let G5 = SL(n,ks), Hs = SO(Fs) and the associed S- products G = [Iseg Gs, H = [1geq Hs.
Let G5 be SL,, viewed as an algebraic group over ks and Hg the algebraic group over kg
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such that H(ks) = Hs.

The proof reduces to the following statement which makes use of Ratner’s Orbit Closure
Theorem for S-products,

Theorem 3.2.3 ([B94],§8). If F is irrational, the orbit H.o is dense in SQ.

The next lemma is useful in order to eliminate irrelevant intermediate subgroups coming
form the possible orbit closures of H.o

Lemma 3.2.4. Let E be a field of characteristic zero, g a simple Lie algebra over F,
o # 1 an involutive automorphism of g and € the fired point set of o. Assume that €
is semi-simple. Then any t-invariant subspace of g containing € is equal to € or g. In
particular, € is a mazximal proper subalgebra of g.

Following the notation of [BT73], we let H; denote the subgroup of H generated by
one-dimensional unipotent (hence Ad-unipotent) subgroups.

Proposition 3.2.5. H is a closed and open normal subgroup of finite index of Hs.
Proof. We divide the proof in three cases:

- If ks = C, this is immediate, since H, is semisimple and connected in the usual topology,
and in this case we just have H = H,.

- If ks =R, then H is the topological identity component of H and has index two.

- If ks be non-archimedean. Let H, be the universal covering of Hy, i.e. the spinor group
of Fy and p : H, — H, the central isogeny. Let Hy = 7:[5(14:5). It is known that
H, = H{ is generated by one-dimensional unipotent subgroups ([BT73], §6.15), that
pw(H?) = HY ([BT73], §6.3) and p(H;) is a normal open and closed subgroup of
finite index of Hy ([BT73], §3.20), whence our assertion in that case.

We note that H is not compact, since it is of finite index in Hg and the latter, being the
orthogonal group of an isotropic form, is not compact. We let hs be the Lie algebra of H,
and N the normalizer of b in G, i.e.

Ng ={g € Gs|Adg(bs) = bs}

Claim. Nj is also the normalizer of Hy or of H.

In fact, both groups,viewed as Lie subgroups of GG, have b, as their Lie algebra, therefore
any element g € G4 normalizing H, or H; belongs to N;. Conversely, since b, is the
space of rational points of the Lie algebra of H, and is of course Zariski-dense in it, the
automorphism Int(g) : « = gxg™! of G, leaves stable H, , hence g normalizes H, and
therefore also H and the claim is proved.
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Lemma 3.2.6 ([B94],§8). Assume that H; has finite index in Ns. Let M be a subgroup
of Gs containing HY . Then either M = G4 or M c Nj.

Proof of the lemma. (i) Since H; has finite index in Hjy, it suffices to show that Hg has
finite index in Ng. The only quadratic forms on k7 invariant under H, are the multiples of
Fy. If z € Ny, then ‘aFyx is invariant under Hy, hence of the form cFy (c € k}). It has the
same determinant as F; ; hence ¢” =1, and therefore N;/H is isomorphic to a subgroup
of the group of n-th roots of unity.

(i7) Identify Fy to a symmetric, invertible, matrix. Then the map

oixe Fla VL F Nz eGy)

is an automorphism of G, obviously of order two, and Hj is the fixed point set of o.
The differential do of ¢ at the origin is an involutive automorphism of gs with fixed point
set hs. The group G, (resp. Hs ) is simple (resp. semisimple) as an algebraic group;
therefore gs (resp. bs ) is a simple (resp. semisimple) Lie algebra.

By lemma 3.2.4, any hs-invariant subspace of g5 containing hs equal to hs or to gs. Now
let M be a subgroup of G containing H; but not contained in Ns;. We have to show that
M = G.

Let g be the subspace generated by the subalgebras Ad(m)(bs), (m € M). It is normalized
by M , obviously, and in particular by H;.

Therefore it is hs-invariant. It is not equal to b, , since M is not in Ns. By the previous
remark, g = gs.

There exists therefore a finite set of elements m; € M (1 <i < d) such that gs = ®;h; with
hi = Ad(m;)(bhs). The Lie algebra b; is the Lie algebra of H; = m;.H}.m;".

Let @Q = Hy x ... x H;y be the product of the H;’s and

p:Q — G (3.1)
(hl, cey hd) g hl ce hd. (32)

It is a morphism of ks-manifolds, whose image is contained in M. The tangent space at
the identity of @ is the direct sum of the b;’s. Therefore the differential du of p at the
identity maps the tangent space to @ onto gs. This implies that (Q) contains an open
neighborhood of the identity in G (see [Ser92], III, §10.2).

Since it belongs to M, the latter is an open subgroup of Gs. It contains H_, which is not
compact, as noted before, hence is noncompact.

Moreover, it is elementary that G = SL,,(ks) is generated by the group of unipotent upper
triangular matrices and its conjugates. It then follows from Theorem (T) in [Pra] that
M = Gs.

Proof of the Theorem 3.2.2

Let T' = SL,,(Og). It is viewed as a discrete subgroup of G via the embeddings SL, (k) —
SL,(ks). The quotient © = G/I' has finite volume. We let o be the coset I" in . Let
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H™* be the product of the groups H;. Since H; has finite index and is normal, open and
closed in H, , the same is true for H* in H , and it is equivalent to prove that H*.o is
dense in .

By the p-adic version of Ratner’s closure orbit theorem 1.5.2, there exists a closed subgroup
L of G such that L.o is the closure of H".0 and L n T has finite covolume in L. Let
Mg = LnGs. It is a closed normal subgroup of L which contains H;. By Lemma 3.2.6, we
have either My c Ny or My = G5. Now let P; be the projection of L into G. It normalizes
My and contains it. Assume Mg c¢ N,. Then Ad(g)(g € Ps) leaves invariant the Lie algebra
of My, which is the same as that of Hy , hence g belongs to Ny. In particular, P is closed
and open in N,. If M, = Gy , then P; = G5. Therefore the product M of the M is normal,
closed and open, of finite index in the product P of the Ps , and P is closed. We have of
course M c L c P. As a consequence, M is normal, open and closed, of finite index, in L.
Now define Qs by the rule: Qs = Hy if My ¢ Ns , and Qs = G, if Mgy = G, and let Q
be the product of the ()s. Then @ n L is open and closed, of finite index, in both L and
Q. Therefore @ N T has finite covolume in Q). By Proposition 1.2 in [BP92], there exists
a k-subgroup Q of SL,, such that Q(ks) = Qs for every s € S. This shows first of all that
either Q, = G, for all s € S or Qs = Hy for all s €. S. In the first case, L = G and H*.0 is
dense. We have to rule out the second one.

In that case H.o is closed, L = H* and H NI has finite covolume in H. Moreover @ is the
orthogonal group of a form F, on k, , and there exists a unit ¢ of kg such that F' = c.F,,
i.e. F' is rational over k, contradicting our assumption.
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3.3 Quantitative Oppenheim conjecture

The dynamical nature of the proof of the Oppenheim conjecture leads naturally to
the question of the uniform distribution of the values of indefinite irrational real quadratic
forms at integral points. Let () be a real irrational indefinite quadratic form in n > 3
variables, let a < b and let N, (Qa ) denotes the number of integral points v in a ball of
radius T with a < Q(v) < b. The Oppenheim conjecture is equivalent to the statement
N(Ci’b)(T) — oo when T — oo. The well-known asymptotic

HoeZ:|v| <T}~Vol{veR": |v|<T} as T - oo
suggests the following estimate
Q
lim Nen ) -1
T—oo Vo{v e R":a < Q(v) < b, |v| <T}

In fact this estimate is true if one replaces lim by liminf, this result is due to Dani and
Margulis ([DM93], Corollary 5 (7)) and is known as the lower bound for quantitative
version of the Oppenheim conjecture (see 3.3.1 for more precisions) and Eskin-Margulis-
Mozes for the upper bounds (see [EMMO98], [EMMO05]). The result obtained are not only
valid for balls By but more generally for TQ where Q = {x € R" : ||z < u(”;—u)} a star-

(3.3)

shaped open set with v a continuous positive function on the sphere {z e R™: |z| = 1}.

3.3.1 Lower bounds for quantitative Oppenheim conjecture

We review the method of Dani-Margulis which has been successful to prove that for
any non degenerate indefinite irrational quadratic form @, for any 6 > 0 there exists Tp > 0
such that for all T' > T

#{er”ﬂTQ:a<Q($)<b}2(1—«9)V01(xETQ:a<Q(x)<b).

More generally they proved a uniform version with respect to a compact subset of O(p,n)
where O(p,n) is defined to be the set of indefinite quadratic form of signature (p,n — p)
with discriminant +1. We give the result as it is in ([DM93], Corollary 5 ()).

Theorem 3.3.1. Let K be a compact subset of O(p,n). For any 6 > 0 there exists a
finite subset S such that each @ € S is a scalar multiple of a rational quadratic form and
for any compact subset C of KK — S there exists Ty > 0 such that for all Q €C and T > T,

#{:L‘EZ"HTQ:(I<Q(J;)<b}>(1—0)Vol(:c€TQ:a<Q(x)<b).

