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Abstract

We study the asymptotic growth of the number of rational points of bounded height on
smooth projective split toric varieties with Picard rank 2 defined over a global field K, with
respect to Arakelov height functions associated to big metrized line bundles. In the case of
char(K') = 0, we use Hermitian vector bundles to relate the height zeta function over a certain
open subset of our studied varieties with the height zeta function of the base projective space,
thereby studying its analytical behavior. In the case of char(K') > 0, we use the description of
the equations defining the variety to perform explicit calculations on the height zeta function
over the corresponding open subset.
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Introduction

Given an equation with integer coefficients (or a system of equations), an ancient problem
is finding solutions in the ring of integers, which in some cases is equivalent to finding them
in the field of rational numbers. Although this is a beautiful problem, it is generally very
difficult to tackle. A significant portion of modern ideas for addressing this problem involves
considering the algebraic varieties that the equation (or system) defines in some affine or
projective space and using the available machinery in algebraic geometry.

There is a correspondence between the non-trivial solutions of the equations and the ra-
tional points of the variety. In this sense, given an abstract variety X defined over a field K
(assumed not algebraically closed), many questions arise about its rational points, that is, the
set of morphisms Spec(K) — X. These questions cover, for example, the existence and
nature of its cardinality. In the case of finite cardinality, one might ask for the exact number
or even dare to list all of them. In the case of infinite cardinality, questions about asymp-
totic low or high bounds and their distribution on the variety arise. It is this latter nature of
investigating the rational points of varieties that we will adopt.

To study the distribution of rational points, it is common to work with the concept of
height and investigate the asymptotic behavior of rational points of bounded height. Heights
are a way to measure the arithmetic complexity of these points.

In the projective space P", for Q-rational points, there is the naive height given by:
Hpn(x) = max{|xo|, |z1], ..., |za|}

where x = [xg : z1 : ... x,] € P*(Q), with integer coordinates x; and gcd(zg, x4, . . ., T,) =
1. This height ensures that the set {x € P"(Q) : Hpn(x) < B} of rational points with
bounded height is finite.

For a global field K, the naive height is given by
Hpo(x) = ] max{|zols, [z1]o, .- - |zalo}
veVal(K)

which is well-defined for all x € P"(K) by the product formula.

Given a smooth projective algebraic variety X defined over a global field K and L an
ample line bundle over X, with L®™ very ample that induces the closed embedding ¢ : X <
P", we define the height on the rational points of X by:

Hy(z) = Hen(t(z))m
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for x € X(K). This definition leverages the naive height on projective space and translates
it to the context of the variety X via the embedding induced by the power L®™ of the line
bundle L that is very ample.

In this way, we are interested in studying the asymptotic behavior of the cardinality

N(X,L,B) := #{z € X(K) : H,(z) < B}.

It is known that this number can be dominated by the number of rational points in certain
subvarieties of X called accumulating subvarieties. Therefore, to have a proper analysis of
the asymptotic behavior of rational points of bounded height, it is necessary to remove these
subvarieties, and in the complementary open subset U, Manin conjectured that in the case
where the anticanonical bundle is ample, that is, the variety X is Fano, we have

N(U,—Kx,B) = CBlog B"'(1 + o(1)), B — oo.

Furthermore, ¢ should be equal to rk Pic(X).

In 1996, Batyrev and Tschinkel [3] provided a counterexample to the first version of
Manin’s Conjecture. Nowadays, the current expectation is as follows in the case of number
fields (see e.g. [28, Formule empirique 5.1] or [1, Conjecture 6.3.1.5] for a detailed discussion
and the precise definition of the relevant concepts).

Conjecture 1 (Manin—Peyre). Let X be an almost Fano variety' over a global field K,
with dense set of rational points X (K), finitely generated Aew(X3%) and trivial Brauer
group Br(Xy). Let H = H_k . be the anticanonical height function, and assume that there
is an open subset U of X that is the complement of the weakly accumulating subvarieties
on X with respect to H. Then, there is a constant C' > 0 such that

N(U,H_g., B) ~ CB(log B)™*FX)-1 " 45 B — 0. (0.0.1)

Moreover, the leading constant is of the form
C = a(X)B(X)Tu(X),

where

1 —(=Kx,y
a(X) := (tk Pic(X) — 1)! /mx)ve Ty,
B(X) := #H' (Gal(K /K), Pic(XF)),

and Ty (X)) is the Tamagawa number of X with respect to H (see Section 1.5.2).

There is also a conjecture, originating in the work of Batyrev and Manin [2], concerning
the asymptotic growth of the number

N(U,Hy, B) = #{P € U(K) : H,(P) < B},

'Following [28, Définition 3.1], an almost Fano variety is a smooth, projective, geometrically integral
variety X defined over a field K, with H'(X,0x) = H?*(X,0x) = 0, torsion-free geometric Picard
group Pic(X) and — K x big.
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when considering height functions H, associated to big metrized line bundles L on a va-
riety X as above, and for appropriate open subsets U C X. More precisely, if we denote
by 7 < o whenever 7 is a face of a cone o, then one defines the following classical numerical
invariants for a big line bundle L on X:

a(L):=inf{la e R:aL + Kx € Aet(X)},
b(L) := max{codim(7) : a(L)L + Kx € 7 < Aegr(X)},

which measure the position of L inside the cone A.¢(X). With this notation, the more general
version of the above conjecture states that there exists a constant C' > 0 such that

N(U,Hy, B) ~ CB*P(log B)*M~1  as B — ooc. (0.0.2)
We refer the reader to [4] for extensions, and a conjectural description of the leading con-

stant C' in terms of geometric, cohomological and adelic invariants associated to U and L.

The above conjectures have been proven by various authors, either in specific examples
or in certain families of varieties (see for instance [36] for an account of such results).

Typically, asymptotic formulas of the form (0.0.1) and (0.0.2) are deduced, via a Taube-
rian theorem (see Section 1.6 for a precise statement), from analytic properties of the associ-
ated height zeta functions. More precisely, considering a height function Hj, associated to a
big metrized line bundle L, its height zeta function is defined as

Cur(s) = Z Hp(P)™® fors e Cwith R(s) > 0.
PeU(K)

If (i 1.(s) converges absolutely on R(s) > a > 0, it has an analytic continuation to f(s) >
a — €,s # a for some € > 0 and it has a pole of order b > 1 at s = a, then one obtains

N(U,Hy, B) ~ CB*(log B)*™* as B — oo, (0.0.3)
with 1
= -1l lim (s — a)*Cu.(s)

In this thesis we focus on smooth projective split toric varieties with Picard rank 2, and
consider Arakelov height functions associated to big metrized line bundles. In order to be
more precise, we recall a geometric result due to Kleinschmidt [19] stating that all smooth
projective toric varieties of Picard rank 2 are (up to isomorphism) of the form

X = P(ﬁpt—l D ﬁpt—l(@l) D---D ﬁ]}nt—l(ar)), (004)

wherer > 1,t > 2,and 0 < a; < --- < a, are integers. We refer to these varieties as
Hirzebruch—Kleinschmidt varieties.

As is well known, global fields are completely classified. These are number fields, i.e.,
finite extensions of QQ, and global function fields, i.e., finite extensions of the rational function
field of a smooth, irreducible, geometrically integral curve defined over a finite field IF,. We
will deal with each of these cases separately.
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Number Fields case

For computational convenience, we choose a different normalization than the given in
(0.0.4) and put

Xa(a,...,a.) :=P(Op—1 ® Opt-1(—a,) ® -+ ® Opt-1(a,—1 — a,)) ~ X,

with d := r + ¢ — 1 the dimension of X,(a4,...,a,).

Our results show that these varieties can be naturally decomposed into a finite disjoint
union of subvarieties where explicit asympotic formulas for the number of rational points of
bounded height can be given, in the spirit of Schanuel’s work [34]. We achieve these results
by using suitable algebraic models for such varieties and by performing explicit computations
on the associated height zeta functions.

If X = Xy(ay,...,a,), then we consider the projective subbundle F' := P(Opi-1(—a,) ®
-+ @® Opt-1(a,_; — a,)) and note that F ~ Xy 4(ay,...,a,_1) whenr > 1, while F' ~ P'~!
when r = 1. Then, we define the “good open subset”

Ud(al,...,ar) :X\F

We note that this open subset is larger than the dense toric orbit of X.

Our main result gives an asymptotic formula for N (Uy(ay, . .., a,), Hy, B) of the form (0.0.2),
with an explicit constant C' = C, g, for every big divisor class L € Pic(X) that we equip
with a “standard metrization”. This general result is given in Section 2.10 (see Theorem 70).

In the case of the anticanonical line bundle wich in a smooth toric variety is always big, our
result take the following form

Theorem 2. Let X = X4(aq, ..., a,) be a Hirzebruch—Kleinschmidt variety of dimension d =
r + 1t — 1 over a number field K, let H = H_f . denote the anticanonical height function
on X(K), and let U = Uy(ay, ..., a,) be the good open subset of X. Then, we have

N(U,H,B) ~ CBlog(B) as B — oo,

with e
o A s
wi(r+ 1)t + (r+ Da, — |a))éx(r+ 1)Ex(t)’

where Ry, hye, A are the regulator, class number and discriminant of K, respectively,

S o and T T
o= (522) (or) oo

with r1 and ry the number of real and complex Archimedean places of K, respectively, and (k
the Dedekind zeta function of K.

(0.0.5)

Remark 3. In Lemma 26 we show that

a(X) = !

(r+ 1)+ (r+1)a,. —|a|)’
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Also, since X is a split toric variety, we have §(X) = 1 (this is well-known and follows
e.g. from [4, Remark 1.7 and Corollary 1.18] and [32, Lemma 2.21]). Hence, Theorem 2
together with the main theorem of [4] implies that the Tamagawa number of X with respect
to the anticanonical height function H_ , is

(d+2

Rihi| A ~5"
TH( ) = 3 .
Wik (r + 1)Ek (¢)
Since the good open subset U in Theorem 2 is obtained by removing from Xy(ay, ..., a,)

the subbundle F', which is either another Hirzebruch—Kleinschmidt variety or a projective
space, we can also describe the asymptotic behaviour of the number N (F, H, B), provided
the restricted divisor class — K x| is big in Pic(F') (it is easily seen that when this is not the
case, one has N (F, H, B) = oo for every B > 1). In general, the restricted divisor —K x|
does not coincide with the anticanonical divisor — K of F' (see Section 2.3), and this is the
main reason why we are lead to study the asymptotic behaviour of N (U, Hy, B) for height
functions H, associated to general big divisors. These ideas are illustrated in the following
example.

Example 4. Given integers 0 < a; < a9 consider the Hirzebruch—Kleinschmidt threefold
X = Xg(al, ag) = P(ﬁ]}nl () ﬁpl(-&g) D ﬁpl (a1 — Gg)),

with projection map 7 : X — P! and good open subset U = Us(ay,as). Using results
from Sections 2.2 and 2.3, we get that —Kx = Ox(3) ® 7*(Op1(2 + 2a2 — a4)), and
the restriction — K x|r of the anticanonical divisor of X to the projective subbundle F' =
P(Op1 (—as) @ Op1 (a1 — az)) corresponds, under the isomorphism F' ~ X5(a;) =: X', to the
line bundle L := Ox/(3) @ (7')*(Op1(2 4 2a; — az)), where 7’ : X’ — P! is the correspond-
ing projection map. If we write X’ = U’ U F’ with U’ = Us(a;) the good open subset of X’
and F” its complement in X', then we have ' ~ P!, and the restriction L|p+ corresponds to
the line bundle M := Op1(2 — a; — ay). Hence, we have a disjoint decomposition

X =UUUUF ~Us(ar,az) UUs(ay) UP (0.0.6)
and denoting by = H_ . the anticanonical height function, we obtain
N(U,H,B) ~ CBlog(B) as B — oo,

with an explicit constant C' > 0 by Theorem 2. Now, by Lemma 33 in Section 2.3 the line
bundle L is big if and only if ay < 2a; + 2, in which case Theorem 70 in Section 2.10 gives

a1+2
N(U',H,B) = N(Us(ay), Hy, B) ~ C'B¥+-  as B — o0,

with another explicit constant C” > 0. Finally, by Lemma 34 M is big if and only if a3 +ay <
2, in which case Schanuel’s estimate, in the form of Corollary 66 in Section 2.9, gives

N(F',H,B) = N(P', Hy;, B) ~ C"B¥ a5 as B — 0,

with yet another explicit constant C” > 0. We can then distinguish several different cases in
order to compare the contribution of each of the subsets U, U’, F’ in the decomposition (0.0.6)
to the asymptotic growth of the number of rational points of bounded anticanonical height
on X, as represented in the following table.
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Case Is L big? | Is M big? Comparison
N(F',H,B) = o(N(U", H, B))
(ay,a2) = (0,0) Yes Yes N(U',H,B) =0o(N(U,H, B))
N(U, H, B) ~ CBlog(B)
N(U, H,B) = o(N(U, H, B))
(a1, a2) = (0,1) Yes Yes | N(U',H,B) ~ (C'B?
N(F',H,B) ~ C"B?
N(F,H,B) =
1<a; <as <2a1+2 Yes No N(U7HaB)ZO(N(U,;[j2aB))
N(U',H,B) ~ C'Bi-n
N(F,H,B) = >
1 <a; =ay Yes No N(U',H,B) =0o(N(U,H, B))
N(U,H,B) ~ CBlog(B)
N(F,H,B) =
201 +2 < ay No No NWU',H,B) = >
N(U,H,B) ~ CBlog(B)

Since the values » = ¢ = 2 are fixed, the constants C, C’, C" above depend only on the
base field K and on the coefficients a1, as. In order to give a concrete numerical example,
let us for simplicity assume KX = Q and choose (ai,as) = (0,1). Using that {u(s) =
(2m%/2)710(s/2)( (), we get

C = ——— =0.83190737...,
6¢(3)¢(2)
while the values of the constants C’ and C” can be extracted from Example 77 and Corol-
lary 66, and are given by

;3 945¢(3)
¢ = (H 1673

™

) 314147564 C" = — — 2 _(.05402065 . ...

2¢(2)

In particular, this shows that U’ “contributes more” than F’ to the number of rational points
of bounded anticanonical height in X3(0, 1).

In the general case, our strategy to study the number of rational points of bounded height
on a Hirzebruch—Kleinschmidt varierty is as follows: Given X = X,(a4, ..., a,) we start by
writing

X ~Uylay,...,a,) UUz1(ar,...,ap_1) U+ U U ay) WP (0.0.7)
Then, starting with the anticanonical height function H_ . on X (K'), we give simple crite-
ria to decide if the induced height functions H; on U;y;_1(ay,...,a;)(K) (for 1 < i < r),
and Hy on P*~1(K), are associated to big divisors in the corresponding Picard groups. Finally,
using Theorem 70 in Section 2.10.1 together with Schanuel’s estimate (Corollary 66 in Sec-
tion 2.9), we give explicit asymptotic formulas for the numbers N (Uy; (a1, ..., a;), H;, B)
and N(P*=!  Hy, B), obtaining the counting of rational points of bounded height on each
piece of the decomposition (0.0.7). Note that this approach also works if we start with a
height function H;, on X (K) associated to L € Pic(X) big.



INTRODUCTION 7

Remark 5. Assume a; = ... =a; =0and0 < a;4; < ... <aq,, forsomej € {1,...,r—1}.
In this case, instead of (0.0.7), one can rather write

X ~Uylay,...,a,)UUg 1(ay,...,ap 1)U UUi(a, ... a;01) U (P71 x P7)) (0.0.8)

and proceed as above by giving explicit asymptotic formulas for the numbers
N(Ugyir(ay,...,a;),H;,B) (for j+1 < i < r)and N(P""! x P/, H;, B). This variant
seems more natural to us in this case since there is no gain in removing a closed subvariety
of Xi1j-1(ai,...,a;) = P! x P/ when counting rational points of bounded height on this
particular component in the decomposition (0.0.8).

We refer the reader to Section 2.10.4 where we apply the above strategy to the case of
Hirzebruch surfaces X = Xs(a) with @ > 0 an integer. In particular, we recover a classical
example going back to Serre [35], and revisited by Batyrev and Manin in [2] and by Peyre
in [27] (see Remark 81).

Our proof of Theorem 2 (and of Theorem 70 for general big divisors) is based on the
analytic properties of the associated height zeta functions, which we relate to height zeta
functions of projective spaces and to the zeta function {x of the base field K. Then, as
usual, a direct application of a Tauberian theorem leads to the desired results. The analytic
continuation and identification of the first pole of our height zeta functions is achieved via
explicit computations, and by exploiting the concrete algebraic models of our Hirzebruch—
Kleinschmidt varieties. As such, it would be interesting to investigate if the techniques used
here can be applied to other families of algebraic varieties.

Remark 6. For the number fields case we came across with an unpublished manuscript of
Maruyama [22], where an asymptotic formula for the number of rational points of bounded
anticanonical height on Hirzebruch surfaces is proposed. Unfortunately, the proposed result
is incorrect due to convergence issues of the relevant height zeta function, that occur when
one does not remove the corresponding subbundle F' of the Hirzebruch surface Xs(a), as
we have done here in greater generality. We remark, nevertheless, that the approach used
in loc. cit. to study the analytic properties of height zeta functions of projective bundles has
served us as an inspiration for this present work (see Section 2.9).

Function fields case

It is natural to ask for analogous statements like Conjecture 1 and (0.0.2) for global fields
of positive characteristic. However, in the case that K is a global function field of positive
characteristic, the relevant height functions have values typically contained in ¢Z with ¢ the
cardinality of the constant subfield F, C K, and this implies that the associated height zeta
functions are invariant under s — s + 102&2). In particular, having a pole at a point s = a > 0
implies the existence of infinitely many poles on the line $(s) = a, which makes it impossible
to apply a Tauberian theorem. Moreover, in this setting, it is hopeless to expect an asymptotic
formula of the form (0.0.3) since N (U, Hy,q¢") = N(U, Hy, q”*é) would imply /g = 1 (as
explained in [8, Section 1.1]).

For this reason, for varieties defined over global fields of positive characteristic, the Manin
Conjecture is presented in terms of the analytical properties of the respective height zeta
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function. In [29], Peyre succeeds to do this in the case of flag varieties. As a variant of
Conjecture 1, it is then expected that the anticanonical height zeta function (y _k, (s), for
appropriate open subsets U C X, converges absolutely for $(s) > 1, it admits meromorphic
continuation to R(s) > 1 — ¢ for some € > 0, and it has a pole at s = 1 of order rk Pic(X)
satisfying

lim(s — 1) Py ko (5) = a*(X)B(X)(X), (0.0.9)

s—1
where

a’(X) = / e~ TExY)dy,
Aerr(X)Y

B(X) = #H" (Gal(K*P/K), Pic(X geer ),

and 7y (X) is the Tamagawa number of X with respect to the anticanonical height func-
tion H = H_g, defined by Peyre in [29, Section 2] in the case of global fields of positive
characteristic. Similarly, as a variant of (0.0.2), one expects (i 1.(s) to converge absolutely
for R(s) > a(L) and have meromorphic continuation to R(s) > a(L) — ¢ for some ¢ > 0
with a pole at s = a(L) of order b(L).

We show that similarly to the case of number fields, the varieties of Hirzebruch—Kleinschdmidt
can be naturally decomposed into a finite disjoint union of subvarieties where precise analytic
properties of the corresponding height zeta functions can be given. Hence, in this setting, we
go beyond the scope of the classical expectations mentioned above. We achieve these results
by using concrete algebraic models for such varieties and by performing explicit computa-
tions on the height zeta functions.

This ideas were motivated by the results of Bourqui in [6], [7] and [8], where the above
expectation for the anticanonical height zeta function is verified for toric varieties over global
fields of positive characteristic, with U the dense torus orbit. Bourqui’s work was inspired by
Batyrev and Tschinkel’s proof of Conjecture 1 for toric varieties over number fields [4].

As usual, in order to avoid accumulation of rational points of bounded height, we find it
necessary to restrict our attention to rational points in a dense open subset. To this purpose,
we define the good open subset Uy(ay,...,a,) C X4(aq,...,a,) as the complement of the
closed subvariety define by the equation x4, = 0.

Our main results describe the analytic properties of the height zeta function (1 (s) for
the good open subset U := Uy(ay,...,a,) C Xgy(ay,...,a,), for every big line bundle
class L € Pic(X) that we equip with a “standard metrization”. For simplicity, we present
here the statement for L = — K.

