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Abstract

A conjecture of Manin’s relates the number of rational points of bounded height
on Fano varieties with their geometric properties. Analogously to this conjec-
ture on rational points, we study the distribution of integral points of bounded
height on three varieties: on a smooth Fano threefold of Picard number 2 and
type 30 in the Mori-Mukai classification, on a quartic del Pezzo surface with
an A;- and an As-singularity, and on a toric threefold. We determine asympto-
tic formulas and interpret the leading term geometrically. For the proofs, we
parametrize integral points using universal torsors, and use analytic techniques
to count integral points on the torsor. This seems to be the first application
of the torsor method to integral points. The asymptotic formula for our toric
variety contradicts a result by Chambert-Loir and Tschinkel. We describe an
obstruction that explains this contradiction, and study its relation with some
constants that appear in asymptotic formulas for the number of integral points
of bounded height.

Kurzfassung

Eine Vermutung von Manin stellt einen Bezug zwischen der Anzahl rationaler
Punkte beschrankter Hohe auf Fano-Varietdten und geometrischen Eigenschaf-
ten her. Analog zu dieser Vermutung fiir rationale Punkte untersuchen wir die
Verteilung ganzer Punkte beschréankter Hohe auf drei Varietdten: auf einer glat-
ten dreidimensionalen Fano-Varietdt von Picardrang 2 und Typ 30 in der Mori—
Mukai-Klassifikation, auf einer quartischen del-Pezzo-Fliache mit A;- und As-
Singularitdt und auf einer dreidimensionalen torischen Varietdt. Wir bestimmen
asymptotische Formeln und interpretieren den fithrenden Term geometrisch. In
den Beweisen parametrisieren wir die ganzen Punkte mit Hilfe universeller Tor-
sore, und zdhlen ganze Punkte auf den universellen Torsoren mit analytischen
Methoden. Dies scheint die erste Anwendung der Torsor-Methode zum Zéahlen
ganzer Punkte zu sein. Die asymptotische Formel fiir die torische Varietit steht
im Widerspruch zu einem Ergebnis von Chambert-Loir und Tschinkel. Wir be-
schreiben eine Obstruktion, die diesen Widerspruch erkldrt und untersuchen
ihren Zusammenhang mit einigen Konstanten, die ein Bestandteil asymptoti-
scher Formeln fiir die Anzahl ganzer Punkte beschrénkter Hohe sind.

Keywords: Integral points, universal torsors, Manin’s conjecture
Schlagworte: Ganze Punkte, universelle Torsore, Manins Vermutung
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Introduction

A classical problem in number theory is the solubility of Diophantine equations:
Given a system of polynomial equations

fl(x17"'7xn):"':fs(zla"'vxn)zo

with integral coefficients, does it have solutions over the integers? This kind of
problem is related to algebraic geometry: Such a system of polynomials defines
an algebraic variety, and solutions correspond to points on the variety. We can
then ask whether solutions exist, and, if so, how many. If there are infinitely
many, we have the following quantitative question: For some positive bound B,
how many solutions in integers between —B and B are there, and how does this
number behave as B grows? In geometric terms, these solutions are those in
a certain region of the variety: points of height at most B. Moreover, we can
study the relation between the answer to these arithmetic questions and the
geometry of the corresponding variety.

Manin’s conjecture on rational points

One variant of this problem is Manin’s conjecture [FMT89, BM90] about the
number of rational points of bounded height on Fano varieties. Let X be a Fano
variety over the field Q of rational numbers, by which we will mean a smooth,
projective Q-variety whose anticanonical bundle w¥ is ample. We equip X with
an anticanonical height function. If wY is even very ample, we can construct one
as follows: Choose an anticanonical embedding f: X — P". A rational point
2 on P™ can be represented as x = (xg : --- : x,), where the z; are coprime
integers. This representation is then unique up to a sign. We define the height
of such a point to be H(zq : -+ : x,) = max{|xo|,..., |zn|}, and the height of
a rational point x € X(Q) to be the height H(z) = H(f(x)) of its image. We
can then ask how the number

#{z € X(Q) | H(z) < B}

of rational points of bounded height behaves asymptotically.

This number might be dominated by points on strict subvarieties — such
accumulating subvarieties should be excluded from the analysis. For their com-
plement V', Manin’s conjecture predicts that the number of rational points of
bounded height

N(B) = #{z € V(Q) | H(z) < B}
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is asymptotically
cB(log B)P ™1,

where p = rkPic X is the Picard number of X. Peyre [Pey95, Pey03] gave a
conjectural interpretation of the leading constant ¢ as a product of a constant
« determined by the geometry of the effective cone, a cohomological constant
B (cf. [BT9g]) related to the Brauer group, and an adelic volume 7 that can be
regarded as a product of local densities.

Results of this kind include applications of the circle method for varieties of
large dimension compared to their degree (e.g. [Bir62, Ski97, BHB17, FM17)]),
and varieties with a group action such as generalized flag varieties [FMT89], toric
varieties [BT9§], and other equivariant compactifications [CLT02, STBT04,
STBTO07]. Besides such general classes of varieties, there are results for e.g.
some smooth del Pezzo surfaces [Bre02, BF04, BB11]].

The class of varieties studied can be expanded to include singular varieties.
In this case, the counting problem can be compared to that on a desingulariza-
tion, which is smooth, but no longer Fano, although the anticanonical bundle
is typically still big and nef. Peyre describes a framework for the interpretation
of asymptotic formulas for rational points on more general smooth almost Fano
varieties [Pey03]. Asvmptotic formulas for singular or weak del Pezzo surfaces

include [BB07, BBD07, BBP12] and many others.

Integral points of bounded height

Rational points on a complete variety X, and integral points on an arbitrary
proper model X' coincide as a consequence of the valuative criterion for proper-
ness. On non-complete varieties, this is no longer the case. A set-up analogous
to Manin’s conjecture in the case of integral points is the following: Let X be a
smooth, projective variety, and D a divisor on X with strict normal crossings,
such that the log-anticanonical bundle w(D)V is ample, or at least big. Let
U =X — D, let U be an integral model of U, and let H be a log-anticanonical
height function. Again, the number of integral points of bounded height on
U might be dominated by points on a subvariety, and one should investigate
the number of integral points of bounded height outside these accumulating
subvarieties.

There are several results on this kind of problem: Varieties with a large num-
ber of variables compared to their degree can be studied using the circle method
(e.g. [Bir62, Sch85]). In addition, there are numerous results of this kind on va-
rieties with a group action, such as algebraic groups and homogeneous spaces
(e.g. [DRS93, EM93, BR95, EMS96. Mau07. GOS09, WX16]) and partial equiv-
ariant compactifications [Mor99, CLT10b, CLT12, TBT13] (not all of them in
the geometric setting described above). In these cases, the group structure is
exploited for the proofs, for example using harmonic analysis. In [CLT10a],
Chambert-Loir and Tschinkel describe a framework that allows the geomet-
ric interpretation of asymptotic formulas for the number of integral points of
bounded height, similar to Peyre’s in the case of rational points. In this case,
asymptotic formulas take the form

cB(log B)*~!,
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where the constant ¢ again consists of “local densities” (some of which are
however supported on the boundary divisor D), cohomological constants, and
combinatorial data associated with the effective cone and the divisor D, while
the exponent b— 1 depends on the Picard number of U and incidence properties
of D.

Results

Our main results are similar asymptotic formulas, including on varieties without
such kinds of group action.

o A Fano threefold obtained by blowing up P? in a plane conic. This variety
has Picard number 2 and is of type 30 in the Mori-Mukai-classification
of Fano threefolds [MM82]. We take U to be the complement_of a plane
intersecting the conic in one or two rational points. (Chapter J.)

e A quartic del Pezzo surface with an A;- and an As-singularity defined by
two explicit quadratic equations in P4. We take U to be the complement
of either of the singular points and study integral points by considering
the counting problem on a desingularization. (Chapter {.)

o The toric variety obtained by consecutively blowing up P! x P! x P! in
two intersecting lines. We count points on the complement U of the two
exceptional divisors and a plane parallel to the two lines. (Chapter p.)

The first two cases do not belong to the general classes of varieties for which
results are known. The last one is a special case of the preprint [CLT10h];
however, our asymptotic formula contradicts parts of this result by Chambert-
Loir and Tschinkel: Our exponent of log B is one less than the one in op. cit.
This exemplifies a gap in their proof of which the authors were already aware
and is explained by an obstruction preventing the existence of integral points on
a region of the toric variety that should have dominated the asymptotic formula.
We describe and analyze this obstruction and its implications on the shape of
some constants arising in asymptotic formulas. The results take the following
form:

Let X be one of the above varieties and U be one of the described open
subvarieties. Let U be a certain integral model of U, and let H be a certain log-
anticanonical height function. There exists an open, dense subvariety V. C X
such that the number

NB)={xeU(Z)NnV(Q) | H(z) < B}
of integral points of bounded height satisfies an asymptotic formula

N(B) = cB(log B)*"1(1 + o(1)).

Here, the constant ¢ has the following shape: It is a sum over certain max-
imal faces A of the Clemens complez, an object encoding incidence properties
of the divisor D. Such maximal faces correspond to maximal sets of divisor
components that have a common intersection point. In the first two cases, the
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sum runs over all such maximal faces built out of a maximal number of divisor
components, i.e., maximal dimensional faces. In the third case, the only maxi-
mal dimensional face has to be excluded as a consequence of an obstruction, and
we instead have to take a face that is maximal with respect to inclusion, cor-
responding to a component that does not intersect any other component of D,
but whose dimension is 1 less than the maximum. Each term term of this sum
is then a constant a4 that slightly generalizes a construction by Chambert-Loir
and Tschinkel, times a product of local densities. For finite places, it is a local
density of integral points on U, and for the archimedean place, it is supported
on the intersection of the divisor components belonging to A.

For the exponent, the number b = rk Pic(U) + d + 1 is determined by the
Picard rank of U and the dimension d of these maximal faces, that is, in the first
two cases, d+ 1 is the maximal number of divisor components having non-empty
intersection, while in the last case, it is one less, since we had to exclude to only
maximal dimensional face. Details on the factors and terms of this constant are
given in Chapter P.

Instead of methods exploiting a group action, which are no longer available,
we use the torsor method in the proofs of these asymptotic formulas. Universal
torsors have been defined and studied by Colliot-Théléne and Sansuc [CTS87;
their application to count rational points of bounded height goes back to Sal-
berger [Sal98], who used them to reprove Manin’s conjecture for toric varieties.
The method allows the parametrization of rational points on the variety by in-
tegral points on a universal torsor. These integral points can be regarded as
lattice points and counted using analytic techniques. The torsor method has
since been successfully applied to count rational points on a number of varieties.
Our results seem to be the first application of the method to integral points.

Outline

In Chapter m, we provide a geometric setup and study integral points on a
two examples to exemplify heuristics and expectations for their distribution. In
Chapter B, we recall the frameworks of Peyre and Chambert-Loir and Tschinkel
for the interpretation of asymptotic formulas. We slightly generalize a construc-
tion in [CLT10b] to non-toric varieties to define a factor a4 appearing in our
asymptotic formulas. We study some of its properties and analyze its relation
to an obstruction to the Zariski density of integral points on certain parts of
varieties imposed by regular sections on certain subvarieties.

In the following three chapters, we determine asymptotic formulas for the
number of integral points on subvarieties U on the three above-mentioned vari-
eties, and interpret the formulas geometrically.



Chapter 1

Counting integral points of
bounded height

1.1 The problem

On projective varieties, rational and integral points coincide as a consequence
of the valuative criterion for properness, or, more elementarily, because it is
always possible to multiply all coordinates of a rational point (xg : -+ : x,) by
the product of all denominators to get an integral point. For rational points, a
counting problem on a non-complete variety U can be compared to the problem
on a compactification X of U: If the rational points on the boundary X —U were
to contribute to an asymptotic formula for the compactification, the boundary
would be accumulating and should be excluded when studying Manin’s conjec-
ture on X. For integral points, this does not hold: For the notion of integral
points to make sense, we need an integral model X of X, that is, a flat and
separated Z-scheme X of finite type such that X xz SpecQ = X. There can be
integral points on X" that, as rational points, are on U, but lie on X —Uf modulo
a prime p, and thus are neither integral points on &/ nor on X — U.

The boundary X — U carries a lot of information on the distribution of
integral points. If X — U is not a divisor, we can make it one by blowing up, and
can then use embedded resolution of singularities to make it have strict normal
crossings, all without changing the variety U. We consider the log-anticanonical
bundle wx(D)Y, and a height function H associated with it — if the bundle is
very ample, we can take a log-anticanonical embedding f: X — PV, and set
H(x) = H(f(x)), using the standard height on P¥. The number

#{z cU(Q) | H(z) < B}

might again be dominated by points on accumulating subvarieties, which we
thus want to exclude. If we simply were to make U smaller, we would affect
the number even if we remove non-accumulating subvarieties (by also removing
some points that are integral on neither the smaller subscheme nor on its com-
plement). Removing integral points on a subvariety means only considering the
set

{z eU(Z)NV(Q) | H(x) < B}

13
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of integral points of bounded height that, as rational points, are in the com-
plement V' of such accumulating subvarieties, or more formally, integral points
whose generic point is in V. That we are counting points on the complement of
such strict subvarieties means that we should only work on schemes whose set
of integral points is Zariski dense — if it were not, integral points would all lie on
a finite set of subvarieties that we should thus all exclude, and we would count
the empty set. For rational points on Fano varieties, it would follow from a con-
jecture of Colliot-Théléne’s (e.g. [CT03, p. 174]) that the set of rational points
is Zariski dense as soon as it is non-empty; for integral points, this is wrong.
(As an elementary example, consider U = Gz X A}, the complement of two
lines in PZ2. Both the anticanonical and log-anticanonical bundles are ample,
but still every integral point lies on one of the two subvarieties {£1} x Al.)

In the next chapter, we will describe the machinery to associate height func-
tions with arbitrary line bundles over arbitrary number fields. In this context,
the question still makes sense as long as the log-anticanonical bundle is at least
big, that is, as long as it is in the interior of the effective cone. In this case,
there exists an open subvariety V such that the number of rational points of
bounded height on V is finite for every B.

In total, this gives a set-up for counting integral points on a non-complete
variety analogous to Manin’s conjecture: Let X be a smooth, projective variety
defined over a number field K. Let D C X be a reduced, effective divisor with
strict normal crossings, and assume that the log-anticanonical bundle wyx (D)
is at least big. Let U be an integral model of U = X — D. Let H: X(K) —
R+ be a log-anticanonical height function. Consider a sufficiently small subset
V C X(K) that does not contain accumulating subvarieties. In general, V is
expected to be the complement of a thin subset; in the examples considered
here, a Zariski open subset will always suffice. If U(Z) is Zariski dense, how
does the number of integral points of bounded height

N(B) = {z € U(ex) NV | H(x) < B}

behave asymptotically?

Note that, with D = 0, this specializes to a variant of Manin’s problem,
relaxing the requirement that the anticanonical bundle be ample, and instead
only requiring that it be big.

1.2 Example: P! x P! — Ap

As an example, we consider the variety X = P(b X I% — where the first copy of
]P’(b) has the coordinate pair (xg, x1), and the second copy has the coordinate pair

0,y1) — together with the diagonal divisor Ap1 = V(zoy1 — x1y0). An integral
(90, 41) — tog g P Y1 —T1y g

model of X is X = PL xP1L; an integral model of the open subvariety U = X —Ap:
that we want to count integral points on isif = X — AP% . This variety is one of
the easiest possible examples that is not a partial equivariant compactification
of an algebraic group, although X is an equivariant compactification of the
symmetric variety U = SLo /T, where T is the torus of diagonal matrices. (This
type of variety is studied e.g. in [EMS96, GOS09, WX16], although U is excluded
in these results, since 7' is has non-trivial Q-characters.) The anticanonical
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divisor of X is wy = Ox(2,2), the diagonal A% has degree (1, 1), and thus the
log-anticanonical bundle w X(A%)V ~ Ox(1,1) is very ample. The morphism

X =Py, ((wo:a1), (yo:y1)) = (Toyo : Toyr : T1Y0 : T1y1).-

is a log-anticanonical embedding and thus defines a log-anticanonical height
function H by composing it with the standard height function }P’%((@) — Rsq.

We can represent a point on X in a way such that xg,z1,y0,y1 are integers
with ged(zo, 1) = ged(yo, y1) = 1; this representation is unique up to the two
choices of sign. As a consequence, we have a 4-to-1-correspondence between the
sets X(Q) = X(Z) of rational points on X, respectively integral points on X,
and the set

{(x07$17y07y1) € Z4 | ng(.TO,{El) = ng(yanl) = 1}

To use this expression for counting, we need to know what the height of a
point represented in such a way is, and when such a point is integral on U.
Since x¢ and x1, and yg and y; are coprime, so are the pairwise products:
ged(zoyo, oY1, 1Yo, €1y1) = 1. We thus get the description

H(xo,1,y0,y1) = max{|zoyol , [Toy1|, [z1%0] , |T191]}

= max{[zo| , [x1|} max{|yo|, [y1]}-

of the above log-anticanonical height function. That a point in the above repre-
sentation is an integral point on I/ means that it does not meet the divisor AH»%
over any point of SpecZ. For the generic point this means zgy; — x1yg # 0; for
closed points pZ this means p { xoy1 — z1yo. A point is thus integral if and only
if xoy1 — T1yo is a unit of Z.

Putting this together, we now have an explicit description of the counting
function:

ged(zo,r1)=ged(yo,y1)=1,
max{|zo|,|z1]} max{|yol|,|y1|}<B

1
N(B) = 1# {(x07x17y0ay1) S Z4

zoy1—T1yoE{£1}, }

Using the symmetry in the two possible values of the equation and cutting up
the set into the subsets satisfying max{|xo|, |z1|} < max{|yol|,|y1|} or not, we
get

1 Ao =aedlvon)
4 ged(zo,r1)=ged(yo,y1)=1,
N(B) =3 (# {(zo’xl’yo’ n) €L max{lwo?wlﬁ}max{flﬁoﬁlyl}@}
max{ [0l o1 [} <maxd lyo bl

(1.1)

max{|zol,|z1|} max{|yo|,|y1]|}<B,
max{|zol,|z1 [} >max{|yol,|y1[}

zoy1—T1Yo=1,
+# {m Lo yn) € T | S et )=t })

We start by analyzing the first term in this expression, which we regard as a
sum over rg and x;

> #{(y07y1) €z

zo,%1€Z,
ged(zo,z1)=1,

|zol,|z1|<VB

ToY1—T1Yo=1,
mas{|yol.|y1 |} < B/ max{|aol.|e1 [}, b | (1.2)
max{|zol,|z1|}<max{|yol,|y1[}
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using the facts that the height condition and inequality imply max{|zo|, |z1|} <
VB and that the equation implies the coprimality condition ged(yo, y1) = 1.
To treat such sums, we want to determine the number

N(x,21,C) = # {(yo, 1) € Z° | woy1 —z1yo =1, |wol, || < C}.

The equation has a solution (o, 1) if and only if ¢ and z; are coprime; the
other solutions then have the form (g + kx1, 91 + kxo) for k € Z. If we assume
that both zg and x; are non-zero, such a solution satisfies the inequalities if

g
[+ 22

< oand |k+ 2
T xo

< C
ENE

that is, if k£ is in an intersection of two intervals. The number of integers in

an interval is the length of the interval with an error of at most 1. Since the

distance between the midpoints of the two intervals is

2091 —*190
Tox1

91 _ Yo | _

Zo x1

= =1 <1,

T lwoma| =

the error we get when replacing the intersection of the two intervals by the
smaller interval — which has length 2C'/ max{|zo|, |x1|} — also is at most 1. We
thus get

2C

Nwo.o1,0) = Cal ol
(.I‘(),xh ) max{‘.’l)(ﬂ 5 |$1|}

+0(1), (1.3)
whenever xy and ;1 are coprime and both non-zero. If one of them, say =z, is
zero, the other one has to be 1 or —1, and the solutions are those (yo,y1) € Z2
with |yo| < C, y1 = 21, so ([L.3) still holds.

Using this, we can now get rid of the condition

max{|zol, [z} < max{lyo|, |y1[}

in (E) The error we introduce in doing so is

2 zoy1—T1yo=1,
> #{(907?/1) €Z ‘max{\yo\ﬁyh}g%lixﬂxo|,|z1\}} < ) 1<B

(mg,ﬂ:l)EZz, x0,21€7Z,
ged(zo,x1)=1, |zol,|z1|<VB
lzol,lz1|<VB

by (E) For the same reason, we can_change the inequality max{|xo|, |z1|} >
max{|yo|, |y1]} in the second term of ([L.1)) to >, introducing another error < B.
Now, by exchanging the roles of  and y, we get the same estimate for the second
term and have simplified ([L.1]) to

— 2 x —x =1,
NBY = > #0000 € 22 | ol <b it ety | + O(B)

z0,T1€ELZ,
ged(zo,z1)=1,
|zol,|lz1|<VB

2B
S S}
max{|zo|, [z1]}
z0,71€Z,

ged(zo,z1)=1,
|zol,|z1|<V B
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since we have lz1|<p 1 < B for the sum over the error terms from another
application of (|.3). We simplify this sum with a Mobius inversion and then
perform a change of variables x} = x;/a:

(zo,x1)€EZ?, alzo,x1

lzol,|z1|<VB
= P Lom). (4
2 / /2
R R BT (AN
|a:6|,|a:'1|§\/§/oc

(Note that the sums are finite and thus absolutely convergent.) Using the sym-
metry in g and x1, the inner sum is

B B
4 E — =2 g .
EAR |z |?

)2 €L, 1 gzt €Z, !

EIANEANZ |z |=]1|<VB/a

The second term is

B
8 — < B,
21>0 |$1|

and the first one is

8 > |f,1| +O(B) = 16B (log (‘{f) + 0(1)>

T} €Z,
‘z'l|§\/§/a

= 8Blog B + O(B(1 + loga)).

