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Abstract

Rational points on K3 surfaces
by

Ronald Martinus van Luijk
Doctor of Philosophy in Mathematics

University of California, Berkeley

Professor Hendrik Lenstra, Chair

In this thesis I consider several problems of a Diophantine nature that relate to algebraic
surfaces.
Frits Beukers has asked whether there is an integral matrix

0 b
a &
b 0

o O QR

with all its eigenvalues integral and not in {0, £a, £b, £c}. Using the theory of elliptic
surfaces, I show that up to scaling infinitely many such matrices exist.

A Heron triangle is a triangle with integral sides and integral area. There are
pairs of nonsimilar Heron triangles with the same area and the same perimeter. The
problem of finding three such triangles, brought to my attention by Richard Guy, can
again be solved with the use of elliptic surfaces. I show that for each positive integer N
there is in fact an infinite parametrized family of N such triangles.

In both cases, the solution involves showing that the set of rational points on a
certain K3 surface is Zariski dense. I also compute the geometric Picard number of these
surfaces. This important geometric invariant equals the rank of the Néron-Severi group
of the surface over an algebraic closure of its base field. This group, consisting of divisor
classes modulo algebraic equivalence, has rank at most 22 for K3 surfaces.

In general, little is known about the arithmetic of K3 surfaces, especially for
those with geometric Picard number 1. I prove that in the moduli space of polarized K3
surfaces of degree 4, the set of surfaces defined over Q with geometric Picard number
1 and infinitely many rational points is dense in both the Zariski topology and the
real analytic topology. This answers a question posed by Sir Peter Swinnerton-Dyer
and Bjorn Poonen. Its effective proof, citing explicit examples, also disposes of an old
challenge attributed to David Mumford.

For the convenience of the reader, I provide proofs of several theorems involv-
ing constructions of elliptic surfaces and the behavior of the Néron-Severi group under



reduction. Some of these results are well known to experts, but a substantial search in
the literature failed to reveal complete proofs. I also give a scheme-theoretic summary
of the theory of elliptic surfaces, including a new proof of the classification of singular
fibers.

Professor Hendrik Lenstra
Dissertation Committee Chair
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Chapter 1

Introduction

For millennia, mathematicians have been fascinated by what we now call Dio-
phantine equations. These are systems of polynomial equations with integral coefficients
for which we seek integral or rational solutions. A typical example of a result is the
existence of infinitely many Pythagorean triples of coprime integers (a, b, ¢), which sat-
isfy a® + b?> = 2. The solutions to this equation correspond to rational points on an
algebraic curve. Some Diophantine problems however, ask for the existence of rational
points on varieties of higher dimension. The geometry of these varieties governs their
arithmetic, but how exactly is not clear at all. This is one of the main problems of
higher-dimensional arithmetic geometry. Many fundamental questions about the distri-
bution of rational points on algebraic surfaces are still wide open. With the arithmetic
of curves being understood as well as it is, the third millennium is ripe for these higher-
dimensional questions.

This thesis focuses on the case of so called K3 surfaces, which are the 2-
dimensional analogues of elliptic curves in the sense that their canonical sheaf is trivial.
Smooth quartic surfaces in P3 are examples of K3 surfaces. Little is known about the
arithmetic of these surfaces. It is for instance not known whether there exists a K3 sur-
face over the rational numbers (or any number field) on which the set of rational points
is neither empty nor dense.

As rational points on surfaces tend to accumulate on low genus curves, the
study of divisors on surfaces is an important tool. The group of divisor classes modulo
algebraic equivalence on a surface X is called the Néron-Severi group of X. For a K3
surface the Néron-Severi group is a finitely generated free abelian group. Together with
the intersection pairing it carries a lot of combinatorial information. Its rank is called the
Picard number of X, denoted p(X). Bogomolov and Tschinkel proved in [BT] that if X
is a K3 surface over a number field K with p(Xz) > 2, then in most cases the rational
points are potentially dense. This means that there is a finite extension L of K such that
the set X (L) of L-rational points on X is Zariski dense in X. Nothing is known about
potential density of rational points on K3 surfaces X with p(X3) = 1. In fact, until
recently it was an old challenge, attributed to Mumford, to find even just one explicit



example of a K3 surface X over a number field K with p(X5) = 1. This challenge will
be disposed of in Chapter 5, where we will see explicit examples of such surfaces with
K = (@ that also contain infinitely many rational points. Moreover, we will prove that
the set of such surfaces is dense in the moduli space of polarized K3 surfaces of degree
4, in both the Zariski topology and the real analytic topology.

For the convenience of the reader, Chapter 2 describes all the prerequisites with
a proof or a reference. Most importantly this chapter contains a treatment of Shioda’s
theory of elliptic surfaces in a scheme-theoretic language, a new proof of the classification
of singular fibers, some constructions of elliptic fibrations, and the behavior of the Néron-
Severi group under good reduction. For these last results no complete proof appears to
be available in the literature.

Chapters 3 and 4 both solve an explicit 2-dimensional Diophantine problem.
The solutions make use of elliptic K3 surfaces. In each case we find the full Néron-Severi
group of the surface involved and use this for a deeper study of the geometry of the
surface.



Chapter 2

Lattices and surfaces

2.1 Lattices

In this section we will define lattices and finite quadratic forms and we will state some
results with proof or reference for later use.

For any abelian groups A and G, a symmetric bilinear map A x A — G is called
nondegenerate if the induced homomorphism A — Hom(A, G) is injective. We will not
require a lattice to be definite, only nondegenerate.

Definition 2.1.1 A lattice is a free Z-module L of finite rank, endowed with a symmet-
ric, bilinear, nondegenerate map (__,_): L x L — Q, called the pairing of the lattice.
An integral lattice is a lattice whose pairing is Z-valued. A lattice L is called even if
(x,x) € 2Z for every x € L. A sublattice of L is a submodule L' of L, such that the
induced bilinear map on L' is nondegenerate. A sublattice L' of L is called primitive
if L/L' is torsion-free. The positive or negative definiteness or signature of a lattice is
defined to be that of the vector space Lg together with the induced pairing.

Remark 2.1.2 From the identity 2(z,y) = (z +y,z +vy) — (x,x) — (y,y) it follows that
every even lattice is integral.

Remark 2.1.3 If L is a lattice, then its pairing induces an inner product on the vector
space L¢, i.e., a nondegenerate symmetric bilinear map Lg X Lg — Q.

Definition 2.1.4 If L is a subgroup of a lattice A, then the orthogonal complement L+
of L in A is
Lt ={zeA|(z,y)=0 foralyec L}

Lemma 2.1.5 If L is a sublattice of a lattice A, then its orthogonal complement L is
a primitive sublattice of rank equal to rk A — vk L. We have (L*Y)* = Lg NA.



Proof. To prove that L+ is a sublattice (i.e., the induced pairing on Lt is nondegen-
erate) of the right rank, we may tensor with @ and prove a similar statement for the
corresponding inner product spaces. This is an easy exercise, see for instance [La], Prop.
XV.1.2. The most important hypothesis is that the induced inner product on L¢ is non-
degenerate. The fact that L+ is primitive follows immediately from the definition of L+
and the fact that the pairing is bilinear. From the relation between the ranks we find
that (L))" is a sublattice of A, containing the primitive sublattice L' = Lg N A, with
the same rank as L'. This implies (L+)+ = L. O

Definition 2.1.6 For a lattice L with pairing (__, ), we denote by L(n) the lattice with

the same underlying module as L and the pairing n - {(_,_).
Definition 2.1.7 Let M be a module over a commutative ring R with a map (__, _): M X
M — R. Then the Gram matrix with respect to a sequence x = (x1,...,x,) of elements

in M is I, = ({(zi, ;)i

Definition 2.1.8 The discriminant of a lattice L is defined by disc L = det I, where I,
is the Gram matriz with respect to any Z-basis x of L. A lattice L is called unimodular
if it is integral and disc L = +1.

Lemma 2.1.9 Let L' be a sublattice of finite index in a lattice L. Then we have disc L' =
[L: L']?disc L.

Proof. This is a well known fact, see also [Shi3], section 6. O

Definition 2.1.10 LetV be a finite dimensional inner product space over a field k. Then
the discriminant discV of V is defined to be the image in k*/(k*)? of the determinant
of the Gram matriz associated to any basis of V.

Remark 2.1.11 The discriminant of an inner product space V of dimension n is well
defined because the determinants of the Gram matrices associated to two different bases
differ by a square factor. For k£ = Q this discriminant is equal to the image in Q*/ Q*? of
the discriminant of any lattice in V' of dimension n. This fact will be used in chapter 5.

Definition 2.1.12 Let L be a lattice. We define the dual lattice L* by
{r €Ly | (z,y) €7 forally € L}.

Lemma 2.1.13 Let L be an integral lattice. Then |disc L| = [L* : L].

Proof. There is an isomorphism L* = Hom(L, Z). If x is a basis for L, then the dual basis
2’ of Hom(Lg, Q) generates Hom(L,Z) as a Z-module. Hence, for the Gram matrices
I, and I we find I, = I;'. Thus, discL* = 1/(disc L). By Lemma 2.1.9 we have
disc L = [L* : L)*disc L*, from which the equality follows. O



Lemma 2.1.14 Let A be an integral lattice with sublattice L and set L' = Lg N A inside
Ag. Then the orthogonal projection m: A — Lg is contained in L™. If L is unimodular
then the image is exactly L and A is the orthogonal direct sum of L and L.

Proof. Take z € A, then for every z € L' we have (r(x),z) = (x,2) € Z, so we find
m(x) € L. If L is unimodular, then we have L* = L™ = L' = L, so we get m(A) C L.
As we obviously have L C 7m(A), we conclude m(A) = L. The kernel of 7 being L+, we
get a short exact sequence 0 — L+ — A — L — 0. The final statement follows from the
fact that the inclusion L C A is a section whose image is orthogonal to L. O

Lemma 2.1.15 Let A be a lattice with sublattice L. Then we have

disc(L+ @ L) = (disc L) (disc L) and
disc L+ = disc A - [A : Lt & L)?/ disc L.

Proof. By taking bases for L and L+ and using the union as a basis for L+ @ L, we
easily verify the first equation. By Lemma 2.1.5 the lattice L' @ L has finite index in A.
By Lemma 2.1.9 we find disc(L+ @ L) = [A : L+ @ L]?disc A. Combining this with the
first equation, we find the second equation. O

We will now define discriminant forms as defined by Nikulin [Ni], § 1.3.

Definition 2.1.16 Let A be a finite abelian group. A finite symmetric bilinear form on
A is a symmetric bilinear map b: A x A — Q/Z.

A finite quadratic form on A is a map q: A — Q/27, such that for alln € 7
and a € A we have q(na) = nq(a) and such that the unique map b: A x A — Q/Z
determined by q(a + a') — q(a) — q(a’) = 2b(a,a’)mod 27 for all a,a’ € A is a finite
symmetric bilinear form on A. The form b is called the bilinear form of g.

Lemma 2.1.17 Let L be an even lattice and set A, = L*/L. Then we have #A =
| disc L| and the map

qr.: A, — Q/2Z: v — (z,x) + 27
s a finite quadratic form on Ap.

Proof. The first statement is a reformulation of Lemma 2.1.13. The map qr, is well
defined, as for z € L* and A € L, we have (z + X,z + \) — (z,z) = 2(x, \) + (\, \) € 2Z.
The unique map b: Ap x A;, — Q/7 as in Definition 2.1.16 is given by (a,a’) — (a,a’)+7,
which is clearly a finite symmetric bilinear form. Thus, ¢r, is a finite quadratic form. [J

Definition 2.1.18 If L is an even lattice, then the map qr, as in Lemma 2.1.17 is called
the discriminant-quadratic form associated to L.



Lemma 2.1.19 Let L be a primitive sublattice of an even unimodular lattice A. Let
L+ denote the orthogonal complement of L in A. Then qr = —q; ., i.e., there is an
isomorphism Ay — ApL making the following diagram commutative.

AL i‘ALL

(IL\L \Lqu
(—1]

Q/27 —= Q)27

Proof. See [Ni], Prop. 1.6.1. O

Lemma 2.1.20 Let A be a integral lattice with sublattice T and set T" = Ty N A and
L =T and A = AJT. Let m > 0 be an integer satisfying mT'* C T'. Then the
orthogonal projection A — Ty induces a homomorphism A — T™ /T whose kernel M
has finite index in A. The orthogonal projection A — Lg induces a homomorphism
v:A— %LQL* with kernel Avors = T"/T. The homomorphism v maps M isomorphically
to L.

Proof. Let 77, and mr denote the orthogonal projections A — Lg and A — Tf re-
spectively. It follows from Lemma 2.1.14 that the images of 7y and mp are contained
in L* and T" respectively. To show that the image of 7, is also contained in %L, take
x € A and set y = mp(x) € T and z = 7(z) € L*. Then z = y + z, and as we
have my € mT"™ C T C A, we get mz = mx —my € A, so mz € ANL* = L. The
kernel of 77, is L+ = T", see Lemma 2.1.5. This implies that 77, induces a homomorphism
v: A=AN/T — %L N L* with kernel 7"/T, which is exactly Ators.

The map 77 induces a homomorphism A — T"* /T with kernel L+ T. Thus this
homomorphism induces a map §: A — T" /T with kernel M = (L + T')/T. Because the
cokernel of ¢ is finite, M has finite index in A. As we have L N'T = (0), the quotient
map A — A restricts to an injection ¢: L <— A whose image is M. Since the composition
~vot=mp|r is the identity on L, we find that v sends M isomorphically to L. O

Let A be an integral lattice with sublattice 7" and set 7" = T, N A. Applying
Lemma 2.1.20 to the sublattice 7" of A, we find that A/T” injects into =L with L = T+,
so A/T" also has the structure of a lattice. Its discriminant is related to those of A and
T by the following lemma.

Lemma 2.1.21 Let T be a sublattice of a lattice A and set T = Ty N A. Then A/T" is
a lattice and we have

(disc T')(disc A/T")
[(A/T)ors*
Proof. By Lemma 2.1.9 the right-hand side does not change if we replace T by T". In

that case A/T" is a lattice by Lemma 2.1.20. It has no torsion, so the equality follows
from the short exact sequence 0 — 7" — A — A/T" — 0 of lattices. O

disc A =



The following lemma will be used later to understand the intersection pairing
on the free abelian group generated by the irreducible components of a fiber of an elliptic
fibration.

Lemma 2.1.22 Let S be a nonempty finite set, let G be the free abelian group on the
elements of S, and let ' = Y g.gne® be an element of G. Let G x G — Z be a
symmetric bilinear map, denoted by (g,h) — g - h. Consider the following statements.

(i) For all ©,® € S with © # ® we have © - ® > 0 (effectivity hypothesis).
(ii) We have ng >0 for all©® € S and F -y =0 for all y € G (fiber hypothesis).
\/

(i1)) We have F #0 and ng >0 for all©® € S and F -y =0 for all y € G (alternative
fiber hypothesis).

(iii) For all ©,® € S with © # ® there is a sequence of elements © = Vo, Uy, ..., ¥y =
O such that W;_1 - ¥; >0 for 1 <1 <t (connectedness hypothesis).
(iv) The greatest common divisor of the ng in (ii) is 1 (simplicity hypothesis).
a) We have y?> <0 for ally € G.
b) We have y? = 0 if and only if ay = bF for some a,b € 7 with a # 0.
)

C

—_ S

The group G/(F) inherits the structure of a negative definite lattice.

Then (i), (i)', and (iii) together imply (i), while (i) and (ii) together imply (a), the
statements (1)—(iil) together imply (b), and the statements (i)—(iv) together imply (c).

Proof. For the first implication, suppose that there exists ©® € S with ng = 0. Then
from F'-© = 0 and (i) and the fact ng > 0 for all € S we find ng =0 for all & € S
with ® - © > 0. Using the same argument, by induction we find ng = 0 for all € § for
which there exists a sequence © = W, Uy,..., VU, = & as in (iii). By (iii) such a sequence
exists for all ® € S, so we find ng = 0 for all ®, which contradicts (ii)’.

For the remaining implications we will follow the proof of Bombieri and Mum-
ford, see [BM], p. 28. For a similar proof, see [Si2], Prop. III.8.2. Assume (i) and (ii),
write y = Y ag® with © € S and ag € Z and set zg = ag/ne. As we have ng > 0 and
©-® >0 for ©,P € S with © # @, the inequality zoze < (23 + 23) implies

y? = Z rTeoTenene® - ©

0,bes
1 1
< Z rEn0 -0 + Z §x2@n@nq>® -0+ Z §x%n@n¢@ - ®
2) 0+£d s
= Zx%n%@ -0+ Z rEnens© - & = Zm%n@@ -F=0.
2) 0+£d o

Now assume also (iii). For (b), if we have equality y? = 0, then for all ©, ® with ©-® # 0
we have zg = x¢. Hence for a sequence as in (iii) we find zg = zg, = ... = vy, = To.
Thus, we have ay = bF for any a,b € Z with 2 = zo for any ©. Finally, if we assume



(iv), then G/(F) is torsion free, and thus free. As F'-y = 0 for all y € G, the map
G x G — 7 induces a symmetric bilinear map G/(F) x G/(F) — Z. It is nondegenerate
by (b) and negative definite by (a). O

Remark 2.1.23 Table 2.1 gives some examples of groups G with a map G x G — Z
denoted by (g, h) — g - h that satisfy all assumptions and statements (i)—(iv) of Lemma
2.1.22. The first column contains the names (also called the type) of the examples for
future reference. The second column states the rank of G. The third column shows a graph
describing the map G x G — Z. The graph contains » = rk G vertices. The group G is the
free abelian group on these vertices. For any two vertices © # ® the number O - ¢ equals
the number of edges between © and ®. The integers at the vertices are the coefficients
ne for the element F' = > ngO as in Lemma 2.1.22. The self-intersection numbers ©2
can be computed from F' - © = 0. The map G x G — Z is then uniquely determined
by bilinear extension. The lattice G/(F") is isomorphic to the opposite of a standard
root lattice, stated in the fourth column (see Definition 2.1.6). For a description of the
notation A,, D,, and E,, see [CS], § 4.6-8, or [Bo|, § VI.4. For more on the occurrence
of root lattices, see Remark 2.1.25. The fifth column contains the number n(!) of vertices
© with ng = 1. This number is equal to the absolute value of the discriminant of the
lattice G/(F'), see [CS], Table 4.1.

The following proposition says that the examples of table 2.1 yield in fact
all possible examples satisfying certain extra hypotheses. The proof is a combinatorial
exercise. This Proposition is used to classify the singular fibers of elliptic surfaces. Several
proofs are available, see for instance [Kol], Thm. 6.2, or [Si2], Thm. IV.9.4, or [Ne], or
[Ta3]. Some of these proofs use additional geometric hypotheses. All proofs distinguish a
fair number of cases. We have included a proof different from all the above that is clean
and efficient, distinguishing only a small number of cases.

Proposition 2.1.24 Let G be the free abelian group on a nonempty finite set S with an
element F = > ng® and a map G x G — 7 satisfying all assumptions and statements
(1)-(iv) of Lemma 2.1.22. Assume moreover that for all © € S we have ©% > —2 and
©? is even. Then the triple consisting of the group G, the element F, and the pairing
G x G — Z is isomorphic to one of the examples given in Table 2.1. If we have #S > 1,
then ©% = —2 for all©® € S.

Proof. Let A be the graph on S with © - ® edges between © and ¢ if © # ®. By a path
in A we mean a sequence V¥yq,..., W, such that ¥; - W;,; # 0 for j =1,...,7 — 1 and
such that ¥; # W, for ¢ # j. We will first deal with a few exceptional cases. If we have
#S =1, say S = {0}, then the fiber hypothesis and the simplicity hypothesis together
give F' = 0, so G is of type Iy. For #S5 > 1, suppose that there are © # ® such that
© - ® > 2. Then since we have ©% > —2, the equation 0 = F - © = > ng¥ - O gives

2ng > —ned? = Z ngV- -0 > negd -0 > 2ng.
U460



Type r=1kG Configuration ‘ G/(F) ‘n(l)‘
I 1 ol 0 1
I 2 l.:.]' Al(il) 2
1p -~
I, (n>3) n 14 o1 Ay (-1 | n
1 1
1
I; 5 1—_2}_.1 Dy(~-1) | 4
1
1 1
I'!( n>1)| n+5 >2—2——2—2< Dpia(=1) | 4
1 1
1 2\3 /1
v+ 7 {2 Ee(-1) | 3
1
1+ 8 12 34 3 21 Er(-1) | 2
2
1 2 4 56 3
I 9 3 4 Ey(—1) | 1
2

Table 2.1: groups satisfying the hypotheses of Lemma 2.1.22
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By symmetry we find ng = ne and from equality we find 02 = ®> = —2 and © - & = 2,
and ¥ -0 = U -® =0 for all ¥ # ©,®. From the connectedness hypothesis we find
#5 =2, s0 GG is of type Is.

From now on, we will assume #S5 > 2 and for all ©,® € S with © # ® we have
©-® e {0,1}. For ® € S let C(P) denote the set of © € S with © - & = 1. We will first
prove the following statements.

(A) For all ® € S we have $? = —2.

(B) For all ® € S we have 2ne = 3 yec(a) nw-

(C) For all ® € S and © € C(®) we have ng > %n@ with equality if and only if
Cc(e) ={o}.

(D) For all ® € S and © € C(®) with ng = ne we have either C(®) = {©, U} for some
¥ with ny = ng or C(®) = {0, U1, ¥y} for some ¥y, Uy with ng, = ny, = 3ne.
In the latter case we have C(V¥;) = {®} for : = 1, 2.

(E) For all ® € S and © € C(®) with ne < ne < 2ne we have C(®) = {O,V} for
some ¥V # O with ny = 2ng — ne.

(F) For all ® € S and © € C(®) with ne < ne the integer m = ng — ng divides ng
and there is a sequence Uy = ©, ¥y = & U3, ..., U, of r = ng/m elements of S,
such that C(V;) = {V,;_1,¥;41} for j =2,...,7 —1 and C(V,) = {¥,_1}, and
ny; =(r+1-jmforj=1,...,r.

~
~

. \1’1 =0 ‘112 =& @3 ‘Ijr72 ‘Ijrfl \Ijr
» . 4 o — — — — @ L 2 L ]
-7 rm (r—1)m (r—2)m 3m 2m m

e
-

To prove (A), note that by Lemma 2.1.22 we have ®* < 0 with equality if and
only if a® = bF for some a,b € Z with a # 0. From #S > 2 and the inequality ng > 0
for all U € S, we conclude that equality does not hold, so ®? < 0. As we have ®? > —2
and ®? is even, we get ®? = —2. From F-® = 0 we find —ne®? = > we nw¥ - @, which
implies the equality in (B). The statement (C) follows from (B) as all the ny are positive.
For (D) and (E), suppose that we have ® € S and © € C(®) with ne < ne < 2nge. Then
we find
2ne = ne + Z ny > ne + Z ny.

Ve (d) TeC(d)

40 U#£0
As we have ny > ing > 0 for all U € C(®), there is room for at most two terms in this
summation, so #C'(®) < 3. If we have strict inequality ne < ne, then there is in fact
only room for one term, which proves (E). If there is equality, then we find the two cases
described in (D). The last part of (D) follows from (C).



11

For (F), suppose we have ® € S and © € C(®) with ng < ng. Set m =
ng —ng > 0 and set ¥; = © and ¥y = ®. For notational convenience, we will write
n; = ny, for any j, so we have n; = ng and nz = ng. By (C) we have ny < 2ny with
equality if and only if m = ng. If we have strict inequality, then by (E) there exists
U3 € S such that C(¥y) = {¥y, U3} and n3 = 2ns — ny = ny — m < ny. Repeating this
argument we find that either m = ns, or there exists Uy € S such that C(¥3) = {Wq, Uy}
and ng = 2n3 — ny = n3 — m < ng. As the nyg are positive, this argument can be
repeated only a finite number of times and we find a sequence V¥q,..., V¥, such that
C(¥;) = {¥;—1,Vp} for j =2,...,r =1, and nj = nj_y —m for j = 2,...,r and
n, = m. It follows that m = n, = ny — (r — 1)m, so ny = rm and n; = (r +1 — j)m.
From the equality n,_1 = 2m = 2n, we find C(¥,) = {V,_1} by (C), which proves (F).

We now continue our proof using statements (A)—(F). Set N = maxgesne
and T'= {© € S| ng = N}. Let I denote the full subgraph of A on 7. Suppose we
have ©,® € T. As A is connected by the connectedness hypothesis, there is a path
© = V¥y,..., ¥ = @ in A. Again we will write n; = ng,. Suppose that for some i
with 1 < i < t we have n; # n;y1. By reversing the path if necessary, we may assume
n; > niy1. Then by (F) we find that for j =i+ 2,...,¢ the element ¥; is the unique
element in C'(V;_1) \ {V,;_2} and that we have n; > n;41 > nj12 > ... > ny, which
contradicts the maximality of n; = ng = N. We conclude n; = n; = N for all 4, so
U; € T for all 7 and thus I' is connected. From (B) it follows that the valency of any
vertex in I' is at most 2. This implies that I" is either a cycle, or I is a linear graph,
i.e., we can write T' = {WUy,..., ¥, } such that ¥; - ¥; = 1 if and only if |i — j| =1 for
i,j€{l,...,n}. If © € T has valency 2 in I, then by (B) the valency of © in A is also
2. Because A is connected, this implies that if " is a cycle, then A is a cycle as well and
by the simplicity hypothesis, G is of type I, for n = #S5. If " is a linear graph consisting
of n > 1 vertices, then only its two endpoints can be connected to elements of S\ 7T
Applying (D) to these endpoints we find that G is of type I};_;.

It remains to consider the case that [' consists of one vertex, say ©. Then for
every ® € C(0) we find from (F) that me = ng — ng > 0 is a divisor of ng. Set
re = ne/mae € Z>o for all @ € C(O). Then we get ng/ne = 1 — (re) ! and (B) yields
2="> gccey(l - 75" ). The only solutions to this equation with re € Z>o are

(ro)e € {(2,3,6),(2,4,4),(3,3,3),(2,2,2,2) }.

Suppose we have (r¢)s = (2,3,6). Then by (F) there are three paths starting at © of
length 2, 3, and 6 respectively. Furthermore, it follows that no vertex outside these paths
is connected by an edge in A to a vertex in these paths, except perhaps to ©. As C'(0)
is contained in these paths and A is connected, we find that there are no vertices in A
outside these paths. From the simplicity hypothesis we find that G is uniquely determined
and of type IT*. The other three solutions yield type I11*,IV*, and Ij respectively. [

Remark 2.1.25 Let G be the free abelian group on a finite set S with a map GxG — Z
satisfying all assumptions and statements (i)—(iv) of Lemma 2.1.22. Let F' € G be the
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element as described in statement (ii) of that lemma. Then by Lemma 2.1.22 the group
G/(F) inherits the structure of a negative definite lattice. Assume moreover that for all
O € S we have ©% > —2 and ©2 is even. Then by Proposition 2.1.24 the lattice G/(F)
is either 0 or all © € S satisfy ©2 = —2. Suppose the latter case holds. Then for every
© € S the reflection x — x — 2%’—9@ of G in the hyperplane orthogonal to © takes G
to G. It induces an automorphism of G/(F') and thus © is a root of G/(F'). Therefore,
G/(F) is generated by roots and so is its opposite lattice (see Definition 2.1.6), which is
positive definite. By definition this means that this opposite lattice is a root lattice, so
it is not a coincidence that all lattices in the fourth column of Table 2.1 are opposites
of root lattices. The fact that these lattices are root lattices also explains the relation
between the graphs in the third column of Table 2.1 and extended Dynkin diagrams. Root
lattices and (extended) Dynkin diagrams have been classified and studied extensively,
see for instance [CS], § 4.2 and 21.3, and [Bo], Chapter VI. For more about the relation
between these groups G as in Lemma 2.1.22 and root lattices and extended Dynkin
diagrams, see [Mir], § 1.6.

2.2 Algebraic geometry prerequisites

In this section we will recall the definitions of the divisor group, the Picard group, and
the Néron-Severi group of an algebraic variety. We will state a few results that will be
of use later.

Definition 2.2.1 For any scheme X, the Picard group Pic X is the group of isomor-
phism classes of line bundles on X.

As in [Ha2|, Section II.6, denote the following condition by (*).
(*) X is a noetherian integral separated scheme which is regular in codimension one.