Theorem 7. Let X = X,(ay,...,a,) be a Hirzebruch—Kleinschmidt variety of dimension
d = r+t—1 over a global function field K = F,(¢), let H = H_, denote the anticanonical
height function on X (K), and let U = Uy(ay, ..., a,) be the good open subset of X. Then,
the anticanonical height zeta function (y —k . (s) converges absolutely for RX(s) > 1, and it is
a rational function on q~°. In particular, it has meromorphic continuation to C. Moreover, it
has a pole of order two at s = 1 with

g 2092,

Cr ()¢ (r+ D((r + Dar — |a] +)(r + 1)(g — 1)*log(q)*’
(0.0.10)

£1_I)I%(S - 1)2CU,*KX (S) =
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where hy is the class number of K, g is the genus of ¢ and (i is the zeta function of K.

As mentioned before, we go beyond the classical expectations and study further the height
zeta function of the complement of the good open subset inside Xy(ay,...,a,). This is
achieved by a natural decomposition of X = X,(ay,...,a,) of the form

del(al, e ,ar,l) LA™ L (|—|2§t’§t Ut/Jr,,,l(al, C ,CLT)> ifr > 1,

X ~
]Ptil L Al L (u2§t’§t Ut/(a1)> lfT = 1

(0.0.11)

(see Section 3.5.1 for details), which allows us to work inductively on the dimension of X,
and decompose Cx k. (s) as a finite sum of height zeta functions of projective (and affine)
spaces and height zeta functions of good open subsets of Hirzebruch—Kleinschmidt varieties

of dimensiond =t +r — 1,t+,...,t. On the one hand, height zeta functions of projective
(and affine) spaces are well understood (see Section 3.4). On the other hand, for each good
open subset U’ = Ug/(ay,...,a,) in the decomposition (0.0.11), we get a contribution of a

height zeta function of the form (; 1(s) with L € Pic(Xy(aq,...,a,)) generally distinct
from the corresponding anticanonical class. Nevertheless, provided L is big, we can still de-
scribe the analytic properties of (v 1,(s) in detail, see Theorems 98 and 100 in Section 3.5.3.
Note that the bigness condition on L is necessary, because when L is not big, (y+ 1.(s) has no
finite abscissa of absolute convergence. The following example illustrates these ideas.

Example 8. Given an integer a > 0, let us consider the Hirzebruch—Kleinschmidt three-
fold X := X3(a) with projection map 7 : X3(a) — P2. The decomposition (0.0.11) in this
case becomes

X ~PUuAly Us(a) U Us(a). (0.0.12)

Put U := Us(a) and U’ := Us(a), X' := Xs(a) and let 7’ : X’ — P! denote the correspond-
ing projection map. The anticanonical class on X is —Ky = Ox(2) @ 7*(Op2(3—a)). Using
Theorem 7 we get that (i, (s) converges absolutely in $(s) > 1 and has meromorphic
continuation to C with a pole of order 2 at s = 1 with

(s — 1P (5 L

im(s — Ky (8) = .

51 S G (3)Ck (D) + 3)2(g — 1)?log(¢)?

By Lemma 87 the component Us(a) in (0.0.12) contributes with the height zeta function (i ()
with L := Ox/(2) ® 7*(0p1(3 — a)) € Pic(X’) big but different from the anticanonical
class —K xs. Nevertheless, by Theorem 98 we know that (; ;, has meromorphic continuation
to C with a simple pole at s = 1.

Now, by Lemma 87 the component P2 in (0.0.12) contributes with the height zeta func-
tion (p2((3—a)s) where (p2(s) denotes the standard height zeta function of P? defined in Sec-
tion 3.4. We see that (p2((3—a)s) has no finite abscissa of absolute convergence when a > 3.
Assuming a < 3, we can apply Theorem 84 to deduce that (p2((3 — a)s) converges absolutely
for R(s) > % and has meromorphic continuation to C with a simple pole at s = 373a > 1.

Finally, by Lemma 87 the component A® in (0.0.12) contributes with the height zeta
function (41(2s) = (p1(25) — 1, where (p1 (s) denotes the standard height zeta function of P,



10 INTRODUCTION

In particular, by Theorem 84 we know that (41(2s) converges absolutely in R(s) > 1 and has
meromorphic continuation to s € C with a simple pole at s = 1.

We conclude:

1. If a = 1, 2, then the number of rational points of bounded anticanonical height in X3(a)
is “dominated” by the number of those points in the component P? in (0.0.12).

2. If a > 3, then the component P? in (0.0.12) has “too many” rational points of bounded
height (in fact, N(P?, —Kx, B) = oo for all B > 1).

In both cases, we see that only after removing the closed subvariety P> C X3(a) we obtain a
height zeta function

Cx\p2,— Ky (8) 1= Ca1(25) + Cui—k (8) + Cur,i.(5)
satisfying the analogue of Conjecture 1 over global function fields.

We can also include here the easy case a = 0, namely X = X3(0) ~ P! x P2, It follows
from Theorem 100 that (x _x, (s) converges absolutely on $(s) > 1, has meromorphic
continuation to C and has a pole of order two at s = 1 with

(s — 1Py, (5) el

m(s —1)°Cx,—ry(s) = .

s—1 * Cr(3)Ck (2)6(q — 1) log(q)?

In particular, in this easy case, there is no need to remove a closed subvariety of X in order
to verify the analogue of Conjecture 1 over global function fields.

The techniques used were inspired by the work of Bourqui [6] on the anticanonical height
zeta function on Hirzebruch surfaces. Combining Bourqui’s ideas with some technical com-
putations, we are able to express the height zeta function (i 1.(s), for a good open subset of
a Hirzebruch—Kleinschmidt variety and for general big metrized line bundles L, as a rational
function of degree 2 on the Dedekind zeta function (x (s) of the base field K. In that regard,
it would be interesting to investigate if this method can also be applied to other families of
algebraic varieties defined over global function fields.

We now proceed to describe the structure of this thesis.

In Chapter 1, we present a quick introduction to the necessary geometric concepts, includ-
ing line bundles, the effective cone, the ample cone, toric varieties, and toric bundles as well
as arithmetic aspects such as heights, height zeta functions, and a more detailed description
of Peyre’s constant.

In Chapter 2, we work on the case of number fields. To do this we revisit the theory
of Hermitian vector bundles over arithmetic curves and the notion of Arakelov degree of
a Hermitian line bundle. Additionally, we state the Poisson—Riemann—Roch formula, and
demonstrate several estimates on the number of non-zero sections of a Hermitian vector bun-
dle that are key in our proofs. Then we define a “standard (Arakelov) height function” on
the set of rational points of the projective space P, in terms of the Arakelov degree of tau-
tological Hermitian line bundles. With these ideas in mind, we revisit Maruyama’s proof of
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Schanuel’s estimate on the number of rational points of bounded standard height on projec-
tive spaces (see Corollary 66). Finally, we proceed to state and prove our main results on the
asymptotic growth of the number of rational points in Hirzebruch—Kleinschmidt varieties,
with respect to any big divisor class (Theorems 70 and 76), and provide more examples to
illustrate the scope of our results.

In Chapter 3, we work on the case of function fields. First, we present several lemmas
used in the proof of the Theorem 98. The proof is divided into four steps, with the central
idea being to relate the height zeta function of an open subset of the variety to the Dedekind
zeta function of the base field.



Chapter 1

Preliminaries

1.1 Some geometric concepts

Here we follow the exposition made by Tschinkel in [36].

Let X be a variety, which in this Thesis will be assumed to be irreducible, reduced and
separated schemes of finite type over the base field K&, we refer the reader to [15] for details.
The Picard group of X is defined as

Pic(X) = {Line bundles over X } /isomorphism

endowed with the tensor product. The identity of Pic(X) is the trivial line bundle. Also we

have
Pic(X) = Div(X)/PDiv = Div(X)/(C(X)*/C*),

where Div(X) is the group of Cartier divisors and PDiv(X) is the subgroup of principal
Cartier divisors.

A Cartier divisor D = [(U;, f;)] € Div(X), induces a line bundle Ox (D) given by the
transition functions g;; = f;/f; € O%(U; N U;).

Given L € Pic(X) the induced rational application
o X --» |H(X,L)| =P(H(X, L)") = {hyperplanes C H°(X, L)}

is defined by
x> M, = {s € H’(X, L) such that s(x) = 0, }.

We say that L is
» very ample if ¢ is a closed embedding;

o ample if L®™ is very ample for some m € Z-q.

The litaka dimension of L € Pic(X) is given by

K(L) = 4 MAXmezug dim(prem (X)), if there exist mg € Z~q such that H°(X, L®™0) £ {0},
—00, in other case.
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We have k(L) € {—00,1,2,...,dim(X)} and we say that L is big when (L) = dim(X).

Let C' be an irreducible smooth projective algebraic curve. A Weil divisor over C' has the
form D = Zle n;p; with n; € Z and p; € C'. We define the degree of D as

k
deg(D) = Z n;.
i=1

For all D € PDiv(C) we have deg(D) = 0 and a surjective homomorphism deg : Pic(C') —
Z.

Let now X be an irreducible projective algebraic variety, D € Div(X) and C C X
an irreducible smooth curve. We define the intersection number between D and C by D -
C = deg(Ox(D)|¢) € Z. If C is not smooth, then we take the normalization morphism
v:C” — C and we define D - C' := deg(v*(Ox(D)|cv)).

We say that two Cartier divisors Dy, Dy are numerically equivalent if D, - C' = D, - C
for all irreducible curve C' C X. In such case we write D; = D,. The quotient group
NS(X) := Div(X)/ = is called the Neron—Severi group of X. By Severi’s base theorem
we know that NS(X) is finitely generated, so, NS(X) = Z" @ torsion. The integer r =
rk(NS(X)) =: p(X) is called the Picard number of X.

Given a line bundle L = Ox (D), we say that L is nef if D - C' > 0 for all irreducible
curve C' C X.

We have an exact sequence
0 — Pic’(X) — Pic(X) — NS(X) — 0,
where Pic’(X) are the divisors such that D - C' = 0 for all irreducible curves C' C X.

Given a projective variety X C P", via an explicit system of homogeneous equations, we
can easily write down at least one divisor on X, a hyperplane section L in this embedding.
Another divisor, the divisor of zeroes of a differential form of top degree on X, can also be
computed from the equations. In general, for an irreducible smooth algebraic variety X, we
define the canonical line bundle of X as

dim(X)

wy = det(Q}) = /\ 0.

Furthermore, a canonical divisor is a divisor Ky € Div(X) such that wy = Ox(Kx). The
dual — K x 1s the anticanonical line bundle.

For an irreducible smooth projective algebraic variety X the Kodaira dimension of X,
denoted by (X)), is the litaka dimension of wx.

Elements in Pic(X) corresponding to projective embeddings generate the ample cone
Aample (X)) C Pic(X)g := Pic(X) @z R; ample divisors arise as hyperplane sections of X in
a projective embedding. The closure Ayef(X) of Agmple in Pic(X)g is called the nef cone.
An effective divisor is a sum with nonnegative coefficients of irreducible subvarieties of
codimension one. Their classes span the effective cone A.z(X); divisors arising as hyper-

plane sections of projective embeddings of some Zariski open subset of X form the interior
of Aeﬁ‘ (X ) .



14 1.2. TORIC VARIETIES

In general, the computation of the ample and effective cones, and the position of K x with
respect to these cones, is a difficult problem. However, we have the following theorem.

Theorem 9. Let X be a smooth projective variety with —Kx € Aymple. Then Ay is a finitely
generated rational cone. If — K x is big and nef, then A.g is finitely generated.

A very rough classification of smooth algebraic varieties is based on the position of the
anticanonical class with respect to the cone of ample divisors. Numerically this is reflected
in the value of the Kodaira dimension. We say that X is of general type if Kx is ample and
k(X) = dim(X). When —K'x is ample and x(X) = —oo, we say that X is a Fano variety
and we say that X is of intermediate type in the other cases e.g. when k(X ) = 0.

1.2 Toric varieties

We refer the reader to [11] for the general theory of toric varieties.

Let N ~ Z% be a rank d lattice and M = Homgz(N,Z) its dual lattice. Let us de-
note by T = Spec(K[M]) ~ G the corresponding split algebraic torus, where K[M] is
the K -algebra generated by M as a semigroup. We identify the lattice M with the group of
characters of the torus T and N with the one-parameter subgroups of T.

Let > be a fan in Ng := N ® R. This is, X is a finite collection of strongly convex,
rational polyhedral cones 0 C Ng containing all the faces of its elements, and such that for
every 01,09 € X, the intersection o1 Moy 1s a face of both o7 and o5 (hence it is also in >J). We
denote by (1) the set of rays (i.e., one-dimensional cones) in 3. More generally, for o € 3
we denote by o(1) = o0 NX(1) the set of rays on o and, by abuse of notation, we identify rays
with their primitive generators, i.e., with the unique primitive element u, € N that generates
the ray p € 3(1). Also, given vector vy, ..., v, € Ng we denote by cone(vy, ..., v,) the cone
that they generate.

Given a cone 0 € ¥, its dual 0¥ := {m € M : (m,n) > Oforalln € o} is a cone in
My and U, = Spec(K[o" N M]) is the associated affine toric variety. The toric variety X,
associated to ¥ is obtained by gluing the affine toric varieties {U, },¢x along U,, N U,, =~
Usino,- It 1s a normal and separated variety that contains a maximal torus Uypy ~ T as an
open subset and admits an effective regular action of the torus T extending the natural action
of the torus over itself. The toric variety Xy is smooth if and only if X is regular, meaning
that every cone in X is generated by vectors that are part of a basis of V.

On a toric variety Xy, eachray p € (1) corresponds to a prime T-invariant Weil divisor
D, and the classes of D, with p € (1) generate the class group Cl(X7y). In particular,
every Weil divisor D on X is linearly equivalent to > pes() a,D, for some integers a, € Z.
Similarly, the classes of the T-invariant Cartier divisor generate the Picard group Pic(Xy).
If the fan ¥ contains a cone of maximal dimension d = dimg(/NVg), then Pic(Xy) is a free
abelian group of rank #3(1) — d.

The relevant toric varieties appearing in this paper are all smooth. We recall that on
smooth varieties every Weil divisor is Cartier, and in particular C1(Xy) ~ Pic(Xy).
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1.3 Toric vector bundles

Let X be an algebraic variety. A variety V' is a vector bundle of rank r over X if there is
a morphism 7 : V' — X and an open cover {U; };c; of X such that:

1. For every i € I, there exists an isomorphism
(Vo7 7T71(Ui) :> Uz X Ar,
such that p; o ¢; = 7|--1(y,), where p; denotes the projection onto the first coordinate.

2. For every pair i,j € [ there exists g;; € GL,(Ox(U; N Uj)) such that the following
diagram is commutative:

(Ul N UJ) x A"

N U;NT) Id xgi

Wj',r_m

(Uz N Uj) x A"

The data {(U;, ¢;) }ier satisfying (1) and (2) is called a trivialization for 7 : V' — X. The g;;
are called transition matrices, and V,, := 7~ *(p) ~ A" is called the fiber at p € X.

Let 7 : V. — X be a vector bundle of rank r and {(U;, ¢;) }ics be a trivialization with
transition matrices g;;. Then the functions Id x g;; induce isomorphisms

Id Xgij . (UZ N UJ) X PT_I :> (UZ N U]) X Pr_l,

where g;; € PGL,(0x(U;NUj)) is the projective map induced by g;;. This gives gluing data
for a variety (V') and 7 induces a morphism

T:P(V) - X,
with trivializations {(U;, §;) }ies for P(V') where
B, 7 H(U) S U x P

The algebraic variety P(V') constructed in this way is called the projective bundle associated
to V.

If & is a locally free sheaf over X of rank r, then & is the sheaf of sections of a vector
bundle 7¢ : Ve — X of rank r. In this case, we define the projectivization of & to be

P(&) :=P(V})), (1.3.1)

where V' denotes the vector bundle dual to V. The projective bundle P(&’) has fiber over
p € X given by P(&), = P(W,,) where W, = (V)),,.
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Remark 10. Some authors define P(&°) as P(V), see e.g. [15, Chapter II, Section 7].

Let X be a toric variety defined by a fan > in Ng as in Section 1.2. A toric vector
bundle over X is a vector bundle 7 : V' — X such that the action of T on X extends to
an action on V' in such a way that 7 is T-equivariant and the action is linear on the fibers.
The algebraic variety V' is not toric in general, and Oda [25, §7.6] notes that the toric vector
bundles which are toric varieties are precisely the decomposables ones, i.e., those of the form
Ve with & = Ox(Dy) @ - -+ ® Ox(D,) for some T-invariant Cartier divisors Dy, ..., D, on
X.

For decomposables toric vector bundles Vs — X of rank » + 1 we can construct the fan
that defines the projective bundle P(&) — X as a toric variety following [11, §7.3]: Let
Do, ..., D, be T-invariant Cartier divisors, and write D; = > pes(1) a;, D, with a;, € Z for
i € {0,...,7}. To construct the fan of Vs we work in the vector space Ng & R" 1. We will
denote by ey, ..., e, the canonical basis of R™™! C Nr @ R"*! and write the elements of
Nr @Rt in the form u+ Apeg + - - - + \ve,, withu € Ng and Ap, ..., \, € R. Then, given
o € ¥ we define g C Ng @ R™! to be the Minkowski sum

0 = cone(u, — app€o — * - — ppey 1 p € 0(1)) + cone(ey, ..., €,),

where u, € N is the primitive generator of the ray p € o(1). The set of cones & where
o € X, together with their faces, defines a fan ¥ C Nz @ R"! for a toric variety X5 with

a vector bundle structure X5z — Xy, whose sheaf of sections is isomorphic to &. It follows
that Xf ~ Vg

Now consider P(&) — Xy, which is a projective bundle with fibers isomorphic to P".
To construct the fan of P(&) we need to consider the dual sheaf & = Ox(—Dy) & ---
Ox(—D,) and the associated vector bundle Vv = V/. By the above construction, Vv is
built from the cones

cone(u, + agpeo + - -+ + arper 1 p € 0(1)) + cone(ey, . .., e,),

and their faces when o ranges over all the cones 0 € ¥. The fan of P(&) is obtained as
follows: foreach o € ¥ and i € {0,...,r} we put F; = cone(eq, ..., é;,...,e.), where &
means that we omit the vector ¢;, and define

G; = cone(u, + agpeo + - + appe, 1 p € 0(1)) + F; C Ng x R™

Let o; be the image of ; under the canonical projection Ng & R™! — Ng @ Ng, where
Nr = R /R(eg + €1 + - - - + e,.). Then it follows from [11, Proposition 7.3.3] that:

.....

associated toric variety Xy, is isomorphic to P(&).
In practice, we will replace Nr = R™™! /R(eg +e; +- - - +e¢,) by R” with basis ey, . . ., e,
and define ¢y := —e; — - - - — e,.. Hence, we put
F; = cone(eq, ..., 6, ...,6.) CR",
and for a cone o € X we get
o; = cone(u, + (a1, — agp)er + -+ + (arp, —agp)e, : p€o(l)) + F, C Np @ R".
The cones o; and their faces define a fan X, in Ng & R" for P(&).
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1.4 Hirzebruch-Kleinschmidt varieties

Given integersr > 1,t > 2,0 < a; < ... < a,, consider the vector bundle
& = Opt—1 P ﬁpt—l(dl) D---D ﬁ]pt—l(ar).

Here, as usual, we put Op:i-1(a;) := Opi-1(a;Hy) where Hy C P! is a hyperplane, which
we can choose as Hy = {x, = 0} in homogeneous coordinantes [xg : ... : x].

We can use Proposition 11 to describe the fan ¥ of the smooth toric variety P(&). For
this, it is enough to describe the maximal cones in X¢. Consider N & N =Z7Zt"'1p 7"
with canonial bases uq,...,u;—1 and eq, ..., e, for N and N, respectively. As before, we set
up == —up — -+ —u;_1 and ey := —e; — -+ — e,.. Note that {ug,...u; 1} is the set of
primitive generators of the rays of a fan for the toric variety P*~! with wg corresponding to
the divisor H,.