Plugging this back into (@), we arrive at

NGB =Y “O(g) (8Blog B + O(B(1 +loga)) + O(B)

a>0

B(1 +1

:8Blog32“(‘;‘) +0 <B+Z(’;2°go‘)> .
a>0

«
a>0

So, finally, we have an asymptotic formula

N(B) = %B log B + O(B)

for the number of integral points of bounded height on P! x P! — Api.

This example can be regarded as an application of the torsor method. The
morphism (A% —(0,0)) x (A%2—(0,0)) — P! x P! is an example of a universal tor-
sor. Integral points on A} are simply 4-tuples (zq, 1, Yo, y1) (formally, they are
morphisms Spec Z — A*, that is, given by homomorphisms Z[z, 21, yo, y1] — 7Z,
which in turn are defined by the images of the generators). An integral point
on A} is contained in the open subscheme

T = (A2 — V(z0,71)) X (A2 — V(yo, 1))
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if the image of Spec Z does not intersect the complement of 7. The image of the
generic point (0) is in V(zg, 21) if g = 21 = 0, and the image of a closed point
(p) of SpecZ is in V (g, 1) if p | 2o, 21, and hence the image does not intersect
V(xg,x1) if ged(xg, z1) = 1. With the analogous criterion for V(yo,y1), we can
see that the set of integral points on T is

T(Z) = {(z0,21,90,y1) € Z* | ged(zo, 1) = ged(yo, y1) = 1}

Finally, all fibers of 7 — P% x PL are isomorphic to G2,, with G,,(Z) = {£1},
giving the 4-to-1-parametrization. This parametrization allowed us to regard
integral points as lattice points satisfying an equation and gcd-conditions.

We will continue to use this example to illustrate constructions related to
the geometric interpretation of asymptotic formulas. Since this interpretation
involves a local-global-principle, it will be helpful to have a description of the
local solutions, that is, of the set of Zy,-points on Y. Completely analogous to
Z-points, the set of Z,-points is

{(@o ), (o)) € P Bt =h
This time, there is only one prime that can divide ged(zg, 1), and thus the
coprimality condition means precisely that zo € Z, or z; € Z; (and the same
for y). We can also translate this to a condition of the absolute values: the
p-adic integer x( is a unit if and only if its p-adic absolute value || , is 1, and
the last condition in the set is equivalent to saying

[Zoy1 — z1yol, = 1. (1.5)

We can also ask about the shape of this set in, say, A2 =2V = P! x P! -V (zoyo),
using coordinates (v,y) = (z1/z0,y1/y0). If |z, < 1, we have x1 ¢ Z), xo €
Z, . So, by the ultrametric triangle inequality, (E) holds precisely if |y | »=1
that is, if [y[, > 1. Analogously, for [z|, > 1, the condition holds precisely if
lyl, < 1. Finally, if [z|, = 1, we have |zo|, = |z1], = 1, so ([L.5) always holds if
lyl, # 1; if [y, = 1, we also have [yo| = |y1| = 1, so after dividing by [zoyol,,
the condition reads |z — y|, = 1. In total, we get

ULy) V(@) = {(z.9) €@}

‘I|p<17 \y|p217 or ‘I|p>17 ‘ylpglv or
o], =1, lyl,#1, or |a|,=[yl,=1, |[z—y|,=1f"

1.3 Distribution of integral points

Moreover, this example highlights a difference in the distribution of rational
and integral points. In our geometric context, we would expect that the ratio-
nal points are dense in a component of the set of real points as soon as there is
at least one such rational point. (This holds true in cases where weak approx-
imation holds, or, more generally, when the Brauer—-Manin obstruction is the
only one to weak approximation). Their distribution factors into asymptotic
formulas as a volume of X (R) with respect to a certain measure, that can be
thought of as a real density. We cannot expect something similar to happen
for integral points. Already for A!, we can see that Z is far from dense in R,
and the same holds for integral points in the example above. Note that, for this
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Figure 1.1: Integral points of height < 15 on P* x P! — Ap.

reason, when studying strong approximation for integral points, X (R) has to
be omitted or replaced by its set 7o(X (R)) of connected components.

Both examples demonstrate a different behaviour of integral points that
appears in the geometric interpretation: They accumulate around the boundary.
In the case of Al = P! — {00}, every neighbourhood of oo contains almost all
integral points, since the absolute value of almost all integers is larger than
a fixed number. In the previous example, again regarding the affine patch V'
defined by zg,yo # 0, a point (x,y) = (1/20,y1/yo) is close to the diagonal if
|z — y| is small, i.e. if |z1/x0 — y1/yo| is small, with a similar picture on the
affine patch z1,y; # 0. Writing Ap: as a union of two suitable compact sets,
one in each of these two affine patches, we can fit a set of the form

{ <)

into every analytic neighbourhood of Api. Every point outside such a neigh-
bourhood then satisfies

Z1 A%

Zo Yo

Lo _ Y%
T 1

)

1

ZoYo

1Yo — ToY1
ZoYo

S
Zo Yo

€>

b

and the same holds for |z1y1|, so there are only finitely many points. In particu-
lar, no real point p € U(R) can be approximated by integral points, in the sense
that there cannot be a sequence of integral points (p,, ), with p, # p converging
to it. On the other hand, every real point (¢,t) € Ap:i(R) can be approximated
by integral points: Take a sequence
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Figure 1.2: Integral points of height < 2° on P? — {pt}. To the
right: the same integral points regarded as points on Bl{pt}IP’Q —F;
the exceptional divisor E is a horizontal line.

with coprime numerator and denominator, and such that xgn) /xén) # t for

all n; in particular, we then have a:g") — o00. For every positive integer n, let

(y(()"), y%n)) be an integral solution of xén)ygn) —xﬁ”)yé”) = 1. (By the coprimality

assumption, such a solution exists.) Then we also have

N R CF SR L N
) T (), () (n), m)  — _(n) (n), (n) ’
Yo Lo Yo Lo Yo Lo Lo Yo

and get a sequence of points converging to (t, ).

1.4 Example: P" — {pt}

In general, such a strong statement need not hold: There are well-behaved
varieties U with infinitely many points away from the boundary, and whose
integral points are even analytically dense — consider for example U = Py — P =
BlpP} — E, where P = (1:0---: 0), the scheme BlpP} is the blow up in P,
E is the exceptional divisor, and n > 2. Integral points in this case are rational
points with a modified coprimality condition:

UZ)={(xg: - :xpn) €P" | zo,...,2n €Z, ged(z1,...,2,) = 1}.

To see that integral points are analytically dense, let us consider a box of the
form
B= {(th' .. ,tn) e R" | a; <t; < bl} - An(R) C PH(R)

for positive real numbers a;,b;. Our aim is to show that it contains infinitely
many integral points — since the situation is symmetric in the signs of the t;,
this will imply that every neighbourhood of every real point contains infinitely
many integral points. The set of integral points in this box is

o
{(zo,z1,...,2n) € 2L | a; < x—l <b;, gedzy,...,z, =1}
0
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We can estimate the number N(B) of such points with bounded zo < B. A
Mobius inversion yields

N(B) = Z Z#{(xl,...,xn) € Z% | woa; < x; < xoby, | x1,. .., 0}

zo<B a>0
Toa; Tob;
=3 N wa)#{(@r,. ) €28 | 2 <1y < ZZ}
zo<B a<bzg

with b = min;{b;}, since the set is empty as soon as a > bxg. The number of
integers x; in each of those intervals is

xo(bz'a— a;) +0()

Multiplying these, we get an error term

o ((2)7),

since zgb;/a > 1, and thus all lower order terms are smaller. In total this gives

«Q —
NB) =Y [ S @%x%o&ém(zg (1 + log z0))

zo<B \a<bzg
= ¢ pB" " + O (B log B),

which tends to co. (The logarithmic factor in the error term is only necessary
if n=2.)

Still, if we consider a log-anticanonical height function on (BipP", E), 100%
of points of height < B are inside a neighbourhood of the boundary as B — oo.
To verify this, let us first determine an asymptotic formula for the number of in-
tegral points of bounded log-anticanonical height. A computation on the homo-
geneous coordinate ring of the toric variety BlpP"™ shows that a possible choice
for a log-anticanonical height of an integral point is maxi<;<n{|2]" "], [zoa?|}.
A Mobius inversion as above then yields

-

NB)=Y ple) > #{(@,....2n) €Z" = {0} | \msBﬁ,é(fg);}.

a>0 0<wzo<B/am for all i

The first of the two conditions on every x; is stronger if and only if zy <
BY(+1) " In this region, there are at most

1
2B»+1
+1

possible values for each x;, so we get a contribution of at most

<> > BOT<<B

a>0 0<zo< B/ (n+1D)

to the number of integral points, which will turn out to be an acceptable error.
In the other region, for every BY("+t1) < o < B there are

2(2) * o)
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integers x; in every interval. In total, we get

n—1
2"B B
a7 Zo Oén_l.TO"
since 9 < B/a™ implies that the terms of lower order are smaller. Summing
the error term over xo and a, we see that the total arror is

B B
«© Y Poay to<s

a>0, a"lgy™ a>0
[zo|<B/a®

and we arrive at

“Sue Y 2D 0.

a>0 Bl/("+1)<a:0§B/a2

=3 o)

1
(logB —2loga — e log B + O(l)) + O, (B)

a>0
:Zu n—l—l ——— - Blog B+ 0,(B)
a>0
"2 BlogB+0,(B),
Taeigm) T

which can be checked to agree with [CLT10D)].

Let us now determine the number of points outside a box-shaped neighbour-
hood Vh of (1:0:---:0). Every such point satisfies |z; /x| > € for some i, so,
using the height conditions, it needs to satisfy

jai| _ BT
< —.

o <

€

Similarly to above, we can get an upper bound for the number N (¢; B) of integral
points satisfying this inequality:

B
NeB) < Y #{(x,...,2n) € 2" = {0} | |zs] < BV} < =
o< B/ (n+1) /¢ €

which is asymptotically smaller than the total number cBlog B of rational
points. Hence the proportion of integral points lying inside Vj tends to 1 for
any neighbourhood Vg of (1:0:---:0):

#reUzZ)nVo|H(z) < B}
#{r el (Z)| H(z) < B} ’

B — oo,

which agrees with the probability following from the equidistribution theorem
in [CLT10Db)].



Chapter 2

Geometric framework

The aim of this chapter is to provide the necessary background for the geomet-
ric interpretation of asymptotic formulas for the number of integral points of
bounded height on pairs (X, D). To this end, in Sections @ , we recall
the frameworks by Peyre [Pey95, Pev03] in the context of rational points and
by Chambert-Loir and Tschinkel [CLT10a] in the context of integral points. In
the remainder of Section PR.3, we slightly generalize the construction of a divi-
sor group and a cone by Chambert-Loir and Tschinkel [CLT10b] to non-toric
varieties and study some of its properties. We will need these objects to geomet-
rically interpret asymptotic formulas in the following chapters. In Section P.4,
we describe an obstruction to the Zariski density of integral points on parts of
varieties that explains the phenomena on the toric variety in Chapter p; more-
over, we analyze its connections with constructions in the previous section and
its relation to an obstruction described by Jahnel and Schindler [JS17].

2.1 Setting

Throughout this chapter, let K be a number field, o its ring of integers, K an
algebraic closure, K, the completion at a place v, and k, the residue field at a
finite place v. We equip the completions with the absolute values || normalized
such that

lzl, = | Nk, /e, (@),

at a place v lying above a place w of Q, such that [p[, = 1/p on Q,, and with
the usual absolute value on R. Moreover, we equip each of the local fields with
a Haar measure p, satisfying p,(0x,) = 1 at finite places, the usual Lebesgue
measure du, = dx at real places, and du, = ¢dzdz = 2dx dy at complex places.

We consider pairs (X, D) with assumptions on X that are similar to the ones
in [Pey03] (replacing the anticanonical by the log-anticanonical divisor): Let X
be a smooth, projective, geometrically integral K-variety, and D be a reduced,
effective divisor with strict normal crossings. Let U = X — D, and let U be an
integral model, by which we mean a flat and separated ox-scheme of finite type
together with an isomorphism between its generic fiber U x,, K and U. We
assume that

1. H'(X,0x) = H(X,0x) =0,

23
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2. the geometric Picard group Pic(X7;) is torsion free,

3. there is a finite number of effective divisors Dy, ..., D, that generate the
pseudo-effective cone Eff x = {>" a;D; | a; € R>¢} C Pic(X)g, and

4. the log-anticanonical bundle wx (D)" is big, that is, it is in the interior of
the (pseudo-)effective cone.

In particular, the anticanonical bundle wY, is also big, and X is almost Fano in
the sense of [Pey03].

For simplicity, we will assume some form of splitness of the pair (X, D):
We assume that the canonical homomorphism Pic(X) — Pic(X4) is an isomor-
phism and that all irreducible components of D4 are defined over K. This is
weaker than the pair (X, D) being split in the sense of [Harl7].

To fix further notation, for any open subvariety V. C X we let E(V) =
Ox(V)*/K* be the finitely generated abelian group of invertible regular func-
tions on V' up to constants.

2.2 Metrics, heights, and Tamagawa measures

To fix notation, we begin this chapter by recalling several definitions needed for
the geometric interpretation of asymptotic formulas.

2.2.1 Adelic metrics

We start with the definition of adelic metrics and methods to construct them,
as found for example in [Pey03]. An adelic metric on a line bundle £ on X is
a collection of norms ||-||, : £(z,) = R>( on the lines £(z,) for any completion
K, of K and any K,-point x, € X(K,), satisfying the following conditions:

1. For every local section s € T'(U, L), the map

U(Kv) = R0t @y = [Is(z0)]|

v
is continuous with respect to the analytic topology.

2. For almost all finite places v, the norm is defined by an integral model X
of X and L of £ over X in the following way: Since X is proper, any point
x, € X(K,) lifts uniquely to a point Z, € X(o0,). Then XL = L(Z,)
is a free o,-module of rank 1 in 3L = L(z,), and we take the unique
norm |||, on L(z) that assigns to any generator of L(Z%,) the norm 1.
Since any two models are isomorphic over almost all finite places v, this
is independent of the choice of a model.

There are several methods to construct adelic metrics:

e Pull-backs. Let f: X — X’ be a morphism between smooth, projective K-
varieties, and let £ be a line bundle on X', equipped with an adelic metric.
Then we get an adelic metric on f*£ in the following way: Locally, any
section of f*L£ has the form s’ = h - f*s for local sections s of £ and h of
X. We st [[¢'(a,)l, = |h(@)], Is(/@))],.
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o Tensor products and inverses. If £ and L' are metrized line bundles,
there is an induced metric on £ ® L' defined by |s® s, = |Isll, [Is'll,
and an induced metric on £V defined by ||h(z)], = [(h(s))(z)], Hs(x)H;l,
independent of the choice of a local section s of £ that does not vanish in
x.

e Basepoint free bundles. There is a canonical adelic metric on Opx (1):
A local section s € T'(V,Opn (1)) on an open subvariety V. C P is a
homogeneous rational function in xg,...,x, of degree 1 that does not
have a pole on V. Thus, for any point

x=(xg: - :wn) € V(K,),

the norm |s(x)]|, - max;{|z;|,} " is well-defined. This metric is defined by
the integral model Py, at all finite places. Using this, we can associate
a metric with any base point free line bundle £ together with a set of

global sections sq,...,s, that do not vanish simultaneously: We have a
morphism

[ X =Pz (sox):- - :sn(x))
with £ = f*Opn(1). Then the pull-back construction gives a metric in-
duced by

" |s(f ()]

1f*s(x)ll, = (2.1)
max{|so()l, -, |sn(2)l,}

for rational functions s as above.

Since every line bundle on a projective variety is a quotient of very ample bun-
dles, this allows the construction of metrics on any bundle.

Example 2.2.1. Returning to X = P! x P!, D = Ap, we can describe the
metric on Ox(1,1) induced by the Segre embedding P! x P! — P3. A local
section of Ox(1,1) is a homogeneous rational function f of bidegree (1,1). Its
norm at a point (z,y) = ((zo : 1), (Yo : y1) is then

|f(z,y)],

maX{|$o|v ) \SU1|U} max{|y0\v ) |y1\v}.

Ifyl, =

2.2.2 Heights

A line bundle £ on a smooth, projective variety X over a number field K
together with an adelic metric determines a height function

H: X(K) = Rso, o [[lls(@)ll;",
v

where s is a section that does not vanish in x. Since ||s(z)||, = 1 for almost
all v, the height is well-defined, and since [], |a|, = 1 for all &« € K*, it does
not depend on the choice of s. Moreover, different metrics ||-||, ||-|" on the same
line bundle define equivalent height functions H and H’, that is, the quotient
H(xz)/H'(x) is bounded from both above and below.

The number of rational points of bounded height #{z € X(K) | H(z) < B}
is finite if the line bundle £ is ample. This still holds outside a closed subvariety
if £ is big.
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Example 2.2.2. In order to construct a height associated with an arbitrary
(not necessarily base point free) line bundle, write it as a quotient £ = A® B!
of very ample bundles. Take bases ag, ..., a, and by, ..., b, of the global sections
of A and B (or simply sets of sections without a common base point). Then

o Hmax{\al| =1,...,r}
max{|b;|, [j=1,...,s}

is a height function associated with £, since ], |s(x)|, = 1 for any section s
not vanishing in the respective image of z.

If £ is not base point free, it does not suffice to take global sections of £ and
consider the maximum of their absolute values. There is, however, an inequality:
If £ has global sections, take a basis sq, ..., s, of them. Then we can complete
{sib;}:,; to a basis of the global sections of A, and get

x) > Hizlgﬁfn{ISilv}-
v

v

If = is not contained in the base locus, the right hand side is H(f(z)) for the
rational map f: X --» P" associated with £. From this, we can recover the
above fact: Assume that £ is big. By replacing it with a suitable power and
taking the n-th root of an associated height function, we can assume that f
is birational. Let U a Zariski open subvariety on which f is an isomorphism.
Since there are only finitely many points of bounded height on P", there are
only finitely many points of bounded height on U.

Example 2.2.3. On P' x P!, the metric we just defined induces a height func-
tion, which coincides with the height function we used for counting, since both
the metric and our height were induced by the Segre embedding. To explicitly
verify this, take a point P = ((x¢ : x1), (yo : y1)) with coprime coordinates.
Then, since g and x; are coprime, at least one has p-adic absolute value 1, so
we get max{|zol,,|z1],} =1 for all finite primes p, and the same for y. Thus,
we get H(P) = max{|zo|, |z1|} max{|yo|, |y1|} for the height function induced
by the metric.

2.2.3 Tamagawa measures

An adelic metric on the canonical bundle wx of a smooth, projective variety
X over a number field K induces a Borel measure on the K,-points X (K,,) for
all places v, called a Tamagawa measure. In local coordinates x1, ..., x,, it is
given by

Arx,e = [[dz A - Adan " dpy.

For finite places v < 0o, we consider the modified measure
-1
drx,p)w = [1p @ dzy A -+ Aday |, dp,

induced by a metric on the log-canonical bundle wx (D), and its restriction 7y,
to U. Here, 1p denotes the canonical section of Ox (D), corresponding to 1
under the canonical embedding Ox (D) — Kx. Since U(o,,) is a compact subset
of U(K,), the norm ||1D||;1 is bounded on U(0,), and its volume is finite.
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Over finite places v, we further multiply these measures with convergence
factors associated with Pic(Uz) and E(Ugz) as Galois modules. In our situation,
the Galois action on both modules is trivial, and we get the powers

1 rk Pic(U)—rk E(U)
1—
( #k‘v>

of the local factors at s = 1 of the Dedekind zeta function (x of K. These make

the product
1
1—
I (75

V<0

rk Pic(U)—rk E(U)
) o U(ox,))

absolutely convergent [CLT104, Theorem 2.5]. Finally, this product is mul-
tiplied with the principal value of the corresponding L-function, in this case

rk PicU—rk E(U)
Pr , where

p 27 (2m)° Regy hi
K=— "—"—""F—
#ux/|dk|

is the principal value of the Dedekind zeta function, with the numbers r and s
of real and complex places, the regulator Reg, the class number hg, the group
iy of roots of unity, and the discriminant di of K.

Example 2.2.4. Again returning to P* x P!, we first notice that we only have
a metric on a line bundle isomorphic to the log-anticanonical bundle, note on
the log-anticanonical bundle itself (which in turn would induce a metric on the
canonical bundle). To get a metric that induces Tamagawa measures, we need an
isomorphism between wx and Ox(—2,—2). Up to constants, there are unique
non-vanishing sections of these two line bundles on X — V(zgyo) = A?: the
section d(x1/z0) Ad(y1/yo) of wx and the section 1/x3y2 of Ox (-2, —2). Hence,
there is an isomorphism between the two bundles mapping one to the other.
Similarly, there is an isomorphism Ox(1,1) = Ox (Ap:) identifying zoy1 — 1Yo
and the canonical section 14 ,. With these isomorphisms, we get a metric on
wx (A) satisfying

ToY1r — T1Yo
£L'2 2 maX{‘x()'U’|m1|v}max{‘y0|v7‘y1|v}
0%0 v

= | —yl, max{1, [z, } max{1, [y[,}

v

Hda:/\dy@ La:

at every place v. With this description, we can compute the Tamagawa numbers
at finite places p. Recall that the set of integral points had a description by four
disjoint regions. On the first one, we have [z| <1, |y[ > 1,s0 [[dz Ady ® 1p||, =
|y2} (using the ultrametric triangle inequality), and so its volume is

Jo, fieo, mz ey =mila @y el <)Y (110

p
lz|<1 " |y|>1 §>0

s 1 _1
p*  p
and the second volume is the same. By similar calculations, the volumes of the

third and fourth region are
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In total, this gives us a volume of

1
TpU(Zp)) =1+ 57

which, after multiplying it with the convergence factor (1 — %), coincides with
the factor at p of the Euler product in our asymptotic formula.

