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Let X be a smooth projective hypersurface defined over Q. We provide new bounds for rational points
of bounded height on X. In particular, we show that if X is a smooth projective hypersurface in P" with
n > 4 and degree d > 50, then the set of rational points on X of height bounded by B have cardinality
On,d¢(B"2+).1f X is smooth and has degree d > 6, we improve the dimension growth conjecture bound.
We achieve an analogue result for affine hypersurfaces whose projective closure is smooth.

1 Introduction

Let X be a projective geometrically irreducible hypersurface defined over Q of degree d > 2 in P". The
uniform dimension growth conjecture [11, Conjecture 2], stated by Heath-Brown, asserts that

N(X,B) <nd. B" ', (1.1)

where N(X, B) counts the number of rational points on X of height at most B. This conjecture is now
a theorem [16, Theorem 0.3] by Salberger for d > 4, or by Heath-Brown [11, Theorem 2] for d = 2. The
conjecture remains open for d = 3; however, Salberger proved that it holds if the error term is allowed to
depend on X [16, Theorem 0.1]. The aim of this paper is to improve (1.1) under suitable conditions on X.
Specifically, our goal is to show that if X is smooth, then N(X, B) <4, B ?**. This has been proven for
n > 28 by Marmon in {12, Theorem 1.2] and our objective is to extend the result to n > 4, subject to
additional assumptions on d = degX.
Let X € P" be a projective variety. Define

1 <BY0OKIK
N(x,B)=#[x=<><o,xl,...,xn>eX(@:xiez, Xl SBYOSt<n, ]

gedy i) =1
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2 | M. Verzobio

We will work with a fixed B > 2 and we will say that x € X is of bounded height if it belongs to the set
above. For d > 6, define the decreasing positive function

0 if d > 50,
113 :
A1 if 50 > d > 20,
o(d) = %ﬁ+3—\1/a—% if 20 > d > 16, (1.2)
3 2 ;
Htsa L if16 >d > 9,
% if9>d>6.

Theorem 1.1. Let d > 6 and n > 4. Let X be a smooth projective hypersurface defined over Q of
degree d in P". Then, for all e > 0,

N(X,B) Knde BT2H@ ifn > 5,
and

N(X,B) <q, B ™03+ i = 4,

Notice that, for d > 6, our bound is strictly better than the one that follows from the uniform
dimension growth conjecture, since ‘% - % < land #(d) < 1 ford > 6.In the case when d < 6,
our method does not provide better bounds than the one from the dimension growth conjecture. The
main reason is that we are not able to bound efficiently the rational points of bounded height that lie on
irreducible curves of degree less than 4 (see Lemma 2.6). The following corollary follows on combining

Theorem 1.1 with the aforementioned result by Marmon [12, Theorem 1.2].

Corollary 1.2. Letn,d > 4 and let ¢ > 0. Let X be a smooth projective hypersurface defined over
Qof degreedinP". If d > 50 or n > 28, then

N(X,B) <ng. B"27. (1.3)

We believe that (1.3) should hold for all n > 4 and d > 3, while it is easy to show that it cannot hold
in general ford < 2orn < 3.

Conjecture 1.3. Letn > 4 and d > 3. Let X be a smooth projective hypersurface defined over Q of
degree d in P". For all ¢ > 0,

N(X,B) <na.e B,
Remark 1.4. The bound of Theorem 1.1 is optimal (up to ignoring the ¢ in the exponent), in the
sense that we cannot improve it for all d > 6 and n > 4. For example, let X € P° be defined by
_ d 4 d 4y d d |y d
F(X0,X1,X2,X3,X4,X5) = Xo(Xg + X5) + X1(X] + X3) + X2(X5 + X3),
that is smooth and contains the plane xo = x; = x = 0. Thus, N(X, B) > B®.
Remark 1.5. We briefly discuss the assumption n > 4. To prove (1.3) for n = 2, we would need to

show that N(C,B) «q4,. B? for a smooth projective plane curve C. Since d > 4, the curve C has
genus strictly larger than 1 and then

N(C,B) «c 1

by Falting’s Theorem. However, removing the dependence on C and proving that N(C, B) <4 Bf
is a major open conjecture. In the case n = 3, (1.3) holds, for d > 9, if and only if X does not
contain any rational line [16, Theorem 0.5].
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We also prove an affine analogue of Theorem 1.1. Let Y € A" be an affine variety. Define
Nagr(Y,B) = #{x = (x1,..., %) € Y(Z) : Ixil < BV1 i< n}

An affine analogue of the uniform dimension growth conjecture has been proved by Vermeulen in [21];
see (2.3) for more details.

Theorem 1.6. Letn > 5 and d > 6. Let Y be an affine hypersurface defined over Q of degree d in
A" such that the projective closure of Y is smooth. Then, for all ¢ > 0,

Natr (Y, B) Kna, B 0@+,

Remark 1.7. We briefly discuss the assumption n > 5. If n = 2, 3, then the bound Nag (Y, B) <4,
B"3+¢ clearly cannot hold, in general. Let n = 4. Let F1(xo,X1,X2) = 0 be a smooth projective
curve C of degree d and let f1(x1,X2) = F1(1, X1, X2). Consider the affine variety Y defined by

F&1, e, Xa) = (X1, %) + x3x8 7 4 x31xy.
The projective closure of Y is defined by
F1(x0,X1,X2) + X3X§ ' +X§'x4,
and it is smooth. The hypersurface fi(x1,%;) = x3 = 0 is contained in Y and then
Nagt (Y, B) 3> Nage ({f1(X1, X2) = 0}, B)B.