The proof of this theorem requires a uniform version of Ratner’s equidistribution (see The-
orem 1.4.10). However for a single quadratic form, this theorem was proved previously by
Dani and Mozes and independently by Ratner but with a positive constant by only using
Ratner’s equidistribution theorem.
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3.3.2 Idea of the proof of Theorem 3.3.1
Let Qo be the quadratic form defined by

2 2 _ .2 2
Qo(z) =2z 120 + X5+ + T, — 5y — -+ — 2, for any x e R"

with respect to the canonical basis {ej,---,en} of R™. Clearly Qo € O(p,n), hence for
any Q € O(p,n) one can find g € G such that Q = QF. Let H = SO(Qo) the special
orthogonal group of Qq, the quotient H\G is homeomorphic to O(p,n). Hence we can
always parametrize the elements of O(p,n) by elements of G via the correspondence
geG o Q = Qg € O(p,n). Let U be the subgroup of H consisting of all h € H such
that he; = e; for all 1 <i<n -2, he,_1 € span(ey,e,—1) and he, € span(ey,en-1,€,). It is
straightforward to verify that U is a unipotent one-parameter subgroup in G. Let M be
the subgroup of H leaving invariant the subspace V* = span(e; +ep, 2, -+, €p), the latter is
a maximal subspace on which Q) is positive. Therefore M ~ SO(p-1), then it is compact
set equipped with a normalised Haar measure denoted by o. Now let K be a compact
subset of O(p,n) so that it corresponds to a compact subset K of G such that for any
Q € K there exists a g € Int K such that ) = Qg and such that MK = K.

One can find explicitly a finite subset S of I such that any ) € S is a scalar multiple of a
rational form and for any compact subset C of K — & there exists a compact subset C' of
K - uCiT such that any @ €C is of the form Qf for some g € C' ([DM93], Prop.9.3).

The proof of the theorem relies on the obvious equality, where any B Borel subset of M
and any 1 continuous nonnegative function on G/T'

[TZT/B > w(utmv)da(m)dt:/;T[BTZ(ngF)dG(m)dt. (3.4)

vegzm™

The number N 8 b)(T) can be approximated by the left hand side of (3.4) for suitable

choices for B and . The right hand side of (3.4) can be estimated uniformly using
the following inequality which is an easy consequence of the Uniform Equidistribution
Theorem 1.4.10

Proposition 3.3.2 ([DM93]). Let ¢ be a bounded continuous nonnegative function on
G/T' and B a Borel subset of M. Let 6 >0 and l > 1 be given. Then there exists a T >0
such that for all g€ C and T > T' we have

g _11)T /TzT /B o(ugmgl)do(m)dt > (1 - 8)o(B) fG e (3.5)

3.3.3 Method for the counting
Let Q € C as above, hence Q = @} for some g € C. Denote,

No.q(a,b,T) = #{x eZ"nTQ:a<Q(z) < b}.
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By the previous remark we get
Noa(a,b,T) = #{z ¢ gZ" n T(g92) :a < Qo(x) < b}.
Put
Eap(T) = {2 € T(90) s a < Qo(x) < b}
or in other words

NQ,Q(a>b7 T) = #(Ea,b(T) n an)

The strategy consists to cover the domain E,;(7) using a flow-box A w.r.t. U which
plays the role of a fundamental domain for the action of H. One has

Xa(umgl) = > xa(umw) = #{(uem) " An gZ"}
vegzr™

where xa is the characteristic function of A and X its Siegel transform.

Using the property of the flow {u;} and the fact that M acts transitively on the level
sets of Qo, the domain E,;(T") can be approximated by the following cover

Eop(TcU U U (um)™A

J te[TIT]meB;

for some Borel B; subsets of M. Consequently the quantity
NQ,Q(aa va) = #(Ea,b(T) n an)

can be approximated by

ﬁleTfoA(utmgF)da(m)dt.

Finally using the inequality (3.5) and Siegel summation formula we obtain the following

(1 —11)T /TlT fB Ya (ugmgl)do (m)dt > (1-6)o(B;)ANA) (3.6)

then taking the sum of the contribution of each of the B;’s and comparing the right-hand
side with the volume of the domain, we obtain lower bounds for a single quadratic form.

47



Chapter 4

Quantitative lower bounds for
Oppenheim conjecture for pairs

4.1 Quantitative lower bounds for pairs in dimension three

The aim of this chapter is to give a quantitative version of density Theorem 3.1.1 for pairs
(@, L) in the spirit of the proof Dani and Margulis. Let us recall what we mean by this.
Let 0 < a < b and a > 0 be given. We denote by |.| the euclidian norm and by Vol or
by A the Lebesgue measure on R". Let v be a continuous positive function on the sphere
{z eR":||z| =1} and let Q = {x e R" : |z| < I/(ﬁ)} a star-shaped open set. We are
interested in giving a lower estimate for the following quantity

#{er”ﬁTQ: a<Q(x)<b, O<L(x)<a}whenT—>oo.

Our main result is to prove that it is possible to find asymptotically exact lower bounds
for pairs (@, L) under the conditions of Theorem 3.1.1 ([DM90], Corollary 2). Let us
introduce the real and the integers points of the domain,

D(a,b,a)(R)={zeR": a<Q(z)<b, 0<L(x)<a}
and
D(a,b,a)(Z)={xeZ": a<Q(z)<b, 0<L(x)<a}.

Since there is no ambiguity one can omit the parameters and simply denote them D(R)
and D(Z) respectively.

The main result of the chapter is the following theorem.

Theorem 4.1.1. Let Q be a non degenerate indefinite quadratic form and L be a nonzero
linear form in real coefficients in three variables. Suppose that the cone {@Q = 0} intersects
the plane {L = 0} tangentially and that no linear combinaison of Q and L? is a rational
form. Let0<a<band o, >0 be given. Then there exists Ty > 0 such that for any T > Ty,
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#{D(Z) nTQ} > (1-6) Vol(D(R) nT)

The proof of this theorem is similar to the proof of Dani-Margulis [DM93], this is essentially
due to the fact that the geometry of the problem is similar and also because all the points
corresponding to the pairs in the condition of ([DM90], Corollary 2) are generic. In
dimension 4, the geometry of the problem is also similar but a new issue appears due to
the fact that the stabilizer of the pair (@, L) is no longer maximal contrary to the case
n = 3. The existence of non-generic points leads to estimates integral along periodic orbits
corresponding to the cusps of the homogeneous space G/I" (see §6.2).

4.1.1 Remark on the upper bounds in dimension three

The problem of the upper estimate is much more delicate. For a single indefinite quadratic
form in n > 3, it was proved in [EMM98] that for an irrational quadratic form of signature
not equal to (2,2) or (2,1) that we have exact asymptotic :

#{D(Z) nTQ} ~ VO(D(R) nTQ) as T — +oo.

This result fails for low signatures, in our case i.e. for signature (2, 1), there exists irrational
forms for which along a sequence 7}, we get the following upper bound,

#{D(Z) nT;2} > ¢ Vol(D(R) n TQ) log(T;)'~ for ¢ >0 small enough.

Such irrational forms must be extremely well approximated by split rationals forms (EWAS)
as shown in [EMMO05]. An example can be given by the irrational forms Qg(x) = 23 + 23 -

ﬁx%, with 8> 0 an irrational number extremely well approximated by rational numbers.

4.2 Geometry and unipotent dynamics in D(R)

Let (Q, L) be a pair in R? equipped with the standard basis {e1, ea,e3}. Let (Qo, Lo)
be the pair in R? defined by Qo(z) = 2z123 — :c% and Lo(z) = z3 with respect to this basis.
If one has (Q, L) = (Qf, L{) for some g € G then D(R) = gilEs’b where

ESy={xeR": a<Qo(x)<b, 0<Lo(z)<a}.

Hence we have #{D(Z) nTQ} = #{D(R) n TQ n Z*} = #{EJ, n TgQ n gZ*} and
Vol(D(R) n T2) = Vol(Ey, n T¢f?) since the Lebesgue measure is G-invariant.

Let S? denote the unit sphere in R? for the euclidian norm, for each subset B of S? let
¢(B) denote the cone over B with vertex at 0, namely ¢(B) = {\x|A > 0,z € B}. We
denote by S* the restriction of the unit sphere to the space R? = {z e R?|z; > 0} equipped
with the Riemannian metric induced by the unit sphere and by A(a,b) the annular region
of R3 given by the spherical shells {\z|a <A< b,z e S}

x

Recall that Q = {z € R": |z < v(—)}, then gQ = {z € R" : |z < v,(-—
xr

)} where the
B4
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1 gtz
v( ).
lg~ | " lg~"x]

For each d > 0 let Eg = {x € S*|Qo(x) = d} and let vy = 61\;;3, then Qo(vg) = |vo| = 1.

Let M be the subgroup of SO(Qo) which leaves invariant the axis of the level sets of Qg
namely Ruvg, then M ~ SO(2). Hence M is compact, it also leaves invariant each Ey4 and it

acts transitively on each of them. We denote by o4 the M-invariant probability measure
on E, for each d > 0.

function v, : ST — R¥ is given by vy(z) =

4.2.1 Cover of S*

Let fix an arbitrary 0 < w < 1 and choose subsets By, -, By of M in the following way:
Firstly we cover S™ with subsets ®g, -, ®; as follows:

1. U?:()(}Tj = S* so that ®q,---,®;, are mutually disjoint and U;?:quj contains a neigh-
bourhood of Ejy

2. Each ®; for 1 < j <k is bounded by a piecewise smooth curve which is transverse to
FEy at all points of intersection

Vg(f) Wl
vg(z") < .