Put ay := 0 and D; := a;H, for i € {0,...,r}. As in Section 1.3, we write D; =
> pes(1) @ipDp. For p € E(1) with u, = u; we define

ug + are; + - -+ aqe, ifi =0,
Vi = Uyt (a1p,—agy)e1+. . .+ (ar,—0g,)er = in .
! p+(a1,—a0p)ex (ar,—aop)es {uz ifi e {1,...,t—1}.
Since the maximal cones of P'~* are {cone(uq, ..., U, ..., u—_1)}ieqo,. -1} We see that

the maximal cones of X~ are
cone(vg, ..., 0j,...,0_1) + cone(eg, ..., 6 ..., €),
forj € {0,...,t —1} andi € {0,...,r}. Therefore, the primitive generators of the rays of

Y.g are vy, ..., Vi1, €0, €1, - - ., €. (compare with [19, p. 256]).

Note that P(&£’) has dimension
d:=dim(P(&))=r+t— 1.

Since s contains cones of maximal dimension d and #X, = d + 2, we conclude that
Pic(P(&)) ~ Z*. Conversely, Kleinschmidt [19] proved the following classification result of
smooth projective! varieties of Picard rank 2.

Theorem 12 (Kleinschmidt). Let X, be a smooth projective toric variety with Pic(Xys) ~
Z2. Then there exists integersT > 1,t > 2,0 < a; < -+ < a, withr+t—1 = d = dim(Xy)
such that

Xy ~ ]P)(ﬁ]ptfl D ﬁptfl(al) D---D ﬁpt—l(aT)).

Moreover, if we write I, = {1,...,k} C Z, then Xy is isomorphic to the subvariety of
Pt x P~ given in homogeneous coordinates ([xo : (Ti)icr, jer.); Y1 : - : yi]) by the
equations

T Yp? = TnjYnd, forall j € I, and all m,n € I, with m # n. (1.4.1)

! Actually, the classification in [19] does not assume the projectivity hypothesis.
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1.5 Manin’s Conjecture

The purpose of this section is to introduce concepts related to Conjecture 1 such as
heights, height zeta functions, and a more detailed description of Peyre’s constant.

Heights

As we say in the Introduction, for the projective space P”, for Q-rational points, there is
the naive height given by:

Hpn(x) = max{|xo|, |z1], ..., |za|}

where x = [zg : @1 : ... : ) € P"(Q) with ged(zo, 1,...,2,) = 1. This height
ensures that the set {x € P"(Q) : Hpn(z) < B} of rational points with bounded height is
finite.

For a global field K, the naive height is given by

Hpn(z) = [ max{|zolo. |z1]o.- -, |zalo}
veVal(K)
which is well-defined for all z € P"(K) by the product formula.
For this height, the following finiteness result due to Northcott holds

Proposition 13 (Nothcott). Given B € R, the set
{LU c PH(K) . H[Pln(l') S B},

is finite.

Metrization of Line Bundles

In this section, we discuss a theory of height functions based on the notion of an adeli-
cally metrized line bundle, following very close [36]. We recall some notation. Let K be a
number field. As before, we denote the set of places of K by Val(K') and write v|oo if v is
archimedean and v 1 oo if v is nonarchimedean. For a place v, let K, be the completion of
K at v, and by o0,,, when v 1 oo, the ring of v-adic integers. Let g, be the cardinality of the
residue field k, of K, for nonarchimedean valuations. The local absolute value | - |, on K,
is the multiplier of the Haar measure, i.e., d(ax,) = |a|,dx, for some Haar measure dzx, on

K,. We denote by
Ag =[] K.

the adele ring of K.
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Definition 14. Let X be an algebraic variety over K and L a line bundle on X. A v-adic
metric on L is a family (|| - ||2)zex(k,) of v-adic Banach norms on the fibers L, such that for
all Zariski open subsets X° C X and every section f € H°(X°, L) the map

Xo(Ky) = R, 2= [ fl]a
is continuous in the v-adic topology on X°(K,).

.....

H°(X, L) over K. If f is a section such that f(z) # 0, then we can define

fi(z) )1’

f(z)
otherwise ||0||, := 0. This defines a v-adic metric on L. Of course, this metric depends on
the choice of the basis.

1]le = max (

0<j<n

Definition 16. Assume that L is generated by global sections. An adelic metric on L is a
collection of v-adic metrics, for v € Val(K'), such that for all but finitely many v € Val(K)

1111

We shall write || - ||a, := (|| - ||») for an adelic metric on L and call a pair & = (L, || -
||a, ) an adelically metrized line bundle. Metrizations extend naturally to tensor products and
duals of metrized line bundles, which allows us to define adelic metrizations on arbitrary line
bundles L on a projective variety X. First, write L as L = L; ® L, with very ample L, L,
that we assume are already adelically metrized. An adelic metrization of L is any metrization
which for all but finitely many v is induced from metrizations on L; and L.

Definition 17. Let £ = (L,|| - ||a,) be an adelically metrized line bundle on X and f an
K-rational section of L. Let X° C X be the maximal Zariski open subset of X where f is
defined and does not vanish. For all z = (), € X°(A) we define the local height function

He fo(zo) =1ll2,,

and the global height function

Hy(x) = ][] Hepolaw).
veVal(K)

By the product formula, the restriction of the global height to X °(K’) does not depend on
the choice of f.

1.5.1 Height zeta functions

Some analytic approaches to the conjectures of Manin et al. make use of height zeta
functions. In this section we present these functions.
Let X be an algebraic variety over a global field K, ¥ = (L, || - ||, ) an adelically metrized
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ample line bundle on X, H ¢ a height function associated to ., X° a subvariety of X, and
ax- (L) the abscissa of convergence of the height zeta function

(XO.,%S Z Hg

z€X°(K)

Proposition 18. The value of ax-(-Z) depends only on the class of L in NS(X).

So, we may write axo (L) := axo(ZL).

1.5.2 Peyre’s constants

In this section, we present in more detail the constants mentioned in Conjecture 1. We we
follow [26]. Let p a nonarchimedean place of a number field K and K, the local field cor-
responding to |- |,. If p is above the rational prime p, then we can choose ]:z:\p |Nk,/a,(T)|p-

Let X be a smooth projective algebraic variety over K and (|| - ||,)vevai(x) an adelic
metric over wy'. Let H be the corresponding height over X (K), and denote by X the base
change of X over K (an algebraic closure of K'). The adelic metrization of the anticanonical
line bundle yields for any place v of K a measure wy ,, on the locally compact space X (K,),
given by the local formula

0
WHy = JANCIRRIAN dzy, ... dz,,,
01, 0Tny ||,
a . .
where 1 ,, ..., x,, are local v-adic analytic coordinates, " 8 A~ N\ 5, 1S seen as section
’ n,v

of wy' and the Haar measures dz;, are normalized as follows

* If v is a finite place, then [ o, 4z, =15
e If v is real, dz; , is the standard Lebesgue measure;

* If v is complex, then dz;, = —idzdz.

Let S a finite set of bad places containing the archimedean ones. Increasing S if necessary,
we can assume that X lifts to a projective smooth scheme 2" over O := {x € O : v(zx) >
0 for all v ¢ S}, the ring of S-integers.

For any p € Val(K) \ S let 91(p) denote its ideal norm. The local term of the L-function
correspond to the Picard group is defined by

1
det(1 — N(p)~Froby| Pic(2%,) ® Q)

Ly (s, Pic(X)) =
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Example 19. If Pic(Xg) = Z, then det(1 — N(p) ~*Frob, | Pic(Xg)") = 1 — p~* (see [18]),
where Pic(Xg) % is the fixed module under the inertia group .

The corresponding global L-function is given by

Ls(s,Pic(X)) = [] Lo(s Pic(X)).
peVal(K)\S

It converges for R(s) > 1 and has a meromorphic continuation to C with a pole of order
t =rkPic(X) at 1.

The local convergence factors are defined as \, = L,(1,Pic(X)) if v € Val(K) \ S and
L, = 1 otherwise. In addition, the local density in p € Val(K) \ S is defined as

# 2 (Kp)

dp(X) = N(p)dim X’

Lemma 20. For almost everything v € Val(K) \ S, we have

WH,U(X(Kv)) = dp(X)-

Definition 21. The Tamagawa measure corresponding to H is defined by

_ —dim(X
wy = m(s_ths(s,Pic(X)) H A Wi

veVal(K)

where A is the discriminant of the field K. The Tamagawa number is defined by

TH(X):/X(K)LUH,

where X (K) is the closure of X (K) in X (Ag).

Definition 22. The cohomological constant is given by
B(X) = #H'(K,Pic(X)).

Let NS(X)" be the dual lattice of NS(X). It determines the normalization of the Lebesgue
measure dy on NS(X)¥ ® R (with covolume one).

Example 23. If Pic(Xg) ~ Z then 3(X) =

As mentioned in the introduction in Remark 3, if X is a Hirzebruch—Kleinschmidt variety,
we have that 3(X) = 1.
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Definition 24. The Peyre’s a-constant of an almost Fano? variety X is defined as
1
a(X) = = / e~ (TeYidy,
(rk Pic(X) — D! Jaux)v

where (-, -) denotes the natural pairing Pic(X )g xPic(X)§ — R and dy denotes the Lebesgue
measure on Pic(X )y normalized to give covolume 1 to the lattice Pic(X)" (see e.g. [31, Def-
inition 2.5]). Also define the constant (see [29, Proposition 3.1.2]

o (X) = / e~ TExYdy
Aetr(X)Y

Example 25. If Pic(X) ~ Z and [L] is the ample generator such that [— K x| = §[L] then
a(X) =

1
5.
A straightforward computation using Propositions 30 and 83 give us the following result.

Lemma 26. Let X = Xy(aq,...,a,) be a Hirzebruch—Kleinschmidt variety. Then, its o-
constant is given by

a(X) = / / e—(r+1)y1—((r+1)ar+t—\al)yzdyl dys = / / e—(r—i—l)yl—(t—la\)yzdyl dys
0 Jo 0 Jarys
1 *

RS T I

1.6 A Tauberian theorem

As mentioned in the Introduction, the Theorem 70 is obtained from the analytic properties
of certain height zeta functions, by using a Tauberian theorem. We will use the following
formulation, which follows from [12, Théoreme III].

Theorem 27. Let X be a countable set, H : X — R™ a function and suppose that
Z(s) =) H(x)™
zeX
is absolutely convergent for R(s) > a > 0 and
9(s)
7(s) = ———
0=

where b is a positive integer and g(s) is a holomorphic function in the half-plane R(s) > a—e¢,
for some ¢ > 0, with g(a) # 0. Then, for every B > 0 the cardinality

N(X,H,B)=#{z e X : H(z) < B}

is finite, and
g(a)

N(X,H,B) ~ T=Ta

B(log B)"™ as B — oo.

2Every smooth projective toric variety is almost Fano.



Chapter 2

Number fields case

2.1 Basic notation

Throughout this chapter we let K denote a number field of degree ny over Q. Associated
to K we have the following objects:

* The ring of integers O and the associated arithmetic curve S := Spec(O).
* The number wg of roots of unity in K.
* The discriminant A, regulator Ry and class number h .

* The set of discrete valuations Val; ('), which is in bijection with the set of non-zero
prime ideals p C Ok.

e The set Y of field embeddings K — C, and rq, 75 the number of real and complex
Archimedean places, respectively. In particular, #>x = nx = r; + 2rs.

* Given v € Vals(K') we denote by K, the corresponding completion, and for z € K,
we put |z|, := |Nrg, g, ()|, where p is the unique prime associated to the restriction
of v to Q, and | - |, denotes the standard p-adic norm (namely, with |p[, = p~).
Similarly, given o € > we denote by K, the completion of K with respect to the
norm |z|, := |o(z)| where | - | stands for the usual Euclidean norm on C (namely,
|z| = v/2T). With this normalization, the product formula

I telo IT lele =1

'UEValf(K) TEX K
holds for every x € K,z # 0.

* 1 : Spec(Or) — Spec(Z) is the morphism of schemes induced by the inclusion Z —
O.
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For a vector a = (a1, ..., a,) € Nj, we write |a] := >\, a;.

We now recall the definition of Hirzebruch—Kleinschmidt variety mentioned in the Intro-
duction, which in the case of number fields will be normalized in another way.

Definition 28. Given integers r > 1,¢ > 2and 0 < a; < --- < a,, the Hirzebruch—
Kleinschmidt variety X4(ay, ..., a,) is defined as

Xd((ll, e ,CLT) = P(ﬁﬂbt—l ) ﬁpt-1(—ar) @D ﬁpt—l(al — CLT) DD ﬁpt—l(ar_l — ar));

where d = dim(Xy(ay,...,a,)) =r +t— 1. We denote by 7 : X4(ay,...,a,) — P! the
associated projective bundle.

Remark 29. Recall that for any line bundle . € Pic(.X) and every locally free sheaf & on an
algebraic variety X there is a canonical isomorphism of projective bundles P(& ® ¢, -£) ~
P(&) (see e.g. [11, Lemma 7.0.8(b)]). In particular,

Xd(al, - ,CLT) ~ P(ﬁpt—l ® Opi— (CL1> DD ﬁpt—l(ar)).

We choose the description in Definition 28 because it allows for a simpler characterization of
the cone of effective divisors (see Proposition 30 below).

Note that the minimal generators of the rays in the fan of X;(ay,...,a,) are the vectors

v e | w0 —aer + (a1 —an)es + ...+ (a1 — ay)e, ifi =0,
v U; 1fz€{1,,t—1},

together with the primitive elements ey, ..., e,. From now on we denote by D, the divisor
on Xy(ay,...,a,) corresponding to the minimal generator w;, for ¢ € {0,...,t — 1}, and
by E; the corresponding divisor corresponding to e;, for j € {0,...,r}. Itis easy to see
that Ox (D;) ~ 7*Opt-1(1) forevery i € {1,...,t—1} and Ox(Ey) ~ Ox (1) (e.g., by using
local trivializations).

2.2 Effective divisors

The following description of the cone of effective divisors on Xy(ay,...,a,) is a natu-
ral extension to higher dimensions of the description for Hirzebruch surfaces (see e.g. [15,
Chapter V, Corollary 2.18]).

Proposition 30. Ler X = X,(aq,...,a,) be a Hirzebruch—Kleinschmidt variety and let us
denote by [ the class of 7" Opi—1(1) and by h the class of Ox (1), both in Pic(X). Then:

1. Pic(X) ~Zh D Zf.
2. The anticanonical divisor class of X is given by
—Kx=(r+1Dh+((r+1a.+t—|a])f,

where |a] = >""_ a;.
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3. The cone of effective divisors of X is given by
Aeff(X) = {)\h -+ ,U/f CA 2 O,IU 2 0} C PIC(X)R

where Pic(X)g := Pic(X) ®z R.

Proof. We follow [17, Section 7]. With the above notation we have that the vectors wy, . . ., w;_1,
e1,...,e. formabasisfor Z8-* @ Z". For1 <i<t—-1,1<j < rwedenotebywl,ej the
corresponding dual basis elements. We then compute the divisors of the characters x"i for

i€{l,...,t— 1}, which are

t—

—_

div (x“7) =) (w},wy) Dy, + Z (wi, e) By = =Dy + D,
k=0 k=0
and similarly the divisors of the characters % for j € {1,...,r} are

div (Xej) = (CLj_l — CLT>D0 - Eg + Ej
(recalling that ay := 0). Therefore, in Pic(X,(ay, . .., a,)) we have the relations
D;=Dyand E; = Ey+ (a, —aj_1)Dofor1 <i<t—-1,1<j<r. (2.2.1)

In particular, Pic(X4(aq,...,a,)) =Z - Ey @ Z - Dy = Zh & Zf. This proves item (1).

It follows from [11, Theorem 8.2.3] that the anticanonical divisor class of X = Xy(ay, ..., a,)
is given by the class

ZD +ZE 1)Eo + ((r +1)a, +t — |a]) Dy

This proves item (2).

Finally, by [11, Lemma 15.1.8] the effective cone equals the cone generated by the classes
of the divisors D; and E;. Hence, item (3) is a consequence of (2.2.1). This completes the
proof of the proposition.

]

It follows from [20, Theorem 2.2.26] that a divisor class in Pic(X4(ay, ..., a,)) is big if
and only if it lies in the interior of the effective cone A.x(X). Hence, we get the following
corollary from Proposition 30.

Corollary 31. Let L = Mh+pf with A\, u € Z, where {h, f} is the basis of Pic(X4(a1, . . ., a;))
given in Proposition 30. Then, L is big if and only if A > 0 and ;1 > 0.

In particular, Proposition 30 implies that the anticanonical divisor class in a Hirzebruch—
Kleinschmidt variety is big. This is true for any smooth projective toric variety.
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2.3 Restriction of big line bundles

Given integers r > 1, t > 2and 0 < a; < --- < a, we defined the Hirzebruch—
Kleinschmidt variety X = Xy(aq,...,a,) of dimension d = r + ¢ — 1 as the projective
bundle P(&’) where

& = ]P)(ﬁ]pt—l D ﬁpt—l(-@r) ) ﬁpt—l(al - ar) D---D ﬁpt—l(&T,1 - ar)).
Definition 32. Put
Y = ﬁpt—l(—ar> D ﬁptfl(al — (lr) D---D ﬁptfl(ar_l — CLT)

and define, as in the Introduction, the projective subbundle F' := P(#') C X,4(a4,...,a,).

Note that, when » > 2 we have (see Remark 29)
F ~ ]P(@ (%9 ﬁptfl ((IT — CLT_l)) = Xd_l(al, e ,(IT_l), (231)

hence F'is a Hirzebruch—Kleinschmidt variety of dimension d — 1, while in the case r = 1
we have that I’ ~ P*~! is a projective space.

Denote by ¢ : F' — X the inclusion map. Given aclass L € Pic(X), we denote by L|p :=
* L its restriction to [

In this section we prove the following results concerning the restriction to F' of line bun-
dles on X.

Lemma 33. Assume r > 2, let X = Xy(aq,...,a,), X' = X4(aq,...,a,_1), and let {h, [},
{I, f'} be the bases of Pic(X) and Pic(X'), respectively, given in Proposition 30. If L =
Mh+pf € Pic(X), then L|p € Pic(F') corresponds under the canonical isomorphism (2.3.1)
to the class

M+ (= MNar — ap—1)) f' € Pie(X).
In particular, L\ is a big line bundle class in Pic(F) if and only if A > 0 and p > A (a, —
(lrfl).

Proof. On the one hand, given a closed immersion ¢ : X — PV (for some N > 0) we have
hlp=0h=0(0x (1) = (@ (Opn (1)) = (p o) (Opn (1)) = Op(1).

Now, under the isomorphism (2.3.1), the class Or(1) € Pic(F') corresponds to Ox(1) @
(1')*Opi-1(ar_1 — a,), where 7’ : X’ — P~ is the projection map of X’ (see [15, Chapter
2, Lemma 7.9]). This shows that h|g corresponds to h' + (a,_; — a,)f’. On the other
hand, since (2.3.1) is an isomorphism of projective bundles over P!, we have that f|p =
(7|F)*(Opt-1(1)) corresponds to (7')*(Ope-1(1)) = f'. This implies that L|r = Ah|p + puf|r
corresponds to

AR+ (ar—1 = an) f) + pf = A0+ (p = Mar — a,1)) f'.

Finally, the last statement follows from Corollary 31. This proves the lemma. U
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Lemma 34. Assume r = 1, i.e. X = Xy(a) with a > 0 an integer. If L = Ah + pf €
Pic(X), then L|r corresponds under the isomorphism F ~ P! 1o the class of the line
bundle Opi—1(p — a)) € Pic(P*™1). In particular, L|f is big if and only if i > a.

Proof. The proof is similar to the case r > 2, but now we use that h|p = 7*(Opi-1(—a))
corresponds to Op:i—1(—a), while f|r corresponds to Opi-1(1). . O

Remark 35. When applied to the anticanonical class —Kx = (r+1)h+ ((r+1)a, +t —|a])
(see Proposition 30(3)), Lemmas 33 and 34 show that — Ky remains big when restricted to
each component in the decomposition (0.0.7) if and only if ¢ > |a|, and this is exactly the
case when X,(aq, ...,a,) is Fano according to [19, Theorem 2(2)].

2.4 Hermitian vector bundles over arithmetic curves

In this section we follow closely the presentation in [5]. Let us recall that S = Spec(O).

