POWER-FREE VALUES OF POLYNOMIALS ON
SYMMETRIC VARIETIES

T.D. BROWNING AND A. GORODNIK

ABSTRACT. Given a symmetric variety Y defined over Q and a non-zero
polynomial with integer coefficients, we use techniques from homogeneous
dynamics to establish conditions under which the polynomial can be made
r-free for a Zariski dense set of integral points on Y. We also establish an
asymptotic counting formula for this set. In the special case that Y is a
quadric hypersurface, we give explicit bounds on the size of r by combining
the argument with a uniform upper bound for the density of integral points
on general affine quadrics defined over Q.
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1. INTRODUCTION

Given a polynomial with integer coefficients, the problem of determining
whether or not it takes infinitely many square-free values has long been a
central concern in analytic number theory. More generally, one can ask for
r-free values, for any r > 2, where an integer is said to be r-free if it is not
divisible by p" for any prime p. In this paper we initiate an investigation of
r-free values of polynomials whose arguments run over thin sets.

Let Y C A" be an affine variety defined by a system of polynomial equations
with integer coefficients, with Y(Z) # 0, and let f € Z[Xy,...,X,] be a
polynomial. Nevo and Sarnak [21] define the saturation number (Y, f) to be
the least positive integer r such that the set of x € Y(Z), for which f(x) has
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at most r prime factors, is Zariski dense in Y. They show that r(Y, f) is finite
whenever Y is a principal homogeneous space of a semisimple algebraic group
and f is “weakly primitive”. In a similar spirit, we can define the permeation
number r2(Y, f) to be the least integer 7 > 2 such that the set

{xe€eY(Z): f(x)is r-free} (1.1)

is Zariski dense in Y. The following natural condition becomes relevant in this
setting. We say that the polynomial f has an r-power divisor on Y if there
is a prime p such that p" | f(x) for every x € Y(Z,). It is clear that when
the polynomial f has an r-power divisor on Y, the set is empty. On
the other hand, in this paper we show that for some classes of varieties and
sufficiently large r, the set is Zariski dense provided that f has no r-power
divisor on Y. We also establish an asymptotic counting formula describing the
distribution of this set.

One of the earliest examples arises in work of Erdds [14], who showed that
rH(AL f) < d — 1, provided that f has degree d and contains no 2-power
divisors. Assuming the truth of the abc-conjecture, Poonen [23] has established
the equality (A", f) = 2 for any polynomial f € Z[X,..., X,] without
2-power divisors. Our main result establishes finiteness of the permeation
number 79(Y, f) for generic f and a general class of symmetric varieties Y C
A™ over Q. Thus, let G be a connected semisimple algebraic group defined
over Q and let « : G — GL,, be an almost faithful linear representation, also
defined over Q. We assume that G acts transitively on Y and that Y (Z) #
). Then Y ~ G/L, where L is an algebraic subgroup of G defined over Q.
The symmetric varieties dealt with here are assumed to satisfy the following
properties:

(i) the group L is a symmetric subgroup of G (i.e. the Lie algebra of L is
equal to the set of fixed points of a non-trivial involution defined over
Q);
(ii) the connected component of L has no non-trivial Q-rational characters;
(iii) the group G is Q-simple and simply connected; and
(iv) the group G(R) has no compact factors.

It is known that the set Y'(Z) of integral points can be parametrised by orbits
of the arithmetic group I' = +71(GL,(Z)). According to Borel and Harish-
Chandra [4], the set Y(Z) is a union of finitely many I'-orbits. This allows us
to study the set of r-free points using techniques from homogeneous dynamics.

It is very natural to demand that f € Z[Xy,...,X,] be devoid of r-power
divisors on Y. It turns out that our argument also requires knowledge of the
arithmetic function

o) =#{xeY(Z/IZ) : f(x) =0 (mod )}, (1.2)



POWER-FREE VALUES OF POLYNOMIALS ON SYMMETRIC VARIETIES 3

for ¢ € N. This function is multiplicative, by the Chinese remainder theorem,
and we can only handle f for which the prime power constituents of o(¢) satisfy
the following assumption.

Hypothesis-p. For any r > 1, there exists a constant Cy s, > 0, depending
on 7 and the coefficients of Y and f, such that o(p") < Cy,;,p @™~ for
any prime p.

Let Z denote the variety Y N{f = 0}. When r = 1 the upper bound for o(p)
in Hypothesis-p follows from the Lang-Weil estimate if Z has codimension 1
in Y. If we further assume that Z is a non-singular affine variety of codimen-
sion 1 in Y, then Hypothesis-p follows from an application of Hensel’s lemma.
Since Y is non-singular, it is worth emphasising that Hypothesis-p holds for
generic choices of f. We shall see that Hypothesis-p is also satisfied for quadric
hypersurfaces (see Lemma 4.2| below).

Bearing this in mind, we may now record our first main result.

Theorem 1.1. Let Y ~ G/L C A™ be a symmetric variety over Q satisfying
(1)=(iv), with Y (Z) # 0. Assume that f € Z[Xq, ..., X,] satisfies Hypothesis-
0. Then r9(Y, f) < oo.

More precisely, we show that there exists ry such that for » > ry, if the set
(1.1) is not empty, then it is Zariski dense in Y. Moreover, if L is additionally
assumed to be semisimple and simply connected, then for r > ry, the set
is Zariski dense provided only that f does not have r-power divisors on Y.
The value of ry is not made explicit in this work, but it can be estimated using
our method. It depends on dim(G),deg(f) and on the uniform spectral gap
property that was shown by Burger—Sarnak [9] and Clozel [10] to be enjoyed
by the action of each non-compact simple factor of G(R) on the congruence
quotients G(R)/I"y, where

I'y={yel: «y) =idmod (}. (1.3)

Although we shall not pursue it here, we note that the arguments in this paper
could also be used to generalise the finite saturation results of Nevo and Sarnak
[21] to a broader class of symmetric varieties.

Our argument also allows us to establish an asymptotic formula for the
number of r-free points. For r > 2 and a polynomial f € Z[Xy,..., X,],
define

N.(Y,fH)=#{xeY(Z): |x| < H, f(x)is r-free}, (1.4)
where |x| = maxjci<n |7;|. The main term in the asymptotic formula for

N,(Y, f; H) will involve a product of local densities which we proceed to define
here. To define the real density, we assume that the variety Y is the zero locus
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of a family of polynomials fi,..., fr € Z[X;, ..., X,] that satisfy

dfi :
rank (a)f(j> =n —dim(Y) (1.5)
everywhere on Y. Then we define the real density by
o1
too (Y H) = 113(1) = i< dx. (1.6)

|f1 ()]s e (x) | <e/2
For each prime p, the p-adic density is

fp(Y. for) = lim p~ i e Y(Z/p'Z) - pTE f()}. (1T)
We also define the Euler product
S, fr) = 1] w(Y. f,7). (1.8)
p<oo

If L is semisimple, then under Hypotheses-p, this product converges absolutely.
With this notation, we prove the following result.

Theorem 1.2. Let Y ~ G/L C A™ be a symmetric variety over Q satisfying
(i)-(iv). We assume that L is semisimple and simply connected. Let f €
7| Xy, ..., X,] be a polynomial satisfying Hypothesis-o. Then for all sufficiently
large r, there exists a constant 6 > 0 such that

NAY, fi H) = S(Y, f,1) 0o (Y5 H) + Op (oo (Y H)' 7).
Moreover, S(Y, f,r) > 0 provided that f does not have r-power divisors on'Y .

Throughout our work, unless stated otherwise, we will allow our implied
constants to depend on the polynomial f and the variety Y, which are con-
sidered to be fixed once and for all. Any further dependence will be explicitly
indicated by appropriate subscripts. In Theorem for example, the im-
plied constant in the error term is allowed to depend on 7, on f and on the
polynomials defining Y.

We also establish an asymptotic formula for N,(Y, f; H) when L is not
assumed to be a semisimple simply connected group (see Theorem and
Remark below). However, without this assumption, the variety Y ~ G/L
may fail to satisfy the local-to-global principle. Moreover, the definition of the
Euler product requires the introduction of additional convergence factors,
so that the main term in the asymptotic formula becomes significantly more
involved.

Our remaining results are concerned with producing explicit upper bounds
for r5(Y, f) for quadric hypersurfaces. For n > 3, let Q € Z[Xy,..., X,]
be a non-singular indefinite quadratic form and let m be a non-zero integer.
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We shall always assume that —m det(Q) is not the square of an integer when
n=3. We let Y C A" denote the affine quadric

Q(X1,..., X)) =m. (1.9)

We observe that our general results (Theorem and are applicable in
this setting:

Remark 1.3. The assumptions (i)—(iv) are satisfied in the setting of quadric
hypersurfaces (with a possible exception of G being Q-simple when n = 4,
which we discuss separately in Remark . In the case of quadric hypersur-
faces, G = Spin(Q) is the spinor group of @ and ¢ : G — GL,, is the stan-
dard representation of the spinor group of Q. We let I' = +7'(GL,(Z)) and
L = Stabg(xo), with xg € Y(Q). Thus

dim(G) =in(n—1) and dim(L)=i(n—1)(n—2).

2

Moreover, L is a symmetric subgroup of G and L =~ Spin(Q|y), where V
is the orthogonal complement of xy. In particular, when n > 4, it follows
that L is a semisimple simply connected algebraic group, and when n = 3, L
is a one-dimensional torus. We observe that det(Q|y) = det(Q)/m, so that
when n = 3, Qv is equivalent to the quadratic form z* + m det(Q)y?. Hence,
if —mdet(Q) is not a square, L is anisotropic over Q, and the assumption
(ii) is satisfied. The group G = Spin(Q) is simply connected, so that G(R)
is connected. Moreover, G(R) ~ Spin(ry,rs), where (r1,79) is the signature
of the quadratic form . Since @ is assumed to be isotropic over Q, G(R)
is not compact. It is simple unless (r1,72) = (2,2), in which case G(R) ~
SLy(R) x SLo(R). Hence, G(R) has no compact factors. It also follows that
G is Q-simple, unless (r1,72) = (2,2). We discuss the case (r1,rs) = (2,2) in
Remark 2.4

Thus (Y, f) < oo for quadratic hypersurfaces with Y(Z) # 0 and
any integral polynomial f satisfying Hypothesis-o. When n > 4 and certain
necessary conditions are met, Baker [I] has used a variant of the Hardy—
Littlewood circle method to show that there exist infinitely many points x €
Y (Z) with all the coordinates z; square-free, provided that the obvious local
conditions are satisfied. A modification of Baker’s argument would easily give
r2(Y, X;) = 2, for any i € {1,...,n}, provided that n > 4. In this paper,
we give explicit bounds on (Y, f) and establish an asymptotic formula for
N, (Y, f; H) when f is an arbitrary non-singular form.

We define the Euler product as in (1.8). When n > 4, this product is
absolutely convergent, and positive provided that f does not have r-power
divisors on Y. It is only conditionally convergent when n = 3 and —m det(Q)
is not a square.
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Our first result specific to quadrics concerns the asymptotic behaviour of
N.(Y, f; H) in the easier case n > 4.

Theorem 1.4. Let n > 4 and let Y C A" be the quadric hypersurface ((1.9)).
Assume that f is a non-singular form of degree d > 2 and let r > dn*/(n—1).
Then there exists a constant 0 > 0 such that

N(Y, fi H) =&Y, f,7) o (Y H) + O, (H"279).
Moreover, S(Y, f,r) > 0 provided that f does not have r-power divisors on'Y .

Here, we note that pieo(Y; H) ~ oo (Y)H" 2, as H — oo, for some constant
too(Y) > 0.

The case n = 3 is much harder because quadric surfaces may fail to satisfy
the local-to-global principle. This phenomenon can be analysed using a coho-
mological invariant introduced by Borovoi and Rudnick [6], B]. This invariant
is a locally constant function

5:Y(A) = {0,2),

defined on the adelic space Y(A) = Y(R) x H;KOOY(QP). If Y(Q) = 0, then
d = 0. Otherwise, we fix xg € Y(Q). Let G = Spin(Q) be the spinor group
of Q. Then G acts transitively on Y and G(A) acts on Y (A), but the latter
action is not transitive. Orbits @x for this action are open in Y (A) and they
are restricted direct products

!/

Oa = Oy, (1.10)

PO

where each ), is an open orbits of G(Q,) in Y (Q,). We define

(o~ {10 =G,
PETY 1 it 6, £ GQ,)xo.