Transversality condition (2) implies that there exists dg > 0 and compacts subsets ¥y, -+, U,
of ®q,---, &y, respectively such that for all 1 < j <k and d € [0,dp],

3. For each j € {1, k} and for any z,T € ®; we assume that

oq(V;) > woq(P;). (4.1)
It is clear that there exists 3 large enough so that for any r > j3,

ESynA(r,0)ce( |J Ea).
’ 0<d<do

Using inequality (4.1) we deduce that for any r > 8, and for all 1 <j <k, k> 1
MEgyn A(rysr) ne(Wy)) > wA(Egy, n A(r, k1) ne(®y)). (4.2)
Replacing the initial choice if necessary, we assume that

Py 2 U E,; and that (}#OrﬁE()ZQ.
dxdo

Let € > 0 be such that max;¢j<td(®;,¥;) < 2e. We define By, -, By, subsets of M by
Bj={meM|B(e1,e) cm®;)} for each 1<j<k

where the open neighbourhood B(.,¢) are taken with respect the metric d induced on S*.
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4.2.2 Unipotent flows on level sets

Let 0<a<b,0<w<1ande>0begiven as above. Let I = [\/5, \/5], then Qo(Ivp) € (a,b),
that is Tvg € Eqp NP where Tvg = {\vg|A eI} and P = {:I: eR3| 2o = 0}.
Let U = {u|t € R} where

1t %2 010
up=exp(Nt)=]1 0 1 ¢ with N=| 0 0 1 [.
0 0 1 0 00
Note that {u;} is a unipotent one-parameter subgroup in G which leaves invariant the pair
(Qo, Lo), that is Qo(usr) = Qo(x) and Lo(ugx) = Lo(x) for all £ € R and = € R®. Now let

0 <7 <a/2 and let I(7) be the T-neighbourhood of Ivg in E,,nP. We define the twisted
box generated by I(7) under the flow {u;} in R? of length 27 to be

A=A(a,b;7)={usv||s|<T,vel(r)}

It is clear that A is a compact neighbourhood of Ivg in E,p N A(wa, w™lb) transerve to P
and that it does not contains any fixed point of U. Let [ >1 and T > 0, for each 1 < j <k
we put

S;(1)= U U (wm) A

T<t<IT meB;

This following proposition is the analog of Proposition 9.7 ([DM93]) with Ef; instead of
Ea,b

Proposition 4.2.1. There exists Ty > 0 such that for all T > Ty, for alll>1 and for each
1< j <k the set S;(T) is contained in

A((1-e)awT?[2,1%(1 + e)w bT?%[2) N c( ;).
and contains
ESyn A((1+e)bT?/2,12(1-€)aT?[2) ne(Vy).

Proof. Suppose w € Ivg, for all t € R we have

UpwW 1 1+ t2/2 UpwW
t t then lim - el

luew] /(2 + 2t + t4/2) . t—soo |upw|

Hence there exists T > 0 such that for all |¢| > T and for any w € A,

U W 12 2
" e B(e1,e) and (1- &) 5 lwl < Jugw] < (1 +€) 5wl

[usw]
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Suppose v € S;(T") some T > Ty, we have |v|| = [mv| = |u—w| and by the last inequality
2 2
T
we get (1 - 5)7||w|| < Ju—pw| < (1 + 5)[2—||w|| Hence we obtain (1 - 5)—aw o] <

muv UpwW

€ B(ey,¢) hence — e m ™' B(ey,¢) € ®;,

that is v € ¢(®;). H |

Suppose also that Ty > 2/y/¢ and let v e B, n A((1 + e)bT?/2,1%(1 - £)aT?[2) N c(¥;).
Let w € Tvg be such that Qo(w) = Qo(v). Then [v] > (1+¢)bT?%/2 > b > |w]| since |u_w]|
increases continuously to infinity there exists ¢ > 0 such that ||u_4w| = ||v||. Hence there
exists m € M such that u_w = mv. Since |v|| < 12(1-¢)aT?/2 we have t < IT. Similarly
t > T since ||utw||2mb2(1+(1+t2/2) ) and |v| > (1+5)bT2/2 usmg the condition Ty > 2/+/e.

FortzT,@: i € B(ep,e) and m 'e; € B(—
lol[mol - Ju-sw] lol”

m™1B(ey,e) = B(m™ ey, e) ¢ B( HUH,%) C W; hence m € Bj.

T2
(1+¢)>—bw™. Moreover, — = =
2 [vl ol Jusw]

,€), since v € ¢(¥;) we get

We have also the following lemma which is Lemma 9.8 in [DM93]

Lemma 4.2.2. Letl>1,0<d<l-1 and 0<a<b such that bja < (1 +9) be given. Then
there exists 0 <7 <9 and Ty 2 0 such that following holds: if for T >0,

E(T) = {z e R®¥|wgw € A(T) for some te[T,IT]}
then for all z € R and T > Ty we have:

1. o({me M|maz e E(T)}) <12(1+ 20)A(E(T))JA(ME(T))

2. For each 1< j <k, A\(Sj;(T)) < (1+08)o(Bj)NME(T)).

4.2.3 Cover of EF, nr(gQ)

The condition (3) at section §4.2.1 allows us to find a finite cover of g2 in terms of the
®,’s, there exists po, -, pr. > 0 such that:

k k
szlA(O,pj) ne(®;)cgre Y A(O,w‘lpj) nc(Py).

J=0

Hence we obtain the following cover of B¢ ap N r(gf) for any r > 0,

k
UlA(O,rpj) NEg,ne(®;) c Egynr(gR) < U()A(O w ) nEqg,nc(®)).
= j
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One can notice that the right hand-side has a extra term coming with the index j = 0,
this obstruction is superficial because ®g is chosen to be disjoint from Fy and in this case
c(®p) meets ES, in a bounded volume area. Hence

Egyne(®) c A0, p") (4.3)

for some p’ large enough. We finally obtain a cover of E2, nr(¢gQ) in terms of the ®;’s
for 1<j<k. 7

Let us finish this section with the following lemma, concerning the comparison of the
volume of elements of the cover, such as in [DM93] mentioned as formula (9.6).

Lemma 4.2.3. Let | > 1, there exists 0 < ( <1 such that for any open subset ® € S? there
exists rg 2 0 such that for all r > rg

l)\(E(‘l’ibﬂA(C_lr, CPr)ne(®) > AMEG N A(r, rync(®)) > l_l)\(Eg"bﬂA(Cr, CHPr)ne(@)).

4.3 Proof of Theorem 4.1.1

Proof. We follow exactly the same strategy used in ([DM93], Cor. 5 (4)). Let 6 >0 and
I > 1 be such that 1™ > (1 - 0/4). We can assume that b/a < 1 + 6 by taking the sum over
intervals of size less than 1+ § if necessary. Let ¢ € (0,1) as in the lemma above and let
0 <w < 1 be chosen to verify w® > max(¢,1 - 6/4) so that the previous lemma apply for w
instead of (. Choose also ¢ to be such that 20 <1 —w and § <l —-1. Let 7 > 0 such that
Lemma 4.2.2 holds for [, for some Ty and let A = A(7). Let x = xa be the characteristic
function of A and denote by X the Siegel transform of y, that is the function defined in
G/T by :

X(gT) = Z x(x) for any g € G.
xegZ3

Since x € L'(R3), following Siegel we have ¥ € L'(G/T") and /G/F Xdp = [gs xdA. Let ¢ be
a real-valued bounded continuous function on G/T" such that

0<p<X df d>f Xdp = wA(A).
p<Xand | pdupzw | Xdp wWA(A)

Since gI' is U-generic after theorem 3.1.1 (see [DM90], Corollary 2), we can apply Propo-
sition 3.3.2 to ¢, there exists T7 > Tp such that for all 1 < j < k and for all T > Ti:

; _11)T leT /Bj o(ugmgl)do(m)dt > (1 -0)o(Bj) /;/F odp > 2o(B)NA).

We have the following immediate identity coming from the definition
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ﬁfTﬁfBj S{A(Utmgf)da(m)dt:ﬁf / > x(ugma)do (m)dt.

B; xegZ3

Using the previous inequality and the fact that ¢ <X, we obtain for T > T}

(l—l)T fle > x(ugma)do(m)dt > w?o (Bj)A(A). (4.4)

B; xegZ3

In the other hand, by definition A is constituted by U-orbits of length 27, thus

ﬁ[ / > x(wyma)do(m)d 1)Tf x(umaz)do

B, xegZ3 B; xegZ3ﬂS (T)

2T
<
(I-nHT

> o{meM|mzeE(T)}
xegZ3nS;(T)

< 2—7#(5j(T) ngZ%) sup o{meM|mzeE(T)}
((-1)T 28, (T)

20 AE(T))
(I~ )T MME(T))

<Pw ' (S5(T) ngZ?) by inequality (1) of Lemma 4.2.2.