Definition 36. A Hermitian vector bundle E over S is a pair (E, h) where E is a finitely
generated projective & -module and h = {h, }sex,, is a family of positive definite Hermitian
forms over the family of complex vector spaces { £ ®g,. » C}sex,» Which are invariant under
conjugation, i.e., |[e ®5 M|z = |le ® Al|s. foralle € E, X € C, where || - ||, := +/ho(-, ) is
the usual Hermitian norm associated to /.. An element of E is called a rational section.

The rank of E = (E, h) is defined as the rank of £ as 0x-module, i.e., as the dimension
of the complex vector spaces £ ®g, » C. A morphism between two Hermitian vector bundles
E, = (E,h1) and Ey = (E3, hy) is a O-homomorphism ¢ : E; — Ej such that ||¢o(e ®,
M2 < |le®o A1, foralle € E,\ € Cand 0 € Y. Anisomorphism of Hermitian vector
bundles is a bijective morphism inducing an isometry £} ®g, , C = Fy®g, - C for every o.

We denote by 151\(2(5 ) the set of Hermitian line bundles (i.e., Hermitian vector bundles of
rank 1) over S up to isomorphism. Note that a Hermitian line bundle is uniquely determined
by the underlying projective 'x-module and the values ||1||, with o € Y.

Example 37. Let r € N>;. The trivial Hermitian vector bundle Oy := (03", h) over S is
defined by considering for each 0 € X the Hermitian form

ho(a @5 A, b @5 Ao) := Mida(o(a), o (b))cr,

where for a = (a;) € OF" we put o(a) := (o(a;)) € C" and (-, -)cr denotes the standard
bilinear form in C".

2.5 Operations with Hermitian vector bundles.

It is possible to extend the usual constructions of linear algebra to Hermitian vector bun-
dles. Here we present the ones that will be needed in this chapter.

Let E, = (E1, h) and E, = (E), hy) be Hermitian vector bundles over S.
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* Direct sum. We define E; @ E, as the pair (E, h) where E := E| ® E,, and over
(B1 @ E2) .0 C~ (B Qg0 C) @ (E2 @40 C)

we define
ho(((e1®0A1), (di®s 1)), ((€2@5A2), (d2@s112))) = h1 6 (€1Q5 A1, €205 2)+ho o (A1 R i1, da@ s f12).
We have tk(E, @ E,) = rk(E;) + rk(E»).
* Tensor product. Define E; ® E as the pair (E, h), where E := E} ®4, E,, and over
(B ®oy Ea) ®y.0 C~ (B ®py0 C) ®c (B2 Qg o C)

we define

ho (1@, A1 @206 A2), (d1 R @do®ot2)) = hio(e1@5A1, d1 Qg 1) ho o (€205 A2, do@ 4y f12).
Then, I'k(El (%9 EQ) = rk(El) I‘k(Eg)

* Dual. Given a Hermitian vector space (V. h), we can identify V' with its dual V'V =
Homg(V, C) by means of the application v — H,,, where H, is the functional defined
by H,(u) = h(u,v). With this identification, V" inherits a Hermitian structure given
by hyv(Hy, Hy,) := h(u,v). We thus define EY as the pair (E, h) where E = E) =
Homy, (E, Ok) and h is the family of Hermitian forms defined in

Homg, (E, ﬁK> ROk .o C ~ Hom(c(E ROy .o C, Ok R0 (C)
~ Hom¢(E ®g, » C,C)
= (E Qg o C)v
as we explained before for Hermitian vector spaces. In particular, rk(E\l/) =rk(E,).

* Alternating products. Given m € N>, define A\™ E as the pair (E, h) where E =
A" Ei and h is the family of Hermitian forms defined by

hg(el JANRREIAY €m, d1 A A dm) = det(hl,g(ei, d]))

I‘k(El)

m

We have rk (A" E,) = < ) In particular, the determinant det (E,) :=

A PV E is a Hermitian line bundle.

* Direct image. Recall that 1) : Spec(Of) — Spec(Z) is the morphism induced by the
inclusion Z < . Given a Hermitian vector bundle E;, = (E1, hy) over S, we can
define a Hermitian vector bundle n.E = (E,h) over Spec(Z) in the following way:
Consider F = FE but as a free Z-module of rank [K : Q] - rk F, and note that

E®;C=E, ®;,C~ E ®¢, (0kx ®2C) ~ P(E1 ®0,0 C).

(e

Then, givena = (a,),b = (b,) € D, (E1R¢y »C), we define h(a,b) := > hi,(as, bs).
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Remark 38. The set P/’iz(S ) has a group structure induced by the tensor product. The inverse
element is induced by the dual and the identity element is the class of the trivial Hermitian
line bundle &'k defined in Example 37.

Example 39. For an integer n > 1 consider the trivial Hermitian vector bundle ﬁ;‘?““ (see
Example 37) and the projective space of lines P"(K) = P(K®"™!). Each line ¢ ¢ K%+
defines a finitely generated projective &'x-module &'2"" N ¢ whose corresponding complex-
ifications are metrized using the restriction of the ambient Hermitian forms. Then, for each
point P = ¢ € P*(K) we get a Hermitian line bundle denoted by &pn(—1)p. Its dual is
denoted by Opn(1)p. The metric on Opn(1)p @4, C constructed in this way is the Fubini—
Study metric (see e.g. [21, Example 1.2.45]). As usual, by taking duals and tensor powers,

we can define for every a € Z the Hermitian line bundle Op~ (a)p.

Remark 40. Note the analogy between the construction in the example above and the classical
construction of the tautological line bundle of P". In particular, we can interpret Opn(—1)p

as Opn(—1)p N O where Opn(—1) is the tautological geometric line bundle over the
projective space P".

2.6 Arakelov degree

In this section, we will review some of the important properties of the Arakelov degree of
Hermitian vector bundles.

Definition 41. Let L = (L, h) be a Hermitian line bundle over S and s € L\ {0} a non-trivial
rational section. The Arakelov degree of the line bundle L is defined as

deg(L) : =log|L/Oks| — > log|ls|le

cEX K
= > v(s)log N(p) = D log sl
pPCOK oEX K
where p runs over all non-zero prime ideals of O, N(p) = |Ok/p| is the norm of the

ideal p and v,(s) denotes the p-adic valuation of s seen as a section of the invertible sheaf
over S associated to L. More concretely, if we consider the localization L, := L ®g, Ok,
then L, is a free Ok -module of rank one and therefore there exists an isomorphism (a
trivialization) 4, : L, = Ok.,. Then, v,(s) = v,(iy(s ® 1)) via this identification. It follows
from the product formula that the definition above is independent of the choice of the non-
trivial section s.

The Arakelov degree of a Hermitian vector bundle E = (E, h) over S is defined as
deg(E) := deg(det(E)),

and its norm is defined as N(E) := edes(E) ¢ R,
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Example 42. For the trivial Hermitian vector bundle 62" = (0", h), we have deg(62") =
0. Indeed, by definition det (&%) = O . Thus, choosing s = 1 we see immediately that deg(0 ) =
0.

Example 43. Let Opx (1) p defined as in Example 39, and let P = [z : ... : x,] € P"(K).
Then, it follows from [23, Proposition 9.10] that

deg (Opn(1)p Z logmax{|xz| }+ Z log Z|a¢z|2
pPCOK oEY K

The following example can be found in [5, Section 1.2.2].
Example 44. Consider the canonical module defined as
weg, = Homgy (O, Z),
which is a projective &x-module by defining a - f via (a - f)(b) := f(ab) for a,b € Ok,

[ € wg,. The Hermitian bundle Wy, = (we,, k) is defined by imposing || trgq ||, = 1 for
all 0 € Yk, where trg,g : K — Q is the usual trace map. We call this Hermitian bundle

over S the canonical Hermitian bundle. It has Arakelov degree Ee\g(w@{) = log |Ak|.

We refer the reader to [5, Section 1.3.1] for the following properties of the Arakelov
degree.

Proposition 45. Let E. F be Hermitian vector bundles over S. Then:
1. deg(E® F) =1k F - deg(E) + 1k E - deg(F).
2. deg(E® F) = deg(E) + deg(F).

3. deg(E") = —deg(E).

2.7 Arakelov divisors over Spec(0xk)

In this section we recall the language of Arakelov divisors and their relationship with
Hermitian line bundles.

Definition 46. An Arakelov divisor over S is a formal finite sum

D= Z Tpp + Z To0, 2.7.1)

pCOxk o€k

with z, € Z, and z, € R satisfying 257 = x, forall o € Y.
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Following [24, Chapter I, §5] we define

K = {(xg) e [[ R:as= x}

cEX K

We then have an isomorphism of groups

Div(K) ~ ( P Z) XKL Y amp+ Y w0 ((:pp)pcﬁK,(%)gezK).

pCﬁK pCﬁK oEY K

On K} we consider the canonical inner product

(). )b is = D Moot

TEX K
where n, = 1 or 2 depending on whether o is real or complex. This induces a canonical

measure on K giving volume 1 to any cube generated by an orthonormal basis.

We endow Div(K') with the product topology of the discrete topology on Z and the Eu-
clidean topology on K, and with the product measure of the counting measure on Z and the
canonical measure on K .

Remark 47. In [13] Arakelov divisors are defined as formal sums as in (2.7.1), but with o
running over the Archimedean places of K. If we denote by v, = vz the Archimedean place
associated to a pair of conjugated complex embeddings 0,5 € Y, then the map z,0 +
170 — 2z, induces an equivalence between the two notions of Arakelov divisor, which
is compatible with the constructions presented in this section. In particular, the canonical
measure on K7 ~ R™ 772 corresponds to the usual Lebesgue measure on R™ 72,

Definition 48. The degree of the Arakelov divisor D is the real number
deg(D) := Y log(N(p))zy + Y o,
pC Ok TEX K

and we define the norm of D as N(D) := eds(P),

Notation 49. Given f € K*, its associated principal Arakelov divisor is defined as
div(f) := Z TP + Z Ty0,
PCOK oEY K

with z, = ord,(f) and z, = —log|o(f)|. The quotient group of Div(K) by its subgroup of
principal Arakelov divisors is denoted by Pic(K) and is called the Picard—-Arakelov group.

To each Arakelov divisor D = Zp TP+ Y .0, we can associated a fractional ideal of
K bymeansof D — Ip = Hp p~*». Then, we have a surjective homomorphism

Div(K) — J(K),

where J(K) is the group of fractional ideals of K. In particular, if the Archimedean part
of D is zero, then N(D) = N(Ip)~!. Moreover, we have the following result (see e.g. [24,
Chapter III, Proposition 1.11 and Theorem 1.12]).
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Lemma 50. If we denote by Pic’(K) the subgroup of degree zero Arakelov divisor classes
in Pic(K) and by CI(K) the ideal class group of the number field K, then we have an exact
sequence

0 — H/T — Pic’(K) — CI(K) — 0,
where H := {(x,) € K : Y, 2, = 0} and " := Log(0};) where Log(a) = (log |o(a)])
for a € K*. In particular, Pic’(K) is compact.

We endow Pic(X ) with the quotient measure of the product measure on Div(X ). On Div®(X)
we consider the unique measure satisfying

/ f(D)dD = / / f (Do + zU)dD, dz (2.7.2)
Div(X) R JDiv0(X)

forall f € L'(Div(X)), where U is the divisor'
1 1

UZ:—Z—U,

i+ n
1+ 2 Jony o

and endow Pic’(K) with the corresponding quotient measure. The above lemma implies that
the volume of Pic’(K) equals

vol(Pic’(K)) = hg vol(H/T') = hg Rg\/r1 + 72, (2.7.3)

where Ry and hy are the regulator and the class number of K, respectively (see [24, Chap-
ter II1, Proposition 7.5]).

In Sections 2.9 and 2.10 we will make use of the following formula.

Lemma 51. Given a positive function f € L'(R), we have
| fdeg(D)) aD = huchsc [ 1)
Pic(K) R

Proof. Property (2.7.2) implies

/Pm( f(deg(D))dD = //P £ (x deg( U))dDdx:%W/Rf(x)dm

Then, the result follows from (2.7.3) together with deg(U) = +/r1 + 2. This proves the
lemma. O]

It is worth mentioning that given a Hermitian line bundle L = (L, h) over S, we can
associate to it an Arakelov divisor in the following way: Let s € L be a non-trivial rational

section and define
div(s va p+z —log|s|,)

PCﬁK oEXK

U corresponds to a vector in KH‘{ that is orthogonal to H and has norm 1 with respect to the canonical inner
product.
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The class Dy of div(s) in Pic(K) is independent of the choice of the section s. Moreover,
the degree deg(L) of the Hermitian line bundle L over S is equal to the degree deg(D7) of
the Arakelov divisor class D+.

Conversely, following [5, p. 32], given an Arakelov divisor D = Zp Tpp + >, Te0, We

can construct a Hermitian line bundle 0'(D) = (O (D), h = {h,}) by defining Ok (D) :=
Ip =[], p~, and for each embedding o € X imposing that ||1||, = ™.

Notation 52. For an Arakelov divisor D and a rational section f € I we write

Iflo = fllzmy = [ D If12= [ D lo(f)2e-2e.

oEX K oYK

Note that given Hermitian line bundles L, = (L1, hy), Ly = (Ls, hy) with trivializations
iy + L1y — Okyp and j, 1 Lo, — Ok, the corresponding trivializations for Ly @ Lo,
ky 1 (L1®gy L)y — Ok are given by ky(s@t) = iy(s)jy(t). Thus, v,(s®1t) = vy(s)+v,(2).
This shows that the map P/)I\C<S ) — Pic(K) given by L +— Dy is a group homomorphism.

From the above discussion, we conclude the following.
Proposition 53. The map 151\0(5 ) = Pic(K), L+ Dy is a group isomorphism.
By abuse of notation, we will employ this isomorphism to treat Arakelov divisor classes

as Hermitian line bundles (and vice versa) when the context clo\es not lead to confuiion. For
example, for an Arakelov divisor class D € Pic(K') and L € Pic(5), we write D ® L to refer

to the element &(D) ® L € Pic(S).

2.8 The Poisson—-Riemann—Roch formula

Definition 54. Let £ = (E, h) be a Hermitian vector bundle over Spec Z, and define
WO(E) = log 3 eI,
veEE

where || - || denotes the norm on £ ®7 C associated to h. More generally, for a Hermitian
vector bundle E' = (FE, h) over S we put

hY(E) := h°(n.E).
We also define the number of non-trivial sections of E by
o(E) = (B _ 1.
It is worth mentioning that the previous definition coincides with the one given in [13,

Section 3] for Arakelov divisors. More precisely, the authors consider an Arakelov divisor
D =3 o, Tpb + 2., T50, and define h°(D) = log k°(D) where

H(D) = 3 el

felp



34 2.8. THE POISSON-RIEMANN-ROCH FORMULA

Then, a simple computation shows that 2°(&'(D)) = h°(D).

Lemma 55. For E and F Hermitian vector bundles over S, we have that
1. W(E® F) = h°(E) + h°(F), and
2. (E®F) = ¢(E) + ¢(F) + o(E)p(F).

Proof. Since n,(E®F) = n.(E)®n.(F), itis enough to prove item (1) for Hermitian vector
bundles over Spec(Z). In that case, we have

Z e (Gl Z o~ (ll2l1Z+yl%)

(zy)EEQF (z,y)EEDF

_ (;E eﬂllﬂﬁll%) (yezF ewny;> _

Taking logarithms we conclude (1). Item (2) is a direct consequence of (1). This proves the
lemma. O

The following formula follows from Lemma 55(2) by induction.

Corollary 56. Let 01, ...,0, be the elementary symmetric polynomials in n variables and
let £y, ..., E, be Hermitian vector bundles over S. Then

o(E1®...0E,) = Zai(@(ﬁl), ().

We can now state the Poisson—Riemann—Roch formula for Hermitian vector bundles over
the arithmetic curve S. See [5, Section 2.2.2] for details.

Theorem 57. Let E be a Hermitian vector bundle over S. Then
— — — 1 J—
W(E) — 1@ @ F') = deg(E) — 5 (log|Ax]) - 1k(E).

_ rk(E)

2 — 1.

Equivalently, we have p(E) = <g0(Ev ® Wog) + 1> N(E)|Ax

In [13, Section 5, Corollary 1] the authors prove the following bound for the number of
non-trivial sections of Arakelov divisors with bounded degree.

Proposition 58. Let C' € R and let D be an Arakelov divisor over S with deg(D) < C. Then

. Ldeg(D)

¢(D) := p(0(D)) < fem™xe "

for some > 0 depending on C and K, where nig = [K : Q).
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Remark 59. In the proof of [13, Section 5, Corollary 1], the authors assumed that deg(D) <
+1og(|Ak/). Their proof can be adapted to Arakelov divisors with deg(D) < C by consid-
ering
1
u=—(C—deg(D))and D' = D + Zua,

nk

instead of the u and D’ used in their proof of [13, Proposition 2].

In order to deal with Hirzebruch—Kleinschmidt varieties, we will need the following
bound.

Proposition 60. Let E be a split Hermitian vector bundle over S, i.e, E = L1 ® --- @ L,
where each L; is a Hermitian line bundle, and let L € Pic(S) _such that deg(L) < C for
some C' € R. Then, there exist 3,~v > 0 depending on C, K and E, such that

2_deg(L)

P(E®L) < e ™

where nig = [K : Q.

Proof. We have

pEQL)=¢(Li®--®&L,)®L).
As o((L, @ ---®L,)® L) depends polynomially on ¢(L; ® L) by Corollary 56, it is enough
to prove the bound in the particular case E = L;. Since deg(L; ® L) = deg(L;) + deg(L) <
C + d/eg(fi), it follows from Proposition 58 that there exists 5; > 0, depending on C, K
and L;, such that

S e T 4eB(Ti®T) o i des(@)
¢(L; @ L) < Biem™ = Be™
—-2-deg(Li) . -
were ; := Tnge "K . This proves the desired result. ]

In the particular case when L is a Hermitian line bundle, the following uniform bound
can be obtained (see [5, Proposition 2.7.3]).

Proposition 61. Let 0 € R and L be > a Hermitian line bundle over S such that d/e%(f) <.
Then h°(L) < 1+ 0. In particular, o(L) < e'*?.

2.9 Height zeta function of the projective space

In this section, we introduce a zeta function of the field K defined in [13]. This zeta func-
tion will allow us to study the analytic properties of the height zeta function of the projective
space via a suitable integral representation.

We first define the effectivity e(D) of an Arakelov divisor D = }_ z,p + > 2,0 in
Div(K) as

—7r||1||2 _ 20 e—2%To -
e(D) = € b=e if z,, 2‘0 forallp C Ok,
0 otherwise.
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In [13, Section 4], the authors define the zeta function associated to K as
Ex(9) ::/ N(D)®e(D)dD, seC,R(s)>1
Div(K)
and they prove that’ £ (s) = 27" (77%/2T(s/2)) " ((2m)~°I'(s))™ (x(s), where

(k(s):= > NI

{0}#JCOK

is the Dedekind zeta function of the field K. In particular, {x (s) has meromorphic continua-
tion to s € C. Moreover, the authors show that

1
Ex(s) = —/ N(D)™*¢(D) dD. (2.9.1)
WK JPic(K)
Let n > 1 be an integer. Given P = [zg : ... : z,| € P"(K), we define the standard
height of P as
Heo(P) = ] max{|zly} - I . 2.
CﬁK OEX K 7

It follows from Example 43 that
Hpn (P) = N(Opn (1) p) for every P € P*(K).

The associated height zeta function is

Zpn(s) = ) Hpn = Y N(Gp(1)p),

PePr (K PeP?(K)

defined for s € C with R(s) > n + 1 (the series converges absolutely and uniformly on
compact subsets of this domain). We will study this function by means of Arakelov geometry.

As in [22, Section 3.2], we will work with a K-vector space V' of dimension n + 1 that
contains a complete Ok -lattice E which is the underlying finitely generated projective O -
module of a Hermitian vector bundle £ = (E, h). Analogous to the construction carried out
in Example 39, given a point P € P(V'), we define its height by

H]p(v)(P) = N(ﬁp(v)(l)p)

We also denote by Zp(1/)(s) the corresponding height zeta function. In particular, considering
V = K®0+1) we have Hp(gamn)(P) = Hpn(P).