We note that v,(0,) =1 for almost all p. Let

v(Oa) = H vp(Op).

PO

One can show that v is independent of the choice of xg € Y(Q). The function is
extended to elements of Y (A) by setting v(x) = v(G(A)x), for any x € Y(A).
Next, we set § = 1+wv. This defines a locally constant function on Y (A). It was
shown in [6] 5] that §(€a) = 0 if and only if &4 contains no rational points.
(This theory can be also interpreted in terms of the integral Brauer—Manin
obstruction, as worked out by Colliot-Thélene and Xu [11].)

As in (1.6)—(1.7), we define local densities of adelic orbits ([1.10). Since

orbits of G(R) in Y (R) are open and connected, they are equal to connected
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components of the quadratic surface Y'(R). The real density is defined by

1
foo(Oa; H) = lim — dx, (1.11)

e—~0 € | x€05%,,|x|<H
|Q(x)—m|<e/2

where 07 is a fixed neighbourhood of &, which does not intersect the other
connected components of Y (R). The p-adic densities are defined by

fip(Oa, f,7) = }i}r&pit(nil)#{x € 0,NY (Zy) mod ey tf(x)}

We note that Y (Z,) C 0, for almost all p. Hence, [1,(Oa, f,7) = f1,(Y, f,7)
for almost all p. We also define the Kuler product

&(Oa, f,r) =[] i(Oa. f.7),

p<oo

which differs from the Euler product (|1.8)) only at finitely many factors.
For n = 3 we have the following result.

Theorem 1.5. Letn = 3 and let Y C A3 be the quadric surface (1.9). Assume
that f is a non-singular form of degree d > 2 and let r > 4d* + 4d. Then there
exists 0 > 0 such that

Y fiH)Y = ) 0(O8)S(Oa, f,1)1too(Ons H) + O, (H'),
OACY(A)
where the sum 1is taken over finitely many orbits Oa that have non-trivial
intersection with Y (R) x [],_ Y (Zp).

The following is an immediate consequence of Theorems [I.4] and [1.5] giving
an explicit version of Theorem [I.1]in the setting of quadric hypersurfaces.

Corollary 1.6. Let n > 3 and let Y C A™ be the quadric hypersurface ((1.9)).
Assume that f is a non-singular form of degree d > 2. We set

ro(n.d) = Ad?* + 3d ifn=3,
NV T Y an?/(n—1) ifn >4

When n > 4, we denote by ro(Y, f) the least v such that f has no r-power
divisors on Y. When n = 3, we denote by ro(Y, f) the least r such that there
exists x € Y (Z) with f(x) being r-free. Then

r2(Y, f) < max{ro(n,d), (Y, f)}.

We illustrate Theorem with some examples borrowed from the work of
Borovoi and Rudnick [6] 5.
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Example 1.7 (§6.4.1in [6]). Let Q(X1, X2, X3) = —9X?+2X, Xo+7X5+2X7
and let m = 1. Then the equation defining Y can be rewritten

One easily checks that (—%,%, 1) and (%,O, 1) are points in Y(Q), so that

there are solutions over Z, for every prime p with X3 = 1. Moreover, in the
asymptotic formula for No(Y, X3; H) one finds that &(Y, X3,2) > 0. On the
other hand, Y(Z) = (). From the point of view of Theorem this means
that 6(0a) = 0 for all adelic orbits €a that have non-trivial intersection with

Y(R) X [Tpeoo Y (Zp).

Example 1.8 (§4 in [5]). Let us assume that the hyperboloid Y (R) has two
connected components. Consider the involution

L:Y(A) = Y(A), (Yoor ¥r) = (=Yoo ¥5)-

It is clear that « maps orbits &4 to orbits, and it follows from the definition
of the invariant v that v(¢(04a)) = —v(04a). Hence, 6(1(04)) + 6(Oa) = 2.
Moreover,

6(L<ﬁA)7f77n) :G(ﬁAafﬂn) and /l’oo(b(ﬁA>7H) :/fl'oo(ﬁAuH>
Hence, Theorem [1.5] implies that

N (Y. fiH) = Y &S(On, f.1)ioo(On; H) + O, (H')
OACY(A)

— &Y, f,1)aolY's H) 4+ O, (H'™).

In this case the main term happens to satisfy the Hardy-Littlewood prediction
even though the integral points are far from being equidistributed with respect
to the orbits 0. Indeed, among ¢(04) and O4, only one of the sets contains
integral points.

Example 1.9 (§3 in [5]). Assume that Y (Z) # (), but there exists a quadratic
form in the genus of @) which does not represent m over Z. In this case,

Theorem [1.5 gives
No(Y, fi H) = 26(Y, f,7) oo (Y; H) + O (H' ™).

Indeed, in this case it was was proved in [5] that Y(R) x [, Y(Z,) is
contained in a single orbit Oa with §(0a) = 2.

We can do better than Theorems [I.4] and [L.5] when f is linear, in which case
one can actually produce an asymptotic formula for N,.(Y, f; H), for all r > 2.
This has the following outcome.
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Theorem 1.10. Letn > 3 and let Y C A™ be the quadric hypersurface (|1 ,
with Y (Z) # 0. Assume that f is a linear form having no 2-power dzmsors on
Y. When n = 3, we additionally assume that there exists x € Y (Z) such that
f(x) is square-free. Then r2(Y, f) = 2.

We now return to the setting of a general symmetric variety Y ~ G/L C A"
defined over Q, with G, L satisfying (i)—(iv). Let f € Z[X3,..., X,,] be a poly-
nomial that satisfies Hypothesis-p. Recall the counting function N,(Y, f; H)
from ([1.4). The igniting spark in its analysis is provided by the indicator

function

1 if N is r-free,

> k) = .

0 otherwise,
k|N

where N € Z is non-zero and p is the Mobius function. Thus

N.(Y, f: H) Z“ {XEY(Z): i)xlff([i)z()(modkr) } (1.12)

Since f has degree d it is clear that the summand vanishes unless k < H%".
Moreover, since Y'(Z) consists of finitely many I'-orbits, we may break the sum
into residue classes modulo k" and find that estimating it reduces to estimating

#{xely:|x|<H, x=&(modk")}, (1.13)

for given y € Y(Z) and given € € Y(Z/k"7Z) such that f(&) = 0 (mod k™). The
sets {x € I'y : x = £ (mod k") } are finite unions of I'y--orbits, where I'y is given
by for / € N. Thus the investigation of reduces to establishing
an asymptotic formula for #{x € I'yy : |x| < H}, as H — oo, which is
uniform in ¢. This estimate is the focus of §2| and lies at the heart of this
paper (see Theorem [2.1). The error term involves a polynomial dependence
on ¢, meaning that it is only useful for handling the contribution to N,.(Y, f; H)
from sufficiently small values of k".

By taking r sufficiently large we can ensure that k£ is an arbitrarily small
power of H. In this way, on observing that

#{xEY(Z): x| <H K| fx)}<#{xeY(Z): x| <H, K| f(x)},

it is possible to reapply the results from §2| with ¢ = k2, in order to show that
the larger values of k" make a negligible contribution to N, (Y, f; H). This
summarises our strategy behind the proof of Theorem [1.2] The proof of The-
orem requires a generalisation of Theorem [1.2] which gives an asymptotic
formula for the number r-free points lying on a given adelic orbit (see §3.3)).
Our proof of Theorems and gets under way in §4 and relies
on a more efficient method for handling the contribution from large values of
k™. Thus, when Y C A" is given by , we will transform the problem into
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one that involves counting integral points of bounded size on affine quadrics.
Our bound needs to be uniform in the coefficients of the defining polynomial
and, since it may be of general interest, we proceed to describe it here. Let
q € Z[Ty,...,T,] be a non-zero quadratic polynomial, for v > 2. Let

M(q; B) = #{t € Z" : [t| < B, q(t) =0},

for any B > 1. We will require an upper bound for M(g; B) which is uniform
in the coefficients of ¢ and which is essentially as sharp and as general as
possible. A trivial estimate is M(q; B) = O, (B"~!), which is optimal when ¢
is reducible over Q. Assuming that ¢ is irreducible over Q, a result of Pila [22]
gives M(q; B) = O.,(B"~3/?*), for any € > 0. Again, this is essentially best
possible, as consideration of the polynomial Ty — T% shows. Let qo denote the
quadratic part of ¢, so that go = T# in the previous example. One might hope
for an improved bound when ¢y has rank at least 2. This is confirmed in the
following result, which is a straightforward modification of ideas developed by
Browning, Heath-Brown and Salberger [8] §§4-5].

Theorem 1.11. Let g € Z[T4,...,T,] be quadratic, with v > 2. Let ¢ > 0.
Assume that q is irreducible over Q and that rank(qg) > 2. Then

M(q; B) = O.,(B"" ).

The implied constant in this result depends only on the choice of ¢ and
the number v. This is the most important feature of Theorem [1.11] since it
would be easy to prove a version of the theorem with an implied constant that
is allowed to depend on ¢ by first diagonalising ¢y and then completing the
square where possible.

Acknowledgements. While working on this paper the authors were sup-
ported by ERC grants 306457 and 239606, respectively.

2. COUNTING ON SYMMETRIC VARIETIES WITH CONGRUENCES

2.1. The main estimate. In this section we establish an asymptotic counting
estimate for integral points on symmetric varieties that satisfy a congruence
condition. Let

Y ~G/LCA"
be a symmetric variety satisfying the hypotheses (i)—(ii) from §lIf and
(iii’) the group G is Q-simple; and
(iv") the group G(R) is connected and has no compact factors.

When G is simply connected, G(R) is connected, so that conditions (iii")—(iv’)
are weaker than conditions (iii)—(iv).
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Recalling the definition ([1.3)) of Iy, our aim is to estimate the cardinality of
the sets

{xely: |x|<H},
as H — oo, uniformly in /.
Fory € Y(Z), we set
Ly, =Stabg(y) and Bp(y)={xeGR)y: |x| < H}.

We fix compatible volume forms mg, my, my on G(R), Ly(R), G(R)y, re-
spectively. Let

2;=GR)/Ty and 2, = Ly(R)/(Te N Ly (R)).

We consider 2, as a submanifold of Z,. We denote by m 4, and mg, , the
measures on 2 and %, induced by the corresponding measure on G(R) and
Ly (R). It follows from our assumptions that the spaces 2y and 2, have
finite measures.

With this notation, the main result of this section is the following.

Theorem 2.1. Under assumptions (i)-(ii) and (iii' )-(i/ ), there exists o > 0
such that

mz,, (%’!)
ma,(24)

The implied constant in the error term is uniform overy € Y(Z) and ¢ € N.

Loy N Bu(y)| = my (By(y)) + O((*™ 4y (B (y))'9).

The proof of Theorem follows the strategy developed by Duke-Rudnick—
Sarnak [13] and Eskin-McMullen [I5]. Quantitative estimates in this setting
have also been obtained by Benoist-Oh [2]. The main novelty of our result
is the uniformity over the congruence subgroups I'y, which is pivotal for our
application to power-free values of polynomials.

The following result shows that Theorem always provides a non-trivial
estimate.

Lemma 2.2. The space G(R)y ~ G(R)/Ly(R) is not-compact, and we have
my (By(y)) — 00 as H — 0.

Proof. To simplify notation in this proof, we write L for Ly(R). Let 6 be a
Cartan involution of G(R) that commutes with o, and K is the corresponding
maximal compact subgroup of G(R). Then we have the decompositions

Lie(G(R)) = Lie(K)@®p and Lie(G(R)) = Lie(L) @ q

defined by the (£1)-eigenspaces of 6 and o respectively. By [3, §55], G(R)/L
is diffeomorphic to the vector bundle K Xxnr (p N q). In particular, the
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space G(R)/L can only be compact if p N g = 0. We also have the Cartan
decomposition G(R) = K exp(p), and its generalisation

G(R) = K exp(p N q) exp(p N Lie(L))
(see [24, Prop. 2.2]), that define diffeomorphisms
GR)~ K xp and G(R)~ K x (pngq)x (pNLie(L)).