Definition 2.2.2 Let X satisfy (*) and let K(X) denote the function field of X. Then
as in [Ha2|, Section 11.6, the divisor group Div X is the free abelian group generated by
prime Weil divisors. The group of principal Weil divisors on X is the image of the map
K(X)* — Div X sending a function f to the divisor (f) = >y vy (f)Y, where the sum is
over all prime Weil divisors Y and vy (f) is the valuation of f in the discrete valuation
ring associated to the generic point of Y. The cokernel C1X = Div X/(im K(X)*) is
the divisor class group of X. Also as in [Ha2], Section 11.6, the Cartier divisor group
Divea X is the group HO(X,K%/O%), where Kx is the constant sheaf associated to
K(X). The group of principal Cartier divisors on X is the image of the map H°(X,K*) —
HY(X,K%/O%). The cokernel is denoted Clc, X and called the Cartier divisor class
group of X.

Proposition 2.2.3 If X satisfies (*) and X is also locally factorial, then there are
natural isomorphisms Div X = Divga, X and Cl1 X = Clg, X & Pic X.
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Proof. See [Ha2], Prop. I1.6.11 and I1.6.15 and Cor. I1.6.16. O

Remark 2.2.4 Note that any regular scheme is locally factorial, so Proposition 2.2.3
applies in particular to regular noetherian integral separated schemes. In this case, we
will just talk about divisors without specifying "Weil’ or ’Cartier’. In general, if we leave
out this specification, a divisor will mean a Weil divisor.

For more details about the Picard group and the divisor class groups, see [Ha2],
Section I1.6. We will now focus on the case that X is a variety. Note that we don’t require
a variety to be irreducible or reduced.

Definition 2.2.5 Let k be a field. A variety over k is a separated scheme X that is of
finite type over Spec k. We say that X is smooth if the morphism X — Speck is smooth.
A wariety has pure dimension d if all its irreducible components have dimension d. A
curve or a surface is a variety of pure dimension 1 or 2 respectively.

Remark 2.2.6 Note that this definition is different from the definition in [Ha2], p. 105,
where varieties are also assumed to be integral.

The following definition, proposition and corollary are copied from Bjorn Poo-
nen’s notes on rational points on varieties. For equivalent definitions, see [FJ], § 9.2.

Definition 2.2.7 A field extension L of k is separable if the ring L @y k' is reduced for
all field extensions k' of k. A field extension L of k is primary if the largest separable
algebraic extension of k contained in L is k itself.

Proposition 2.2.8 Let X be a variety over k with function field K(X). Then the fol-
lowing statements hold.

(i) The variety X is geometrically irreducible if and only if X is irreducible and the
field extension K(X) of k is primary.

(ii) The variety X is geometrically reduced if and only if X is reduced and for each
irreducible component Z of X, the field extension K(Z) of k is separable.

Proof. For (i), see [EGA IV(2)], Prop. 4.5.9. For (ii), see [EGA IV(2)], Prop. 4.6.1. O

Corollary 2.2.9 Let X be an integral variety over a field k and let k' denote the mazimal
algebraic extension of k inside K(X). Then the following conditions hold.

(i) If X is geometrically integral, then k' = k.
(i) If X is proper, then Ox(X) C k.
(iii) If X is regular, then k' C Ox(X).
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Proof. Assume X is geometrically integral. By Proposition 2.2.8, part (i), the extension
K(X) of k is primary. Therefore, so is the subextension &’ of k. By part (ii) of the same
proposition, the extension k' of k is also separable. Any primary separable algebraic
extension of a field is trivial, which proves (i). Suppose X is proper. Then every element
f € Ox(X) is algebraic over k, see [Ha2], Thm. 1.3.4. This proves (ii). Suppose X is
regular. As any regular local ring is integrally closed, we find that Ox (X) = (,cx Ox
(see [Ha2], Prop. I1.6.3A) is integrally closed as well. As we have k C Ox(X), we also
have k' C Ox(X). O

Corollary 2.2.10 Let X be a projective, geometrically integral, regular variety over a
field k with function field K(X). Then we have an exact sequence

0— k" — K(X)* - DivX — PicX — 0.

Proof. By Proposition 2.2.3, all that needs to be checked is exactness at K (X)*. Let £/
denote the algebraic closure of k within K(X). For any f € K(X)*, the divisor (f) is 0
if and only if we have f € O% , for all generic points x € X associated to prime divisors.
Hence, we find f € (,cx O;x = Ox(X)*, see [Ha2|, Prop. I1.6.3A. From Corollary
2.2.9 we find Ox(X) = k. O

For the remainder of this section, let X be a smooth, projective, geometrically
integral variety over a field k.

Definition 2.2.11 The group Div® X is the subgroup of Div X generated by all divisors
that become algebraically equivalent to 0 after a base change to the algebraic closure k.
The image of Div? X in Pic X is denoted by Pic’ X. The Néron-Severi group NS(X) of
X s the quotient Pic X/ Pic’ X.

For a precise definition of algebraic equivalence, see [Ha2], exc. V.1.7, which is
stated only for smooth surfaces, but holds in any dimension, see [SGA 6], Exp. XIII, p.
644, 4.4. We will write D ~ D’ and D ~ D’ to indicate that two divisors D and D’ are
linearly and algebraically equivalent respectively.

Proposition 2.2.12 The Néron-Severi group NS(X) of X is a finitely generated abelian
group.

Proof. See [Ha2], exc. V.1.7-8, or [Mi2], Thm. V.3.25 for surfaces, or [SGA 6], Exp.
XIII, Thm. 5.1 in general. O

Definition 2.2.13 The rank p = rkNS(X) = dimg NS(X) ® Q is called the Picard
number of X. The rank of NS(Xy) is called the geometric Picard number of X.

Remark 2.2.14 For a smooth, projective, geometrically integral curve Y the group
Pic’(Y) coincides with the group of divisor classes of degree 0, so then NS(Y) = Z.
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Remark 2.2.15 Let f: Z — Y be a morphism between varieties over a field k. Then
there is an induced homomorphism PicY — Pic Z. Suppose that f is dominant and
that Z and Y are geometrically integral. Let Kz and Ky denote the constant sheaves
associated to the function fields K (Z) and K(Y') on Z and Y respectively. Then we have
an injection of function fields K(Y) < K(Z), which induces another homomorphism
Dive, Y = HY(Y, K} /O%) — H(Z,K3/0%) = Dive, Z. Suppose finally that Z and Y
are smooth and projective as well. Then by Remark 2.2.4 this last homomorphism yields
a homomorphism DivY — Div Z. It restricts to a homomorphism Div®Y — Div® Z. It
also sends effective divisors to effective divisors. All these homomorphisms are compatible
with each other and thus we also obtain homomorphisms Pic’ Y — Pic® Z and NS(Y) —
NS(Z). By abuse of notation, all these homomorphisms are denoted by f*.

For the next definition, see also [SGA 6], Exp. XIII, p. 644, 4.4.

Definition 2.2.16 Let Pic" X denote the subgroup of all divisor classes numerically
equivalent to 0, i.e., represented by a divisor D with D - C' =0 for all irreducible curves
on X. Also set

Pic! X = {z € PicX : mz € Pic" X for some m € Z¢}.

Proposition 2.2.17 Algebraic equivalence implies numerical equivalence. We have
Pic’ X C Pic' X = Pic" X.

The group Pic X/ Pic™ X of divisor classes modulo numerical equivalence is a finitely
generated free abelian group, isomorphic to NS(X)/ NS(X )tors-

Proof. For the first statement, see [SGA 6], Exp. X, p. 537, Déf. 2.4.1, and p. 546, Cor.
4.5.3. Hence we get a series of inclusions Pic® X C Pic! X € Pic® X. For the fact that
the second inclusion is an equality, see [Hal], Prop. 3.1, and [Mu], Thm. 4. The last
statement now follows from Proposition 2.2.12. O

Now assume k£ = C. Then we can consider the complex analytic space X} asso-
ciated to X. Its topological space has underlying set X (C). Together with its structure
sheaf Oy, it forms a ringed space. The exponential function gives an exact sequence

0—7—0Ox, — 0%, —0

of sheaves. Serre (see [GAGA]) showed that there are isomorphisms H*(Xp,Ox,) =
HY(X,Ox) for all i and similar isomorphisms for O%. As we have an isomorphism
H(X,0%) = Pic X, the long exact sequence yields

0— HYX},,7) - H(X,0x) — PicX — H*(X,,7) — H*(X,0x) — ---. (2.1)

The image of H'(X,Ox) in Pic X is exactly Pic’ X, see [Ha2], App. B, p. 447. The
elements of Pic® X = H'(X,0x)/H"(X},Z) correspond to the C-points on the Picard
variety of X, which is an abelian variety.
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Proposition 2.2.18 The Néron-Severi group NS(X) is isomorphic to a subgroup of
H%*(X},7) and the second Betti number by = dimg H*(X},7) ® Q = dim H?(X,, C) is
an upper bound for the Picard number of X.

Proof. This follows directly from (2.1) and the fact that Pic’ X is the image of the map
HY(X,0x) — Pic X. O

Remark 2.2.19 For smooth projective varieties in characteristic p there is a result
similar to Proposition 2.2.18, where we use étale cohomology instead, see section 2.6.

The next proposition gives a sharper upper bound for the Picard number of X,
still defined over C. Note that we have the Hodge decomposition

p
H*(X,,0) = @ HYX, /\ Qx,),
p+q=2

where complex conjugation induces an isomorphism H9( Xy, A Qx, ) = HP (X, A1 Qx, ),
see [BPV], Cor. 1.13.3, for surfaces and [GH], p. 116, for any dimension.

Proposition 2.2.20 The homomorphism Pic X — H?*(Xp,,7) in (2.1) induces a natural
homomorphism ¢: NS(X) — H?(X},,C). The kernel of o is finite and the image of ¢ is
contained in H' (X, Qx,).

Proof. The map ¢ is the composition of the injection NS(X) — H?(X},7) and the
homomorphism H?(X},,7Z) — H?*(X},C), which has kernel H?(X},, Z)iors- As H?(X},,7)
is finitely generated, its torsion subgroup is finite and hence ¢ has finite kernel. From
the long exact sequence (2.1) we find that the image of Pic X in H?(X},,Z) is the kernel
of the homomorphism H?(X},Z) — H?(X,Ox). This map factors as

0
H*(Xp,, 7) — H*(Xy,C) — H*(X, ]\ Qx,) = H*(X, Ox),

where the second map is the natural projection coming from the Hodge decomposition.
It follows that the image of Pic X in H?(X},C), i.e., the image of ¢, is contained in
H2(Xn, \° Qx,) @ H' (X}, Qx,). As the image of ¢ is invariant under complex conju-
gation acting on the coefficients C in H?(X},C), we find that the image of ¢ is in fact
contained in H'(Xp, Qx, ). O
Corollary 2.2.21 The Picard number of X is at most dim H'(Xp, Qx,,)-

Proof. As the kernel of ¢ in Proposition 2.2.20 is finite, we find
dimg NS(X) @ @ = dimg im (¢) ® Q = dimg im () @ C.

By Proposition 2.2.20 this dimension is at most dim H!(Xj, Qx, ). O
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We will no longer assume £ = C and restrict our attention to surfaces. Let
X be a smooth, projective, geometrically integral surface. In that case we can define
the intersection number D - D’ of two divisors D and D', see [Ha2], Thm. V.1.1. It
gives a symmetric bilinear map Pic X x Pic X — 7. As any two algebraically equivalent
divisors are also numerically equivalent, this pairing induces a symmetric bilinear map
NS(X) x NS(X) — 7. If X is defined over C, then this map commutes with the cup-
product H%(X},,7) x H*(X,,Z) — Z.

Definition 2.2.22 A K3 surface is a smooth, projective, geometrically integral surface
X with irregularity ¢ = dim H*(X,Ox) = 0 on which the canonical sheaf is trivial.

Remark 2.2.23 Note that by our definition all surfaces, in particular K3 surfaces, are
algebraic.

Remark 2.2.24 As the second Betti number by of a K3 surface X equals by = 22 (see
[BPV], Prop. VIIIL.3.2 for characteristic 0 and [BM], Thm. 5, for characteristic p > 0), we
find from Proposition 2.2.18 and Remark 2.2.19 that the Picard number p = rk NS(X)
of a K3 surface is at most 22. In characteristic 0, we even have p < dim H'(Xj, Q) = 20
by Corollary 2.2.21. If this maximum 20 is met, we call X a singular K3 surface.

Definition 2.2.25 We define the K3 lattice Lks to be the even unimodular lattice Lxs =
Eg(—1)® Es(—1)aU @ U @ U, where Eg(—1) is the opposite of the standard root lattice
Es (see Definition 2.1.6 and [CS], § 4.8.1, or [Bo], § VI.4), and U is the 2-dimensional
lattice with Gram matriz
0 1
(Vo)

Lemma 2.2.26 Let X be a K3 surface over C. Then the group H*(Xn,7) together
with the cup-product H*(Xy,7) x H*(Xy,Z) — Z has the structure of an even lattice
isomorphic to Lgs. The embedding NS(X) — H?(X},,7) makes NS(X) into a primitive
sublattice of H*(Xp,, 7).

Proof. For the fact that H?(X},Z) is torsion-free and isomorphic to Lks, see [BPV],
Prop. VIIL.3.2. Because H?(Xy,7) is torsion-free, the map H?(Xy,7) — H?*(Xy,C) is
injective and the Néron-Severi group NS(X) is isomorphic to its image in H?(X}, C). This
image is equal to H' (X}, Q) N H%(X},,Z), where the intersection is taken in H?(X}, C),
see [BPV], p. 120. Hence, NS(X) is a primitive sublattice of H?(X},Z). O

Remark 2.2.27 Let X be a K3 surface over C. By lemma 2.2.26 the group H?(Xy,7)
is torsion-free and thus, so is the Néron-Severi group NS(X). By Proposition 2.2.17 this
implies that algebraic equivalence is the same as numerical equivalence. As we have
dim H'(X,0x) = 0, we also find that Pic® X is trivial. Therefore, there is an isomor-
phism Pic X = NS(X) and algebraic and numerical equivalence are in fact the same as
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linear equivalence on complex K3 surfaces. The same holds for K3 surfaces in positive
characteristic, see [BM], Thm. 5.
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2.3 Definition of elliptic surfaces

Before going into the theory of elliptic surfaces in the next section, we will elaborate on
the definition. In this section, we will also state a few preliminary results and a theorem
that gives equivalent conditions for an elliptic fibration to be relatively minimal.

Throughout this section, k will denote an algebraically closed field. All varieties,
unless stated otherwise, are k-varieties.

Definition 2.3.1 A fibration of a variety Y over a reqular integral curve Z over k is a
dominant morphism g:' Y — Z.

Remark 2.3.2 If YV is integral in the definition above, then g is flat, see [Ha2], Prop.
II1.9.7. If also the characteristic of k equals 0 and the singular locus of Y is contained in
finitely many fibers, then almost all fibers are nonsingular, see [Ha2], Thm. I11.10.7. If
Y is projective, then g is surjective, as projective morphisms are closed.

Lemma 2.3.3 Let g: Y — Z be a fibration of a proper surface Y over a regular, proper,
integral curve Z. Let D be a prime divisor of Y. Then the induced morphism g|p: D — Z
1s either constant or surjective.

Proof. Since Y and Z are proper over k, the morphism ¢ is proper, and therefore g a
closed map. As D is an irreducible closed subscheme of Y, this means that g(D) is an
irreducible closed subset of Z. Since Z is a curve, this implies that g(D) is equal to just
a closed point or to Z. O

Definition 2.3.4 Let g: Y — Z be as in Lemma 2.3.3. Then a divisor D on'Y is called
fibral or vertical if for all its irreducible components D’ the restriction g|ps is constant. If
glpr is surjective for all irreducible components D" of D, then D is called horizontal. The
subgroup of DivY generated by vertical (resp. horizontal) divisors is denoted Divyey S

(resp. Divye S).

Remark 2.3.5 It follows from Lemma 2.3.3 that Div.S is the direct sum of Divyer S
and Divye, S.

Definition 2.3.6 Let Z be a smooth, projective, irreducible curve. A fibration of a
smooth, projective, irreducible surface Y over Z is called relatively minimal if for ev-
ery fibration of a smooth, projective, irreducible surface Y' over Z, every Z-birational
morphism Y — Y is necessarily an isomorphism.

Theorem 2.3.7 LetY be a smooth, projective, irreducible surface, Z a smooth, projec-
tive, irreducible curve, and let g: Y — Z be a fibration such that no fiber contains an
exceptional prime divisor E, i.e., a prime divisor with self-intersection number E? = —1
and HY(E,Og) = 0. Then g is a relatively minimal fibration.
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Proof. This is a direct corollary of the Castelnuovo Criterion ([Ch], Thm. 3.1) and the
Minimal Models Theorem ([Ch], Thm. 1.2). See also Lichtenbaum [Lic] and Shafarevich
[Sha. O

Lemma 2.3.8 Let g: X — Y be a projective morphism of noetherian schemes. Assume
that X is integral and that g has a section. Then there is an isomorphism ¢.Ox = Oy
if and only if for every y € Y the fiber X, is connected.

Proof. Set Y’ = Spec g.Ox. By Stein factorization (see [Ha2|, Cor. I11.11.5) the mor-
phism g factors naturally as g = h o f, where f: X — Y’ is projective with connected
fibers and h: Y’ — Y is finite. If we have ¢.Ox = Oy, then h is an isomorphism, so g
has connected fibers. Conversely, suppose g has connected fibers. As f is projective, it is
closed. If f were not surjective, then there would be a nonempty open affine V' C Y’ with
f~1(V) = . This implies (f.Ox)(V) = 0, contradicting the equality f.Ox = Oy+. We
conclude that f is surjective, so h also has connected fibers. As h is finite, its fibers are
also totally disconnected (see [Ha2], exc. I1.3.5), so h is injective on topological spaces.
Let ¢: Y — X be a section of g. Then v = f o is a section of h. Every injective contin-
uous map between topological spaces that has a continuous section is a homeomorphism,
so h is a homeomorphism. Therefore, to prove that h is an isomorphism, it suffices to
show this locally, so we may assume Y’ = Spec B and Y = Spec A. The composition
* o h?: A — B — A is the identity, so ¢¥ is surjective. As X is integral, so is Y.
Hence, the ideal (0) C B is prime. Since v is surjective, there is a prime ideal p C A
such that (0) = ¢(p) = (1)~ !p, so 7 is injective. We find that ¢/ is an isomorphism.
Hence, so are ¢ and h, so there is an isomorphism ¢,Ox = Oy. O

Definition 2.3.9 A fibration is called elliptic if all but finitely many fibers are smooth,
geometrically irreducible curves of genus 1.

Theorem 2.3.10 Let C' be a smooth, irreducible, projective curve of genus g(C) over
an algebraically closed field k. Let S be a smooth, irreducible, projective surface over k
with Euler characteristic x = x(Og) and let g: S — C be an elliptic fibration that has a
section. Then the following are equivalent.

(i) The morphism g is a relatively minimal fibration,
(ii) There is a divisor L on C of degree x, such that any canonical divisor Kg on S is
linearly equivalent to g*(Kc + L), where K¢ is a canonical divisor on C.
(iii) Any canonical divisor Kg on S is algebraically equivalent to (29(C) — 2 + x)F,
where F is any fiber of g,
(iv) We have K% =0.

Proof. (i) = (ii). Almost all fibers are irreducible and thus connected. By Remark 2.3.2
the morphism g is flat, so by the principle of connectedness, all fibers are connected, see
[Ha2], exc. I11.11.4. From Lemma 2.3.8 we find that g.Og = O¢. Under that assumption,
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an explicit expression for Kg can be given, see [Kol], § 12, for base fields of characteristic
0, and [BM], § 1, for characteristic p > 0. Since g has a section, say O, every fiber of
g will have intersection multiplicity 1 with the horizontal divisor O(C), so there are no
multiple fibers. In that case, the expression mentioned above implies that Kg is linearly
equivalent to g*(K¢ + L) for some divisor L on C' of degree .

(ii) = (iii). The divisor K¢ + L has degree 2¢g(C) — 2 + x, so it is algebraically
equivalent to (2¢g(C) — 2 + x)P for any point P on C. Hence, the divisor g*(K¢ + L) is
algebraically equivalent to (2g(C) — 2 + x)F for any fiber F'.

(ili) = (iv). Since F is algebraically equivalent to any other fiber F”, it is also
numerically equivalent to any other fiber F’. Thus we get F2 = F - F' =0, so Kz = 0.

(iv) = (i). Suppose g were not relatively minimal. Then the Minimal Models
Theorem (see [Ch], Thm. 1.2) tells us that there would be a relatively minimal fibration
g : 8" — C of a smooth, irreducible, projective surface S’ and a C-morphism v: S — S’
which consists of a nonempty sequence of blow-ups of points. Then ¢’ is an elliptic
fibration as well. The composition 7o O is a section of ¢’. By the proven implication (i)
= (iii), we find that Kg, = 0. This implies K2 < 0, because for any blow-up Z — 2’
of a nonsingular projective surface Z’ in a point P, we have K2 = K%, — 1, see [Ha2],
Prop. V.3.3. From this contradiction, we conclude that g is relatively minimal. O

The following definition states that if the fibration g as described in Theorem
2.3.10 is not smooth, then we call the quadruple (S, C, g, O) an elliptic surface. Recall
that throughout this section k is assumed to be algebraically closed.

Definition 2.3.11 Let C be a smooth, irreducible, projective curve over k. An elliptic
surface over C' is a smooth, irreducible, projective surface S over k together with a rela-
tively minimal elliptic fibration g: S — C' that is not smooth, and a section O: C' — S

of g.

Remark 2.3.12 In order to rephrase what it means for g not to be smooth, note that
by [EGA IV(2)], Déf. 6.8.1, a morphism of schemes g: X — Y is smooth if and only if ¢
is flat, ¢ is locally of finite presentation, and for all y € Y the fiber X, = X Xy Spec k(y)
over the residue field k(y) is geometrically regular. See also [Ha2], Thm. II1.10.2.

In the case that ¢ is a fibration of an integral variety X over a smooth, irre-
ducible, projective curve over an algebraically closed field &, it follows from Remark 2.3.2
that ¢ is flat. As X is noetherian and of finite type over k, it also follows that g is locally
of finite presentation. Hence g not being smooth is then equivalent to the existence of a
singular fiber.

For the rest of this section, let .S be an elliptic surface over a smooth, irreducible,
projective curve C over k, fibered by g: S — C with a section O. Let K = k(C') denote
the function field of C' and let n: Spec K — C be its generic point. Then the generic
fiber F = S x¢ Spec K of g is a curve over K of genus 1. The curve E/K is smooth
because g is flat and projective, see [Ha2], exercise I11.10.2. The curve E/K is projective
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because being projective is stable under base extension, see [Ha2|, exercise 11.4.9. Let £
denote the natural map £ — S.

E S (2.2)
l g
Spec K - C

Lemma 2.3.13 Both maps &, and n*™ in
E(K) = Homg (Spec K, E) S Hom¢ (Spec K, S) A Homg(C, S) = S(C)

are bijective.

Proof. By the universal property of fibered products, we find that every morphism
o: Spec K — S with goo = 7 comes from a unique section of the morphism £ — Spec K.
Hence, the map &, is bijective. As C' is a smooth curve and S is projective, any morphism
from a dense open subset of C' to S extends uniquely to a morphism from C, see [Ha2],
Prop. 1.6.8. As Spec K is dense in C, the map n* is bijective as well. O

Whenever we implicitly identify the two sets E(K) and S(C), it will be done
using the bijection ;! o * of Lemma 2.3.13. The section O of g corresponds to a point
on F, which we will also denote by O. It gives E the structure of an elliptic curve. This
endows E(K) with a group structure, which carries over to S(C), see [Sil], Prop. II1.3.4.

For any P € E(K) = S(C), let (P)g and (P)g denote the prime divisor corre-
sponding to the image of P on E and S respectively. We will leave out the indices E and
S if it is clear from the context which is meant. We will now deduce some useful inter-
section multiplicities on S. By definition any two fibers F' and F” of g are algebraically
equivalent. Hence, if F' is any fiber and © is any irreducible component of a fiber, then
we have F'- © = 0, as we may replace F' by any fiber F’ that is disjoint from ©. Let
P € S(C) be any section of g. As the divisor (P) = (P)g meets all fibers of g only once,
we find (P) - F =1 for any fiber F. For any irreducible component © of a fiber we have
(P)-© =1 or 0 depending on whether (P) does or does not intersect ©. If D is a divisor
on C of degree d, then we have g*(D) - (P) = d, as every point on C pulls back under g*
to a whole fiber on S. If g(C) denotes the genus of C' = P(C) and x = x(Og) denotes
the Euler characteristic of S, then according to Theorem 2.3.10, the adjunction formula
(see [Ha2], Prop. V.1.5) gives

29(C) —2=(P)- ((P) + K) = (P)* + (29(C) = 2+ x)(P) - F = (P)* +29(C) — 2 + x,

so we find (P)? = —x. The following proposition tells us that this number (P)? is
negative.

Proposition 2.3.14 The Euler characteristic x = x(Og) of an elliptic surface is posi-
tive.



23

Proof. See [Og]. O

2.4 Shioda’s theory of elliptic surfaces

We will phrase Shioda’s theory of elliptic surfaces [Shi3] in a scheme-theoretic language.
We will show that the Néron-Severi group of an elliptic surface is a free abelian group that
can be given the structure of a lattice by the intersection pairing. We will then prove the
following main theorem which implies that the Mordell-Weil group of the generic fiber
of an elliptic surface is finitely generated.

As in the previous section, let S denote an elliptic surface over a smooth,
irreducible, projective curve C' over an algebraically closed field k, fibered by g: S — C
with a section O. Let K = k(C) denote the function field of C' and let : Spec K — C
be its generic point. Let F = S x¢ Spec K be the generic fiber of g and let £: E — S
denote the natural projection.

One of our main goals is to prove the following theorem.

Theorem 2.4.1 The intersection pairing gives the Néron-Severi group NS(S) the struc-
ture of a lattice. The subgroup T generated by the vertical divisors and the section (O)
is a sublattice of NS(S) that fits in a natural short exact sequence

0—T—NS(S) — E(K) — 0.

There are two main differences between Shioda’s setup and ours. First of all, we
will define our homomorphisms between various groups in a functorial way. This allows
us to prove various statements using for instance the snake lemma instead of explicit
formulas. Second, Shioda works with the generic fiber E of an elliptic surface S as if it
is a curve on the surface just like the special fibers, i.e., fibers above closed points of
the base curve C. Even though FE is technically not a curve on S, Shioda thinks of the
restriction of a divisor D on S to E as “intersecting” D and FE. This gives a map from
Div S to Div E, which induces a homomorphism from Pic .S to Pic £. We will introduce
this map as coming from the contravariant functor Pic. Even though Shioda’s way of
working with the generic fiber is justified by Weil [We], our way avoids the danger of using
results about the generic fiber that only hold for special fibers. Whenever a statement is
due to Shioda, we will mention this in its proof.

To better understand the structure of the Néron-Severi group of an elliptic
surface, we first focus on the part that comes from the vertical divisors. Recall (Def-
inition 2.3.4) that Divyet S denotes the free abelian group generated by the vertical
prime divisors. For any closed point v € C let A(v) denote the free abelian group gen-
erated by the irreducible components of the fiber g~!(v). Then we have an isomorphism
Divyers S = @, e A(v). Because g is dominant, by Remark 2.2.15 there is a homomor-
phism ¢*: DivC — Div S, whose image is obviously contained in Divyey S. For v € C,
let F, denote the fiber g*(v) = > neO where the sum is taken over the irreducible com-
ponents © of g~!(v) and we have ng = ordg(u, o g) for a uniformizer u, of the local
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ring at v € C. Then we have F, € A(v) and as F, is algebraically equivalent to F, for
any other v € C, we have F,, - © = F,; - © = 0 for all © € A(v). This implies that the
intersection pairing is well-defined on the quotient Ay (v) = A(v)/(Fy).

Let ©,, denote the irreducible component of F;, that intersects the section (O).
Since O is a section, it intersects F,, only once, so we find 1 = F,,- (O) = > g ne®-(0) =
ne, 00,0 (0). Thus we have ng, , = 1. The map 7 — A(v) sending 1 to F, is a section
of the homomorphism A(v) — Z that sends D to D-(O). Hence the short exact sequence

0—2Z— A(v) = Ai(v) — 0

splits. The induced section of A(v) — Aj(v) sends Dmod F, to D — (D - (O))F,, which
is the unique element D" in A(v) such that D’ — D is a multiple of F), and the coefficient
of ©,0 in D" is zero. This shows that A;(v) is isomorphic to the free abelian group
generated by all irreducible components of g~ (v) except O, .

Remark 2.4.2 Let ¢, denote the composition of the injection A(v) — Divyer S with the
described section Aj(v) — A(v) sending D mod F, to D — (D-(O))F,. Then o, identifies
Aj(v) with the free subgroup of Divyey S generated by those irreducible components
of g~'(v) that do not intersect (©O). Whenever we identify A;(v) with a subgroup of
Divyert S in this section, it will be through (.