While these measures depend on the choice of isomorphism Ox(1,1) =
wx (D), the formula in the end will not: Automorphisms of a line bundle on
a projective variety are the morphisms arising by multiplication with a constant
A, so choosing a different isomorphism would multiply all measures by |A],.
Since, in the end, we will multiply all volumes, the result does not depend on A
by the product formula.

2.3 Clemens complexes and associated data

Integral points tend to accumulate near the boundary, with more points ly-
ing near intersections of several components of the boundary divisor. For this
reason, combinatorial data on the boundary, encoded in Clemens complexes,
appears in asymptotic formulas for the number of integral points of bounded
height.

2.3.1 Clemens complexes

The geometric Clemens complex Cz(D) is a partially ordered set defined as
follows: Let A be an index set for the set of irreducible components of D (which
are the same as the irreducible components of D by our assumptions); denote
by D, the irreducible component of D corresponding to o € A, and, for any
A C A, by D4 the intersection (. 4 Do. Then the geometric Clemens complex
consists of all pairs (A, Z), such that A is a non-empty subset of A, and Z is an
irreducible component of (D4)z. Its ordering is given by (A,Z2) < (4',Z') if
A C A’ and Z D Z’'. In other words, we add a vertex for every component of D;
if the intersection of a set of components is non-empty, we glue one simplex to the
corresponding set of vertices for every geometric component of the intersection.
In the following, we will often suppress Z from the notation.

For an archimedean place v, we will also be interested in the K,-analytic
Clemens complex C2*(D). It is the subset consisting of all pairs (A, Z) such
that Z is defined over K, and has a K,-rational point. (Note that this depends
on v and not just on the isomorphism class of K,.) By the assumptions in the
beginning of this chapter, we have the following;:

Lemma 2.3.1. If a face (A, Z) of the geometric Clemens complex is part of the
K, -analytic Clemens complex C2*(D), then so are all of its subfaces (A', Z").

Proof. Such a subface is given by data A’ = {D,...,D,} C A and an irre-
ducible component Z' C Dy with Z/ D Z. Since Z(K,) # 0, it contains a
K,-point P, that is, a point P invariant under the action of the Galois group
of K,; since Z' O Z, the point P is also on Z’. For contradiction, assume now
that Z’ is not defined over K,. Since the D; are all defined over K, they are
invariant under the Galois action, and thus the conjugates °Z’ of Z’ under the
action of the Galois group are also contained in all D 4,, hence also in D 4. Since
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P is contained in the intersection of all conjugates (and there is more than one
by the assumption), Dy is singular in P, and D does not have strict normal
crossings, contradicting our assumptions at the beginning of this chapter. [

Note that, since D4 is smooth for every face A, the set D4(K,) is a smooth
K,-manifold. We will often be interested in maximal faces of the analytic
Clemens complex with respect to the ordering. (Such faces need not be maximal-
dimensional, that is, maximal with respect to their number of vertices.) Ge-
ometrically, maximal faces are faces A such that D4(K,) intersects no other
divisor component. We denote the set of maximal faces by C3™™**(D); if the
K,-analytic Clemens complex is empty at a place v, then the empty set is its
unique maximal face.

2.3.2 The measure associated with a maximal face

Let v be an archimedean place, and let A € C3™™**(D) be a maximal face of
the K-analytic Clemens complex, that is, a maximal subset of the irreducible
components whose intersection D4 has a K,-rational point. Denote by

AA:D—ZDa
acA

its “complement”. We are interested in a measure 7p, on D4 (K,) defined as
follows [CLT10a, 2.1.12]: A metric on wx (D ,c4 Do) defines a metric on wp,
and thus a Tamagawa measure 7 on D 4(K,) by repeated use of the adjunction
isomorphism (since D is assumed to have strict normal crossings). We consider
the modified measure

1anloia,.
This measure only depends on the metrization of the log-canonical bundle
wx (D): This metric induces a metrization of wp,(A4), via the adjunction
isomorphism, and the above measure is equal to
-1

d(z1,...,zs),

wp,(Aa)w

HlA,A ®dry A--- Adxg

with local coordinates x1, ..., xs. Note that the maximality of A guarantees that
1A, ||;1 does not have a pole on D 4(K,), and is thus bounded on D 4 (K, ) since
this set is compact.

These measures are further renormalized by a factor cﬁf, where cg = 1,
and ¢c = 27 is the volume of the unit ball in the archimedean local field with
respect to the Haar measure we are using. We thus get a residue measure

A -1
T™Da = Cﬁv ||1AAHO(AA)"UT
on every Dy. See [CLT104, 3.1.1, 4.1] for more details.

Example 2.3.2. Once more returning to P* x P!, we first note that the Clemens

complex is just the single vertex A = Ap1, and thus has a single maximal face.

Following (loc. cit.), we compute the residue measure at this maximal face. We

have a local coordinate z = x +y of A, and a local equation 2’ = x — y of A,
satisfying dz’ A dz = 2dz A dy. In these new coordinates, we have

/

}max{l, S }

2

z+ 2

[dz A dy ® 1all,, (a).co = 2| max {1,
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Thus, we get

o1 ,
= zl’ILHO T 1[dz" Adz @ 1p|l,y (a),00 = 2max {1,

=]
2|

2112
2l

WA ,O00

Integrating its inverse yields

1 2
/ —dz Jr/ —dz =4,
2]<2 2 l21>2 |2]

and after renormalizing with cg = 2, we get Ta oo (A(R)) = 8.

2.3.3 A divisor group
Let A = (Ay)yoe € I, C5"™**(D) be a tuple of maximal faces A, of the K-

v
analytic Clemens complexes for all archimedean places of K. We set

Ap= Y. Do and Us=X-Ay,
agA,
for all v|oo
so Ay C D is again the “complement” of A. With A4, as before for the maximal
face A, at a place v and Uy, = X — A4, , we have inclusions

AsCAy, €D and UcCUgs CUsCX.

We associate some data with A analogous to groups defined by Chambert-Loir
and Tschinkel for toric varieties [CLT10H, 3.5], using the full set of divisors
instead of invariant ones: We let

Div(U; A) = Div(U) © @ Z* and Pic(U; A) = Div(U; A)/ im(div,),

v|oo

where divy: Kx — Div(U; A) maps a rational function f to

divy (f), ( > ordp,( f)Da>

a€A, v

Since div 4 is compatible with the standard divisor function, we have canonical
homomorphisms 74: Pic(X) — Pic(U; A) and o4: Pic(U; A) — Pic(U). The
first one maps the class of a prime divisor [E] to the class of (ENU, (1gca, F)v),
where 1gea, is 1 if E is a component of D and belongs to the maximal face A,
and 0 otherwise. The second homomorphism o4 maps the class of (E, (E,),) €
Div(U; A) to [E].

If K has only one archimedean place, these constructions simplify to the
Picard group Pic(U; A) = Pic(Ua) of Us and the pullback homomorphisms
Pic(X) — Pic(Ua) and Pic(Ua) — Pic(U).

In the context of asymptotic formulas, we will be interested in the two num-
bers

ba =tk Pic(U) —rk E(U) + Y _#A, and
v|oco

'y =tk Pic(U; A)

connected to the exponent of log B and a factor of the leading constant associ-
ated with Pic(U; A).
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Lemma 2.3.3. We have

ba=rkPic X — #A+ > #A, and

v|oco

b/A =ba+1k E(Ua).
Proof. For the first assertion, note that there is an exact sequence
0 — E(U) —» CHY(D) — Pic(X) — Pic(U) — 0. (2.2)

Indeed, the part on the right is the localization sequence for Chow groups.
Exactness on the left follows form the fact that a relation making a divisor
supported on supp(D) linearly trivial has to come from a meromorphic section
whose only zeroes and poles are on supp(D), that is, invertible regular func-
tions on U. The only such functions mapping to 0 in CH®(D) are regular and
invertible on X, hence invertible constants, and we get E(U) on the left. The
assertion then follows with rk CH’(D) = #A.
The second assertion will follow from the exactness of a sequence

0— E(Ua) = E(U) - @ Z* — Pic(U; A) — Pic(U) — 0. (2.3)

v|oo

The homomorphism to Pic(U) is the map o4 defined above; its kernel is gen-
erated by divisors supported outside U, that is, on A. If such a divisor E is
linearly equivalent to 0 in Pic(U; A), this equivalence is induced by a section
which has corresponding zeroes and poles on F, but no zeroes and poles on U,
again, we can exclude constants. Finally, the invertible regular functions on U
not inducing such a relation, and thus mapping to 0 in the middle group are
those which do not have a zero or pole on any A, i.e., those that are regular and
invertible on Ugy. O

Remark 2.3.4. We always have by =V, for e.g. toric varieties [CLT10b, 3.7.1
with the remark before Lemma 3.8.5], partial equivariant compactifications of
vector groups, and semisimple groups (since their effective cones are simplicial
and generated by invariant divisors). Both numbers play a role in asymptotic
formulas, and we will see in Lemma M that they are equal whenever we can
expect a tuple A of maximal faces to contribute to an asymptotic formula.

Remark 2.3.5. Due to our assumptions on X and D, it does not matter
whether we work over K or K: For a group Pic(Us; A) similarly defined over
K we would have a canonical isomorphism Pic(Ug; A) = Pic(U; A). _Indeed,
we can consider the two exact sequences in the proof of Lemma P.3.3 over
both K and K together with the obvious homomorphisms between them. The
splitness assumptions imply that the homomorphisms Pic(X) — Pic(X) and
CH°(D) — CHO(D?) are isomorphisms, so using the five lemma three times
yields Pic(Uz; A) = Pic(U; A).

2.3.4 A convex cone

Assume that Pic(U; A) is torsion-free — in Lemma m we will see that this
holds whenever there is no obstruction to the Zariski density of integral points
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“near A”. It is thus a lattice in V4 = Pic(U; A)r, and we consider this vector
space together with its effective cone Aa C Pic(U; A)r generated by the images
of effective divisors Divso(U) & EBZQ’(’). If K has only one archimedean place,
this is simply the effective cone Eff;; 4 of Ua.
We can equip the dual vector space V)y = Pic(U; A)y with the Haar measure
A normalized by the dual lattice Pic(U; A)Y. The characteristic function of A4
is defined via
Xy, (L) = / e B dt,
A AV
A
It is finite in the interior of A4. Since the log-anticanonical bundle wx (D)"Y is
big, its image is in the interior of A4, and we set

02 = Gy s (r(ex (D)),

where m: Pic(X) — Pic(U; A) is the canonical map. This value is non-zero if
and only if A4 is strictly convex. In Lemma P.4.3, we will see that if this is not
the case, then there is an obstruction to the Zariski density of integral points
“near A”, and the face A should not contribute to an asymptotic formula.

The constant a4 can alternatively be described as a volume: Equip the
hyperplanes H, = {t € V¥ | (£, t) = a} with measures A4 normalized such that

= (] o)

for all functions f on V' with compact support. Then (cf. [Vin63, Chapter 1,

§2))

vol{t € A | (wx (D), ) =1}
Wy vol{t € AY | (wx(D)Y,t) < 1}.

Q
N
Il

If the cone A 4 is smooth, that is, generated by a Z-basis 1, . . ., Ty, of Pic(U; A),
this further simplifies: If w(w(D)V) has the representation (a1, ... ;ay,) in this

1 1
x4 = (v, — 1)! H P

: ; Qa;
1<i<bl,

basis, we have

Example 2.3.6. To finish the geometric interpretation for P* x Pt — A, let us
compute ap. First of all, we note that bo = 2—1+41 = 2 by Lemma . Since
there is only one maximal face, we have Upn = X for this face, so Pic(U;A) =
Pic(X) = Z2, and its effective cone Ay = Effx = R>¢ x R, is smooth. Then
we have V/y = 2 = bya, the log-anticanonical class is (1,1), and we get aq = 1.
In total, we now have a geometric interpretation of our asymptotic formula for
the number of integral points of bounded height on P! x P! — Ap:, similar to
other results on integral points:

1 rk(Pic U)
N(B) = aatpa,eo(Da(®R) [ ] ((1 - ) TU,p(U(Zp))> B(log B)*2~*

» p
+0(B).
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(Note that on a field with only one archimedean place we always have E(U) =0
if the set of integral points is Zariski dense by the second argument in the proof
of Lemma P.4.4.) More examples will follow in the next section.

2.4 An obstruction

Let A € [], Cam™**(D) be a tuple of maximal faces of the Clemens complex, and
consider the regular sections Ox(U4) on Uy. These provide an obstruction to
the Zariski density of integral points near A: If Ox (Ua) # K, that is, if there are
non-constant sections on Uy, there are no integral points that are simultaneously
near all D 4, except possibly on a finite set of strict subvarieties. Since we should
exclude such subvarieties if they were to contribute to an asymptotic formula,
there cannot be a contribution of “points near A” to an asymptotic formula in
this case. In this case, we will say that there is an obstruction to the Zariski
density of integral points near A.

Proposition 2.4.1. Let A € [[, Ca"™**(D) be a tuple of maximal faces of the
analytic Clemens complexes such that Ox(Ua) # K. Then there is a dense
Zariski open subset V. C X and an analytic neighbourhood U, of D4, in X (K,)
for every archimedean place v such that

{r eU(og)NV(K) |z €U, for allv| oo} = 0.

Proof. Let s be a non-constant section in H%(Ua, Ox). After multiplying with
a suitable constant, we can assume it is a section of the integral model. Let v
be an infinite place. Then, by the maximality assumption, Dy4, (K,) does not
intersect A4 (K, ), so |s|, is continuous on the compact set D 4, (K,) and attains
its maximum M,,. Let

U, = {z € X(Kx) | |s(z)], < 2M,}.

Since s(z) € ok for integral points « € U(ok ), it can attain only finitely many
values « in the box defined by the M,. Every integral point lying in all of the
U, must thus lie on one of the finitely many subvarieties V(s — ). O

If there is such an obstruction for a maximal face A, points near D4 for
subfaces A are similarly obstructed — except possibly near a larger face B D A’,
in which case we would expect that their number is described by invariants
attached to B, or, more precisely, maximal faces containing B.

Lemma 2.4.2. Let A € [[, Ci"™(D) be a tuple of mazximal faces of the
Clemens complex such that Ox(Ua) # K. Let A’ C A be a subface. For every
place v, let By y,..., By, be the faces containing Al as a strict subface. For
every i and v, let Uy, be an arbitrary analytic open neighbourhood of Dp, , (K,)
in X(K,). Then there exists an analytic neighbourhood U, of

n
D, — | Ui
=1

in X(K,) for every v | oo and a dense Zariski open subvariety V C X such that

{U(og)NV(K) |z € U,, but x €U, for allv|oco andi=1,...,n} = 0.
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Proof. The proof works analogous to the last one (and the above proposition
can be regarded as a special case, taking A" = A): Let s € Ox(U4) be non-
constant. The poles of |s[, on D4, (K,) are entirely contained in its intersection
with A4 (K,), so, again, |s|, is continuous on the compact set Da, — [, Us o,
and attains its maximum M,,. As before, we get open subsets

Uy = {z, € X(Ky) | |s(2)], < 2M,}
and a finite set of subvarieties of the form V(s — a). O

This obstruction can be triggered if some of the objects defined in the pre-
vious section behave pathologically: If the cone A4 fails to be strictly convex,
if Pic(U; A) has torsion elements, or if its rank b/, is not equal to the exponent
ba =1k PicU —rk E(U) + >, #A,, then there is an obstruction to the Zariski
density of integral points near A.

For the first case, if the cone A4 whose characteristic function appears in
asymptotic formulas is not strictly convex, it yields a factor a4 = 0. An example
of this happening, which also has an impact on the exponent of log B in an
asymptotic formula, is analyzed in Chapter p.

Lemma 2.4.3. Let A € [[,C5™™*(D) be a tuple of maximal faces such that
A4 is not strictly convex. Then Ox(Ua) # K.

Proof. That A4 is not strictly convex means that it contains a line through 0,
that is, we can find two effective divisors (E, (E,),) and (E’, (E.),) € Div(U; A)
with F + E' ~ 0. Hence there exists a rational function which vanishes on
all E, E,, E', E! (and thus is non-constant), and whose only poles are outside
Uga. O

We have defined two constants by and b/, arising in asymptotic formulas,
which coincide for toric varieties and all varieties studied in the next chapters.
While this does not hold in general, there is an obstruction whenever they differ.

Lemma 2.4.4. Let A € [[,C3™™*(D) be a tuple of maximal faces such that
ba # b’é. Then Ox(Ua) # K. If, in addition, K has only one infinite place,

then U(ok) is not Zariski dense for any integral model U of U.

Proof. We have seen in Lemma that this happens if and only if there is
a non-trivial invertible regular function s € E(Uy,), so, in particular, there is a
non-trivial regular function on Ugk.

Next, assume that K has only one infinite place, that is, that the group of
units o is finite, and let s € E(U4) be such an invertible regular function. After
multiplying s and s~! with appropriate constants, we get regular sections s and
s" on U such that ss’ = a € 0. For a rational point x € U(ok ), the value s(z)
then has to be a divisor of a, of which there are only finitely many. The integral

point & must thus lie on one of the finitely many subvarieties V(s — «),, of
X. O

ala

Example 2.4.5. Consider P™ and the three hyperplanes V(zg), V(z1), and
V(zo + z1). Their sum does not have strict normal crossings, which we can
remedy by blowing up V(zg,x1). Call the resulting variety X, and consider the
pair (X, D) with D = Hy + Ho+ Hs + E, where the H; are the strict transforms
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of the three hyperplanes and E is the exceptional divisor. For n > 3, the
log-anticanonical bundle is big (though never nef), and we have U = X — D =
A" —V(z1)—V(214+1). The geometric and every K,-analytic Clemens complex
is then a “star”, with the vertex corresponding to £ connected to the other three
vertices H;. If we take A = (A,), with the same maximal face A = {E, H;}
(for some fixed i) for all infinite places, we have Uy = A"~ x G,,. Hence

ba =1kPic(U) 1k B(U) + Y #A=0-2+2(r+s)=2(r+s5)—2.

v|oco
On the other hand, using (@)7

0 — E(Us) — E(U) — (Z)®0+9) - Pic(U; A) — 0
is exact, with the groups to the left having ranks 1, 2, and 2(r + s), respectively,
so by = 2(r+s)—1, and there is an obstruction. In fact, the set of integral points
is not dense: Every integral point lies on one of the subvarieties {azo—bx; = 0}
parametrized by the finitely many solutions a,b € o) of the unit equation
a+b=1.

Lemma 2.4.6. Let A be a tuple of mazimal faces such that Pic(U; A) is not
torsion free. Then Ox(Ua) # K.

Proof. We consider the morphism 74: Pic(X) — Pic(U;A). It fits into an
exact sequence

CH(A,) — Pic(X) — Pic(U; A) — @D 24 /24" 24 — 0, (2.4)

Indeed, its kernel is generated by divisors supported on A4, hence the im-
age of the pull-back map CH(A4) — Pic(X); for exactness on the right,
note that Pic(X) = (Div(U) @ ZA)/im(divx), so the cokernel of 74 is indeed
D, ZAv JZATSUPPAA after omitting the part ZS'PP 24 mapped to 0 by TA.

The rightmost group is torsion free: An element (nD,), is in the image of ZA
if and only if there is a divisor D such that nD,, =i~ }(D) for all i,: Ua, — Ua;
in particular, D is divisible by n on () A,, and thus the class of (D,), is already
0. Hence, every non-zero torsion element 7' € Pic(U; A) has to be the image of
a (non-zero) element T' € Pic(X) such that nT € im(Z*"PP24), i.e., there are
ba such that nT + > ba Dy ~ 0. Consider

T'=T+Y ﬁﬂ Da.

The divisor 7" is non-zero and in the effective cone, so, using our assumptions
on X, it is represented by an effective Q-divisor E. The image of 7" = [E] is
still T, so the image of [nE] is trivial. Working with a suitable multiple of nE
that is integral, this means that there is a rational function s vanishing on the
support of E, and which can only have poles on Ay4. Since the image of [E] in
Pic(U; A) is non-zero, the support of E cannot be contained in the support of
A 4. Hence s is non-constant and regular on Uy, and we have Ox (Us) # K. O
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Example 2.4.7. Let us consider P” together with a divisor D having two com-
ponents: The quadric hypersurface @ = {23 = Y7, 7}, and the hyperplane
H = {z9 = 0}. If n > 3, the log-anticanonical bundle is ample. The intersection
QN H does not contain any R-points, so, for totally real fields, every K,-analytic
Clemens complex consists of two vertices at every place v. Consider the set A
consisting of the face H at every place. Since the Picard group of U = P"* — D

is trivial, (R.3) allows us to compute
Pic(U; A) = 7Z7/(2,...,2) = 2" @ Z/27.

Note that if K = Q, there are only finitely many points corresponding to the
solutions of 2% 4 - - + 22 = 2, while for larger fields, we get the sets of solutions
of 23 4+ -+ a2 =1+ u for units u € 0.

In [JS17], Jahnel and Schindler describe obstructions at archimedean places.
For an archimedean place v, the complement U of a very ample divisor D is
called weakly obstructed at v if there is a connected component U’ of U(K,),
a constant ¢ > 0, an integer d > 0, and a finite set of rational functions of
the form s; = f;/1% with f; € H°(X,Ox(D)®?) not multiples of 14, (that is,
non-constant regular functions s; on U) such that, for every point « € U’, there
is at least one s; with |s;], < c.

Lemma 2.4.8. Let v be an archimedean place of K, and assume that U(K,)
is connected. Then the following are equivalent:

e U is weakly obstructed at v, and
e Ox(Ua) # K for all mazimal faces A of the K, -analytic Clemens complex.

Proof. Let ¢ be a constant and s1,..., s, be regular functions on U such that,
for every x € U(K,) we have |s;(x)|, < c for some i. Since, by assumption,
every point z on the boundary is a limit of points on U, we have |s;(x)| < ¢
Take a point z on D4(K,) for a maximal face A. Then there is an s; with
|si(z) < ¢|. Then |s;(x)| < 2c¢ is a neighbourhood of z, so, for all a € A, it
intersects all D, (K,) in an open subset. In particular, s; cannot have a pole on
any of the D, and is thus regular on Uj,.