Hence, it follows that if p Nq = 0, then p C Lie(L). Since [Lie(K),p] C p,
the Lie algebra generated by p is an ideal in Lie(G(R)) which corresponds to a
connected normal subgroup of G(R) contained in L. Moreover, it is clear that
this subgroup is cocompact. Since G(R) has no compact factors, it follows
that L = G(R), but the involution ¢ has been assumed to be non-trivial. This
contradiction shows that p N q # 0, and the space G(R)/L is not compact.
The last assertion follows from explicit volume computations for symmetric

spaces (see (2.4) below). O

Theorem is deduced from the following equidistribution result on the
space Z;, which will be established in We denote by 19, and pg, , the

normalised measures on Z; and %, , respectively.

Proposition 2.3. Under assumptions (i)-(i1) and (i )-(iv/ ), there exist ¢ > 1
and 01 > 0 such that for every ¢ € CX(2y), y € Y(Z), and g € G(R),

/.

V.l

P02z, () = [ ¢ dr+ Oy (o Zilay ).
I
where ||¢||ca denotes the Cl-norm of the function p. The implied constant in
the error term is uniform in £.
We note that
ma,(21) < |T: Ty < G(ZNHZ) < 13 (2.1)

in Proposition 2.3 Let us recall the definition of the C%norms. These norms
are defined with respect to a fixed basis Dy, ..., D,, of the Lie algebra of G(R).
For ¢ in C*(G(R)) (or C(Z7)) we set

lelloa =D 1Dl (2.2)
D

where the sum is taken over all monomials in D;’s of degree at most ¢, and
D;’s are right-invariant differential operators defined by

Dipl) = S olexp(tD)) o (2.3)
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Proof of Theorem[2.1. We note that by [4] the set Y(Z) consists of finitely
many orbits of the arithmetic group I". Therefore, it suffices to prove the
claim of the theorem for y = 7gyo, for a fixed yo € Y(Z), with estimates
which are uniform over vy € I'. Since By (y) = Bu(yo) in this case, in order
to simplify notation, we denote this set by By in subsequent computations.
We also write L for Ly, and 2 for 25, ,.

Let

Fu(g)= Y. xsa(97Y0)-

7€l /(T¢NL(R))

We note that this defines a function on 2y = G(R)/I"y. Since I'; is normal in I',

we have Fi(v0) = |70leyo N Br| = |I'ey N By|. For a real-valued ¢ € C°(%%),

we consider the inner product (Fp, ¢);2(,, ., Which can be unfolded as in [13,
I3

p. 151]:

Frs ) L2(m ) = / > Xsulgvyo) | 9(9Te) dmel(g)
GR/Te \ yery/(renL(®))

/ XBx (9Y0)2(9T) dma(g)
G(R)/(TNL(R))

- /G(]R)/L(]R) X2 {(9%0) </% #lo?) dm%(Z)) o)

= /BH (/J (92) dmﬂ(Z)) dmy (gyo)

a2 [ ( ] et s (2)) doy (o).

B

Let R € (0, H). By Proposition 2.3 when |gyo| > R, we have

/ff o(97) djizy (2) = / o dpiz, + Om (2R | co).

, 24

Also, it is clear that

/y 2(92) dpiz () < oo < ll@llcr.
¥4
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Hence, it follows that (Fp, ©) s, ,. ) i
4

— s (2) my (Be\Br) ( [ edus+ O 2pm ||90ch)>

+ O(my, (Z0)my (Br)||¢]lo)
= m:ﬁ(%) my (By) (/y Spdﬂﬂi”z>
+ O(m,(27) (ma,(Z0) R~ my (By) + my(Bg))|¢llca))

(
_ %mywm ( / sodmm)

+ O(my, (Z0)(ma,(Zo) B my (Bu) + my (Bg))||¢llca)-
It follows from [19, Cor. 6.10] that
my (By) ~vH(log H)®, as H — oo, (2.4)

for some v,a > 0 and b > 0. Hence, the last estimate with a suitable choice of
the parameter R implies that for some g5 > 0

ma, (2
(Fits ) 12(m ) :#(%?) v (B) (/x gde‘%)

+ O(ma, (Z20)ma, (Z)my (Br)' 2| ¢llca).

We apply this estimate to a suitably chosen bump-function ¢. on Z,. We
denote by OY the e-neighbourhood of identity with respect to a Riemannian
metric on G(R). Let ®. be a smooth non-negative function supported on O%
such that

(2.5)

d.dmg =1 and |P.|ce <P,
G(R)

with some 8 > 0 depending on dim(G). It follows from the definition of the
C%-norms (cf. (2.2)—(2.3))) that the functions g — ®.(g9g0), go € G, have the

same norms as P.. Let

pe(gT0) = Y @10 ™y) = Y (970 "):

RISV ~v€ETy

This defines a function on 2; = G(R)/I', which also satisfies
/ Y.dmy, =1 and ||pellce < 7P, (2.6)
:%;Z

Our goal is to show that [T,y N By| can be approximated by the inner products
(Ft, ®e) 12(m., - We observe that if for some g € G(R), we have
4

¢e(gl'e) # 0, (2.7)
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then g, ' € OST, and g € uyl'y for some u € OF. For such g,

Fr(g) = |9Teyo N Bu| = [voleyo Nu™' Byl.

For u € OF, we have u = e+O(g), so that there exists uniform ¢ > 0 such that
Bi—ceynr C u ' By C B(i4ee)n. Hence, we deduce that for g satisfying (2.7),

[YoL'eyo N Ba—coyu| < |9Lyo N Br| < [v0l'eyo N B(itee) Hl-
This implies that Fi(vo) = |I'ey N By satisfies
F(l—f—ca)*lH(g) < FH('YO) < F(l—cs)*lH(g)'
Hence, it follows from ({2.6]) that
<F(1+cs)—1Ha (P€>L2(m%£) < FH(VO) < <F(1,c€)—1H, (P€>L2(m%e) : (28)
Applying (2.5)), we conclude that

ma,(Z7)
F gl’—
H(fyo) m%(%)

+ O (ma,(Z0)ma, (20)my (B _coy-1m)' =2 7).

The volumes of the sets By satisfy a regularity property. According to [16,
Appendix], there exists ¢y > 0 such that for all § € (0,dy) and H > H,,

my (Bayoyr) < (14 cod)my (Bp).
Therefore, it follows that
mz,(Z)
ma, (Z1)

mY(B(l—ca)—1H>

Fr (o) < my (Bg)

7, (24
+0 (mff—(”emy(Bm + m%(%)m%(%)my(BHy"?a'B) .
ma, (22)
We recall from (2.1)) that m., (27) < 4™ and similarly
ma,(2;) =mr(L(R)/(LR)NTy)) < [(T'NL): (LN L)
< (L) (Z/0Z))
< gdim(L)‘

Hence, we obtain

ma,(27)
Fi (7o) gm my (B )

+0 (gdim(L)-i—dim(G) (gmy(BH) + my(BH)l—QZE_/B)) )
Optimising in €, we deduce that there exists o > 0 such that
ma, (21)

mv(By) + O edim(L)+dim(G)m B 1—o )
o (2 vy (Br) + O( y(Bu) ~?)

Loy N By | = Fru(y) <
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This proves the required upper bound on |I';y N By|. The lower estimate
on |I'yy N By| is proved similarly using the lower bound from (2.8]). This
completes proof of Theorem [2.1] assuming Proposition [2.3] O

2.2. Proof of the equidistribution result. In this section we prove Propo-
sition To simplify notation, we write L for L, and Z; for Z ,. We recall
the Cartan decomposition

G(R) = K AL(R),

where K is a compact subgroup compatible with L(R), and A is a suitable
Cartan subgroup complementary to L(R) (see, for instance, [24, Ch.7]). For
g € G(R), we write g = kah with k € K, a € A, and h € L(R). Then

/ o(92) djiz () = / or(az) djiz (2),
%

Z

where @ € C(Z;) is given by pr(x) = ¢(kz). Since K is compact,
lerllcs < flellea and  |gy| = [kay| < |ay|

uniformly for £ € K. Hence, the claim of the proposition will follow once we
prove it for ¢ = a € A. Moreover, without loss of generality we may assume
that a belongs to a fixed positive Weyl chamber A" in A for the action of A
on the Lie algebra of G(R).

In the proof we use parameters R, ¢, n of the form
R = nld(a7 6), e = e—md(a,e)7 5= e—TIBd(a,e)’

with some 71, 12,73 > 0 that will be specified later. We equip the space 2, with
an invariant Riemannian metric induced from a right-invariant Riemannian
metric on G(R) which is bi-invariant with respect to the maximal compact
subgroup K. Fix 2y € Z; and set

Zip=12€ 2 d(z,%) <R} and 2, ={z€ 2 d(z,2) > R}.
It follows from [20], Sec. 5] that
m%(%}) < ma,(2)e ™ and M%(%E) < e 1 (2.9)
for some fixed 6 > 0.
We refine the open cover 2 = 2, ,U2;%,_, further. Let OF and OF denote
the e-neighbourhoods of identity in G(R) and L(R) respectively. Since these

neighbourhoods are defined with respect to a invariant metric, (O¢)~! = O%
and OY 0% C O% ., and similarly for OF. Let Q = {z; : ¢ € I} be a maximal

€1te2?

subset of 2 ~r such that Ofmzi, 1 € I, are disjoint. We observe that then

ZnclJota (2.10)

el
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Indeed, suppose that z € 2, but z does not belong to the union in .
Then the set QU {z} satisfies the same disjointness property as €. Indeed, if
Of/2z N OEL/zzi # () for some 4, then z € (Of/Q)_lOaL/in C OFz; which is not
the case. This contradicts maximality of {2 and proves .

For future reference, we prove some basic properties of the set €2. First,
we claim that for sufficiently small ¢, the map OS. — OS.z; is injective. Let
zi = h;I'y with h; € L(R) satisfying d(h;,e) < R. If u1h;,I'y = ugh;T'y for some
uy,up € OF, then for some « € 'y, we obtain

v = hy ug funhy € b TOS by € OS on,

with some fixed ¢ > 0. Let us choose ¢ < gge™F with sufficiently small gy > 0.

Then it follows from discreteness of I'y that v = e, so that u; = us. Hence,
this shows that the map O, — OS z; is injective.

We will also need an upper bound on || which is easy to deduce from the
disjointness property. Since the map OEL/2 — Ofmzi is injective, m %(OEL/in) >
e? where d = dim(L). This implies that

Q] < ma, (27)e " (2.11)

We choose a smooth function ¥ on L(R) such that

0< U<, supp(¥) COL, VU=1o0n0F |V e,

for some 5 > 0 depending on dim(L). It follows from the definition of C-
norms (cf. (2.2)—(2.3))) that the family of functions h — W (hhg), hg € L(R),
have the same Sobolev norms. Since the map O — O% z; is injective, we also
obtain smooth functions x; on Z; such that

supp(x;) C Opz and  |[|xillco = [|¥]|en < &7
We fix a total ordering on I and set

vi=xi ][0 =) and Yoo =13 0= JJ(1—x0),

7> 7

Then supp(1;) C supp(x;) C O% z;, and it follows from (2.10) that
SUpp(Yoo) C Zlp s

It is also clear that

0<y; <1 and |[¢yflea <™, (2.12)

with some fixed ; > 0.
Let P be the non-expanding horospherical subgroup of G(R) corresponding
to AT. This is the connected Lie subgroup of G(R) whose Lie algebra consists

of X such that ”Aﬁl(% is uniformly bounded as a € A*. This property
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implies, in particular, that for p in a neighbourhood of identity in P and all
a€ A",
d(apa™',e) < d(p,e). (2.13)
We note that since L(R) is a symmetric subgroup in G(R), it follows that
Lie(G(R)) = Lie(P) + Lie(L(R))

(see, for instance, [15, p. 199]). In particular, there is a subspace V' of Lie(P)
such that

Lie(G(R)) =V @ Lie(L(R)). (2.14)
Let O denote the e-neighbourhood of identity in exp(V). It follows from
(2.14)) that the product map
exp(V) x L(R) — G(R) (2.15)
is a diffeomorphism in a neighbourhood of identity. For ¢ in a neighbourhood
of identity in G(R), we write g = v(g)h(g) where v and h are the smooth
maps realising this diffeomorphism.