Lemma 2.4.3 The group A(v) together with the intersection pairing and the element
F, =3 o neO satisfies all conditions and statements (i)—(iv) of Lemma 2.1.22. Further-
more, for any irreducible component © of g~'(v) we have ©2 > —2 and ©?% is even.

Proof. The number of components of g~!(v) is finite and nonzero and the intersection
pairing (D, D’) — D - D’ is symmetric and bilinear. For any two irreducible components
©,® we have © - @ > 0 because © and @ are effective. The element F' in statement (ii)’
is the whole fiber F,. By Remark 2.3.2 the morphism g is flat, so by the principle of
connectedness, all fibers are connected, see [Ha2], exc. IT11.11.4. This gives statement (iii).
As (i), (ii)’, and (iii) together imply (ii), we also have (ii). Statement (iv) follows from the
fact that we have ng, , = 1. Since the canonical divisor Kg is numerically equivalent to
a multiple of F, (Theorem 2.3.10) and we have F, -y = 0 for all y € A(v), the adjunction
formula gives 29(©) — 2 = O - (© + Kg) = ©2 for any irreducible component of g~*(v),
where g(©) is the genus of ©. Hence we find © > —2 and ©? is even. O

Let m, denote the number of irreducible components of g~!(v) and let miV

denote the number of irreducible components © of multiplicity ng = 1. Note that we
have ne,, = 1, so we get ml(,l) > 1.

Proposition 2.4.4 For any v € C the group A(v) together with the intersection pairing
is isomorphic to one of the groups described in Table 2.1. The intersection pairing makes
A1 (v) into a negative definite lattice of rank m, — 1 and discriminant (—1)m”*1m£,1).
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Proof. By Lemma 2.4.3 the group A(v) together with the intersection pairing satisfies
all hypotheses of Proposition 2.1.24, so A(v) is isomorphic to one of the examples in
Table 2.1. Therefore Aq(v) is isomorphic to one of the negative definite lattices in the
fourth column of that table. The rank of Aj(v) follows from the fact that A(v) is free
of rank m, and we have rk A;(v) = rk A(v) — 1. The discriminant follows from Remark
2.1.23 and the fact that A;(v) is negative definite. O

Proposition 2.4.4 tells us what the group structure of A(v) together with the
intersection pairing can be. This does not tell us everything about the geometric structure
of the fiber above any v € C, as for instance the irreducible components may or may
not be singular, or three components may intersect in one point. Table 2.2 shows several
possible fibers with a more detailed description given in Table 2.3. Table 2.2 is almost
exactly copied from [Si2], Fig. 4.4. The first two columns of Table 2.2 and 2.3 contain the
name or type of the singular fiber and the number of irreducible components. Note that
many of the names in Table 2.2 and 2.3 were also used in Table 2.1, where they denoted
certain groups together with a symmetric pairing. The names in Table 2.1 were chosen
such that for every type N in Table 2.1, if g~!(v) is a singular fiber of type N as in
Table 2.2, then A(v) together with the intersection pairing is isomorphic to the example
in Table 2.1 of type N. For a singular fiber at v of type Iy(j) or I;(j), the group A(v)
is of type I or I respectively. The types I, II, 111, and IV in Table 2.2 and 2.3 do
not occur in Table 2.1. If g~1(v) is a singular fiber of one of these types, then A(v) is of
type 11, I1, I, or I3 respectively.

The third column of Table 2.2 contains a picture. Each (possibly curved) line
segment corresponds to an irreducible component of the singular fiber. The number of
intersection points of two line segments equals the number of intersection points of the
corresponding irreducible components. All these intersections are transversal, except for
type I11, where two nonsingular rational curves intersect in one point with multiplicity
2. A short description in words is provided in the third column of Table 2.3. The fibers of
type Ip(j) and I5(j) come with an extra parameter j in the moduli space of four distinct
points on the projective line. For type Ip(j) the fiber is an elliptic curve, and thus a
double cover of P! with four ramification points. The parameter j corresponds to these
four points. As the ground field is algebraically closed, this parameter j can be identified
with the j-invariant of the fiber. For singular fibers of type I(j) the parameter j describes
the four intersection points of the component of multiplicity 2 with the other components.
We will see in Remark 2.4.18 that over any ground field (also not algebraically closed)
at least one of these intersection points is rational, so that the component of multiplicity
2 is indeed isomorphic with the projective line. We will see in the same remark why this
parameter is also called j. The fourth column of Table 2.2 gives the opposite of a standard
root lattice that Aj(v) is isomorphic to, see also Table 2.1. The fifth column states mq(}),
which also equals the absolute value of the discriminant of Aj(v), see Proposition 2.4.4.

We will see that after reducing, any two fibers X and Y of an elliptic fibration
that are of the same type, are in fact isomorphic. In Proposition 2.4.10 we will prove
something stronger by assuming only that X and Y satisfy the description of the same
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Type ‘ My ‘ Configuration ‘ Ay (v) ‘ mq(,l) ‘
1
Io(5) 1 O 0 1
I8 1 ©< 0 1
_‘y
I,(n>2) n Ap1(-1) | n
N 1,7
II 1 <1 0 1
1
IIT 2 A(—1) | 2
1
N/ 1
v 3 % Ao(=1) | 3
1
1111
15(7) 5 Dy(-1) 4
2
11 4+---+ 11
Ii(n>1) | n+5 | | TZ ZT || Dpya(=1) | 4
LI 2| I 2| I
1 1 1
v+ 7 > 2 2 Ee(-1) | 3
3
1 +-4 1
17 8 ‘ 3| I3 ‘ B(-1) | 2
I 2 2 2|
4, (3,2
I 9 ﬂ 3 5 ‘ 4 Bs(-1) | 1
"2 '6

Table 2.2: fibers of elliptic surfaces



type m,  description (all fibers are projective)
Iy(5) 1 nonsingular curve of genus 1 with j-invariant j
I 1 singular rational curve with one node
I 2 two nonsingular rational curves intersecting in two different
points
I,(n >3) n n nonsingular rational curves intersecting in a cycle, i.e.,
©;-0; =1if i —j = +lmod n, ©; - ©; = 0 otherwise
11 1 singular rational curve with one cusp
117 2 two nonsingular rational curves intersecting in one point
with multiplicity 2
v 3 three nonsingular rational curves intersecting in one point
P with dim;, m/m? = 2, where m is the maximal ideal of the
local ring at P
I;(9) 5 nonsingular rational curves with only transversal intersec-
tions, no three components intersect in one point, the in-
tersection numbers are as suggested by Table 2.2, and the
parameter j is the element in the moduli space of four points
on P! corresponding to the four intersection points.
¥
In (;LVZ* b n;— nonsingular rational curves with only transversal inter-
I 8 sections, no three components intersect in one point, and
17" 9 the intersection numbers are as suggested by Table 2.2.

Table 2.3: description of fibers

27
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type of fiber, not that they are actually fibers of an elliptic fibration. This requires that
we generalize the notion of intersection number of two curves on a smooth surface to the
case of two components of an abstract curve. For curves on a smooth surface we have
the following definition, see [Ha2], p. 360.

Definition 2.4.5 Let X be a smooth surface over a field k and let C' and D be two
geometrically integral curves on X intersecting at the point P. Let p and q denote the
prime ideals in the local ring Ox p corresponding to C and D respectively. Then the
intersection number (C' - D)p of C and D at P equals dimy Ox p/(p + q).

Remark 2.4.6 Suppose X,C, D, P,p, and q are as in Definition 2.4.5. Let Z denote the
scheme-theoretic union Z = C'U D, i.e., the ideal sheaf of Z in X is the intersection of
the ideal sheaves of C' and D in X. Let Oz p denote the local ring of P in Z. Then we
have an isomorphism Oz p = Ox p/(p N q). Let p and q also denote the image in Oy p
of p and q respectively. Then we have dimy Oz p/(p + q) = dimy Ox p/(p + q).

According to Remark 2.4.6, the following definition is a generalization of the
notion of intersection number of two curves on a smooth surface.

Definition 2.4.7 Let Z be a geometrically reduced curve over a field k and let P € Z
be a closed point of degree 1 where two different irreducible components C' and D of Z
intersect. Let p and q denote the prime ideals in the local ring Oz p corresponding to
C and D respectively. Then the intersection number (C - D)p of C and D at P equals
dimy Oz p/(p + q). We say that C and D meet transversally if we have (C' - D)p = 1.

Lemma 2.4.8 Let Z,C, D, P,p, and q be as in Definition 2.4.7, and let m denote the
mazimal ideal of the local ring Oz p. Then for r = (C' - D)p we have m" C p + q.

Proof. Let n be the maximal ideal of the artinian ring Oz p/(p + q) and let ¢ be the
smallest integer such that n'/n’*! = 0. Then by Nakayama’s lemma we have n’ = 0, so
m! C p +q. We also have r = dimy, R/(p +q) > ¢, som” Cm! Cp+q. O

Lemma 2.4.9 Let the notation be as in Lemma 2.4.8. Then C and D intersect transver-
sally at P if and only if we have p + q = m.

Proof. Suppose C' and D intersect transversally, so r = 1. Then we find m C p + g
from Lemma 2.4.8. Since we also have p +q C m, we get m = p + gq. Conversely,
suppose m = p + q. Then we have an isomorphism Oz p/(p + q) = Oz p/m = k, so

Proposition 2.4.10 Let N be a type of fiber described in Tables 2.2 and 2.3. Let X and
Y be curves over the algebraically closed field k, both fitting the description of N. Then
Xred and Yieq are isomorphic to each other.
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To prove Proposition 2.4.10 we will use the following lemmas.

Lemma 2.4.11 Let k be any field and let R and S be commutative local k-algebras
with mazimal ideals m and n respectively. Assume that k — S/n is an isomorphism.
Assume also that R contains ideals p1,...,p, C m with r > 2 and with py N ... NP, =
(0) and that there exists a positive integer t with m* C p; + p; for i # j. Suppose
that there are local homomorphisms of k-algebras p;: S — R/p; such that the induced
homomorphism n/nt(r_l) — @, m/(mt(r_l) + p;) has image contained in the image of
the natural homomorphism m/m! =1 — @I m/(m!"~Y 4 p,). Then there is a unique
local homomorphism of k-algebras 1: S — R such that @; is the composition of ¥ and
the homomorphism R — R/p; for all i.

AN

R/p1 R/po o R/p;

Proof. We show that for each x € S there is a unique y € R such that ¢;(z) = ymod p;
for all ¢. First we show existence. For z € k C .S this is obvious, as ¢; is a homomorphism
of k-algebras. Suppose x € n. Then by the last hypothesis, there exists z € m such that
for all i we have z = ;(x) mod (m*"~1) 4 p;). Hence for all i there are a; € m*"~1 and
b; € p; such that ¢;(z) — z = a; + b;. From the inclusions

m! ™ = ()" C(py +pa) (i1 + i) (Pisr +Pi) o (pr +p2)
Cp1- - Pic1Pit1 - Pr) + P

we deduce that we can write a; = ¢; + d; with ¢; € p1---pi—1pi+1---pr and d; € p;. Set
y=z+ Z§:1 ¢;. Then we have y = 2+ ¢; = @i(x) — b; — d; = pi(x) mod p; for all i, just
as was needed. For general z € S, we write z as x = x1 + x2 with 21 € k and x5 € n to
obtain y; and yo such that y; = p;(x;) mod p; for all i and [ = 1,2. Then y = y1 + yo
satisfies @; () = y mod p; for all i. To show that y is unique, suppose that there are y and
y' with y = p;(z) = v mod p;. Then we have y—3/ € p1N...Np, = (0), so y = y. Define
: S — R by sending = € S to the unique element y € R that satisfies p;(x) = y mod p;
for all 7. Then ¢; is the composition of 1 and the homomorphism R — R/p; for all
i. This implies that the homomorphism [[y;: S — [[R/p; is the composition of 9
and the natural homomorphism R — [[ R/p;. As we have p; N...Np, = (0), this last
homomorphism is injective, so ¥ is a homomorphism as well. As v is the identity on k
and sends n to m, we conclude that v is a local homomorphism of k-algebras. O

Remark 2.4.12 As one can see in the proof, the exponent ¢(r—1) in the last hypothesis
of Lemma 2.4.11 can be replaced by any integer ¢ with n? C p;+(p1N...NP;—1NPi+1N...N
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p,) for all i. Also, R and S may be assumed to be just local rings instead of k-algebras, as
long as the last hypothesis is replaced by the assumption that for ¢ as above, the image
of S/n? — @._; R/(m? + p;) is contained in the image of R/m? — @._; R/(m? + p;).

Lemma 2.4.13 Let V and W be vector spaces over a field k and let Xy,..., X, and
Y1,...,Y, be vector spaces over k of dimension 1. Suppose that there are nonsurjective
homomorphisms ¢: V. — @} X; and: W — @, Y; such that for each j the induced
homomorphisms V — @i# X; and W — @i# Y; are surjective. Assume that ay: X1 —
Y1 is an isomorphism. Then there are isomorphisms «;: X; — Y; fori = 2,...,n such
that the isomorphism o = (a;);: @iy Xi — @i, Yi induces an isomorphism between
the images of ¢ and 1.

Proof. Suppose 1 < j < n and let 7;: P, X; — @#j X; be the natural projection.
Since 7; o ¢ is surjective, the homomorphism X; = ker m; — coker ¢ is surjective as well.
Since X; has dimension 1 and coker ¢ is nontrivial, we find that this homomorphism
is an isomorphism for all j. Similarly we get an isomorphism Y; — coker for all j.
Thus the isomorphism «; induces an isomorphism v: coker o — coker v, which induces
isomorphisms «;: X; — Y; such that the diagram

@ | Xi — coker ¢

(al)zl ’Y\L%

;" Yi —— coker ¢

commutes. This induces an isomorphism between the kernels of the horizontal arrows.
These kernels are the images of ¢ and ). U

Lemma 2.4.14 Let k be any field. Let X and Y be geometrically reduced curves over k
with closed points Q and R of degree 1 on X and Y respectively. Suppose that X and 'Y
both consist of n > 2 irreducible components, say Xi,..., X, and Y1,..., Yy, such that
for all i # j the components X; and X; intersect only at Q and Y; and Y; intersect only
at R. Suppose also that the X; and Y; are reqular and that for i = 1,...,n there is an
isomorphism ;: X; — Y; that sends @ to R. Let m and n denote the mazximal ideals of
the local rings Ox g and Oy,r respectively. Then the following statements hold.

(i) Suppose we have n = 2, the components X; and Xy intersect transversally at @,
and Yy and Ys intersect transversally at R. Then there is an isomorphism X — Y
that restrict to p; on X; fori1=1,2.

(ii) Suppose we have n = 2, the components X; and X, intersect each other with
multiplicity 2, the same holds for Y1 and Ya, one of the components has genus 0,
and X and Y are projective. Then there exists an isomorphism X — Y.

(iii) Suppose we have n = 3, the X; intersect each other pairwise transversally, so do
the Y;, and X and Y are projective. Suppose also that two of the X; have genus
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0 and we have dimym/m? = dimn/n? = 2. Then there exists an isomorphism
X =Y.

Proof. For (i), define the open subsets U; = X; — {Q}. Then the isomorphisms ¢;|y,
glue to a morphism p: X —{Q} — Y. Let p; and py denote the only two minimal primes
of Ox g, corresponding to the components X7 and X3 respectively. Since X is reduced,
they satisfy p1Np2 = (0). As the intersection at @) is transversal, we find m C pj +ps from
Lemma 2.4.8. Applying Lemma 2.4.11 to the local rings Ox ¢ and Oy g, we find that the
local homomorphisms Oy,r — Ox g/p; corresponding to ¢; come from a unique local
homomorphism Oy g — Ox . This means that we can extend p uniquely to a morphism
Y: X — Y. By symmetry we also have a unique morphism 1': ¥ — X that restricts
to cp;l on Y;. By uniqueness, the composition 1)’ o 1) is equal to the identity, so v is an
isomorphism.

For (ii), say that X9 has genus 0. As X5 contains the k-point @, we find that X,
is isomorphic to [P,l€ and hence, so is Y. Let @f denote the local homomorphism Oy, p —
Ox,.q induced by ¢; between the local rings at R and @ on Y; and X; respectively. As
X5 and Y, are isomorphic to P!, there are isomorphisms Ox, g = k[s](s) and Oy, g =
k[t]+). Then we get the following diagram and we want to know if there exists a local
isomorphism o: Oy r — Ox ¢ that makes the diagram commutative.

Ovi.r Oy,r Ov,.r = k[t](t) (2.3)
I
%lﬁ 3?10 %lﬁ
A
Ox,.Q Ox.Q Ox2,Q —=> Klsl(s)

The problem is that such ¢ may not exist. We will replace cp;éﬁ by another isomorphism
for which such a o does exist. For i = 1,2, let m; and n; denote the maximal ideals
of Ox, o and Oy, gr respectively. Then the gpzéE induce an isomorphism ny /n? & ny/n3
my/m? @ my/m3. In order for o to exist, this isomorphism has to identify the image of
the map 3: n/n? — ny/n? @ ny/n3 with the image of a: m/m? — m;/m? ® my/m3.

B
n/n? ———ny/n? @ ny/n3
!
371 l”
v
m/m? —my /m? & my/m3
For any A € k* consider the composition ) of local isomorphisms of k-algebras

Ox

. T

Ova,r —= klt] ) ksl(s) —== Oxs.0-

t—As
When A runs through k*, the homomorphism ny/n% — my/m3 induced by 6, runs through
all isomorphisms between ns/n3 and my/m3 as both are 1-dimensional. We will see that
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there is a A\ € k* such that if we replace cp;éﬁ by d, in diagram (2.3), then there does exist
an isomorphism ¢ as mentioned above.

Note that we have m;/m? = m/(m? + p;), where p; is the prime in Ox ¢ corre-
sponding to X;. Hence the maps m/m? — m; /“%2 are surjective for ¢ = 1, 2. Similarly, we
find that the maps n/n? — n;/n? are surjective. We will show that « is not surjective.
Note that for ¢ = 1,2 there is a short exact sequence

m? +py + po m m
— — —
m?2 + p; m2 + p; m? + p1 + po

=0 (2.4)

of vector spaces over k. As the intersection number X; - X5 equals 2, we have m? C p; +po
by Lemma 2.4.8. This implies m? + p; + pa = p1 + p2. As X; and X5 do not intersect
transversally, we have p; + po € m by Lemma 2.4.9, so the dimension of the right-
most vector space in (2.4) is at least 1. As the X; are regular, the vector space in the
middle has dimension 1. Together this implies that the left-most vector space is 0, so
we have m? + p; = m? + p; + po = p; + po. This implies that a is the natural map
a:m/m? — (m/ (p1+ pg))Q, which is obviously not surjective. A similar argument shows
that 3 is not surjective. By Lemma 2.4.13 there is an isomorphism 7: ny/n3 — my/m3
such that (pf and 7 induce an isomorphism nj/n} @ na/n3 — my/m} & mo/m3 that
identifies the images of a and 3. This map n is induced by §y for some A € k*. As we
have m? C p; + po, we find from Lemma 2.4.11 that there is a unique homomorphism
o: Oy r — Ox, g making the following diagram commutative.

Ovir<— Oy r—= Oy, R

de ] e

O0x,,Q<=—0x0—0x,0

By symmetry there is also a unique homomorphism o’: Ox g — Oy, g that is compatible
with the inverses of gofé and d). By uniqueness, the compositions ¢’ o o and o o ¢’ are
the identity, so ¢ is an isomorphism. This implies that there are open neighborhoods U
and V of @ and R in X and Y respectively, such that ¢ induces an isomorphism from
U to V. Since X and Y are projective and regular outside () and R, this isomorphism
extends to an isomorphism X — Y, see [Ha2|, Prop. 1.6.8.

For (iii) we proceed similarly. Assume X; and X5 have genus 0. Then fori = 1,2
there are isomorphisms Ox, o = k[si.,) and Oy, r = kl[ti](,). We get the following
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diagram.
Ovi.r Ov,r Oy,,r (2.5)
/
ST
I
k[tl](tl) I OYS,R k[tQ](tg)
3?lo
o =]t ¢
k[sl](81) \\ Ox3,0 k[s2](52)
SR
4
Ox,,Q Ox.q Ox,.,0

We will again replace gol# by another isomorphism for i = 1,2, such that there exists
an isomorphism o: Oy p — Ox o making the diagram commutative. For ¢ = 1,2, 3,
let m; and n; denote the maximal ideals of Ox, ¢ and Oy, r respectively. Then the gol#
induce an isomorphism @7, n;/n? = @2 m;/m2. Consider a: m/m? — @> | m;/m?
and 3: n/n? — @>_, n;/n?. Because we have dimy m/m? = dimn/n? = 2, we find that
a and (3 are not surjective. Suppose we have i, j € {1,2,3} with i # j. Since X; and X
intersect transversally, we have p; +p; = m, where p; denotes the minimal prime in Ox
corresponding to X;. Hence, for every z,y € m there are a,b € p; and ¢, d € p; such that
x=a+cand y =b+d. Then for z = b+ ¢ we have 2 = xmod p; and z = ymod p;.
This implies that the homomorphism m/m? — m;/m? & m; /m? is surjective. Similarly,
the homomorphism n/n* — n;/n? © n;j/n3 is surjective. By Lemma 2.4.13 this implies
that there are isomorphisms 7;: n;/ n? — m;/ m? for ¢ = 1,2 such that these 7; together
with g03# induce an isomorphism @?_, n;/n? — @?_, m,;/m? that identifies the image of
[ with the image of . As in the proof of (ii), there are A\; € k* for i = 1,2 such that #;
is induced by d;, where §; is the composition

0;

[~23

Ov,.r —=> kltil ¢, klsil(s)) —== Oxiq

ti—is;
of isomorphisms of local k-algebras. As we have m C p; + p; for i # j by transversality,
we find from Lemma 2.4.11 that there is a unique o: Oy,g — Ox g such that ¢ makes
diagram (2.5) commute if we replace gpl# by d; for i = 1,2. As in the proof of (ii), it
follows from symmetry and uniqueness of ¢ that o is an isomorphism. Therefore, there
is an isomorphism of open neighborhoods of ) and R in X and Y respectively, which
extends to an isomorphism from X to Y. O

Remark 2.4.15 Note that statements (ii) and (iii) of Lemma 2.4.14 are false without
the assumption on the genus of some of the components. Suppose for instance that
C1,Cy C Speck[z,y] are regular curves without nontrivial automorphisms, given by
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fi(z,y), fo(x,y) € k[z,y] and assume that both curves go through the origin and have
the y-axis as tangent line at the origin. Let C be the curve given by fa(x,2y) = 0. Set
X =C1UCy and Y = C; U Y. Then the components of X and Y are isomorphic, but
by considering the maps on tangent spaces, one can show that locally around the origin
X and Y are not isomorphic.

Proof of Proposition 2.4.10. If both X and Y satisfy the description of type Iy(j) for
some j then they are isomorphic because over an algebraically closed field two elliptic
curves are isomorphic if and only if they have the same j-invariant. If they were of
type I or I1, it follows from the fact that any two rational curves with one node are
isomorphic, and the same holds for rational curves with one cusp. In all other cases
the irreducible components are nonsingular rational curves, and thus isomorphic to P!.
Suppose that in X and Y each of these irreducible components intersects at most three
other components, all intersections are transversal, and there are no points where more
than two components intersect. Since any curve of genus 0 with at most three different
fixed points is isomorphic to any other curve of genus 0 with as many fixed points (over
an algebraically closed field), there is an isomorphism from the open subset of smooth
points on X to the open subset of smooth points on Y. As the irreducible components
of X and Y are smooth and projective, this isomorphism extends to an isomorphism
between components. Applying Lemma 2.4.14, statement (i), to any two intersecting
components, we find that it extends to an isomorphism between X and Y. Similarly,
the proposition follows for type I5(j) as any two curves of genus 0 with four points
corresponding to the same element j in the moduli space of four points on the projective
line are by definition isomorphic. This leaves types I11, IV . These two cases follow from
Lemma 2.4.14, statements (ii) and (iii) respectively. O

Remark 2.4.16 Without the extra parameter for types Ip(j) and I;(j) the conclusion
of Proposition 2.4.10 would be wrong. However, this extra parameter appears not to be
used anywhere in the literature in the context of the singular fibers of type Ij(j).

Question 1 Proposition 2.4.10 is no longer true if we replace Xioq and Yieq by X and
Y respectively. Suppose we add the assumption that X andY are both fibers of an elliptic
surface. Is it then possible to divide some of the types of singular fibers into additional
continuous families such that Proposition 2.4.10 is still true if we replace Xieq and Yieq
by X and Y respectively?

The next theorem tells us that the types of fibers in table 2.2 are all possible
types of fibers of elliptic surfaces. Note that the ground field k is still assumed to be
algebraically closed.

Theorem 2.4.17 Let F = F, = g*(v) be the fiber of g above a point v € C. Let A be
the set of irreducible components of g~*(v). Then we can write F' = Y 6cane® with
ne > 0 and the fiber F' is of one of the types described in Table 2.3 and 2.2.
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Proof. The fiber is a closed subscheme of the smooth surface .S, so at any point P in the
fiber, the local ring OF p is a quotient of the local ring Og p in S. Since S is regular of
dimension 2, we have dimm/m? = 2, where m is the maximal ideal of Og p. This implies
dimn/n? < 2 for the maximal ideal n of Opr p with equality if and only if P is a singular
point of F'. See also [Ha2], Prop. I1.8.12.

By Lemma 2.4.3 the group A(v) together with the intersection pairing satisfies
all hypotheses of Proposition 2.1.24, so A(v) is isomorphic to one of the examples in
Table 2.1. Set » = #A. Suppose r = 1 and write © = ©1. Then F = ng®, so 02 = 0.
As the canonical divisor Kg is numerically equivalent to a multiple of any fiber, we
have Kg - W = 0 for any vertical divisor W. Therefore, the adjunction formula gives
2pa(0) —2 =0 (0 + Kg) = 62 = 0, so the arithmetic genus p,(0) of © equals 1. If
© is nonsingular, then the fiber is of type Iy(j) for some j. It is a general fact that a
geometrically integral curve with arithmetic genus 1 has at most one singular point, and
if it does have one, then it is a double point, see [Ha2|, Cor. V.3.7. Thus, if © is singular,
then F' = O is of type I or I1. Now suppose r > 2. Then by Proposition 2.1.24 we have
©? = —2 for all i. By the adjunction formula this implies that the arithmetic genus of
0O, equals 0, which implies that ©; is a nonsingular rational curve.

If there are ©; and ©; with ©; - ©; > 2, then according to Proposition 2.1.24
the fiber F' contains only two components with intersection number 2. They intersect
in either one or two points and F' is thus of type III or Is respectively. If there are
three components that intersect in one point, then by Proposition 2.1.24 these are all
components, so F' is of type I'V.

We may now assume that all intersections are transversal, no three components
intersect in one point, and any two components intersect at most once. These cases
are classified according to the isomorphism class of A(v) together with the intersection
pairing. Their isomorphism classes have been classified in Proposition 2.1.24. The elliptic
fibers F, for which A(v) is of type I contain a component that intersects four other
components. These fibers are separated into a continuous family of types I;j(j), where
the parameter j describes the isomorphism class of the four intersection points on the
projective line. d

Remark 2.4.18 Tate’s algorithm (see [Ta3] and [Si2], IV.9) gives an easy way to decide
which type of singular fiber lies above a point v € C. It is based on the valuation at v
of both the j-invariant of the generic fiber E/K and the discriminant of a Weierstrass
model of E. From the proof of Tate’s algorithm (see [Si2], p. 373) one can also deduce
the parameter j if the fiber is of type I;5(j) as follows. Let R be a discrete valuation ring
with uniformizer m, fraction field K, and algebraically closed residue field k. Let £ be
a minimal, smooth, integral model over R of an elliptic curve £ over K. Suppose that
the special fiber of £ over the residue field k of R has type I (jo) for some jo € k. Then
according to [Si2], p. 373, the characteristic of k is not equal to 2, and there exists a
Weierstrass model of E given by

y2 +a1xy +azy = m3 + a2$2 + aqx + ag
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with a; € R and 7|a, ag, 7°|as, a4, and 73|ag, such that the polynomial P(T) = T3 +
a2,1T2 + as12T + as3 € R[T] with a;; = n~Ja; has distinct roots modulo (7). The
parameter jy corresponds to the isomorphism class of the projective line with these
three roots in R/(w) = k and the point at infinity.