For the other direction, we take a non-trivial s4 € Ox(Ua) for all maximal
faces A. For every point z on the boundary, at least one of the s, is regular
in . Moreover, all of them are regular on U, and thus {|s;| < c}; . covers the
compact set X (K,), and there is a finite subcover. We can then take ¢ as the
maximal constant used in this subcover. O

Remark 2.4.9. Over fields with only one infinite place, integral points are not
Zariski dense if U is weakly obstructed at oo by [JS17, Theorem 2.6]. In a more
general setting, this does not need to be the case, even if U is obstructed at every
archimedean place: If we take A = (4,), with different faces A, for different
archimedean places, we have Us, C Uga, and the regular sections Ox (U,4) might
be trivial, even though Ox(Ua,) # K for all archimedean places v. However,
the following generalizes said result to fields with more than one infinite place,
providing an obstruction to the Zariski density of integral points.

Proposition 2.4.10. Assume that Ox(Ua) # K for all tuples of mazimal
faces. Then U(ok ) is not Zariski dense for any integral model U of U.



2.5. Asymptotic formulas 37

Proof. For every A, let s4 € Ox(Ua) — K; after multiplying with a suitable
constant, we can assume that s4 is regular on U. Let @ = (zy)y € [0 X(K0v).
For all archimedean places v such that x, € D(K,), let A, be the face of the
Clemens complex that is maximal under those with x € Dy4.. Let A, be a
maximal face containing A!. For all v such that z, € U(K,), let A, be an
arbitrary maximal face, and let A = (A4,),. Then z, € Ua, (K,) C Ua(K,) for
all v; hence s4 is regular in all z,, and |SA($U)|U is finite for all v. The open
sets

{Jsa], <clae

cover the compact set [, ., X(Ky), and there is a finite subcover; let ¢ be the
maximal constant needed for this finite subcover. Let I be the finite set of
a € K with |a|, < ¢ for all v. Now, for every integral point = € U(Z), there
has to be a maximal face A such that |sé(x)|v < ¢ for all v | co; since s4 is a
regular section of U, we even have ss(x) € I. This means that every integral
point is on one of the finitely many strict subvarieties

V(sa—a)|Ae [Jcam™™(D), acly,

v|oco
and the set of integral points is not Zariski dense. O
This obstruction always vanishes after a suitable base change:

Lemma 2.4.11. There is a finite extension L D K such that there is a tuple
A = (Ay)w of mazimal faces of the analytic Clemens complex C3* (D) at every
archimedean place w of L with Ox ((Ur)a) # L.

Proof. Let Ap,..., A, be the maximal faces of the geometric Clemens com-
plex C3(D), and let L D K be an extension with at least n complex places
wi,...,wy,. Then Ci‘; (Dr) = C#(D) for these places, and we can take the tu-
ple A = (Ay)w with Ay, = A; for these n complex places and A,, an arbitrary
maximal face for all other places. Since every D; belongs to at least one maximal
face of the Clemens complex, we have (Ur)a = X, hence Ox, (Ur)a) =L. O

Remark 2.4.12. This analysis means that, when studying a variety with
Zariski dense integral points, there will always be at least one maximal face
for which the objects of the previous section are well-behaved, and, in partic-
ular, there always exists a collection of maximal faces A with asq # 0. The
converse is however far from true: There are varieties with unobstructed tuples
of maximal faces whose integral points still are not Zariski dense. For instance,
integral points in Example M are never Zariski dense, but the above lemma
shows that there is an unobstructed tuple of faces over sufficiently large number
fields.

2.5 Asymptotic formulas

These definitions allow the interpretation of asymptotic formulas. Keep all the
assumptions on (X, D) from the beginning of this chapter, which included X
and D being split. Let U be an integral model of U, and assume that U(Z) is
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Zariski dense. Let H be the height function associated with a metric on the log-
anticanonical bundle wx (D)V. We are interested in the asymptotic behaviour
of the number

N(B) = {z € U(ox) N V(K) | H(z) < B}

of integral points of bounded height whose generic point is on a suitable subset
V of X. If strong approximation holds (using the set of connected components
at archimedean places, cf. e.g. [CTWX18]), we might then expect an asymptotic
expansion for N(B) of the form

cooCinB(log B)'71(1 4 o(1)), (2.5)

where

1
o= —mom 2. al[moa0Da(K)) and
‘dKl AeCmax,o(D) ’UlOO

rk PicU —r 1
_ka U—rk BE(U) <1_ Tu(U(0K,)).

rk PicU—rk E(U)
Cfin =
K #hky )

v<oo

Here, the number b in the exponent of log B is the maximal value of by = by
attained on tuples A of maximal faces with Ox (Ua) # K, i.e., on tuples without
an obstruction. The sum runs over the set

Cmax,O(D) —{Ae H Csn,max(D) OX(UA) 7& K, bé =)

v|oo

of tuples A on which this maximum b is attained, that is, the set of “maximal-
dimensional tuples” under those without an obstruction. The results in the
previous section guarantee that the sum does not run over the empty set and
that the factors are non-zero.

In a more general setting, the volume has to be that of a suitable subset
of adelic points instead of a product of volumes, the factor pg is the principal
value of a different L-function, and additional factors appear in the constant,
related to failures of strong approximation, to non-splitness, and to cohomolog-
ical invariants (similar to the case of rational points). It is unclear to the author
what the shape of such a factor for arbitrary (X, D) should be, and under which
conditions it should be different from 1. Note that the Brauer group, whose or-
der appears in Manin’s conjecture for rational points, might not be trivial even
for split U.

We can compare (@) to results in the framework by Chambert-Loir and
Tschinkel. We note a difference in the case of toric varieties, and list the addi-
tional factors appearing in these asymptotic formulas.

o The formula above agrees with the [CLT12, Theorem 3.5.6] on partial
equivariant compactifications of vector groups, since the obstruction never
occurs in these cases, and since the cones A4 are all smooth, satisfying

1 1 1
ca=gog (oo UL =

ag A v|oco a€A,
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with the description —Kx = ZQGD paDq of the anticanonical divisor as
a sum of the boundary components {Dg, }acp-

e Similarly, in the case of partial equivariant compactifications of split semi-
simple groups [TBT13], the obstruction does not occur, and the cones are
smooth with a similar description of a4, making the formulas compatible.
An additional factor is part of the asymptotic formula (18) in op. cit.: the
number |xg,p x(G)| of certain automorphic characters of the underlying
group G, related to strong approximation on G.

o The formula (@) is not compatible with [CLT10b, Theorem 3.11.5] on
toric varieties; it modifies the exponent b — 1 of log B and the index set
of the sum. Our formula above agrees with the asymptotic formula we
determine in Chapter f. The formula in loc. cit. contains additional factors

|A(T,U,K)*| |H' (T, Pic(Xg))|
|A(T)*| |HY(T', Mg)|

two groups of automorphic characters, related to weak and strong approx-
imation on 7', and cohomology groups from the action of the Galois group
(which is trivial in the split case). Moreover, the volume is taken on the
subset of the adelic points cut out by these automorphic characters.

e The formula (@) with this general version of a4 (using all divisors instead
of only torus-invariant ones in op. cit.) is defined for the non-toric varieties
that we study in in Chapters E and {, and agrees with the asymptotic
formulas determined in these two chapters.






Chapter 3

Integral points on a Fano
threefold

3.1 Introduction

The aim of this chapter is to provide an asymptotic formula for the number of
integral points of bounded height on a certain Fano threefold. Fano threefolds
were classified by Iskovskih, Mori and Mukai [[sk77, MMS82]. For these, Manin
proved a lower bound for the number of rational points [Man93]. Those Fano
threefolds that are toric or additive and for which Manin’s conjecture is thus
known have been classified by Batyrev [Bat81] and Huang-Montero [HM1§],
respectively. Besides such results for general classes of varieties, Manin’s con-
jecture for Fano threefolds remains open.

We prove an asymptotic formula for a Fano threefold that does not belong
to any of the classes for which an asymptotic formula for the number of integral
points is known (cf. Lemma and Remark ) More precisely, we are
interested in a pair (X, D), where X is in particular Fano, has Picard number 2
and is of type 30 in the classification of Fano threefolds [MMS82]. Let 7: X — P3
be the blow-up of P? = ProjQ[a, b, ¢, d] in the smooth conic C = V(a? + be, d).
We will provide asymptotic formulas for the number of integral points on X —D;,
where D; is the preimage 7~!(V(b)) of a plane intersecting C' twice in one
rational point and Ds is the preimage 7~ (V(a)) of a plane intersecting C
in two rational points. Up to Q-automorphism, these are precisely the planes
intersecting C' in rational points. To construct integral models U; of U; = X —D;,
we consider the blow-up X of P3 in V(a® + be,d) and define Uy = X — Dy,
Uy = X — Ds.

We_describe their_integral points explicitly by a universal torsor in Sec-
tion B.2. In Section B.3, we construct a log-anticanonical height function

H: X(Q) - IR>07
measures T(x,p,),p o0 X (Q,) and 7p, o on D;(R) renormalized with convergence
factors defined in [CLT10a], and a renormalization factor cg. We continue with

a description of a constant o and the exponent of log B in the expected asymp-
totic. In Sections and B.J, we prove an asymptotic formula for the number of

41
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integral points of bounded height on U; and Us. A comparison of these formulas
with the computations in the preceding section yields the following result:

Theorem 3.1.1. For i € {1,2}, let X, X, D;, U;, and H be as above. Let
Vi =X—7"1(V(abd)) and Vo = X —7~*(V (abed)). Then the number of integral
points of bounded height N;(B) = #{x € U;(Z) N V;(Q) | H(x) < B} satisfies
the asymptotic formula

Ni(B) = ¢ finCi,coBlog B(1 4 0(1)),
where
1 rk Pic X
=TI (1-2) @),
p p
Ci,oo = aDiTDi,OO(Di(R))7

and all constants are associated with the unique mazimal face D; of the Clemens
complex. Moreover, the exponent1l = bp,—1 = b’Di —1 agrees with the definitions
in the previous chapter. More explicitly, we have

20

Ny (B) = mBlogB +O(B) and
Ny(B) = ? 11 (1 — z% + p13) Blog B + O(B(loglog B)?).
p

3.2 A universal torsor

The Cox ring of X over Q is

R(Xg)= P HX Ly,
dePic(Xg)

where (L4)4 is a suitable system of representatives of every class in the geometric
Picard group; its ring structure is induced by the sum and tensor product of
sections. By [DHHT15, Theorem 4.5, Case 30] (which contains a typo in the
degrees of z and y), it is

R(X@)] = Q[a,b,c, z,v, z]/(a2 + be — yz),

and its grading by Pic(Xg) = Pic(X) = 7 is

a b ¢ «x Yy ooz
1 1 1 1 2 0.
0o 00 -1 -1 1

The pullbacks of planes along 7 correspond to degree [1,0], the exceptional
divisor E to degree [0,1], and the anticanonical bundle thus to degree [4, —1].

Lemma 3.2.1. The variety
T@ = Spec R(X@) — V(Iirr)7

where Iy, = (a,b, ¢, z)(x,y), is a universal torsor over X@.
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Proof. In addition to the ring itself, we argue using the bunch of cones ® asso-
ciated with X [ADHLI15, 3.2]. It consists of all cones Cone({deg(t) | t € M})
generated by the degrees deg(t) € Pic(X)q of a subset M C {a,b, ¢, z,y,z} of
the generators satisfiying the following: We have [[,c,,t & /(¢ |t & M), that
is, the equation a? + bc — yz has a solution with ¢t = 0 for ¢t ¢ M and t # 0 for
t € M; and we have w” € Cone({deg(t) | t € M}). The bunch of cones is thus

© = {Cone ([§], [41]) , Cone ([¢], [41]) , Come ([g], [21]) , Come ([], [21])},

given by, for example, the generators {b,z}, {z,2}, {a,y}, and {a,y, 2}, respec-
tively (these are all possible cones containing the anticanonical bundle); the con-
dition is seen to hold by considering the solution (0,1,0,1,0,0), (0.0,0,1,0,1),
(0,1,0,0,1,0), or (1,0,0,0,1,1), respectively. Indeed, by [ADHL15, Theorem
3.2.1.9 (ii)], X is defined by a bunched ring with a maximal bunch, which can
only be the bunch ® just defined.

The irrelevant ideal Ij;, is generated by all elements of the form Hte a t such
that M is a subset of the generators satisfying Cone(deg(t) | t € M) € ®. This
yields

Iirr = (a.’E, bSC, CT, 2T, ay, bya ¢y, Zy) = ((Z, b7 & Z)(‘T’ y)

since the minimal subsets suffice. ]

Denote by p: T — X a morphism rendering 7' a universal torsor. We
note that the composition of morphisms 7' — X — P3 maps (a,b, ¢, z,y, z) —
(a:b:c:xz), that V(z) C T is the preimage of the strict transform of V' (c) C P3,
the subvariety V(y) C T is the preimage of the strict transform of V(a? + be),
and that V(z) is the preimage of the exceptional divisor E C X. Next, we
construct an integral model of this torsor. Consider the ring

Ry = Zla,b, ¢, x,y,2]/(a® + bc — yz)
and the ideal [y, z = (a,b,¢, 2)(z,y) C Rz.
Lemma 3.2.2. The scheme T = Spec Rz, — V (Iiyr z) is a Gil’z—torsor over X.

Proof. We note that removing yz from the generators of I, does not change
the radical of the ideal and that the degrees of the two factors of any of the
remaining generators f; € {az,bx, cx, zz, ay, by, cy} form a basis of the Picard
group. Thus, [FP16, Theorem 3.3] shows that 7 = Spec Rz, —V (Li;r z) is a an,z—
torsor over the Z-scheme X’ obtained by gluing the spectra of the degree-0-parts
Ry f{l](o) of the localizations in the generators f; of the irrelevant ideal.

This integral model X’ of X@ coincides with the blow-up X. Indeed, we can
embed both the Cox ring Rz and the Rees algebra

A= 1" =2[a,b,c,d][(a® + be)g, dE]

n>0

for I = (a® + be,d) into the field Q(a,b,c,d,€) = Frac(A), where the first
embedding maps z +— £ x — df, and y — (a? + be)é. The blow-up is
then given by gluing the spectra of the seven rings A, ; C Frac(A) arising the
following way: First take the degree-O-part (with respect to the usual grading
of Z[a,b,c,d], not considering the natural grading of the Rees algebra) of the
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localizations of A in s € {a, b, ¢,d}, then further localize in one of the generators
t e {%5, gg} (t = £ suffices for s = d) of the Rees algebra and take the
degree-0-part with respect to the grading induced by the natural grading of the
Rees algebra. The rings Rz[fi_l](o) for f; = ax,bx,cx, zx,ay, by, cy coincide
with the rings A, ; for

d

(501) = (@, 2, (b, 36), (e, 26). (d,€), (0, (P +56)8), (b (0™ + D), (e (a? +be)E),

so the two schemes defined by the blow-up and [FP16, Construction 3.1] coin-
cide. O

Lemma 3.2.3. The morphism p induces a 4-to-1-correspondence between inte-
gral points on X and

2 ys—
T(Z) = {(a,b.c,2,y,2) € Z° ] VR i e (3.1)

between integral points on Uy and

a?+bec—yz=
TZ) = {(abe my,2) € 20| ifteqro L (3.2)
and between integral points on Us and

Ta(2) = {(@.b,,2,,2) € Z°

2 —
Ry (3.3)
Proof. The fiber f=1(P) of any point P € X(Z) is a an’z—torsor. Since such
torsors are parametrized by prpf(Spec Z,G2%) = Cl(Z)? = 1, all fibers are
isomorphic to anz, and we get a 4-to-1-correspondence between integral points
on the torsor 7 and those on X.

Since T is quasi-affine, its integral points have a description as lattice points
satisfying the equation of the Cox ring and coprimality conditions given by the
irrelevant ideal. Points on the preimages of U; and U under the morphism
p: T — X are defined by the additional condition (b) = 1 and (a) = 1, respec-
tively. O

We conclude this section with some observations on the geometry of X.

Lemma 3.2.4. There is no action of G2 on X with an open orbit under which
D1 or Dy are invariant, and neither is X toric.

Proof. Since G2 has to act continuously on Pic(X), the exceptional divisor has
to be invariant and we thus get an action on P3 — C. If one of the planes not
containing C' is invariant, the action further restricts to the complement A% —C
of a conic in A3. Since the action needs to have an open orbit, we would get an
open immersion A% — A% — C, an impossibility by Ax-Grothendieck.

Since its Cox ring is not polynomial, X cannot be toric, cf. [HK0Q]. O

Remark 3.2.5. The total variety X is a compactification of G2, as classified
by [HM1§] (induced by the action of G2 on P?, where the group acts trivially
on the plane V(d) and by addition on the complement). Manin’s conjecture for
rational points [CLT02] and asymptotics for integral points on some open sub-
varies [CLT12] are known due to Chambert-Loir and Tschinkel: The admissible
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divisors D are the exceptional divisor, the strict transform of V'(d), and their
sum. Even though X is an equivariant compactification of G2, the pairs (X, D;)
are neither partial equivariant compactifications of G2 nor toric by the previous
lemma. Our result is thus not a special case of [CLT10b] or [CLT12].

Lastly, we can describe the geometric Picard group with the information we
gathered in the proof of Lemma : The pseudo-effective cone is generated
by the degrees of the generators of the Cox ring, so Eff(X) = Cone(E, H — E).
The semiample cone is the intersection of all cones in ® and thus SAmple(X) =
Cone(H,2H — E). In particular, the log-anticanonical bundles

w(D1)Y 2 w(Dy)Y = Ox(3H — E)

are in its interior, and thus ample.

3.3 Metrics, a height function, and Tamagawa
measures

Adelic metrics

We endow certain line bundles on X with adelic metrics. For fixed d € Pic(X),
the elements of degree d in the Cox rings are the global sections of a line bundle
L4 with isomorphism class d (such that L4 ® L. = L4+ by the construction of
the Cox ring). We consider the bundles L3 _;; and L1 o that are isomorphic
to the log-anticanonical bundles w(D1)Y = w(D3)Y and the pullback of the
tautological bundle 7*Ops (1) = Ox (D;) = Ox(D3). Neither of the sets

{a®x,b%x, Pz, 2223, ay, by, cy} and {a,b,c,zz}

of sections of these bundles can vanish simultaneously, so (@) gives us the
metrics
(s,(a:b:c:x:y:2))—
|s(a,b,c,z,y,2)|, (3.4)
maX{|a’2x|'u ? ‘b2w|v ? |02‘/I"‘v ) |22x3|'u ) ‘a’ylv ) |by‘v ) |Cy‘v}

on L3 ) and

|t(a7 bv Ty, Z)|u

(t,(a:b:c:x:y:2))— (3.5)

max{\a|v ? |b|'u ? |C|v ? |IEZ|,U}

on Ly o), where (a:b:c:x:y:2) is the image of (a,b, ¢, v,y, z) € T(Q,), that is, a
point in Coz coordinates) in X(Q,), s € R(X) has degree [3,—1], and ¢t € R(X)
has degree [1,0].

A height function

The chosen metric on L3 _1j defines a log-anticanonical height function on X,
which we can easily describe in Cox coordinates: Since X is proper, every
rational point in X (Q) extends to a unique integral point in X(Z), which in
turn corresponds to four integral points (a, b, ¢, z,y, z) € T(Z) by Lemma .
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By the coprimality condition and the equation, no prime can divide all of the
monomials in the denominator of (B.4)). Thus we get

H(a:b:c:z:y:2) =max{|a’z|, |b’z|, |z, |:*2®|, |ay|, by|, ey}  (3.6)
for the image (a:b:c:x:y:2) € X(Q) of (a,b,¢,2,y,z) € T(Z), with the usual
real absolute value.

Tamagawa measures

To explicitly calculate Tamagawa volumes on our variety X, we need metrics on
the bundles w, O(D;) and O(D3), not just on bundles isomorphic to them. To
this end, we choose isomorphisms between those bundles and the bundles L4
and L o, and identify sections corresponding under those isomorphisms. Up
to scalar, the canonical section 1p, (resp. 1p,) is the unique section of O(Dy)
(resp. O(D3)) corresponding to Dy (resp. D2). This also holds for the elements b
(resp. a) of the degree-[1,0]-part of the Cox ring (regarded as the global sections
of the bundle Lf; o)), so there are isomorphisms with 1p, + b and 1p, + a,
and we will use these. For the (anti-)canonical bundle, we consider the chart

f:V =A% (a:bicixiy:z)— <a b C)

xz xz T2
and its inverse
g: A* =V, (a,b,c)— (a:b:c:1:a® +bc: 1),

where V = X — V(zz) = 7= 5(V(d)) = A3. The sections da A db A de and
% A % A % of the canonical and anticanonical bundle have neither zeroes or
poles on A% = V, and their tensor product is 1. Up to scalar, they are the
only sections with this property. Since the analogous property holds for z =423
and z%23, we can fix isomorphisms identifying da A db A de with 74273 and

d A d A d 4.3
do N ap A g with z%2°.

Lemma 3.3.1. For any prime p, we have

1 U (P
U ) = 14+ = FALE g

1 1 H#Up(F
T(X,Ds),p(U2(Zp)) = 1 + R ;;E,p)-

Proof. Under the above chart, the integral points U (Z,) N V(Q,) correspond
to the set

{(G59)

and, analogously, Us(Z,) NV (Q,) corresponds to the set

a,c,d € Zp} ={(a,b,c) € Q;’) [ 16| > 1,al,|e| < |b]}

{(a,b,c) € Q| lal > 1,[b], |c] < |al}.
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On Us(Z,) N V(Q,), we have ||fp,llony) = 1Blow,) = meqamem=y = L
and

[da AdbAdel, .