We observe that with respect to the decomposition ([2.15)), the Haar measure
mg restricted to OY Ol decomposes as a product my ® m/, where my is a
smooth measure on O, and m/; is the restriction of my, to O%. We also note
that under the map h +— hz;, the measure m/, projects to ms,| ok ;- We choose
a smooth non-negative function o on exp(V') such that

/ odmy =1, supp(c) C Oy, |lollce < 6772, (2.16)
exp(V)
with some 2 > 0 depending on dim(V'). Then

/ e(az);(2) dm%(Z):/ o(ahz;)o(v);(hz;) dmy (v)dm' (h)
Z exp(V)xOL

- / o (ahz;) (o) dmy (v)dmily (1),
exp(V)xOL
where ®; is the smooth function supported on OY Ok | with ¢ < e, defined by

®;(g) = a(v(9))i(h(g)),

where 1;(h) = ¥i(hz;). Then ||¢)]|ca = |[¢i]|ce, and it follows from (2.12) and
R.16) that

”(I)iHCq << 5753,
with some (3 > 0. By (2.13)), for v € O},
p(avz) — plaz)| < [[@ller dava™, e) < [lgllcrd.
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Since

[ e amyo)nty )| = ( | » vamy ) [ ity 1))

< 5d,

where d = dim(L), we obtain that

/ o(az)u(z) dmay () = / o (avhz)®,(vh) dmy (v)dm, (1)
%

exp(V)xOL
+O([lpllor0e?)

= /OW ©(agz)®i(g) dma(g) + O(||l¢llcrdeh).

We recall that the map g — gz; is injective on OS.. Hence, under this map the
measure mG|03c projects to the measure m{%]Og and since O(‘;/OQLE - Og,

®, defines a function ¢; supported on O z; such that

lpillcs = [[®@illca < 6%, (2.17)

zZi)

and

/O  elag)ilg=) dmalg) = / o(az)pi(x) dmg, (2).

Ze

Combining the above estimates, we conclude that

/g p(az)pi(z) dme,(z) = /K plaz)pi(x) dma, (x) + O(|l¢lc10e?).
14 4

This formula allows us to use the exponential decay property of matrix co-
efficients for representations of G(R) to estimate the original integral. It is
known from the works [9, [10], which established bounds towards the gener-
alised Ramanujan conjectures, that the action of each simple factor of G(R) on
the congruence quotients 2; = G(R)/T', has the uniform spectral gap prop-
erty. Namely, the unitary representation of non-compact simple factors of
G(R) on the orthogonal complement of the constant functions in L?(.2;) are
uniformly isolated from the trivial representations. Then, by [20] §3.4], there
exists o > 0 such that

/% plaz)pi(z) dpg, (r) = (/% @ d/w) (/% @i dwa) (2.18)

+0 (e “lpllcalleilles) -

We note that the exponent o is determined by the isolation property of the
unitary representation, so that it is independent of ¢.
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Since Y . 1; + oo = 1, we obtain

[ ctaima()= 3 [ ctasyiteramate) [ ctaspin) i)

The last term can be estimated using the fact that supp(¢) C 2", ;. This
gives

/ch plaz)thoo(2) dm g, (2) < ma (2 )0l < may(20)e™" 0]l
%

whence

e(az)dm /a:vgpZ ) dm
[, etaramaa1 =3 [ #(@)

+0 (1 lleler5=" + gl
2D Y [ elanyeio)dusi(e)

+0 (19/llellcrde? + mfg(ﬁ?)e_wllwllm) :

Next, we apply ([2.18]), combined with estimates and (| - to deduce
that the right hand 81de is

= ma,(22) Z (/% wdu%‘e> (/fe @i d/%”e)

7

+ 0 (ma (Z0)|2e™2" | pllcad™ + [ lpllcrde? + ma (2)e " [l llu)

— ( /%QOde) (Z /%e goidm%)

+ 0 (ma,(20) (magy, (Z)e™ 6767210 45+ ) plca) -
Here we used that my, = ma,(Zi)pa,. Using (2.16]), the sum above is

; /][ @i dmy, = Z / . wi(gzi) dma(g)
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Hence, it follows from ((2.9)) that
Z/ @i dm.y, = m:&(c@?)/ (1 — too) dpi,
—Ja %,
= mgg(%) (1 + O (679R)> .

Since my, = my,(27)112,, we conclude that

[ et dun) = [ v,
Z e

+ O ((ma,(Zy)e 67 Pemed®0) 1§ 4 ) ||p||ca) -
We recall that this estimate holds under the previously made assumptions:

e<ege® and 6 <e.

We take € = gge~ " and § = goedft/(Bs+1) g=ed(a.)/(Bs+1) " This gives

[ eladun) = [ odus,
) 2
L0 (mg{e(%)(ech/(ﬁs+1)e*gd(a,e)/(ﬁgﬁl) + eioR)HSOHC'J) .

We choose R = nd(a,e) with sufficiently small > 0. Then § < ¢, and we
deduce that

/ @(a'z) d:u@(z (Z> - / gOd,ugng + O (m%(%)e_gld(a’e)
2 2

for some o' > 0.
To finish the proof, it remains to compare d(a,e) and ||ay||. First, we note
that since d is an invariant Riemannian metric,
Ilog al| < d(a, e) < [|logall,

where || - || denotes the norm induced by the Riemannian metric on Lie(A).
Since the A-action on R” is diagonalisable, we can write y = ), y; where y;’s
are linearly independent eigenvectors of A. Then

ay = Z e)\i(loga)yi

for some characters \; on Lie(A), and

ellcs) . (219)

lay| < exp (max Ai(log a)) < exp(c|[logal|)
for some fixed ¢ > 0. Hence, it follows from (2.19) that

[ o) dus) = [ odus+0 (mo(2ilayl ? lgler).

with ¢” = co’ > 0. This therefore completes the proof of the Proposition [2.3]
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Remark 2.4. We proved Theorem under the assumption that the group
G is Q-simple, but the method of the proof sometimes works without this
assumption. The only place where this assumption was used is the exponential
mixing estimate When G is not Q-simple, the space Z; has a finite
cover [[_, Z," @) where 3{ are the spaces corresponding to Q-simple factors
of G. In thls case, we can generahse ) to give

] elasyia)dus (o) - ( /% v ) K i

+0 (el calltpilla) ,

where D(a) = min; d(a'”, e), and a = aV) - - - a(" is the decomposition of a with
respect to the Q-simple factors. Hence, if one shows that for every a € A,

D(a) > d(a,e), (2.20)

then the proof of Theorem can be completed exactly as before.

We are particularly interested in quadric hypersurfaces {QQ = m} of signa-
ture (2,2). After a suitable real change of variable, this quadratic surface can
be reduced to the form X; X5 — X3X; = m with m > 0. Then after identifying
R* with the space My(IR) of matrices, Q will be given by the determinant, and
G(R) ~ SLy(R) x SLy(R) with the action given

(91,02) - X = 1 Xg5',  (g1,92) € GR), X € My(R).

Then Y (R) ~ G(R)/L(R), where L(R) is the diagonal subgroup of G(R). It
is the symmetric subgroup with respect to the involution (g1, ¢92) — (g2, ¢1)-
In this case the Cartan subgroup complementary to L(R) is

A={(b,b"):be B},

where B denotes the diagonal subgroup of SLy(R). It is clear that ([2.20]) holds
in this case, so that Theorem [2.1 holds as well.

2.3. Consequences. Our next goal is to estimate
#{xeY(Z)NOa : |x| < H, x=§(modl)}

for a given orbit Oa of G(A) in Y (A). To state this result we use a cohomo-
logical invariant ¢ : Y/(A) — {0, |Pic(L)|} introduced by Borovoi and Rudnick
in [6]. This invariant is constant on orbits &a of G(A) in Y (A) and has the
property that
§(OA)=0 <= Y(Qnoa=0.

We note that § = 1 when L is semisimple and simply connected. In particular,
0 = 1 in the case of quadric hypersurfaces with n > 4.

Let Oa be an orbit of G(A) in Y'(A). This orbit is of the form 0x = O, x 0}
where O is an orbit of G(R) in Y(R), and Oy is an orbit of G(Ay) in Y (Ay).
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For ¢ € N and € € Y(Z/VZ), we consider a family of open subsets Bf(&, ) of
Y (Ay) defined by
= H Bp(€7€>7

p<oo
where
By(&,0) = {y € Y(Z,) : y = & (modp™)}.
We also set
Ox(H)={y € Ox: |y| <H}.

We fix a gauge form on Y i.e., a nowhere zero regular differential form of
top degree. Since Y is a homogeneous variety of a semisimple group, such a
form exists and is unique up to a scalar multiple. This defines a measure my
on Y (R), induced by the gauge form, and a measure my, s on Y (Ay). We refer
to [0, §1] for a detailed discussion of gauge forms and corresponding measures.
When L is semisimple, the measure my ¢ is the product of measures my,, on
Y (Q,) induced by the gauge form

my,f = H myp.
p<oo

To define my ¢ in general, we need to introduce suitable convergence factors.

Let o denote the representation of Gal(Q/Q) on the space X*(L) ® Q of
characters of GG, let t;, be the rank of the group of Q-characters of G, and let

(s,00) = [] Ly(s. 1) (2.21)
p<oo

be the Artin L-function associated to gr. We recall that L(s, o) has a pole
of order ¢;, at s = 1. The measure my; on Y (Ay) is defined by

my.f = <hrri(s—1 Yir L(s, or ) H L,(1,0r1) 1my7p.
p<oo
Assumption (ii) implies that ¢, = 0, so that we also have
My, f = H myp,
p<oo

but this convergence is only conditional.
For our next results, we henceforth assume that Y ~ G/L satisfies the
assumptions (i)—(iv).
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Corollary 2.5. Under assumptions (i)-(iv), there ezists 0 > 0 such that for
every orbit Oa of G(A) in Y (A), we have
H{xeY(Z)NOp : |x| < H,x=&(mod/l)}
= 0(On)my (O (H))my,; (O N By(€, 1))
+ O (FmD2dm@ (G (H))17)
The implied constant in the error term is uniform in £ and &.

Proof. We introduce compact open subgroups
Ky (l) = {g e [[6@): ug) =id (modpw))}

of G(Ay) and set

K(l) = G(R) x Ks(¢).
Then 'y, = G(Q)NK (¢) are precisely the congruence subgroups defined in ([L.3)).
The group I'y acts on Y(Q)NB(E, ¢). Given an orbit & of I'y in Y(Q) N B(&, ¢),
following [6, §4] we define its weight w(&) as follows. For y € &, we fix gauge
forms on G and L, which are compatible with the chosen gauge form on
Y. These forms define the corresponding measures mg on G(R) and my,

on Ly(R) which also induce measures m g, and mgy, , on 2y = G(R)/T, and
%0 = Ly(R)/(T'y N Ly(R)). The weight of the orbit & is defined by

mfy,z(c@ﬁy,f)
ma,(Ze)

One can check that this definition is independent of the choice of y. Using the
new notation, Theorem can be restated as follows:

0N O (H)| = w(O)my (O (H)) + OOy (6, (H))' ). (2.22)
Let B= 0y x (0; N By(&,1)). Then
YQNB={xe€Y(Z)NOa: x=E&(mod/l)}.