A way to interpret this is as follows. Over an algebraically closed field, the
moduli space of four distinct points on the projective line is exactly the j-line, where
four points Py, P, P3, Py on P! correspond to the j-invariant of an elliptic curve for
which the z-coordinate gives a map to P! that ramifies above the P;. Let j € K be the
j-invariant of our elliptic curve E/K. By [Si2], p. 373, we have j € R. Set u = 7'z and
v =7m"2y. Then E/K can be given by

2 3 2
7T(1) + a1,1uv + a372v) =u" + a2,1u + a4.2U + ag,3-

The coordinate u determines a map £ — |P}< and j corresponds to IP}( with the four
ramification points of u. By the quadratic formula these are the three points given by

7r(a1,1u + a372)2 + 4(u3 + a271u2 + agou + a673) =0

and the point at infinity. The reduction of these points modulo 7 are exactly the roots of
P(T) mod (7) and the point at infinity. These four points on P}, correspond to jo, so the
image of 7 € R in the residue field k is exactly jo. Considering for instance the elliptic
surface Sy over P(¢) given by

y? = x(x —t)(x — At),

with A € k\ {0,1}, we get a singular fiber of type Ij(jo) at ¢ = 0, where jy is the
j-invariant of the elliptic curve given by y? = z(z — 1)(z — \).

Recall that we still have a fixed elliptic surface S over a curve C' with function
field K = k(C). The generic fiber is denoted E, which is an elliptic curve over K, whose
function field K (F) is isomorphic to the function field k(5) of S.

Lemma 2.4.19 The homomorphism Divyert S = @, cc A(v) = ZFE P, A1(v) send-
ing D to (D - (O))F, D) has kernel g* Div’ C and induces a split short ezact sequence

00— DiVO C i> Divyert S——=7IF® @veC Al(v) —0. (26)

Proof. Let ¢ denote the homomorphism in question. The composition of ¢ with the
projection to @, A1(v) is clearly surjective. As any fiber maps to F' @& 0, we find that
¢ itself is also surjective. The inclusion g* Div?(C) C ker is clear from the fact that
deg D' = (¢*D’') - (O) for any divisor D’ € Div C. Conversely, any divisor D € ker ¢
consists of whole fibers and is therefore of the form D = ¢*(D’) for some divisor D’ €
Div C. From the equality deg D' = (¢*D’) - (O) = D - (O) = (coefficient of F') = 0 we
find D’ € Div® C. The sequence splits because it is a sequence of free abelian groups. [

Let T denote the group ZF © @, A1(v) from Lemma 2.4.19.
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Remark 2.4.20 An explicit splitting of the sequence (2.6) can be given by choosing
a point vy € C and setting Fy = g*(vg) (in fact, it is enough for vy to be a divisor of
degree 1). The map ZF — Divye S sending F' to Fj and the maps ¢, from Remark 2.4.2
together induce a homomorphism ¢ : 77 — Divyey S that sends F' to Fy and D mod (F,) €
Ai(v) to D — (D - (O))F,. This gives a section for (2.6). The associated homomorphism
Divyert S — Div?C sends D € A(v) to (D - (O))((v) — (vo)). Note that this splitting
depends on both O and the choice of vg. Whenever we implicitly embed 77 in Divyer S
in this section, it will be through (.

Remark 2.4.21 Because the divisors in g* Div" C are algebraically equivalent to 0, the
map Divye S — NS(S) factors through 77, so we get a natural map 77 — NS(S), which
depends on the choice of the section O. We will see in Proposition 2.4.29 that this map
is injective. We can also think of this as map as the composition of ¢ from Remark 2.4.20
with the map Divyery S — NS(S). This composition does not depend anymore on the
choice of vg. The intersection pairing gives a well defined map 77 x NS(S) — Z, which
also depends on . This can be given explicitly through the section ¢ of Divyet S — T}
given in Remark 2.4.20. Note that for any v € C and any D € Aj(v) C 17 we have
(R)-D = (0)-D = F-D = 0 for every section R € S(C) for which the divisor
(R) intersects every fiber in the same irreducible component as (O). It follows from
Proposition 2.4.4 that the intersection pairing on @, A1(v) C T1 (which does not
depends on ) is negative definite, so we already see that the map @, A1(v) — NS(S)
is injective.

We will now state and prove a proposition that is a slight generalization of a
theorem by Shioda ([Shi3], Theorem 3.1). Our proof is practically the same as Shioda’s.
By phrasing a generalization, we will also be able to deduce another theorem, for which
Shioda gives a more complicated proof.

Proposition 2.4.22 On an elliptic surface S, fibered by g over a curve C, the following
conditions on a divisor D of S are equivalent.

(i) The divisor D is linearly equivalent to a divisor in the image of g*: Div'C —
Div' S.
(ii) The divisor D is algebraically equivalent to 0.
(iii) For some integer n > 0 the divisor nD is algebraically equivalent to 0.

(iv) The divisor D is numerically equivalent to 0.

Proof. The implications (i) = (ii) = (iii) = (iv) are obvious. Shioda proves only the
equivalence of (ii), (iii), and (iv), see [Shi3], Thm. 3.1. To prove the implication (iv) =
(i) we will follow closely Shioda’s proof of the implication (iv) = (ii). Shioda credits
the idea to Inoue. Let D be a divisor on S that is numerically equivalent to 0. Let Kg
denote a canonical divisor on S. According to Proposition 2.3.14 the Euler characteristic
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X = x(Og) of S is positive, so the Riemann-Roch theorem for surfaces (see [Ha2], Thm.
V.1.6) gives
h'(8,0(D))=h'(S,0(D)) + h™(8,0(Ks — D)) =

1
§D-(D7Ks)+xzx>0.

Hence, we have h°(S,O(D)) > 0 or h°(S,O(Ks — D)) > 0, which implies that either D
or Kg — D is linearly equivalent to an effective divisor D’. In the first case (D" ~ D) we
are done. Indeed, in this case we find D’ = 0, because if D’ were nonzero and effective,
then there would exist some curve I on S with D' -T' > 0 (take any prime divisor C' in
the support of D', take any point P on C, and take I' to be any curve through P that
is not C').

In the second case we find D'-© = Kg-© — D - © = 0 for any vertical divisor
©. This follows from the fact that Kg is numerically equivalent to a multiple of any fiber
(see Theorem 2.3.10), so we find Kg-© = 0 for any vertical divisor ©. As D’ is effective,
this implies that D’ contains no horizontal components. By Lemma 2.4.19 this implies
that D’ can be written as

D' =g"(A)+nF + D"

for some divisor A on C of degree 0, some integer n, any fiber F', and some D" €
PB,cc A1(v). Note that here we view 71 = ZF @ @, A1(v) as a subgroup of Divyer S
through ¢, see Remark 2.4.20. The equation D’ - © = 0 implies D” - © = 0 for any ver-
tical divisor ©. By Proposition 2.4.4 the intersection pairing on @, .~ A1(v) is negative
definite, so we find D” = 0 and thus D ~ Kg — D' = Kg — g*(A) — nF. By Theorem
2.3.10 this implies that D is linearly equivalent to ¢*(I") for some divisor I" on C. From
the equality degT' = ¢*(T') - (O) = D - (O) = 0, we conclude T' € Div° C. O

Proposition 2.4.23 The group NS(S) is finitely generated and free. The intersection
pairing induces a symmetric, nondegenerate, bilinear pairing on NS(S), making it into
a lattice of signature (1,p — 1). If the Euler characteristic x = x(Og) of S is even, then
NS(S) is an even lattice.

Proof. The group NS(.9) is finitely generated by Proposition 2.2.12. The fact that NS(.5)
is free follows immediately from Proposition 2.4.22 and the fact that the Néron-Severi
group modulo numerical equivalence is free, see Proposition 2.2.17. It also follows im-
mediately that the bilinear intersection pairing is nondegenerate on NS(S5), see [Shi3],
Thm. 2.1 or [Ha2], example V.1.9.1. The signature is given by the Hodge Index The-
orem ([Ha2], Thm. V.1.9). From the adjunction formula ([Ha2], Prop. V.1.5) we find
29(D)—2=D-(D+(29(C)—2+x)F) = D*+(29(C) —2+x)(D- F) for any irreducible
curve D on S with genus g(D). Therefore, if x is even, we find that D? is even for all
prime divisors D. As these divisors generate NS(.S), the lattice NS(S) is even. 0

Theorem 2.4.24 The map g*: Pic® C — Pic® S is an isomorphism.
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Proof. This is Theorem 4.1 in [Shi3]. Instead of the relatively involved proof given there,
we will deduce this from Proposition 2.4.22. The homomorphism ¢* is injective, because
it is a section of O*: Pic® S — Pic® C. The surjectivity of ¢* follows immediately from
the implication (ii) = (i) of Proposition 2.4.22. O

Remark 2.4.25 The Jacobian of P! is zero, so if the base curve C is isomorphic to P!,
then Pic’(S) = 0 and the Néron-Severi group NS(S) is isomorphic to the Picard group
Pic(S). In general any elliptic fibration S — C’ with section and at least one singular
fiber has a base curve of genus g(C’) = dim Jac(C) = dim Pic’(S). Over C, this number
equals the irregularity ¢ = ¢(S) = dim H'(S, Og). If S is for instance a complex K3
surface, the irregularity satisfies ¢ = 0, so then we get g(C") = 0.

The morphism ¢: E — S induces homomorphisms £* on the level of Pic,
Pic’ and hence also on the level of NS. Because ¢ is dominant, it induces an injec-
tion £*: k(S) — k(F) of function fields, too. This injection is an isomorphism because it
comes from the fibered product with the function field k(C) of C over k(C) itself. Since
¢ is dominant, by Remark 2.2.15 there is an induced homomorphism £*: Div.S — Div E
as well. All these homomorphisms denoted by £* are compatible with each other. Shioda
describes £*(D) as “the intersection of the horizontal part of the divisor D with the
generic fiber E” and denotes it D - F.

Remark 2.4.26 There are a few other ways to think about this homomorphism. Sup-
pose D is an effective divisor of S and Y is its associated closed subscheme of S (see
[Ha2], p. 145). Then the closed subscheme Z associated to the divisor £*(D) on E is
Z =Y x¢ Spec K, where K = k(C) is the function field of C. In particular this implies
that if P € S(C) is a section of g, then &* sends the divisor P(C) on S to the divi-
sor P(C) x¢ Spec K on E, which gives a section in E(K). By the universal property
of fibered products, this yields exactly the correspondence between S(C) and E(K) as
described in Lemma 2.3.13. If D has no vertical components, then Y is the closure of

&(Z)in S.
Lemma 2.4.27 The homomorphism £ induces a short exact sequence

0 — Divyer(S) — Div S £ DivE — 0,

where Divyert (S) is the subgroup of Div S generated by vertical divisors. Furthermore, we
have an equality deg(§*D) = D - F' for any fiber F.

Proof. Clearly, we have a containment Divye(S) C ker*. As Div S is isomorphic to
Divyert(S) @ Divper(S) (see Remark 2.3.5), it suffices to show that £*: Divye(S) —
Div F is an isomorphism. This follows from last statement of Remark 2.4.26, but we will
use a different argument that will also be useful for the last equality of this Lemma.
The horizontal prime divisors of S correspond with the discrete valuation rings of k(.5)
containing ¢g*k(C) = K. As k(S) is isomorphic to K (E), these are the discrete valuation
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rings of K (F) containing K, which correspond exactly with the K-rational points of E.
The last equality follows from the fact that for a horizontal prime divisor D, both sides
equal the degree of the residue field of its local ring over K. For vertical divisors, both
sides equal 0. O

Lemma 2.4.28 The homomorphism ¢*: Div? C — Div" S is injective and the cokernel
is naturally isomorphic to K(E)*/K*.

Proof. We consider the short exact sequences 0 — k(C)*/k* — Div’ C — Pic® C — 0
and 0 — k(S)*/k* — Div®S — Pic® S — 0 and apply the snake lemma to the map g*
from the former to the latter exact sequence. The kernels are trivial because g* is a section
of O*. The cokernels on the outside are k(5)*/k(C)* and 0 (by Theorem 2.4.24), so the
snake lemma tells us that the cokernel in the middle is also isomorphic to k(S)*/k(C)*,
which is isomorphic to K(E)*/K*.

0 0 0
0 ——=k(C)*/k* Div’ C Pic’C —=0
g* g* g*
0——=k(S)"/k* Divl§ ————=Pic? § —=0
0 — k(9)*/k(C)* K(E)*/K* 0

0 0

Recall that T} denotes the group ZF & @, . A1(v) from Lemma 2.4.19.

veC
Proposition 2.4.29 There is a natural short exact sequence
0 — Ty — NS(S) = PicE — 0,

where the first map is induced by the natural map from Divyey S to NS(S) and the map
© is induced by the composition of the maps £*: Div.S — Div E and DivE — PicE.
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Proof. We have a commutative diagram

00— DiV0 C Divyers S
g*
0——=Div’ S Div S

which induces a homomorphism between the cokernels of the horizontal maps, i.e., a
homomorphism 77 — NS(S). Now we apply the snake lemma. The left vertical map
is injective and has cokernel K(FE)*/K* by Lemma 2.4.28. The second vertical map is
injective and has cokernel Div ' by Lemma 2.4.27. Tracing arrows we find that the ho-
momorphism K (F)*/K* — Div E between these two cokernels is exactly the well known
map that sends a rational function to the principal divisor associated to it. Thus, this
map is injective with cokernel Pic E. The snake lemma gives us the following commuta-
tive diagram in which all horizontal and vertical sequences are exact.

0 0 0
0 Div? ¢~ Divyen § T 0
o
0 Div® S Div S NS(S) —=0
®
0— K(E)*/K* Div E PicE —0
0 0 0

0

The two 3 x 3 diagrams from the proofs of Lemma 2.4.28 and Proposition 2.4.29
fit together in the following big commutative cube.
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Pic? C I Picyert S Ty
DiVO C < Divyert S Ty
E(C)*/k* k(C)*/k* 0 /
Pic’ § /Pics NS(S)
Div? S Div S NS(S)
/ / . / ;
k(S)*/k* k(S)*/k* 0
% @
0 Pic E Pic
/ . / /
K(E)*/K* /DivE PicE
k(S)*/k(C)* K(E)*/K* 0 /

Proposition 2.4.30 All sequences in the cube above are short exact sequences (with the
zeros left out).

Proof. The two 3 x 3 diagrams from the proofs of Lemma 2.4.28 and Proposition 2.4.29
make up the left face and the plane between the front and back face respectively. Consider
the 3 x 3 diagram between the left and the right face. Its bottom two rows are exact by
definition. Exactness of the front vertical sequence in this subdiagram follows from the
isomorphism K (F) = k(S) and the equality K = k(C). Exactness of the second vertical
sequence is exactly Lemma 2.4.27. From the snake lemma it then follows that the kernel
of £&*: PicS — Pic E is equal to the image of Divyet .S in Pic S, i.e., ker £ = Picyert S.
Now consider the top face of the cube. We already know the left two sequences are exact.
The snake lemma then shows that the cokernel of ¢*: Pic® C' — Picyert S is isomorphic to
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the cokernel of g*: Div? C' — Divyert S , 1.e., to T1. The exactness of all other sequences
is now obvious. ]

Remark 2.4.31 The homomorphism ¢: NS(S) — PicE can also be constructed as
follows. By (2.2) the composition go {: E — S — C factors through Spec K, so the
homomorphism £* o ¢g*: PicC — PicS — Pic F factors through Pic(Spec K') = 0. Hence
we get an inclusion ¢* Pic? C' C g* Pic C' C ker £, so £* factors through Pic S/¢* (Pic® O,
which is isomorphic to NS(S) by Theorem 2.4.24.

Let ¥ denote the homomorphism Pic F — F(K) that sends the prime divisor
(P) to P for any P € E(K). Let ¢: NS(S) — E(K) be the composition of ¢ and ¥
and set T' = kert. Let p and r denote the rank of NS(S) and E(K) respectively. Let
U C NS(S5) be the group generated by divisor classes of any fiber F' and the section (O).

Pic S L PicFE

.

0 —T —=NS(S) — > E(K)

Theorem 2.4.32 The homomorphism 1 is surjective and maps (P) to P. The kernel T
is a sublattice of NS(S) of signature (1,rkT'—1). It is generated by (O) and the irreducible
components of the singular fibers of g, and it is isomorphic to the orthogonal direct sum of
the unimodular lattice U and @, A1(v). The rank of T equals tkT =243 (m, —1).
We have p=r+2+3% (m, —1).

Proof. Most of this is in [Shi3], Thm. 1.3. Let P € E(K) be any K-point on E. By
Lemma 2.3.13 it corresponds to a section in S(C'). By Remark 2.4.26 the homomorphism
&*: Pic S — Pic E sends the associated divisor (P)g on S to the associated divisor (P)g
on F, which gets mapped to P by X. This proves the first statement.

The homomorphism deg: Pic E — Z sending a divisor class D to its degree
yields a split short exact sequence

0— Pic E — PicE — 7 — 0.

A section Z — Pic E of the map deg is given by sending 1 to (O). The associated
homomorphism 7: Pic E — Pic’ E maps D to D — (deg D)(©). The map ¥: PicE —
E(K) factors as the composition of 7 and the usual isomorphism Pic’ E — F(K) sending
(P) — (O) to P (see [Sil], Prop. 111.3.4). Thus T is also the kernel of the composition
o=Toy.
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PiCSL>PicE
| TN
0—=T —=NS(S) —Z>picd E — = B(K)
v
P

Now we apply the snake lemma to the following diagram.

0
0 z
l
0 Ty NS(S) ‘ Pic E —0
| ”
0 T NS(5) s Pic" E—=0
l
0 0

The snake lemma implies that the map 77 — T is injective with cokernel Z. Hence we
get a short exact sequence
0—-T,—T—7—0.

A simple tracing of arrows shows that a section of the cokernel map 7' — 7 can be given
by sending 1 to (O) € T. Hence we find an isomorphism

T=7(0)0Ti =Z(0)®ZF & P Ai(v) 2T o M (v).
vel vel

From Remark 2.4.21 we find that the lattice U is orthogonal to @, - A1(v). From the
intersection numbers F? = 0, (0)? = —x, and F- (O) = 1, we find that U is unimodular
with Gram matrix associated to the basis {(O), F'} equal to

—x 1

1 0 )
The signature of T follows from the fact that €, - Ai(v) is negative definite (see
Proposition 2.4.4) and U has signature (1,1). From Proposition 2.4.4 we also conclude
tkTy =14 co(my —1). The rank of T'= T @ Z follows immediately. From the short

exact sequence
0—T—NS(S)— E(K)—0 (2.7)
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we conclude p =1k NS(S) =rkT + 1k E(K) =2+ > co(m, — 1) + 7. O
Proof of Theorem 2.4.1. This follows immediately from Theorem 2.4.32. U

We will now take a closer look at the lattice structure of the Néron-Severi group
NS(S) and deduce that we can give the group E(K)/E(K )iors the structure of a positive
definite lattice. Set W = U+t and L = T, where the orthogonal complements are taken
in NS(S).

Lemma 2.4.33 The lattice W is an even, negative definite lattice. The Néron-Severi
group NS(S) is the orthogonal direct sum of U and W. The sublattice L is the orthogonal
complement of @, A1(v) in W. We have the following ranks and discriminants.

’ lattice ‘ rank ‘ discriminant
w p—2 — disc NS(S)
Bocc M) | Sieclme —1) (—1)X0 D, comi”
T 2+ 3 ec(mo — 1) ()™ e m!
L r disc NS(S)[NS(S) : Lo T)?/disc T =
+discW[W : L @,co M)/ [Loee ms”

Proof. See [Shi3], § 7. Since U has signature (1,1) and NS(S) has signature (1,p — 1),
we find that W is negative definite. To prove that W is even we follow Shioda’s proof,
see [Shi3], Thm. 7.4. Let D be an effective divisor with equivalence class in . Then in
particular we have D - F' = 0, so by Theorem 2.3.10 we have D - Kg = 0, where Kg is a
canonical divisor on S. Hence from the adjunction formula 2p,(D)—2 = D-(D+ Kg), we
find that D? is even. Here p,(D) denotes the arithmetic genus of the closed subscheme
associated to D. As W is generated by divisor classes of effective divisors, we conclude
that W is even. Since U is unimodular, the second statement follows from Lemma 2.1.14.
Then the formulas for the rank and discriminant of W follow from the fact that we have
rkU =2 and discU = —1.

Let Ty denote the lattice @, .- A1(v). Theorem 2.4.32 tells us that 7' is iso-
morphic to the orthogonal direct sum of Ty and U. Hence the orthogonal complement
L=T%0of T =Ty®U in NS(S) = W@ U is equal to the orthogonal complement of Tj in
W. Proposition 2.4.4 gives the rank and discriminant of Tj, from which we find those of
T. Since L is the orthogonal complement of 7" in NS(S), we find rk L = rk NS(S) —rk T,
which equals r by Theorem 2.4.32. The formula for the discriminant of L follows from
Lemma 2.1.15 by considering L as the orthogonal complement either of 7" in NS(S) or
of Ty in W. O

Set
m = lem{m(! | v e C} (2.8)

and write
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E(K)° = {P € B(K)

(P) intersects all fibers in the same
irreducible component as (O) '

Theorem 2.4.34 Let m be as in (2.8). The projection NS(S) — Lg induces a homo-
morphism v: E(K) = NS(S)/T — LL N L* with kernel E(K)os. The set E(K)? is a
torsion-free subgroup of E(K) of finite index. The map v sends E(K)° isomorphically
to L.

Proof. This is slightly stronger than [Shi3|, Thm. 8.9. First we will show mT"™ C T". As
NS(9) is integral, we have a series of inclusions T* C 7" C T" C T, so it suffices to show
mI™* C T. By Theorem 2.4.32 it is enough to show mU* C U and mA;(v)* C Ai(v)
for all v € C. For U this follows from the fact that U is unimodular, so U* = U. By
Lemma 2.1.13 and Proposition 2.4.4 we have [Aj(v)* : Aj(v)] = mg,l)\m, so m annihilates
Ay (v)*/A1(v). This shows that we can apply Lemma 2.1.20. For A and 7' in Lemma
2.1.20 take NS(S) and T respectively. Then the lattice denoted by L in Lemma 2.1.20
corresponds to our L, and the group A in Lemma 2.1.20 corresponds to E(K). As in
Lemma 2.1.20, let M denote the kernel of the homomorphism E(K) = NS(S)/T — T"™/T
induced by the projection NS(S) — Tp. Everything follows from Lemma 2.1.20 if we show
M = E(K)°. Shioda’s proof of the inclusion M C E(K)? is fairly imprecise.

Take P € E(K)? € NS(S)/T. By Theorem 2.4.32 the element P is represented
by the divisor (P) € NS(S). By Remark 2.4.21 we find (P) - D = 0 for every D € Ay (v).
As Ai(v) is negative definite, the projection of (P) to Aj(v) vanishes and we find that
under the projection NS(S) — Ty = Ug @ (B, A1(v))e the divisor (P) maps to
U*=U CT,soweget P M. Conversely, take P € M. Again P is represented by
the divisor (P). Take any v € C. By definition of M, the orthogonal projection of (P)
to Tfy is contained in 7', so in particular the projection I' of (P) to (U & A1(v)) C Tp is
contained in U® A (v) 2 Z(O) @ A(v). We have I'-z = (P) - z for every z € Z(O) ® A(v).
From (P) - F =1 we can compute the coefficient of (O) and we find that we can write
I'=(0)+T, with ', € A(v). Let ©p and Op denote the irreducible components of F,
that intersect (O) and (P) respectively. Suppose ©¢p # ©p. Then for every irreducible
component © of g~ !(v) we get

1 if ® =0p,
ry.e=rr-0-0)-6=(P)-(0))-0 = -1 if © =060,
0 otherwise.

However, from the classification of singular fibers in Theorem 2.4.17 we easily verify that
such a I', does not exist. We conclude ©p = O¢, and thus P € E(K)°. O

By considering L(—1) instead, i.e., the lattice L but with the opposite of its
pairing, we can embed F(K)/E(K)ios in a positive definite lattice, as stated in the
following corollary.
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Corollary 2.4.35 Let m be as in (2.8). The homomorphism «y induces a natural homo-
morphism ¥: E(K) — LL(—1) N L(—1)* inducing the following commutative diagram.

E(K)/E(K )tors™—> £ L(~1) N L(—1)*

m

IR [

E(K) L(=1)

This induces a symmetric bilinear pairing on E(K) and it induces the structure of a posi-
tive definite lattice on E(K)/E(K )iors with an even sublattice E(K)Y. The corresponding
pairing is equal to the canonical height pairing (P, Q) — h(P + Q) — h(P) — h(Q), where
h is height associated to the ample divisor (O).

Proof. The diagram follows immediately from Theorem 2.4.34. Since L is negative defi-
nite, L(—1) is positive definite. By Lemma 2.4.33 the lattice L C W is even. For the last
statement, see [Si2], Theorem I11.9.3. O

Remark 2.4.36 The lattice F(K)/E(K )iors together with the positive definite pairing
described in Corollary 2.4.35 is called the Mordell-Weil lattice. The pairing itself is called
the height pairing. By tracing down the maps that define it, Shioda ([Shi3], Thm 8.6)
gives an explicit formula for the height pairing of two sections P and Q. It is based only
on the intersection numbers (P) - (Q), (P) - (0), (Q) - (O), and ((P) — (O)) - © for any
irreducible component © of a singular fiber.

Lemma 2.4.37 The discriminant of the Néron-Severi group and the Mordell-Weil lat-
tice E(K)/E(K )iors are related by the equation

disc (E(K)/E(K)tors) - [ [, mo(1
dise Ns(s) — e Bl )(E((K)Lm')g [T, (1)

Proof. This follows immediately from Lemma 2.1.21 and 2.4.33. See also [Shil], Cor.
1.7. ([l

Proposition 2.4.38 Let m be as in (2.8). The values of the height pairing are contained
in L17.

m
Proof. Let M denote the intersection - L(—1)N L*(—1). Then the height pairing factors

through the pairing M x M — @ by Corollary 2.4.35. For z,y € M we get m(z,y) =
(mz,y) € Z as we have mx € L(—1) and y € L(—1)*. O
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2.5 Two constructions of elliptic surfaces

In this section we will prove that under mild conditions a fan of hyperplane sections of
a degree 3 surface in P3 gives rise to an elliptic surface. This statement is well known,
at least for nonsingular surfaces in characteristic 0, but details such as the existence of
singular fibers are often overlooked. Also under mild conditions a base extension of an
elliptic surface gives rise again to an elliptic surface. Both statements appear to lack
proofs in the literature, so we include them here.

Definition 2.5.1 A surface X over an algebraically closed field k has a rational sin-
gularity at a point x if there exist a surface Y and a projective, birational morphism
f:Y — X that is an isomorphism from f~1(X —{z}) to X —{x} and such that we have
R'f,0y =0 and f~Y(U) is smooth over k for some open neighborhood U of x.

Remark 2.5.2 Let f: Y — X be aresolution of a singularity at = on X with exceptional
curve (possibly reducible) E. Then x is a rational singularity if and only if for every
positive divisor Z on Y with support in E the arithmetic genus p,(Z) satisfies p,(Z) < 0,
see [Ar], Prop. 1.

Proposition 2.5.3 Let k be any field of characteristic not equal to 2 or 3, contained
in an algebraically closed field k'. Let X be a projective, irreducible surface in [Pz of
degree 3, such that Xy is reqular outside a finite number of rational singularities. Let
L be a line that intersects X in three different nonsingular points My, Mo, and Ms.
Identify P1 with the family of hyperplanes in P3 through L and let f: X --» P! be the
rational map that sends every point of X to the hyperplane it lies in. Let w: X — X
be a minimal desingularization of the blow-up of X at the M;. For i = 1,2,3, let M;
denote the exceptional curve above M; on X. Then f om extends to a morphism f. It
maps the M; isomorphically to P!, yielding at least three sections. Together with any of
its sections, f makes Xy into a rational elliptic surface over IP%J,.

Remark 2.5.4 O’Sullivan ([O’Su], Prop. VI.1.1) shows that any normal cubic surface
in P? that is not a cone has only rational double points. He excludes characteristics 2, 3,
and 5, but describes how his results could be extended to any characteristic using results
from Lipman [Lip]. For a published reference, see [BW] (characteristic 0).

The proof of Proposition 2.5.3 consists of several steps. For clarity, we will prove
them in separate lemmas. Let k, k', L, X, X,m, M;, M;, f, and f be as in Proposition
2.5.3. First we will show that X is rational, smooth, and irreducible. Then we show that
J is a morphism that has a section. We proceed by showing that almost all fibers are
nonsingular of genus 1. After that, we see that f is not smooth and finally, we will show
that f is a relatively minimal fibration. Note that if L is defined over k, then so is f. If
M; is a k-point, then the section O corresponding to M; is defined over k as well. All

other statements are geometric, so without loss of generality we will assume that & = k’.
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Lemma 2.5.5 Under the assumptions of Proposition 2.5.3 the surface X is rational,
smooth, and irreducible.