Using the fact that A(E(T)) = 27—+(2l—_1)T)\(A), the last term above is at least
T
Po (1 +27)#(S;(T) 0923)& for T > max((I - 1)1, 1)
! MME(T)) e

Comparing with the inequality 4.4, using the fact that 7 < §, we obtain
#(5;(T) ngZ%) > 172" N(M E(T))o (B;)
and using inequality (2) of Lemma 4.2.2 and the fact that (1+0) > w we arrive to
#(S5(T) ngZ®) > W’ A(S4(T)).

By the double inclusion of Proposition 4.2.1, there exists Tp > T} + (I — 1)7! such that for
all T >7T» and each 1 < j <k
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#(ES, N A((1 - §)awT?[2,1%(1 + §)w'bT?/2) nc(®;) N gZ?)
> #(S5(T) 0 gZ%) > 17w M(S;(T))

> IPWON(ES, 0 A((1+6)bT?/2,12(1 - 6)aT?[2) N e(¥5)).

Using inequality (4.2) of the previous section, there exists T3 > T3 such that for all T'> T3
the last term above is at least:

IPWONES, 0 A((1+0)bT?/2,1%(1 = §)aT?[2) N ¢e(D;)).

Using the Lemma 4.2.3 and the choice of § there exists Ty > T3 such that for all T' > Ty,
the last term above is at least:

HWONES, 0 A((1 - 0)waT?[2,1%(1 + 6)w 2bT?/2) 0 ¢(®;)).

We decompose A(0,7) for r > r’ where v’ = I2(1+ 6)w™'bT7/2 as follows, we construct a
finite sequence rq, -+, rp verifying r, < - <ry =7 and r, <’ such that:

Each interval (r;, ;1) is of the form ((1 - 8)waT?/2,12(1 +6)w™1bT?/2) for T > Ty.

Using the fact that [7w® > (1 -6/2), we obtain for all 1 <i<p-1

#(ESy 0 A(risn,ri) 0 e(@5) 0 gZ%) > (1= 0/2)N(ES, 0 A(ris, w™ i) 0 ¢(®5)).

By summing for for all 1<i<p-1

#(E2, 0 A0,7) ne(@;) ngZP) > (1-0/2)N(ES, 0 A(rp,w™r) ne(®5))

> (1-0/2)\(EZ,n A, wlr) ne(®;)).

Using the cover of r(gf?), we can replace r by rp; for each 1 < j < k in the previous

inequality, hence for any r > max {r'p}l} we obtain
0<j<

k
#(ESynr(gQ) ngZ%) > (1-0/2) Z; A(EZ, 0 A0,mp;) ne(®;))
i

55



k
>(1-0/2) ;A(Eg‘,b n A(r',w_lrpj) nc(®;))

>(1- 9/2){(Z>\( an VA w™lrpy) ne(@;))) = MEZ, N A(r,w™ rpo) N e(@o)) }-

Using the hypothesis on ®y, we saw in Section §4.2.3 that there exists some p’ > r’ such
that £, ne(®g) € A0, p"), hence the last term above is at least

(1= 8/2){MES, nr(92) - A(E2, 0 A0, )}
Then there exists ro > maxocjck{r’ ,0;»1} such that
AES, 0 A0,0')) < SAES, nro(99)).
Finally we obtain that for any r > rg we have
B(B2, () 1 g7%) > (1 - OA(ES, 0 10))
and using the fact that D(R) = g7 E%, we arrive to

#(D(Z) Q) > (1- O)AD(R) n Q).

This finishes the proof of the Theorem.
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Chapter 5

Values of pairs involving one
quadratic form and one linear
form at S-integral points

5.1 Introduction

The aim of this chapter is to give a S-arithmetic generalisation of the result below is due
to A.Gorodnik [Gor04], following the spirit of the proof of Borel and Prasad of Theorem
3.2.1. In dimension 3, the S-arithmetic generalisation of Theorem 3.1.1 is an analogue
of Theorem 3.2.2 where the orthogonal group is replaced by the connected component
stabiliser of the pair. Indeed, the classification of the intermediate subgroups leads to the
only possibility that the stabiliser should be maximal among subgroups of SL(3,kg). In
dimension greater than 3, the situation is more complicated due to the non-maximality
of the stabilizer, however by using topological rigidity of unipotent orbits and a subtile
classification of intermediate subgroups, A.Gorodnik arrives to the following generalistion
of the Oppenheim conjecture for pairs,

Theorem 5.1.1 (Gorodnik). Let F =(Q, L) be a pair of a quadratic form @ and L be a
nonzero linear form in dimension n >4 satisfying the the following conditions

1. @ is nondegenerate

2. Q|0 18 indefinite

3. No linear combination of Q and L? is rational
Then the set F(Z") is dense in R2.

The proof of this theorem reduced to the case of the dimension 4. The condition (1) is a
sufficient condition to ensure that we have F(R"™) = R? and this is a conjecture that this
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condition can be weakened in order to make it necessary. The most important obstruction
to prove density for pairs is that the identity component of the stabilizer of a pair (@, L)
is no longer maximal among the connected Lie subgroups of SL(4,R) in contrast with the
case of the isotropy groups SO(3,1)° or SO(2,2)°.

Let (@, L) be a pair consisting of a non degenerate quadratic form and a nonzero linear
form there exists g € G such that (Q,L) = (QF, L), the stabilizer of the pair (Q,L) is
defined by the following subgroup of G,

Stab(Q, L) = {h e GI(Q", L") = (@, L)}

Clearly one has Stab(Q, L) = gStab(Qo, Lo)g~! and we are reduced to study the stabilizer
of canonical pairs (Qo, Lo). The pairs such that (|7 is nondegenerate (resp. degenerate)
are said be of type (I) (resp. II). The proof of the Theorem 5.1.1 is divided in two parts
following each type and consists to apply Ratner’s orbit closure theorem, and to study the
action of Stab(Qq, Lg) on the dual space of C*. A remarkable fact is that the density is
proved without showing the density of the orbit closure of the stabilizer in the homoge-
neous space, indeed if the intermediate subgroup has non trivial irreducible components
the orbit of this subgroup is closed in G/I". However, we are hopefully able to classify all
the complex semisimple Lie algebras in s[(4,C), and check density case by case using the
constrain on rationality given by the condition (3). The situation for pairs of type (II) is
more complicated than with pairs of type (I) since the dual action of the stabilizer has
three irreducible components for the pairs of type (II), instead of two for the pairs of type
(I).

We are going to show an S-arithmetic generalisation of these results. Our proof is in-
fluenced by the work of Borel-Prasad on the generalised the Oppenheim conjecture for
quadratic forms and by Gorodnik’s proof of Theorem 5.1.1.

5.2 S-arithmetic Oppenheim type problem for pairs

5.2.1 S-arithmetic setting

Let us recall what we mean by S-arithmetic setting by fixing some notations. Let k be
a number field, that is a finite extension of Q and let O be the ring of integers of k. For
every normalised absolute value |.|s on k, let kg be the completion of k at s, we identify s
with the specific absolute value |.|s on ks defined by the formula p(aQ) = |a|su(Q2), where
1 is any Haar measure on the additive group ks, a € ks and €2 is a measurable subset of kg
of finite measure. We denote by ¥ the set of places of k.
In the sequel S is a finite set of ¥ which contains the set Soo of archimedean places', kg
the direct sum of the fields ks(s € S) and Og the ring of S-integers of k (i.e. of elements
x € k such that |z|s <1 for s ¢ S). For s non-archimedean, the valuation ring of the local

'Note that if s ¢ S, since S 5 Seo s is necessarily nonarchimedean !
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field ks is defined to be Os = {z € k | |z|s < 1}.
In all the statements of the article, without loss out generality one can replace k by Q but
for sake of completeness we choose to work with number fields.

Let (@, L) be a pair consisting on one quadratic form and one nonzero linear form on
k%. Equivalently, (Q, L) can be viewed as a family (Qs, Ls)(s € ), where Q is a quadratic
form on k} and L, a nonzero linear form on ;. The form () is non-degenerate if and only
each () is non-degenerate. We say that () is isotropic if each Qs is so, i.e. if there exists
for every s € S an element x; € k' — {0} such that Qs(zs) = 0. For any quadratic form @,
we denote by rad(Q) (resp. ¢(Q)) the radical (resp. the isotropy cone) of @, by definition
@ is nondegenerate (resp. isotropic) if and only if rad(Q) # 0 (resp. ¢(Q) #0). The form
@ is said to be rational (over k ) if there exists a quadratic form @, on k™ and a unit ¢
of kg such that Q = ¢.Qy, irrational otherwise. For any s € S let ks denotes an algebraic
closure of k. If G is a locally compact group, G° denotes the connected component of the
identity in G.

5.2.2 Main result

Let F := Fg = (Qs, Ls)ses be a pair given on k% and let (a,b) € k3. We are interested
in finding sufficient conditions which guarantees the existence of nontrivial S-integral
solutions z € O¢ of the following simultaneous diophantine problem

(Ag) For any € >0, |Qs(z) —as|s <& and |Ls(x) — bs|s < € for each s € S.

Obviously as in the real case, we need to find sufficient conditions on F' so that the
set F(O%) would be dense in k%. One have to be careful since the condition (Ag) is not
equivalent to density (see [BP92], §6).