In order to have the bound of Theorem 1.6 for Nug(Y, B), that is Nug(Y, B) <q4,. B+, we would
need to show that Nag({f1(x1,%2) = 0},B) 4. B°. As we already mentioned, this is an open
conjecture. In Lemma 3.6, we prove an analogue of Theorem 1.6 for n = 4.

We will prove Theorem 1.1 and 1.6 via a modification of Salberger’s determinant method [16, Lemma
3.2]. A key feature of this paper is that, rather than applying the determinant method to surfaces, as
it is typically done, we apply it to threefolds. This leads to efficient bounds thanks to recent optimal
bounds on the cardinality of integral points of bounded height on affine curves of very high degree by
Binyamini, Cluckers, and Novikov [2, Theorem 2]. Indeed, when one applies the determinant method to
threefolds, one has to bound the cardinality of rational points of bounded height on surfaces of bounded
degree, which we will handle using [16, Section 7], and on curves that may have very high degree.

The problem of bounding the cardinality of rational points of bounded height on smooth projective
hypersurfaces is well established and has been studied in several works such as [5], [6], [15], [18], and
[19]. For the case of degree 3; see [3]. As already mentioned, Marmon in [12] handles the same problem
for n large, obtaining the bounds via the study of certain exponential sums. As is often the case, when
nis small and d is large, the determinant method yields stronger bounds, and this remains true in our
setting. In the case when d is much larger than n (say, roughly speaking, d > n"), the approach used in
[19] by Salberger and Wooley would lead to better bound; see [19, Corollary 1.2]. Both our method and
theirs rely on iteratively slicing the variety with hypersurfaces. The main difference is that we perform
this slicing procedure using hyperplanes, while they use hypersurfaces that may have higher degree.
In the case when d is much larger than n, the number of hypersurfaces they use is smaller than the
number from our method and so it leads to better results.

We will adopt the following strategy. If X is a smooth hypersurface in P" (or A"), then by fixing one
variable we reduce to studying hypersurfaces in A"~1. Up to some cases that we treat separately, we can
assume that the projective closure of these affine hypersurfaces is smooth. We repeat this procedure
to reduce to studying smooth hypersurfaces in A*. Using Salberger’s determinant method [16], we show
that integral points of bounded height lie on a set of surfaces or on a set of curves. We then bound
integral points of bounded height on surfaces or curves using Salberger’s determinant method again
([16, Section 7]) or an optimal bound for points on curves ([2, Theorem 2] if the degree of the curve is at
least 4, or [15, Proof of Corollary 3.9] if the degree of the curve is at most 3).
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In recent years, considerable effort has been devoted to eliminating the ¢ in the exponent of the
dimension growth conjecture bound (1.1) and understanding the dependence on d in the error term; see,
forinstance, the work of Castryck, Cluckers, Dittmann, and Nguyen [8], as well as the aforementioned [2].
Similarly, there has been interest in generalizing the dimension growth conjecture bound to the global
field setting; see the work of Sedunova [20], Paredes and Sasyk [13], and Vermeulen [22]. While we believe
that their methods could potentially be adapted to the setting considered in this paper, we do not pursue
this direction here.

While this project was in its final stages, Binyamini, Cluckers, and Kato proved in [1] that the
dependence on the degree in the implied constant of the dimension growth conjecture bound (1.1)
is quadratic. This result provides an efficient way to bound the number of points of bounded height on
hypersurfaces of high degree. With this new tool, it seems reasonable that the bounds established in
this paper can be improved. We intend to pursue this direction in future work.

2 Preliminaries

In this section, we collect some results that we are going to use in the following sections.
Given a projective variety X of degree d, it is rather easy to show [4, Theorem 1] that

N(X,B) <4 BdimX+‘l. (21)
In the same way, given an affine variety Y of degree d, we have
Nage (Y, B) «q BI™Y. (2.2)

We refer to these bounds as the trivial bounds.

As we pointed out in the introduction, we will need to bound the cardinality of integral points of
bounded height on affine curves of very high degree. We will do so using the work of Binyamini, Cluckers,
and Novikov in [2, Theorem 2]. We state their result in the form we need in the next lemma.

Lemma 2.1. Let C € A" be an algebraic curve of degree d such that each irreducible component
of C has degree at least § < d. Then, forall e > 0,

Nat (C, B) <ne Bf (dB% " dz) ,

Fix q a positive integer and z = (z1, 2y, ..., Zn) € A"(Z). Let
Nagr(C,B,q,2) =#{x e C(Z) | Ixil <B,x; =2z mod qVvV1l<ig<n}

and then
B\ 7
Nag(C, B, q,2) <n,e B (d (a) + dQ)A

Proof. Let {C;} be the set of irreducible components of C, each of degree d;. So, >"d; = d and
Nage(Ci, B) <ne d2B7 B
by [2, Theorem 2]. If d; < 2(¢)7?, then
d?BY Bf <, BI*.
If di > 2(e)~ 1, then

1,
d?BT B> <, d?B".
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In both cases,
Nag(Ci, B) <o B (d? +B7)
and hence

Nat(C,B) = 3 Nage(Ci, B) <ne DB (@ +B7) <o B (dBF + %),

1 1

For the second part of the lemma, we can assume |z;| < q forall 1 <i < n.Let C' be the curve obtained
by C after the change of variables x — (x — z)/q. Then,

Nag(C,B,q,2) < Nagr (C', 1+ B/q)
and we conclude by applying the first part of the lemma. |

To bound the number of integral points of bounded height on affine surfaces, we use Salberger’s
work in [16, Section 7].