Proof. By construction, X is smooth. It is irreducible because X is, and 7: X — X is
birational. Obviously, to show that X is rational, it suffices to show that X is rational.
It is a classical result that nonsingular cubics are obtained by blowing up 6 points in
general position in P2, whence they are rational. For this statement, see [Ha2], § V.4, in
particular Rem. V.4.7.1. Proofs are given in [Man], § 24 or [Na], I, Thm. 8, p. 366.

For the singular case, note that X is not a cone. Indeed, the exceptional curve
FE of the desingularization of a cone over a plane cubic is isomorphic to that cubic, see
[Ha2], exc. I1.5.7. Hence, it would satisfy p(F) = 1, which contradicts Remark 2.5.2. As
X is not a cone, projection from any singular point x will give a dominant rational map
from X to P2. It is birational because every line through z that is not contained in X
intersects X by Bézout’s Theorem in only one more point. O

Lemma 2.5.6 The rational map f extends to a morphism, mapping ]\Z isomorphically
to PL.

Proof. The rational map f is defined everywhere, except at the M;, whence the compo-
sition f o7 is well-defined outside the M;. Any point P on M; corresponds to a direction
at M; on X. Since L intersects X in three different points and the total intersection L- X
has degree 3 by Bézout’s Theorem, it follows that L is not tangent to X, so these direc-
tions at M; are cut out by the planes through L. The map f o7 extends to a morphism
f by sending P € M to the plane that cuts out the direction at M; that P corresponds
to. Thus, it induces an isomorphism from the M, to PL. ]

Note that if a hyperplane H does not contain any singular points of X, then
the fiber of f above H is isomorphic to H N X. Here the missing points M; in fYH) =
(H N X)\ {My, My, M3} are filled in by the appropriate points on M,;. To prove that
almost all fibers are nonsingular curves of genus 1 we will use Proposition 2.5.8. Its proof
was suggested by B. Poonen.

Lemma 2.5.7 Any connected, reqular variety is integral.

Proof. Let Z be such a variety. Then Z is reduced, so it suffices to show that Z is
irreducible. The minimal primes of the local ring of a point on Z correspond to the
components it lies on. As a regular local ring has only one minimal prime ideal, we
conclude that every point of Z lies on exactly one component. As Z is connected, Z is
irreducible. g

Proposition 2.5.8 Let Y be a geometrically connected, regular variety over a field .
If Y contains a closed point of which the residue field is separable over I, then Y is
geometrically integral.
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Proof. Let [°P denote a separable closure of [. As separable extensions preserve regu-
larity (see [EGA IV(2)], Prop. 6.7.4), we find that Yjsep is regular. As it is connected as
well, Yisep is integral by Lemma 2.5.7, whence irreducible. Over a separably closed field,
irreducibility implies geometric irreducibility, see Proposition 2.2.8, part (i). Therefore
Y7 is irreducible.

Let ¢ be the closed point mentioned. Then the local ring Oy, is regular, with
residue field separable over {. From [EGA IV(1)], Thm. 19.6.4, we find that the ring Oy,
is formally smooth over I. By [EGA IV(2)], Thm. 6.8.6, this implies that Y is smooth
(over ) at c. As smoothness is an open condition (see [EGA IV(2)], Cor. 6.8.7), there is
a nonempty open subset U C Y such that Y is smooth at all z € U. As smoothness is a
local condition, U is smooth, whence geometrically regular.

As Y7 is irreducible, the subset U; is dense and also irreducible, whence con-
nected. It is also regular, so it is integral by Lemma 2.5.7. Therefore, U is geometrically
integral, which for an integral scheme over [ is equivalent to the fact that its function
field is a primary and separable field extension of [, see [EGA IV(2)], Cor. 4.6.3. As Y is
integral and the function field £(Y") of Y is isomorphic to the function field k(U) of U,
it follows that Y is geometrically integral as well. O

Lemma 2.5.9 Under the assumptions of Proposition 2.5.3 almost all fibers are nonsin-
gular curves of genus 1.

Proof. It follows from Remark 2.3.2 that almost all fibers are nonsingular if char k£ = 0.
Suppose char k = p > 3. We will first show that the generic fiber E = X Xp1 Spec k(t)
above the generic point 1 : Speck(t) — P! of P! is regular. Then we will show F is
geometrically integral of genus 1 and finally we will conclude it is smooth over Spec k(t).

Take a point P € E and let z € X be the image of P under the projection
p: B — X. On every open U = Spec A C P!, the map 7 is given by the localization map
Y: A — k(t). As fibered products of affine spaces come from tensor products, which
commute with localization, the map 7 : O;(’z — Op,p on local A-algebras is induced

by . The maximal ideal of O  pulls back under J?#] a: A— Og  to the prime ideal

of A corresponding to f(x) = im 7, i.e., to (0). Hence, all nonzero elements of A are
already invertible in O a0 SO the map Of{’,a: — Op,p is in fact an isomorphism. Since X
is regular by Lemma 2.5.5, we conclude that O T = Op,p is a regular local ring, so
is regular.

Also, for any extension field F of k(t) the scheme E xj ;) F' is a cubic in P2,
so it is connected. Thus, F is geometrically connected. As in Lemma 2.3.13, the sections
M; determine k(t)-points on E. From Proposition 2.5.8 we find that F is geometrically
integral. As F is a regular, geometrically integral, plane cubic curve, it has genus g(E) =
1. Here we define the genus g(C') of a regular (but possibly not smooth), projective, and
geometrically integral curve C' by the common value of its arithmetic genus p,(C) and
its geometric genus py(C) = dim H°(C,wy), where wg is the dualizing sheaf of C, see
[Ha2], II1.7.
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Now, if F were not smooth over k(t¢), then there would be a finite extension
F/k(t) such that Ep = E Xy F is not regular. Any nonregular plane cubic has genus
0, so g(Er) = 0. Let K/k(t) be the subfield of F' such that K/k(t) is separable and F'/ K
is purely inseparable. Then by [EGA IV(2)], Prop. 6.7.4, the curve Ex = E Xy K is
regular, so g(Fg) = 1. By [Tal], Cor. 1, the difference g(Ex) — g(Fr) = 1 is an integral
multiple of (p —1)/2, so we find p = 2 or p = 3. Since we have p > 0, we conclude that
E is smooth over 7. As f is flat and prOJectlve by [Ha2|, exc. 111.10.2, there is a dense
open subset U C P! on which f f YU) — U is smooth. By Remark 2.3.12 almost all
fibers are then nonsingular. As they are plane cubics, they have genus 1. O

Lemma 2.5.10 Under the assumptions of Proposition 2.5.3 the morphism fv is not
smooth.

Proof. By Remark 2.3.12, it suffices to prove that there exists a singular fiber. As there
are only finitely many singular points on X, for almost all planes H through L the fiber
X g is isomorphic to X N H. As any two projective curves in H = P2 intersect, it follows
that Xy is connected for all but finitely many H. Since f is flat (see Remark 2.3.2), it
follows from the principle of connectedness (see [Ha2|, exc. II1.11.4) that the fiber Xy is
connected for all H.

If X contains a singular point, then the fiber Xy of fabove the plane H that
it lies in contains an exceptional curve, so it is reducible and connected. From Lemma
2.5.7 we conclude that X H is singular.

Hence, to prove the existence of a singular fiber we may assume that X is
nonsingular. After a linear transformation, we may assume that L C P3 is given by
w=z=0and X is given by F' = 0 for some homogeneous polynomial F € k[z,y, z, w]
of degree 3. Let P € X C P3 be a point where both 9F/0z and OF/dy vanish (the
existence of P follows from the Projective Dimension Theorem, see [Ha2], Thm. 1.7.2).
Set tg = (0F/0z)(P) and t; = (0F/0w)(P). Then ty and t; are not both zero because
P is nonsingular. The tangent plane Tp to X at P is then given by tpz + tyw = 0, so it
contains L. The fiber Tp N X above Tp is singular, as Tp is tangent at P. O

Lemma 2.5.11 Under the assumptions of Proposition 2.5.3 the morphism f s a rela-
tively minimal fibration.

Proof. By Lemmas 2.5.5, 2.5.6, and 2.5.9, the hypotheses of Theorem 2.3.10 are satisfied,
so it suffices to show that K%( = 0. Let p: X’ — X be the blow-up of X at the three

points M;, and let o: X — X’ be the minimal desingularization of X’.

For any projective variety Z, let K7, denote the divisor associated to the dualiz-
ing sheaf w%, see [Ha2|, § II1.7. If Z is nonsingular, then K7, is linearly equivalent to the
canonical divisor Kz, see [Ha2|, Cor. II1.7.12. From [Ha2|, Thm. II1.7.11, we find that
wg = Ox(d —4) with d = deg X = 3. Hence, if H is a hyperplane that does not meet
any of the M; or the singular points of X, then K% is linearly equivalent to —(H N X).
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Let U be the maximal smooth open subset of X, and set V = p~}(U). As V is
isomorphic to U, blown up at three nonsingular points, we find by [Ha2], Prop. V.3.3,
that Ky = p*Ky + M1 + MQ + M5 Since p is an isomorphism outside the M;, we find
that KS, = p* K% + My + Ms + M3. As K5 does not meet the M;, and M2 = —1 (see
[Ha2], Prop. V.3.2) we get

(K$)? = (p*K)?+ M2+ M3+ M = (K%)?—3=(HNX)?—3=deg X —3=0.

Du Val [Du] proves that rational singularities do not affect adjunction, i.e., there is

an isomorphism w} = g*w%,, see also [Pi], § 15, Prop. 2, and § 17. Hence, we get
Kg ~ K% ~ 0"KY,. As 0 is an isomorphism on o Y(V), we get K?{ = (0*K%))? =

(K$)? =0. 0
Proof of Proposition 2.5.3. This follows immediately from Lemmas 2.5.5, 2.5.6, 2.5.9,
2.5.10, and 2.5.11. O

Remark 2.5.12 If L intersects X in one of its singular points, then one could still define
a fibration X — P! in the same way as in Proposition 2.5.3. For almost all hyperplanes
H the fiber above H will be the normalization of the singular cubic curve H N X. Hence
this will not be an elliptic fibration.

Remark 2.5.13 In characteristic 3, all fibers might be singular, as is the case when X
is given by 3%z 4+ y2? 4+ wry + wrz + 22 + wy? = 0 and L is given by = w = 0.
The intersection of X with the plane H; given by w = tzx is singular at the point
[z :y:z:w =[1:t/3:¥3 1] on the twisted cubic curve in P?. The plane H; is
tangent to X at that point. The only singular points of X are three ordinary double
points at [1:0:0:0],[0:0:0:1], and [1:1:1:1].

In characteristic 2, we can also get all fibers to be singular, as one easily checks
in case X is given by z3 + 222 4+ 2?w + y3 + yzw = 0 and L is given by w = z = 0. The
only singular points on X are the ordinary double points [0:0:0: 1] and [0:0:1:0].

In the proof of Proposition 2.5.3 the fact that the characteristic of & is not equal
to 2 or 3 is only used in Lemma 2.5.9. Hence the conclusion of the proposition is also
true in characteristic 2 and 3 if we add to the hypotheses that almost all planes through
L are not tangent to X. By Bertini’s Theorem, the set of planes that intersect X in a
nonsingular curve is open (see [Ha2|, Thm. I1.8.18), so it suffices to require that there is
at least one plane through L that is not tangent to X.

Remark 2.5.14 The singular points on X as in Proposition 2.5.3 can be used to find
sections of ]7 If X has two singular points P and @, then the line [ through P and @ lies
on X, for if it did not, it would have intersection multiplicity at least 4 with X, but by
Bézout’s Theorem the intersection multiplicity should be 3. Therefore, either [ intersects
L and thus [ is contained in the fiber above the plane that L, P, and () all lie in, or [
gives a section of f.
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The next proposition describes how to construct an elliptic surface by base
extension of another elliptic surface. This construction will also be used in the proof of
Theorem 4.1.1.

Proposition 2.5.15 Let S be an elliptic surface over a smooth, irreducible, projective
curve C over an algebraically closed field k, with fibration g and section O of g. Let
~v: C" — C be a nonconstant map of curves from a smooth, irreducible, projective curve
C', which is unramified above those points in C' where g has singular fibers. Put S’ =
S xa C', let g' be the projection S — C', and let O': C' — S’ denote the morphism
induced by the identity on C' and the composition O o~y. Then O is a section of g’ and
they make S” into an elliptic surface over C'. The Euler characteristics xs = x(Og) and

xs' = x(Og') are related by xs = (degy)xs-

S

c’ 5 C
Proof. Since projective morphisms are stable under base extension (see [Ha2], exc.
I1.4.9), we find that S’ is projective over C’, which is projective over Speck, so S’ is
projective. The composition ¢’ o @' is by construction the identity on C’, so O’ is a
section of ¢'.

As k is algebraically closed, the residue field k(x) of a closed point x € C” is
isomorphic to the residue field k(y(z)). Hence the fiber above z is isomorphic to the fiber

above (), as we have
Speck(x) xcor S" = Speck(z) xcr C' xS = Speck(z) x¢ S = Speck(y(z)) x¢ S.

Therefore, as for g, all fibers of ¢’ are connected. As g is elliptic, all but finitely many
fibers of ¢’ will be smooth curves of genus 1. Since g has a singular fiber, so does ¢'.
From Lemma 2.3.8 we find that ¢,Og = O¢r. As C’ is irreducible and projective, this
implies dim H%(S", Og/) = dim H(C", ¢.Og/) = dim H(C", O,) = 1. We conclude that
S’ is connected.

To prove that S’ is smooth and irreducible, set h = v o ¢’. By assumption there
are open U,V C C with U UV = C, such that 7\771((]) is unramified, whence smooth,
and 9|g—1(V) has no singular fibers, which implies it is smooth by Remark 2.3.12. As
smooth morphisms are stable under base extension and composition (see [Ha2]|, Prop.
I1.10.1), we find first that h=Y(U) = g~ (U) xy v~ 1(U) is smooth over g=1(U) C S. As
S is smooth over k and g~1(U) is open in S, we conclude that h~(U) is smooth over k.
Similarly, h=!(V) is smooth over k, whence so is their union S’. As S’ is also connected,
we find that S’ is irreducible from Lemma 2.5.7.
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To prove that ¢’ is relatively minimal, it suffices by Theorem 2.3.7 to show that
no fiber S/, above z € C’ contains an exceptional prime divisor. Let D’ be an irreducible
component of the fiber S!, mapping isomorphically to the irreducible component D of
S, () = 9, under the induced morphism +/: S” — S. Suppose that D’ is an exceptional
divisor, i.e., D' 2 P! and D'?> = —1. If y(z) is contained in V, then the fiber S, (z), and
hence 5., is smooth. As all fibers are connected, S, is then irreducible, so D' = S.. Since
any fiber is numerically equivalent to any other, this implies D'?> = 0, contradiction.
Therefore, we may assume that y(x) ¢ V, so v(z) € U and D’ C h=Y(U). As étale
morphisms are stable under base extension and 7|,-1(y) is étale, we find that v'|,,—1 ()
is étale.

For any morphism of schemes ¢: X — Y, let {2x/y denote the sheaf of relative
differentials of X over Y. If X is a nonsingular variety over k, then let 7x denote the
tangent sheaf Hom(Qx i, Ox). For any nonsingular subvariety Z C X, let N, x denote
the normal sheaf of Z in X, see [Ha2], § IL.8.

We will show that the self-intersection number D2 = deg N}y /s on S (see
[Ha2], example V.1.4.1) is equal to the self-intersection number D? = deg Np /s~ Since
D is not an exceptional curve, that implies that D> # —1, which is a contradiction. As
~" induces an isomorphism from D’ to D, it suffices to show that Npy /s’ 18 isomorphic
to "}/*ND/S.

There is an exact sequence

0—>TD/—>TS/®OD/ —>ND//S/—>O (29)

(see [Ha2], p. 182), and by applying the isomorphism (7'|p/)* to the similar sequence for
D in S we also get the exact sequence

0—~"*Tp — 7" (Ts ® Op) — v"*Nps — 0. (2.10)

The natural morphisms 7pr — v*7p and Tg: @ Opr — v™*(7s ® Op) induce a morphism
between the short exact sequences (2.9) and (2.10). To prove that the last morphism
Np /51— Y*Np /s is an isomorphism, it suffices by the snake lemma to prove that the
first two are. Clearly, 7pr — ~"™*7p is an isomorphism of sheaves on D’ as 4|p/ is an
isomorphism. To show that

Ts @ Opr — " (Ts @ Op) 2+ T @ 7" Op 27" T3 @ Opy

is an isomorphism, it suffices to show that 7g — 7"*7g is an isomorphism on the open
subset h=1(U) C S’ containing D’. This is true, as by [SGA 1], Exposé II, Cor. 4.6, a
morphism f: X — Y of smooth T-schemes is étale if and only if the morphism f*Qy/p —
Qx/r is an isomorphism. Taking the dual gives what we need, if we choose 1" = Spec k,
and f =9'|-11).-

For the last statement we will use that by [Kol], Thm. 12.2, we have

12xs =+ 6> v(If) + 2v(IT) + 100(IT*) + 3v(I1T)
b>0 (2.11)
+ Qu(IIT*) + 4v(IV) + 8v(IV*),
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where v(T') is the number of singular fibers of g of type T" and p is the degree of the map
j(S/C): C — P!, sending every element x € C to the j-invariant of the fiber S,.

As the morphism v is unramified above the points of C' where g has singular
fibers, it follows that the singular fibers of ¢’ come in n-tuples, with n = deg~. Each
n-tuple consists of n copies of one of the singular fibers of g. Hence, if v/(T') denotes the
number of singular fibers of ¢’ of type T, then we have v/(T') = nv(T). As j(S'/C") is the
composition of v and j(S/C), we also get p' = npu, where p/ is the degree of j(S’/C").
From (2.11) and its analogue for S" we conclude that yg = nxs. g

2.6 The Néron-Severi group under good reduction

In this section we will see how the Néron-Severi group of a surface behaves under good
reduction. Proposition 2.6.2 is known among specialists, but by lack of reference, we will
include a proof, as sketched by Bas Edixhoven. D. Harari proves a similar result about
Brauer groups, see [Hr2|. Arguments similar to the ones used in this section can also be
found in [Hrl] and [CR]. For all of this section, let A be a discrete valuation ring of a
number field K with maximal ideal m, whose residue field k has ¢ = p" elements with
p prime. Let S be an integral scheme with a morphism S — Spec A that is projective
and smooth of relative dimension 2. Then the projective surfaces S = Sgand S = Sp
are smooth over the algebraically closed fields Q and k respectively. We will assume that
S and S are integral, i.e., they are irreducible, nonsingular, projective surfaces.
Let [ # p be a prime number. For any scheme Z we set

H(Zes, Q1) = Q; ®7, (hin H(Ze, Z/l"z)) _

Furthermore, for every integer m and every vector space H over Q; with the Galois
group G(F,/F,) acting on it, we define the twistings of H to be the G(F,/F,)-spaces
H(m) = H ®p, W®™, where

W = Q @7, (lim pyn)

is the one-dimensional [-adic vector space on which G(F,/F,) operates according to
its action on the group upin C [F7q of ["-th roots of unity. Here we use W®° = Q; and
W™ = Hom(W®~™ ;) for m < 0.

For the rest of this section, all cohomology will be étale cohomology, so we will
often leave out the subscript ét.

Lemma 2.6.1 Let L denote the mazimal subextension of Q/K that is unramified at m.
Let B denote the localization at some maximal ideal of the integral closure of A in L.
Then for all integers i,m the natural homomorphisms

H'(Sp,Qy)(m) — H'(S,Q)(m)  and
H'(Sp, Q)(m) — H'(S,Q)(m)

are isomorphisms.
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Proof. As tensoring with W is exact, it suffices to prove this for m = 0. The ring
B is a strictly Henselian ring, see [Mi2], p. 38 (for the definition, see [EGA IV(4)],
Déf. 18.8.2, or [Mi2], § 1.4). The surface S is the closed fiber of Sp — Spec B. As B
is strictly Henselian, it follows from the proper base change theorem that the maps
H'(Sp,Z/1"Z) — H'(S,Z/1"Z) are isomorphisms for all n > 0, see [Mi2], Cor. VL.2.7,
and [SGA 4%], p. 39, Thm. IV.1.2. Hence, also the map H*(Sp,Q;) — H'(S,Q;) obtained
from taking the projective limit and tensoring with Q; is an isomorphism. The surface
S is the base change of Sp from Spec B to its geometric point Spec Q. From the smooth
base change theorem ([Mi2], Thm. VL.4.1, and [SGA 43], p. 63, Thm. V.3.2) it follows
that H'(Sp,Z/1"Z) — H'(S,Z/I"Z) is an isomorphism. For this exact statement, see
[SGA 43], p. 54-56: Lemme V.1.5, (1.6), and Variante (for their S take S = Spec B;
as B is a strictly Henselian local ring which is integrally closed in its fraction field L
already, we get that their S’ equals their S). These statements assume that the morphism
Sp — Spec B is locally acyclic, which follows from the fact that it is smooth, see [SGA
4%], p. 58, Thm. (2.1). Passing to the limit and tensoring with Q;, we find that also the
map H'(Sp, Q) — H'(S,Q;) is an isomorphism. O

Proposition 2.6.2 There are natural injective homomorphisms
NS(S) ®z Qi — NS(8) @z Q — H*(S,Qu)(1) (2.12)

of finite dimensional vector spaces over Q. The second injection respects the Galois
action of G(k/k).

Proof. After replacing K and A by a finite extension if necessary, we may assume
without loss of generality that the natural map NS(Sx) — NS(S) is surjective (take
generators for NS(S), lift them to Div.S and let K be a field over which all these lifts are
defined). For any scheme Z, we have H'(Z,G,,) = Pic Z, see [SGA 4%], p. 20, Prop.
2.3, or [Mi2], Prop. I11.4.9. As long as | # char k(z) for any z € Z, the Kummer sequence
[i"]
0— umn — G, — G, — 0
is a short exact sequence of sheaves on Zg, see [SGA 4%], p. 21, (2.5), or [Mi2], p. 66.
Hence, from the long exact sequence we get a d-map

Pic Z 2 HY(Zsy, Cm) —2 H(Zeg, puin).
Taking the projective limit over n, we get a homomorphism
Pic Z — lim H*(Z, un) = lim H*(Z,Z/1"7) @ upn — H*(Z,Q;)(1).

Let L and B be as in Lemma 2.6.1. Note that B is a discrete valuation ring. Because
Sp is smooth and projective over Spec B, with geometrically integral fibers, it follows
that the map Pic Sp — Pic Sy, is an isomorphism, see [Hrl], Lem. 3.1.1. From the above
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we get the diagram below, which commutes by functoriality. The maps H 2(Sp,Q)(1) —
H?(S,Q;)(1) and H?(Sp,Q;)(1) — H?(S,Q;)(1) in the bottom line of the diagram are
isomorphisms by Lemma 2.6.1.

PicS PiCSL;PiCSB ————PicS
(5. Qu)(1) =— H(S1, Q) (1) =— H(Sp, Q)(1) — H(S,Q0)(1)

~

Recall that for any smooth, projective variety Z over an algebraically closed
field, the group Pic™ Z is the subgroup of PicZ of all divisor classes on Z that are
numerically equivalent to 0, see Definition 2.2.16. By Proposition 2.2.17 we have an
isomorphism NS(Z)/ NS(Z)tors = Pic Z/ Pic" Z. By [Ta2], p. 97-98, the kernel of Pic Z —
H?(Z,Q;)(1) is Pic" Z. From the diagram above, it then follows that the composition

~v: Pic Sy = Pic Sp — PicS — H2(S,Q)(1)
factors as
~v: Pic Sy, — NS(S)/ NS(S)ors — H?(S, Q)(1) and as
v: Pic Sy — PicS — H2(S,Q)(1) = H?(Sp, Q) (1) = H(S, Q) (1).

Set M = Pic S/ ker~. From the first factorization of v in (2.13) we find that there are
injections

(2.13)

M < NS(S)/NS(S)tors — H*(S,Q)(1). (2.14)
The second map in the second line of (2.13) has kernel Pic" S, so v also factors as
~v: Pic Sy — NS(5)/NS(S)ors — H2(S,Q)(1). (2.15)

As the map NS(S.) — NS(SLis surjective, so is the first map of (2.15). We conclude
that M is isomorphic to NS(S)/NS(S)tors. Combining this with (2.14) and tensoring
with Q;, we find the desired homomorphisms. ]

Remark 2.6.3 Proposition 2.6.2 implies tk NS(S) < rk NS(§). For a shorter proof of
this fact, note that without loss of generality, by enlarging A, we may assume that NS(S)
and NS(S) are defined over the quotient field K = Q(A) and the residue field k of A
respectively. Let K denote the quotient field of the completion A of A, and let K’ be
the algebraic closure of K. Then by [Fu], Exm. 20.3.6, the intersection numbers do not
change under reduction, so we get tk NS(Sg+) < rk NS(S). Thus, we find

rk NS(S) = rk NS(Sk) < rkNS(Sx) < rkNS(S).

However, this does not imply that there exists a well-defined homomorphism NS(S) ®z
Q; — NS(S) @z Q, so Proposition 2.6.2 gives more information.
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For any variety X over k, let Fx: X — X denote the absolute Frobenius of
X, which acts as the identity on points, and by f +— f? on the structure sheaf. Set
¢ = Fg_and let ¢* denote the automorphism on H 2(S,Q;) induced by ¢ x 1 acting on

Sk xkE%S.

Corollary 2.6.4 The ranks of NS(S) and NS(S) are bounded from above by the number
of eigenvalues \ of * for which \/q is a root of unity, counted with multiplicity.

Proof. By Proposition 2.6.2, any upper bound for the rank of NS(.S) is an upper bound
for the rank of NS(S). For any k-variety X, the absolute Frobenius Fx acts as the identity
on the site Xg. Hence, if we set X = X xj, k, then F% = Fx X Fj acts as the identity
on H'(X,Q)(m) for any m, see [Ta2], § 3. Therefore, Fx = Fx x 1 and F; = 1 x Fy act
as each other’s inverses.

Let o: 2 — 27 denote the canonical topological generator of G(k/k). Then

o= FET and as we have S = Sy X1 k, we find ¢ x o0 = Fg X FET = FS’Z. By the above

we find that the induced automorphisms ¢*(™ and o*(™) on H 2(§ ,Q1)(m) act as each
other’s inverses for any m.

As every divisor on S is defined over a finite field extension of k, some power of
o*() acts as the identity on NS(S) € H?(S,Q)(1). It follows from Proposition 2.6.2 that
an upper bound for rk NS(S) is given by the number of eigenvalues (with multiplicity)
of o*(1) that are roots of unity. As o* acts as multiplication by ¢ on W, this equals the
number of eigenvalues v of ¢*(©) for which vq is a root of unity. The corollary follows as
©* = "0 acts as the inverse of o*(©), 0

Remark 2.6.5 Tate’s conjecture states that the upper bound mentioned is actually

equal to the rank of NS(S), see [Ta2|. Tate’s conjecture has been proven for ordinary K3
surfaces over fields of characteristic > 5, see [NO], Thm. 0.2.
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Chapter 3

A K3 surface associated to
integral matrices with integral
eigenvalues

3.1 Introduction

In the problem section of Nieuw Archief voor Wiskunde [NAW], F. Beukers posed the
question whether symmetric, integral 3 x 3 matrices

b
Ma,b,c = & (31)
0

QO
o O

exist with integral eigenvalues and satisfying ¢(a, b, ¢) # 0, where ¢(a, b, ¢) is the polyno-
mial g(a, b, ¢) = abc(a? —b%)(b? —c?)(c? —a?). As it is easy to find such matrices satisfying
q(a,b,c) = 0, we will call those trivial. R. Vidunas and the author of this thesis indepen-
dently proved that the answer to this question is positive, see [BLV]. There are in fact
infinitely many nontrivial examples of such matrices. This follows immediately from the
fact that for every integer ¢, if we set

a=—(4t —7)(t+2)(t* — 6t +4),

b= (5t —6)(5t> — 10t — 4),

c=(3t2 — 4t +4)(t* — 4t +6),

x=2(3t% — 4t +4)(4t —7),

y = (t2 — 6t 4 4)(5t> — 10t — 4),

z = —(t+2)(5t — 6)(t* — 4t + 6),
then the matrix M, . has eigenvalues x,y, and z. This matrix is trivial if and only if
we have t € {—2,—-1,0,1,2,4,10}. For t = 3 we get a = 125, b = 99, and ¢ = 57 with
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eigenvalues 190, —55, and —135. By a computer search, we find that this is the second
smallest example, when ordered by max(|al, |b],|c|). The smallest has a = 26, b = 51,
and ¢ = 114. In this chapter we will show how to find such parametrizations. We will see
that there are infinitely many and that the one in (3.2) has the lowest possible degree.