Our main results give the required conditions for assertion (Ag) to hold for (a,b) =
(0,0), namely that F(O%) is not discrete around the origin in k%. It may be seen as an
S-arithmetic version of Theorem 5.1.1

Theorem 5.2.1. Let F = (Q, L) be a pair consisting of a quadratic form Q and L be a
nonzero linear form with coefficients in kg in dimension n > 4 satisfying the the following
conditions:

1. Q is nondegenerate
2. Q-0 18 isotropic i.e. {Qs=0}n{Ls=0}# {0} forall se S
3. For each s € S, the forms asQs + ,BSLE are irrational for any as, Bs in ks such that

(s, Bs) # (0,0)
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then for any € >0, there exists x € O% — {0} such that
|Qs(z)|s <& and |Ls(x)|s < € for each s€ S

We also obtain the same result when we relax the condition (3) of the previous theorem
by the following weaker one:

Theorem 5.2.2. Let Q = (Qs)ses be a quadratic form on k% and L = (Lg)ses be a linear
form on k& with n > 4. Suppose that the pair F = (Q, L) satisfies the following conditions,

1. @ is nondegenerate
2. Q|0 is nondegenerate and isotropic

3. The quadratic form aQ+ BL? is irrational for any units o, B in kg such that (o, B) #
(0,0)

then for any € >0, there exists x € O% — {0} such that

|Qs(x)|s <& and |Ls(x)|s < € for each s€ S

5.2.3 Remarks.

(a) These theorems reduce to dimension 4, (see § 5.3). The key is the use of the weak
approximation in kg following the idea of Borel-Prasad ([BP92], Proposition 1.3) and an
argument of Ellenberg-Venkatesh ([EV08], Lemma 2).

(b) According to the Lefschetz principle all the results for Lie groups over complex
numbers, are also valid for any algebraically closed field of characteristic zero. The fol-
lowing results are proven for the field of complex numbers in [Gor04], all the proofs are
the same for the algebraic closures of nonarchimedean local fields. It is not difficult to see
applying Ratner’s rigidity, that the density of theorem 5.2.1 holds by using the analog of
the original method of Gorodnik [Gor04] in the S-arithmetic setting.

(c) Even if we assume that aQ + 3L? is irrational, it can be possible that a,Q + 55L2
is rational for some place s, in this case applying Ratner’s rigidity is not relevant anymore.
To carry out this situation we adapt the stategy of Borel and Prasad ([BP92], § 5.6) to
obtain the complete picture. The proof of theorem 5.2.2 (see § 5.6) uses strong approxima-
tion in algebraic groups (see § 5.4.2) and some elementary results of geometry of numbers.

(d) Unfortunately we are not able to show the density of F/(O%) under the conditions
of Theorem 5.2.2 using our method. We are also even unable to show that |Qs(z)|s and
|Ls(x)|s are both nonzero for any s € S and x € O% as in the conclusion of Theorem 5.2.1.
We discuss this issue in § 5.6.1.
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(e) One can hope to relax condition (2) by only asking a@ + BL? to be isotropic as
it is conjectured by Gorodnik (see [Gor04], Conjecture 15]) and still open until now. The
major issue is that reduction to lower dimension fails to hold (see § 5.6.1).

5.3 Weak approximation and reduction to the dimension 4

The number fields satisfy a nice local-global principle called the weak approximation
which can be seen as a refinement of the Chinese remainder theorem.

Theorem 5.3.1. Let S be a finite set of Xi. Let be given ag € ks for each s € S. Then
there exists an « € k which is arbitrarily close to as for all s € S with respect to the s-adic
topology.

Proof. (See e.g. [L], Theorem 1, p.35)

One can reformulate this theorem as follows: the diagonal embedding k < [],.g ks is dense,
the product being equipped with the product of the s-adic topologies.

Proposition 5.3.2. Let F' = (Q, L) be a pair consisting with a quadratic form Q and a
nonzero linear form L in kg (n>5) such that

1. @ is nondegenerate
2. Q=0 1s isotropic

3. The quadratic form aQ+ BL? is irrational for any units o, B in kg such that (o, B) #
(0,0).

Then there exists a k-rational subspace V' of k™ of codimension 1 such that Fjy, satisfies
the conditions (1)(2)(3), moreover V' can be chosen such that Q|(r-oynvy i nondegenerate.

Proof. When s is an archimedean real place, it is proved in ([Gor04], Proposition 4)
that there exists Vs a subspace of k" of codimension 1 such that Fy, verifies conditions
(1)(2)(3). In the case of archimedean complex places and nonarchimedean places, one
may replace the condition Q1 o of type (I) which only valid for real places by equivalent
condition that (), -¢ is nondegenerate which is valid for all s € S. The rest of the proof
is identical to the original proof. Hence for any s € S we may find V; a subspace of k™ of
codimension 1 so that the conditions (1)(2)(3) are satisfied by Fyy, and one can choose
Vi such that Qg (r,-0jnv, 1s nondegenerate.

Assume that n > 5. For each s € S, it is well known that the orbit of Vs under the orthogonal
group SO(Q);) is open in the Grassmanian variety G,,_1(ks) of the hyperplanes in k7 for
the analytic topology. This can be seen using the fact that the map

61



SO(Qs) = Gn-1.(ks) given by g+ g(V;) is submersive?

in particular the image contains a neighbourhood of the image of any g after the implicit
function theorem. Moreover by weak approximation we can find a rational subspace in
V' of codimension 1 in k™ such that V' ®; ks is arbitrarily close to Vy for all s € S, in
particular they belong to the same open orbit. We have established that Fjy, satisfies
conditions (1) and (2), it is equivalent to say that

rad(Qs) N Vs = {0} and ¢(Qyz,-0) N Vs # {0} (*)

Since the subspace rad(Q;) is invariant under the action of the orthogonal group SO(Qs),
the condition (%) above is verified by any element of G,,_1 ,(ks) which lies in the orbit of
Vs under SO(Qs). In particular, V' ®j ks satisfies (*) for each s € S. Hence we obtain a
k-rational subspace V' of k™ such that Fjy, satisfies the conditions (1)(2). It remains to
prove that Fjy, satisfies the condition (3)°. By weak approximation again, there exists
e € V'(k) n{L = 0} such that Qg -o(es) # 0 for all s € S. Let Q = aQ + BL? for an
arbitrarily choice of o, 8 € kg with («, 8) # (0,0). Applying e to it, we have that

Qs(es) = Oést(es) + 5sLs(€s)2 = ast(es) +0 for any s € S.

Hence multiplying by some unit in kg we may assume that Q,(es) = 1 for all s € S. Now
let

V={VeG,1n(k)|eeV(k)and Fly, satifies conditions (1) (2)}.

It is nonempty because it contains V’'. Suppose that there is no V € V such that
Fly, satisfies the condition (3). Then Q(z) € k for any x € V(k),V € V. For each
s €S, the map = ~ Qs(x) is a regular function on EZ and it takes values in k on
the union of V(k), V e V. The latter union is clearly Zariski-dense in EZ and it is de-
fined over k. Therefore Qy(z) € k for all x € k™ and this implies that Q, is rational
over k. Since e € V for any V e V and Qs(e) = 1 for all s € S, Qs(x) is independent
of s for any = € V(k), V e V. This implies that Q is rational, this is a contradic-
tion. Hence there exists some V' € V such that Fjy, satisfies the conditions (1)(2)(3).

Corollary 5.3.3. It suffices to prove Theorem 5.2.2 for n = 4.

Proof. It follows from the proposition by descending induction on n.

%j.e. the induced map on tangent space is surjective

3Remark that following the definition being irrational over k for a quadratic form is not equivalent to
be irrational over all the (ks)ses !
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5.4 Strong approximation

5.4.1 Adeles and strong approximation for number fields

The set of adeles A of k£ is the subset of the direct product [, ks consisting of
those x = (x5) such that x € O, for almost all s € ;. The set of adeles A is a locally
topological ring with respect to the adele topology given by the base of open sets of the
form Jlgeg Us x [15¢5 Os where S ¢ ¥ is finite with S 5 S, and Uy are open subsets of k;
for each s € S. For any subset S c 3 finite with S o S, the ring of S-integral adeles is
defined by:

A(S) = TTses ks x TTses Os, thus we can see that A= () A(S)
52550

We define also Ag to be the image of A onto [T ks, clearly A = kg x Ag.

Theorem 5.4.1 (Strong approximation). If S # @ the image of k under the diagonal
embedding is dense in Ag.

5.4.2 Strong approximation in algebraic groups

Let G be an algebraic group defined over k, we defined the group G(Ag) of S-adeles of
G to be the image of G(A) under the natural projection of [Tsy G(ks) onto [Tses G(ks).
Thus,

G(As) = [Tses G(ks) x [Tses G(Os)

Definition 5.4.2. A k-algebraic group G is said to satisfy the strong approzimation prop-
erty relative to S if the image under the diagonal embedding Gy, - G(Ag) is dense(equivalently
in term of full adelic group G(k)G(ks) is dense in G(A)).

Definition 5.4.3. An isogeny between two algebraic groups G and H defined over k, is a
surjective morphism u: G - H which has finite kernel. If i is a k-morphism, we say that
wis a k-isogeny.