_ max{|a?z|, Vx|, |c®x|,[2%2%], |ay|, byl , |cy|} max{a], 8], |e] , [w2]}

|zt 23]
= max{|b*|,1,|b(a® + bc)|} b] .

This means that

L [b(a® + b)[}) " [ol dg,

df*T(X,Dl),p = (maX{|b2 s
on g~ (Zy)) and, by an analogous argument, that
dfaT(x,0s) p = (max{|a®|, 1, |a(a® + be)[}) 7 [al dpsyy

on g~ (Usz(Zy))-
With these descriptions we can explicitly compute the volumes. In the first
case, we get

1
Z =
T(x,0:),p(U1(Zp)) /| “b‘llillb‘ DT {2 [0(2 = b} d(a,b,c)
§ 1
- be|<[b (CL’I)’C)—"_/tl2 be|>b 7(1(@71)70)'
ﬁ F;>|1 L ‘ | | ‘+b|2|1>| \ |b|2\a2—|—bc|
lal,lc[<[b] la],|c|<[b]

The first of these terms is

1 1 1
/ L d(a,b,¢) = / dab)= [
| el<1 KESTE pi>1 (9]

|b]>1,]a|<|b] la|<|b]
k
=S (1) =
k>0

while the second is

[v(b)]

/ <| & +e| <ol Md(a’b’c) - /|b\21 oF & Z ( 1>P d(a,b)

|b]>1,]a|<|b] la|<|b]
1

- (1 - ) ﬁb . [v(®) (1 - ) O g
P/ S |b| b1 |0
1 k 1 1

DERG e
r) & P P’

so T (Ui (Zy)) = 1+ % = %. The volume 7(x p,),(Ua2(Zy)) is calculated

similarly. O

In both cases, the Clemens complex of D; is simply a vertex, and we are
interested in the residue measure 7p,, as well as the constant ap, associated
with its unique maximal face D;.
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Lemma 3.3.2. We have Tp, 00(D1(R)) = Tp, 00 (D2(R)) = 40.

Proof. The adjunction isomorphism induces a metrization of wp, via
—1
|[da A dC”le = [[da AdbAdcll,, ||bHO(7D1) . (3.7)

Since da A db A dc corresponds to z%2% € R(X), the first factor of (@) is

max{|a®z|, 0%z, |Px|, |2%2®], |ay], [by], |ey[} max{|al , B] , || , 2]}

|x4 23]

= max{|a2‘ , ’cg| , 1, }a3| , |a20}}max{\a| ,lel, 1},

when evaluated in (¢ : 0 : ¢ :1: a? 1) € VN Dy. On the affine variety
V, regarding b as an element of I'(V, Oy (—D;)) C Oy (V), using the canonical
trivialization of O(—D;) outside D; and the fact that 1p, corresponds to b €
R(X) under our chosen isomorphism, we get

—1 1
U — oy (Ul . . o2
O\ Moo, ) o0 o

— max{a] ||, 1} !

for the second factor. We thus have explicit descriptions

! d
max {Ja?[, [ 1,]a?] , Ja?cl}

dfeTh, 0 = dande|s, d(a,c) =

(a;¢)

and, by an analogous argument,

1
d(b
max (2] 1] 1152 oy A

df*T,’ij d(b,c) =

of the unnormalized Tamagawa measures 77, ., and 75, . with respect to the
Lebesgue measure. For the volume of the first divisor, we now get

1 1
1 (Di(R)) = —— d —d
TDl,oo( 1( )) /|a,a2c|<1 maX{|02|,1} (aac)+/a|>|§ |a3| (a,c)

la]>

1
———d .
' /Icz>|'a'1 masc([e] [y 1)
a“c|>

The first term of this expression is % by () below, the second is fl 2 =4
and the third is
1 1
|c|>|a\,|a2c|>l |a20| d(a’ C) + |c\>a,|azc|>1 @ d(a’ C)' (38)
‘a2|>|c\ |a2|§\c\
In (@), the first term is
1 _ 2 12 -1 _
o e = [ e e

c[>1 |C|
le|/2<[a|<]c] =
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and the second is

2 2 2 16
—daz/ 2 |al da+/ —rda = —.
/aeR max{[a?[, [a=2[} jal<1 jal>1 |a?| 3

Thus, (B.8) is 2 and 7}, _(D1(R)) = 2 +4+ 2 — 2,
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For the other divisor, we get 71, . (D2(R)) = 20 by similar arguments, and

have to normalize both volumes by multiplying with cg = 2.

O

In both cases, we have Up, = X for the unique maximal face D; of the
Clemens complex, so Pic(U; D;) = Pic(X). Hence bp, = 2 = b}, . In order

to compute o, we consider the pseudo-effective cone Eff(X) C Pic(X)r and its
characteristic function Xz X)(C). Since the cone is smooth and generated by
Eand H— E, and w(D;)¥ =2 Ox(3(H — E) + 2E) for both i =1 and i = 2, we

get
1 1

ap; = mxﬁ(x)(‘ﬂ(l)i)v) =5

for both divisors Dy and Ds.

3.4 Integral points on X — D,

We study the number

Ni(B)=#{z elh(Z)NnV1(Q) | H(z) < B}

of integral points of bounded height on U; = X — V() that, as rational points,

are in the complement V; of the subvariety V (abrz) = 7=1(V (abd)).

Using the 4-to-1-correspondence (B.2) with integral points on the universal
torsor 771 and noticing the symmetry in the two values £1 of b in (B.2), this

description of integral points on the universal torsor yields the formula

Ny (B) = %#{(a,c,x,y,z) VA

a’+c—yz=0, ged(z,y)=1,
H(a,1,c,x,y,2)<B, a,z,2#0 | ’

where

3},

H((L, bv c,x,y,z) = max{’a2x| ’ |b2$| 9 |62£L'| ) |Z2.’E ‘a’y| ) |by| ’ |Cy|}

by (@) Solving the equation, we can simplify this to

ged(z,y)=1, Hy(a,2,y,2)<B,
a,x,z#0 ’

1
5#{(%%%2’) € Z4

where
ﬁl(CL?(E?yvz) = H(a‘7 17y2 - a273€73},2)
= max{|a’z|, ||, |(yz — a®)’z|,[222*|, |ayl, |y|, |(yz — a®)y|}.
Lemma 3.4.1. We have
1 wla) 1
Nl(B) = 5 Z T Z ﬁa2a1'|,|a(a2+c)z_l|, m d(CL,C) + O(B)

a>0 @', 2€2Lz0 |c2aa:/|,|c(a2+c)zfl|7
|a31322|§B,\a|21
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Proof. A Mobius inversion yields

N(B) =Y pu(e) > #{y €Z]|H(a,a2',ay,2) < B},

a>0 a,x’,2€7%=0

and we can estimate the number of points by the volume

#{yeZ] fll(a,ax',ay’,z) <B}= /~ dy’ + R(a,a,2', z; B),

Hi(a,aa’,ay’,2)<B

where we denote the integral by V;(a, a,2’, z; B). Since all integrands f and the
regions defined by height functions are semialgebraic, we get |R(a, a, 2, z; B)| <
1 and similar error terms of the form C max, | f| when replacing the sum over a
variable £ by an integral in the next steps using [DF14, Lemma 3.6]. Using this
and the height conditions |aa2x’| , |a322m’3| < B, we can bound the sum over
the error terms by

B
.
E |p(a)R(a, a,2', 2z; B)| < E e < B,
a>0, a>0,
a,z’,2€%2o z' €Zx0

and get N1(B) =>_, pu(a) >, .. fﬁ1(a,ax’,ozy',z)g3 dy’ + O(B). Turning to the

variable a next we estimate the sum ZQGZ# Vi(a,a,2', z; B) by the integral

Vo(a, ', z; B) = [ Vi(a,a,2’, z; B) da, introducing an error term Ry (o, 2/, z; B).
Using the height condition ‘ay’ z— a2’ < B to estimate the integral over 3’ and
a3232? to estimate the sum, we can bound the total error by

Z |Ra(a, 7', 2; B)| < Z sup Vi(a,a,2’,2; B)

a>0, a>0, @€Lzo
a:',zEZ#o w',z€Z¢o
RBl/2 RB2/3 Vs
< E 172 E W < B / .
as0, ol 555, oA
z',2€Z=o 2€Zx0

A change of variables ¢ = ay’z — a? now gives us the description

1
‘/é(a7 l‘l, Z; B) = / Vi (Oé, a, xla Z5 B) da = |a2az'| |a(a2+c)z*1 Tl d(a7 C)
la21 c2aw'| |c(a2+c)zfl| |0lZ|
|a3m3z2|§B,\a\21
of the main term. O
Lemma 3.4.2. We have
1 a 1
M) =5 S MG [ oy, @) £ OB (39)
a>0 ‘a2czfl|,|x322|§B,

lal,|z[>1,]z|>a

Proof. We first want to replace the two instances of a?+c by a? in the inequalities
defining the region for the volume function V5 of the previous lemma, to get a
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new Volume function Vj(a,2’,z; B). The error we introduce when replacing
| (a®+c)z 1| by |a z 1’ is bounded by the integral over the region

a3

B
—SB—&—‘%, ie., 2 H
z

lal

ac

z

B—|—|< <lel.

With a change of variables a’ = a® — B|z| |a| ™", where

da’ Bz —
2 Z |a/l|7

da la

=2]a

we get a bound for the total error:

|R1(B |<<Z Z / |a/|<el,

/' ,z€7Lx0 |o¢3x/3 2|<B

(a',¢)

NI

33/4

1
<<Za Z ﬁa3m’3z2| dC<<Z Z m

a>0 x’,2€%+0 |o¢czx"§B Ot>0 z’ ,2€ZL 20
|a3x’322|§B

K Z L/G < B5/6
aT/4 |z|7/6 '

a>0
2€ZL4o
When modifying the other inequality, the error we introduce is bounded by an
integral over a similar region, and, after an analogous change of variables, we
get the same bound.
Next, we estimate the summation over z. Using the height conditions |a| <
B/3 |z|1/3 and |¢| < BY/? |owc\_1/2, we can bound the volume

Vi(a,a’, 2 B) < B Jaw| V2 272

Replacing the sum over z by an integral, we introduce an error

B5/6
[R2(B)| < Z Z T < B
a>0 1<|x/|<31/3‘ |
For V3(a,2'; B) = f\z|>1 Vy(a,2’, z; B) dz, we get an upper bound
B5/6
Va(a,2'; B <</ dz € ——.
(T B) < | e a2 PR S ol

Finally, replacing the sum over 2’ by an integral fl Vs(a, 2’; B) introduces

an error term

xz/|>1

B
|[Rs(B)| < ) —5 < B,
a>0

and a change of variables x = az’ completes the proof. O

Proposition 3.4.3. The number of integral points of bounded height on Us
satisfies the asymptotic formula

Ni(B) = Blog B + O(B).

20
3¢(2)
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Proof. We first remove the condition |a| > 1 in (@) and get an error term

|R.(B |<<Z /”||z3z2|<3 (c,z,2) <<Za2/

|z| >«
<<Z$<<B
(o3

By a change of variables a — az " V/3B~13 ¢ ¢z V/3B7Y3 g s az?/3B71/3,
we now have

|z|>a I:vl

1 pe) B
Ni(B) = = 2 2 —_— B

1( ) 2 a2 / |a IHC ac|,|a|, |Z| d(a,c,x,z) + O( )

a>0 |a2el,z|<1,
1§|Z|§|Z‘3/2Bl/2a73/2
1
=3 B ﬁa2I|A|C2m\,|a|, B (log (B2 a™*) ) d(a,c,2) + Ra(B) + O(B)
>0 T a al
1 u(a)Blog B
=50 = flatallee] al.
a>0 ‘a20|7\m|§1

BlogB/ 1
= d(a,c) + O(B
(@) i oo s man (L, Jal Jezy A9+ OB)

d(a,c,z) + R3(B) + O(B)

since the error terms are

‘R2 | < Z /1‘3/2 -3/2p1/2 ‘log (B |l‘| )‘ (CLC7 x)

0‘>1 & a:|<1

< /
Z |z|<aB—1/3

B o'/? 1/3 —1p/-1/3 5/6
<<Z¥W<2—log<3/a B /a))<<B/
a>1

3 o (2 ')‘ d(a,c,)

( )’dx«Z (2 4 log(a)) < B.

a>1

1
1/3 -1
3 |log (B |z )‘ |a;|1/2 dx

and

|R3(B)| < /
Z lal,|c2z|,|z|<1

a>1

Z /x<1 |;1c|1/2

a>1

Finally, we note that the integral evaluates to

1 2min{1, |¢| /2
/ ——d(a,¢) :/ %g}dc
jal,|ae|<1 max{L[c*[} cer  max{|c?], 1}

2 20
:/ 2dC—|—/ Wdc:—’
le|<1 lz|>1 |c| 3

and arrive at the asymptotic expression. O

(3.10)
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3.5 Integral points on X — D,
We count the number

Na(B) = #{x € th(Z) N V2(Q) | H(z) < B}
of integral points of bounded height on Us = X — V' (a), that, as rational points,
are in the complement Vo of V(abcxz) = 7~ 1(V(abed)). With the 4-to-1-
correspondence to integral points on the torsor, and noticing the symmetry
in the two possible values a = £1 of a in (B.3), we get

H(1,b,c,z,y,2)<B,

3.11
b,c,x,z7#0 ( )

No(B) = 5 #{ () € 2

14+bc—yz=0, ged(z,y)=1, }

Lemma 3.5.1. We have

No(B)= > 601(b,x,2)Vi(b,z,2:B) + O(B),

b,x,2€% 40
where ) )
‘/l(ba'raz;B):i o~ 0
2 JHz(b,c,x,2)<B |Z|
[bl,lcl,|=l,|2|>1
with

Hy(b,c,z,2) = H(1,b,c,z, (14 bc)z"", 2)

1+ b(14+b 14+
:max{|x|,b2x702x’,|22x3,(+C),’(+C),c(+c>},
z z z
and 01(b,x,2) =[], 9§p)(b,w, z) with
0, plbop|z,
01 (b, c, 2) = 1—2, pthp|z,
1, else.

Proof. Using a Mobius inversion to remove the condition ged(z,y) = 1 in (),
and setting y' = £, we get

NB) =3 Y S u@)Na(ab.a, % B),

b,x,2€%20 alz

where .
Na(,b, .25 B) = # { (ey/) € 22

c#0, 1+bc—y’ az=0,
H(1,b,c,z,ay’,2)<B [ *

To estimate NQ, we first note that ]\A/';(a, b,x,z; B) = 0 whenever oz and b are
not coprime. If they are coprime, we estimate

Na(a,b,z, 2 B) = # {C € Zzo
_ / b
B ﬁg(b,c,x,z)SB |OzZ|

le[=1

be=—1 (mod az),
Hjy(b,c,x,2)<B

de+ R(a,b,x, 2z; B).
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Analogously to the first case, we get an error term |R(a, b, z, z; B)| < 1. This
inequality together wi e height conditions |b*z| < B and |z°z°| < B allows
i lity together with the height conditi b’z| < B and |2%23| < B all
us to bound the summation over the error terms:

Z Z R(b,z,z; B)| < Z 2¢(@)

b,x,2€%%0 alz b,x,2E€%Lxo
‘b2w|,|z2w3|§B (b,az)=1 |b2x|,|22x3‘§B
2¢(@) B
< Y —5<B.
TE€ZL+o ‘(E

We arrive at

S pla vlbsz)+0()

bx,z alz
(b,az)=1

where
1

1
V(b.TZB) iﬁfz(bcxz)<3 |Z|d
(o] lels ],z >1

Using the multiplicativity of u and ged, we can factor the sum over «

Z T:H 17;,1777 pJ(b,p|JZ,
alz P11, else
(b,az)=1
to get a description of the arithmetic term 6. O

Lemma 3.5.2. We have

No(B) = 2:92(307 2)Va(z,z; B) + O(B (loglog B)?) ,
b,z

where
1

1
2 /ﬁz(b,c,x,ng 2 469

[blslel ||z =1

Va(x, z; B) =

and O3(z,z) =[], Gép) with

(1 - %)Qa p | z,z,
eép): 1_%4_1%’ p|'r)p+z}

1753 pJ(x,p|Z,

1, pta,z.

Proof. Using the height conditions |c :17| |b (1+bc)z 1| < B to estimate the
integral, we can bound the volume function by the geometric average

2/3 1/3
Vith B 1 [ BY/? B 7| B B?/3
( X, Z; ) |z| |m|1/2 |b\2 - |b|2/3 |x|1/3 \z|2/3

B B —1/6 B —1/6
bxz|<|b%c|> (|z2x3|> '
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Since the integral is zero whenever |b2x| > B or }zgx?" > B, the assertion
follows by [Der09, Proposition 3.9] with » = 0, s = 2. (In the notation of
loc. cit. we consider the ordering 19 = b, = z,12 = z of the variables, take
a1 = az = 1/6, and k; ; to be the exponents in these two height conditions.
Note that 6, satisfies [Der09, Definition 7.8], and hence the requirements of the
proposition.). O

Lemma 3.5.3. We have

No(B) = = H (1 _2 + 1) /~ 1 d(b, ¢, z,2) + O(B(loglog B)?).

p?  p? ) JHa(bcw,2)<B |z|
p [ol,lel,lz|,|2|>1

Proof. Using the same estimate for the integral over ¢ as in the previous lemma
and estimating the integral over b using the height condition |b2x| < B, we get
the bound

B2/3 BS/G
1/3,_12/3 < |2|1/2|2|2/3

Vo(z, 2; B) < /

1S‘b|§31/2|w\’1/2 |b|2/3 |l"

—-1/6
< E L
2] \ |2 |2

for the volume function V;. Since Va(b, z; B) = 0 whenever ’z2m3’ > B, we get
an asymptotic formula by [Der09, Proposition 4.3] (with r = s = 1). We are
only left to see that the constant is indeed

DG 063 0)

p
2 1

p

||

Proposition 3.5.4. We have
N»(B) = cBlog(B) + O(B(loglog B)?),

where
20 2 1
P
Proof. We have to estimate the integral in the previous lemma. We first want
to replace (1 4 be) by be in the height conditions. In the case of the condition
b(1 + bc)/z, this leaves us with an error term R;(B) that can be bounded

by the integral over the region defined by B — |§’ < ’17270 < B+ ’gf, ie.,
%| — ﬁ <le| < %‘ + ﬁ, and the remaining height conditions, so that

1 Bl/2
R.(B <</. o — d(b,x, 2 <</7d b,z) < B2,
| 1( )‘ |bzz|,|a:2z‘3| ‘b2| ( ) ‘bz|3/2 ( )

[b],]2] 21
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The condition ¢(1 + bc)/z can be dealt with analogously. Next, we remove the
condition |b| > 1, where we get an error term

1 B1/2
|R2(B)| <</ 1/2 1/3 7d(C,$,Z> <</ 1/3 7d($,2’)
ICIS‘ZM'JI\Slf‘z/S ] \zlé‘f‘z/p, \x|1/2|z|
BB 2121

B2/3 )
= /3

< /73§|312//Z |Z|4/3 d(z) < B,

[z]>1

and subsequently remove |¢| > 1 analogously. Thus, we can estimate the integral
in the previous lemma as Vz(B) + O(B%?), where

1
V3(B):/‘b2$|’|czm‘,|w3zz|’ md(b,c,x,z).
|b20271|,|b(12271‘§3,
|z],|z]=1

By a change of variables b — B~1/3b271/3 ¢y B3¢z 1/3 gy B=1/3522/3,
we get

1
V3(B) :B/|b21|,|c2x|,|x|, md(b,c,m,z)
|bzc|,|b02‘§1,
1<[z|<BY/?|z|3/2

=2B /be‘,|c2m|,|m\, log (Bl/Q |x|3/2) d(b, c, l‘) + Rg(B)

b2el,|bc?| <
o] Joc?| <2 (3.12)
= Blog B [bzx|,|czz‘,|z|, d(b,¢,z) + R3(B) + R4(B)
[p%cl,|bc?|<1
=2B logB/ max{[b?|, [¢*|, 1} 7" d(b, ¢)
[b2cl,|be?| <1
+ R3(B) + Ra(B).
The error terms are
RAB < B [ e 08B 1) dc.2)
|b20|,|bc2|§1
3 13 2/3 1 1
< B -B d(b,c) < B de + —de
2], [be2|<1 2 lel<1 /¢l le|>1 €
< 32/3
and
|R4(B)| < B/b2 be? ‘log (|x|3/2> ‘ d(b,c,z) < / d(b,c) < B.
|6l [be?], [b2c|,|be2| <1

lz|<1
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The integral at the end of () then further evaluates to

1 1
= 2 —_—mmm
/|b2c,|bc2|31 max(] 1} 4 ﬁbb>|l<|1 (T 1 1

2min{|b|, [b~2|} 4 20
:2/—db:/ 4bdb—|—/ —db=—,
max (2] 1) e A P S

and we get the desired asymptotic.
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Chapter 4

Integral points on a singular
quartic del Pezzo surface

This chapter is joint work with Ulrich Derenthal.

4.1 Introduction

Let S C IP’?Q be the quartic del Pezzo surface over Q defined by
x% + xox3 + T2T4 = T 173 — x% =0.

It has an Aj-singularity ¢ = (0 : 1:0: 0 : 0) and an As-singularity Q2 =
(0:0:0:0:1). See [Der09, Section 8] for a proof of Manin’s conjecture for
S over Q, [FP16] for a proof over arbitrary number fields. We are interested
in the number of integral points on S\ @; of bounded log-anticanonical height.
More precisely, let S C P2 be the integral model of S defined by the same
equations. An integral point on S\ Q; is a rational point x € S(Q) such that
the corresponding integral point in S(Z) does not meet the closure @Q; of Q;
in S(Z); in other words, writing x = (xo : --- : x4) with coprime integral
coordinates, (g : -+ : x4) Z @Q; (mod p) for all primes p. We set U; = S\ Q;
and U; = S\ Q;, and have the sets U;(Z) of integral points. Let V be the
complement of the three lines

{xo =21 =22 =0}, {20+ 23 =21 = 22 =0} and {zg = x2 = z3 = 0}

on S. We consider the following height functions: For an integral point z =
(xo,...,24) € U1(Z), we set

Hy(z) = max{|x0\ ) ‘x2| NEZIR |:L‘4|}7
and for an integral point x € Us(Z), we set
Hy(z) = max{|zo|, |x1], [z2], [23]}-

In Lemma we will see that these two height functions are log-anticanonical
on the minimal desingularization of S.