We note that L is reductive by [4, Thm. 3.5] and, in particular, unimodular.
Since G is simply connected and L is symmetric, it follows from [25] §8] that L
is connected. Hence, all the assumptions of [6, §4] are satisfied, and according
to [6, Thm. 4.2],

w(0) =

> w(0) = 6(Oa)my,;(Or N By(€,0)),

0CB

where the sum is taken over the orbits & of I'; contained in B. Hence, summing
over these orbits, we deduce the corollary. We note that the number
orbits is at most O(|T" : T'y|) = O({4™(®)) which contributes an additional
factor to the error term. O
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Finally, we deduce an estimate for the number of x € Y(Z) with |x| < H
and x = & (mod /). Let
Y(R)g = {x € Y(R): [x] < H}.
Since the set Y (Z) consist of finitely many orbits of I', by [4], we can sum the
estimates from Corollary to conclude as follows.

Corollary 2.6. There exists p > 0 such that
#{x € Y(Z) :|x| < H, x = & (mod ()}

= / ) d(my & mY,f) +0 (gdim(L)+2dim(G)v<H)1,g) ’
Y(R) g x By (§,0)

where

V(H) = jmax my (0o (H))

and where Oy runs over orbits of G(R) in Y(R). The implied constant in
the error term s uniform on & and (. If, in addition, L is assumed to be
semisimple and simply connected, then

/ Sd(my @ myr) = my (Y (R)r)my,(By (€. 1))
(R)rxBy(£,0)

3. SMALL MODULI AND THE PROOF OF THEOREMS [L.1] AND

3.1. Small moduli. Let Y ~ G/L C A" be a symmetric variety satisfying
(i)—(iv) and let » > 2. In §§3.1-3.2 we additionally assume that L is semisimple
and simply connected and that the smoothness assumption holds. The
case when L is not a semisimple simply connected group will be discussed in
§3.3.

We recall the expression (§ - for N,.(Y, f; H). The goal of this section is
to estimate the contribution from small moduh

D(H) = S ulk)#{x € Y(Z) : [x| < H, 0# f(x) = 0 (modk)},  (3.1)

as H — oo, for given A > 0. We shall need to separate the contribution from
x such that f(x) = 0. Accordingly, we write

NOH) = > pk)#{x e Y(Z): |x| < H, f(x) =0(modk")}

k<HA
+O (H2E(f;H)),
where for any g € Z[X;, ..., X,], we set
E(g;H)=#{x € Y(Z): x| < H, g(x)=0}. (3.2)
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Breaking the first cardinality into congruence classes modulo k", we conclude
that

NOMHE)= > k) > V(H;&+0(HE(f; H)),
k<HA £cY (Z/k"TZ)
F(€)=0 (mod k")

where for any ¢ € N and & € Y(Z/(Z), we put

ViH;€) = #{x € Y(Z): x| < H, x = & (mod ()},
We now shift our attention to estimating V;(H;§&), as H — oo.
Proposition 3.1. There exists 6 > 0 such that

Vi(H;€) = joe (Y H) [T (Y3 €50) + O(e5m028m (@ (v 1)),

p<oo
where po(Y; H) is defined in (1.6) and
f,(Y;€,0) = tlim p MLy € V(Z/p'Z) : x = € (mod p9)}.
—00
The implied constant in this estimate depends only on Y and is independent
of £ and €.

Proof. This result is deduced from our work in §2] While there we stated the
estimates in terms of the measures my and my; = Hp <o My,p, but they can
also be interpreted using local densities. By [0, Lemma 1.8.2],

my (Y (R) ) = polY's H).
Also, the proof of [6, Lemma 1.8.2] gives
my,y(U) = lim p~ ™40 mod p'), (3.3)
for every open U C Y (Z,). In particular,
myp(Bp(€,0)) = fip(Y; €, 0).

The result now follows from Corollary [2.6] O
Next, we claim that
R 1
H :LLP(Y7 £7 6) < fdim(Y)’ (34)
p<oo

for any ¢ € N. Let p | £ and let ;o = v,(¢). Recall that Y is non-singular and
let p be a prime of good reduction for Y. We set

N(p") =#{x € Y(Z/p'Z) : x = & (mod p*»V)}.
It follows from Hensel’s lemma that N(p'™') = pd™YIN(pt) for any t > p.
Hence [1,(Y;&;¢) = p #imYIN(pt) = p=rdim() since ¢ € Y(Z/p*Z). The
claim now easily follows.
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Now there are g(k") < k™ choices of & which we must consider. We substi-
tute the estimate from Proposition [3.1] to obtain

NW(H) = poo(Y; H)S(H)
+0 (HA(I—i—r{n-l—dim(L)—i—Qdim(G)})luoo(Y; H)1—6 + HAE(f, H)) 7
where E(f; H) is given by (3.2]) and

SH)= > wuk)y > J[a(Vi&E. (3.5)

k<HA ¢eY(Z/k"Z) p<oo
F(€)=0 (mod k")

Lemma 3.2. Let g € Z[X3,...,X,] be such that g Z 0 on Y. Then there
exists ) > 0 such that E(g; H) = Oy(ueo(Y; H)'™"), where E(g; H) is given by
5.
Proof. Pick a large prime p. It follows from Proposition and (3.4) that
E(gH) <#{xeY(Z): x| < H, plg(x)}
= > V(H;¥¢)

£€Y (Z/pZ)
9(§)=0 (mod p)

oo (Y5 H) | Gim(r)42dim(@) 16
< Z ( pdim(Y) +p foo (Y H) ;
£€Y (Z/pZ)
9(§)=0 (mod p)

for some 0 > 0. Since Y is irreducible, dim(Y N {g = 0}) < dim(Y") and so it
follows from the Lang-Weil estimates that

#{E€Y(Z/pZ): g(&) =0(modp)} <, plim(¥)=1,

Hence,
Hoo(Ys H m(G)— _
E(g; H) <, (T) —I—p3d (G) luoo(Y;H)l 57

since dim(Y) = dim(G) — dim(L). This is satisfactory for the lemma, on
choosing p appropriately. 0]
We may now conclude that there exists 6 > 0 such that
N(l) (H) — ljfoo(Ya H)S(H) +0 (HA(1+r{n+dim(L)+2dim(G)})Moo(Y; H)1—5) 7

where S(H) is given by (3.5). Turning to an analysis of S(H), we appeal to
Hypothesis-p, which gives

Q(kT) < C;(}fz‘kr(dim(Y)fl) Lo kr(dim(Y)fl)+s,
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for an appropriate constant Cy,, > 0. Invoking (3.4) with ¢ = k", and
recalling that r > 2, we may therefore extend the sum over k to infinity,
finding that

Sty =3 uk) S L aVi&k) +0(H2)

k=1 E€Y (Z/k"T) p<oo
f(€)=0 (mod k)

The main term here is equal to the Euler product &(Y, f,r) that is defined in
(1.8]). Putting everything together, we have therefore established the following
result, which completes our treatment of the small moduli.

Proposition 3.3. Let Y ~ G/L C A" be a symmetric variety over Q satis-
fying (i)—(iv), with Y(Z) # 0, and with L semisimple and simply connected.
Assume that f € Z[Xq,. .., X,] satisfies Hypothesis-o. Then there exists § > 0
such that

NOH) =6(Y, f,7)u(Y; H)
+ 9] (HA(1+T{n+dim(L)+2dim(G)})'uoo(Y; H)1—§ 4 ,uoo(Y; H)H—A/Q) )

Moreover, &(Y, f,r) > 0 provided that f has no r-power divisors on Y .
3.2. Proof of Theorem [1.2] Assuming A > 0 is chosen to be sufficiently

small in terms of §,dim(G) and r, the error terms in Proposition [3.3| can both
be made smaller than the main term. It remains to show that the contribution

NO(H) = S ulk)#{x € Y(Z) : [x| < H, 04 f(x) = 0 (mod k')} (3.6)

HA<k<<Hd/T

is negligible. Here, we have truncated the outer sum to k < H%", on supposing
that f has degree d. As remarked in §I] our key observation for handling large
moduli is based on the inequality

NOH)Y< Y uk)#{x e Y(2): x| < H, f(x)=0(modk*)}

HA<k<HYT
= Z (k)| Z Vi (H; ),
HA <k HIT £€Y(Z/K*Z)

F(€)=0 (mod k?)
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in the notation of Proposition Combining this result with (3.4)) and
Hypothesis-p, we therefore conclude that

Y, H : .
V) S o) { B + ey |

f2dim(Y)
HA <k<<H’1/T

oo Y H :

< Z { I ) k6 dlm(G),uoo(Y; H)I—E}

HA<k<<Hd/'r

poo (Y5 H)

<A

The first term is satisfactory and the second term is also satisfactory provided

that 7 is taken to be sufficiently large in terms of d,dim(G) and §. This
completes the proof of Theorem [I.2]

+ H%(l-‘rﬁdim(G))Moo(Y; H)l—

3.3. Generalisation of Theorem and proof of Theorem 1.1} In this
section we discuss symmetric varieties Y ~ G/L when L is not necessarily
a semisimple simply connected group. This requires a more delicate analysis
because such varieties may fail to satisfy the Hardy-Littlewood asymptotic
formula. Throughout this section we assume that conditions (i)—(iv) from
hold. Let O = Hp<oo 0, C Y(A) be an orbit of G(A) in Y (A). Our goal is
to estimate the counting funct10n

N.(On; fH) =#{x € Y(Z)N Oa : |x| < H, f(x) is r-free}.
We introduce local densities associated to the orbit &4 :
fip(Oa, for) = lim p~ " 5{x € Y(Z,) N Oa mod p' = p"f f(x)}.
For almost all p, 0, D Y(Z,) which implies that fi,(Oa, f,7) = f,(Y, f,7).
We also define the corresponding Euler product
&(On, f,r) = L(L,00) [ Lo(1,00) " (O, f.7),

p<oo

where L(s, o1,) is given by (2.21). Letting /1,(Y') = my,(Y(Z,)), in the nota-
tion of (3.3)), it follows from Hypothesis-p that the product

H:upyfa

p<oco

converges absolutely, so that the Euler product &(@a, f,r) also converges
absolutely.
With this notation, we establish the following result.

Theorem 3.4. Let Y ~ G/L C A™ be a symmetric variety over Q satisfying
(i)-(iv). Let On C Y (A) be an orbit of G(A). Assume that the polynomial
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f € Z[Xy,...,X,] satisfies Hypothesis-o. Then for all sufficiently large r,
there exists 0 > 0 such that

N (On; 1 H) = 08(On)S(On, f.r) iy (Ou(H)) + O, (v (Oo(H))' ™) .

Moreover, if we assume that there exists x € Y(Z) N Oa such that f(x) is
r-free, then 6(Oa) > 0 and &(Oa, f,r) > 0.

If the variety Y additionally satisfies the smoothness assumption ([1.5]), then
it follow from the argument in [0, Lemma 1.8.2] that

1y (Osc(H)) = p1oo(On; H),
where the local density jio(Oa; H) is defined analogously to (1.11)).