Definition 5.4.4. An algebraic group G is said to be simply connected, if for any connected
H any isogeny p: H - G is an isomorphism.

An important class of algebraic groups which satisfies the strong approximation property
are given by unipotent subgroups (see e.g. [PR], §7.1). Thus, for a connected k-group G the
Levi decomposition G = LR, (G) implies that it suffices to check the strong approximation
property for reductive groups.

The following theorem is due to V.Platonov, the proof consists to reduce the problem
of strong approximation to the Kesner-Tits conjecture which was also proved by itself in
[Pral.
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Theorem 5.4.5 (Strong approximation). Let G be a reductive k-group and S a set of
places of k. Then G has the strong approximation property with respect to S if and only
if it satisfies the following conditions

1. G is simply connected

2. G has no k-simple compact factors (i.e. G is isotropic)

The proof of this theorem (see e.g. [PR], §7.4) when S 2 S. is finite relies on the impor-
tant observation that the closure of G(Og) is open in G(Ag).

This observation can be generalised to any S-arithmetic subgroup in G(Og). Recall that
an S-arithmetic subgroup I' is a subgroup of Gg which is commensurable with G(Og),
i.e. if 'n G(Og) has finite index both in G(Og) and I'g (see e.g. [PR], §7.5).

Proposition 5.4.6. If G satisfies condition of the theorem, any S-arithmetic subgroup
I' in G(Og) is dense open subgroup in G(Ag).

For an arbitrary algebraic group G, the strong approximation property should holds for
the universal covering which by definition is simply connected. In general the existence
of such universal cover is not always guaranteed, however for semisimple algebraic groups
the existence is always satisified. 4

Proposition 5.4.7 ([PB], Thm 2.10). For any semisimple k-group G, there exists a
simply connected group G and an isogeny o : G - G which is defined over k.

Definition 5.4.8. The isogeny o : G — G is called the universal covering and the m(G) =
ker(o) is the fundamental group of G. Moreover if G is k-split, the universal cover is
defined over k.

Theorem 5.4.9 ([PR], Thm 4.1). Let ¢ : Gg - Hg be a surjective k-morphism of algebraic
groups. If T is an S-arithmetic subgroup of Gg, then o(T's) is an S-arithmetic subgroup
Of Hs.

Then every k-isogeny send any arithmetic subgroup to another one. In particular universal
coverings do so providing the group is semisimple,

Corollary 5.4.10. Suppose Gg is semisimple. If I's is an S-arithmetic subgroup of Gs,
then o(I's) is an S-arithmetic subgroup of Gg.

5.5 Stabilizer of pairs (Q, L)

For each s € S, let G5 = SL4(ks), Gs = [1seg SLa(ks) = SLa(ks).
Let F' = (Q,L) be a pair on k% satisfying the conditions (1)(2)(3) of Theorem 5.2.2.

4The situation is quite different in the category of topological groups, the universal cover always exists,
this is due to the definition of the simple connectedness which is more restrictive in the category of algebraic
groups than in the topological context.
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5.5.1 Stabilizer of a pair over a local field

For every s € S we realize Q5 on a four-dimensional quadratic vector space (W, Qs) over
ks equipped with the standard basis B = {ej,:--,e4} . For each s € S, let define H; the
stabilizer of the pair Fs under the action of G, in other words

Hs:{geGs|Qs°g:QSaLs°g:Ls}-

Equivalently one can write Hg = {g €SO(Qs) | Lsog = LS}. Clearly it is a linear algebraic
group defined over ky. Let us define Vi = {L, = 0}, it is an hyperplane of W, which in-
duces a quadratic isotropic subspace (Vs, Qyv, ) of dimension 3 in W,. We have two cases
following (Vs,Qs\v;) is nondegenerate or not. If s is a real place the first (resp. second)
case corresponds to pairs of type (I)(resp. type (II)) in the terminology of [Gor04].

Case 1. Assume (Vj, Qyy,) is nondegenerate, then one can write the the following decom-
position Wy = V; @ V' where the orthogonal complement is a one-dimensional subspace of
Ws. Let v a nonzero vector of W such that V} =< v >. Since V} = {Ls # 0} it is clearly
H,-invariant, therefore Hg acts by x = Az on the line < v >. The linear form LS|VSL is
nonzero and is Hg-invariant then Hj acts trivially on the line Vi'. Let define wy = v and
complete to obtain a basis B’ = {wy, -, w4} of Wy where < wq,wy > is an hyperbolic plane
in V. Hence we obtain for any x € Wy, with respect to the basis B’ = {w1,---, w4} that

Qs(z) = 2129 + a373 + azx? and Ly(x) = x4 with a3, aq € k7.

Therefore the stabiliser of Fy = (Qs, L) is given by

= { (AT 1 €50@u ) € Lt

Case 2. Assume now the other case when (V;,Qyy,) is degenerate, this is equivalent to
say that rk(Qgy,) <2 or that the discriminant of Qy, is zero. Let us write the following
decomposition Wy = V; @ ksv where v is a nonzero vector of Wy such that Lg(v) # 0. Let
define w4 = v and complete to obtain a basis B = {wy, -, wy} of W5 where < wi,wy > is an
hyperbolic plane in V;. Clearly one has Q4(z) = z1x9 + a3x§ + Cl4l’?1 for some a3, a4 € k.
Suppose that €|y, w,> 1S anisotropic then Qyy, () =219 + (Ig.%%, since it is degenerate it
has zero discriminant, that is, ag = 0, that is a contradiction. Therefore Wy is the direct
sum of two hyperbolic plane, and with respect to the basis B = {w1,-+,wq} we obtain for
any x € W,

Qs() = v122 — w324 and L(x) = 4.

Now let define U, by the two-parameter unipotent subgroup in SL(4, k)

1 a b ab

01 0 b — —
US—{ OB ]a,beks}QSL(Zl,ks).

0 00 1
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By straightforward computation, one can check that U leaves invariant the pair Fs given
by Qs(x) = 129 — 324 and Ls(x) = 24 in our case.

5.5.2 Stabilizer of pairs in kg

We F = (Qs, Ls)ses be a pair satisfying the conditions of the main theorem. We define
two subsets of S corresponding to places following we are in the case 1 or 2 . Let us define
Sy (resp. S2) to be the set of s € S such that Q1 - is nondegenerate (resp. degenerate).
Thus we have the following partition of S given by S = .51 U Ss.

For each s € S1, H; is isomorphic to SO(Qy1,-o) over ks and since Q.o is nondegenerate,
H, is a semisimple Lie subgroup of G5 which is noncompact since Qq|r,,-o is isotropic.
Let Hs be the algebraic group defined over ks such that Hg(ks) = Hs. Let H be the
subgroup of Hy generated by one-dimensional unipotent subgroups.

Let put

Hy =Tlges, Hs, H{ =Tlges, HS and H3 = [Igeg, Us.
We also define
Hg = Hy x Hy and HS = H{ x Hs.

Therefore Hg is an algebraic subgroup of SL4(kg) which leaves invariant the pair F =
(Q,L) with respect to the basis B’. Obviously Hy = Hy thus Hj is generated by one-
dimensional unipotent subgroups.

5.5.3 Proof of the Theorem 5.2.1

Let F' be a pair which satisfies the conditions of theorem 5.2.1. Let g € Gg the matrix
of the basis By in the standard basis of k§. By definition gHgg ! leaves invariant the
pair F' = (Qs, Ls)ses, and H¢ is generated by one-dimensional unipotent subgroups. Put
A = g0y, it is clearly a lattice in ké in other words an element of the homogeneous space
Qg. Applying theorem 6.1, one obtains

HEN = MA (5.1)

where M is an algebraic subgroup of Gg defined over k such that M (ks) contains gsH; g;l
(resp. gsUsgs!) for s € Si(resp. s € Sa).

Assume first that S = S,. Using the equality (1) we can deduce that the set Fy(O%) is
dense in k2 for all s € Soo. Indeed, if s € S; the density is satisfied after ([Gor04], proposition
10) for pairs of type (I) and if s € Sy the same is proved in ([Gor04], proposition 14) for
pairs of type (II). In particular this proves the theorem when S = S..

Now let assume S # So, and let be given s € Sy. The set 0% is bounded in k‘?, thus for any
neighbourhood U of the origin in k;‘ one can find an integer a, € Oy such that a,.0* c U.
In other words, given any € > 0 one can find as € O4 such that :
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1Qs(asx)|s <& and |Ls(asx)|s < € for all 2 € O,

Thus for each s € Sy, we can associate an integer as € O, satisfying the previous inequalities.
By strong approximation one can find a € O such that |a|s = |as|s for all s € Sy. Put
la]eo = maxges,, |als, by the previous case we can find € O* such that:

1Qs(x)|s <ef|al? and |Ls(x)|s < &/]af o for all s € Se.
We immediately obtain for all s € So,

|Qs(asz)|s = ‘QS|E|QS(CE)|S <e and |Ls(asx)|s = |as|s|Ls(2)]s < e

Hence given any € > 0, we get a nonzero element y = a.x € (’)g satisfiying the conclusion of
the theorem, i.e.

|Qs(y)|s <& and |Ls(y)|s < e for all se S.