If the eigenvalues of the matrix M,; . are denoted by x,y, and z, then its
characteristic polynomial can be factorized as

AN — (@ 4+ b7 + AN —2abe = (A — )\ — y)(A — 2).

Comparing coefficients, we get three homogeneous equations in x, y, z, a, b, and c. Hence,
geometrically we are looking for rational points on the 2-dimensional complete intersec-
tion X C [P%, given by

z4+y+2=0,
zy +yz + 2z = —a® — b — 2, (3.3)
xyz = 2abc.

The points on the curves on X defined by ¢(a, b, ¢) = 0 correspond to the trivial matrices.
Parametrizations as in (3.2) correspond to curves on X that are isomorphic over Q to P!
We will see that X contains infinitely many of them, thereby proving the main theorem
of this chapter, which states the following.

Theorem 3.1.1 The rational points on X are Zariski dense.

In Section 3.2 we will prove Theorem 3.1.1 using an elliptic fibration of a blow-
up Y of X. We will see that Y is a so called elliptic K3 surface. The interaction between
the geometry and the arithmetic of K3 surfaces is of much interest. F. Bogomolov and
Y. Tschinkel have proved that on every elliptic K3 surface Z over a number field K the
rational points are potentially dense, i.e., there is a finite field extension L/K, such that
the L-points of Z are dense in Z, see [BT], Thm. 1.1. Key in their analysis of potential
density of rational points is the so called Picard number of a surface, an important geo-
metric invariant. F. Bogomolov and Y. Tschinkel have shown that if the Picard number
of a K3 surface is large enough, then the rational points are potentially dense. On the
other hand, it is not yet known if there exist K3 surfaces with Picard number 1 on which
the rational points are not potentially dense.

After proving the main theorem, we will investigate more deeply the geometry of
Y and show in Section 3.3 that its Picard number equals 20, which is maximal among K3
surfaces in characteristic 0. It is a fact that a K3 surface with maximal Picard number
is either a Kummer surface or a double cover of a Kummer surface. These Kummer
surfaces are K3 surfaces with a special geometric structure, described in Section 3.4. As
a consequence, their arithmetic can be described more easily. It is therefore natural to
ask if Y is a Kummer surface, in which case Y would have had a richer structure that
we could have utilized. In Section 3.4 we will show that this is not the case.

In Section 3.5 we will describe more of the geometry of X by showing that X
contains exactly 63 curves of degree smaller than 4. All points on these curves correspond
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to matrices that are either trivial or not defined over Q. As the degree of a parametrization
as in (3.2) corresponds to the degree of the curve that it parametrizes, this shows that
the one in (3.2) has the lowest possible degree among parametrizations of nontrivial
matrices.

The results of this chapter have been combined into a preprint, see [VL1].

3.2 Proof of the main theorem

Let G C Aut X be the group of automorphisms of X generated by permutations of z, y
and z, by permutations of a, b, and ¢ and by switching the sign of two of the coordinates
a, b, and c. Then G is isomorphic to (V4 x S3) x S3 and has order 144. The surface X
has 12 singular points, on which G acts transitively. They are all ordinary double points
and their orbit under G is represented by [z:y:z:a:b:¢/=[2:—-1:—-1:1:1:1].
Let m: Y — X be the blow-up of X in these 12 points.

Proposition 3.2.1 The surfaceY is a smooth K3 surface. The exceptional curves above
the 12 singular points of X are all isomorphic to P1 and have self-intersection number
—2.

Proof. Ordinary double points are resolved after one blow-up, so Y is smooth. The
exceptional curves F; are isomorphic to P!, see [Ha2], exc. 1.5.7. Their self-intersection
number follows from [Ha2], example V.2.11.4. Since X is a complete intersection, it is
geometrically connected and H(X,Ox) = 0, s0 ¢(X) = 0, see [Ha2], exc. I1.5.5. From its
connectedness it follows that Y is geometrically connected as well. As Y is also smooth,
it follows that Y is geometrically irreducible.

To compute the canonical sheaf on Y, note that on the nonsingular part U =
X' of X the canonical sheaf is given by Ox(—5—1+3+ 2+ 1)|y = Oy, see [Ha2],
Prop. 11.8.20 and exc. 11.8.4. Hence, the canonical sheaf on Y restricts to the structure
sheaf outside the exceptional curves. That implies that there are integers a; such that
K =3 .a;FE; is a canonical divisor. Recall that Ef = —2and E; - E; = 0 for i # j.
Applying the adjunction formula 2gc —2 = C - (C + K) (see [Ha2], Prop. V.1.5) to
C = E;, we find that a; = 0 for all 7, whence K = 0.

It remains to show that ¢(Y) = ¢(X). It follows immediately from [Ar], Prop.
1, that ordinary double points are rational singularities, i.e., we have R'm,Oy = 0. Also,
as X is integral, the sheaf m,Oy is a sub-Ox-algebra of the constant Ox-algebra K (X),
where K (X) = K(Y) is the function field of both X and Y. Since 7 is proper, 7, Oy is
finitely generated as Ox-module. As X is normal, i.e., Ox is integrally closed, we get
1Oy = Ox. Hence, the desired equality ¢(Y') = ¢(X) follows from the following lemma,
applied to f =7 and F = Oy. O

Lemma 3.2.2 Let f: W — Z be a continuous map of topological spaces. Let F be a
sheaf of groups on W and assume that R'f,(F) = 0 for alli = 1,...,t. Then for all
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i1 =20,1,...,t, there are isomorphisms
H'W.F) = H'(Z, f.F).

Proof. This follows from the Leray spectral sequence. For a more elementary proof,
choose an injective resolution

O—-F—-Iy—1 —Ip—---
of F. Because R'f.(F) =0 fori=1,...,t, we conclude that the sequence
0_)f*f_>f*I0_>f>kIl_>f*12_)"'_>f*[t+1 (34)

is exact as well. As injective sheaves are flasque (see [Ha2], Lemma II1.2.4) and f, maps
flasque W-sheaves to flasque Z-sheaves, the exact sequence (3.4) can be extended to a
flasque resolution of f.F. By [Ha2], Rem. II1.2.5.1, we can use that flasque resolution to
compute the cohomology groups H(Z, f..F). Taking global sections we get the complex

0~ (Z fudo) = T(Z. fu]y) = T(Z, fuo) — -+ = D(Z, fulpsr) — ... (3.5)

As T'(Z, fl,) = T'(W, I,,) for all n, we find that for i = 0,1,...,¢, the i-th cohomology
of (3.5) is isomorphic to both H(Z, f.F) and H (W, F). O

We will now give Y the structure of an elliptic surface over P!. Let f: Y — P! be the
composition of 7 with the morphism f': X — Pl [z:y:2z:a:b:c+ [z:a] = [2bc:
yz]. One easily checks that f’, and hence f, is well-defined everywhere.

If @ = 0, then clearly M, . in (3.1) has eigenvalue 0. Geometrically, this reflects
the fact that the hyperplane ¢ = 0 intersects X in three conics, one in each of the
hyperplanes given by zyz = 0. Hence, each of the hyperplanes H; given by = ta in the
family of hyperplanes through the space x = a = 0 contains the conic given by a =z =0
on X. The fibers of f consist of the inverse image under 7 of the other components in the
intersection of X with the family of hyperplanes H;. The fiber above [t : 1] is therefore
given by the intersection of the two quadrics

zy+yz+ 2z = —a’ — b — 2 and tyz = 2bc (3.6)
within the intersection of two hyperplanes
r+y+z=z—ta=0, (3.7)

which is isomorphic to P3. The conic C given by a +b = c —y = 0 on X maps under f’
isomorphically to P'. The strict transform of C on Y gives a section of f that we will
denote by O.

Proposition 3.2.3 The morphism f and its section O give Y the structure of an elliptic
surface over PL.
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Proof. Since Y is a K3 surface, it is minimal. Indeed, by the adjunction formula any
smooth curve C' of genus 0 on Y would have self-intersection C? = —2, while an ex-
ceptional curve that can be blown down has self-intersection —1, see [Ha2], Prop. V.3.1.
Hence, f is a relatively minimal fibration by Theorem 2.3.7. The 12 exceptional curves
give extra components in the fibers above ¢t = £1, +2, so f is not smooth. From the de-
scription (3.6) above, an easy computation shows that the fibers above ¢ # 0,+1, 42, 0o
are nonsingular. They are isomorphic to the complete intersection of two quadrics in P3,
so by [Ha2], exc. 11.8.4g, almost all fibers have genus 1. O

Let K = Q(t) denote the function field of [P(lQ and let F/K be the generic fiber of f. It
can be given by the same equations (3.6) and (3.7). To put E in Weierstrass form, set
A= (t?>—4)wv+3tand p=t(t> —4)(z —y)(tr® — 2v +t)/x, where v = (z — ¢)/(a +b).
Then the change of variables

u=(u+ N +t* - 1)(t+8)))/2,
v=(pA+ N+ (12 = 1)(t* — 8)\ — 8t(t* — 1)?) /2

shows that E/K is isomorphic to the elliptic curve over K given by
v? = u(u—8t(t* — 1)) (u— (* = 1)(t +2)?).
It has discriminant A = 2192(¢2 — 1)%(+2 — 4)* and j-invariant

At + 56t% + 16)3
T TR )

Lemma 3.2.4 The singular fibers of f are att = 0,£1,4£2 and at t = co. They are
described in the following table, where my; (resp. mgl)) 18 the number of irreducible com-
ponents (resp. irreducible components of multiplicity 1).

t type my mgl)
0, ©.¢) IQ 2 2
+1 | I5(4-73-37) 5 4
+2 I 4 4

Proof. This is a straightforward computation. Since we have a Weierstrass form, it
also follows easily from Tate’s algorithm, see [Ta3] and [Si2], IV.9. For the parameter
j=4-73%-37% see Remark 2.4.18. a

Applying the automorphisms (b, ¢) — (—c,—b) and (b,c) — (=b,—c) and (b,¢,y, z)
(¢,b, z,y) to the curve O, we get three more sections, which we will denote by P, T} and
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T5 respectively. By Lemma 2.3.13, these sections correspond with points on the generic
fiber E/K. The Weierstrass coordinates (u,v) of these points are given by

T = ((t2 = 1)(t+2)2, 0),
Ty = (0, 0), (3.8)
P= (263t +1), 20%(t + 1)%(t — 2)?),

We immediately notice that the T; are 2-torsion points.

Proposition 3.2.5 The section P has infinite order in the group S(C) = E(K).

Proof. Note that S(C) and E(K) are isomorphic by the identification of Lemma 2.3.13.
By Corollary 2.4.35 there is a bilinear pairing on E(K) that induces a nondegenerate
pairing on E(K)/E(K)tos. As mentioned in Remark 2.4.36, Shioda gives an explicit
formula for this pairing, see [Shi3], Thm. 8.6. We find that (P, P) = % # 0, so P is not
torsion. U

The main theorem now follows immediately.

Proof of Theorem 3.1.1. By Proposition 3.2.5 the multiples of P give infinitely many
rational curves on Y, so the rational points on Y are dense. As 7 is dominant, the rational
points on X are dense as well. ]

The multiples of P yield infinitely many parametrizations of integral, symmetric 3 x 3
matrices with zeros on the diagonal and integral eigenvalues. The section 2P, for example,
is a curve of degree 8 on X which can be parametrized by

a = t(t% — 8t 4 20t* — 12),
b= —t(t° — 4t +4),
c= (12 = 2)(t° — 6t* + 8% — 4),

and suitable polynomials for z, y, and z. The parametrization (3.2) does not come from
a section of f. We will see in Section 3.5 where it does come from.

3.3 The Mordell-Weil group and the Néron-Severi group

As mentioned in the introduction, the geometry and the arithmetic of K3 surfaces are
closely related. In the following sections we will further analyze the geometry of Y. Set
L =C(t) D Q(t) = K. In this section we will find explicit generators for the Mordell-Weil
group E(L) and for the Néron-Severi group of Y = Y. This will be used in Sections 3.4
and 3.5.

Two of the irreducible components of the singular fibers of f: ¥ — P! above
t = 42 are defined over Q(v/3). They are all in the same orbit under G. In that same
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orbit we also find a section, given by z = 2b and 2(c — a) = v/3(y — ). We will denote
it by Q. Its Weierstrass coordinates are given by

Q = (2t(t + 1)(t +2), 2V3t(t? — 4)(t + 1)?).

It follows immediately that the Galois conjugate of Q under the automorphism that
sends v/3 to —/3 is equal to —Q.

Recall that a complex K3 surface is called singular if its Picard number equals
20, see Remark 2.2.24.

Proposition 3.3.1 The surface Y is a singular K3 surface. The Mordell-Weil group
E(L) is isomorphic to 7% x (7/27)? and generated by P, Q, Ty and Ty. The Mordell-
Weil group E(K) is isomorphic to Z x (Z/2Z)? and generated by P, Ty and Ts.

Proof. From Shioda’s explicit formula for the pairing on E(K) (see Remark 2.4.36),
we find that (P, P) = % and (Q,Q) = % and (P,Q) = 0. Hence, P and @ are linearly
independent and the Mordell-Weil rank r = rk E(L) is at least 2.

By Lemma 3.2.4 and Theorem 2.4.32, the rank p of NS(Y) = Pic(Y) is at least
2+ 18 =20. As Y is a K3 surface (see Proposition 3.2.1) and 20 is the maximal Picard
number for K3 surfaces in characteristic 0, we conclude that Y is a singular K3 surface.
Using Theorem 2.4.32 again, we find that the Mordell-Weil rank of E(L) equals 2. Since
E has additive reduction at t = £1, the order of the torsion group E(L)ios is at most
4, see [Si2], Remark IV.9.2.2. Hence we have E(L)ors = (11, T2).

From Shioda’s explicit formula for the height pairing it follows that with sin-
gular fibers only of type I, I4 and I, the pairing takes values in %Z. Hence, the lattice
A = (E(L)/E(L)tors)(4) is integral, see Definition 2.1.6. In A we have (P, P) = 6 and
(Q,Q) =2 and (P,Q) = 0. Hence, by Lemma 2.1.9 the sublattice A’ of A generated by P
and @ has discriminant disc A’ = 12 = n?disc A, with n = [A : A’]. Therefore, n divides
2. Suppose n = 2. Then there is an R € A\ A’ with 2R = aP + bQ. By adding multiples
of P and Q to R, we may assume a,b € {0,1}. In A we get 4[(2R,2R) = 6a” + 2b°.
Hence, we find a = b =1, so 2R = P+ Q + T for some torsion element 7' € E(L)[2].
Since all the 2-torsion of E(L) is rational over L, it is easy to check whether an element
of E(L) is in 2E(L). If e is the Weierstrass u-coordinate of one of the 2-torsion points,
then there is a homomorphism

E(L)/2E(L) — L*/L*?,

given by S — u(S) — e, where u(S) denotes the Weierstrass u-coordinate of the point
S, see [Sil], § X.1. We can use e = 0 and find that for none of the four torsion points
T € E(L)[2] the value u(P + @ + T) is a square in L. Hence, we get n =1 and E(L) is
generated by P, Q,T1, and T5.

Suppose aP +bQ +e1T) +¢e2T5 is contained in E(Q(t)) for some integers a, b, £;.
Then also bQ € E(Q(t)). As the Galois automorphism /3 +— —+/3 sends Q to —Q,
we find that bQ) = —bQ. But @ has infinite order, so b = 0. Thus, we have E(Q(t)) =
(P, T}, T5). 0
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To work with explicit generators of the Néron-Severi group of Y, we will name some of
the irreducible divisors that we encountered so far as in the table below. The exceptional
curves are given by the point on X = X that they lie above. Other components of
singular fibers are given by their equations on X. Sections are given by their equations
and the name they already have.

Dy z=-2ab+c=Y3(y—2 Dy [-1:-1:2:-1:-1:1]
Dy [2:—-1:-1:-1:1:-1] Dy (Th): a—b—c+y—0

D; (O):a+b=c—y=0 Dz 2:—1:—-1:1:1:1]
Dy [-1:-1:2:1:-1:-1] Dy :U:2a2(b c) =V3(y — 2)
Ds a=-zb=c Dq5 (Q):z—2bc—a—\[( —x)
Dg [-1:2:-1:1:-1:-1] Dy = =2a,2(b—c)= \/g(z—y)
D; (Ix):a+c=b—2=0 D7 z=b=0
Dg [-1:2:—1:1:1:1] Dig a=y=0
Dy [-1:2:-1:-1:1:-1] Dy (P):a—c=b+y=0
Dy a=z,b=—c Doy F (whole fiber)
Proposition 3.3.2 The sequence {D1,...,Da} forms an ordered basis for the Néron-

Severi lattice NS(Y'). With respect to this basis the Gram matriz of inner products is
given by

-210000O0O0O0O0O0OO0OO0OO0OOOO0OOOGO0 O
1-21.00 000O0O0OO0O0O0OO0ODO0OO0OO0OOT1ITO0
0 1-210000O0O0O0O0ODO0OO0OOOO0OT1TO0TO01
001-2100O0O0O0O0O0O0O0DO0O0O0OO0O0OGO0OGO0 O
0001-21010O0O0O0O0O0O0O0O0O0GO0GO0O0
00001-2100O0O0O0O0O0O0O0OO0O0OGO0OGO0 O
0000O01-200O0O0O0O0O0O0O0O0O0T1T1 1
00001O0O0-20HO0SW00O0O0S0O0O0O0°O0TQO0 O
0000O0OO0OOO0D-2100O0S0O0O0°O0°O0°QO0 O
0000O0O0O0OO0O0O0O01-21000UO0O0O0O0O0O0
0000O0OO0OO0OO0OO0O1-2100UO0O0O0O0O0 O
0000O0OO0OO0OO0O0O0OO0O1I-2100O01O0O01
0000O0OO0OO0OO0OO0OO0OO01-21010°O0T1 0
0000O0OO0OO0OOOOOOO0OT1-210000O0 O
0000O0OO0OO0OOOOOO0OO0OT1I-20010 1
0000O0OO0OO0OO0OO0OOOO0OT11TO0®O0-20600 0
00100O0OO0OO0OO0OO0OO0O1O0OO0SO0OO0-2200 0
0000O0OO0O1O0O0O0OO0OO0OO0OO0OOT1O0O0-220 0
01 00O0O0O0O1O0O0O0OO0OO0OO0OT11TO0O0OO0OO0O0-21
0010001O0O0OO0OO0OD1TO0OO0O1O0O0O®O0OT1O0
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Proof. By Theorem 2.4.32 the Néron-Severi group NS(Y)) is generated by (O), all irre-
ducible components of the singular fibers, and any set of generators of the Mordell-Weil
group E(L). Thus, from Lemma 3.2.4 and Proposition 3.3.1 we can find a set of gen-
erators for NS(Y). Using a computer algebra package or even by hand, one checks that
{D1,..., Dy} generates the same lattice. A big part of the Gram matrix is easy to com-
pute, as we know how all fibral divisors intersect each other. Also, every section intersects
each fiber in exactly one irreducible component, with multiplicity 1. The sections are ra-
tional curves, so by the adjunction formula they have self-intersection —2. That leaves
(g) more unknown intersection numbers among the sections. By applying appropriate
automorphisms from G C Aut X, we find that they are equal to intersection numbers
that are already known by the above. O

Remark 3.3.3 By Proposition 3.3.2 the hyperplane section H is numerically equivalent
with a linear combination of the D;. This linear combination is uniquely determined by

the intersection numbers H - D; for i = 1,...,20 and turns out to be some uninformative
linear combination with many nonzero coefficients. The reason for choosing the D; and
their order in this manner is that Dq,..., Dg and Dy, ..., D1g generate two orthogonal

sublattices, both isomorphic to Eg(—1). In fact, we have the following proposition, which
will be used in Section 3.4.

Proposition 3.3.4 The Néron-Severi lattice NS(Y') has discriminant —48. It is isomor-
phic to the orthogonal direct sum

Bs(—1) @ Bs(—1) @ Z(~2) ® Z(—24) & U,

where U 1s the unimodular lattice with Gram matriz

0 1
1 0
Proof. The discriminant of NS(Y') is the determinant of the Gram matrix, which equals
—48. With respect to the basis Dy, ..., Do, let C1,...,Cy be defined by
¢y =(0,0,0,-1,-2,-2,-2,-1,1,2,3,4,4,2,0,2,1,-2,0,0)
Cy = (6,12, 26,29,32,19,6, 16,9, 18,27, 36, 34, 23,12, 17,7, —3, —8, 4)
Cs=(1,2,4,4,4,2,0,2,2,4,6,8,8,5,2,4,2,—1,—1,0)
04 = (17 27 47 57 67 47 27 37 17 27 37 4a 4a 3a 27 27 07 07 _1a 1)
and let Lq,..., Ls be the lattices generated by (D1, ..., Dg), (Do, ..., D), (C1), (Cs),
and (C3,Cy) respectively. Then one easily checks that Li,...,Ls are isomorphic to
Eg(—1), Eg(—1), Z(—2), Z(—24), and U respectively. They are orthogonal to each other,

and the orthogonal direct sum L = L1 @ --- @ Ls has discriminant —48 and rank 20. By
Lemma 2.1.9 we find that the index [NS(Y) : L] equals 1, so NS(Y) = L. O
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3.4 The surface Y is not Kummer

If A is an abelian surface, then the involution ¢ = [—1] has 16 fixed points. The quotient
A/(v) therefore has 16 ordinary double points. A minimal resolution of such a quotient
is called a Kummer surface. All Kummer surfaces are K3 surfaces. Because of their rich
geometric structure, their arithmetic can be analyzed and described more easily. Every
complex singular surface is either a Kummer surface or a double cover of a Kummer
surface, see [SI], Thm. 4 and its proof. It is therefore natural to ask whether our complex
singular K3 surface Y has the rich structure of a Kummer surface. In Corollary 3.4.3 we
will see that this is not the case.

Shioda and Inose have classified complex singular K3 surfaces by showing that
the set of their isomorphism classes is in bijection with the set of equivalence classes
of positive definite even integral binary quadratic forms modulo the action of SLy(Z),
see [SI]. A singular K3 surface S corresponds with the binary quadratic form given by
the intersection product on the oriented lattice T = NS(S)* of transcendental cycles
on S. Here the orthogonal complement is taken in the unimodular lattice H?(S,7) of
signature (3, 19) (see [BPV], Prop. VIII.3.2). To find out which quadratic form the surface
Y corresponds to, we will use discriminant forms as defined by Nikulin [Ni], § 1.3, see
Definition 2.1.18.

Lemma 3.4.1 The embedding NS(Y) —>7H2(?,Z) makes NS(Y) into a primitive sub-
lattice of the even unimodular lattice H*(Y,Z). We have disc Ty = 48.

Proof. The first statement follows from Lemma 2.2.26. From Lemma 2.1.17 and 2.1.19
we find

|disc T5-| = ’AT7’ = ’ANS(V)‘ = |disc NS(Y)| = 48.
As Ty is positive definite, we get disc 75 = 48. O
Up to the action of SLy(Z), there are only four 2-dimensional positive definite even

lattices with discriminant 48. The transcendental lattice T5- is equivalent to one of them.
They are given by the Gram matrices

() (bn) (D) (o) e

Proposition 3.4.2 Under the correspondence of Shioda and Inose, the singular K3 sur-
face Y corresponds to the matrix

2 0

0 24 )°

Proof. As Eg(—1) and U as in Proposition 3.3.4 are unimodular, it follows from Proposi-
tion 3.3.4 and Lemma 2.1.17 that the discriminant-quadratic form of NS(Y") is isomorphic
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to that of Z(—2) ® Z(—24). By Lemma 2.1.19 and 3.4.1 we find that the discriminant-
quadratic form associated to 75 is isomorphic to that of Z(2) ® Z(24), whence it takes
on the value 5 + 2Z. Of the four lattices described in (3.9), the lattice Z(2) & Z(24) is
the only one for which that is true. O

Corollary 3.4.3 The surface Y is not a Kummer surface.

Proof. By [In], Thm. 0, a singular K3 surface S is a Kummer surface if and only if its
corresponding positive definite even integral binary quadratic form is twice another such
form, i.e., if 22 = 0mod 4 for all z € Tg. This is not true in our case. ]

3.5 All curves on X of low degree

Note that so far we have seen 63 rational curves of degree 2 on X, namely those in the
orbits under G of
Dy: z=a, b=—c,
Dig: z=2a, 2(b—c)=+3(z—vy), (3.10)
Di7: =0, b=0.

These orbits have sizes 18, 36, and 9 respectively. All of these curves correspond to
infinitely many matrices that are either trivial or not defined over Q. To find more
rational curves of low degree, we look at fibrations of Y other than f. The conic (O)
given by @ +b = ¢ —y = 0 on X determines a plane in the four-space in P® given by
x4y + z = 0. The family of hyperplanes in this four-space that contain that plane, cut
out another family of elliptic curves on Y. One singular fiber in this family is contained
in the hyperplane section a + b = 2(c — y) on X. It is the degree 4 curve corresponding
to the parametrization in (3.2). We will now see that this is the lowest degree of a
parametrization of nontrivial matrices defined over Q.

Recall that G C Aut X is the group of automorphisms of X generated by
permutations of z, y and z, by permutations of a, b, and ¢ and by switching the sign of
two of the coordinates a, b, and c.

Proposition 3.5.1 The union of the three orbits under the action of G of the curves
described in (3.10) consists of all 63 curves on X of degree smaller than 4.

Arguments similar to the ones used to prove Proposition 3.5.1 can be found in
[Br], p. 302. To prove this proposition we will use the following lemma.

Lemma 3.5.2 Let S be a minimal, nonsingular, algebraic K3 surface over C. Suppose
D is a divisor on S with D?* = —2.

(a) If D - H is positive for some ample divisor H on S, then D is linearly equivalent
with an effective divisor.
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(b) If D is effective and its corresponding closed subscheme is reduced and simply
connected, then the complete linear system |D| has dimension 0.

Proof. Since the canonical sheaf on S is trivial and the Euler characteristic x of Og
equals 2, the Riemann-Roch Theorem for surfaces (see [Ha2], Thm V.1.6) tells us that

I(D) — s(D) + (—D) = %D2 fx=1,

where [(D) = dim HY(S,£(D)) = dim|D| + 1 and s(D) = dim H'(S, £(D)) is the
superabundance. For (a) it is enough to prove (D) > 1. Because s(D) is nonnegative,
it suffices to show I(—=D) = 0. As we have (—D) - H < 0, this follows from the fact
that effective divisors have nonnegative intersection with ample divisors. For (b), D is
effective, so we also find [(—D) = 0. In order to prove I(D) = 1, it suffices to show that
s(D) = 0 or by symmetry, that s(—D) = 0. Now £(—D) is equal to the ideal sheaf Z of
the closed subscheme Z corresponding to D and H'(S, L(—D)) = H'(S,Zz) fits in the
exact sequence

HO(Za OZ) - HO(S7 OS) - HI(S,Iz) - Hl(Z7 OZ)

As S and Z are projective and connected, the first map is an isomorphism of one-
dimensional vector spaces. Hence the map H'(S,Zz) — H'(Z,0z) is injective. By the
Hodge decomposition we know that H'(Z,0y) is a direct summand of H*(Z, C). Hence
it is trivial, as Z is simply connected. Therefore, also H'(S,Zy) is trivial and s(—D) =
0. g

Proof of Proposition 3.5.1. Let C be a curve on X of degree d and arithmetic genus
ga and let C also denote its strict transform on Y. Let its coordinates with respect to
the basis {D1, ..., Dy} of NS(Y) be given by my,...,mag. Let H denote a hyperplane
section. If F is any of the 12 exceptional curves on Y, then we have H - E = 0. For any
curve D on X we have H - D = deg D. This determines H - D; for all i = 1,...,20 (see
Remark 3.3.3), and we find

d=C-H =2(m1 4+ m3+ms +mz + mo + miz + mis+ (3.11)
+ mis + mi + M7 + mig + mig + 2ma). .