59
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Figure 4.1: Configuration of the divisors F;.

Theorem 4.1.1. Let N;(B) := #{x €e U;(Z)NV(Q) | H;(x) < B}. Then

Ni(B) = — (H (1 - ;)5 (1 + 2)) B(log B)® 4+ O(B(log B)*loglog B),

1 1\* 3 .
No(B) = = (1;[ (1 — p) (1 + p)) B(log B)* 4+ O(B(log B)?log log B).

Interpreting them on the minimal desingularization S of S, these asymptotic
formulas satisfy

N;(B) = ¢;,00¢i,inB(log B)b"_l(l +0(1)),
with

Cino = Y QATD, 00(Da(R)),

A
1 rkPiC(Ui)
Cifin = H (1 - p) TUi,P(ui(ZP))’
P

where the sum runs over all maximal dimensional faces of the Clemens complex
CE(D;) of the preimage of Q;, and b; is the exponent associated with these faces.

4.2 Counting

We use the notation of [Der09Y, Section 8], in particular the numbering of the
divisors F; corresponding to the generators of the Cox ring.

Let S be the minimal desingularization of S as in [Derl4]. Let the divisor
D, = E7 be the (—2)-curve on S corresponding to the singularity @1 on .S, and
the divisor Dy = E3 + E4 + Eg the sum of the (—2)-curves corresponding to
Q2, and let [71- =X —D;. Let V C S be the complement of the negative curves
El, ey E7.

The Cox ring of S is Q- mol/(mme + m2ms + naningnr); in the basis
lo,...,l5 of Pic(g), its grading is given by
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m 72 13 Na M5 Te N7 8 M9
0 0 1 0 0 0 1 1 1
0 0 -1 1 0 0 -1 0 0
0 0 0 -1 0 1 -1 0 0 ,
0 0 0 0 1 -1 -1 0 0
0 1 -1 0 0 0 0 —1 0
1 0 -1 0 0 0 0 0 —1

and its irrelevant ideal is iy, = [[(7;,7;), where the product runs over all pairs
1,7 such that there is no edge between E; and E; in Figure §.1. The sections

{n2n3nansnenTIs, ML MANATA 6, N2 N3 NaNa T, N3N NA a3, N7Ns T }

have anticanonical degree and define the morphism S 8.

The desingularization_ S is given by a certain sequence of five blow-ups of P2
in rational points. Let S be the integral model defined by the same sequence
of blow-ups of PZ, and let ; = S — D;. Consider the open subscheme Y
of the spectrum of Ry = Z[n1,...,n0]/(mne + nans + nanznénz) defined as the

complement of I;;;NRz. By [FP16, 4.1],itisa Gfmz—torsor over S via a morphism
T:Y — S. The same sections as above now also induce a morphism S8 In
particular, this morphism induces bijections

U(Z) NV (Q) «— Ui (Z) N V(Q).

Lemma 4.2.1. The log-anticanonical bundles wg(Di)V are big and nef. Neither

of the sets of monomials in Cox(S) of degree wz(D;)¥

{n2nsnansnens, Mn2n3NaNE NG, MsNANANeNT, MsNe } and
{7727757777787 77%773775774, 77477§7752;77$}

has a common zero on S.

Proof. For the first set, assume that ngng = 0. Then 73, ...,n¢ have to be non-
zero, since the corresponding divisors Fs, ..., Fg share an edge with neither Fg
nor Fy in Figure (i.e., the corresponding divisors do not intersect). If ng = 0,
then 77 # 0 (since Eg does not share an edge with E7), and only one of the
sections 72 and 77 can vanish (since Fy and E7 do not share an edge); hence
the second or third section is non-zero. Analogously, if 779 = 0, then 72 # 0, and
only one of n; and 77 can vanish; again, the second or third section is non-zero.

For the second set, assume that its first section vanishes. If 7 vanishes,
the third section cannot vanish; if 75 or 77 vanishes, the second section cannot
vanish; if g vanishes, only one of 1y and 77 can vanish, while the other factors
of the second and third section cannot vanish, so one of these two sections does
not, vanish.

In particular, this means that both log-anticanonical divisors are base point
free, hence nef. Moreover, the height conditions in [Der09, Lemma 8.3] show
that

—K=F1+FEy+2FE3+2F,+2FE5+2FEs+ E7 = Es+2FE,+4F5 + 3FEg + 2E7,
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hence
1
-K—-D; = §(E1 + Ey +2FE3 + 2E4 + 2E5 + 2FEg)

1
+§(E3+2E4+4E5+3E6+E7),
—K—Dy=F1+ FEy+ E3+ FEy+ 2F5 + Eg + E7,

which are positive linear combinations of all negative curves (i.e., of the gener-
ators of the effective cone), so both log-anticanonical divisors are big. O

These two sets of sections then define an adelic metric on line bundles iso-
morphic to wg(Di)V, as well as log-anticanonical height functions H; and H.
These give us an explicit description of our counting problem: Integral points
on )Y are lattice points (11, ...,19) € Z° satisfying the equation in the Cox ring
and the coprimality condition induced by the irrelevant ideal

ged(n;,mi) =1 if E; and E; do not share an edge in Figure @ (4.1)

The log-anticanonical height of the image of such a point is the maximum of the
absolute values of the sections in Lemma {.2.1|. Integral points on 7= (U;) C Y
are precisely those satisfying n; € {£1}, and integral points on W*I(ZJQ) are
those satisfying 13, n4,76 € {£1}. In total, we get the following:

Lemma 4.2.2. Let

Insmananal, |(nend + nandngns) /m
Ha(n1,m2,m5,n7,m8) 1= max{|nansnzms|, [nin3|, Inan?|}-

n2nsnansnens|, [mmen3naning,
H1(7717~-~7776a778) = max 5

Then these log-anticanonical heights coincide with the heights defined in the
introduction, and we have

MmN + n21s + naning = 0,

Nl(B)=2i5 (M, 6, m8,m0) € Z° | Hi(m, ..., n6,7m8) < B, ;
m---ne # 0, (@) holds
. mne + n2ns + nang = 0,
N2 (B) # < (M, m2,m5,m7,m8,m9) € Z° | Ha(m1,m2,m5,m7,m8) < B,

T8
muenste £ 0, (1) holds

Proof. Since Y is a G?nz—torsor over S, the morphism 7 induces a 26-to-1-

correspondence between integral points on Y and S. We can solve the equation
by 79 to remove the last variable from the height function, and remove those
variables which are € {+1}. By symmetry, we can assume 77 = 1 in the first
case, and 73 = 14 = 76 = 1 in the second case. The preimage of V in the
universal torsor is the complement of 7; - - - 77 = 0, so 7 induces a~25—t0—1—,~ resp.
23-to-1-correspondence between the above sets and points on U;(Z) N V(Q),
resp. Us(Z) N V(Q) of log-anticanonical height < B.

To see that these height functions coincide with the ones defined in the
introduction, we note that, for example, for a point in 7= (U, )(Z) we have n; €
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{£1}, and thus |mansnansnens| = [mensnansnens| = |xo|. We get analogous
identities for the other coordinates. There is no section corresponding to
in the second height function, but, for integral points on 7~ (Us), we have
lza| = /|In?n2| [nin2] = \/|z173], hence it can never contribute to the maximum.
Together with the remark before Lemma , we get the comparison between
the subsets of Y(Z) in the lemma, and integral points in U;(Z) NV (Q) of height
< B. O

Lemma 4.2.3. We have

1
Ni(B) = % Z O1(m1s- .- m6, L)Vii(m,. .., me; B) + O(Blog B),
1

NZ(B) - 23 Z el(ntha17]-’775;1,7’7)‘/2,1(7717772a775;777;3)

N1,M2,M5,N7E€ZL%0

+ O(Blog B)
with
d

‘/1;1(7717'-'7776;3) ::/ ﬂ,

Hy(m,...,me,ms)<B ‘771|

d
Va1(n1,m2,m5,n7; B) 2:/ ﬁ’
Haz(n1,m2,m5,m7,m8)< B |1

and 01 as in [Der09, Lemma 8.4], namely

010, m7) = [ [ 01 Tp(ms - - 717))
p

where In(m,...,n7) ={i€{1,...,7} :p| m} and

1, I=0,{1},{2},{7}

1 %7 I= {4}7{5}7{6}v {153}a{2a3}a{3a4}a{4a6}’{576}7{577}7
1-2, 1={3},
0

, else.

Hl,p(l) =

Proof. The proof is as in [Der09, Lemma 8.4], with slightly different height
functions and some 7; = 1, which leads to different error terms. In the first
case, using the second height condition, it is

9w(nz)+w(nsnansne) B

[m2m3ninEng)

< Z 2“(773)+W(773774775776) < Z

My--3M6 n25---3M6

< BlogB.

In the second case, using the second and the third height condition, it is

2"-’(775)3
< Z 20.)(7]5) < Z ng < Blog B. O

M1,M2,M5,M7 1,75
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Lemma 4.2.4. We have
= 25 <H Wi,p

> V1o (B(log B)*loglog B),
Na(B) = < >V2,o (B(log B)® loglog B),

’

where

and

Vl,O(B):/ ‘/1’1(7’]17...,’[’]6;3)(1771...d/rlﬁ,

M ls-s|ne|>1

Vao(B) :/ Va,1 (11, M2, M5, m7; B) diy dno dns dnpe.
[ml,Inz2lslnsl,In7|>1

Proof. In the first case, as in [Der09Y, Lemma 8.5], we have

Bl/2 B B -1/2
Vl,l(nla'~'a776;B)<< = < )
Imna|Y2 Imnznznansnel \ Imnanzningng|
In the second case, we use
B
‘/2,1(771777277757777;3) L —m.
[mnansnz|
Therefore, [Der09, Proposition 4.3, Corollary 7.10] gives the result. O

Lemma 4.2.5. We have |V{ ((B) — V1,0(B)| < B(log B)*, where

B dny dng dns dne

Vl/,O(B) = /772‘ Inals|ms|,ne|>1, W(U277I47775a77673) (42)

[n2nining|<B namatisns|
with don dip d
Zo ATy dr2
w 5 B) = e (@ e ol
(7]2;774777077]67 ) ‘wo‘,lxlul.z‘,|Jﬂo(‘£a?l+‘£2)\Sl ‘I1I2|

2 4 2
In4n5ng\ Ingx3| B 1

l2|> 2
B ing

617>
ngngl

Proof. We can introduce |n2n3nin2n2| < B without changing V; o(B), since this
inequality follows from || > 1 and the second height condition. Afterwards,
we can remove the condition |n;| > 1 from Vj o(B) while changing the integral
by < B(log B)*. Indeed, the integral over 7g is < W (as in the bound
for V1 above). Now we use |n1] < 1 (for the new piece of the integral) and

|nam3n3nin2| < B (our new condition) to show that the integral over 7,7 is

L Tl Integrating over 1 < |n;| < B (where the upper bound follows
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from |na],...,|n6] > 1 and the new condition) for ¢ = 3,4, 5,6 , we get an error
< B(log B)*, as claimed. The volume now has the form

1
/ ——dny - - -dng dng + O(B(log B)*).
[n2l,..Im61>1, Im2m2ninZnz|,H(n1,...,n6,m8) <B ||

A change of variables with ng = —2 2 and 171 = —5——x turns 2217
g 18 = Tamananane 00 = onZpznznz Y1 1]

: Bdxzgdz; 3 _ B dns

into —=28%acti__ - A further change of variables = =29 transforms &

[z1m21n3NaN5M6] & 18 = iz 2 [n3]

to %. These substitutions turn the first height condition into |zg| < 1, the

second height condition into |z1| < 1, the third height condition into |zo| < 1,
and the fourth height condition into |zo(xo + z2)/z1] < 1. The inequality

2 2. 4. 3
B
[nam3ninzng| < B becomes ﬁ‘gg;fgL ‘ < 1, and |n3] > 1 becomes |zo| > 7|"47§776|.
4156

The condition |nen3nZn2| < B is implied by the |m2n3ninZné| < B and nz >
1. O

Lemma 4.2.6. We have

dLEQ
W(n27n4a7757n67B) :/ |z2]|<1 874'0(1)
[n2nind| |{L‘2|
] > 14551,
Ing22| B

1
2, 6,4 >
Ingngmgl

Proof. As a first step, we integrate over z; to get

dl‘o dl‘g

W(7727774577577767B) :/|x0(x0+:62)\ (—210g|$0|—210g|$0+.’152|) ; (43)

ol 2], <1 |2
2,43

|m2|2%’

Ingz3| B

et <1

"’14"75'"6‘ -

and will integrate the two terms individually. To determine the integral over

the first one, we remove the condition |zo(zo + z2)| < 1, introducing an error of

at most

|R1(n2,14,m5,m6, B)| < 4 o,|z2|<1,20>0

|zo(zo+z2)| 21

by using the symmetry in the signs of x¢ and x. The last inequality implies
that zo has a distance of at least 1/|zg| (which is > 1) from —x¢. Since zg > 0
and xo > —1, it cannot be smaller, and thus —z¢ + 1/z9 < 2 < 1 holds. We
thus get

1
dz
|R1(n27n4777577767B)| <</ —IOgIO / =2 dl’o
0<zo<1 —aot+k 2]

< /
0<zp<1

We can now integrate the first term in (@) over xo and get

1
log ¢ log (—xo + ) ‘ dzg < 1.
T

d.’l?o dl‘g d.’l?g

/|$0|7\$2\1|rp(r0+m2)\ﬁl —210g|x0| EN = || Ingx2|B <14‘I | +O(1)‘
InZngnd| Inga2|B 2 2 Vn3nSndl = 2

VnZnSndl =

|z2|>—43 In2ndnd|
|wo|>—25—C,
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To treat the second term, we begin with a change of variables z(, = 2 + 2, and
add the condition |zj| < 1, introducing an error of at most

dx), dxo
|R2(77277I4a77577767B)| S/ 410g$6 |272| s (44)

oy —w2|,|2|, |y (eh —22)| <1
z6>1

again using the symmetry of the integral. The third condition implies |z3— x| <
1/|xg| < 1, iee., xf — 1/z( < x2, and thus we get

1
d.’EQ
|R2(7727774777577767B)| <</ 10g$6 / — dl’6
r>1 3:6—% |x2|

T =l

1
log <x6 - x,) ‘ dzj < 1.

< / log z,
1<a)<2 0

(For the second inequality, note that xz, — 1/x{ < 1 implies xf, < 2.) Thus, the
second term of (.3) is

dxf, dx
/ 0 2
[xaua—ngLng\7|xg—a;2|,|x2|g1 —2log [arp|——— + O(1).
Ingngngl In2z5|B
>_4'57°6 2
|w2]2 =5 TInZnSngl =

|z2]

The condition |z{(xj — z2)| < 1 is implied by the second and third condition,
so we can remove it. Removing |z(, — 2| < 1 introduces an error of at most

dx) das
| R3(n2, 14, M5, M6, B)| < ﬁ(),|x2|§l, —2log x( |(; |
lzg—w2|>1 2
:0620

by the symmetry of the integral. The conditions imply —1 < x5 < z{; — 1 and

thus
, zgfl de ,
|R3(7]277747775a77633)| <</ 710g$0 / d‘rO
0<z)<1 -1 |2

< / log x( log |z — 1] dajy < 1.
0<ap<1

Thus, the integral of the second summand of (@) is

dxf, dx
/ 0“2
/\mg\,|gg2|g1 *210g|$o|7|x |

\ningng\ 2
|[za|>—25-"0~,

+0(1) = / e 432 00) ws)
|

Ing3| B 1 Ingx2|B
[n2nSngl = Ingngng! =
Adding (@) and (@) now yields the desired result. O

Lemma 4.2.7. We have

Vio(B) = 2°C1 B(log B)® + O(Blog B*),
Va.o(B) = 2°CyB(log B)*,
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with

Cy =8vol{ (ta,. .., tg) € R2
i VO {(2 6) 20 2ty + Aty + 3t < 1

t2+2t3+2t4+2t5+2t6§1,}

Cy = 4vol{ (t1,ta,ts,t7) € RE
? {(1 2, t5, t7) € Rz Ats +2t; < 1

2t1+2t2§1}

Proof. A change of variables inverse to the last one in the proof of Lemma
gives
dns

sl +0(1).

W(7727774,775,7767B):/ Ins|>1 8

In2n3ninzng|,

Inaninsng| <B
Plugging this back into (@) and removing the inequality |nan3nZng| < B im-
plied by the others, we get

Vi o(B) =
10(B) n2 s Inalims,Ine | >1,

[nsm3ningl,Inen3nining|<B

8B dny dns dny dns dne

+O(B(log B)*),
|772773774775776|

since integrating the error term yields

B dny dny dns die

|2712L|g4|7|715|27|26|2217 ‘772774775776|
[ninanglsInznining|<B

< B(log B)*

using 1 < |n;| < B. Restricting to n; > 1 introduces a factor of 2°. Substituting
n; = BY turns dn; /n; to log Bdt;, and we thus arrive at

VLO(B) = 25/ to,ts.ta,ts,tg>0 8dt2 dt3 dt4 dt5 dtGB(IOgB)5+O(B(IOgB)4).
t3+2t4+4t5+3te,
to+2t3+2t4+2t5+2t6 <1

For the second case, using the first height condition in the first step, assuming
n; > 0 (with a factor 2 by symmetry) and transforming n; = B' (with dn; =
Btilog B dt;) in the second step, we get

Bdny dns dns dny
Vao(B) =2 [ e
[nil>1, [n3n2|,Inin2|<B [ n2ns 7|

= 233(10g B)4 / dtl dt2 dt5 dt7

t1,ta,ts5,t72>0, 2t142t2<1, 4t5+2t7<1
for the volume. O
Plugging this into Lemma , we get
Ny(B) = Cy [ [ w1 B(log B)® + O(B(log B)* loglog B),
P

N1(B) = Cy [ [ wap B(log B)* + O(B(log B)* loglog B),
p

with w; , and C; as before. The main theorem will follow using that we have
Ci = ¢i,00 by Lemma and that

1 rk PicU;
wip = (1 - p) o o U(Z))

by Lemma .
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4.3 The leading constant

In order to compute the Tamagawa volumes, we work with the chart f: V' =
S = V(mnznsnansie) — A?

UL 1
(771:7725773577457753776:77757785779)’_)<777' 718 )
mmn2ms mmnsnansTe
and its inverse g: A% — S
(z,y)—» (1:1:1:1:1:1:2:y:—x—y).

Note that the two elements

2
1

1 S S

mn2ms 11134576

have degree 0 in the field of fractions of the Cox ring. The rational map they
define is thus invariant under the torus action and descends to S.

Lemma 4.3.1. The images of the sets of p-adic integral points are

p)): (
p)) = {(

Proof. Consider the image (z,y) of an integral point

FEh(Z,) N V'(
FUe(Z,) N V'(

)€ Zy | || =1 or |zy?| > 1},
)eZ2 ||yl <1, |zy?[ <1, or [z +y| <1}

Q {
Q {

T,y
T,y

(n15"'5779):7r(7717~-~>779)

(given in Cox coordinates), where (11,...,m9) is an integral point of the tor-
sor over U;. Assume [z| < 1. Then s & Z; or ng & Z,; (since n; € Z)).
In both cases, the coprimality conditions imply 7g € ZX, and thus |zy?| =
[n7ng /minzninine| < 1.

On the other hand, let us consider a point (x,y) in the above set and con-
struct an integral point (11, ...,7n9) on the torsor with f(w(n1,...,m9)) = (z,y).
If |z| < 1, we distinguish two cases for |y|:

1. If 1/]z] < Jy| < 1/]z|?, let 95 = 2y, ne = 1/ay?, ng = —1 — x/y, and the
remaining coordinates be 1. Then ng € —1 + pZ, C Z), since |z/y| <
|z|'/? < 1, and thus the coprimality conditions are satisfied.

2. It 1/|x| < lyl|, let ny = 1/xy, ng = x, ng = —1 — x/y, and let all the other
coordinates be 1. Since |z/y| < |z|? < 1, we again have 9 € —1 + pZ, C
Z, , and thus the coprimality conditions hold.

If |z| > 1, we distinguish three cases for |y|.

1L.If |y < 1, let no = 1/x, ng = y, n9 = —1 — y/x, and the remaining
coordinates be 1. Then ng € —1 + pZ, C Z,', since |y/z| < 1.

2. If1 <yl < x|, let n3 = 1/y, n2 = y/x, ng = —1 —y/z, and the remaining
coordinates be 1. Again, we have |y/x| < 1, so that ng € —1+pZ, C Z.
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3. Finally, if |z| < |y|, let n3 = 1/x, na = z/y, m = —1 — z/y, and the
remaining coordinates be 1. If [y| > |z[, we have n; € —1 + pZ, C Z); if
|z| = |y|, we have 4 € Z. In both cases, the coprimality conditions on

the torsor are satisfied.

We now turn to Us. Let (z,y) be in the image of the set of integral points.
If |y| > 1, we have either |n5] < 1 or |n1| < 1. In the first case, we get
lzy?| = |nn2/n3ne] = n7| < 1 (since all other variables have to be units); for
the second case, we note that

_ aEngnT tmems _ mino

111213467 N1M2M3M4N6 N7 ’

r+vy

and thus |z +y| = |ng| < 1 (since all other variables have to be units).