Remark 3.5. We note that
N(Yif;Hy= > N(Oaif; H),

OACY(A)

where the sum is taken over finitely many orbits &' that have non-trivial inter-
section with Y'(R) x [, Y(Z;). Hence, Theorem (3.4 implies an asymptotic
formula for the counting function N,.(Y; f; H). In fact, this asymptotic formula
can be stated in terms of the Tamagawa volume of a suitable subset of Y(A)
defined by the integral Brauer-Manin obstruction, as introduced by Colliot-
Thél‘ene and Xu [I1]. We denote by Y (A)B*®) the kernel of the Brauer—Manin
pairing. Since G is assumed to be simply connected, this kernel consists of
orbits of G(A) (see [I1, Thm. 3.2]). If 0o NY(A)P™) = (), then the orbit
Oa contains no rational points, and (&) = 0. On the other hand, if Ox C
Y (A)P) and @a has non-trivial intersection with Y (R) x [T, Y (Z,), then
it follows from [1I, Thm. 3.7] that Oa NY(Z) # 0. In particular, we conclude
that for these orbits §(€0a) > 0. Since § : Y(A) — {0, |Pic(L)|}, we have
d(Oa) = |Pic(L)| for these orbits. Thus, setting

Y<Af)(f’r) = {(YP) € H Y(Zy): f(yp) #0 (modpr)} )

we conclude that
N(Y; f; H) =[Pic(L)] - (my @ myy) (Y (R)a x Y (A)P7) Ny (A)P))
+O(V(H)'™),

where V(H) = maxg,cy(a) too(Oa; H), with the maximum taken over the
finitely many orbits having non-trivial intersection with Y'(R) x [, Y (Z,).
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Proof of Theorem|[3.4. The proof follows the same strategy as the proof of
Theorem [I.2] presented in §3.1-3.2. As in the proof of Theorem [1.2] we start
by estimating

NW(OasH) = ) plk)#{x € Y(Z)N O : x| < H, f(x)=0(mod ")}
k<HA
+ 0 (HAEﬁA(fQH)) )
where Eg, (fiH) =#{x € Y(Z)N O : |x| < H, f(x)=0}. Then
NO(OxH) = Y uk) > Vie(Oas Hi &) + O (H Ep, (f5 H)),
k<HA €€Y(Z/kZ)
F(&)=0 (mod k")
where
Vi(Oa; HyE) =#{x € Y(Z)N O : |x| < H, x =& (mod ()},

for given ¢ and &€ € Y(Z/(Z). The quantity V,(Oa; H; &) can be estimated as
in Proposition [3.1] We obtain that there exists § > 0 such that

Vi(Oa; H; &) = 6(Oa)py (O (H))S(O4, &; ()

. . 3.7
+ O(ﬁdlm(L)+2dlm(G)My(ﬁoo(H»l—é)’ ( )
where
S(On, &) = L(1, 00) [ Lo(1, 00) " fip(Oa, & 0)
p<oo
and

fip(Ons€,0) = lim p MUl € 0,NY(Z,) mod p' : x = & (mod p*9)}.
— 00
Indeed, this estimate can be directly deduced from Corollary by observing
that
myyp(ﬁp n BP(€’ E)) - ﬂp(ﬁA7 E? £)7

which follows from (3.3)). Next, we substitute (3.7) into our work above to
deduce that

N (O H) = 6(On) iy (O (H))S(Op; H) + O (HXEp, (f: H))
+0 (HA(1+7“{n+dim(L)+2 dim(G)}),uy(ﬁoo(H»lfé) ’

where

S(Oa;H) = E (k) E S(Oa, & K.
k<HA £€Y (Z/kT)
F(€)=0 (mod k")
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Arguing as in the proof of Theorem [1.2] we find that

S(Oa H Zu Y S(Oa&k)+OH ),
EeY (Z/k™T)
f(€)=0 (mod k")

with the main term is equal to the Euler product &(Oa, f, 7).
Arguing as in Lemma [3.2] we easily use (3.7) to show that

Eou(fi H) = Ogpy (0 (H))'™"), (3.8)
for some n > 0. Hence, we conclude that
D(On: H) = 6(On)S(On, [.1)iy (Ou(H)) + O (1y (O (H))H?)
+0 (HA(l—‘,-r{n—i—dim(L)—i-Qdim(G)})luY(ﬁoo(H))l—(S) ’
(3.9)

for every adelic orbit s C Y (A). When A > 0 is chosen sufficiently small,
the error terms in this estimate can be made smaller than the main term.
Now it remains to estimate

N®(Op; H) = |u(k)|#{x € Y(Z)N Oa : x| < H, f(x)=0(modk")}
HA<k<<Hd/'"
< DL k) ) Vie(Oa H; ).
HA<k<HT €Y (Z/K%7)
f(&)=0 (mod k?)

Thus we can argue as in §3.2, using (3.7)), combined with Hypotheses-o and
(3.4)), to conclude that if r is taken sufficiently large, there exists ¢’ > 0 such
that

B(On; H) = Olpy (O (H))' 7).
This completes the proof of the theorem. O

Proof of Theorem[1.1]. Since Y(Z) # 0, we may pick x € Y (Z) with f(x) # 0.
Suppose that |f(x)| = [[,<;<,p;’, for distinct primes py,...,p,. Then f(x) is
ro-free, with 7o = 1 4+ max;<;<,{r;}. We apply Theorem to an orbit Oy
that contains this point x. Then 0(04x) > 0 and &(Oa, f,r) > 0 if r > 1.
Comparing the asymptotic formula given by Theorem with we deduce
that the set {x € Y(Z) N Oa : f(x) is r-free} is Zariski dense in Y. (We note
that py (O (H)) — 00, as H — oo, by Lemma [2.2]) O

4. THE ROADMAP FOR QUADRICS

It is now time to initiate the proof of Theorems [1.4] and [[.10] From
this point forwards, n > 3 and Y C A" is the affine quadric (1.9)), where
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Q € Z[Xy,...,X,] is a non-singular indefinite quadratic form and m is a non-
zero integer such that —m det(Q) # 00 when n = 3. We begin with a proof of
Theorem in §4.1] Next, in §4.2| we shall establish Hypothesis-g for the
polynomials f € Z[X;, ..., X,] under consideration. Finally, in we shall
collect together the main steps in the proof of Theorems and [I.10]
The primary ingredients in this endeavour here are the results in §3| and the
treatment of large moduli in §5]

4.1. Integral points on affine quadrics. In this section we establish The-
orem [I.TT] We begin by noting that it suffices to assume that ¢ is absolutely
irreducible in the statement of the theorem, rather than merely irreducible over
Q. Indeed, if ¢ factorises as £,/ for linear polynomials ¢y, ¢, € Q[T1,...,T,],
neither one of which is proportional to a linear polynomial defined over Z,
then /¢, {5 are not proportional to each other and ¢; must be a conjugate of /5.
Moreover, the integer points t in which we are interested must satisfy the pair
of equations ¢;(t) = £5(t) = 0. Such points clearly contribute only O, (B*?)
to M(q; B), which is satisfactory.

With the restriction to absolutely irreducible ¢ in place, we will establish
Theorem by induction on v > 2, following the approach in [8, §4]. We
henceforth set

R(Xo, X1,...,X,) = X2q(X1/Xo, ..., X,/ X0) (4.1)

for the homogenised quadratic form associated to ¢q. In particular ¢q is obtained
by setting Xy, = 0 in R. Since ¢ is absolutely irreducible it follows that R is
absolutely irreducible and so has rank at least 3. Moreover, by hypothesis,
the quadratic form R(0, Xi,...,X,) has rank at least 2. We will need the
following result, due to Browning, Heath-Brown and Salberger [8, Lemma 13].

Lemma 4.1. Let ¢ > 0, let B > 1 and suppose that R € Z[Xo, X1, Xa] is
a non-singular quadratic form such that the binary form R(0, X1, Xs) is also
non-singular. Then for any t € Z N [—B, B] we have

#{(t w1, 22) € Z3 |21], |z2] < B, R(t,x1,25) =0

ged(t, zq,x9) =1 } = 0:(B%).

Following our convention, the implied constant in this estimate does not
depend on t or on the coefficients of R. The case v = 2 of Theorem [1.11]is
now a trivial consequence of Lemma |4.1|with t = 1. We will require a separate
treatment of the case v = 3 when ¢ is absolutely irreducible with ¢ = ¢o. In
this case the statement of Theorem follows from taking d = 2 in work of
Heath-Brown [I8, Thm. 3.

We now turn to the proof of Theorem [I.11]when v > 3, assuming that ¢ # go
when v = 3. Our plan is to take hyperplane slices and apply the inductive
hypothesis. We claim that there exists a € Z”, with 0 < |a|] = O,(1), such
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that the quadratic polynomial obtained by eliminating a variable from the pair
of equations

q(Tl,...,Tl,) :a1T1+---+a,,TV:0 (42)

is absolutely irreducible and has quadratic part with rank at least 2. Taking
this claim on faith for the moment, we may assume after a possible change
of variables that a = (0,...,0,1). Thus, for any k£ € Z, the polynomial
qx = q(T4,...,T,_1,k) is both absolutely irreducible and has quadratic part
with rank at least 2. In this way we obtain the bound

M(q;B) < Y M(qs; B) <cp B2,

kI<B

by the inductive hypothesis. This completes the proof of the theorem subject
to the claim.

Let us call a vector a € C" defective if the polynomial induced by
fails to be absolutely irreducible or has quadratic part with rank at most 1.
We will construct a proper subvariety £ C P*~! defined over Z, with degree
0,(1), such that [a] € E whenever a is defective. Once this is achieved it is
a simple matter to find a vector a € Z" satisfying the claim. Indeed, for any
A > 1, there are at least ¢;(v)AY possible non-zero vectors a € Z* for which
la] < A, for an appropriate constant ¢;(v) > 0. Moreover, it follows from
the trivial estimate [8, Lemma 2] that there are at most co(v)A”~! defective
vectors a € Z" satisfying |a| < A, for an appropriate constant cy(v) > 0. The
claim then follows on taking A > cy(v)/c1(v).

It remains to construct the variety E. Let us begin by considering vectors
a € C¥ for which is not absolutely irreducible. When ¢ is homogeneous,
so that ¢ = ¢y and v > 4, then it is well-known (see [§, Lemma 7], for
example) that there exists a non-zero form F € Z[X;,..., X, ], with degree
O,(1), such that F'(a) = 0 when the intersection is not absolutely irreducible.
Alternatively, when ¢ # ¢o and v > 3, we will work with the homogenised
quadratic form . Let U C P¥ denote the quadric R = 0. Using elimination
theory we can construct a form F' € Z[X,..., X,], with degree O,(1), such
that F'(a) = 0 whenever the intersection of U with the hyperplane Y., a;X; =
0 produces a reducible quadric. We need to show that F' is non-zero. Let
x = [1,0,...,0] and let 3, denote the set of hyperplanes in P” containing
2. Then the desired conclusion follows from the version of Bertini’s theorem
found in Fulton and Lazarsfeld [I7, Thm. 1.1], which shows that U N H is
absolutely irreducible for generic H € ¥,. We let E; C P"~! denote the
projective hypersurface F' = 0.

Shifting attention to the vectors a € C” for which has quadratic part
with rank at most 1, the 2 x 2 minors of the underlying quadratic form give a
system of six homogeneous quadratic equations whose simultaneous vanishing
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at a encapsulates this property. We denote this variety by Ey, C PY~!. After
verifying that FE5 is a proper subvariety, our construction is completed by
taking E = E1 U EQ.

Let V C P"~! denote the quadric ¢y = 0. Then v > 3 and V has rank ry > 2,
on identifying the rank of a quadric with the rank of the underlying quadratic
form. To prove that E, # P*~1 it suffices to show that for generic hyperplanes
H in P*~! the intersection VN H produces a quadric with rank at least 2. Thus
we need to know some elementary facts about how the ranks of quadratic forms
diminish on linear subspaces. For a hyperplane H let W =V N H and let ry
be the associated rank. It is well-known that ry > ry — 2. We will need
slightly finer information (see Swinnerton-Dyer [27, p. 264], for example). If
ry = v then ryy = v — 1 if H is not tangent to V. If riy < v then the singular
points of V' form a linear space L of dimension v —ry — 1 and we have ry = ry
if L ¢ H. In either case we deduce that ry > 2 for generic H. This concludes
the proof of Theorem [1.11]

4.2. Polynomial congruences modulo prime powers. This section is con-
cerned with counting solutions to certain systems of polynomial congruences
modulo prime powers. Recalling the definition of o(¢), we begin by estab-
lishing Hypothesis-p for the non-singular forms f € Z[X7, ..., X,,] that feature
in Theorems [L.4] and [L.10] when Y C A" is the affine quadric (1.9). (Note

that a linear form is automatically non-singular.)

Lemma 4.2. Let f € Z[X;,...,X,] be a non-singular form of degree d > 1.
Then we have o(p") <, p""~2).