Lemma 2.2. Let W be an irreducible surface defined over Q in A* of degree d, and let Nygr (W, B) be
the cardinality of integral points of bounded height on W that do not lie on irreducible curves
of degree at most e — 1 on W. Then, forall ¢ > 0,

Naffe(W, B) <dee B%-ﬂ + Bﬁ*'%*'g‘

Proof. The proof of this lemma follows the second part of the proof of [16, Theorem 6.1]. Assume that
W is geometrically irreducible. By [17, Lemma 8.1], there exists Wy in A%, geometrically integral and of
the same degree as W, such that

Natf (W, B) ¢ Nagt(W1, 04(B)).
Moreover, there exist two curves C € W and C; € W; such that W\ C is isomorphic to Wj \ Cj.
Furthermore, the degree of C and C; is O4(1). We can bound the integral points of bounded height on
irreducible components of C of degree at least e by Og,.(B:**) using Lemma 2.1. By [9, Example 18.16],
the degree of curves on W outside C does not change under the isomorphism. Hence,

Natt (W, B) <aer Nagre(W1,04(B)) + B+,

By [16, Theorem 7.2], the non-singular integral points of bounded height on W; that do not lie on curves
of degree at most e — 1 are

Odes (Bﬁ+§+e T B%H) ‘

The singular locus of W4 is contained in the union of O4(1) curves of degree O4(1). Thus, the singular
integral points of bounded height on W, that do not lie on curves of degree at most e — 1 are

Od,e,s (B%Jrs)
and the proof is completed, under the assumption that W is geometrically irreducible.
If W is not geometrically irreducible, the integral points on W would lie on a proper subvariety Wy of

degree O4(1) (see [16, Proof of Theorem 2.1]). Then, dim W; < 1 and we easily conclude. |

Given a projective variety X, we denote by N.(X, B) the number of rational points of bounded height
that do not lie on irreducible curves of degree at most e — 1.
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Lemma 2.3. Let ¢ > 0. Let X C P" be a projective irreducible surface defined over Q of degree d.
Then,

Ne(X, B) e BT 4 B2ATEH

If Xis smooth and 2 < e < d — 2, then
Ne(X,B) <ngo BF T +BEF,

Proof. The first part of the lemma follows from [16, Corollary 3.22 and Theorem 6.1]. For the second
part of the lemma, notice d > 4 and then

E

2

tao1

N

5
S

By the first part of the lemma,
No (X, B) nge BT +BRITTT g BT
As proved by Colliot-Thélene in [11, ], there are O4(1) irreducible curves of degree < d — 2 on X and the

lemma follows. u

Lemma 2.4. Let X be a smooth projective hypersurface of degree d in P" for n > 4. There are no
varieties of dimension n — 2 and degree less than d lying on X.
Proof. This is a corollary of the Noether-Lefschetz Theorem; see [19, Theorem 2.3]. |
We say that an affine variety W c A" of dimension m is cylindrical over a curve if there exists a linear
map x : A" — A""*1 such that 7 (W) is a curve.

If W is an irreducible affine variety defined over Q, of dimension m, degree d > 4, and not cylindrical
over a curve, then

Nagr(W, B) g B"7H. (2.3)

This affine version of the uniform dimension growth conjecture has been proved by Vermeulen [21,
Theorem 1.2].

Lemma 2.5. LetY be an affine hypersurfacein A" forn > 5 of degree d > 2, such thatits projective

closure is smooth. Let W be an irreducible subvariety of dimension n — 2. Then, W cannot be
cylindrical over a curve.

Proof. We assume that W is cylindrical over a curve and we aim for a contradiction. After a linear
change of variables, we can assume that W is defined by polynomials in n — dim W + 1 = 3 variables.
Thus, we assume W = V(f;(x1, X2, X3))1<i<s- Assume that Y is defined by f = 0 with

Fa, e %) = ho(Xa, ... Xn) + X8 (xa, .., Xn)

for deg, (ho(x1,...,xp)) < d—2. Since W C Y, then

V(fi(x1, X2, X3))1<igs S V(i (X1, ..., Xn))
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and hy is non-zero since otherwise the projective closure of Y would be singular. So, h; has degree 1 and
after a linear change of variables we can assume h; = xs and W = V(fo(x1, X2), X3). Therefore,

F&a,0 %) = fo(X1, X2)Go(X1, - -+, Xn) + X391(X1, - -+, Xn)
and the projective closure of Y is defined by
F(xo,X1,...,%Xn) = Fo(X0,X1,%X2)Go(X0, X1, ..., Xn) + X3G1(X0, X1, ..., Xn) = 0.