2There is a misprint in the first power of 2 appearing in the third line of the computation leading to the
formula for £ (s) in [13, p. 388]. In the computation of the integral over ¢, for o real, the factor 2 should
appear in the denominator.
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Recall that if D € Pic(K), we denote the Hermitian line bundle &(D) simply by D.
As explained before, the key idea is to express the height zeta function Zp. (s) as a suitable
integral. To do so, we note that (2.9.1) implies that

waK(S)HIP’(V)(P)is - /p (K) N(D)fsSO(D)HIP’(V)(P)iS dD
_ / | (K)m(pw(—ﬁw<1>p>>-8go<D> dD
-/ o NP @ oy (Dp) (D) 4D

— [ NOD)“o(D ® Gey[-Dir)dD.
Pic(K)

If we fix D € Pic(K) and we let P run through P(V'), then D ® Op(y)(—1) p runs through
all subline bundles of (D) ® E. Therefore, the above formula implies that

’waK(S) Z]p(v)(s) = /P ) N(D)_S Z QO(D (029 ﬁp(v)(—l)p) dD
1e PeP(V)
(2.9.2)

:/ N(D)*p(D ® E)dD.
Pic(K)
Notation 62. We denote by
Pic(K)_ = {D € Pic(K) : N(D) < \/|AK\}

the set of Arakelov divisor classes with norm bounded above by +/|Ak]|.

Proposition 63. Let V be a K-vector space of dimension n + 1 containing a complete O -
lattice E which is the underlying finitely generated projective O'x-module of a Hermitian
vector bundle £ = (E, h). Then:

1. The integral
/ N(D) *¢(D ® E)dD
Pic(K) -
converges absolutely and uniformly for s in compact subsets of C.
2. For R(s) > n+ 1 we have

witic(5)Zew(9) = [ N(D)*p(D 9 E)dD

Pic(K)—

(n+1)

+N(E)|Ag| 2 / . N(D) oD ®E")dD
Pic(K)_



38 2.9. HEIGHT ZETA FUNCTION OF THE PROJECTIVE SPACE

Proof. Ttem (1) follows from Proposition 60. Indeed, since Arakelov divisor classes D €
Pic(K)_ satisfy deg(D) < 11log(|Ak]), there are constants 3,y > 0 depending on K and E
such that

2> deg(D)

/ IN(D)™*| (D ® E)dD < / IN(D)™"| Bee K dD.
Pic(K)_ Pic(K)—

Using Lemma 51 we get

1log(|AKk]) 2

—2 g
e—ﬁ(s)zr—we K d[E,

/ IN(D)™*| p(D ® E)dD < Rychgf3 /
Pic(K)— —00
and this last integral converges uniformly for s in compact subsets of C. This proves item (1).

Now, if we define Pic(K); := {D € Pic(K) : N(D) > /|Ak|}, then by (2.9.2) we
have

wr €k (s) Zpov(s) = /

Pic(K)—

N(D) (D ® E)dD + / N(D)"*o(D ® E)dD.

PiC(K)+

In order to compute the integral over Pic(K'),, we consider the change of variables D
we, @ DY to get

/ N(D)*p(D ® E)dD = N(wg, ® DY) *p(we, ® DY ® E)dD
Pic(K)4 Pic(K)—

_ / Ax| > N(D)*o(wo, ® D' @ E)dD.
Pic(K)—

By Theorem 57 we have

(DY @ wg, @ E) = M wo ®(DEE)Y) _

— — =V
h(DQE")—deg(DRE ") +log |A g |- KLEED

=€

<¢(D ®E")+ 1) N(D)~ ") N(E)|Ag| "+ — 1.

Therefore,

/ N(D)*p(D ® E)dD
Pic(K)+
e — n+1

- /p o, DYIALT (oD ®F") +1) N(D) *INB)|ax]F ~1) dD

—NEAT [ NDP (Do B)aD
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Now, for R(s) > n + 1 we have (using Lemma 51)

\/P. . N(D)sf(nJrl) dD = - e(sf(n+1))deg(D) dD
3 log(|Ak|)
_ RKhK/ e(s—(n—l—l))xdx
— Rhy 2K e
T s (1)

Analogously, for R(s) > 0, we have

A s
/ N(D)'dD = Rychs /252
Pic(K)_

S

This proves item (2) and completes the proof of the proposition. [

Remark 64. Proposition 63 also holds in the case n = 0, V = K and E = ﬁ_K in which
case Zp(yy = 1. In particular:

1—s

ngK(s):/P. SO DD+ A /P N

_s 1 1
2 T )
s—1 S

and this gives the meromorphic continuation of {x (s) to C (as in [13, Section 4]).

(2.9.3)
+ Rxhk|Ak

As consequence of Proposition 63 we have the following result (see [22, Theorem 3.2]).

Theorem 65 (Maruyama). Let V' be a K-vector space of dimension n + 1 containing a
complete O-lattice E which is the underlying finitely generated projective O'x-module of a
Hermitian vector bundle E = (E, h). Then, the function Zp((s) has meromorphic continu-
ation to the whole complex plane, which is holomorphic for R(s) > 1,s # n + 1, and with a
simple pole at s = n + 1. Moreover, we have

Rychx N(E)
wr|Ag|" T Ex(n+1)

Ress—n11 Zpv)(s) =

Choosing V = K®™) and E = 62" in which case N(E) = 1, we obtain the
following corollary as an application of Theorem 27.

Corollary 66 (Schanuel’s estimate). Let N(P", B) := #{P € P"(K) : Hp:(P) < B}.
Then
N(P",B) ~ CB"! as B — o0,

with
Rihyk

C = nt1 .
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Remark 67. Note that the asymptotic constant given above is in general different from to the
one obtained by Schanuel in [34]. This is due to the fact that Schanuel uses an />° norm
on the non-Archimedean places, while we use an /% norm. Also, compare this result with
the one obtained by Guignard in [14, Cor. 3.4.2], taking into account that Guignard defines

N(E) = e~dee(®),

2.10 Counting rational points on Hirzebruch—Kleinschmidt
varieties

In this section, we construct an Arakelov height function H; associated to a big line

bundle class L € Pic(Xy(ay,...,a,)), and describe the asymptotic growth of the num-

ber N(U,H,B) = #{P € U(K) : H,(P) < B}, where U = Uy(ay,...,a,) is the

good open subset of X,(ay,...,a,), as defined in the Introduction. The main results are

Theorems 70 and 76, which are used in Section 2.10.2 to prove Theorem 2. Finally, in Sec-

tion 2.10.3, we briefly discuss subvarieties that accumulate more rational points than others
and provide criteria to determine when this occurs.

2.10.1 Heights induced by big line bundles

Let X = Xy4(aq,...,a,) be a Hirzebruch—Kleinschmidt variety of dimension d = r+t—1
defined over the number field K (see Definition 28). Recall that

7: X =P(Opi1 @ Opi-i(—a,) D Oprr(ay —a,) D+ ® Opt—1(a,_1 — a,)) — P71

is a projective vector bundle over P!~ L,

Let us define
W = Opi—1 @ Opi-1(a,) ® -+ O Ope-1(a, — a,_1), (2.10.1)
and recall that for P € X (K) the fiber
Ox(=1)p =L C (Op1 @ Opt-1(—a,) © Opi-1(a1 — a,) D -+ © Opr-1 (a1 — a?'))Z(P) )
is given by the one-dimensional subspace ¢ of the (r + 1)-dimensional vector space
(Opt—1 @ Opr—1(—a,) B -+ B Opr—1(a,_1 — a?"))X(P) = W),

corresponding to the point P in 7' (7(P)) = P(#x(p)). The vector space #(p) contains
the Hermitian vector bundle

(ﬁlpt_l)ﬂ(P) s>} ﬁPt—l(ar)ﬂ(P) DD ﬁPt—l(ar - ar71>7r(P)7

which we denote by % (p) for simplicity. By endowing ¢ N %, (py with the restriction of
the Hermitian forms on % (p), we obtain the Hermitian line bundle 'x (—1)p. As usual, by
taking duals and tensor powers we define O’y (a)p for any a € Z.
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Given L = Ah + pf € Pic(X) bigand P € X (K), we put

L_p = ﬁx()\)]) X ﬁ]pt—l(,u)ﬂ-(})).

This induces an adelic metric on L as defined in [27, Définition 1.4]. We refer to this as the
standard metric on L.

We can now define the standard height function Hj, over X (K') associated to L as
Hy(P):=N(Lp).
More explicitly, we have
Hy(P) = M(OxOr) grdes(Cmi W) — Fp, (PP Hpes (r(P)". (2.102)

Associated to L = A\h + pf as above, we define

1 Da, +t —
AL = Ti oy = U D tt=al (2.10.3)
L
Then, it easily follows from Proposition 30 that
2 1f)\L:,uL
L) = A d b(L)= ; ’ 2.10.4
o0) = maxupn) and ()= 30 (2.10.4)

As in the Introduction, we restrict our attention to rational points in a specific open sub-
set U C X. This is done in order to ensure that N (U, Hy, B) is finite for all B > 0, and to
avoid possible proper subvarieties with too many rational points.

Recall that in Section 2.3 we defined the projective subbundle F' = P(#) C Xy(aq, ..., a,)
where
g/ = ﬁpt—l(—ar) ) ﬁpt—l(@l — CLT) DD ﬁpt—l(aT,1 — ar).

The following definition was given in the Introduction.

Definition 68. Given integers» > 1,7 > 2and 0 < a; < --- < a,, we define the good open
subset of X = Xy(ay,...,a4) as

Uglar, ... a.) = Xy(as,...,a,) \ F.

Remark 69. Given a big line bundle class L. € Pic(X), it is know that there exists a dense
open subset Uy, C X such that N(Uy, Hy, B) is finite for every B > 0 (see e.g. [30, Propo-
sition 2.12]). Our good open subset U serves as such a dense open Uy, for every big L.

The first main result of this section is the following theorem, where we assume a, > 0.
The easier case when a, = 0 is presented later in this section (see Theorem 76). Recall that,
for m > 1, we defined Zpn (s) as the height zeta function of the projective space P™ with
respect to the standard height function (see Section 2.9). Here, we extend this definition by
putting Zpm (s) := 1 (resp. 0) if m = 0 (resp. m = —1).
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Theorem 70. Let X = Xy(aq, ... ,a,) be a Hirzebruch—Kleinschmidt variety over the num-
ber field K of dimension d = r +t — 1, and let L. = \h + pf € Pic(X) big. Assume a, > 0.
Then, we have

N(U,Hyp, B) ~ Cp xB*1og(B)"™  as B — oo,

with Cr, i given by

(d+2)
(B33 |Ak|T 2

Wi rF)pék (rDEx (B) if AL = pr,
r+1
—rt .
Ijufj(h(f—LAl)I?(r—‘,—l) Z]P)t_l (lu)\L + ’a’ - (r + 1)&7“) lf)\L > Ur,
t—Nx +(r+1)
Rrhg|Ax|” 2 &x(Aur+Nx—(r+1))
wg ((r+1D)ar+t—|a))éx (A )€k (t) lf/\L <,
XEZPNX—l()\,uL + NX — (’f' + 1)) — ZPNX—2<)\/,LL + NX — (7" + 1)))
\

where Nx == #{i € {1,...,r}:a; = a,}.

In the proof of Theorem 70 below, we study the analytic properties of the height zeta
function

Zup(s):= >  Hy(P)™*

PeU(K)

associated to the big line bundle class L and the good open subset U := Uy(ay, . .., a,), and
we make use of the following three lemmas.

Lemma 71. For an integer m > 0, define

(2.10.5)

Then, the following properties hold:

1. For D € Pic(K)_ we have o(D%®™) = O(1), with an implicit constant depending only
on m and on the base field K.

2. The integral
| Ny (DD
Pic(K)—

converges absolutely and uniformly for s in compact subsets of C.

Proof. Ttem (1) follows from Proposition 60 since (D) = (D ® Og") is bounded
above, for D € Pic(K)_, by a constant depending only on K and n, hence we can use this
fact for n = 1 and n = m. Item (2) follows directly from Proposition 63(1) and the fact
that o (D®™) is bounded. This proves the lemma. O
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Lemma 72. Given positive integers 0 < by < by < --- < b, and () € P*~1, define
E_Q = ﬁptfl(bl)Q D---D (ﬁpt—l (bn))Q7

and |b| := > b, Then, for every integer m > 0, every compact subset % C C and
every s € ', we have

/P. . N(D) *¢pm(D)¢ (D ® Eq) dD

= 18nl e @ [ NP n(D) D+ O (@),

with an implicit constant depending only on m, %  by,..., b, and on the base field K,
where p,,(D) is defined in (2.10.5).

Proof. Let us define

Ig := {D € Pic(K)_ : N(D)Hp:1(Q)" < V/|Akl},
Ilg := {D € Pic(K)_ : \/|Ak| < N(D)Hpi-1(Q)"},

and for i € {1,...,n} put Eg) = Opt-1(b;). Fix a compact subset .# C C and as-
sume s € . In what follows, all terms of the form O(...) are meant to have implicit
constants depending only on m, ", by, ..., b, and the base field K.

First, from Lemma 71(1) with m = 1 it follows that there exists a constant C; > 1,
depending only on the base field K, such that (D) < Cf forall D € Pic(K)_. Equivalently,

© (D ® E8)> < () forall D € Ig. Also, by Proposition 61 we have

o ( D& Eg)) < el 108 AxD+bilog (o1 (@) — o[ A |3 Hper (Q)Y
forall D € Pic(K)_ andi € {2,...,n}. Together with Corollary 56, these estimates imply
¢ (D®Eg) < 2"Ci(e|Ax|2)"  Hpr Q'

for all D € I. Hence, by Lemma 71(2) we conclude

/ N(D)*om(D)p (D ® Eg) dD = O(Hpi—1(Q)PI7"). (2.10.6)

I

Now, by Proposition 58 there exists a constant § > 1, depending only on K, such
2_deg(D)

that o(D) < Be~mnxe 'K for all D € Pic(K)_, with ng = [K : Q] as usual. To-
gether with Lemma 71(1), this implies

3 log(|AK|)~b1 log(Hyi—1(Q)) 2,
/ N(D)n_SQOm(D>dD SB// ex(n—ER(s))—TmKe K dx7

Ig
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for some constant 3’ > 0 depending only on K and m. Put C5 := %, and let 7' < 0 such that

z(n —R(s)) — WHKG_%I < Cyx forallz €] —oo,T]|and s € ¥ .
If 2log(|Ak|) — by log(Hpi-1(Q)) < T, then

1 log(|Ak|)—b1 log(Hpt—1(Q))
S 5/ / ngxdx

[e.e]

/ N(D)"*on(D)dD

I

_ B(Ak)T
CQH]pt—l (Q)02b1 '

Hence, on the one hand, assuming 3 log(|Ax|) — by log(Hp—1(Q)) < T we get

Hpe1(Q)P! =0(1). (2.10.7)

/ N(D)"*pm(D)dD

Ig

On the other hand, if § log(|Ax|) — by log(Hpi-1(Q)) > T then Hpi—1(Q) is bounded above
by a constant that depends only on /K and 7', hence in that case (2.10.7) also holds thanks to
Lemma 71(2).

Now we look at integrals over 1. First, we use Theorem 57 to get
0 (DeTQ) = (¢ (D' 0T @Tay ) + 1) N(D) Het Q)™ A% — 1
= N(D)"Hpe1 (Q)PI| Ak |72 = 14+ N(D)" Hper (Q)P| Axe| "2 (DV ®Eq ® WﬁK) :

This implies
| N(D)“pu(D)e (D0 Eg) 4D
Il

| A| % Hpr (Q)P /

N(D)"*pn(D)¢ (D" @ B @ a7, ) dD
I,

(2.10.8)
+ |Ak|7% Hpo1 (Q)P! / N(D)"*¢,,(D)dD
g
- [ N(D) e (D)aD.
g

From Lemma 71(2) we know that
/ N(D) *¢n(D)dD = O(1). (2.10.9)

g

Now, note that for D € 11, we have DY ® (Ej))" @ Wg, € Pic(K)_ foralli € {1,...,n},
hence by Proposition 58 we get
_2

o(D¥ © (D) @ mgr) < fe ™85 NOHers @W7TE ¢ go-CulN(D) e (@)

2
nK
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where 5 > 1 is the same constant as before and C3 := 7ng|A KF% Combined with
Corollary 56, we conclude

_2
p(DY @ Fg' ©wg,) < 2"fre NP @)

2

for all D € Ilg. Letting C'y > 0 be such that e nCsr"K < Cyforall z > 0, we get

2
N(D)H]pz—l (Q)mefnCs(N(D)HmA(Q)bl)"K < 04’

thus

Hp-1(Q)P! / N(D)" *pm(D)¢ (DY ® Ej) ® wg,. ) dD

1o
< Cy2" " Hper (Q) P17 / N(D)"™"*pu(D) dD = O(Hp-1(Q)""™"),
11
! (2.10.10)

by Lemma 71(2). The desired result then follows from (2.10.6), (2.10.7), (2.10.8), (2.10.9)
and (2.10.10). This completes the proof of the lemma. 0

Lemma 73. Given negative integers 0 > by > by > --- > b, and Q € P71, define
E_Q = Opt—1 (bl)Q b---D (ﬁpt—l (bn))Q

Then, there exist 3,7 > 0, depending only on K and n, such that for every D € Pic(K)_ we

have
deg(D) e

o(D @ Tg) < e T M@

where ng = [K : Q)] as usual.

Y

Proof. By Corollary 56 it is enough to prove the lemma in the case n = 1. Since

dea(D © G 1(b1)g) = dea(D) + by log( e +(Q) < 3 loa(|Ax ),

we can use Proposition 60. This shows that there exists a constant § > 0, depending only
on K, such that

,%(@(D)+bllog(HPt71(Q>>> deg(D) ]pt I(Q)

cp(D X ﬁptfl (bl)Q) < /Be—wnKe _ 66_7””{6 nK ’

L=
where in the last inequality we used that by < —1. Putting A := e %) and B

Hpe- 1(Q)nK we see that A > |Ag| "% and B > 1, hence there exists a constant p > 0,
depending only on K, such that AB > p(A + B). This implies

— -2 _Jeg(D) _2

P(D @ Opii(bi)g) < e ™ e M (@7

with v = mngp. This proves the lemma. 0
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Notation 74. In the proof of Theorem 70 below, we put p(D®™) := 0 when m = 0.

Proof of Theorem 70. Given P € X (K) we put () := 7(P). Then, we have P € P(#()(K
with % defined in (2.10.1). Moreover, if P € F'(K) then P € P(Z())(K) and Hp(y,)(P) =

Hyp(zy)(P). Indeed, this follows from the fact that %) C #, which implies that Oy (—1)p =

Oy,(—1)p. Then, taking duals and norms leads to the equality of heights. From this
and (2.10.2), we get

ZU,L(S) = Z (HP(”//W(P))(P)AHW* (W(P))N> —s

PeU(K)

= Y He Q| Y. Hewp(P)N = ) Hep(P)V

QePt—1(K) PeP(#q)(K) PEP(7)(K)
= > Hea(Q7" (ZP%)(AS) - ZP(%V)MS)) :
QeP1(K)

Now, fixing Q € P!~1(K) and using Proposition 63(2), we have

Wik (A8) Zpiyy)(As)

(N 1 / a .
— A % [ ——— - — N(D) ™ p(D D
Rihg|Ak| ()\s—(r—i—l) A3)+ . (D)™ p(D @ #q)d
r+1

+N(o)| Akl 7 /p. (K) N(D)= V(D @ #g ') dD.

Similarly, since %'V has rank r, we have

’LUKfK(AS) Z]}D(@Q\/) ()\S)

C(N@ZY) 1 _
= Richx|Ak|™% <AS - E) +/P' . N(D) (D @ #)dD

FN@)AE [ o N TeAD e T ap,

Hence, we can write
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where

QEPI—1(K)
Richg|Ag|™% R
By(s) = — 8 ;;'_f;' S Hoe Q7 N@).
QEPI—1(K)
B)i= 3 Her (@ / L ND (D@ W) — (D © F) dD.
QEPt—1(K) Pic(K)—

Fy(s) i= |Ag| T Z Hpt Q)" N(#yp) / N(D= V(D@ #,' ) dD,

Qepii( Pic(K)
Fy(s) == —|Ag|27 Z HHM . sN(@_QV)/ N(D)* (D ® %) dD

Qept—1( Pic(K)

We are going to analyze each of these functions separately. First, we compute

N(@Y) = N(#g) = N(Ge1)q © Geri(a)q ® - ® Gpi(a, — ar1)q)

(2.10.11)
= Hpi1 (Q)(Hl)ar—\al.