This implies that d is even, say d = 2k. Since we have H? = 6, we can write the divisor
class [C] € NS(Y) as [C] = %H +D = %H + D for some element D € & (H)*, where the
orthogonal complement is taken inside NS(Y"). From the adjunction formula (see [Ha2],
Prop. V.1.5) we find C? = 2g, — 2, so we get D? = C? — (%)2 =29, —2— % By the
Hodge Index Theorem ([Ha2], Thm. V.1.9) the lattice 2(H)* is negative definite, so for
fixed k and g, there are only finitely many elements D € %(HH with D? = 2g, —2— %
We will now make this more concrete. Set
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v1 =2mgz + ms + mz + mio + Mmi2 + mis + mis + mie + may + mas + 2mao — k,
v2 =4ms — ma + 2ms + 2mr7 + 2mao + 2mai2 + 2maia + 2mas + 2mae + mar+
+ 2maig + 2mag + 3meoo — 2k,
v3 =Tmg — 2ms + 2m7 + 2mao + 2maz + 2mas + 2mas + 2mae + mar + 2mas+
+ 2mag + 3mao — 2k,
v4 =33ms — 1dme + 9m7 — 14dmsg + Imio + Imiz + 9maia + 9mas + 9mas + 15mar+
+ 9mas + 16mag + 24map — 9K,
vs =52me — 24m7 — 14ms + 9mio + 9Imaz + 9mig + Imas + 9mae + 15mar + 9mas+
+ 16m19 + 24moo — 9k,
ve =24mz + mg + dmio + 4dmiz + dmis + 4dmis + dmis + 11ma7 — 9mag — 3mag+
+ 2mao — 4k,
v7 =3bmsg + 8mio + 8mi2 + 8mia + 8mis + 8mis + 13mar + 9mas + 15mag+
+ 22moo — 8k,
vg =2mg — Mo,
vg =211m1o — 140ma1 + mi2 + mia + mas + mie + 41mar + 23mas + 50mao+
+ 64moo — k,
vio =282m11 — 210mi2 + mia + mis + mae + 41lmar + 23mag + 50mug + 64mao — k,
vi1 =119m12 — 94mas + mais + mis + mis — 53mar + 23maig + 50mag — 30mao — k,
v12 =144ma3 — 118maa + mas — 118mae — 53ma7 + 23mas — 69mag — 30mao — k,
v13 =86m1a — T1lmis — 58mig — bmir + 23maigs — 9mag + 18mao — k,
via =1231mas — 672mag + 249m17 — 595mis + 259m1g9 — 346mao — 19k,
v15 =364m1s + 19ma7 + 271mas — 89mig + 290meo — 41k,
v16 =529m17 + 361mas + 185m1g9 + 162mao — 107k,
vi7 =62mig + mig — 22mao + 8k,
v1g =30m19 — 9mao — 8k,

V19 :3m20 — 4k.

After using (3.11) to express m; in terms of ma,...,mgo, and k, we can rewrite the
equation C? = 2g, — 2 as
4o 140 T2
112(3 — E2) = 8402 + 4202 2, 74 7% 4 176
(3 3ga+ ) 8'Ul+ ’U2+6'U3+ 11 + 143 + 13
zf 6vd 2807, 1203, vi, 7u%3+ (3.12)

+ == +
v, 6v,  6v%s  336vi,  28vd  28vi,

A2
- 8dvs + 1055 9917 799 102 = 258
52933 16003 6877 = 16399 155 5

_l’_

Suppose k and g, are fixed. Since the m; are all integral, so are the v;. As the right-hand
side of (3.12) is a positive definite quadratic form in the v;, we find that there are only
finitely many integral solutions (v1, ..., vi9) of (3.12). The m; being linear combinations
of the v;, there are also only finitely many integral solutions in terms of the m;. In
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our case the even degree d is smaller than 4, so d = 2 and k = 1. As all curves have
even degree, the conic C' is irreducible and hence, as all irreducible conics are, smooth.
Therefore we have g, = 0. A computer search shows that for £ = 1 and g, = 0 there are
exactly 441 solutions of (3.12) corresponding to integral m;.

By Lemma 3.5.2(a) these correspond to 441 effective divisor classes [D] on
Y with D? = —2 and H - D = 2. We will exhibit 441 of such divisors satisfying the
hypotheses of Lemma 3.5.2(b). That lemma then implies that each is the only effective
divisor in its equivalence class and we conclude that they are the only 441 effective
divisors D on Y satisfying D?> = —2 and D - H = 2.

The first 9 of these 441 divisors correspond to the curves in the orbit of Dq7.
Another 16 correspond to Dig+e1E1 +e9Fs 4+ e3E3 +e4F4 where ¢; € {0, 1} and the E;
are the four exceptional curves of m that meet D1g. Each of these 16 divisors generates
an orbit under G of size 18, giving 288 divisors on Y altogether. The last 144 divisors
correspond to the divisors in the size 36 orbits of Dig + 01 M7 + d2 Mo, with §; € {0,1}
and where M; and My are the exceptional curves of 7 in the fiber above t = 2. Of these
441 effective divisors, only 63 are the strict transform of a curve on X, all in an orbit of
one of the curves described in (3.10). O
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Chapter 4

An elliptic K3 surface associated
to Heron triangles

4.1 Introduction

A rational triangle is a triangle with rational sides and area. A Heron triangle is a
triangle with integral sides and area. Let Q(s) denote the field of rational functions in s
with coefficients in Q. The main theorem of this chapter states the following.

Theorem 4.1.1 There exists a sequence {(an, by, cn)}n>1 of triples of elements in Q(s)
such that

1. for alln > 1 and all 0 € R with 0 > 1, there exists a triangle A, (o) with sides
an(0), bu(0), and c,(0), inradius o — 1, perimeter 20(c + 1), and area o(c? — 1),
and

2. for allm,n > 1 and oy, 01 € Q with og,01 > 1, the rational triangles A, (o¢) and
A, (o1) are similar if and only if m =n and oy = o071.

Remark 4.1.2 The triples of the sequence mentioned in Theorem 4.1.1 can be computed
explicitly. We will see that we can take the first four to be

s(s+ 1) (yn + 2n) s(s+ 1) (zp +2n) s(s+ 1) (xp + yn)> (4.1)
TntYn+2n | TntUYntz | Tptynta )] '

(G by ) = (

with
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(x191,21) = (1+5,—1+s,(=1+s)s),

22 =(—14 s)(1 4 65 — 25> — 25% + s*)?,

Yo =(—14 s)(—1 4 4s + 4s° — 45° + "),

22 =s(1 4 5)(3 + 4s° — 45> + "),

x5 =(—1+ s)(1 + 25 4 25> — 25° 4+ 5*)?

(=1 — 225 + 665> 4 14s° — 725" + 305" + 65° — 657 + 5°),
y3 =(1 + 5)(—1 4 205 + 68s° — 84s° + 139s" + 325° — 2245°+
64s” + 149s° — 1485° 4 6050 — 125 + 5'2)*,
23 =(—1+ 5)s(5 + 10s + 1265° + 625> — 2255* + 52s° + 285°+
125" + 27s° — 625° 4 385" — 105" + 5'%)?,

24 =(14 s)(—1 — 625 + 1985 + 1698s” + 77645 — 82985° — 10830s° + 436225" — 156855°
—453565° — 134850 4 752845"" — 13088s'* — 930765 4 85220s'* + 125"° — 494675"°
+408425'7 — 16034s'® + 22825" + 8445°° — 5465°" + 1385>% — 185>% + 57*)?,

ys =(—1+ 8)(—1 + 5ds + 550s° — 105° 4 50925" 4 166745" + 98s° — 51662s" + 228755+
419165° — 630765 + 45628s"" + 13088s'% — 636445 + 388845 + 176685"° —
311955"% 4 830257 4+ 8990s'® — 95545'? + 447650 — 12545>" + 21857 — 225> 4 5°1)?,

24 =(—1+ 5)s(—7 — 285 — 1168s° — 25885 + 5170s” + 6940s° + 201765° — 10628s" —
703055° + 466645° + 8544050 — 107832s"" + 3805 + 66840s'% — 468485"* + 136565"° —
1465s5'% — 27965'7 + 5712s'® — 5228s'? 4 27385%° — 884! + 1765°% — 205> + s°)°.

Multiplying these four triples by a common denominator and substituting only integral
0, we obtain an infinite parametrized family of quadruples of pairwise nonsimilar Heron
triangles, all with the same area and the same perimeter. For any positive integer N we
can do the same to N triples of the sequence. We find that Theorem 4.1.1 implies the
following corollary.

Corollary 4.1.3 For every integer N > 0 there exists an infinite family, parametrized
by s € Zsq, of N-tuples of pairwise nonsimilar Heron triangles, all N with the same
area A(s) and the same perimeter p(s), such that for any two different s and s' the
corresponding ratios A(s)/p(s)? and A(s')/p(s')? are different.

This corollary generalizes a theorem of Mohammed Aassila [Aa], and Alpar-
Vajk Kramer and Florian Luca [KL]. Their papers give identical parametrizations to
prove the existence of an infinite parametrized family of pairs of Heron triangles with
the same area and perimeter. The corollary also answers the question, posed by Alpar-
Vajk Kramer and Florian Luca and later by Richard Guy, whether triples of Heron
triangles with the same area and perimeter exist, or even N-tuples with N > 3. Shortly
after Richard Guy had posed this question, Randall Rathbun found with a computer
search a set of 8 Heron triangles with the same area and perimeter. Later he found
the smallest 9-tuple. Using our methods, we can find an N-tuple for any given positive



a

b

Cc

1154397878350700583600
1096939160423742636000
1353301222256224441200
1326882629217053462400
1175291957596867110000
1392068029775844821400
1664717974861560418800
1159621398162242215200
1582886815525601586000
1363338670812365847600
1629738181200989059200
1958819929328111850000
2256059203526140412400
2227944754401017652000
2005582596002614412784
2462169105650632177800
2198208931289532607600
2440795514101169425200
2469616851505228370400
2623055767363274578335

2324466316136026062000
2485350726331508315280
2044007602377661720800
2076293397636039582000
2287901677455234640800
1997996327914674087000
1703885276761144351875
2314969007387768550000
1787918651729320350240
2031949206689694692400
1739432097243363322800
1426020908550865426800
1195069414854334519500
1213597769548172408400
1385590865209533198216
1100472310428896790000
1234160196742812482000
1105486738297174396800
1099107024377149242000
1143817472264343917040

2632653985016982326400
2529228292748458020720
2714209354869822810000
2708342152650615927600
2648324544451607221200
2721453821813190063600
2742914927881004201325
2636927773953698206800
2740712712248787035760
2716230302001648432000
2742347901059356590000
2726677341624731695200
2660389561123234040100
2669975655554518911600
2720344718291561361000
2548876763424180004200
2679149051471363882400
2565235927105365150000
2542794303621331359600
2344644939876090476625

p=a+b+c=6111518179503708972000

75

A =1340792724147847711994993266314426038400000

Table 4.1: 20 triangles with the same area and the same perimeter

integer N. For example, Table 4.1 shows 20 values of a,b, and ¢ such that the triangle
with sides a, b, and ¢ has perimeter p and area A as given.

We will exhibit a bijection between the set of triples (a, b, ¢) of sides of (rational)
triangles up to scaling and a subset of the set of (rational) points on a certain algebraic
surface X that we will describe in Section 4.2. We will prove Theorem 4.1.1 in Section
4.3 by finding infinitely many suitable curves on X. We will use that some blow-up X
of X can be given the structure of an elliptic surface over P!, which follows from one of
the constructions of elliptic surfaces described in Section 2.5.

The relation between the geometry and the arithmetic of K3 surfaces in general
is not clear at all, see [BT|. The last section of this chapter is therefore dedicated to a
deeper analysis of the geometry of the K3 surface Y. This section not needed for the
proof of the main theorem and serves its own interest. Section 2.6 is used in section 4.4
to determine the full Néron-Severi group of Y and the Mordell-Weil group of the generic
fiber of Y — C.

The results of this chapter and those of Sections 2.5 and 2.6 have been combined
into a preprint, see [VL2]. The main theorem has also been incorporated in Guy’s book
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on unsolved problems in number theory in the sections about Heron triangles, see [Gu],
D21 and D22.

4.2 A surface associated to Heron triangles

For a triangle with sides a, b, and ¢, let r, p, and A denote its inradius, perimeter, and
area respectively. The line segments from the vertices of the triangle to the midpoint of
the incircle divide the triangle in three smaller triangles of areas ar/2, br/2, and cr/2.
Adding these we find A = rp/2. Set x = p/2 —a, y = p/2 — b, and z = p/2 — ¢. Then
we get p = 2(x +y + 2), so A = r(x +y + 2). Heron’s formula A? = (z +y + 2)ryz
then yields r%(z + y + z) = wyz. Therefore, the point [r : z : y : z] € P? lies on the
surface X C [P% given by 72(x +y + 2) = xyz. Conversely, if [1 : z : y : 2] lies on X,
with x,y, 2z > 0, then the triangle with sides a =y + 2z, b = x 4+ 2, and ¢ = = + y has
inradius 1. Thus we get a bijection between the set of triples (a, b, ¢) of sides of triangles
up to scaling and the set of real points [r : x : y : z] on X with positive ratios z/r,
y/r, and z/r. Let G C Aut X denote the group of automorphisms of X induced by the
permutations of the coordinates z, v, and z. Let f: X --» P! be the rational map given
by f:[r:xz:y: 2]~ [r:z+y+z]. Note that if we let G act trivially on P!, then f
commutes with the action of G.

Lemma 4.2.1 Fori= 1,2, let A; denote a triangle, let a;, b;, and ¢; denote the sides of
A;, and let P; be the point on X corresponding to the equivalence class (under scaling)
of the triple (a;, bi,c;). Then Ay and Ay are similar if and only if Py and Py are in the
same orbit under G. Up to scaling, A1 and Ao have the same inradius and perimeter if
and only if P1 and P> map to the same point under f.

Proof. This is obvious. O

To set our strategy for proving Theorem 4.1.1, note that it asserts that for fixed
o, the infinitely many pairwise nonsimilar triangles A, (¢), with n > 1, all have the same
perimeter 20(o+1) and inradius 0 —1. By Lemma 4.2.1 this is equivalent to the statement
that the infinitely many points corresponding to the triples (ay (), by (o), cn(0)) all map
under f to [0 — 1 : (0 4+ 1)], and that they are all in different orbits under G. To
prove Theorem 4.1.1, we will find a suitable infinite collection of curves on X, mapping
surjectively to P! under f. Those maps will not be surjective on rational points, but for
rational o each of these curves will intersect f~1([c — 1 : o(c + 1)]) in a rational point.

Remark 4.2.2 Since the equation r?(x 4y + z) = xyz is linear in z, we find that X is
rational. A parametrization is given by the birational equivalence P? --» X, given by

[riz:y: 2] = pwlu—ov):vluw+w?) :w(u—v):w(u—w)], or

[w:v:w| =[yz:r?:yr].
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4.3 Proof of the main theorem

The rational map f is defined everywhere, except at the three intersection points M; =
0:0:1:—1], Mo =[0:1:0:—1],and M3 =1[0:1:—1:0] of X with the line L given
by r =z + y + 2z = 0. A straightforward computation shows that X has exactly three
singular points Ny = [0:1:0:0], Ny =[0:0:1:0],and N3 =1[0:0:0: 1]. They
are all ordinary double points, forming a full orbit under G, and all mapping to [O 1]
under f. Let 7: X — X be the blow- up of X at the six points M; and N;. Let M and
NZ denote the exceptional curves above M; and N; respectively.

Proposition 4.3.1 The surface X 18 smooth. The rational map fomx extends to a mor-
phism f: X — PL. It maps the M isomorphically to P1 and together with the section
0= f|~ it makes Xk into an elliptic surface over P for any algebraically closed field

k of chamctemstzc 0.

Proof. Ordinary double points are resolved by blowing up once, see [Ha2], exc. 1.5.7.
Hence X is the minimal desingularization of X blown up at the M;. The rational map f
sends all points of X (except for the M;) in the plane through L given by t17 = to(x+y+2)
to the point [t : t1]. Hence this proposition follows from Proposition 2.5.3. O

Remark 4.3.2 In this explicit case, it would have been easier to check by hand that f
makes X, % into an elliptic surface over P'. From Theorem 2.3.7 it follows that, in order
to prove that fis a minimal fibration, it suffices to check that no reducible fiber contains
a rational curve with self-intersection —1. As the only singular points of X lie above
[0:1] € P, it follows that for all 7 # 0,00, the fiber X, above [T : 1] is given by the
intersection of X with the plane given by r = 7(z + y + z). Hence for 7 # 0, oo, the fiber
is isomorphic to the plane curve given by 72(z +y + 2)® = xyz, which is nonsingular as
long as 7(2772 — 1) # 0. For 7 with 2772 = 1 we get a nodal curve, whence a fiber of
type I, following the Kodaira-Néron classification of special fibers, see [Si2], IV.8 and
[Ko2]. At 7 = 0 and 7 = oo one checks that the fibers are of type Is and I'V respectively.
None of these fibers contains an exceptional curve.

Remark 4.3.3 From the previous remark, it follows that the fiber of fv above every
rational point [t : 1] € P! with 7 > 0, is a curve of genus 1, which can therefore not
be rationally parametrized. Therefore, there is no rational parametrization of infinitely
many rational triangles, all having the same area and the same perimeter.

Remark 4.3.4 Later we will see a Weierstrass form for the generic fiber of f Based on
that, Tate’s algorithm (see [Si2], IV.9 and [Ta3]) describes the special fibers of a minimal
proper regular model. They coincide with the fibers described in Remark 4.3.2, which
gives another proof of the fact that f is relatively minimal.
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Let E denote the generic fiber of f. an elliptic curve over k(P') = Q(t). By
Lemma 2.3.13 we can identify the sets X (P') and E(k(P!)). The curve E is isomorphic
to the plane curve in [P% ® given by

t2(x +y+ 2)° = zyz. (4.2)

The origin O = Ms then has coordinates [z : y : 2] = [1 : =1 : 0]. Let P denote the
section M; = [0:1:—1]. A standard computation shows that the M, correspond with
inflection points. As they all lie on the line given by = + y + z = 0, we find that P has
order 3 and 2P = M, = [1:0:—1]. This also follows from the following lemma, which
gives a different interpretation of the action of G.

Lemma 4.3.5 The automorphism X — X induced by the 3-cycle (xy z) on the coordi-
nates of X corresponds with translation by P on each nonsingular fiber and on the generic
fiber of f. Similarly, the automorphism induced by (xy) corresponds with multiplication
by —1.

Proof. Let Aut (F) be the group of all automorphisms of the generic fiber E and let
Aut (E, O) be the subgroup of those automorphisms that fix the point O. Then Aut (E) is
isomorphic to the semi-direct product E(Q(t)) x Aut (E, O) of the group of translations,
isomorphic to E(Q(t)), and the group Aut (E,O). Consider the composition

S3 =G — Aut (E) = E(Q(t)) x Aut (E,0) — Aut (E,O).

As the automorphism group of an elliptic curve over a field of characteristic 0 is abelian,
we find that the commutator subgroup As of S3 is contained in the kernel of this com-
position. We conclude that the automorphism ¢ induced by (zyz) is a translation by
©(O) = P. Hence ¢ = Tp on E. As E is dense in X, we find ¢ = Tp on X, see [Ha2], exc.
I1.4.2. Let End (E, O) denote the ring of all endomorphisms of E that fix O. The auto-
morphism 1 induced by (zy) fixes O, so we have 1) € Aut (E,O) C End (E,O). As the
endomorphism ring of an elliptic curve over a field of characteristic 0 is a commutative
integral domain, and we have ¢? = 1 and 1 # 1, we find ¢ = [—1]. O

As mentioned before, we want infinitely many 7 for which the fiber X, above
[7 : 1] has infinitely many rational points [r; : @; @ y; : 2] with ;/ri, yi/ri, zi/ri > 0,
and all in different orbits under G. If the Mordell-Weil rank of E(Q(¢)) = X (P!) had
been positive, we might have been able to find infinitely many such points for almost all
rational 7 satisfying some inequalities. Unfortunately, the next theorem tells us that this
is not the case.

Theorem 4.3.6 The Mordell-Weil group E(C(t)) is isomorphic to Z x Z/3Z. It is gen-
erated by the 3-torsion point P and the point Q given by [r:x :y:z| = [t it : —it : 1].
The Mordell-Weil group E(R(t)) is equal to (P) = 7Z/3Z.
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Proof. As X is rational, the Néron-Severi group N S(X¢) is a unimodular lattice of rank
10, see [Shi3|, Lemma 10.1. Let 7" C NS(X¢) be as in Theorem 2.4.32. From Remark
4.3.2 and Theorem 2.4.32, we find that 7" has rank 2+(6—1)+(3—1)+(1—-1)+(1-1) =9
and we can find explicit generators. Consider the lattice 7'+ ((P), (Q)). Computing the
explicit intersections of our generators, we find that the lattice 7'+ ((P), (@)) has rank
10, and thus it has finite index in NS(Xr.). Also, it is already unimodular, so it is equal
to NS(X¢). Hence, E(C(t)) is generated by P and ) and has rank 1.

Complex conjugation on ) permutes the x- and y-coordinates, so by Lemma
4.3.5 we find Q = —Q in E(C(t)). If mQ + nP is real for some integers m, n, then so is
m@ and hence m@Q = mQ = —mQ, so 2mQ = 0. Since Q has infinite order, we conclude
that m =0, so E(R(t)) = (P). O

To find more curves over @, we will apply a base change to our base curve P!
by a rational curve on X. As we have a parametrization of X, it is easy to find such a
curve. Taking v = s and v = w = 1 in the parametrization of Remark 4.2.2, we find a
curve C on X parametrized by

B:P' = C, [s:1]—[r:z:y:2]=[s—1:s4+1:5—1:s(s—1)].

We will denote its strict transform on X by C as well. The map J?induces a 2-1 map
from C to P'. The composition f o 3 is given by [s: 1]+ [s — 1 : s(s + 1)]. Hence, if we
identify the function field K = k(C) of C' with Q(s), then the field extension K/k(P1!) is
given by Q(t) < Q(s), t+ (s — 1)s~!(s + 1)~!. Throughout the rest of this chapter, as
in Theorem 4.1.1 and Remarks 4.3.2 and 4.3.3, one should think of ¢ and 7 as specific
values for the indeterminates s and ¢ respectively. B

Let Y denote the fibered product X xp1 C, let § denote the projection Y — X,
and let g denote the projection ¥ — C'. The generic fiber of g is isomorphic to Ex =
E X1y K. The identity on C and the composition O o fle: C — X together induce a

section C' — Y of g, which we will also denote by O. The closed immersion C' — X and
the identity on C' together induce a section of g which we will denote by R.

Y

pl C

@ 1R

fle
Proposition 4.3.7 The fibration g and its section O make Yy, into an elliptic surface

over Cy. for any algebraically closed field k of characteristic 0.

Proof. One easily checks that ﬂc: C — P! is unramified at the points of P! where f
has singular fibers. Hence, this proposition follows immediately from Proposition 2.5.15
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and Proposition 4.3.1. ]
From (4.2) we find that Fx is isomorphic to the plane cubic over K given by

(s — 1% (x+y+2)3=s%(s +1)zyz.

The linear transformation

p=—d(s—12@+y)z",  q=4(s—1)is(s+ D@y, (43)
or, equivalently,
z=—s(s+1)p+q
y=-s(s+1p—q, (4.4)

gives the Weierstrass equation
0> = (p—4(s = 1)*)° + s*(s + 1)*p* = F(s,p) (4.5)
with ( ) )3
24t — 1
(B — (B —
J j( Kﬂ j( ) t6(27t2-— 1)7 (4.6)
A =212(s — 1)0s% (s + 1)4(s? + 25% — 2652 + 54s — 27).
The Weierstrass coordinates of P and R are given by
(pp,qp) = (4(s — 1)%,4s(s + 1)(s — 1)?) and
(pr,qr) = (8 — 8s,8s5% — 8).

Proposition 4.3.8 The section R has infinite order in the group Y (C) = Ek(K).

Proof. The p-coordinate of 2R+ P equals 4(s* — 65> +10s%> —2s+1)(s —1)72, s0 2R+ P
is contained in the kernel of reduction at s — 1. In characteristic 0 the kernel of reduction
has no nontrivial torsion (see [Sil], Prop. VIL.3.1), so we find that 2R + P has infinite
order, whence so does R. ]

For every integer n > 1, let ,,: P! — X denote the composition

B

pl 2, (2n—1R

C y X T X, (4.7)

Theorem 4.1.1 will follow from the following proposition.
Proposition 4.3.9 Let 0 > 1 be a real number. For every integer n > 1, let Ty, Tn, Yn,
and zp, be such that ([0 : 1]) = [rn : @, Yn © 2n] and set

_ (0 =1)(yn + 2n) _(o-D@ntz) - (0-1)(@n+yn)

n = , b= s n — .
Tn Tn Tn

Then for every n > 1 there is a triangle A, with sides ay, by, ¢, perimeter 20(o + 1),
inradius o — 1, and area o(0? — 1). If o is rational, then the triangles A, are pairwise
nonsimilar.
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Proof. Let a real number o > 1 be given and set ¢ = 3([o : 1]) € C. Then f|c(c) =[r:1]
for 7 = (0 — 1)o~ (o + 1)1 > 0, so the fiber Y, is isomorphic to the fiber X, of f
above [T : 1]. All roots of A in (4.6) are less than 1, so this fiber is nonsingular. By
Remark 4.3.2, it is isomorphic to the intersection E. of X with the hyperplane given
by r = 7(x + y + z). This intersection E, can be given the structure of an elliptic
curve with M3 as origin. The specialization map Y (C) — Y (Q): S — SNY, = S(c)
induces a homomorphism ¢: Y (C) — E; C X sending a section S of g to m(4(S(c))).
Set ©, = yu([o:1]) € X =[rp: @y : Yn : 25). Then we have ©,, = ¢¥((2n — 1)R) € E;,
so on E; we get ©, = (2n — 1)0;. The elliptic curve E; has a Weierstrass model
q® = F(o,p), see (4.5). For n > 1, let (pn, qn) denote the Weierstrass coordinates of ©,,,
so (p1,q1) = (8 — 80,802 — 8).

Note that F(c,0) = —64(c—1)% < 0, but for p; = 8—80 < 0 we have F(o,p;1) =
q? > 0. We conclude that for any real point on F, with Weierstrass coordinates (p, q),
the condition p < 0 is equivalent to the point lying on the real connected component of
E- that does not contain O. Since ©; lies on this component, so do all its odd multiples
O,.

If ©, = M, for : = 1,2, or 3, then 30,, = O, which contradicts the fact that
O, lies on the real component of F. that does not contain O. Hence f is well-defined
at O, and from [ry, : &, + yp + 2] = f(O,) = [7 : 1], with 7 > 0, we find r,, # 0 and
Tn + Yn + 2n # 0, whence x,ynz, # 0. To make computations easier, we may assume
2, = 8(c —1)%0(0 + 1) > 0. As O, lies on the real connected component that does not
contain O, we have p,, < 0 and therefore also p, < 4(c — 1)2. That implies

(00 +1)pn)* = a4 — (pn —4(0 = 1)*)* > g,
and combined with p,, < 0 this gives —o (o + 1)p, > |gn|. By (4.4) we get

Tn = _U(U+1)pn+Qn >0,
Yn = —0(o + 1)pp — qn > 0.

From r, = 7(zy, + yn + 2n) we also find r, > 0. We conclude /7y, Yn/Tn, 2n/Tn > 0,
which proves that there is a triangle with sides a,,, b,, and c¢,. This triangle has inradius
o — 1, perimeter 2(o — 1)(xy, + yn + 2n)/mn = 2(c — 1)/7 = 20(0 + 1) and hence area
o(o? —1).

Now suppose o is rational. We will show that ©; has infinite order. Assume
that ©; has finite order. As ©1 lies on the real component that does not contain O, it
has even order, so by Mazur’s Theorem (see [Sil], Thm. IIL.7.5 for statement, [Maz],
Thm. 8 for a proof) we find that m©; = O for m = 8,10, or 12. For each of these three
values for m we can compute explicit rational functions &,,n, € Q(s) such that the
coordinates of m©; are given by (&,(0),nm(0)). For m = 8,10, or 12, these rational
functions turn out to not have any rational poles, so ©1 has infinite order. To show that
the triangles are pairwise nonsimilar, it suffices by Lemma 4.2.1 to show that the ©,, lie
in different orbits under GG. Suppose that ©,, and ©,, are in the same orbit under G for
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some n,n’ > 1. Then by Lemma 4.3.5 we get ©,, = £0,, + kP for k = 0,1 or 2. Hence
3(2n—1)F(2n' —1))O; = 3(0,, FO,1) =3kP = O, s02n— 1= +(2n' — 1), as 6,
has infinite order. From n,n’ > 1 we find n = n’ and hence k = 0. Thus, ©,, = 0,,. 0

Proof of Theorem 4.1.1. Consider the open affine subset U C X defined by r # 0,
which is isomorphic to Spec A for A = Q[z, v, z]/(:v +y+z— :Uyz). For each n > 1, let
V, C P! be a dense open affine subset such that the composition v, of morphisms in
(4.7) maps V;,, to U. This is possible because the image of P! is not entirely contained
in the closed subset of X given by r = 0. Then there is a ring B,, C Q(s) such that V,,
is isomorphic to Spec B,, and the composition in (4.7) is given by a ring homomorphism
on: A — By, C Q(s). Let z,(s), yn(s), zn(s) € Q(s) be the images under ¢, of x,y,z €
A respectively. Then for any real number ¢ > 1 the values 7,, T, Yn, and z, from
Proposition 4.3.9 can be given by 1, z,,(0), yn(0), and z, (o) respectively. It follows from
Proposition 4.3.9 that 1 and 2 of Theorem 4.1.1 are true for a,(s) = (yn(s)+2n(s))(s—1),
bn(s) = (xn(s) + zn(s))(s — 1), and ¢, (s) = (xn(S) + yn(s))(s — 1). Note that if o¢ # o1,
then A, (o) is automatically not similar to A,, (o) for any m,n > 1. O

Corollary 4.3.10 The set of rational points on Y is Zariski dense in'Y .