Notice that G; is non-constant since degF = d > 2 and Fy has degree at least 2, since otherwise W would
have degree 1 contradicting Lemma 2.4. A point that satisfies

X0=X1=X2=X3=G1=O

is singular, contradiction. n

Lemma 2.6. Lete > 0.Let X be a smooth projective hypersurface defined over Q of degree d > n+1
in P" for n > 4. Let Z be the union of all algebraic curves on X with irreducible components of
degree at most three. The rational points of bounded height on Z are

On,d,s (Bn72+s) )

Proof. By [15, Lemma 6.1], the reduced scheme structure of Z is a proper closed subvariety of X, defined
over Q, of degree O;4(1). If dim(Z) < n — 3, we conclude by the trivial bound (2.1). If dim(Z) = n — 2, each
irreducible component has degree at least d by Lemma 2.4 and then we conclude using the bound (1.1).
Finally, Z cannot have dimension equal to n — 1 since it is proper. |

Lemma 2.7. Let ¢ > 0. Let Y be an affine hypersurface defined over Q of degree d > n+11in A"
forn > 4, such that its projective closure is smooth. Let W be the union of all algebraic curves
on Y with irreducible components of degree at most three. If n > 5, then the integral points of
bounded height on W are

On,d,s (Bn—3+£) )
If n = 4, then the integral points of bounded height on W are

O (B1+§+s) )

Proof. Let W, be an irreducible component of the reduced scheme structure of W. By [15, Lemma 6.1]
we cannot have dim(W;) = n — 1 and if dim(W;) < n — 3 we conclude with the trivial bound (2.2). If
dim(W;) = n — 2, then W, has degree at least d by Lemma 2.4 (since otherwise the projective closure
of W, would be a hypersurface of degree less than d). If W, is not cylindrical over a curve, we conclude
by (2.3).If n > 5, then W1 is not cylindrical over a curve by Lemma 2.5 and so we are done. If n = 4, we
conclude by [14, Theorem A]. |

Lemma 2.8. Let F € Z[xo, X1, ..., Xn| be @ homogenous non-singular polynomial of degree d. There
exists a matrix A € SLy;1(Z) with max |a;j| <pnq 1 with the following properties. Let G =Fo A~%,
let Y}, be the affine variety defined by G(1, x4, ...,b) = 0, and B be the set of integers b such that
Y}, has degree strictly smaller than d or its projective closure is not smooth. Then, the projective
variety G = 0 is smooth, of degree d, and #8 <4 1.

Proof. See Lemma 5 and the proof of Proposition 2 at page 409 of [5]. |

Lemma 2.9. Let X be a smooth hypersurface in P" for n > 4. For any hyperplane H, the projective
variety X N H in P*! is irreducible and deg X = deg(X N H).
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8 | M. Verzobio

Proof. We can assume H = {xo = 0} and that X is defined by F(xo, X1, ..., X,) = 0 with
F(x0,%1,...,%n) = X0Go(X0, X1, - -+, Xn) + G(X1, ..., Xn).

Thus, XNH is defined by G(x1, . .., x,) = 0. Notice that G is non-zero, since otherwise X would be reducible,
and then deg(G) = deg(F). If X N H would be reducible, then G = G,G, with Gy, G, non-constant and so

F(xo,X1,...,%n) = X0Go(X0, X1, ..., Xn) + G1(X1, ..., Xn)G2(X1, .. ., Xn).

A point that satisfies xo = Go = G1 = G, = 01is singular, contradiction. [ |

3 Affine Threefolds

In this section we are going to study hypersurfaces in A*, which is the most important part of the proof of
our main results. Many tools used in this section have been introduced by Salberger in [16]. In particular,
we show in Lemma 3.1 (that is the analogue of [16, Theorem 2.2]) that integral points of bounded height
lie on a set of surfaces and we combine this fact with the argument of [16, Lemma 3.2] to bound the
cardinality of integral points of bounded height.

Let Y be an affine hypersurface in A* defined over Q of degree d such that the projective closure of Y
is smooth. We say that a prime p is non-singular if the reduction modulo p of the projective closure of
Y is smooth. Let q = p1 - s . .. px be the product of distinct non-singular primes. For each 1 < i < k, let P;
be a point in Y(Fy,). Let

Y(B,Py,...,P) ={x€Y(Z):x=P; mod p, |Ix]| < B},

where with x = P; mod p; we mean that x reduces to P; when we reduce Y modulo p;, and with ||x|| < B
we mean |xj| < Bforall 1 <j < 4.Fixe > 0andlet

+te

K=B% (3.2)

Lemma 3.1. There exists a hypersurface Y(P1, ..., Px), that does not contain Y, of degree Oq4,.(K/q+
1), and such that Y(B, P1,...,Pr) CY(Pq,..., Pr).

14
Proof. Assume q < B ntr Then, by [16, Theorem 2.2], there exists Y(P4,...,Py) as in the statement of
the lemma with degree

B%\/d’ K
Oa 1 logBq +logBq + 1 =Od,g(a+1).

Ifq> B%% ,then we can find Y(P1, ..., Px) of degree Oq4 . (1). The proof of this factis basically identical to
the proof of Theorem 15 in [10]. The only difference is that they are taking q to be a non-singular prime
while we are considering q as a product of non-singular primes, but this does not change the proof. ll

The next lemma is a modification of [16, Lemma 3.2]. We show that integral points of bounded height
on an affine threefold lie on a certain set of surfaces or curves. A straightforward application of [16,
Lemma 3.2] would produce Og, (K) surfaces of degree O4(1) and curves of degree Og4.(K?). Our bound
produces Oy, (r’K) surfaces of degree O4(1) and curves of degree Oy, (K?/r?), for r a fixed prime. In our
setting, this leads to a better bound, by choosing an appropriate r.

Let 7sing be the product of all primes p such that the reduction modulo p of Y is singular.