This implies
As
Rihg|A|™>
As — (r+1)
hence by Theorem 65 the function F} (s) is holomorphic in R(s) > w, s# A, s #
pr. Similarly,

Fi(s) = Zp—t (ps + la| = (r + Da,) ,

RKhK‘AK‘i%

Fals) = = AS—1

Zocs (s + la] — (r + D)ay)

hence F5(s) is holomorphic in R(s) > w, 5 # 5,8 F lL.

We now focus on the function F(s). First, note that %, = %, @ (Opr-1)q and hence,
using Lemma 55(2), we can compute

p(D ®%) = oD (%, © (Op1)q))
P(D®F) +p(D @ (Opi-1)q) +¢(D @ F)p(D @ (Opi-1)q)
= (D®6’/QV) + ¢(D) +<,0(D®@QV) (D).
We deduce that F5(s) = G1(s) + Ga(s), where
Gi(s):== Y He (Q)7" / N(D) (D) dD

QeP~1(K)
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and

Galo)i= > He (@ o NP oD e F)e(D)aD.

By Lemma 71(1) with m = 0, together with Theorem 65, the function GG1(s) is holomorphic
in R(s) > ﬁ In order to analyze the function G (s), put ap := 0 an recall that Nx = #{i €
{1,...,r} : a; = a,}, so we can write

®(Nx-1)  —

gq}/ = (ﬁpt71>Q D EQ

where Ej is the direct sum of the line bundles Opi-1(a, — a;))qg overi € {0,...,r — 1}
with a; < a,. Using Lemma 55(2) again, we have

P(D @ T5) = (DY) + o(D ® Eq) + (D™ "D)p(D @ Eq).

We now use Lemma 72 withn = r—(Nx—1),by = a,—a,_ny, s = @p—Qr_ny—1, - -, by =
a,, and m = 0, and also with m = Ny — 1 if Nx > 1, in order to write

Nx=(r+1)
GZ(S) = GQ( ) + |AK| Nx = (r+l) Z H[pt ) —ps+(r+1)ar—|al
QePt—1(K)

< [ NDYEIRD) (1 4 (D)) aD
Pic(K)

Nx-— (+)

= Ga(s) + | Ak Zpii(ps + |a] = (r + 1)ay)

x / N(D) =D 0p(D)(1 + (D)) dD,
Pic(K)

S ) ) lal— tTar -y N —
with G5(s) an analytic function on R(s) > t+(r+1)(L’" lal=by _ Hra +a# ¥ Hence,

Nx— (+)

Fy(s) = Ga(s) + Gals) + | A Zoo (s + a] — (r + ay)

< [ NDY IR (D) 1 4 (D)) 4D,
Pic(K)

with G (s) + Ga(s) analytic in R(s) > o=l

In order to analyze the function F);(s), we start by using (2.10.11) to write

Fy(s) = |Ag| % S He (Q) et (r+Dar—a

QePI-1(K)

X / N(D)*= V(D @ #) dD.
Pic(K)

Now we write

SN —
WQ\/ = (ﬁptfl)Q X @ EC\s
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with E_QV? the sum of the line bundles Opt-1(a; — a,)g overi € {0,...,r — 1} with a; < a,.
By Lemma 55(2) we have

P(D @ H) = p(D®*) + o(D @ By) + o(DV¥)p(D @ Bg).

Hence, we can write Fy(s) = G3(s) + G4(s) where

G3(S) = |AK|’J£1 —As Z]ptfl (ILLS + |a| — (7“ —+ 1)ar)/ N(D))\S_(T—H)QO(DEBNX) dD,
Pic(K)—
Gy(s) = |AK‘%*>‘S Z Hpi— (Q>—#S+(T+1)ar—|a|
QePt—1(K)

x / N(D)»= ) (p(D ® E_g)) + @(D¥V¥)p(D @ Ey)) dD.
Pic(K)_—

On the one hand, by Theorem 65 and Proposition 63(1), the series G3(s) extends to a holo-
morphic function in R(s) > W, s # pr. On the other hand, using Lemmas 73
and 71(1) to bound ¢(D ® E_C\g) and (D®Nx), respectively, we see that the series G4(s)

converges absolutely and uniformly for s in compact subsets of C, hence G4(s) extends to an
entire function. We conclude that F;(s) is holomorphic in R(s) > w, S # pip.

Finally, the analysis of the function Fj(s) is analogous to that of F(s), and we get
that F5(s) = G5(s) + Gg(s) with
Gs(s) == —|Ag |27 Zpi-r (us + |a] — (r + 1)a,) / N(D)* " p(D®*Wx=1)dD,
Pic(K)—
and Gg(s) entire. In particular, F5(s) is holomorphic in R(s) > W’ S # lp.
Putting everything together, and recalling that ¢ > 2 and a,, > 1, we obtain the following:

1. If A\, = puz, then Zy 1,(s) is holomorphic in

Lt (r+ Da, —|a] 7 t4ra,+a,_n, ~al
. Y "

ére(s)>max{ },S%AL

and it has a pole of order two at s = A, (coming from F}) with

 Rihg|Ag|~ 7 R D% | A |~

Sl_ig\lL(S _ )\L)Q Zu(s) = wrE(r + 1) Ress—t Zpt-1(s) = w%)\u&((r DR

2. If AL > uy, then Zy 1 (s) has holomorphic continuation to

R(s) > max{g,/u} S £ AL

and it has a simple pole at s = Ay, (coming from F}) with

lim (s — A\p) Zup(s) = Richucl Awl =% Zper (phg + |a| — (r + 1a,) .
S—AL ’ wK)\é(r -+ 1)
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3. If A\, < py, then Zy 1(s) is holomorphic in

1+ (r+1)a, —|a] t+ra, +a,_n, —|a|
I ’ 1

R(s) >max{)\L, },s#uL

and it has a possible singularity at s = p;, (coming from Fy, Fy, F3, G3 and G5) with

SETL(S ~ o) Zu(s) = Wi (Mer)Ex (t)

[y NN D)1 D1 D
Pic(K)—

_t _AHp A
RKhK|AK| 2 RKhK|AK| 2 . RKhK|AK| 2
A — (r+1) A —T

Nx—(r+1)
2

+ | Ak

ey | o NOPp(D) 4D

_|AK|£—/\ML/ N(D)/\ML—TSO(DEB(NX—l))dD) )
Pic(K)_
Furthermore, in this case we can write (using Lemma 55(2))
P(D)(1 + p(DFNXTD)) = o(DENX) — o(DENx=D),
and use Proposition 63(2), together with formula (2.9.3) when Ny = 1 or 2, to get

. RKhK|AK|_% Nx—(r+1)
1 _ 7 — A A Nx — 1
S_I}BL(S ,UL) U7L(S> w%(/ifK()\/JJL)fK (t) wK‘ K’ 2 gK( e T (r i ))

X (ZIPNXA()\ML + Nx — (T + 1)) — ZPNX72(A/,LL + Nx — (r + 1)))

Since this value is positive, we conclude that Zy 1, (s) has a simple pole at s = (i, in
this case.

Then, the asymptotic formula for N (U, H|,, B) follows from these properties, together with (2.10.4)
and Theorem 27. This completes the proof of the theorem. [

Remark 75. The different cases that appear in Theorem 70 give a subdivision of the big cone
of X, i.e., the interior of A (see Figure 2.1 for an illustration). The line bundles L contained
in the ray passing through the anticanonical class have height zeta functions with a double
pole at s = A\, = pup, while line bundles outside this ray have A\, # pur, and have height zeta
functions with a simple pole at s = max{Ar, pr}.

In Theorem 70 we have omitted the case when a, = 0. This is because in the case a, = 0
we have Xy(ay,...,a,) =~ P! x P", and there is no need to remove a proper subvariety
of X to obtain the “correct” growth of the number of rational points of bounded height. Note
that, in this case, we have

r+1 t
AL = N Hp = —.
7!
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p= (e lalit) |

o> ((v~+1):j£\al+t) A

e ((rﬂ);%—ﬂ\aw) 5

—Ky

Figure 2.1: Subdivision of the big cone of X.

Theorem 76. Let X ~ P! x P" be a Hirzebruch-Kleinschmidt variety over the number
field K with a, = 0, and let L = Ah + uf be a big line bundle class in Pic(X). Then, we
have
N(X,Hy, B) ~ CpxB*Plog(B)*Y  as B — oo,
with C, i given by
(d+2)
R2.h2|Ak|” 2 . .
w%(ﬁgufx(rrtl)é“x(t) fAr = pe,
Rrhr|Ar|™ 2

(e 2P (HAL) if AL > pr,
Rrhg|Ak|™"2 Z]P’T()\,UL) if\r < pir.

73 40)

One can adapt the proof of Theorem 70 to give a proof of Theorem 76. Instead of doing
that, we present a simpler argument based only on the analytic properties of the height zeta
functions of the projective spaces P*~! and P".

Proof. We have

Zxp(s) =Y Hy(P)™* =Zpr(As) Zer—1 ().
PeX(K)

Then, using Theorem 65 we see that Zx 1,(s) is holomorphic in

§R(S) > max{lvl} S 7é )\L78 #MLa
A p

and it has a double pole at s = A\, if A\, = p11,, and a simple pole at s = max{A, up} if A\ #
{1 Then, the result follows by using Theorem 65 to compute lim; 4z (s—a(L))*™ Zx 1(s),
and using Theorem 27. U



2.10. COUNTING RATIONAL POINTS ON HIRZEBRUCH-KLEINSCHMIDT
52 VARIETIES

Example 77. Consider the variety X,(0) ~ P! x P! and L = 3h + f, so that A, = 2
and py, = 2. Then, we get

N(X,Hp,B) ~CpxB* as B — oo,

with Cp = % Zp1(6). In the case K = Q, a simple computation gives
2 = [ —4
Zpi(s) = 2+ QCEZ ))L4(s/2), where L_4(s) := ; (7) n=°.

Hence, using that L_4(3) = g—; (see e.g [10, p. 189]) and ((6) = 9”765, we get

6 945¢(3)
= (1 = 4.09640530 .. .
Cra 7T( + o3 ) 09640530

Note that C', o = C' + C” where C’, C" are the constants appearing at the end of Example 4
in the Introduction (because X,(0) ~ U’ LI F” in the notation used there).

2.10.2 The anticanonical height
In the case A = r+1and u = (r+1)a, +t — |a| we get L = — K x by Proposition 30(2),

hence H, is the anticanonial height function H = H_g, . Moreover, A\, = i, = 1 according
to (2.10.3). When a, > 0, Theorem 70 gives the asymptotic formula

N(U,H,B) ~ CBlog(B) as B — oo,
with C given by (0.0.5). Assume a, = 0. Then X ~ P/"! x P" and F' ~ P!~! x Pr—!
if r > 2, while F ~ P! if r = 1. By Lemmas 33 and 34, together with Theorem 76 and
Corollary 66, we have

N(X,H, B) ~ CBlog(B),
N(F,H,B) ~ C,B

as B — oo, with the same C' as before and (. another explicit constant’. In any case, this
implies

N(U,H,B) = N(X,H,B) — N(F,H,B) ~ CBlog(B) as B — co.

This proves Theorem 2.

_t _t
3The exact value is C, = % Zpr—1 (r+1)ifr > 2, and % if r =1.
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2.10.3 Accumulation of rational points

In the literature, there are different notions that capture the idea of subvarieties having too
many rational points. Since our aim in this chapter is to give explicit asymptotic formulas that
allow for quantitative comparisons, we introduce the following relative notion of subvarieties
accumulating more rational points than others.

Definition 78. Let Y7, Y; C X be two subvarieties of a Hirzebruch—Kleinschmidt variety X,
and let L € Pic(X) be a big line bundle class. Assume that #Y;(K) = #Y5(K) = oo and
that N(Y,, Hr, B) and N (Y3, Hy, B) are both finite for every B > 0. Then, we say that Y}
strongly accumulates more rational points of bounded H|-height than Y5 if

N(}/27HL7 B)

li = 0. 2.10.12
Bgrolo N(Yl, HL, B) ( )

Theorems 70 and 76 lead to the following corollary.
Corollary 79. Let X = X,(ay, ..., a,) be a Hirzebruch—Kleinschmidt variety over the num-

ber field K with a, > 0 and good open subset U = Uy(ay, ..., a,), and let L = \h + uf be
a big line bundle class in Pic(X). Then, the following properties hold:

1. If r > 1, assume p > Xa, — a,_1) so that L|r is big on the subvariety F ~
Xg-1(ai,...,a,—1) of X. Then, the the good open subset U'" ~ Uy 1(ay,...,a,_1)
of F' strongly accumulates more rational points of bounded H-height than U if and
only if

max{ Az, pur} < fir),, (2.10.13)

rar—_1+t—|al+ar

where i), = P Yom—

2. Ifr = 1, assume ji > Aay so that L|p is big on F' ~ P'~1. Then, F strongly accumu-
lates more rational points of bounded H-height than U if and only if (2.10.13) holds,
where jir), =

p—ai’

Proof. Assume r > 1 and > A(a, — a,_1). By Theorem 70 the good open subset U’ of F'
strongly accumulates more rational points of bounded H-height than U if and only if

max{)\L,uL} < maX{)\L‘F,/LMF}, or max{)\L,uL} = /\L|F = UL|p and A, 7é Kr.

Since A\, = 1 < i/\l = \r, we see that the second case cannot occur. This proves (1).

Now, if r = 1 and > Aaq, then by Lemma 34 the height function H, restricted to F
corresponds to the power Hﬂﬁf;?al of the standard height function of P!~!. By Theorems 70
and Corollary 66 we see that [ strongly accumulates more rational points of bounded H-
height than U if and only if (2.10.13) holds. This completes the proof of the corollary. O

Remark 80. One can also define a weaker relative notion of subvarieties accumulating more
rational points than others, by replacing condition (2.10.12) with

0 < limsup N(Ys, Hy, B)

— = < L.
B—oo N(}/I,HL,B)
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Then, in all possible cases, one can use the explicit formulas in Theorems 70, 76 and Corol-
lary 66 to decide when U’ (resp. F') weakly accumulates more rational points of bounded H -
height than U. For instance, in the case (a1, az) = (0, 1) of Example 4, we saw that U’ weakly
accumulates more rational points of bounded anticanonical height than F”.

2.10.4 Example: Hirzebruch surfaces

For an integer a > 0 consider the Hirzebruch surface
X = Xs(a) =P(Op: & Op:(—a)),
which we consider as a variety over K = Q for simplicity. In the basis {h, f} of Pic(X)
given in Proposition 30, choose a big line bundle class L = \h + uf. We then have

2 a+2
)\sz, ML = .
M

We write U = Uy(a) and F' = P(Op1(—a)), so that

X =UUF ~Uy(a) UP.

Using that £g(s) = (27%/2)7'T'(s/2)((s) and ((2) = =, we get by Theorem 70 the asymp-
totic formula

AL . _
N(U7 HL7 B) ~ CL { B 10g(B)7 lf >\L ,uL;

Bmax{Ar.ur}t  if AL # jir,
as B — oo, where
7}2—M if Ay = pg,
Cp = %Zﬂn (uAp —a) ifAp > ug, (2.10.14)
Saur i\ <

m(a+2)Eo (ML)

Now, the restriction L|r of the line bundle class L to F' ~ P! is big if and only if ;1 > Aa. In
this case, by Corollary 66, we have

N(F,Hy, B) ~ 3pit as B — oo
T

As in Corollary 79(2), we have that F' strongly accumulates more points of bounded H -
height than U if and only if
2 a+2 - 2
max < —
D) = Aa’

which is easily seen to be equivalent

Aa < p < ANa+1).

Finally, we turn our attention to the numerical value of the constant C, in (2.10.14).
Assuming a = 1 for simplicity, we get the following first values of C';, depending on the
choice of L = M\h + pf. Here, as in Example 77, we use the Dirichlet L-function L_4(s) :=

P (%4) n-e.



2.10. COUNTING RATIONAL POINTS ON HIRZEBRUCH-KLEINSCHMIDT

VARIETIES 55
Al | Case CL
260(2) _ o2
11| A < Kol — 2o — 174234272,
12| AL > g | 220 (3) = & (14 SOLAR0R) — 549807267 ...
113 | AL > g | 22(5) = & (14 SOL2UA0)) — 425372490
26p(5) _ 2835¢(5)
21| Ay < 2ol _ 9500) _ (76443811 ..
%) _ an _
202 Ay < Kol _ 2n. = 174234272,
23| Ay =y 5 = 0.60792710. ..
2%00) _ g _
31| A< Kol = 0.58325419 .
%0(1/2) _ 2(7/20(/4) _
312 A< Moty — 2O, = 097781868 .
260(2) _ o2m
3|3 )\L < Wr m = m = 1.74234272 ... ...

Remark 81. The case Xy(1) = P(Op1 @ Opi(—1)) was already studied by Serre (see [35,
Section 2.12]), and revisited by Batyrev and Manin in [2, Section 1.6] and by Peyre in [27,
Proposition 2.7]. Following the notation in [27], one realizes X5 (1) as the variety

V = {(lvo, y1,%2), [20, 21]) € P2 x P! : yoz1 = 420} -

Then, for integers 7, s, the height function H, ; on V' (Q) defined by

—S

r+s
H, (([yo, y1, 92, [20, 21])) := \/y?) +y? + y2 \/zg + 22,

for (yo,y1,y2) € Z3 and (z9,2;) € Z* primitive, corresponds to our height function Hy,
with L = (r 4+ s)h + rf. Moreover, the divisor £ C V defined in loc. cit. by yo = y; = 0
corresponds to our subbundle F'. In the particular case of » = 1 and s = 0, corresponding
to A = = 1, we see that

1 o
N(V\E,Hyp, B) ~ 5# {(yo,yl, y2) € Z° primitive, such that /v + y? + y3 < B}
2m
3¢(3)

(see, e.g. [9]). This matches our computations, since in the case A = p = 1 we get

N(U, Hy, B) ~ C;, B, o, = 2e?) _ 2

méo(3)  3¢(3)

B? asB — oo




Chapter 3

Global function fields case

3.1 Basic notation

Let € be a projective, smooth, geometrically irreducible curve of genus g defined over the
finite field I, of ¢ elements (as usual, g is a positive power of a rational prime). Throughout
this article we let K denote a finite extension of the rational function field F,(%¢") of ¥.
Associated to K we have the following objects (see e.g. [33] for details):

* The set of valuations Val(K') of K, which is in bijection with the set of closed points
of €.

* Foreach v € Val(K), let 0, be the associated valuation ring and m,, its maximal ideal,
k, :== O,/m, and f, := [k, : F,], so we have #k, = ¢/*. We define for z € K,
|z|, := ¢~ /@), so that for every z € K,z # 0 we have the product formula

[Tzl =1 (3.1.1)

* The free abelian group Div(K) generated by Val(K'). The elements of Div(K) are
finite sums of the form ZveVK n,v with n,, € Z and n,, = 0 for all but finitely many v €
Val(K).

* For D =3 vayx)mov € Div(K) and v € Val(K) define v(D) := n, and set
Divt(K) := {D € Div(K) : v(D) > 0,Vv € Val(K)}.
Moreover, for D, ..., D, € Div(K), we put
sup(Dy,...,D,) = Z sup{v(D1),...,v(Dy)}v.

veVal(K)

* For z € K*, define the divisor of  as (z) := (x)¢ — (z)o Where

(x)o = Z v(X)v, ()00 = — Z v(x)v.

veVal(K) veVal(K)
v(z)>0 v(z)<0
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We also put (0) = (0)p = (0)s = 0.

* The degree function deg : Div(K) — Z defined by deg(D) 1=}, oy k) fov(D). We
have deg((x)) = 0 for all x € K (by the product formula (3.1.1) in the case = # 0).

s The class number hx = #(Div’(K)/(K)), where Div’(K) := {D € Div(K) :
deg(D) =0} and (K) :={(x) : z € K}.

For a vector a = (a1, ..., a,) € Nj, we write |a| = >_._, a;.

3.2 Arithmetic tools

Let (D) = dimg, H*(¢, O¢(D)), where
HY(€,04(D)) = {x € K*: (v)+ D > 0}u{0}.