5.6 Proof of the theorem 5.2.2

Let F' = (Q, L) be a pair in k¢ which satisfies the conditions of theorem 5.2.2 . After
§ 5.3, we know that it suffices to show it for n = 4.
Let assume first that the form aQs + BL? is irrational for any g, s in ks such that
(as, Bs) # (0,0) for all s € S, that is to say that F' satisfies the conditions of Theorem 5.2.1.
Hence the origin in k?g is an accumulation point in F' ((’)é) and the conclusion of Theorem
5.2.2 holds in this case.
Now it remains to prove the theorem when some linear combination over ks of Q5 and Lg
is rational for some s € S. The proof is slight modification due of ([BP92], §4). The only
difference is that we deal with pairs instead of quadratic forms, therefore with stabilisers
which are not given by orthogonal groups in general. However since (Qr-g is assumed
to be nondegenerate the stabiliser of a pair is the orthogonal group of Qr-¢ and strong
approximation holds.
Suppose that there exists v € S and a rational form Qg on k™ such that,

anv + /BUL'[Q) = AUQO

for some A, € k; and «ay, 8, in k, such that («a,, ;) # (0,0). Let us choose «, 5 in kg such
that (a)y = o and (8), = B, and set Q = aQ + SL?, then Q, = A,Qo. Define the set S’
to be the set of places s € S such that Qg = A\;Qo for some A, € k¥. Obviously v € S" and
S # S’ since Q is irrational, and one can put T = S - S".

Let Zy = {Qo = L = 0} be the kg-algebraic variety defined by Qo and L and for each
s €S put Zys = Zy x ks. Let also for each s € S the k,-algebraic variety defined by
Zs ={Qs = Ly = 0}. Obviously Z characterises the form Qs up to a multiple in k) and
Zys=Zs for all se S but Zy # Z; for any t € T. Since Z; # {0} (Q¢L,=0 is isotropic) and
defined over k¢, Z;(k;) is Zariski dense in Z; and Zo (k) # Z¢(k:) for any t e T'.

67



We define Hy = SO(Qq) n Stabg(L) and let V' be the subspace KerL = {L = 0}. By
surjectivity of I we have immediately Stabg(L) = V¥ i.e. Hy=SO(Qo) n VY. Moreover
by construction, for each s € S” one has A\;Qqy, = @s\vs = asQqy, thus Ho(ks) = SO(Qgv,)
is noncompact for each s € S’ since Qv is isotropic.

For each t € T', suppose R; is an open subgroup of Hy and let

Xt = {LL“ € k;l - Zo(kt) | T¢.X € Zt(k't) for some Tt € Rt}

Clearly X; is an nonempty open subset of k! defined up to multiple in k7. The key of the
proof of the theorem lies on the following result of geometry of numbers,

Lemma 5.6.1. Given a polydisc A = [lgeqr As centred in the origin in k45,, then there
exists an integral vector x € Oé such that x5 € Ag for all s€ S" and xy € Xy for all t € T.

In other words we can find an integral vector « with T-component lying in X7 and arbi-
trarily small S-components. For sake of completeness, we give a more detailed proof of
the lemma that the one given in ([BP92], §4)

Proof of the lemma. Le be given an arbitrary ¢ € T', since X is nonempty and defined up
to a multiple in k; — {0}, we can find a nonzero vector e;; € X; such that the blunt line
ki .eq is still contained in X;. Let complete e;; into a basis {e;1,...,ern} of k', let us
define for any positive real r

Dy = {xeke:|zfe<r}
By = @®2cenDireerj
Ct,r = Dmet,l @D Bt,r = ®1§jgnDt,T-et,j

The fact that the line £} .e;; is contained in X; and the fact that R; is an open subgroup
of Hy provide two reals a > b > 0 so small that

(i) er,1 + Ct,q is contained in Xy and (Dy — Dy1)er1 @ By g ©¢ Xy for any real m > 1
(ii) The sum of any |T'| -1 elements of Cyj is contained in Cy .

Now we consider © =[] .5 ©5 be a bounded polydisc centred on the origin such that the
sum of any 2|T'| elements of © is contained in A. If we are able to prove the claim (*);
below the proof of the lemma will follows

()¢ There exists z(t) € O% and a real m > 2 such that z(t)s € O, + Oy, if s€ S,
x(t)t € (D — Dira)er1 ® Byp and x(t)y € Cpyp if t' € T = {t}.

Indeed, assume ()¢ is fullfilled and let define 2 = )" x(t) € O3,
teT
For any s€ S', x4 = Z x(t)s is the sum of 2|T| elements of Oy hence it is contained in A,.
teT
One the other hand, by condition (ii), for any t' € T’
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Ty = Z x(t)y =z(t)y + Z x(t)y € (Dem — Dijp)eva+ By p+ Cy g
teT teT—t'

The fact that By ¢ By, and the condition (i) imply that xy € Xy, hence z € (945 satisfies
all the condition of the lemma.

It remains to show that (x); for any given ¢ € T which we fix from now. For a positive
real number r, put

Q=0 x (Dyres1 ®Bypp). [1 Cuppz ks
t'eT—{t}

Recall that each completion ks(s € S) is equipped with a additive Haar measure vy, we
denote by vol the product of the vs (s € S) which gives a Haar measure on k:ié. Let p be the
pullback of the Haar measure on k:j‘; with respect to the natural projection  : ké - kzé / Oé.
Also let denote by c the covolume of O% in k%, that is, ¢ := u(k%/O%). Since O% is discrete
in k:fé, the set (21 +0Q1) N Og is finite with cardinality, say ¢ > 1. Now the map r ~ vol(€2,.)
is obviously increasing function on R}, thus we may find a real m > 2 such that:

vol(Qy,2) > (g +1).c

Therefore,

(g +1).c<vol(£y,2) < ]k4/o4 ([wl W dvol) du(y) = fk4/04 V01(7T|_le/2(y))d,u(y) (5.2)

‘Qm/2

Suppose that all the fibers 7T|_QI o (y) have less or equal than ¢ + 1 elements, then

[kg/og vol(ﬂﬁmp(y))du(y) <(g+ 1)-#(%/0@) = (g+1).c

This contradicts inequality (5.2), hence it must exists at least one fiber, say 7r‘_91 P (v),

which contains at least ¢ + 2 elements {yo,y1,...,Yq+1} I Q2. Clearly one can write
yi:y0+(’)§ for1<i<q+1
so that we get ¢+ 1 distincts elements in (945 by taking x; := yo—y; for every i =1,...,q+1.

Obviously, since (21 + Q1) N (’)g has ¢ elements, one of the z;’s, say x1, must lie outside
Ql + Ql.

Let define z(¢) := x1, then immediately z(t) € O%. It is easy to check that x(t) satisfies
(%)¢. Indeed, let s € S’, then

iL'(t)s =Y0,s ~Y1,s € Qm/2,s + Qm/2,s =05 + O
At the place t, we have

z(t)t € (Dymy2 = Di1)ers @ Byyo + (Dy 2 = Dia)ert ® Bypja = (Dim — Dea)ers ® By
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On the other hand it is clear that
x(t)y € Cyppa+ Cpppp = Cpp if t' € T = {t}

and the lemma is proved.

Proof of the Theorem. In order to use strong approximation (see §5.4.2) let o : Hy — Hy be
the universal covering of Hy, such isogeny exists because Hy is semisimple (Prop. 5.4.7),
indeed this comes from the fact that @, is nondegenerate implies

Hy = { (%‘%) | M e SO(Q‘V)} ~ SO(Q)y) is semisimple.

Let Ag be the stabilizer of Ofé in Hy(k), via the diagonal embedding we realize Ag as a
S-arithmetic subgroup of Hy(kg). Let Ar be the projection of Ag on Hy(kr). We know
that Hy and Hy are both isotropic over k (s € ') and it has no compact factors over
ks for s € S’. Hence the strong approximation property applied to H, with respect to S’
yields a set of open subgroups of finite index Ry in Hy(k;) for ¢ € T such that the product
= [lter Ry is contained in the closure of Ar.

Indeed let A be an arbitrary S-arithmetic subgroup in Ho(k), which can be seen as a
discrete subgroup in Ho(kg). Let denote by Ar its projection on Hy(kr). By strong
approximation (Prop. 5.4.6) the closure of A is open in Ags, in particular its projection
Ar is dense in a open subgroup of Hy(kr). Therefore, using corollary 5.4.10 the subgroup
o(Ar) is also an arithmetic subgroup which is dense in an open subgroup of Ho(kr).
Hence the subgroup Ry := cl(o(A7)) nel(Ar) is the good candidate since o(Ar) and Ar
are commensurable as arithmetic subgroups in Hy (k7).

Let € > 0 arbitrary and choose a polydisc (Ag)sess in kg centred at the origin and small
enough so that the following simultaneous inequalities are satisfied:

For each s € S’, |Qs(2)|s <& and |Ls(2)|s < € for any z € A,.