Proof. The trivial bound is o(p") < p™. Since we allow our implied constant
to depend on r, we may henceforth assume that p { 2dmA det((Q)), where Ay
is the discriminant of f.
When r = 1 it follows from the Lang—Weil estimate that o(p) = O(p"2).
When r > 1 the statement of the lemma will follow provided we can show that
r+1) n—2

o(p"™) =p" "o(p").
To verify this we use an approach based on Hensel’s lemma. Let x (mod p")

be counted by o(p") and consider the vectors x + p"y for y (modp). Such a
vector runs modulo p"™! and is counted by o(p"*!) if and only if

p " f(x) +y.Vf(x) = 0(modp),

p T (Q(x) —m) +y.VQ(x) = 0 (mod p).
We claim that V f(x) and VQ(x) are not proportional modulo p, from which
it will follow that there are p"~?2 possibilities for y (modp), as required. Sup-

pose for a contradiction that there exists A\, u € IF,,, not both zero, such that
AV f(x) = pVQ(x) (mod p). Since p t m we must have p { x. In particular,
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A # 0 since f and @ are non-singular modulo p. It then follows from Euler’s
identity that

0 = d\f(x) (modp)
= \x.V f(x) (mod p)
= 1x.VQ(x) (mod p)
= 2um (mod p),
which is a contradiction. U

When n = 3 it turns out that we shall also need a good bound for
oll;c) =#{xeY(Z/lZ): f(x) =0(mod/), cx=0(modl)},

for any ¢ € N and ¢ € Z". Note that o(¢) = p(¢;0). The quantity o(¢;c) is a
multiplicative function of ¢ and our next result is concerned with estimating
it when ¢ = p".

Lemma 4.3. Let n = 3 and let [ € Z[Xq,...,X,] be a non-singular form of
degree d. Then we have o(p";c) <, pt=YI" ged(p”, ¢).

Proof. As in the proof of Lemma [4.2] we may proceed under the assumption
that p { 2dmA; det(Q). In particular f is non-singular modulo p and does not
vanish identically on the linear form c.x modulo p.

We begin by proving the result under the assumption that p 1 ¢, analysing
o(p"; ¢) via the non-singular change of variables y = (x1, 25, ¢.x). Assuming
without loss of generality that p 1 c3, we find that o(p"; c) is equal to

Q(csyr, csya, —C1y1 — Co¥a) = czm (mod p")
d T ) ) .
# {(yl’ y2) (mod ') f(cayr, eay2, —c1yr — caya) = 0 (mod p")

There is no contribution from yy, y» for which p | (y1,y2). Suppose without loss
of generality that p { yo. We make the further change of variables y; = zys,
now finding that the contribution to o(p”;c) is

# {(yg, z) (mod p") : p1y2, y5h(z) = cam (modp”), g(2) =0 (modp”)} ,

where

hz) = Q(csz, 03, —c1z —2)  and  g(z) = f(esz, 03, —c1z — ¢2).

Here g(z) is a polynomial of degree at most d which does not vanish identically
modulo p. Moreover we are only interested in roots of g(z) modulo p" for
which p { h(z). It follows from work of Stewart |26, Cor. 2] that the number
of z(modp”) is O(pU=Y9)"). For given z there are then at most 2 available
choices for y,, which therefore completes the proof of the lemma when p 1 c.
Suppose now that p’|lc. If 5 > r then we get a satisfactory bound for the
lemma by taking the trivial bound o(p";c) < p3" = ged(p”, ¢)?. Alternatively,
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if j < r we write x = u+ p"’v for u(modp"~7) and v (mod p’). The number
of u is precisely o(p"~7;€), where ¢ = p~/c. The number of v is trivially at
most p*. Hence we have o(p";c) < p¥o(p"7;¢). Applying our earlier bound
for the case p 1 ¢, we therefore complete the proof of the lemma. 0

4.3. Summary of the argument. It is now time to survey the key steps in

the proof of Theorems and [1.10 Let » > 2 and let f € Z[Xy,..., X,
be a non-singular form of degree d > 1. Recalling the counting function

N,(Y, f; H) from (T.4)), we let A > 0 and consider the contributions N (H)
and N®(H) that were defined in and , respectively. In view of
Remark [1.3] we see that the treatment of N (H) (i.e. the small moduli) is
handled by Proposition[3.3/and (3.9)), in which we can take po(Y; H) < H" 2
and fioo(Os(H)) < H" 2, dim(G) = n(n—1)/2 and dim(L) = (n—1)(n—2)/2.

When n > 4, L is simply connected and it follows from Proposition that
there exists 0 > 0 such that

NO(H) = &(Y, f,r) oo (Y; H)
L0 <Hn—2 {H—A/2 . HA(1+r(gn2_gn+1)_5}> '

Moreover, for n = 3, there exists o > 0 such that

NOH) = Y 5(On)S(On, f,r)ioo(On; H)
OACY(A)

+0 (HI—A/Q + H1+A(1+1OT’)—5) ’

where the sum is taken over finitely many orbits &4 that have non-trivial
intersection with Y/(R)x[[,_ ., Y (Zp). Our additional assumption on existence

of r-free points (when n = 3) guarantees that for at least one of the orbits Oa
we have §(0a) > 0 and &(Oa, f,r) > 0. On taking A > 0 to be sufficiently
small in terms of § we can ensure that these error terms are all satisfactory

from the point of view of Theorems [I.4] and [T.10]

For given A > 0, it remains to show that there exists n > 0, depending on
A, r,d and n, such that

N®(H) < H" 27, (4.3)
We shall do so provided that f is a non-singular form of degree d > 1, with r
satisfying the lower bounds from Theorems or [1.10, which will thereby

suffice to conclude their proof. For ¢ € N, the estimation of N (H) hinges
upon good upper bounds for

U(H) = #{x € Y(Z) : |x| < H, 0% f(x) = 0(mod ()},  (4.4)

The following result summarises our treatment of U,(H) when d = 1.
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Proposition 4.4. Suppose that f € Z[ X, ..., X,] is a linear form. Let e >0
and let £ € N. Then Uy(H) = O.(¢(~*H"%7¢),

This result will be established in §5.1] Applying Proposition 4.4 with ¢ = k"
and € = A/2, we obtain

N(Q)(H) < Hn2A/2 Z |H]i];)| < H 202,
k>HA
This is satisfactory for (4.3)).
Estimating U,(H) for d > 2 is more difficult. For square-free k € N we deal
with this by noting that U (H) < Ui (H), for any j < r, whence

NOH) < Y |uk)| U (H). (4.5)
HA<k<<Hd/r

We will establish the following result in §5.2]

Proposition 4.5. Let n > 4 and suppose that f € Z[Xy,...,X,] is a non-

singular form of degree d > 2. Let € > 0 and let k € N be square-free such
that k(=1 < H. Then Uy (H) = O, ;(k=9/(n=Y [fn=2+),

This allows us to establish when n > 4. We make the assumption that
7 and r are chosen so that
7dn
(n—1)r
Then it will follow that k"/("") < H in (L.5)), since k < HY". Hence
Proposition [4.5] yields

<1 (4.6)

2 n—2+¢ |lu<k)|
NOI(H) <y mmree S0 L
k>HA
for any ¢ > 0. Here the exponent of k exceeds 1 if and only if 7 > n — 1.
We choose j = n, with which choice we can conclude that holds for any
n < A/(n—1), provided that r satisfies with j = n. But this is equivalent
to r > dn?/(n — 1), which was one of the assumptions in Theorem [L.4]
When n = 3 we are not able to get such a good bound for U (H). The
following result will also be established in §5.2]

Proposition 4.6. Let n = 3 and suppose that [ € Z[X1, Xs, X3] is a non-

singular form of degree d > 2. Let € > 0 and let k € N be square-free such
that k%3 < H. Then Uy (H) = O, ;(k=7/G) H+#),
Let us see how this is sufficient to prove (4.3) when n = 3. We make the
assumption that j and r are chosen so that
45d

< 1. 4.
3r (4.7)



POWER-FREE VALUES OF POLYNOMIALS ON SYMMETRIC VARIETIES 39

Then, as before, it will follow that k%/3 < H in (4.5)), since k < H¥". Hence
we may apply Proposition in (4.5)), giving

(2) rrlde (k)]
NOH) <oy HY Y (56
k>HA
for any € > 0 and any j such that (4.7)) holds. Here the exponent of k exceeds
1 if and only if j > 3d. We choose j = 3d + 1, with which choice we conclude
that (4.3 holds with n = 3 and any n < A/(3d), provided that r satisfies the

inequality r > %d(i%d + 1), which was one of the hypotheses of Theorem .

5. LARGE MODULI

5.1. Linear polynomials. In this section we establish Proposition £.4] Let
Y C A" denote the quadric Q = m, for n > 3, and let f € Z[Xq,...,X,] be a
linear form. We are interested in the quantity

U(H) = #{x € Y(Z) : |x| < H, 0% f(x) = 0(mod )},

for ¢ € N. After a non-singular linear change of variables, we see that it suffices
to prove Proposition [f.4] when f = X,,. In particular Uy(H) = 0 unless { < H,
which we henceforth assume.

Suppose first that n > 4. Note that

UlH) = E L,(H),
heZ, 0<|h|<H
h=0 (mod ¥)

where Lp(H) = #{x € Y(Z) : |x| < H, z,, = h}, for any h € Z. For n > 4 we
claim that

Li(H) = O, (H" %), (5.1)
for any € > 0, where the implied constant does not depend on h. This will
suffice to establish Proposition for n > 4, since there are O(¢~'H) integer
values of h < H such that ¢ | h.

To verify we write
X1, X)) =Q(Xy, ..., X 1,h) —m,
for the quadratic polynomial in Lj,(H). Then
qo(X1, ..., Xn1) = Q(Xq, ..., X;-1,0)

and it follows that rank(qy) > n — 2, since @ is non-singular. In particular
rank(qy) = 2 if n > 4. Moreover, if ¢ were reducible, then the quadratic form

Ri(Xo, .., Xno1) = Q(X1,. .., X1, hXo) — mX

would have rank at most 2. But this is impossible when n > 4. Indeed, if h = 0,
then rank(Ry) > n — 1 > 3. Equally, if h # 0, then rank(R,) > n—1 > 3,
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since rank(A + B) > |rank(A) — rank(B)| for any n x n matrices with integer
coefficients. The estimate (5.1)) is now a trivial consequence of Theorem [L.11]

It remains to establish Proposition [£.4] when n = 3 and f = X3. We may
write

Q(X1, Xa, X3) = P(X1, X3) + X3(cX; +dXy) + eX3, (5.2)

where P(X1, X5) = Q(X1,X5,0) and ¢,d,e € Z. Since ) is non-singular, it
follows that P has rank 1 or 2. We will need to deal with each of these cases
separately.

Suppose first that rank(P) = 2. Then after a non-singular change of vari-
ables in X; and X5 alone it suffices to proceed under the assumption that

c=d=01n (5.2). Hence

3.
Ul(H) < # {X €z P(zy,79) =m — ex?

|x| < H, 0+# x3 =0 (mod/) }

Let h € Z such that h < H and 0 # h = 0(mod /). There are O((~'H)
such integers. If m — eh? # 0 then an application of Lemma shows that
there are O.(H*®) choices for z;,79 < H such that P(zy,75) = m — eh?®.
If m — eh? = 0, which can happen for at most 2 values of h, we deduce
that 0 # m = 0(mod¢). Hence ¢ = O(1) and there are O(H) choices for
71,79 < H such that P(z1,z2) = 0. This case therefore contributes O(¢~'H)
overall, which shows that Proposition holds when n = 3 and rank(P) = 2.

Next we suppose that rank(P) = 1 in (5.2)), still with n = 3 and f = Xj.
Then @ takes the shape

Q(X1, Xo, X3) = aLy (X1, Xo)* + X3Lo( X1, Xo) + X3,

for a,e € Z and linear forms L, Ly € Z[X1, X5]. Moreover al; and Ly are
non-zero and non-proportional, since () is non-singular. After a change of
variables we obtain

U(H) g#{XEZ:‘; |x| < H, 0# x3=0(mod/() }

x} + rows +cxy =d

for suitable integers ¢,d = O(1) with d # 0. If 23 = 0 then ¢ = O(1) and there
are clearly O(H) choices for 1, ro. Hence there is a contribution of O(¢~'H)
to Uy(H) from this case. Alternatively, the contribution from non-zero x3 is
at most

v(zs;d
E #{r1 < H:z]i=d(modz3)} < H E <|3|),
0<|zs|<H O<iral<cH T3
23=0 (mod ¢) 23=0 (mod ¢)

where

v(q;d) = #{n (modq) : n* = d (mod q)}.