Note that /(D) = 0 if deg(D) < 0 and if D > O then #{z € K : (2)oo < D} = ¢"P). Asa
consequence of the Riemann—Roch theorem for curves we have that

UD) — UKy — D) =deg(D) +1—g,
and if deg(D) > 2g — 2 = deg(Ky) then
(D) =deg(D)+1—g,
where K is a canonical divisor of the curve €.
We also define the zeta function
Zi(T) =) 1% = J[ (1-1%),
D=0 veVal(K)

and define the Dedekind zeta function of K by mean of

Cr(s) =Zr(q").

Then (x(s) converges for R(s) > 1 (see e.g. [38, Chapter VII, Theorem 4]) and has mero-
morphic continuation with a simple pole at s = 1 and residue

hq'=9
(¢ —1)log(q)’
where h = #{D € Div(K) : deg(D) = 0}.

In the case of positive characteristic, we will make use of the equations, so we will work
with the following definition motivated by Theorem 12.

Definition 82. Given integers r > 1, ¢t > 2and 0 < a; < --- < a,, the Hirzebruch-

Kleinschmidt variety X (ay,...,a,) is defined as the subvariety of P x P*~! given in ho-
mogeneous coordinates ([zo : (4j)ier, jer, ], [y1 - -- : yi]) by the equations
TnjUn? = Tpjyed, forall j € I, and allm,n € I, with m # n, (3.2.1)

where d = dim(Xy(ay,...,a,)) =r+t—1land I, ={1,...,k} C Z.
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3.3 Effective divisors

The following description of the cone of effective divisors on X,(aq, ..., a,) is an adap-
tation of Proposition 30, since in this chapter we have

Xd((ll, e ,CL,«) = P(ﬁptfl D ﬁptfl(al) DD ﬁ]pt—l ((lr».

Proposition 83. Ler X = X,(aq,...,a,) be a Hirzebruch—Kleinschmidt variety and let us
denote by [ the class of 7" Opi—1(1) and by h the class of Ox (1), both in Pic(X). Then:

1. Pic(X)~Zh & Zf.
2. The anti-canonical divisor class of X is given by
—Kx=(r+1h+(t—lal])f,
where |a] = >"\_ a;.
3. The cone of effective divisors of X is given by
Aet(X) ={vh +&f:v >0, > —ya,} C Pic(X)r

where Pic(X)g := Pic(X) @z R.

In particular, L = vh + £ f € Pic(X) is big if and only if v > 0 and f > —~a,.

3.4 Height zeta function of projective space

For an integer n > 1, as we mention before, consider in the projective space P" over K,
with the naive height function

Hpn (2o, ..., x0]) == H sup{|zolvs |Z1lv,s - - -, |Tnlo }s

veVal(K)

and the associated height zeta function

Gr(s) = Y Hpo(P)™ fors e CwithR(s) > 0.
PeP"(K)

The goal of this section is to state the following well-known theorem, for which we give a
proof for convenience of the reader.

Theorem 84. The height zeta function (pn(s) converges absolutely on R(s) > n + 1, and it
is a rational function on q~°. Moreover, it has a simple pole at s = n + 1 with residue

th(n—i-l)(l—g)
Ck(n+1)(g —1)log(q)

Ress—nt1 (pn(s) =
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Proof. The fact that (pn(s) is a rational function on ¢—* follows from [37, Theorem 3.2].
Now, for m > 1 put N(m) := #{P € P"(K) : H(P) = m}. By definition of the standard
height function, we have N(m) = 0 if m is not of the form m = ¢¢ with d > 0 an integer.

Hence
Gen(s) =Y N(g"a .

d>0

Now, by [35, Section 2.5], we have the estimate

heq(rHD=0)
 Geln (g - 1)
This implies that (pr(s) converges absolutely on R(s) > n + 1, and moreover

(n+1)(1-g)
Gen(e) = C:(ZqﬂL (g —1) (1 - q<1”“)‘8) Fr)

with F'(s) an analytic function on R(s) > n. Hence, we also get

heqn+D(1=9) C os—(n+1) heqn+D(1=9)
el (g - 1) (% = q<n+1>s> ~ Gx(n+ Dlg— Dloglg)’

This shows the desired results and completes the proof of the theorem. [

N(qd) qd(n+1) + O(qdn) as d — o0. 3.4.1)

Res,—+1Cpn(5)

Remark 85. 1. A better estimate for the error term in (3.4.1) is given in [37, Corollary
4.3], which is related to the fact that (pn(s) is analytic in R(s) € ] %, n+ 1[. For our
purposes, we do not require such a strong result.

2. Theorem 84 also follows from [29, Théoréme 3.11].

3.5 Counting rational points on Hirzebruch—Kleinschmidt
varieties

In this section, we use the explicit equations for Hirzebruch—Kleinschmidt varieties to
count rational points on them. To do this, we first present some lemmas concerning Mdbius
inversion and the calculation of the supremum of divisors.

In the notation of Proposition 83, let L = vh + £ f be the class of a big line bundle. Then,

the height function induced by L on the set of rational points of X,(ay,...,a,) is
Hy (([zo : (@ij)ienger] ly1 o - w])) = H _sup {Izolv, zislu}” H Sup{!yi\v}g-
veval(k) (€ltI€ veval(K) ‘€Tt

(3.5.1)

It is easy to see that this height function is associated to an adelic metrization of L in the
sense of [29, Secion 1.2]. We refer to this as the “standard metrization” of L.

To carry out the counting of rational points, we find it necessary to remove a closed set in
order to ensure the convergence of the zeta functions.
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More precisely, if we consider the equations defining the variety X,(ay, ..., a,) in homo-
geneous coordinates ([zg : (ij)ier, jer], [U1 ¢ - : yi]) of P x P! (see Definition 82), we

need to remove the closed subvariety defined by the single equation {z,. = 0}.

Definition 86. Given integers » > 1,7 > 2and 0 < a; < --- < a, defining the Hirzebruch—
Kleinschmidt variety as the subvariety of P" x P*~! given by the equations

Tmjln? = Tnjyed, forall j € I, and all m,n € I, withm # n, (3.5.2)

where d = dim(Xy(ay,...,a,)) = r+t— 1, we define the good open subset U, (a4, ..., a,)
of Xy(ay,...,aq) as the complement of the closed subvariety defined by the equation ;. = 0.

3.5.1 Decomposition of Hirzebruch—Kleinschmidt varieties

Note that for 1 <7’ < rand 2 < ¢’ < t, there is a natural embedding
Xt/+T/_1(a1, . ,CL,«/) — Xd<a1, e ,CLT), (353)
which is given in coordinates by

([xo : (wij)ieryjer ), - yw]) = ([wo © (Tij)ierger ], [yr oo i yw 2 0oL 0])
where
Fo— Tij ifigt’andjgr’,
1 0 otherwise.

In other words, we enlarge the matrix (x;;) of size ¢ x 7’ to a matrix of size ¢ x r by simply
adding zero columns on the right and zero rows on the bottom, and similarly we enlarge [y; :
... : yp] by adding zeroes on the right.

Similarly, we consider the natural embeddings

]P)T;)Xd(al,...,ar), [Zol ZZT] 9—)([2’0 : (gij)ieft,jéfr])[l 0. ZO]), (3.5.4)
P s Xy(ar,..van), [y eecud e (U (Oiengen s [vic oo c wl),s >
where
P — zj lfl = 17
S0 ifi > 1
Note that the images of P*~! and P" inside X4(ay,...,a,) intersect exactly at the point ([1 :
(0)ier, jer,], [1:0:...:0)).

For 1 < ¢ < rand2 <t <t let us identify Uy,,v_1(ay,...,a,) with its image
under (3.5.3). Similarly, let us identify P and P*~! with their images under (3.5.4) the we
denote P} and Py ™!, respectively.

Lemma 87. Let X,(ay,...,a,) be a Hirzebruch—Kleinschmidt variety. If v > 2, then we
have the disjoint union decomposition

Xd(al, c. ,0,7«) = del(al, . ,ar,l) (] (]Pﬂln \]Pﬂl‘il) L < |_| Uturr,l(al, . ,Clr)> . (355)

2<H/<t
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If r = 1, then we have the disjoint union decomposition

Xd(al)ng—lu(ﬁ»}\{zao})u( | | Ut/(a1)>, (3.5.6)

2<t/ <t

where Py = ([1 : (0)ier, jer, ], [1: 0 : ... :0]). Moreover, given L = vh + £ f € Pic(X) big,
we have the following properties:

1. Forall1 < ' <r, the restriction of Hy, to IP”I", ~ P corresponds to H[;fr,.

2. The restriction of Hy, to P5™' ~ P~ corresponds to H]fm_l.

3. Forl <7r' <rand2 <t <t therestriction of Hy to Uy, _1(ay, ..., a.) equals Hy,
where L' := ~h' + &f" with {}', f'} the basis of Pic(Xy1r—1(a1,...,a.)) given in
Proposition 30.

Proof. Assume r > 2 and let x = ([ : (z4j)ien jer ) [t1 = -+ @ ul) € Xalas,...,a,).
If x;, = O0foralli € [, thenz € X4 1(ay,...,a,_1). Assume this is not the case, and
lett’ := max{i € I; : y; # 0}. From equation (3.5.2) with n =t and m = i > ¢’ we see that

x;; =0foralli € I, withi > t'and all j € I,.

Assume t' = 1. Then, z;; = O foralli € [, withi > 1 and all j € I,. Since z ¢
Xy 1(a1,...,a,_1), we have z1, # 0, and this implies that € P} \ P/, Finally, as-
sume t' > 1. Since y # 0, having xy, = 0 would imply x;, = 0 also for all i # ¢
(because of equation (3.5.2) with n = ' and ;7 = r), but this contradicts the fact that = ¢
Xg-1(ay,...,a,—1). So, xy, # 0 and we have in this case that x € Uy y,_1(aq,...,a,). This
proves that

Xd(al, c. ,CLT) = Xd,1<a1, . ,Cbrfl) U (Pg \]P)Tl.il) U ( U Utuﬂ,,l(al, c. ,CLT>> .
2<t/<t

Moreover, these unions are disjoint by construction. This proves (3.5.5). The proof of the
decomposition (3.5.6) in the case » = 1 is completely analogous. Finally, the statements
about the various restrictions of the height function /; follow directly from (3.5.1). This
proves the lemma. 0

3.5.2 Preliminary lemmas

Definition 88. Given functions f, g : Div"(K) — C, we define their convolution product as

(f*g)(D):= Y f(D)g(D—D".

0<D'<D

Moreover, we define the functions 1,6, i : Divt(K) — C by
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¢ 1(D) := 1 forevery D € Div"(K).

1 if D=0,
0(D) = { 0 otherwise.
1 if D=0,
o (D) :=1{ (=)= if D # 0and v(D) = 0 or 1 forall v € Val(K),
0 otherwise.

In particular, ¢ is a unit for the convolution product and 1 x pt = pu* 1 = 4.

The following result, based on a straightforward computation, is a Mobius inversion for-
mula in this context.

Lemma 89. Let D € Div'(K) and let f,g : Div' (K) — C be two functions. Then, the
relation

is equivalent to

This motivates the following definition, that will be useful for counting purposes.

Definition 90. Let f,g : Div'(K) — C be functions. We say that the pair (f,g) forms a
p~couple if they satisfy some the equivalent relations in Lemma 89.

By definition of the function d, the pair (9, 1) form a u-couple and thus we have the
following result.

Lemma 91. We have the following equality of formal series

1
D)T%&P .
Z p(D " T (T)

D>0

Proof. Since (6, 1) is a u-couple, we have that

Z /L(D,)Tdeg(D/) ZK (T) — Z M(D/)Tdeg(D’) Z Tdeg(D)

D'>0 D'>0 D>0
_ Z Z Tdeg(D+D)
D>0 D'>0
— Z Z (D—D Tdeg( )
D>0 D>D'>0
= §(D)TP) =1,
D>0

where the last equality follows from the definition of the function J. U
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Corollary 92. For every s € C with R(s) > 1, we have

> u(D)g ) = !

=  Ck(s)

and the series on the left hand side converges absolutely and uniformly on compact subsets

of the half-plane R(s) > 1.

For computations using the supremum of divisors, we will need the following result.

Lemma 93. Let x,y € K, then

Proof. Let v € Val(K). We recall that for a divisor D = }_ g nov € Div(K), we
defined v(D) = n,. In particular, we have the following four cases to consider:

(z)
2. Ifv(xz) < 0and v(y) > 0then v ((2Y)s) < v ((2)) and v ((y)s) = 0.
3. Ifv(z) > 0and v(y) < 0then v ((2Y)oo) < vV ((Y)oo) and v ((x)s) = 0
4. Tfv(z),v(y) > 0then v ((2Y)oo) = ¥ ((Z)oo) = v ((¥)oo) = 0.
And the result follows. [l
Lemma 94. The good open subset Uy(ay, . . ., a,) equals the image of the map

((L’l, C. ,,Id) - Ad —> ([l‘d, (‘%ij)ieh,jeh]a [Zlfl, o, T, 1]) € Xd(al, . ,CLT), (357)

where o
xt+jflxi] lf’l < t?] <,
~ Ltj—1 le = t?] <,
Tij = ar .- .
i ifi<t,j=m,
1 ifi=tj=r,
Proof. Let P := ([zo : (%ij)ier, jer.), [y1 © -.. : y¢]) be a point in Uy(ay, . .., a,), and note

that the condition x;,. # 0 implies y; # 0. Indeed, due to the equations

Ty = xpyy (n=1,...,t—1),

the vanishing of y; would imply that all the coordinates of [y, . .., v;] € P‘~! would be zero,
which is absurd. Hence, we can assume y; = z;, = 1. Putting x; := y; for 1 < 7 < ¢,
Typjq = xy; for 1 < j < r, and x4 := x(, we obtain a point (z1,...,24) € A which

defines coefficients 7;; as above. By construction, we have z;; = x;; for 7 = ¢ and for
all j € I.. Now, it follows from the equations (3.5.2) with n = ¢ and j < r that x;; =
Ty = iy’ = ¥y for all i with 1 < ¢ < ¢. Similarly, using the equations (3.5.2)
withn = tand j = r, we get x;, = x,y;" = x;" = Ty, forall ¢ with 1 < 7 < ¢. This
proves that the image of (1, ..., x,) under (3.5.7) equals P, and completes the proof of the
lemma. 0
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3.5.3 Height zeta functions

The height zeta function over the good open subset U := Uy(ay, . .., a,) is given by

QU,L(S) = Z HL(IIZ')_S

zcU(K)
We also introduce the formal power series
Zup(T)= Y T, (3.5.8)
(z;)EAD

where

dp(2;) == 7y deg ( S ((a)oo, (Te-11)oc + 05(i)oe; a,(i)o0) ) + & deg (2311_9 ((%)o0) )-

As in the case of the Dedekind zeta function of the base field /', we have the following
relation between the above series.

Lemma 95. With the above notation, we have the following equality
Co,L(s) = Zun(q )

as formal series.

Proof. Let x = (z;) € A? and denote by P, the image of z in U under the map defined in
Lemma 94. Then, we have

HL(Pm) = H sup {|xd‘v7‘xt 1+]x ‘v;‘xt 1+J|U7’xa ‘vul}’YH Sup {’xz‘vul}s

1 Z
v€t1 v Iy

]EIT 1
o
—foyinf,eg, 1{v(:rd v(xt,1+jxij),v(:vt,1+j),v(:p?"")}
= H q JElr—1
inf;ep, 1{1} zq),v(xe— 1+]ac 7y oz 145) }<O
]EIT 1
X H q_f'vfinfiGIi,1 {'U(xt)}7

v
infier, | {v(z:)}<0

where each product runs over all v € Val(K). By taking log, on both sides, we obtain
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logq HL(PfL')
= Z _fv'7 161%£1 {U(xd)7U<xt—1+jx?j)7v(xt—1+j)vU(x?r)}
infi61t71 {v(md),v(mt_l_;,_jxjj),v(mt_1+j),v(mgr)}<0 jelr—l
jEI'r—l

- > —fo€ inf {v(z;)}

p i€l
infier, ,{v(z:)}<0

=7y deg | sup ((Ta)oor (Tr11527 )oor (Tt-115)00s Ar(Ti)oo) | + € deg ( sup ((xi)oo)> :

i€l
j61r71

Since a;(2;)o0 < ar ()00, We can add a;(;) o to each set in the first sum, and use Lemma 93
to get

log, HL(P,)

= deg | sup ((8a)os (014900 + 05 (02)os 0(2)) +£deg(sup <<xi>m>)

i€l 1
jEIr—l
It follows that Hp(P,) ™ = ¢*4(*) hence

Couls) = S Hy(P) ™o = 3 %) = 75,(¢79)

zEAY (zi)eAd

by Lemma 94. This completes the proof of the lemma. [

Analogous to Bourqui in [6], we define the following counting functions Div" (K) — Z
by

R (D) :=#{(z;) € A : dp(z;) = D},
R(D) :=#{(z;) € A" : dp(z;) < D} .

Remark 96. Note that R.,(D) = > o p<p R.(D'), so (R, Ry) form a pu-couple.

It follows from the definition of Zy; 1,(7') in (3.5.8) that

Zup(T) =Y Ry(D)TP).

D>0

The following result is crucial for the study of the series Zy 1,(s), as it allows us to relate
this series to the series that defines the Dedekind zeta function of the field K.
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Lemma 97. The following relation holds

1
Zu (T (ZRL DT )zK(T>'

D>0

Proof. Since (Ry, Ry) is a u-couple, using Lemma 89 , we have

Zy(T) = ZE’L( D)T1deeP Z Z Ry, (D) T4=(P)

D>0 D>00<D'<D
_ Z Z D/ Tdeg (D+D") (Z RL Tdeg ) (Z M(D)Tdeg(Dl)>
D>0D'>0 D>0 D'>0
1
- RL<D>Tdeg<D>) S
( = Zk(T)
where in the last equality we used Lemma 91. This proves the desired identity. [
Associated to L = vh + £ f € Pic(X) big, we define
1 Da, — t
A, =" g HDe—faltt (3.5.9)
gl var +§
Note that by Proposition 30 we have
— o 2 lf AL — BL;
a(L) = max{A,Br} and b(L)= { | if A, £ By, (3.5.10)

We now present the main result of this section, which describes the analytical properties
of the function (7 1(s).

Theorem 98. Let X = Xy(ay,...,a,) be a Hirzebruch—Kleinschmidt variety over the
global function field K = F, (%) with a, > 0. Moreover, let U = Uy(ay,...,a,) be the
good open subset of X, let L. = vh + £ f be a big line bundle class in Pic(Xy(aq,...,a.)),
and let (;,1.(s) be the associated height zeta function. Then, (y,1(S) is a rational function
in q~°. Moreover, (i 1(s) converges absolutely for R(s) > a(L) and it has a pole of or-
der b(L) at s = a(L) with

( qld+2)(1-9)p2 . _ (t-]al
O D e o= Tog(@? if& = <r+1 ) i
. q(d+27NX)<17g)hKRK(1*NX,’YBL*T‘+NX*1) . tf‘a|
im, (s = a(L)"Guss) = 4 T D (B (7ar8)(a—1) o) e < (5 7,
gtV Dh g Rk (1-t,ALé+|al) - t—|a|
\ Cx (ALé+|al)Cx (r+1)v(g—1) log(q) ife > ( 1 ) >

where Nx == #{j € {1,...,r} 1 a; = a,} and

Rk (a,b) :== Z g~ PIrbdeeD) - g5 b € C with R(a +b) > 1

D>0
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Remark 99. 1. The Riemann—Roch theorem (see Section 3.2) implies that

Ry (a,b) = Z q—(af(D)erdeg(D)) + qa(g—l) Z q—(a+b) deg(D)’ (3.5.11)
D>0 D>0
deg(D)<2g—2 deg(D)>2g—2

hence Ry (a,b) = ¢*9~Y(x(a + b) + Sk (a,b) with the finite sum

SK(CL, b) = Z (q—(aﬁ(D)+bdeg(D)) _ qa(g—l)—(a—i-b) deg(D)).

D>0
deg(D)<2g—2

In particular, Rk (a,b) = ¢ *Cx(a +b) if g = 0.

2. As in the case of Hirzebruch—Kleinschmidt varieties over number fields (see [16, Re-
mark 6.8]), the different cases that appear in Theorem 98 give a subdivision of the big
cone of X, i.e. the interior of Ay(X) (see Figure 3.1 for an illustration, where we
assume ¢ > |a| for simplicity). It follows from Theorem 98 that the line bundles L
contained in the ray passing through the anticanonical class have height zeta functions
with a double pole at s = A; = By, while line bundles outside this ray have height
zeta functions with a simple pole at s = max{ Ay, B}

Figure 3.1: Subdivision of the big cone of X. The heights that come from line bundles
contained in the ray passing through the anticanonical bundle induce height zeta functions

having a double pole at s = "L,

Proof. For the sake of the reader’s convenience, we divide the proof into four independent
steps.