Proposition 3.2. Let Y be an affine hypersurface in A* defined over Q of degree d such that the
projective closure of Y is smooth. Assume log 7sing <4 logB. Letds, d> > 1and fix a non-singular
prime r <4, K27, Let Yy, 4, be the complement in Y of the union of all irreducible curves on Y,

Gz0z Jequieldasg zo uo Jesn euisny ABojouyos | pue 8ousiog 1o a1nsu| AQ 9010E€Z8/672IeuUl/91/SZ0Z/3191e/ulWwi/Wwod dno"olWapeoe//:sdny WwoJlj papeojumoq



Counting Rational Points on Smooth Hypersurfaces with High Degree | 9

defined over Q, and of degree at most di — 1, and all irreducible surfaces on Y, defined over Q,
of degree at most dy — 1. Then,

=

+—=+

=

1
75

@y
=)

Nafr (Y, dy» B) Kddidye B (VZB =

4 3
1,2 B 3dq—1+ Vd
T 4PB% VE 4 —— 4B a0 |

Proof. Following [16, Lemma 3.2, a-b-c], we can find a sequence of distinct primes py, ..., pr With the
following properties:

e Foralli <k, p; is non-singular and p; # 1.
e Foralli <k, logB < p; «q. logB.

* k<, logB.

* Letq =[] i< Pi- Then,

K
—_ <<d,5 1
qr

and

K
q <, log B—.

For allR € Y(F,) and P; € Y(Fy,), we fix Y(R, P1,...,P) as in Lemma 3.1.
Fix R € Y(F,). Define {D, },r, as the set of irreducible components of Y N Y(R) which are contained in
Y(R,P1,...,Py) for a sequence of points Py,..., P, with P; € Y(Fp,). By Lemma 3.1,

K
deg(YR,P1,...,P) <4 o +1 e 1

and so deg(D,) <. 1 for each y e I'r. Moreover, I'y has cardinality bounded by the cardinality of
irreducible components of Y N Y(R), that is bounded by

K
deg(YNYR)) < deg(Y) - deg(Y(R)) <qpe 7
applying again Lemma 3.1. Define

I' = Ureym,) r-

We have #I' <4, #Y(Fp) % and, for each D, with y € I, we have deg(D,) <, 1.

Let1 <j < kand, forall 1 <1< j, let P; be a point in Y(Fy,). Define y(Py, ..., P;) as the union of all
intersections of distinct irreducible components of Y N Y(R,Py,...,P;)) and YN Y(R,Py,...,Pi_1). Notice
that y(R, Py, ..., P)) has dimension at most 1 and, using again Lemma 3.1, has degree bounded by

deg(Y)* deg(Y(R,P1,...,P)) deg(Y(R,P1,...,Pi_1))
KQ

2 . L
<< Pillicigj1 Pi

Lde (3.2)

Define yg,(R,P1,...,P;) as the variety obtained by removing from y(R,Ps,...,P;) all the dimension 1
irreducible components of degree at most d; — 1 and define

mod p; V1 <1<,

P:
Wi, R,P1,....P) =1x€ya, (R, P1,.... P RI mod r

> 1%
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10 | M. Verzobio

Givenx e YNY(R,Pq,... P, define Yx(R, Py, ... ,P)) as the irreducible component of YNY(R, Py,..., P)
that contains x. Let x € Y(Z) be a point of bounded height, take P; € Y(Fy,) such that x reduces to P;
modulo p; and R € Y(Fy) such that x reduces to R modulo r. If

Yx(R) =Yx(R,P1) =+ =Yx(R,P1,..., Pr),

then Yy(R) € T (it is contained in Y(R,P4,...,Py)) and so x € D, for some y € I'z. If not, thereisj > 1
such that Yx(R,P1,...,P) # Yx(R,P1,...,Pj_1). S0, x € y(R,P1,...,P)). If x does not lie on a curve of degree
atmost di — 1, then x € Wy, (R, P4, ..., P). Whence, an integral point of bounded height that does not lie
on a curve of degree at most d; — 1 or on a surface of degree at mostd, — 1 mustlieon D, fory € I and
deg(D,) 2= dp, or on Wy, (R, Py, ...,P)) for R € Y(F;) and P; € Y(Fp,).

Let

Nagr(Wa, (R, P1, ..., Pj),B) = #{x € Wy, (R, P1,..., P)) : |IX]] < B}

and, given y €T, let D, 4, be the complement in D, of the union of all irreducible curves, defined over
Q, of degree at most d; — 1. So,

Natt (Y, 4, B) < D Nagr(Dy4,,B) (3.3)

yell
deg(D,)>d,

+ D0 > D Nag(Wg,(R,P1,...,P),B).

ReY(F,) 1<j<k PieY (Fy)
1<ig)

By Lemma 2.2, the integral points of bounded height on D, that do not lie on curves of degree smaller
than d; are

1

L 2
Od’dhd%g (B«/@erl +e + B‘/EJrE) )

Since
K
#T <qe #Y(Fr)?,

we obtain

1

K i £ L €
> NagrDya,B) Kadodse #Y(F) (;) (B VAL S Mo ) : (3.4)

yel
deg(D,)>d>

Now, we bound Nag(Wg, R, P1,...,Pj),B). Recall that each 1-dimensional irreducible component in
Wi, (R, P1,...,Pj) has degree at least d; and the degree of y(R,Py,...,P}) is Og, (m) with

da,pr,..pp="7 [ » [] p

1Kig 1ig-1
by (3.2). So, by Lemma 2.1,

Nagf(Wg, (R, P1, ..., P)),B)