On the other hand, let (x,y) be in the set on the right hand side in the
statement of the lemma. We want to construct an integral point on the torsor
lying above (z,y). If |[y| < 1and || < 1,let ng =y, n7 = &, ng = —x—y, and the
remaining variables be 1, which satisfies the coprimality-conditions. If |y| < 1
and |z] > 1, let ns =y, n2 = 1/x, ng = —1 — y/x, and the remaining variables
be 1. Then g € —1 — pZ, C Z, so (n1,...,19) is integral. Let now [y > 1. If
lzy?| < 1, let m5 = 1/y, n7 = xy?, ng = —1 — 2y, and the remaining variables
be 1; again, n9 € Z,'. Finally, if [z +y| < 1, let gy = 1/z, n9 = —x — y, and
ng = —mny — 1 and the remaining variables be 1. Then ng € Z,', 50 (11, ..., 79)
is integral, and, since ng/n = (—mng — 1)/m = = +y — x = y, it indeed lies
above (z,y). O

Lemma 4.3.2. We have

5 3
U, p(UL(Zy)) = 1+ » and Ty, p(U(Zp)) =14 o

Proof. We again start with the first case: We want to integrate ||(dz A dy) ®
1 E7||;i( py over the set of integral points. To make sense of this, we need a
S

metric on the log-anticanonical bundle, not just on a line bundle isomorphic to
it. To this end, we consider the isomorphism between the canonical bundle wg

and the line bundle £ whose meromorphic sections are elements of degree wy of

the field of fractions of Cox ring that maps dz A dy to 73 'n2ne; in addition, we
consider the isomorphisms between O(FE;) and the line bundles whose sections
are elements of the Cox ring mapping 1g, to ;. In Cox coordinates, this norm
is

|7 max{[nansnansnens|, [mnen3ningng|, Insninangnz, nsnel}

Evaluating this at the image of (z,y) and integrating over the set of integral
points yields

1

z,y€Qp, 1
i, Tl el oy + o)1)

0, (U(Zy)) = dx dy

for the Tamagawa volumes at finite places.
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Let us compute this volume. Subdividing the domain of integration into
the regions with |z| > |y, |z| = |y|, and |z| < |y| in order to simplify the
denominator, we get

1 1
dzd dzd
/y\<|x|7 2| max{|z], [zy[} y*/y\:m, 2 max{Jz], [y(y + o)} Y
2| >1 2 >1 (47

1
+ /x|<\y\, 7] &
y?|>1

|z

after simplifying the description of the domains (|z| < 1 would imply |zy?|
|z|> < 1 in the first two cases; |y|? < 1/]z| would imply |y|? < 1/]z| < 1
|z|? < |y|? in the third case).

The first of the integrals in (@) is

1 1 1 1 1
S gt %= [ 5 Sy ) 2
|z|>1 |T lyl<|o| TAX L, [Y |z|>1 |T p 1<|y|<|z| 1Y

G- Lo -2 53 e

6>0

INIA

while the second integral is

L - 4.9
wrat<s o2 T et TGyl 9
|z[>1 lz1>1,|y|=]x|
The first integral in (@) is % fle ﬁ dz = %. Turning to the second one, we

note that |z| = |y| is implied by the ultrametric triangle inequality if |z+y| < |z|.
The set of y € Q, with | +y| = |z| and |y| = |z| has volume |z| — 2|z|/p, since
the two sets {y | [y — 0] < |z|} and {y | |y + | < |z|} have volume |z|/p and are
disjoint, since |y| < |z| implies |y + z| = |z|. We thus get

1 1\ p° ( 2) |z|
— I—— )5S+ (1-2) 5 | de
/z|21 ||2 2 ( p) P’ p) ||

0<o<|v(z)]

! 1 2 1 2 1
- 2 I—= @)+ (1-=])dz==-+1—-==1——,
jol>1 || p P D » ’

computing the integral over z similarly as in (@) The second integral in (@)
thus evaluates to 1. Finally, the third integral in ({.7) is

1 / 1 1 1
— —dxdy:/ — (1)dy
/|y|2 1/lyl2<)zl<ly] 1] iz [yl? 2 p

=2|v(y)|<o<|v(y)|
:/' 0_1>w@n:3
ly|>1 p |y|2 p’

again computed analogously to the previous ones. Adding the three terms in
(@), we arrive at

2 3 5
0, pUZy)) = =+ 14+ = =14 -
Ulyp((p)) D D P
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~

Figure 4.2: Integral points on U of height < 90, viewed along
the local chart f of S. The boundary divisor Er is the central
vertical line; the diagonal and the horizontal line which appear to
be “missing” are Es and Fy. (If e.g. 3 = 0, then the coprimality
conditions imply 72,...,m6 = %1, and then the equation implies
m,ne € £1, leaving us only with the two points (£1,0).)

Some horizontal and diagonal lines look accumulating, but in
fact are not: They contain ~ ¢'B points, which is less than the
cB(log B)® points on U; the constants ¢’ can however be up to 2,
while the constant ¢ in our main theorem is numerically =~ .0003.

In the second case, we can analogously determine the norm

||(d$ A dy) 02y 1E3 ® 1E4 Y 1E6||;A1,(D2)
S

in Cox coordinates:

! I35 *ns (4.10)

[n3nans| max{|nansnrns|, |n3n3ninal, [naninin?|}

Integrating this over Us(Z,), using the same local chart as before, yields

1
dz dy
/y|<1, |lzy2|<1, or |z+y|<1 maX{L ‘l’y|7 |$2‘}

1 1
:/ 7dxdy+/ fdxdy—i—/ dx dy
max{1, |22 lyl>1, |y2 lyl>1, ’
s max{L, %[} iy 1V <1/l
(since |z| = |y| in the second case). The first integral is then

1 1
1—|—/ —dr =1+ —,
\

z|>1 |£E2| p
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while both the second and third are

1 1
[ Lt !
ly|>1 2| p

The remaining parts of the constant are associated with maximal faces of
the Clemens complex. The first divisor D, = FE7 is geometrically irreducible,
so the Clemens complex consists of just one vertex, which we will simply name
FE~. The second divisor has three vertices corresponding to its components, and
two 1-simplices, which we will call A; and A, added between the intersecting
exceptional curves.

Es E, Eq
A Ay

Figure 4.3: The Clemens complex of Es + F4 + Es.

Lemma 4.3.3. We have
Tor,00(E7(R)) =8 and 74, 00(Da,(R)) = T4, 00(Da, (R)) = 4.
Proof. There is a metric on wg, induced by the metrization of wg(E7) via the

adjunction isomorphism. We can then compute the unnormalized Tamagawa
volume of E7 by integrating

]z, = lim (|x|<dx Ady) ® 1E7|w;(E7>) :

Again evaluating (@) in the image of (z,y), we get the volume

]

T oo (Br(R)) = / I dy

im
r =0 [z max{1, |z[, y], [y(y + )[}

1
= 7dy:4’
/RmaX{l, ly2[}

which we renormalize by multiplying with cg = 2.

For the second case, we work in neighbourhoods of the two intersection points
Dy, = EsNEyand Dy, = E4N Eg. The Tamagawa measures on these points
are simply real numbers. In order to compute them, we consider the charts

¢:A> =S (a,b)—(1:1:a:b:1:1:1:1:-1—1b) and
g A* =S, (e,d) = (1:1:1:¢:1:d:1:1:—1—cd).

Since || dz A dy|| = |det(Jfog7)||| da A db||, we get the norms

I(da A db) @ 1, ® 15, © L, iy = mac{a*1?], ab], [ab?]} and
[(de A dd) @ L, @ L, © L, gy = ma{|ed] ed], |2}
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Figure 4.4: Integral points on Uz of height < 60. On the left: in
a neighbourhood of E3 N E4, viewed along the local chart ¢’ of S.
The divisor E3 is the central vertical line, and E4 is the central
horizontal line. On the right: In a neighbourhood of Ej N Eg,
viewed along the local chart g” (with flipped axes) of S. The
divisor F4 again is the central horizontal line, and Ejs is the central
vertical line. The two charts overlap, and fully cover Fq4.

Analogously to the first case we now arrive at

lim jab =
(a,b)—(0,0) max{|a3b?|, |abl, |ab?|}

1

/ —
TDAl,oo - ’

and, similarly, TbA2 o = 1 for the unnormalized measures on the points D4, (R),
which we multiply with ¢ = 4. O
Lemma 4.3.4. We have

to + 2t3 4+ 2ty + 2t5 + 2t < 1,
ta + 2ty + 4ts + 3t < 1 ’

t1 +to < 2t5 + ty
dts 4+ 27 < 1 ’

t1+t2>2t5+t7}

(65} VOl{(tQ,...,tG) S RE;O

ap, = vol {(tl,tz,t5,t7) S Réo

aa, =vol< (t1,ta,t5,17) € RE
A2 {(1 2:ts, t7) € R 2y + 2y < 1

Proof. In the first case, we have Pic(Uy; E7) = Pic(X) and Ag, = Effx, whose
dual is the nef cone of X. To determine oy, we have to compute the volume,
normalized as in , of the intersection of the nef cone with the hyperplane
of R-divisor classes having intersection number 1 with —K — D;. The data in
[Der14] ShOWS that [Eﬂ = [E1+E2+E3—2E5—E6] and —K = [2E1+2E2+3E4+
2E4+ Fg) in Pic(S). Therefore, [—=K — D] = [Fy + Ey+2FE3+2E, +2E5 + 2Eg).
Working with the dual basis of Fy,..., Fg, we obtain

t1 +to + 1ty — 25 — tg >0, }

ar =vol{ (t1,...,ts) € RS
! {(1 o) € R0 t1 4ty 4+ 2t + 2ty + 25 4+ 26 = 1

and eliminate ¢;.
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In the second case, there are two constants a4,, ¢ = 1,2 associated with
the maximal faces A; 2 of the Clemens complex. The two divisor groups are
Pic(Usz; A1) = Pic(Ugy,) and Pic(Us; A3) = Pic(Ua,), where Uy, = X — Eg
and Uy, = X — E3. The constant a4, is the volume of the intersection of the
dual cone AXI of the effective cone of U,, with the hyperplane H,4, defined
by (-,Ka,) = 1, where K4, is the pullback of the log-anticanonical class.
The Picard group of Uy, is Pic(S)/(Eg); a basis is given by the classes of
E4, Es, Ey, E5, E7 modulo Fg, and its effective cone is generated by the classes
of El, .. .,E5,E7. Since [—K - DQ} == [E4 + 4E5 + 2E6 + 2E7] and [Eg] =
[-FEy — Es + 2E5 + Es + E7], and working modulo Eg, we obtain

—t1 —ta+2ts +1t7 >0,
ty+4ts +2t; =1 ’

ap, = vol {(tlat25t4;t57t7) € R;O

and eliminate t4.

The computation of a4, is similar. Here, our basis is given by the classes
of FE1, B, Ey, E5, E7 modulo Es5, and we use [Eg] = [E1 + F2 + E5 — 2E5 — E7|
and —K — Dy = [2F] + 2FE> + 2E3 + E4] to obtain

b

t1 +ta—2t5 —t7 >0

A, :VOl{(t17t27t4,t5,t7) ERSZO 2; —|—22t —|—5t 71 ,}
1 2 t+lg=

again, we eliminate t4. O

Lemma 4.3.5. In total, we get archimedean contributions

Cl,00 = QICRTE, 00 (E7(R))

to + 2t3 + 2ty + 2t5 + 2t < 1, 13
tg + 2ty + 4ts 4+ 3t < 1 43207

= 8V01{(t2,...,t6) eRY,

2,00 = aAICﬂ%TAlaOO(DAl (R)) +og, CH%TAz,OO(DAz (R))
2y + 2ty < 1} 1

32

= 4vol{ (t1,ts,ts5,t7) € RE —
v {(1 nistr) €R0 | o<1

to the expected constant.

Proof. The two polytopes whose volumes are o4, and a4, fit together to the
one stated. Using the formula [DEJ14, (1.1)] and Magma, we explicitly compute
the volumes. O



Chapter 5

Integral points on a toric
variety

5.1 Introduction

The aim of this chapter is to provide an asymptotic formula for the number of
integral points of bounded height on a certain toric variety X. Integral points
on toric varieties were treated by Chambert-Loir and Tschinkel in [CLT10b],
however, our result contradicts part of this work.

More precisely, let X be the toric variety obtained by first blowing up P! x
P! x P! (with coordinates ag, a1, b, b1, co,c; and the standard torus action) in
the line I; = V' (a1, b1), and then blowing up the resulting variety in the strict
transform of the line Iy = V(aj,c¢;) and denote by m: X — P! x P! x P! the
composition of these two blow-ups; let T' = m~(V (agaibobicoci)) be the open
orbit of the torus action. Let us consider the divisor D = H + Fy + E5, where
F)q is the strict transform of the exceptional divisor of the first blowup, Fs is the
exceptional divisor of the second blowup, and H is the preimage of the plane
V(ao), and let U = X — D. We are interested in the integral points on a suitable
model U of U. More _precisely, using the log-anticanonical height function H
defined after Lemma, , we study the number

N(B) ={z cU(Z)nT(Q) | H(x) < B}

of integral points bounded height. After parametrizing the set of integral points
using a universal torsor in Section , we determine an asymptotic formula
in Section . The exponent of log B is smaller by 1 than the one given in
[CLT10b], which is explained by an obstruction to the existence of integral
points on a certain part of X: Chambert-Loir’s and Tschinkel’s asymptotic
formula is associated with the one-dimensional face {E;, E2} of the Clemens
complex. There is a function obstructing to the existence of integral points
near F7 and FE5, which also_makes the leading constant of their asymptotic
formula vanish. In Section p.4, we compare our formula to the one given by
Chambert-Loir and Tschinkel in greater detail and get a very similar geometric

IThis is due to a gap in the proof of Lemma 3.11.4 of which the authors were already aware
and because of which they no longer believed in the correctness of the final result of their
preprint.

(0]
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interpretation to theirs, associated with the maximal, but only zero-dimensional
face H of the Clemens complex.

Theorem 5.1.1. We have

N(B) = ceocinB(log B)bH_l(l + o(1)),
with

Coo = anTH 0o (H(R)),

- (1 - 1)rkPiCU 0 U(Z,)),

where, with the notation of Chapter @, all constants are associated with the
mazimal, but not maximal-dimensional, face H of the Clemens compler. More
explicitly, we have

N(B) = c¢B(log B)? + O(Blog B(loglog B)?),

=TI ((5) (55 5)

p

where

5.2 Passage to a universal torsor

The fan Yy of X can be obtained by starting with the fan of P! x P! x P!, then
subdividing it by adding the ray p, = R(—1, —1,0), then further subdividing it
by adding the ray p, = R(—1,0,—1). The Picard group of X is

Pic(X) = Zn*[Hy] + Za*[Hy) + Zr* [Hs) + Z[Ey) + Z[Ey) = 77,

where Hq, Ho, and Hj are planes of degree (1,0,0), (0,1,0), and (0,0,1), re-
spectively.

C1

Co

Figure 5.1: The fan X x of X, its rays labeled with the correspond-
ing generators of the Cox ring.

The Cox ring of X is Rx = Qlao, a1, bo, b1, co, ¢1,2, y], its generators corre-
sponding to the rays of ¥ x. Its grading by Pic(X) (under the above isomor-
phism) is
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ap al bo b1 Co (&) T Yy
1 1 0 0 0 0 0 O
0 0 1 1 0 0 0 O
0 0 0 0 1 1 0 0°
0O -1 0 -1 O 1 0
0 -1 0 0 0 -1 0 1

The irrelevant ideal is generated by the set {[[ g | pg € 0},exman; it is thus

Lirr = (a1bic12y, arbocizy, a1bicory, arbocomy,
aoblclxy, aoboblcly, aoalbocly, aoblcoclx,

apga1bicox, apaibocoy, apbobicoct, apaibobico),

and we get a universal torsor Y = Spec Rx — V([i;;). The fan Y x similarly
defines a toric Z-scheme X (cf. e.g. [Dem7(]) with Xy = X. The scheme

y = SPGC RX,Z - V(Iirr,Z)7

where Rx 7 = Zlag, a1, bo, b1, co, c1, 2, y] and Ly z = Ly NRx 7, is a an,z—torsor
over X (cf. [Sal98]). In particular, there is a 32-to-1-correspondence between
rational points on X, respectively integral points on X', and the set

_ 5 a1bgcory,apbicizy,aobobiciy,
y(Z) - {(ao, a1, bo, b1, co, c1, 7, y) €Z apaibociy,aobicociT,aparbico,

ged(arbicizy,arbocizy,aibicory, }
apa1bocoy,aobobicoci,apaibobico)=1

of integral points on the torsor ).

Lemma 5.2.1. The log-anticanonical bundle is big, i.e., in the interior of the
effective cone, but it is not nef. It has the description wx (D) = L1 ® LY as
a quotient of base point free bundles, where the class of L1 is (2,2,2,—2,—2),

) ) )

and the class of Ly is (1,0,0,0,0) under the above isomorphism Pic(X) = Z5.
Proof. Let D = Ey + E5+ H be the sum of the exceptional divisors Fy = V(x),

E; = V(y) and the invariant plane H = V(ag) not meeting E; or Fy. The
log-anticanonical class wx (D) corresponds to

(L 2,2,-2, _2) = Z deg(g) - deg(m> — deg(y) — deg(ao)

g generator of Rx

under the above isomorphism Pic(X) = Z°. It is not base point free, since byc;
divides all of its global sections. Since the same holds for all its multiples, it
is not semi-ample (and thus not nef, since the two notions coincide on toric
varieties). It is, however, big: The effective cone is generated by the degrees of
the generators of the Cox ring, and hence

(17 27 23 727 72)
__ deg(ao)+3 deg(ay)+deg(bo)+7 deg(by) +deg(co)+7 deg(c1)+2 deg(x)+2 deg(y)
= 1 .

is in its interior. Consider the description (2,2,2,—-2,—-2) — (1,0,0,0,0) as a
difference of base point free classes. We have sets

{aibges, aibicia®, aibgeiy®, aibicia®y®, agbict} and {ag, ary}
of sections corresponding to these to classes. The sections in neither of these
sets can vanish simultaneously, so both classes are indeed base point free, and
these choices of sections induce metrics and a height function. O
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Lemma 5.2.2. We have a 4-to-1-correspondence between the set of integral
points U(Z) NT(Q) and the set

{(ao, b1, bz, c1,¢2) € ZZ | ged(arboco, arbocr, arbico, bier) = 1} C Y(Z).

The log-anticanonical height of the image of a point (a1,bg, b1, co, c1) in the above
set is
H(ay,bo,b1,co,c1) = |ag] max{|bg| , |b%|}max{|cg| , |C%|} (5.1)

Proof. The integral points in the preimage of I are precisely the points in Y(Z)
satisfying ag,z,y € {x1}. After plugging these values into the coprimality
condition of the universal torsor, the condition simplifies to

ng(alboco, albocl, alblco, blcl) =1. (52)

The generic point of such an integral point lies on the torus if and only if all
coordinates are non-zero.

The choice of global sections of £ and L5 induces metrics of these line
bundles and, consequently, on the line bundle £; ® LY isomorphic to the log-
anticanonical bundle. This metrization thus induces a log-anticanonical height
function. Its value on the image of a point (ag, a1, bo, b1, co,c1,z,y) € V(Z) is

max{‘a%b%ca , |a%b%c§z2| , |a%bgc%y2| , |a%b%cfx2y2| , |a%b%c?|}.

max{|ao|, larzy[}

Using the facts that |ag| = |z| = |y| = 1 and |a1| > 1, this simplifies to the stated
height function. Using the symmetry in ag,x,y = £1, we can assume that all
of them are 1, making the 32-to-1-correspondence a 4-to-1-correspondence. [J

5.3 Counting

In other words, we now have a new description

1
N(B) = i#{(al,bo,bl,CO,Cl) S Zio I H(al,bo,tho,Cl) < B7 (@) hOldS}

of the counting function, with the height function H in (@)

Lemma 5.3.1. We have

NB)=]] ((1 - 1>2 (1 + % L 1>> V(B) + O(Blog B(loglog B)?)

jas| feol forleolerj=1, (@ bosbisco,er).

|a1|max{lb%Hbfl}max{|cg|,|cf|}§B
Proof. We can further rephrase the counting problem as follows:
N(B):i Z g(alvb()athO»Cl),

a1,bo,b1,c0,c1€Z20
H(a1,bo,b1,c0,c1)<B
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where 6 = L{ged(arboco,a1bocr,arbico,brer)=1} = Hp 0) with

0, if b b bico, b
e(p)(al7b07b1700,61) _Ju ip | a1boco, a1bocy, arbico, bicy,
1, else.

We first want to replace the sum over by by an integral. The height conditions
imply that
|a1b(2)c(2)| , |alb%03| , |a1b0blcf < B,

since the latter one is the geometric average of two terms in the height function.
We have

- B ( B )-1/4( B )-1/4( B )—1/2
|a1b0b16001| |a1b3c(2)| \alb%cg |a1b0b1c%| ’

and note that the function € satisfies Definition 7.9 in [Der09]. We use [Der09,
Proposition 3.9] with r =1, s = 3 and get

N(B) = Z 01 (a1, b1, co,c1)Vi(ar,bi,co,c1; B) + O(Blog B(loglog B)?),

a1,b1,

co,c1€Zx0
. _1 _ ®)
where Vl(al,bl,CO,Cl,B) = f [bo|>1 dbo and 91 = Hp 91 ) with
H(ag,bo,b1,c0,c1)<B
0, if p | arco,arcr, bicy,

01 (a1,b1,co,c1) = { 1 - 5, ifp|bi,pfar and (pfeo or pfer),
1, if ptby and (p1ey or ptajco).