POWER-FREE VALUES OF POLYNOMIALS ON SYMMETRIC VARIETIES 41

On noting that v(g; d) is a multiplicative function of ¢, with v(27;d) < 4 and
v(g;d) =3, \,u(k)|(§) when ¢ is odd, it follows that v(q; d) < 2¢@+! <« ¢°/2,
where w(q) denotes the number of distinct prime factors of ¢q. Next we observe
that

1
> < (ogH.
. |73
<|zs|<H
23=0 (mod ¢)

Thus the non-zero x3 contribute O, (¢~ H'*¢) overall. The same bound there-
fore holds for Uy(H) when n = 3 and rank(P) = 1, which thereby concludes
the proof of Proposition [4.4]

5.2. Higher degree polynomials. We now place ourselves in the setting of
Propositions and [1.6] Let f € Z[Xi,...,X,] be a non-singular form of
degree d > 2. If Ay is the discriminant of f, then Ay and m det(()) are both
non-zero integers. Let € > 0 be given once and for all. For square-free k € N
such that k% < H, we want to estimate the quantity Uy (H) in (4.4).

Let us put £ = k7 for convenience. Our estimation of Uy(H) is inspired by
an argument of Browning and Munshi [7, Lemma 4]. We will require some
elementary facts about integer sublattices, as established by Davenport [12),
Lemma 5]. Suppose that A C Z" is a lattice of rank r and determinant det(A).
Then there exists a “minimal” basis m™®, ..., m® of A with the property

A < Jul/lmY|, (1< <),

whenever u € A is written as u = Z;Zl AymW) . Furthermore, the basis is
constructed in such a way that 1 < j[m®| < --- < |m™| and
det(A) < J] Im"| < det(A). (5.3)

j=1

Breaking into residue classes modulo ¢, we obtain

U(H)< > #{xeY(Z): x| <H x=§&(modl)}.  (5.4)
£ (mod )
Q(&)=m (mod ¢)
f(€)=0 (mod ¢)
We denote the set whose cardinality appears in the inner sum by S,(H;§). If
Se(H; &) is empty then there is nothing to prove. Alternatively, suppose we
are given xg € Sy(H;&). Then any other vector in the set must be congruent
to xg modulo ¢. Making the change of variables x = xq + fy in Sy(H;§), we
have |y| < 2¢7'H. Furthermore,

y-VQ(xo) +£Q(y) = 0, (5.5)
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by Taylor’s formula, since Q(x¢ + fy) = m and Q(x¢) = m. Note here that
VQ(xq) # 0 for any x¢ € Y (Z).

When n > 4, it will be convenient to deal separately with the contribution
from y for which y.VQ(xq) = 0. Using this linear equation to eliminate one of
the variables, we arrive at a quadratic form in n — 1 variables. We claim that
this quadratic form is non-singular. When n > 4 this automatically implies
that it is also absolutely irreducible. To see the claim, suppose that B is the
underlying symmetric matrix associated to @, so that VQ(y) = 2By and
VQ(x¢) = 2Bxy. Then if the quadric obtained from Y.VQ(x¢) = Q(Y) =0
is singular, there must exist A\, u € Q and y # 0, such that (), ) # (0,0) and

Qly) =0, 2B(Ay + puxo) = 0.

Since B is non-singular, this implies that \y + uxo = 0, which is impossible
since 0 # m = Q(xp). Hence the claim follows and Theorem implies that
for n > 4 the overall contribution to Sy(H; &) from y for which y.VQ(x¢) =0
is <. (H/0)"3Fe,

Returning to general n > 3, implies that the y under consideration
satisfy the congruence y.VQ(€) = 0(mod /), since xo = & (mod¥). Let us
write

Ne={yeZ":yVQ() =0(mod/l)}.
Our work so far has shown that

#Su(H; &) < 2#{y € A¢ : [y| < 2¢7'H, (5.5) holds},

when n = 3, and

. H\" " lyl < 20'H, holds

when n > 4.
The set A¢ defines an integer lattice of rank n. To calculate its determinant

we write £ = £/ ged(¢, VQ(£)) and note that /Z" C Ae. Thus we have
[Z" : 07

det(/\g) = [Zn . /\5] = W

The numerator here is clearly /™ and the denominator is seen to be 2”_1, since
there are "1 distinct values of y (mod /) for which y.VQ(&) = 0 (mod /).
Thus det(A¢) = /. We claim that in fact ¢ < det(A¢) < ¢, the upper bound
being trivial. For the lower bound, note that £.VQ(&) = 2Q(&) = 2m (mod )
in (5.4), whence ged(4, VQ(€)) < 1.

Let M denote the non-singular matrix formed from taking column vectors
to be a minimal basis my,...,m, for A;. Making the change of variables
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y = M, we arrive at the equation ¢(A) = 0, where if b; = £~1m;.VQ(xg) for
1=1,...,n, then

g(N) = QUmy + -+ Aum,) + Ay 4 by (5.6)

This is obtained from by substitution and dividing through by ¢. It is
defined over Z and the quadratic homogeneous part ¢y has underlying matrix
M”BM of full rank n > 3, where B is the matrix associated to Q. Our
argument now diverges according to whether n > 4 or n = 3.

The case n > 4. Recalling the definition of Sy(H; &), our main aim in this sec-
tion is to establish the following result, which may prove to be of independent
interest.

Proposition 5.1. Assume that n > 4 and let € > 0. Then we have

H n—3+4¢ H
#{xeY(Z): |x| <H, x=€(modl)} <. (7) <1 + W) )
for any £ € N and any € € (Z/UZ)", where the implied constant is uniform in
¢ and €.

Before proving this result let us see how it suffices to complete the proof of
Proposition [1.5] Taking ¢ = k7 for square-free k € N, we have (/") < H, by
hypothesis. Thus the second term dominates the first term in Proposition [5.1}
Substituting this into (5.4)) and applying Lemma , we finally arrive at the
bound
o(0)Hn=2+e _ C;’(Z)Hn—Q-i-a

U(H) < fn—2+1/(n—1)+e =~ p1/(n—1)+e ’

for an appropriate constant C; > 0 depending on j. Taking Cf(e) = O.;(7),
we therefore conclude the proof of Proposition |4.5]

Proof of Proposition[5.1. We employ the properties of the minimal basis that
were recorded above. This leads to the inequality

H\" 3t n A< (my|0)'H for 1 <i<n
#50(H; §) <. (7> +#{)\€Z T gN) =0, A 4o+ b, #£0 }

We begin by considering ¢(A) when \,, = h is a fixed integer, with h # 0 when
blz"':bn_l = 0. Put
T(Xl, e 7Xn71) = Q(Xl, Ce >Xn717 h)

We claim that r is absolutely irreducible and that rank(rg) > 2. The latter
follows on noting that ro(Xy,..., X,-1) = Q(Xim; +---+ X,,_ym,,_1), which
must have rank at least n — 2 > 2. To check that r is absolutely irreducible
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we consider the rank of the quadratic form Xgr(X;/Xo,..., X, 1/Xo). The
latter is equal to

QXimy+---+X,,mm,_; +hXom,) +Xo (b1 X5 + -+ b,m1. X1 + 0,8 Xo) .

If A~ = 0 then this has rank at least n —2-+1 =n —1 > 3 since in this scenario
(by,...,bn1) # (0,...,0). If A # 0 then it clearly has rank at least n —1 > 3.
Hence r is indeed absolutely irreducible.

Returning to our estimation of #5S,(H; &), suppose first that |m,|¢ > H,
so that A\, = 0 in any solution to be counted. It follows from the condition
b1\ + -+ + by A, # 0 that we may assume (by,...,b,-1) # (0,...,0). Then
q(X1,...,X,1,0) satisfies the hypotheses of Theorem and we see that
there is an overall contribution of O.((H/¢)"3¢) from this case, which is
satisfactory.

We proceed under the assumption that |m;|¢ < H for 1 < i < n. We
will fix a value of )\, and then use Theorem to estimate the associated
number of A\q,..., \,_1. It follows from the condition byA; + --- + b\, # 0
that when by = --- = b,y = 0, any solution with A, = 0 is to be ignored.
Let A\, = h be fixed and put r(Xq,..., X,,—1) = q¢(Xy,..., X1, h), as before.
Then r satisfies the hypotheses of Theorem and we deduce that the total
number of Ay, ..., \,_1 associated to h is

H n—34¢
< | —— .
(’ml ¢ )

The implied constant in this estimate depends at most on £ and n and, cru-
cially, is independent of h. Summing over h therefore leads to the overall
conclusion that

Hn72+€
gn—2+e|m1|n—3|mn| '

n—3+e
ssame < (7)  +

It follows from ([5.3) that
"3 my, | > g [V my, | 2 (| g )Y > (det Ag) VY
> g1/ (n=1)

Taking this lower bound in our estimate for #5,(H; ) concludes the proof. [

The case n = 3. We henceforth take n = 3 and concern ourselves with the
proof of Proposition 4.6l For j > 2 we are interested in estimating the quantity
Ui (H), when k%/3 < H. Developing Uy (H) as in (5.4)), our starting point is
the inequality

#S(H: &) <2#{A € Z° - N\ < (jmy|0) ™" H for 1 <i <3, q(A) =0},
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where ¢ is given by and £ = k. When n = 3 we have been unable to
produce a satisfactory estimate for this quantity by first fixing A3 and analysing
the resulting binary quadratic polynomial. The problem is that for certain
choices of \3 it may happen that the resulting polynomial is reducible over Q,
which would then contribute too much to #S,(H;§&). Instead we will apply
Theorem directly to the ternary quadratic polynomial and attempt to
show that |m;| cannot often be very small.

Since qp has rank 3 it follows that ¢ is absolutely irreducible. By one
has |m; |? < det(A¢) < ¢. Moreover, (/3 = k*/3 < H. Hence H > |m,|¢ and
so Theorem implies that

14¢
45,(H:£) <. (ﬁ) . (5.7)

This estimate is sharpest when |m;|* has exact order ¢. Let us put

1
- 3d’

for convenience. Returning to ([5.4]) we will denote by U, g(l)(H ) the overall con-
tribution to the right hand side from & for which the corresponding basis vector
m; = m, (&) satisfies |[m,| > ¢*. We denote by UK(H)(H) the contribution from
& for which the smallest basis vector satisfies |m;| < ¢®. The estimation of

U e(j)(H ) is a straightforward consequence of (5.4)), (5.7) and Lemma E Thus
we deduce that

o(0)H'e C}u(f)HHs Fite
((A+5R)(1+e) S (e Leyj (5

for an appropriate constant C; > 0 depending on j. In view of our choice of
K, this is clearly satisfactory for Proposition [£.6]

In order to estimate U, Z(H) (H), we introduce averaging over the least non-zero
elements of A¢. Thus, given a non-zero vector m € Z? satisfying |m| < %, we
shall return to and consider the overall contribution from & and x such
that m.VQ(&) = 0 (mod ¢). Note that m.VQ(&) = (2Bm).£, where B is the
symmetric matrix associated to ). Applying , we obtain

an . H 1+e
U/ (H) <. E o(¢;2Bm) | —— :
=, |m|¢
0<|m|<er

U (H) <.

Invoking Lemma 4.3 we deduce the existence of a constant C;; > 0 such that

o(¢;2Bm) < C’;‘)(Z)Zl’l/d ged(¢,2Bm)>.
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Thus
CW(K)H]:FE d g 2B 3
(1) j ged (4, 2Bm)
meZ3
0<|m|<er

The contribution to the inner sum from m such that M < |m| < 2M is at
most

h3 3 h3 M 3
ZM#{meZ . M < |m| < 2M, h]2Bm}<<ZM<_)

h
h|t h|t
< T(0)M>.
Summing over dyadic intervals for M < ¢, we now find that
w(l) r71+e
(11) T(£>Cj H 2 2k—1/d 7714
U, (H)<<g€1/—d_"_€ZM L L /dppite.

M< LR

Recalling our choice of x, this is also satisfactory for Proposition [4.6] and so
completes its proof.
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