K2 B & K2 2
Lddy,eB° + (7) .
d'd aer,p1, ..., p) (THléiéj pi) a(r,p1, ..., p)
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By [16, Lemma 2.12], [T#Y(Fp,) <4 [1p; and then

> Naf(We, (R,Py,...,P),B)
PieY(Fy,)
1<ig)

1
. g (P HigPK B voopK
d.ds, :
v r2 li<igjPi T4H1<j Pi

Recalling that p; <4, logB, [1pi <4, KlogB/r, using that logB <, Bf, and including Bf in the definition
of K, we obtain

> D Nag(Wa,R,Py,...,P),B)

1)<k PieY(Fy)

1<ig)
1
. K2 @ 24
<age D, B pi[Tig; K B ! + pK
o 15<k r? Li<igjPi * [Tig; pi
9 (Hi<jpi)17%K2Bﬁ K*
& < a0
Ladre Z B*log”B — ar tw
1<j<k r
3-4+ 4
K4 1+ K
Ld di e Z 3 B@ +?4
1<k

Recall k <4, logB and so

D> > D> Nag(We,(R,Py,....P),B)

REY(F,) 1<j<k PieY(Fy,)
1<igy

1
| SEC
Lddi e Z IOgB( 3 Bd +T4)

ReY(Fy)

3_1
K& 1 Kt
<<d,d1,e#Y(]FY) (ﬁBdl + ?’4)'

By (3.3) and (3.4),

b A a1 K
Nar (Y, d,, B) Kadya e #Y(EFr) - + +—5—B% + — (3.5)
and we conclude using that #Y(F,) <4 1°. |

Remark 3.3. Taking r = 04, (B?), Proposition 3.2 would be identical to [16, Lemma 3.2]. Taking r
as large as possible, say r ~ Og,(K*~*), Proposition 3.2 could be proved using Heath-Brown's
determinant method [10].

Let Nagr4(Y, B) be the cardinality of the set of integral points of bounded height in Y that do not lie on
curves of degree at most 3 on Y. Recall that 6(d) is defined in (1.2).
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12 | M. Verzobio
Proposition 3.4. Let Y be an affine hypersurface defined over Q of degree d > 6 in A* such that
the projective closure of Y is smooth. Then, for all ¢ > 0,

Nagr 4(Y, B) &g, BO@+1+e,

Proof. Assume that the integral points of bounded height on Y are contained in another threefold of
degree at most d. Then, the points of bounded height lie on a surface of degree at most d?. By Lemma 2.4,
there are no surfaces on Y of degree less than d. The integral points of bounded height on an irreducible
surface of degree at least d and at most d® that do not lie on curves of degree at most 3 are

O (Bﬁ-%—%-%—e T B%ﬂ)

by Lemma 2.2 and the proposition easily follows. So, we can assume that the integral points of bounded
height on Y are not contained in another threefold of degree at most d, thus we can apply [16, Lemma
3.1 (b)]. Hence, log 7sing <4, log B and we can apply Proposition 3.2.

By Lemma 2.4, there are no surfaces on Y of degree less than d. So,

Natf4(Y, B) <4, Nagf(Ya4,B).

Applying Proposition 3.2 with d; = 4 and d, = d, we obtain

&l

1

B +B4%/H+K

N
=8

+rBYETE 4

R
Nagr(Yaq, B) <4, B | 1°B wtat

-

If d > 125, we can take by [16, Lemma 3.1] a non-singular prime r <4, B¢, and we obtain

N Ve B <r B (B0 L Bt o pt L it
aff(Yaq,B) g B° (B ¥ + B +B v 4 B+va
i

1
<Lde B4%+4+E'

(3.6)

If 20 < d < 125, take r a non-singular prime such that

N
NS

5 S
7 7
B+v@ * <1 <Kq, B1¥a %,

which exists by [16, Lemma 3.1]. Notice r <4, K!~*, so we can apply Proposition 3.2. Thus,
+1+e

7 411 7 42 1 a1
Nagt(Yaq,B) g, B2 V3 *7° 4 Boga Vi 27 L Bi%a

Since 20 < d, by direct computation

I+l —t+e -t Ltlte L4i+e
Nagr(Ya,B) Kqe B232 V0 *77 4 B2%a Vi 277 4 Ba¥d * 7 &g, B1¥d *

and so

11

Nag (Y, B) g, B+¥%

+%+£

Combining this with (3.6), we get that for d > 20, it holds

+i+e

11
Nagra(Y,B) <q. B+% (3.7)
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Notice in particular that, for d > 50, we have Nagr4(Y, B) <4, B**¢.1f 16 > d > 9, we conclude by taking

|

12 1
B¥ W <14, B¥ 3

=

and if 20 > d > 16, we conclude by taking

1 1 1

1
BY M T <r«qg,BW MT

It remains to deal with the case 6 < d < 8. In this case, we use a different method that leads to
a better bound. Assume that Y is defined by f(x1,...,x4) = 0 and define Y, = Y N {xs = b}, thatis an
irreducible surface of degree d by Lemma 2.9. If the projective closure of Yy, is not smooth, the integral
points of bounded height are Oy, (B™*+#+*) by [14, Theorem A]. By Lemma 2.8, we can assume that there
are Oq4(1) values of b for which the projective closure of Y}, is not smooth. Assume now that the projective
closure of Y} is smooth. By [11, ], there are O4(1) irreducible curves of degree < d — 2 on Y3,. Hence, by
Lemma 2.2, the integral points outside curves of degree at most 3 on Y}, are

Od (B%+e+Bﬁ+ﬁ+s+B%+s) i Bt
and so

1+ -2
Nagra(Y,B) = D Nagra(Yy,B) g0 BTV
|b|<B

Notice that the proof of the previous proposition holds also for d = 5 with 6(d) = 2/v/d.