Step 1. Rewriting the function R, (D). For positive integers n,m and D € Div'(K), we
define

Va(D) = #{ (@) € &7 s nswp(a) < D

1€1m



3.5. COUNTING RATIONAL POINTS ON HIRZEBRUCH-KLEINSCHMIDT
68 VARIETIES

and

N (D) = # {(xi) €A™ sup (i) = D} .

i€l
Note that (N} | N,,) forms a pi-couple and N1 (D) = (N}(D))™ = ¢™®) (see Section 3.2).

For each integer ¢ > 1, we also define the set
Div, := {D € Div"(K) : v(D) < cforall v € Val(K)},

and note that by the division algorithm all divisor D > 0 can be written uniquely as D =
(¢ +1)Dy + Dy, where D; > 0 and D5 € Div,. Observe also that

Nt ((c+1)Dy + Do) = N{(D;) forall Dy > 0, D, € Div,. (3.5.12)
In particular, choosing ¢ = ¢;, — 1 where
cp = yar +§,
we have that every D > 0 may be written uniquely as
D =c; Dy + Dy, with Dy >0, D, € Div,, 4, (3.5.13)
and for every D’ > 0, we have

D' <D s D <D, (3.5.14)

Now, recalling that d = r + ¢ — 1, it follows from the definition of R (D) and d(z) that

Rp(D)=#<¢ (z;) € A%y sup ((Td)oo, (T1—145)00 + @5(T1)os, 4 (Ti)os) + & sup ((Ti)e) < D

i€l q i€l q
jeI'rfl
— Z Nt,l(D’)#{(x,-) €A” vy sup () oo (Tj)o0 +a;D'ya, D) + D" < D}.
OSD/ jel’ffl

Since
e, D' < sup (1) oo (xj)oo + ajD,v arD,) + &0,

jelr—l
writing D as in (3.5.13) we get (using (3.5.14))
Ry(D)= > Na(D)#{(z:) €A™ iy sup ((z,)ocs ())o0 + ;D' a, D) + (D' < DY
OSDISDI jeIT—l

Furthermore, using (3.5.14) we see that for D’ satisfying 0 < D’ < Dy, the condition

v sup ((¥)oos ()00 + a; D', a,D') + €D < D,

jEIr—l

is equivalent to the system of inequalities

V(x'r)oo S D — gD,7
1aj)ee D = (€4+70;) D', forall j € I, ..
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Therefore, we obtain

r—1
Ry(D)= Y Nea(D)NJ (D —eD) [[N] (D = (€ +7a5) D).
0<D'<D: j=1
Putting a( := 0, we rewrite this identity as
Ri(D)= > Nl H N} (D — (€ +~a;) D'). (3.5.15)

0<D’'<Dy

Step 2. Analysis of the formal series >, R 1(D)T8(P), Let us define
Z RL Tdeg(D
D>0

Using (3.5.13) we have

7.(T) = > Ry (1D + Dy) TeE(cLDi+D2),

D1207D2€D1VCL,1
Fixing now D; > 0, Dy € Div,, _; and using (3.5.15) we have

Ry, (CLDl + DZ) Tdeg(cr D1+Ds2)
r—1
= Z Nt—l(D/> H NiY (CL-DI —+ D2 — (é’ + Vaj) D/) Tdeg(CLD1+D2)

0<D'<Dy j=0

r—1
Z Nt—1(D/) H N{ (er,(Dy = D) + Dy + y(a, — a;)D’) Tdegler(Di—=D)+DateL DY)

0<D’'<Dy

Writing D; — D' = D" with D” > 0 we get (using (3.5.12))

r—1
ZT)= > Nea(D) ][NV (eLD" + Dy +v(ar — a;) D) T8RP HPber D)
D'>0,D">0 7=0
DQEDlch 1
r—1
= Y No(D) ][N (D +y(a, — aj) D) TP T
D>0,D’>0 §j=0

r—1
— S N (D[] N (5D + Dy + (ay — a;) D) DD D)

D>0,D'>0 §=0
D1 €D1V771

r—1
= Z N,_1(D') H N} (D + (a, — aj)D') T P+Drirer D),
i—0

D>0,D'>0
D1€Div,_1



3.5. COUNTING RATIONAL POINTS ON HIRZEBRUCH-KLEINSCHMIDT
70 VARIETIES

Recall that Nx = #{j € {1,...,7} : a; = a,} and note that j = r — N is the largest
non-negative index satisfying a; < a,. Hence, we have

T—NX
Z\(T) = Z Ny 1 (D")N}(D)M>t H N} (D + (a, — a;) D) T9es0D+Drter D),
D>0,D'>0 =0
D1€Div,
Now, define
—Nx
Zz(T> = Z Nt71< H 1—g deg (D)+(ar— aJ)deg(D’)Tdeg(7D+D1+cLD’)
D>0,D'>0 =0
D1€Div,\/,1

Putting A := min{a, —a; : j € {0,...,7 — Nx}} = a, — a,_n,, we note by the Riemann—
Roch theorem (see Section 2.1) that

NH (D + (a, — a;)D') = ¢t 9gee@)F(ar—ai)deelD) forafl j € {0,...,r — Nx},

provided deg(D + AD’) > 2g — 2. This implies

’!‘—NX
7,(T) ~ 1(T) = S Na(D)N(Dy ( [ V(D + (0, —a)D)
D>0,D'>0 Jj=0
deg(D)+Adeg(D’)<2g—2
D16D1V771
r—Nx
_q(r+1—NX)(1—9) H qdeg(D)+(ar—aj)deg(D')> Tdeg(yD+Di+erD’)
=0
= P(T) Z Tdes(D) (3.5.16)
D1€Div._1

where P (T") € Q[T1], since A > 0 and there are only finitely many pairs of divisors D >
0, D" > 0 satisfying deg(D + AD') < 2g — 2. Next, we further compute

Zo(T) =¢" =N (Z N,_(D")q{(r+1ar—lal) dea(D") res deg<D>>

D'>0

(Z Nl NX 1 7‘+1—NXT'7)deg(D)> Z Tdeg(Dl)

D>0 Dy €Div,_y
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Putting

Zg(T) q(T+1 Nx)( (Z Nt 1 (T+1 ar—|a|) deg(D’ )TCLdeg(D’)>

D'>0

% (q1—9+deg(D))NX_1 (qr+1—NXTv)deg<D>> 7rdeg(D1)
= 2

D1€Divy 1

:qr(l—g) ( Z Nt_l(D/)q((r—&-l)ar—h\) deg(D’)TcL deg(D’))

D'>0

> (Z (quV)deg(D)> Z Tdeg(D1)

D>0 D1€Div,_1

we have, using the Riemann—Roch theorem once more, that

ZQ(T) — Zg(T) :q(TJFl (Z Nt 1 r+1)ar \a|)deg(D’)TcL deg(D’)

D’>0

(3.5.17)
% PQ(T) Z Tdeg(D1) ,
D16D1V7,1
with

_ —otde Nx—1\ / po1— deg(D

P(T) = Y (Nll(D)NX L (gimordes(D)) N >(q H=Nxp)dsP) ¢ gy,

D>0
deg(D)<2g-2

Step 3. Rewriting the formal series Zs(7)). Taking into account that (N} ,, N, ;) is a
p-couple, and using Lemma 97, we have

Z N, N ¢\(r+Dar—al) deg(D") ey, deg(D')
D’>0

=Y ) D= DN (D)glrterlal destDiper des(D)
D>00<D'<D

=53 U(D)NL (D!)gllr Ve lah deg(DD) e des(D+D)
D>0D'>0

= (Z Nll(D/)t—lq((r+1)a,-—|a\)deg(D')TcL deg(D') ) (ZM ((r+)ar— |a|)deg(D)Tcheg( ))
D’>0 D>0

/ / ].
— 1/ nt—1 ((r+1)ar—|a|) deg(D’) ey, deg(D’)
(Z Ni (D) q T > Zx (qUr+Dar—lalTer)”

D'>0
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Using again the Riemann—Roch theorem, we obtain

Z Nt—l (D/)q((r—l—l)ar—\aI) deg(D')TCL deg(D")

D’>0
! / ! 1
_ (t=1)(1—g) ,(t—1) deg(D") ,((r+1)ar—|a]) deg(D") ey, deg(D')
(Z q q q r + P 3(T)> Zc (q(rDar—lal Ter)
D'>0

1

—_ (,t=1)(1~-g) (r+1)ar—|a|+t—1pcg
(q ZK (C] T ) + P3<T)) ZK (q(T+1)ar*|a\TCL)’

where

Py(T) = Z (Nll(Dl)t—l _ q(t—l)(l—g—l-deg(D’))) g((r+Dar—lal) deg(D") ez deg(D) & [,
D'>0

deg(D')<2g—2
We conclude
Z3(T) = (q(t—l)(l—g) 7k (q(r+1)ar—|a\+t—1TrJL) + Pg(T))

r(l-9) 7 Y (3.5.18)
X Zq (q(r‘*'l)l‘i‘(_(l]a'Tci) Z Tdeg(Dl)
K D1€Div,_4
Note that, by (3.5.17), we also get
ZQ(T) _ Zg(T) :q(r+1—Nx)(1—g) (q(t—l)(l—g) 75 <q(r+1)ar—la\+t—1TCL) + Pg(T))
(3.5.19)

Py (T) Z des(D1)

e <q(7‘+1)a1.—\a|TcL) b &5
1 WVy—1

Step 4. Analytic behaviour of (;; 5(s). Since all D > 0 can be written as D = yD; + D,
with D; > 0 and D, € Div,_;, we have

Zx(T) = (Z Tvdeg(D)> Z deg(D)

D>0 DeDiv,_1
This implies

Z Tdeg(D) _ Lk (T)
Zr(TV)

DEDivy_1
and by Lemma 97 together with (3.5.16) we get
Z(T) _ Zo(T) | A(T)

T k(1) Zae(T)  Zy(T)

ZU,L(T>

Then, using (3.5.19) we have

_ Zg(T) n q(d+1—NX)(1—9)P2(T) Zx <q(r+1)a7.—\a|+t_1TcL)
Z(T) Zic (q Do —IalTer) 7, (T7)

g(rH1=Nx)(1=9) P3(T)P(T) Py(T)

A% (q(r+1)ar—|a\TCL) ZK(TV) ZK(T'Y)

ZUJJ(T)

_|_
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Finally, using (3.5.18) we get

qd(l—g) 7 (q(T+1)ar—\a|+t—1TcL) 7K (quw) qr(l_g)Pg(T) T (qu,y)
ZK (q(r+1)ar*|a|TcL) ZK(T'y) ZK (q(r+1)arf|a\TcL) ZK(TA/)
q(d+1—Nx)(1—g)p2(T) 7k (q(r+1)ar_|a‘+t—1TCL) qr+1=Nx)(1=9) Py (T) Py(T)
yA% (q(r+1)ar—\a|TcL) ZK(TV) Zx (q(T+1)ar*|a\TcL) ZK(TV)
LAl
Zi(T)

ZU,L(T) =

+

+

By Lemma 95 we conclude

¢k (var + &) s — ((r + 1)a, —Ja| +1 — 1)) Cx(ys — 1)
Ck ((var +&) s = ((r + 1)a, — |a])) Cx (vs)

n ¢ Py(q )¢ (s — 1)

Ck ((var +&) s = ((r + 1)a, — |a])) Cx (vs)
g NI Py (g ) ke ((var +€) s — ((r + 1)a, — |a] + — 1))

¢k ((var +&) s = ((r + 1)a, —[a])) Cx(vs)

N q(r+1fNX)(1—g)P3(q—s)P2(q—s) P (q—s)

(i ((var + &) s = ((r +1)ar — a])) (i (ys) — Clys)
It follows from the properties of the zeta function (x(s) (see Section 3.2) that (y . (s) is

a rational function in ¢—*. Moreover, using Corollary 92 and (2.10.4) we see that (1 (s)
converges absolutely for

CU,L(S) =

+

R(s) > max{Ar, Bp} = a(L),
with Ay, By, defined in (3.5.9). Finally, recalling that » > 1,¢ > 2, we get the following
properties:

1. If AL = By, then (y1.(s) has a pole of order 2 at s = a(L) with

. B ) - ¢71-9) (Resszlg((s))2
(s = el wrls) = 2 e T (e
@42)(1-0) 2

(v + ar&)y(q — 1) log(q)?

Cr(t)Cr(r+1

—_ K —

2. If A;, < By, then (yy 1,(s) satisfies

lim (s — a(L))¢u,L(s) = ("¢ (vBy — 1) 4 ¢ N0 Py (g~ Pry)

s—a(L)
o Res,—1(k(s)
Cr (t) Cx (vBr) (var +§)
— (qd(lig)CK(’YBL —r)+ q(d+1*Nx)(1fg)p2(quL))
y hiq'™?
Ck () Cx(YBL) (var + €)(q — 1) log(q)”
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From the definition of P»(T") and (3.5.11) we have

I (YBy — 1) 4 ¢ NI0-9) py (g~ Br)

:q(d+1—NX)(1—g) Z q(NX—l)Z(D)+(T+1—NX—WBL)deg(D) + qd(l—g) Z q_(’YBL_"') deg(D)
D>0 D>0
deg(D)<2g—2 deg(D)>2g—2

:q(dJrliNX)(lig)RK(l — Nx,’)/BL —7r+ NX — 1)

Since this value is positive, we conclude that (7 1 (s) has a simple pole at s = a(L) in
this case.

3. If A, > By, then (y 1(s) satisfies

lim (s —a(L))Cun(s) = (¢™ ¢k (yar + &) AL = ((r + Da, — |a] + ¢ — 1)) + ¢" "9 Py(q~ )

s—a(L)
" Res—1(k(s)
Cr ((var + &) Ap — ((r + Da, — |a])) Cx(r + 1)y
— (qd(l—g)CK (AL +la] —t+1) + qr(l—g)pg(q—AL))
« hiq' ™9
Cre (A& + al) Cre(r + 1)y(g — 1) log(q)

Using the definition of P3(7") and (3.5.11), we get

¢TI (AE+|al —t 4+ 1) + I Py(g )

:qr(lfg) Z qf(D)(tfl)*deg(D)(ALéJrla\) + qd(lfg) Z q*(AL€+|a|*t+1)deg(D)
D>0 D>0
deg(D)<2g—2 deg(D)>2g—2

=¢" IRy (1 —t, A& +|al) .

As in the previous case, we conclude that (;; 1, (s) has a simple pole at s = a(L).

Since the condition A;, = By, (resp. A, < By, Ap > Bp) is equivalent to { = (t’—w) 7y

r+1
t—|a| t—|a| . .
(resp. £ < (m> v, € > (m> v), the desired result follows from the properties stated
above. This completes the proof of the theorem. 0

The much simpler case when a,. = 0 is given by the following theorem, where we see that
there is no need to remove a closed subvariety of X = X,(ay,...,a,) and we can directly
give the analytic properties of the height zeta function

CX,L(S) = Z HL(P)_S.

PeEX(K)

Note that, in this case, we have
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Theorem 100. Let X ~ P’ x P*~! be a Hirzebruch—Kleinschmidt variety over the global
function field K = F (%) with a, = 0 and let L = yvh + £ f € Pic(X) big. Then, the height
zeta function (x () is a rational function in q—°. Moreover, (x 1.(s) converges absolutely
for R(s) > a(L) and it has a pole of order b(L) at s = a(L) with

q(d+2)(1—g)h§(

e [t
Cx (O Ck (r+1)7E(g—1)% Tog(q)2 ife= (7”+_1) 7

: Cpr (YBr)hgqt1—9) .

i, (s = (L) Mxn(s) = | G ogw ife < (75) s
Cpt—1(EAL)hgqrD(A—9) . "

R () (gD Tog(@) if&> ()

Proof. By (3.5.1) we have
Cx,(8) = Cpr(v5)Cpe-1(E3).

Then, using Theorem 84, we see that (x 1(s) is a rational function in ¢~° and it converges
absolutely on R(s) > max{ A, B} = a(L). Moreover, we have the following properties:

1. If A, = By, then (x (s) has a double pole at s = a(L) with

sl}cIL](aL)(S —a(L))*Cxn(s) = ReSa—r1 CPT(‘:);{ess:t Cpr-1(8)

- B2 ¢(#+2)1-0)
€l (r + 1)Ck (8)(g — 1) log(q)?

2. If A;, < By, then (x 1 (s) has a simple pole at s = a(L) with

sl}glL)(s N a(L))QX,L(S) = Ger (PYBL) Re;s:t CIF’t—l(S)
— Cpr (VBL)tht(l—g)
¢k (t)(q — 1) log(q)

3. If A, > By, then (x 1(s) has a simple pole at s = a(L) with

s_ljf&)(s —a(L))CxL(s) = Resy—r41 (PT’(YS)CPtl(fAL)
G (EAL) hggrTH )
Wk (r+ 1) (g — 1) log(q)’

These cases correspond exactly to & equal, less than, or greater than (H%) , respectively. This

proves the theorem. 0
3.5.4 The anticanonical height
We now prove Theorem 7 from the Introduction. We choose L = —Kx = vf +&f

withy =r+1and§ =t —|a|. Hence, A, = B, =1, a(L) = 1 and b(L) = 2. The absolute
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convergence of (y_x, (s) on R(s) > 1 and the fact (i, (s) is a rational function on ¢—*
follows directly from Theorems 98 and 100. Now, assuming a, > 0, we get by Theorem 98
the equality

lim(s — 12— () = C

with C' given by (0.0.5). This proves the result in the case a,, > 0. Assume a, = 0. Then,
Theorem 100 gives

lim(s — 1)*Cx, ko (s) = C

s—1

with the same C' as before. Now, by Lemma 87 we have

del(al, c. ,GT) LJ (]P)I \ {Po}) (] (|—|2§t/<t Ut/+r,1(a1, Ce ,ar)) if r > 1,

X\U ~
P U BU AR U ( Lz D) ifr - 1,
with Xy 1(ay,...,a,) =~ P! x P""!in the case r > 1. Using Theorems 100 and 84, we see
that
Cowerx(s):= Y. H(P)™
PeX(K)\U(K)

has a simple pole at s = 1. We conclude that
lim (s — 1)%Cr ey (3) = lim(s — 1)2Cx, ey () = C.

This completes the proof of Theorem 7.

3.5.5 Example: Hirzebruch surfaces

Given a > 0 let X := X;(a) be a Hirzebruch surface and L = vh + £f € Pic(X) big.
By Lemma 87 we have
X ~P'UA' U (a), (3.5.20)

with associated height zeta functions (p1(£5s), (a1 (7s) = (pr(ys) — 1 and (y 1. (s) where U :=
Ui (a). In this case we have

AL:E, B, — a+27

gl va+¢§

and the analytic properties of (y 1 (s) are given in Theorem 98. In particular, it converges
absolutely in R(s) > max{Ay, By}, is has a pole at s = max{ Ay, B}, and this pole is of
order two if A;, = By, and of order one otherwise. For the zeta function (y:(ys), we see
that it converges absolutely in R(s) > Ay, it has a pole at s = Ay, and this is a simple pole.
Finally, the zeta function (p1(£s) has no finite abscissa of absolute convergence if £ < 0, and
it converges absolutely in $(s) > % with a simple pole at s = 2 if £ > 0. This allows for a
complete analysis of the contribution of each component in (3.5.20) to the number of rational
points of bounded height [ in X.

In order to illustrate this, we choose a = 1 for simplicity. In the following table we
denote by 01, 02 and o5 the abscissas of absolute convergence of (p1(5s), (a1 (7ys) and (p,1.(S),
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respectively, for the first possible choices of v > 0 and p > —ay (so that L is big). We also
record the order b(L) of the pole of (i 1(s) at s = o3.

Y| &€ | oy | o9 | o3 | b(L)
1] 0 |oo| 2 3 1
Iy 112 2 2 1
1] 2 1 2 2 1
2| —-1|o0| 1 3 1
200 |oo| 1 [3/2] 1
211 |2 1 1 2
30 -2 00| 2/3 I
301 00| 2/3]3/2] 1
310 [o00|2/3] 1| 1
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