As above we introduce the set X; for t € T associated to with Rp. By the previous lemma
we get T € (945 such that z, € Ag for all s € S" and z; € X; for all £ € T. In one hand for
each t € T there exists r; € Ry such that z; = ray € Zy(ky), hence since R; is open we find
Yyt € Ryxy close enough to z; which satisfies the following inequalities:

0<|Q¢(ye)lt <€/2 and 0 < |Ly(ye)|s < /2 .
Moreover since Rr is contained in the closure of Az, we can find v € Ag such that:
0<|Q¢((yx)e)|¢ <€ and 0 < |Ly((yx)¢)|e < € for each t e T'.

It suffices to show that the element vz € (’)g satisfies the last inequalities for s € S’.
Since v € Hy, it leaves invariant both Qs and L, for all s € S’ thus it leaves also invariant
Qs for all s € S’'. Therefore we get the following inequalities

|Qs((7)s)|s <€ and |Ls((y2)s)|s < € for each s € S'.
This finishes the proof.
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5.6.1 Comments and open problems

The problem of null values

The argument used in [BP92] (Theorem A, (iii)) to prove that for any e > 0, there exists
€ O% such 0 < |Q4(x)|s < € does not easily generalise for pairs. In fact, we do not prove that
the x € OF of theorem 5.2.1 and 5.2.2 satisfies the stronger condition that 0 < |Q(z)|s < ¢
and 0 <|Ls(x)|s < € for finite places s € Sy.

Towards density

It should be possible to obtain density of F/(O%) for a pair F' = (Q, L) over kg under the
assumption of theorem 5.2.1. For this we need a analog of the theorem 1 of [Gor04] for
nonarchimedean field which has no clear reason to fail, a significant difference with the
classical Oppenheim conjecture is that the stabilizer of such pairs is no more maximal.
On the other hand, it seems difficult to prove density of F/(O%) under the assumption of
theorem 5.2.2 when we allow some linear combination of @, and L? to be a multiple of a
rational form. By the same method we can easily obtain the analog for a pair F' = (Q, L)

+ The set F(O%) is dense in k% if and only if for any € > 0, and ¢; € k /k}?, there exist
x € O% such that 0 < |[Qs(x)|s <€ and 0 < |Ls(z)|s < € with Qs(z) € G for all s€ S.

Proving density for pairs using this way appears to be discouraging from the time it does
not give satisfaction for a single quadratic in the previous remark. However it may be
possible to arrive to density using the strategy of ([B94], §8) and the proof of Theorem
5.1.1.

Open problem

We conclude by mentioning a conjecture of Gorodnik (see [Gor04], Conjecture 15) which
concerns the assumption (2) of Theorem 3.1.3 in the real case. It is conjectured that
the condition (2), that is, Q|7 is isotropic can be replaced by the weaker assumption
that @ + BL? is isotropic for any real numbers a, 8 such that («,3) # (0,0). With this
assumption we cannot reduce to dimension 4 and we are led to classify an unmanageable
number of intermediate subgroups. It is noteworthy that for the moment it does not exist
any complete proof of the Oppenheim conjecture or neither any of all its variants which
does not make use of Ratner’s theorems.
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Chapter 6

Final remarks

6.1 Gorodnik’s conjecture on density for pairs

The problem of finding optimal conditions which ensure that B(Z") is dense in R? for
n >4 for a given pair B = (Q, L) is still an open problem. The best known answer is given
by Theorem 3.1.3. It is conjectured by A.Gorodnik (see [Gor04], Conjecture 15) that the
assumptions of the theorem could be weakened.

Conjecture 6.1.1 (Gorodnik). Let B =(Q, L) be a pair consisting in one nondegenerate
quadratic and one nonzero linear form in dimension n > 4. Suppose that

1. For every f €R, Q + BL? is indefinite
2. For every (o, B) # (0,0), with a, B € R, aQ + BL? is not rational
Then B(Z") is dense in R2.

The first condition is necessary for density to hold. The main issue is that this condition
contrarily to the condition that Qz-¢ is indefinite does not allow us to reduce to the four
dimensional case. Hence all the strategy of the proof of Theorem 3.1.3 become needless
regarding the impossibility to classify all the intermediate subgroups in high dimension.

6.2 Lower Bounds for pairs (@, L) in Dimension n > 4

A possible method could be to apply the strategy of Dani-Margulis as we did in Theorem
3.3.1 for dimension three, in order to give a asymptotic lower bound of the values of pairs
at integral points. The situation of the dimension n > 4 is more intricate, the method of
Gorodnik used to show density of {(Q(x),L(x)) : x € Z"} does not consist to show that
x = gI' is generic for some unipotent action. This classical argument used in the original
deduction of the Oppenheim conjecture fails because the stabiliser of such pairs (Q, L)
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is not maximal. This phenomenon is due to the existence of non-generic points, the set
S(H) such points is called the set of singular points with respect to the action of the
stabiliser H for which the H-orbits are not dense in G/T.

Let G = SL(n,R), I" = SL(n,Z), we denote by u the G-invariant probability of the space
of unimodular lattices G/T.

Let (@, L) a pair satisfying the conditions of Theorem 3.1.3 ([Gor04],Theorem1),

1. Qo is indefinite
2. No linear combinaison over R of Q and L? is rational.

There exists some g € G such that (Q, L) = (QF, L]) where (Qo, Lo) is given for (Q, L) of
type (I) (resp. type (II) ) by

(Qo(z), Lo(x)) = (z3 + - +x12) —acgﬂ —wo—z2 x,) forp=1,- nor

(Qo(), Lo(z)) = (23 + -+ 3312, - 17129+1 —— x%_Q + Tp1Tn, Tp) for p=1,-- ["T_Q]
Let U = {ut|t € R} defined as in §3.3.2, it is a unipotent one-parameter subgroup of H.
One can apply Ratner theorem’s to obtain a connected Lie subgroup F' of G containing

g 'Hg such that {uta:|t € ]R} = F'x where x = gI" and such that the orbit F'z is supported
by a F-invariant measure p,. Instead of inequality (3.5) we have

1 IT )
_ L(ugmgD)do (m)dt > o (B, f dita
(l_l)TfT fBjx(utmg do(m)dt >w*o(By) [ wdu
where ¢ € C.(G/T") and w are taken such that
0<p<y d[ dxzf"dx.
p<Xand | edup>w | Ky

Using the same computations of the previous section in the proof of Theorem 4.1.1 we get
the following inequality

~ dpig
MR

#(S;(T) ngZ") > PPASH(T)) |

Finally following the end of the proof of the Theorem 4.1.1, the adding term propagates
and we get,

dpiz
A(A)

#(D(Z) n 1) > (1 - O)A(D(R) n Q) ny (6.1)

Let us define the following quantity

— — dug
Or (@) = fpz XANAY
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The definition of the function ©, depends on the choice of 7 > 0, we fix it such that it
satisfies the condition of lemma 4.2.2. The function ©, is well defined on G/T" and its
image lies in [0, 1]. This quantity can be seen as the defect of equidistribution of the orbit
{ugz : t e R} of z in G/T.

It is not easy to find a lower bound for ©,(z) which is independent from 7 and x only
using the definition. Moreover it suffices to understand ©;, on its restriction to the set
of singular points S(U), since it is identically equal to 1 on the set of generic points
G(U)=GIT-8(U) (see §1.4.1) by Siegel’s integral formula. The main issue is that S(U)
is a subset of null measure with respect to the Haar measure p on G/I.

6.2.1 Minoration of O, (z)
Finding a lower bound for #(D(Z) nrQ) for large r reduces to find a minoration of
O, (x) after inequality (6.1),

#(D(Z)nrQ) 2 (1-0)XND(R)nrQ) ©,(z) for any 6 > 0.

The left hand-side is known to be > 0 by density in Theorem 3.1.3. The proof of the
Theorem 3.1.3 can be reduced to the case of the dimension 4, therefore F' can be considered
as a subgroup of SL(4,R) which contains ¢! Hg where H unipotently generated subgroup
of G which stabilises the pair (Qo, Lo). Even in low dimensional cases, classifying all the
intermediate subgroups F seems very complicated. One can also think to work out this
issue using harmonic analysis in L2(G/T") since the function Ya is clearly in L?(G/T).
One can try to use Siegel-Eisenstein series associated to xa instead of Siegel transform,
given by:

En(s,A)= > xas(v) for any A eGJT.
veA—{0}

This sum converges for s complex such that Re(s) > n and xa s(v) is taken to be the
Mellin transform of xa. Using this series one obtain an other expression for YA using
Mellin inversion:

__ ds
Xa(y) = EA(s,y)=— for any y € G/T.
Re(s)>n 2o

Hence we obtain the following expression for 6,

1 ds
@T(fﬂ):mfm /Re(s)mEA(S’y)ﬂd%(y)

where x = gI" given by the condition on the pair (Q,L) = (Qf, L{).

By Fubini’s theorem, we arrive to
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1 ds

0.(z) = —— a5
(l') A(A) Re(s)>n 211

[, Balsu)dpa ).

Using the analogy with toroidal integral and Hecke’s formula, it would be interesting to
get a simpler expression in order to find lower estimate for ©,

[ Bas.p)dna(v)

but unfortunately such a formula does not exists for unipotents orbits.

It would be interesting to try to find lower bounds for #(D(Z) nrQ) under the conditions
of the conjecture instead of trying to arrive by straightforward methods to density. A
minoration of the © as defined previously by a positive quantity would be a crucial step
towards the conjecture.
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