Remark 3.5. We briefly compare the bound of Proposition 3.4 with the bounds that one would
obtain with different methods. If we slice Y with O(B) hyperplanes (by fixing one variable) and
then apply the determinant method we would get

Nagra(Y, B) g, Bit + B 77,

see the end of the proof of Proposition 3.4. This bound is worse than the one in Proposition 3.4
foralld > 9.
One could also apply Heath-Brown’s determinant method [10]. The integral points of bounded

3
height on Y are contained in Og4,.(B %) surfaces of degree O.(1). After removing the points
on curves of degree less than 3, the integral points of bounded height on each surface are
2 1 1
O4,:(B¥™ +B1T7*) and so we would get

+Z4 o B
Naga(Y,B) g, BT V@ " 4 B3 1777,

Also this bound is worse than the one in Proposition 3.4 for all d > 6.

Now, we prove the analogue of Theorem 1.6 for hypersurfaces in A*. The proof of Theorem 1.6, and
also of Theorem 1.1, will follow from the next lemma.

Lemma 3.6. Let Y be an affine hypersurface defined over Q of degree d > 6 in A* such that the
projective closure of Y is smooth. Then, for all ¢ > 0,

Nagr (Y, B) <, B@H1Fe,
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14 | M. Verzobio

unless the following hold. After a linear change of variables, Y is defined by an equation of the
form

f(x1,%2,X3,%X4) = fo(X1,X2) + X39(X1, X2, X3, X4).

Let C € A? be the curve defined by fo(x1,x2) = 0. Then, C has degree d and its projective closure
is smooth. In this case,

Nafr (Y, B) g B+ 4 BNy (C, B).

In particular,

Nage(Y, B) <a.e e @D+1+e +Bl+%+s'

Proof. By Proposition 3.4, we just need to bound points on curves of degree at most 3. Let W be an
irreducible component of the reduced scheme structure of the Hilbert’'s scheme of points on curves of
degree at most 3, that has degree O4(1). As in the proof of Lemma 2.7, W cannot have dimension 3 and
if it has dimension < 1 we conclude by the trivial bound (2.2). So, we assume dim W = 2. If W is not
cylindrical over a curve, we would conclude that

Nage (Y, B) <, BY@+1e,

following the proof of Lemma 2.7. Assume that W is cylindrical over a curve. Thus, after a linear change
of variables, we can assume that W = V(fi(x1, X2, X3))1<igs. Assume that Y is defined by f = 0 with

d
Fx1, %9, %3, %) = D" Xghi(x1, %0, %3).

i=0

Since W € Y, then W < {h; = 0} for all 0 < i < d. Hence, hy = 0. If hy_y = 0, then the point
[X0,X1,X2,%3,%X4] = [0,0,0,0,1] in the projective closure of Y would be singular, contradiction. So, hg_1
must have degree 1 and, after a linear change of variables, we can assume hg_1(X1,X2,X3) = X3. SO,
W C {x3 = 0} and then W = V(fo(x1, X2), X3). Since W has degree at least d by Lemma 2.4, it follows that
fo has degree at least d. For all i > 1, we have deg(h;) < d and then xs | h;. Thus,

(X1, %2, %3, X4) = fo(X1, X2)hp (X1, X2) + X3 (X1, X2, X3, X4).

Since deg(fo) > d, we have hj is a constant, and it is not zero since otherwise Y would not be irreducible.
Hence,

f(X1,%2,X3,X4) = fo(X1, X2) 4+ X3g(X1, X2, X3, Xa)

with fo an irreducible polynomial of degree d. Since the projective closure of Y is smooth, we have that
the projective closure of C, the affine curve defined by fo(x1, x2) = 0, is smooth. Notice in particular that
the genus of C is strictly larger than 1. We have N,g(W, B) = (2B 4+ 1)Na(C, B) and so

Nage (Y, B) <nae BPPH1H¢ 4 BNogr (C, B).

Finally, the last line of the statement follows from Lemma 2.1. |

4 General Case

The goal of this section is to prove Theorems 1.1 and 1.6. The cases for n > 5 will follow from the affine
case for n = 4. We will reduce to that case by slicing our hypersurface with hyperplanes. This slicing
procedure is similar to the one done in [5, Section 3] by Browning and Heath-Brown.

Gz0z Jequieldasg zo uo Jesn euisny ABojouyos | pue 8ousiog 1o a1nsu| AQ 9010E€Z8/672IeuUl/91/SZ0Z/3191e/ulWwi/Wwod dno"olWapeoe//:sdny WwoJlj papeojumoq



Counting Rational Points on Smooth Hypersurfaces with High Degree | 15

The projective case for n = 4, which we will establish in the next lemma, follows directly from
Salberger’s work in [15, Section 3]. This result should not be regarded as original, as it merely involves a
straightforward application of Salberger’s techniques. However, since it does not appear in the literature
and we aim to cover all cases, we have chosen to include it. Replicating the approach from the previous
section in the projective setting would lead to a weaker bound.