Using the geometric average of the two height conditions involving by, we can
bound V; by

B B B ~1/4 B ~1/4
Vi(ay,b1,c0,01;B) < = < > <> .
1(a1,bi, co, 13 B) laicocr]  |arbicoer] \ |arbicd laib2c?|

Since |a1bic3| and |a1bic?| are bounded by B, applying [Der09, Proposition 3.9]
once more (with r = 1, s = 2) yields

N(B) = Z 02(ar, b1, c1)Va(ar, by, c1; B) + O(Blog B(loglog B)?),
a1,b1,¢1€Zx0

where Va(a1,b1,c1:B) =5 [ ol jecol>1 d(bo, co) and 02 =], o) with
H(ao,bo,b1,c0,c1)<B

O, ifp'al,blcl

2
(1,%) , ifp|bicr, ptfas
Gép)(alablacoacl) =31- 3 lfp | bl’ p*alcl

) ifp|clap'fa1b1
1, ifpfblcl.
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To complete the summations, we use the fact that the height conditions imply
|a1bgcocl| < B, and get an upper bound

B BS/4
Va(ay, by, c1; B) <</ -1 ———dey <
izt Vareoed ™ oy PP oy 72 jea 72

B B —1/4
 Jaibie| <|alb?C§|)

for V. Since |a1b%c%‘ < B, [Der09, Proposition 4.3] yields the desired result,
for which are only left to check that the constant is indeed [ ¢, with

o () (- (- (D)o ()

Proposition 5.3.2. We have

N(B) = c¢B(log B)? + O(Blog B(loglog B)?),

() (55 )

p

where

Proof. We just have to provide an asymptotic for V(B). The error we introduce
when removing the condition |a1| > 1 in the integral, while keeping the condition
max{|b3| , [b}|} max{|cd| ,|c}|} < B implied by the others, is at most

2 d(bo, b1, co, 1)

lcolsler] =1,
max{|b§|,‘b?|}max{|cg|,|cf|}§3

B
< / ————————d(cp, 1) < Blog B.
jeol Jer| =1 max{|cg|, [efl}

Using the symmetry of the integral, we get

B
V(B) = /b0|7‘b1‘5|50|7‘b0‘21 1)272 d(bo,bl,Co,Cl) + O(BlOgB)
Ibol <ol Jeo <1ex], 1011 l€tl
[pici|<B

Removing |bg| > 1 introduces an error of at most

B B
2/ bi],le1]>1 Wd(bl,CO,Cl) < / 7d01 < .BlOg.B7
\

1<|c1|<B |01|
lco|<|e1|<VB/|by <led|<
as, analogously, does removing |cy| > 1. We thus have

B
V(B) = 4/|b1|’\c1\21’ rlJer] (01 1) +OBlog B)
[b1|<VB/|ea |
Blog B

1<lal<vE

+ O(Blog B) = 4B(log B)? + O(Blog B). O
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5.4 Interpretation of the result

Remember that the Clemens complex associated with a split toric variety (X, D)
over Q encodes the incidence properties of the irreducible components of the
boundary divisor D in the following way: It consists of vertices {D’} for every
irreducible component D’ of D, and we glue an s-simplex {Dy, ..., Ds} to the
complex whenever the intersection (;_, D; is non-empty. With a maximal face
A, we associated the lattice Ay = Pic(X — Up/gy D) and its effective cone

Eff4 € A4. For our variety, this means that the Clemens complex consists
of a 1-simplex A = {E}, F2} and an isolated vertex {H} (which we will also
simply denote by H). Integral points tend to accumulate around the boundary
divisor; their number is dominated by those points lying near the intersection
of a maximal number of boundary components. It is for this reason that the
dimension of the Clemens complex is part of the exponent in the main theorem
of [CLT10b].

F.I E, E,
A

Figure 5.2: The Clemens complex of D

For the toric variety X, this does not hold. There is an obstruction to the
existence of points near the intersection E; N Ey (and even to the existence of
integral points near F1 U Fs): Let us consider the rational function f = aj2zy/ag
(in fact, a character of T) on X. It is a non-constant regular function on
Us = X — H, so there is an obstruction in the sense of Proposition R.4.1.

Concretely, this means the following: The function f is a regular in a neigh-
bourhood of E; N Es, vanishing on Ey N Es. If a point p is near Ey N Es, |f(p)|
should thus be small. However, since f is a regular function on U, its value is an
integer at any integral point in U(Z) — and thus |f(p)| > 1 except for points on
the subvariety {f = 0}. This means that the only integral points that are close
to E1 N Ey can be points on this subvariety (which we excluded in our counting
problem). For this reason we cannot expect a contribution of the maximal face
A of the Clemens complex to our asymptotic formula. Since f is even regular
on neigbourhoods of both F; and Fs, there can in fact be no integral points
near either of those divisors and we cannot expect a contribution of those two
non-maximal faces. The existence of this function also has an effect on the
Picard group. That f vanishes on F, Es, and H' = V(a;), and that it has a
pole on H means that we have [Ey] 4+ [F2] + [H'] = [H]| in Pic(X), and thus
[Er] + [E2] + [H'] = 0 in Pic(X — H). All three classes are non-trivial, hence
the effective cone of X — H contains a plane. It is thus not strictly convex, and
its characteristic function is identically 0.

Since a value of the characteristic function is a factor of the leading constant
in op. cit., this means that, for this variety, the leading constant is zero, contrary
to their claim in Lemma 3.11.4. In particular, this variety is an example for
the obstruction in Section R.4, and, more precisely, the situation considered in
Lemma P.4.3. The exponent of log B in our Proposition p.3.2 is one less than
the one given by Chambert-Loir and Tschinkel. We can however interpret our
asymptotic formula analogously to the formula given by Chambert-Loir and
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Tschinkel: There is no obstruction at the only remaining maximal face H of the
Clemens complex. Substituting this face for the maximal dimensional face A
of the Clemens complex, we get the correct asymptotic formula. Summarizing,
the situation is as follows:

Proposition 5.4.1.

1. The cone Ay = Effx_y C Pic(X — H)g, associated with the unique
maximal-dimensional face A of the Clemens complex, is not strictly convex.

2. The cone Ay, associated with the unique other maximal face H, is strictly
convex. The constant associated with this face is ay = 1/8, and the
exponent associated with it is by = by = 3.

3. We have
N(B) = ¢B(log B)"" (1 +o(1),

where

rk Pic(U)
¢ = anri o (HE) ] ((1 -2) TU,p@t(Zp)) .

» p

Proof. The Picard group Pic(U; A) = Pic(X — H) is the quotient
Pic(X)/[H] = Z°/(1,0,0,0,0)/ = Z*.
The effective cone is generated by the classes of the torus-invariant prime divisors

(0,0,—1,—1), (1,0,0,0), (1,0,—1,0), (0,1,0,0),
(0,1,0,—1), (0,0,1,0), and (0,0,0,1),

and thus contains the plane {(0,0,z,y) | =,y € R}; in particular, it is not

strictly convex.
The Picard group Pic(U; H) = Pic(Up) for Uy = X — V() — V(y) is the

quotient
0 0
Pic(X)/ < <‘§> , <§> > ~ 73,
0 i

Its rank is b} = 3, so it coincides with
by =1k Pic(U) + PicE(U) + #H =2+ 0+ 1.
The effective cone Ay = Effy;,, is smooth and generated by
(1,0,0), (0,1,0), and (0,0,1).

The image of the log-anticanonical class in this quotient is (1,2,2). The char-
acteristic function of A4 thus evaluates to 1/4, and we get
1 1 1
ag=-——r-=—.
=, —1)14 8
Comparing this, together with the descriptions of the Tamagawa volumes in
Lemma p.4.3, to Proposition p.3.2 gives the stated asymptotic formula. O
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To compute the Tamagawa volumes, we consider the chart
X —V(arbhcrzy) — A3,

b
(aosalzbo:bl:co:cltsc:y)r—)( 0 ,O,CO>
a1xy’ biz’ cry

and its inverse A% — X
(a,byc) = (a:1:b:1:¢:1:1:1).
Lemma 5.4.2. Under this chart, the integral points U(Z,) correspond to
{(a,b,c) € Zf, | either |a| =1, or |a| > 1 and |b],]|c| < 1}.

Proof. Let (a,b,c) be the image of a point (ag, a1, bo,b1,co, c1,2,y) € V' (Zp).
Since ag € Z), we have |a| = |ag/aizvy| > 1. If |a| > 1, then |ay] < 1,
since x,y € Z,. The coprimality conditions then imply bic; € Z), and thus
[b] = [bol, [c| = |co| < 1.

On the other hand, consider a point (a,b,c) in the above set. If |a| = 1, let
ai=r=y=1and ap=a"'. If || <1, let by = b and by = 1, else, let by = 1
and by = b~!, and set ¢y, ¢; analogously. Then (ag,a1,bo,b1,co,c1,7,y) €
Y'(Z,) maps to (a,b,c). If |a| > 1, let ap = a, by = b, ¢c9 = ¢, and the
remaining coordinates be 1. Again, (ag,a1,bo,b1,co,¢1,%,y) is integral and
maps to (a, b, c). O

Lemma 5.4.3. We have

T 0o (H(R)) =16 and 70,U(Z,)) =1+ % 1o

for all primes p.

Proof. Similarly to the previous varieties, we choose the isomorphism from wx
to the bundle £,,, whose sections are elements of degree wx in the Cox ring
that maps da A db A dc to ay ?b; %c; *z~ 1y~ L. For the archimedean volume, we
want to integrate [|1g, 1, db Adcll,, (g, 1 5,) = la='1g, 15, da A db A chwX(D)
on H(R) (regarding a=! € T'(U,O(—H)) C T'(U,Ky3)). Outside H, we have
a~!t = a1y, where the first factor is a section in T'(A% — H, Oys), and thus

ey lm, dbAdell,, g1 m,) = limy (‘a‘1| 11a1p,1p, da AdbA chwX(D))
The norm ||[1g1lp, 15, da Adb A dc||wX(D) is

max{laol, a1 zy[}
|aozy| max{laibicl| , [atbicie?| , [atbicty?|, [abictay?|, agbict[}

at a point (ag : a1 : by : by 1 ¢o 1 ¢1 : @ 1 y) given in homogeneous coordinates.
Evaluation this in the image of a point (a, b, ¢) now yields

. |a| max{1, |a|} 1
db Ade|l = lim =
b dell = i B2, 2] 2 1,1}~ e {1, o7} mma {1, |5}
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Integrating now gives the archimedean Tamagawa volume

1
T(H,E1+E2),00(H(R)) = / dbde = 16,

r2 max{1, |b]*} max{1, |¢[*}

which has to be renormalized with the factor cg = 2.

For the Tamagawa volumes at the non-archimedean places, we integrate
I1n1E, 15, da AdbAdell,, p) over U(Zy). Using the same description as above,
this yields

1 1 1
(1_)/ _ - dbdc+/ — dadbde
p b,c€Q, maX{L ‘b| }maX{L ‘C| } ‘b||a||c>\i1 |a|

The first integral is

1 ’ 1 ’ 1\?
/ ———-db| = 1+/ —5 db (1+) ,
beQ, max{l, [b|"} lbj>1 || p
and the second is ) 1
[ aast
la|>1 |al p
so, in total, we get

1 1\? 1 2 1 1
o, UZ)) = [1- = 1+) +o =1+ = -, O
U,p((p)) < p)( » P )



Bibliography

[ADHL15] I. Arzhantsev, U. Derenthal, J. Hausen, and A. Laface. Cox rings,

[Bat81]

[BBO7]

[BB11]

[BBDO7]

[BBP12]

[BFO4]

[BHB17]

[Bir62]

[BM90]

[BRY5]

[Bre02]

volume 144 of Cambridge Studies in Advanced Mathematics. Cam-
bridge University Press, Cambridge, 2015.

V. V. Batyrev. Toric Fano threefolds. Izv. Akad. Nauk SSSR Ser.
Mat., 45(4):704-717, 927, 1981.

R. de la Bretéeche and T. D. Browning. On Manin’s conjecture
for singular del Pezzo surfaces of degree 4. I. Michigan Math. J.,
55(1):51-80, 2007.

R. de la Bretéche and T. D. Browning. Manin’s conjecture for
quartic del Pezzo surfaces with a conic fibration. Duke Math. J.,
160(1):1-69, 2011.

R. de la Breteche, T. D. Browning, and U. Derenthal. On Manin’s
conjecture for a certain singular cubic surface. Ann. Sci. Ecole
Norm. Sup. (4), 40(1):1-50, 2007.

R. de la Breteche, T. D. Browning, and E. Peyre. On Manin’s
conjecture for a family of Chatelet surfaces. Ann. of Math. (2),
175(1):297-343, 2012.

R. de la Bretéche and E. Fouvry. L’éclaté du plan projectif en quatre
points dont deux conjugués. J. Reine Angew. Math., 576:63—-122,
2004.

T. D. Browning and R. Heath-Brown. Forms in many variables and
differing degrees. J. Eur. Math. Soc. (JEMS), 19(2):357-394, 2017.

B. J. Birch. Forms in many variables. Proc. Roy. Soc. Ser. A,
265:245-263, 1961/1962.

V. V. Batyrev and Yu. I. Manin. Sur le nombre des points rationnels
de hauteur borné des variétés algébriques. Math. Ann., 286(1-3):27—
43, 1990.

M. Borovoi and Z. Rudnick. Hardy-Littlewood varieties and
semisimple groups. Invent. Math., 119(1):37-66, 1995.

R. de la Breteche. Nombre de points de hauteur bornée sur les
surfaces de del Pezzo de degré 5. Duke Math. J., 113(3):421-464,
2002.

85



86

[BTY8]

[CLT02]

[CLT10a]

[CLT10D)

[CLT12]

[CT03]

[CTS87]

[CTWX18]

[DEJ14]

[Dem70]

[Der09)]

[Der14]

[DF14]

[DHH*15]

[DRS93]

[EM93]

Bibliography

V. V. Batyrev and Y. Tschinkel. Manin’s conjecture for toric vari-
eties. J. Algebraic Geom., 7(1):15-53, 1998.

A. Chambert-Loir and Y. Tschinkel. On the distribution of points of
bounded height on equivariant compactifications of vector groups.
Invent. Math., 148(2):421-452, 2002.

A. Chambert-Loir and Y. Tschinkel. Igusa integrals and volume
asymptotics in analytic and adelic geometry. Confluentes Math.,
2(3):351-429, 2010.

A. Chambert-Loir and Y. Tschinkel. Integral points of bounded
height on toric varieties. arXiv:1006.3345v2 [math.NT], 2010.

A. Chambert-Loir and Y. Tschinkel. Integral points of bounded
height on partial equivariant compactifications of vector groups.
Duke Math. J., 161(15):2799-2836, 2012.

J.-L. Colliot-Théléne. Points rationnels sur les fibrations. In Higher
dimensional varieties and rational points (Budapest, 2001), vol-
ume 12 of Bolyai Soc. Math. Stud., pages 171-221. Springer, Berlin,
2003.

J.-L. Colliot-Théléne and J.-J. Sansuc. La descente sur les variétés
rationnelles. II. Duke Math. J., 54(2):375-492, 1987.

J.-L. Colliot-Thélene, D. Wei, and F. Xu. Brauer-manin obstruction
for markoff surfaces. arXiv:1808.01584 [math.NT], 2018.

U. Derenthal, A.-S. Elsenhans, and J. Jahnel. On the factor alpha
in Peyre’s constant. Math. Comp., 83(286):965-977, 2014.

M. Demazure. Sous-groupes algébriques de rang maximum du
groupe de Cremona. Ann. Sci. Fcole Norm. Sup. (4), 3:507-588,
1970.

U. Derenthal. Counting integral points on universal torsors. Int.
Math. Res. Not. IMRN, (14):2648-2699, 20009.

U. Derenthal. Singular del Pezzo surfaces whose universal torsors
are hypersurfaces. Proc. Lond. Math. Soc. (3), 108(3):638-681,
2014.

U. Derenthal and C. Frei. Counting imaginary quadratic points via
universal torsors. Compos. Math., 150(10):1631-1678, 2014.

U. Derenthal, J. Hausen, A. Heim, S. Keicher, and A. Laface. Cox
rings of cubic surfaces and Fano threefolds. J. Algebra, 436:228-276,
2015.

W. Duke, Z. Rudnick, and P. Sarnak. Density of integer points on
affine homogeneous varieties. Duke Math. J., 71(1):143-179, 1993.

A. Eskin and C. McMullen. Mixing, counting, and equidistribution
in Lie groups. Duke Math. J., 71(1):181-209, 1993.



Bibliography 87

[EMS96]

[FM17]

[FMTS9)

[FP16]

[GOS09)

[Harl7]

[HKOO]

[HM18]

[Isk77]

[JS17]

[Man93]

[Mau07]

[MMs82]

[Mor99]

[Pey95]

[Pey03]

A. Eskin, S. Mozes, and N. Shah. Unipotent flows and counting lat-
tice points on homogeneous varieties. Ann. of Math. (2), 143(2):253—
299, 1996.

C. Frei and M. Madritsch. Forms of differing degrees over number
fields. Mathematika, 63(1):92-123, 2017.

J. Franke, Yu. I. Manin, and Y. Tschinkel. Rational points of
bounded height on Fano varieties. Invent. Math., 95(2):421-435,
1989.

C. Frei and M. Pieropan. O-minimality on twisted universal torsors
and Manin’s conjecture over number fields. Ann. Sci. Ec. Norm.
Supér. (4), 49(4):757-811, 2016.

A. Gorodnik, H. Oh, and N. Shah. Integral points on symmetric
varieties and Satake compactifications. Amer. J. Math., 131(1):1-
57, 2009.

Y. Harpaz. Geometry and arithmetic of certain log K3 surfaces.
Ann. Inst. Fourier (Grenoble), 67(5):2167-2200, 2017.

Y. Hu and S. Keel. Mori dream spaces and GIT. Michigan Math.
J., 48:331-348, 2000. Dedicated to William Fulton on the occasion
of his 60th birthday.

Z. Huang and P. Montero. Fano threefolds as equivariant compact-
ifications of the vector group. arXiv:1802.08090 [math.AG], 2018.

V. A. Iskovskih. Fano threefolds. I. Izv. Akad. Nauk SSSR Ser.
Mat., 41(3):516-562, 717, 1977.

J. Jahnel and D. Schindler. On integral points on degree four del
Pezzo surfaces. Israel J. Math., 222(1):21-62, 2017.

Yu. I. Manin. Notes on the arithmetic of Fano threefolds. Compo-
sitio Math., 85(1):37-55, 1993.

F. Maucourant. Homogeneous asymptotic limits of Haar measures
of semisimple linear groups and their lattices. Duke Math. J.,
136(2):357-399, 2007.

S. Mori and S. Mukai. Classification of Fano 3-folds with By > 2.
Manuscripta Math., 36(2):147-162, 1981/82.

B. Z. Moroz. On the integer points of an affine toric variety (general
case). Quart. J. Math. Ozford Ser. (2), 50(197):37-47, 1999.

E. Peyre. Hauteurs et mesures de Tamagawa sur les variétés de
Fano. Duke Math. J., 79(1):101-218, 1995.

E. Peyre. Points de hauteur bornée, topologie adélique et mesures
de Tamagawa. J. Théor. Nombres Bordeauz, 15(1):319-349, 2003.
Les XXITémes Journées Arithmetiques (Lille, 2001).



88

[Sal9g)

[Sch&5)

[Ski97]

[STBT04]

[STBTO7]

[TBT13]

[Vin63]

[WX16]

Bibliography

P. Salberger. Tamagawa measures on universal torsors and points of
bounded height on Fano varieties. Astérisque, (251):91-258, 1998.
Nombre et répartition de points de hauteur bornée (Paris, 1996).

W. M. Schmidt. The density of integer points on homogeneous
varieties. Acta Math., 154(3-4):243-296, 1985.

C. M. Skinner. Forms over number fields and weak approximation.
Compositio Math., 106(1):11-29, 1997.

J. Shalika, R. Takloo-Bighash, and Y. Tschinkel. Rational points
on compactifications of semi-simple groups of rank 1. In Arithmetic
of higher-dimensional algebraic varieties (Palo Alto, CA, 2002),
volume 226 of Progr. Math., pages 205-233. Birkhéuser Boston,
Boston, MA, 2004.

J. Shalika, R. Takloo-Bighash, and Y. Tschinkel. Rational points
on compactifications of semi-simple groups. J. Amer. Math. Soc.,
20(4):1135-1186, 2007.

R. Takloo-Bighash and Y. Tschinkel. Integral points of bounded
height on compactifications of semi-simple groups. Amer. J. Math.,
135(5):1433-1448, 2013.

E. B. Vinberg. The theory of homogeneous convex cones. Trudy
Moskov. Mat. Obs¢., 12:303-358, 1963.

D. Wei and F. Xu. Counting integral points in certain homogeneous
spaces. J. Algebra, 448:350-398, 2016.



List of Figures

1.1 _Integral points of height <15 on P! x PL — Ap| . ... ... .. 19
1.2 Integral points of height <29 on P2 — {ptY . .. ... ... ... 20
4.1 Configuration of the divisors ;| . . . . . . .o o 60
4.2 Integral points on S —Qy of height <9¢ . . . . . ... ...... 71
4.3  The Clemens complex of Ea+ FEs+ Egl . . .. .. .. ... ... 72
1.4 Integral points on S — Q2 of height < 6d .............. 73
5.1 Thefan Sy of Xl o oo 76
5.2 The Clemens complex of H ..................... 81

89



	Introduction
	Counting integral points of bounded height
	The problem
	Example: P1 x P1 - Delta
	Distribution of integral points
	Example: Pn - {pt}

	Geometric framework
	Setting
	Metrics, heights, and Tamagawa measures
	Clemens complexes and associated data
	An obstruction
	Asymptotic formulas

	Integral points on a Fano threefold
	Introduction
	A universal torsor
	Metrics, a height function, and Tamagawa measures
	Integral points on X - D_1
	Integral points on X - D_2

	Integral points on a singular quartic del Pezzo surface
	Introduction
	Counting
	The leading constant

	Integral points on a toric variety
	Introduction
	Passage to a universal torsor
	Counting
	Interpretation of the result

	Bibliography