Lemma 4.1. Let X be a smooth projective hypersurface defined over Q of degree d > 6in P*. Then,
forall e > O,

N(X,B) <<d,g B2+6‘ +B%+%+s.

Proof. Thisis basically [15, Corollary 3.9], but using Salberger’s new version of the determinant method.
So, we are just going to sketch the proof. The rational points of bounded height that lie on irreducible
curves of degree at most 3 are at most Oq,(B’**) by Lemma 2.6. By Siegel’s Lemma, the rational points
of bounded height lie on a set of O(B#) hyperplanes. We call the intersection of X with one of these
hyperplanes a hyperplane section. Given a smooth hyperplane section, the rational points of bounded
height that lie on the smooth hyperplane section and not on irreducible curves of degree < 3 have
cardinality

Odee (B%” + B%”)

by Lemma 2.3. Since there are O(B#) hyperplanes sections, rational points of bounded height that lie on
smooth hyperplane sections and not on irreducible curves of degree < 3 have cardinality

Ous (B%'%*%” + B%%+%+€) =04, (B%*%“ + B%“) . (4.1)
The extra saving given by the multiplication by 15/16 in the exponent can be obtained replicating [18,

Proof of Theorem 3.3]; see also [15, Section 5]. As is shown in the proof of Theorem 3.6 in [15], rational
points of bounded height lie on a set of singular hyperplane sections and this set has cardinality

1 1
Oqe (BET*7).

Thus, the rational points of bounded height that lie on geometrically reducible hyperplane sections and
not on irreducible curves of degree < 3 have cardinality

1 __ 4. 3
Ode (B anars zﬁ+1+8)

by Lemma 2.3. We conclude by noticing that

@d-1d" " 2v/d T 1evd 4

ford > 2. [ ]

Now, we are going to prove Theorem 1.6 for n = 5. For n > 6, we are going to prove Theorem 1.6 by
induction and this will be the base case. Recall that 0(d) is defined in (1.2) and 8(d) > O for all d > 6.

Lemma 4.2. Let d > 6. Let Y be an affine hypersurface defined over Q of degree d in A®> such that
the projective closure of Y is smooth. Then, for all ¢ > 0,

Nag (Y, B) <q, BZH@Fe,
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16 | M. Verzobio

Proof. First of all, we bound integral points of bounded height that do not lie on curves of degree at
most 3. Consider the affine hypersurface Y defined by f(x4,...,xs) = 0. Let Y, be the affine variety
defined by f(x1,...,b) = 0 and let B be the set of integers such that the projective closure of Y} is
singular or it has degree smaller than d. By Lemma 2.8, we can assume that #8 <4, 1. If b does not
belong to B, then the projective closure of Y, is smooth (and notice it has degree d) and we can apply
Proposition 3.4 to bound the points on Y},. Fix now b € B. Notice that Y}, is irreducible, of degree d, and
not cylindrical over a curve by Lemmata 2.5 and 2.9. By (2.3) the integral points of bounded height on
Yy, are at most B%*¢. Therefore, by Proposition 3.4,

Nara(Y,B) < D Nagra(Yp,B) 4 B + B B/@He,
0<|b|<B

S0, Nagr4(Y, B) <4, B2H@+ since 6(d) > 0. It remains to deal with points that lie on curves of degree at
most 3.If d > 7, we conclude by Lemma 2.7 (notice d > n+1). If d = 6, we repeat the induction above to
get

Nar (Y, B) < B* + > Nagr(Y, B)

o<|b|<B
b¢B

and so, by Lemma 3.6,
Nag (Y, B) <. B2*¢ + B. Bf©+1+e +Bz+%+s'

We conclude by noticing that §(6) +2 > 2 + 1/6. [ |

Lemma 4.3. Letd > 6 andn > 5. Let Y be an affine hypersurface defined over Q of degree d in A"
such that the projective closure of Y is smooth. Then, for all ¢ > 0,

Nage (Y, B) K, BT3H0@+e,

Proof. We prove the lemma by induction. We fixn > 5 and assume that the lemma has been proved for
all 5 < m < n (the case m =5 is done in Lemma 4.2). With an argument identical to the one in Lemma
4.2, we get

Nagt (Y, B) < D Nag(Yp, B) Knge B"2H 4+ B B0
0<|b|<B

and easily conclude. u

Lemma 4.4. Letd > 6 and n > 5. Let X be a smooth projective hypersurface defined over Q of
degree d in P". Then, for all ¢ > 0,

N(X,B) <, BT2H@F
Proof. Assume that X is defined by F(xo,X1,...,Xn) = 0. Let fp(X1,...,Xn) = F(b,x1,...,%n) for b # 0. If

degfy, < d, then %o | F and so X would be singular. So, degf, = d and the projective closure of f; is
smooth. For b # 0, let Y, = X N {xo = b}, which is an affine hypersurface. Whence,

N(X,B) SN{F=0}N{xo=0},B)+ D Nas(Yy,B).
1< |b|<B
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By (1.1) and Lemma 4.3,
N({F =0} N {Xo = 0}, B) Kna,c B+
and
Nafr(Yh, B) Kng, B0+

Therefore, we conclude by recalling 6(d) > 0. |

The proof of Theorems 1.1 and 1.6 is now completed, we summarise it. The projective case forn =4
is done in Lemma 4.1. The affine case for n > 5is done in Lemma 4.3. The projective case forn > 51is
done in Lemma 4.4.
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