Proof. The infinitely many multiples of the section R give infinitely many curves on Y,
each with infinitely many rational points. Hence the Zariski closure of the set of rational
points is Y. m

Remark 4.3.11 The four triples given in Remark 4.1.2 correspond to the sections
R,3R,5R, and TR.

Remark 4.3.12 As mentioned before, Randall Rathbun found with a computer search
a set of 8 Heron triangles with the same area and perimeter. His triangles correspond
toT =r/(x+y+ z) =28/195. The 8 points on the corresponding elliptic curve above
[T : 1] = [28 : 195] generate a group of rank 4. This yields relatively many points of
relatively low height. As in the proof of Proposition 4.3.9 we can take any n points on
the real connected component that does not contain O and scale them to have the same
perimeter and area. This is how we found the values in Table 4.1.

4.4 Computing the Néron-Severi group and the Mordell-
Weil group

As in Section 2.6, in this section also all cohomology is étale cohomology, so we often
will leave out the subscript ét. We consider the elliptic surface Y — C' of the previous
section over the algebraic closure and let Y and C' denote Yo and Cf respectively. Set

L=Fk(C)=Q(s) DQ(s) = k(C) = K and recall that we have encountered several points

of E(L), such as P = My, the point @ from Theorem 4.3.6, and R induced by the closed
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immersion C — X. By Theorem 4.3.6 and Proposition 4.3.8 the points (Q and R both
have infinite order in E(L). Suppose there are integers m,n such that m@ + nR = 0.
Since complex conjugation sends ) and R to —(@) and R respectively, we find that also
—m@ +nR =0, whence 2m@ = 2nR = 0. Therefore m =n = 0, so ) and R are linearly
independent, and P, @, and R generate a group isomorphic to Z2? x Z/3Z. We will show
that this is the full Mordell-Weil group E(L).

Proposition 4.4.1 The surface Y is a K3 surface. Its Néron-Severi lattice has rank 18.
The rank of the Mordell-Weil group Y (C) = E(L) equals 2.

Proof. To prove that Y is a K3 surface, it suffices by definition to show that we have
dim H' (Y, Oy-) = 0 and that any canonical divisor K5 is linearly equivalent to 0.

By Theorem 2.4.24 we get Pic’Y 2 Pic® C' = 0, as C is isomorphic to P'. We
conclude that NS(Y) 2 Pic(Y), so algebraic and numerical equivalence on Y coincide
with linear equivalence. As X is rational, we have y(O 3) = x(Op2) = 1, see [Ha2], Cor.

V.5.6. By Proposition 2.5.15 we get x(Oy) = (deg ﬂc) - X(O%_) = 2. From Theorem
@

2.3.10 we then find that Ky = 0 in PicY. Hence, the canonical sheaf wy- is isomorphic
to Oy. We find from Serre duality that H*(Y,Oy) = H°(Y,wy) = H(Y, Oy). Since
Y is connected and projective, we get dim H?(Y, Oy) = dim H°(Y, Oy) = 1. Therefore,
we get

dim H'(Y, Oy) = dim H*(Y, Oy) + dim H*(Y, Oy) — x(Oy) =1+1-2=0.

As seen in the proof of Proposition 2.5.15, the singular fibers of g come in pairs of
copies of a singular fiber of f. Hence, from Remark 4.3.2 and Theorem 2.4.32 we find
p=242(6-1)+B-1)+(1-1)+(1—-1)) +rkE(L) = 16 + rk E(L) with p =
tk NS(Y). Since Q and R are linearly independent, we have rk F(L) > 2, so we get
p > 18.

We will show p < 18 by reduction modulo a prime of good reduction. Take
p =11 and let A = 7, be the localization of 7 at p with residue field k = Alp = F).
Let X be the closed subscheme of P3| given by r%(z +y + 2z) = zyz and §: X --» P} the
rational map that sends [r:x:y:z] to [r:z+y+ z].

As X is projective and Xg = X, there are A-points 9; and 91; on X such that
(Mi)g = N; and (M;)g = M;. Let n': X — X be the blow-up at the 6 points 91; and IM;,
and let ?: X |P}4 be the morphism induced by the composition fon’. Let € C X be the
strict transform of the curve in X parametrized by

rex:y:zl=[s—1:s+1:s—1:s(s—1)].

Let 2) denote the fibered product ) = € Xp1 3~€, and let g denote the projection P — €.
Then 2) is a model of Y over A, i.e., P = Y. Note that ¥ = Ds- Set Y = 2z and

C = ¢z. The following diagram shows how the base changes of ) that we will deal with
are related. A similar diagram holds for €.
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S B
o

Spec Q —— Spec §Q — Spec A <—— Spec k <—— Speck

We will show that ) is smooth over Spec A. Note that for each of the 9%; and 9; there
is an affine neighborhood U = SpecS C X for some A-algebra S, on which that point
corresponds to an ideal I C S satisfying pSNI™ = pI"™. Set T'= S ®4 k = S/pS and
J = IT. Then U, = SpecT and we have

I"@Qak=I"/pI" = 1"/ (pSNI") 21" S/pS = I"T = J".
This implies
Proj(Te&J&J>@®...) 2Proj (S@I®I* & ...) Xspeca Speck,

which tells us that the blow-up of the reduction Xj at the points (9;); and (M;) is
isomorphic to X x 4 k, i.e., the reduction X; of X.

One easily checks that X is geometrically regular outside the three ordinary
double points (9;)x. Hence, this blow-up of X}, at the points (9;); and (M;) is smooth
over k, see [Ha2|, exc. 1.5.7. Thus %k is smooth over k. As the morphism €, — [P,lC
is unramified at the points of [P/,lC where ﬂ; has singular fibers (as is easily checked),
2y, is smooth over k as well (cf. Proposition 2.5.15). Since the other fiber Yg = Y of
) — Spec A is also smooth over its ground field , we conclude that ) is smooth over
Spec A (cf. Remark 2.3.12).

Let ¢: Qi — D denote the absolute Frobenius of ), as in Section 2.6. Let ¢}
denote the induced automorphism on H'(Y,Q;). By Corollary 2.6.4 the Picard number
p is bounded from above by the number of eigenvalues A of ¢% for which \/p is a root
of unity. We will count these eigenvalues using the Lefschetz trace formula and the Weil

conjectures. The characteristic polynomial of (¢})" acting on H (Y, Q) is

bi

Py(t) = det (- 1d— (¢)") = [t — o).
=1

By the Weil conjectures, P;(t) is a rational polynomial and the roots have absolute value
|lvij| = p™/?, see [De], Thm. 1.6.

By Lemma 2.6.1 we have dim H (Y, Q;) = dimHi(?,Ql) for 0 < ¢ < 4. Since
Y is a K3 surface, the Betti numbers equal dimHi(f/,Ql) =b; = 1,0,22,0,1 for i =
0,1,2, 3,4 respectively. Therefore, from the Weil conjectures we find P;(t) = 1—¢,1,1,1—
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n 1 2 3
e | 1] 1 i
Tr(ei)™ 0 0 0
Tr(p3)" 0 0 0
Tr(py)" p| p°
#Di(Fpn) || 298 | 16908 | 1792858
Tr(ph)™ 176 | 2266 21296
Tr(p3)"|V || 16p | 18p? 16p°
Tr(ehy) | 0] 88 0

Table 4.2: computing Tr(y3 ;)"

p*t for i = 0,1, 3,4 respectively, whence Tr p? = 1,0,0, p* for i = 0,1, 3, 4. Similarly, we
get Tr(pf)" = 1,0,0,p?" for i = 0,1,3,4 and n > 1. That means that for any n > 1, if
we know the number of Fyn-points of 9, then from the Lefschetz Trace Formula (see

[Mi2], Thm. VI.12.3)
4

#D([Fpn) = D> (1) Tr ((¢})")
i=0
we can compute Tr(¢3)".

Let V denote the image in H2(Y, ;) under the composed map in (2.12) of
the 18-dimensional subspace of NS(Y) ® Q; that we already know, i.e., generated by the
irreducible components of the singular fibers of g and the sections O, @, and R.

All these generators of V' are defined over the k = [,, except for the image of @,
which is defined over [ 2. In the Mordell-Weil group modulo torsion Y(C) )Y (C)tors we
have ¢(Q) = —Q. Hence V is p3-invariant and we find that Tr(p3)"|V = 17p" +(—1)"p".

Set W = H 2(}7, Q;)/V and let ¢}, denote the automorphism on W induced
by ¢5. Then W has dimension 4 and from just linear algebra we get

char(ig) = char(g3|V) - char(i5 ) (4.8)

and

Tr(pg)" = Tr(pz)" |V + Tr(s w)"-
This last equality allows us to compute Tr(go;’W)” for n > 1, which is done forn =1,2,3
in Table 4.2.

We computed the number of points on 2 (F,») as follows. As ), has the
structure of elliptic surface over €, we can let the computer package MAGMA compute
the number of points above every point of € (F,») with a nonsingular elliptic fiber.
Adding to that the contribution of the singular fibers gives the total number of points.

For any linear operator 7" on an m-dimensional vector space with characteristic
polynomial

charT = X™ + . X™ P 4 X 2 4+ . 4 a1 X + s
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we have ¢1 = —t1, 3 = 5(t} — t3), and ¢3 = —3(t] + 2t3 — 3t1t2) with t, = TrT™.
From this and Table 4.2 we find that the characteristic polynomial of @5 y;, equals h =
X4 —44X? + ¢4 for some c4. By the Weil conjectures, and (4.8), the roots of h have
absolute value p and their product ¢4 is rational, so ¢4 = +p*. As not all roots of
X* —44X? — 11% have absolute value 11, we get h = X% — 44X? 4+ 11*. If « is a root of
h then 3 = (a/p)? satisfies 113% — 43 + 11 = 0. As the only quadratic roots of unity are
+1/—1 and ¢}, we find that 3 is not a root of unity, and thus neither is a/p. From (4.8)
it follows that a/p is a root of unity for at most 22 — 4 = 18 roots a of char(y%). From
Corollary 2.6.4 we find p < 18. 0

Corollary 4.4.2 The Mordell-Weil group E(L) is generated by P, Q, and R and is
isomorphic to 7% x 7 /37Z.

Proof. As Y — C is a relatively minimal fibration and Y is regular and projective, the
Néron model of Y /C is obtained from Y by deleting the singular points of the singular
fibers, see [Si2], Thm. IV.6.1, and [BLR], § 1.5, Prop. 1. Note that at 0 = 0 and o0 = —1
we have additive reduction (type IV), whence the identity component of the reduction
has no torsion. Since we are in characteristic 0, the kernel of reduction F;(L) has no
torsion either, see [Sil], Prop. VIL.3.1. It follows that the group Ey(L) of nonsingular
reduction has no torsion, see [Si2], Rem. IV.9.2.2. By the classification of singular fibers
we find that E(L)/Ey(L) has order at most 3, see [Si2], Cor. IV.9.2 and Tate’s Algorithm
IV.9.4. We conclude that E(L)os has order 3 and is generated by P.

With Shioda’s explicit formula for the Mordell-Weil pairing ([Shi3], Thm. 8.6),
we find (@, R) = 0 and (Q, Q) = (R, R) = 1. Hence, as seen before, @ and R are linearly
independent. As the rank rk F(L) equals 2 by Proposition 4.4.1, the group generated
by @ and R has finite index in the Mordell-Weil lattice E(L)/E(L)tors. If the Mordell-
WEeil lattice were not generated by ) and R, then it would contain a nonzero element
S = aQ + bR with a,b € Q and —% < a,b < %, so that (S,S) = a? + b% < % The
types of singular fibers are I, Is, and IV by Remark 4.3.2). From Table 2.2 we find
that the number of simple irreducible components in these singular fibers are 1, 6, and
3 respectively. It follows from Proposition 2.4.38 that the values of the Mordell-Weil
pairing are contained in %Z with m = lem{1,6,3} = 6. As for any rational a,b the
3-adic valuation of a? + b? is even, we conclude that in fact we have (S, S) € %Z, so that
a’+ b > % Thus, we find a? + b* = %, whence a = b = % Therefore, 25 =Q + R+ ¢eP
for some ¢ € {0,1,2}. After adding eP to S if necessary, we may assume ¢ = 0 without
loss of generality.
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It suffices to check @ + R & 2E(K). Let (ps,qs), (p2s,a25), and (pQ+r, 4Q+r)
denote the Weierstrass coordinates of S, 25, and @ + R respectively. Using addition

formulas, we can compute pg+r € Q(7)(s) explicitly and express pag in terms of pg. Let
u be defined by ps —4(s —1)? = 2(s — 1)u. Then in terms of u, the equation pss = po+r
simplifies to

ut +4(s — 1) (s + 1) (s +i)ud + 2(s> + (1 +i)s — 24 14)s%(s + 1)%u’+

8(s*+ (14+1id)s —2+i)(s — 1)s*(s + 1)’u+8(s +14)s°(s — 1)*(s + 1)> = 0 )

By Gauss’s Theorem any root u € L = Q(s) of this equation is contained in Q[s] and
divides the constant term 8(s + i)s?(s — 1)?(s + 1)3. Hence, any root u is of the form

u=cs(s+ 1) (s — 1) (s 4+ i),

for some constant ¢ and exponents k, [, m, and n. Considering the four Newton polygons,
we find £k = 0, ] = 1, and m,n € {0,1}. One easily checks that for none of the four
possibilities for m,n there is a ¢ such that (4.9) is satisfied. O

Corollary 4.4.3 The discriminant of the Néron-Severi lattice NS(Y') equals —36.

Proof. From Lemma 2.4.37, we find the following equation, relating the discriminant of
the Néron-Severi lattice to that of the Mordell-Weil lattice.

M (1)
. — disc E(L)/E(L)iors - | | ma
| disc NS(Y')| = ( |)/E( [()t)t 2 1]

Here mg,l) is the number of irreducible components of multiplicity 1 of the fiber of g

above v € C. In the proof of Corollary 4.4.2 we have seen that disc E(L)/E(L)tors = 1,

S0 we get
_1-6-6-3-3

32
By the Hodge index Theorem disc NS(Y) is negative, so we get disc NS(Y) = —36. 0

| disc NS(Y)| 36.
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Chapter 5

K3 surfaces with Picard number
one and infinitely many rational
points

5.1 Introduction

In the previous two chapters we solved two Diophantine open problems by showing that
the rational points on a certain K3 surface are Zariski dense. In general, little is known
about the arithmetic of K3 surfaces. It is for instance an open question if there exists a
K3 surface X over a number field K such that the set X (K) of rational points is neither
empty, nor dense. The K3 surfaces we analyzed in the previous chapters have an elliptic
fibration and relatively high geometric Picard numbers 18 and 20. The density of rational
points on these surfaces is consistent with a theorem of Bogomolov and Tschinkel that
was already mentioned in the introduction of chapter 3. Recall that if X is a variety over
a number field K, then we say that the rational points on X are potentially dense if there
exists a finite field extension L of K such that the set X (L) of L-rational points is Zariski
dense in X. Bogomolov and Tschinkel proved that if the geometric Picard number of a
K3 surface X over a number field is at least 2, then in most cases the rational points
on X are potentially dense, see [BT]. However, it is not yet known whether there exists
a K3 surface over a number field and with geometric Picard number 1 on which the
rational points are potentially dense. Neither do we know if there exists a K3 surface
over a number field and with geometric Picard number 1 on which the rational points
are not potentially dense.

In December 2002, at the AIM workshop on rational and integral points on
higher-dimensional varieties in Palo Alto, Swinnerton-Dyer and Poonen asked a related
question. They asked whether there exists a K3 surface over a number field and with
Picard number 1 that contains infinitely many rational points. In this chapter we will
show that such K3 surfaces do indeed exist. The main theorem of this chapter states
something stronger. A polarization of a K3 surface X is a choice of an ample divisor H
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on X. The degree of such a polarization is H2. A K3 surface polarized by a very ample
divisor of degree 4 is a smooth quartic surface in P3.

Theorem 5.1.1 In the moduli space of K3 surfaces polarized by a very ample divisor of
degree 4, the set of surfaces defined over Q with geometric Picard number 1 and infinitely
many rational points is dense in both the Zariski topology and the real analytic topology.

We will prove this theorem by exhibiting an explicit family of quartic surfaces
in IP% with geometric Picard number 1 and infinitely many rational points. Proving that
these surfaces contain infinitely many rational points is the easy part. It is much harder
to prove that the geometric Picard number of these surfaces equals 1. It has been known
since Noether that a general hypersurface in P2 of degree at least 4 has geometric Picard
number 1. A modern proof of this fact was given by Deligne, see [SGA 7 1T}, Thm. XIX.1.2.
Despite this fact, it has been an old challenge, attributed to Mumford, to find even just
one explicit quartic surface, defined over a number field, whose geometric Picard number
equals 1. Deligne’s result does not imply that such surfaces exist, as “general” means
“up to a countable union of closed subsets of the moduli space.” A priori, this could
exclude all surfaces defined over Q! Terasoma and Ellenberg have proven independently
that such surfaces do exist. The following theorems state their results.

Theorem 5.1.2 (Terasoma, 1985) For any given positive integers (n;aq, ..., aq) not
equal to (2;3), (n;2), or (n;2,2), and with n even, there is a smooth complete intersection
X over Q of dimension n defined by equations of degrees a1, ...,aq such that the middle
geometric Picard number of X is 1.

Proof. See [Te]. O

Theorem 5.1.3 (Ellenberg, 2004) For every even integer d there exists a number
field K and a polarized K3 surface X/K of degree d, with geometric Picard number 1.

Proof. See [Ell]. O

The proofs of Terasoma and Ellenberg are ineffective in the sense that they
do not give explicit examples. In principle it might be possible to extend their methods
to test whether a given explicit K3 surface has geometric Picard number 1. In prac-
tice however, it is an understatement to say that the amount of work involved is not
encouraging.

Shioda has found explicit examples of surfaces with geometric Picard number
1. In fact, he has shown that for every prime m > 5 the surface in P3 given by

w™ + xymfl + yszl + me,1 =0

has geometric Picard number 1, see [Shi2]. However, for m = 4 this equation determines
a K3 surface with geometric Picard number 20, i.e., a singular K3 surface.
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In the next section we will prove the main theorem of this chapter. Having
explicit examples of K3 surfaces with geometric Picard number 1, we can use a computer
search to look into the distribution of rational points on such surfaces. This is what
section 5.3 is devoted to.

The results of this chapter have been combined into a preprint, see [VL3].

5.2 Proof of the main theorem

First we will give a family of smooth quartic surfaces in P? with Picard number 1. Let
R = Z[z,y, z,w] be the homogeneous coordinate ring of P3. Throughout the rest of this
chapter, for any homogeneous polynomial h € R of degree 4, let X; denote the scheme
in P2 given by
wf + 229 = 3pq + 6h, (5.1)

with f,g,p,q € R equal to

f= 3 — x2y — 2%z 4 22w — wyz —xyz + 2xyw + 222 + 2wzw + y3+

+ yQZ — y2w + yz2 + yzw — yw2 + 22w + zw® + 2w3,

g = ch2 + xyz — zz? — yz2 + 23,

p = 22+ Ty + Yz,

q = 22 + Ty.
Its base extensions to @ and Q are denoted Xj; and X respectively. We will use the
following lemma.

Lemma 5.2.1 Let V be a vector space of dimension n and T a linear operator on V.
Let t; denote the trace of T'. Then the characteristic polynomial of T is equal to
fr(z) =det(x - Id =T) = 2" + c12" ' + coz" 2 4+ ... + ¢,
with the ¢; given recursively by
k—1

c1 = —11 and — ke, =t + Z Citp—;-
=1

Proof. Let the eigenvalues be denoted by x1,...,z,. For fixed k, set
a; = (=1)"Y " [ 25
JjEJ
where the sum ranges over the set

{(m,J) | JC{1,...,n}, #J =i, me{l,...,n}\ J}.

As (—l)icz- is the ¢-th symmetric function in the x;, one checks that c¢;jti—; = a; — a;—1.
Together with the identities ag = ¢} and ar_1 = —kcg this implies the lemma. ]
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Theorem 5.2.2 For any h € R the quartic surface X is smooth over Q and has geo-
metric Picard number 1. The Picard group Pic X}, is generated by a hyperplane section.

Proof. For p = 2,3, let X,,/F, denote the fiber of X, — SpecZ over p. As they are
independent of h, one easily checks that X, is smooth over [, for p = 2,3. As the
morphism X;, — SpecZ is flat and projective, it follows that the generic fiber X} of
X, — SpecZ is smooth over Q as well, cf. [Ha2], exc. II1.10.2.

We will first show that Xo and X3 have geometric Picard number 2. For p = 2, 3,
let @, denote the absolute Frobenius of X,,. Set X, = X, x [, and let ®(i) denote the
automorphism on HY (X,,Q;) induced by ®, x 1 acting on X, = X, XF, Fp. Then by
Corollary 2.6.4 the geometric Picard number of X, is bounded from above by the number
of eigenvalues \ of ®7(2) for which A/p is a root of unity. We will find the characteristic
polynomial of @;‘,(2) from the traces of its powers. These traces we will compute with

the Lefschetz formula ,

43X, (Fyn) = S0 (—1) Tr(@3(0)"). (5.2)
i=0

As X, is a smooth hypersurface in P? of degree 4, it is a K3 surface and its Betti numbers
are bg = 1, by = 0, by = 22, b3 = 0, and by = 1. It follows that Tr(®;(i)") = 0 for i = 1, 3,
and for ¢ = 0 and i = 4 the automorphism @7 ()" has only one eigenvalue, which by
the Weil conjectures equals 1 and p*" respectively. From the Lefschetz formula (5.2) we
conclude Tr(®5(2)") = #X,(Fpn) — p*® — 1. After counting points on X, over Fyn for
n=1,...,11, this allows us to compute the traces of the first 11 powers of @;(2). With
Lemma 5.2.1 we can then compute the first coefficients of the characteristic polynomial
fp of ®3(2). Writing f, = 222 4 2 + ...+ cop we find

P 1 C2 | C3 | C4 C5 C6 C7 C8 Co C10 C11
21 -=31-21121] 0 —-32 |64 | —128 128 256 0 —2048
31| =5 |—=6|72]27|—=891| 0 | 9477 | —4374 | —78732 | 19683 | 708588

The Weil conjectures give a functional equation p?? f,,(z) = +222 f,(p?/z). As in
our case (both for p = 2 and p = 3) the middle coefficient ¢1; of f, is nonzero, the sign of
the functional equation is positive. This allows us to compute the remaining coefficients
of fp. If Xis a root of f, then \/p is a root of f;(x) = p~22f,(pz). Hence, the number
of roots of f;o(x) that are also a root of unity gives an upper bound for the geometric
Picard number of X,,. After factorization into irreducible factors, we find

~ 1

P :5@, —1)2 (2020 4+ 210 — 218 4 216 4 21 4 104
+2m10+x9+x6+x4—x2+$+2)

~ 1

pa :g(x —1)2 (322 + 219 — 3278 4 217 + 626 — 6214 + 218 + 6212 — 211+

—71‘10—l‘9+6l‘8+$7—6$6+6$4+l‘3—3ZE2+IE+3)
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Neither for p = 2 nor for p = 3 the roots of the irreducible factor of ED of degree
20 are integral. Therefore these roots are not roots of unity and we conclude that ]?p
has two roots that are roots of unity, counted with multiplicities. By Corollary 2.6.4 this
implies that the geometric Picard number of X, is at most 2.

Note that besides the hyperplane section H, the surface X5 also contains the
conic C given by w = 22 +xy = 0. We have H?> = deg Xo =4 and H-C = degC = 2. As
the genus g(C) of C equals 0 and the canonical divisor K on Xy is trivial, the adjunction
formula 2¢g(C) — 2 = C - (C + K) yields C? = —2. Thus H and C generate a sublattice
of NS(X3) of rank 2 with Gram matrix

4 2
2 -2 )
We conclude that the inner product space NS(X2)¢ has rank 2 and discriminant —12 €

Q*/®*2, see Definition 2.1.10. Similarly, X3 contains the line L given by w = z = 0. The
hyperplane section on X3 and L generate a sublattice of NS(X3) of rank 2 with Gram

matrix
4 1
1 -2 )

We conclude that the inner product space NS(X3)¢ also has rank 2, and discriminant
—9¢ Q*/Q*Z

Let p denote the geometric Picard number p = rkNS(X},). It follows from
Proposition 2.6.2 that there is an injection NS(Xp)g < NS(X,)g of inner product
spaces for p = 2, 3. Hence we get p < 2 and if we had equality, then both these injections
would be isomorphisms and NS(X3)g and NS(X3)g would be isomorphic as inner product
spaces. This is not the case because they have different discriminants. We conclude p < 1.
As a hyperplane section H on X}, has selfintersection H? = 4 # 0, we find p = 1. Since
NS(X},) is a 1-dimensional even lattice (see Lemma 2.2.26), the discriminant of NS(X},)
is even. The sublattice of finite index in NS(X,) generated by H gives

4 = disc(H) = [NS(X}) : (H)]* - discNS(X},).

Together with disc NS(X},) being even this implies [NS(X}) : (H)] = 1, so H generates
NS(Xp). O

Remark 5.2.3 In the proof we counted points over F,» forp =2,3andn =1,...,11 in
order to find the traces of powers of Frobenius up to the 11-th power. We could have got
away with less counting. In both cases p = 2 and p = 3 we already know a 2-dimensional
subspace W of NS(X,)p, C H?(X,,Q;)(1), generated by the hyperplane section H and
another divisor class. Therefore it suffices to find out the characteristic polynomial of
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Frobenius acting on the quotient V = H?(X,,Q;)(1)/W. This implies it suffices to know
the traces of powers of Frobenius acting on V' up to the 10-th power.

An extra trick was used for p = 3. The family of planes through the line L
given by w = z = 0 cuts out a fibration of curves of genus 1. We can give all nonsingular
fibers the structure of an elliptic curve by quickly looking for a point on it. There are
efficient algorithms available in for instance MAGMA to count the number of points on
these elliptic curves.

Using these few speed-ups we let a computer run for one night to compute the
characteristic polynomial of several random surfaces given by an equation of the form
(5.1). If the middle coefficient was zero, no more effort was spent on trying to find the sign
of the functional equation (see proof of Theorem 5.2.2) and the surface was discarded.
After one night two examples over F3 were found with geometric Picard number 2 and
one example over . This allows us to construct two families of surfaces with geometric
Picard number 1 with the Chinese Remainder Theorem. One of these families consists of
the surfaces Xj. A program written in MAGMA that checks the characteristic polynomial
of Frobenius on X5 and X3 is electronically available from the author upon request.

Remark 5.2.4 For p = 2,3, let A, C NS(X,) denote the lattice as described in the
proof of Theorem 5.2.2, i.e., As is generated by a hyperplane section and a conic, and
Aj is generated by a hyperplane section and a line. Then in fact A, equals NS(X,) for
p = 2,3. Indeed, we have disc A, = [NS(X,) : A,]? - discNS(X ). For p = 2 this implies
disc NS(X5) = —12 or disc NS(X3) = —3. The latter is impossible because modulo 4
the discriminant of an even lattice of rank 2 is congruent to 0 or —1. We conclude
disc NS(X5) = —12, and therefore [NS(X3) : Ag] = 1, so Az = NS(X3).

For p = 3 we find disc NS(X3) = —9 or disc NS(X3) = —1. Suppose the latter
equation held. By the classification of even unimodular lattices we find that disc NS(X3)
is isomorphic to the lattice with Gram matrix

01
(Vo)
By a theorem of Van Geemen this is impossible, see [VG], 5.4. From this contradiction
we conclude disc NS(X3) = —9 and thus [NS(X3) : A3] = 1, so A3 = NS(X3). For
a more concrete proof, note that the index [NS(X3) : As] divides 3. Suppose we had
A3 € NS(X3). Then there is an element D € NS(X3) \ A3 with 3D € A, say 3D =
aH + bL. After replacing D by eD + kH + [L for some integers k,l and ¢ € {£1},
we may assume a € {0,1} and b € {0,41}. From 9|(3D)? = 4a? + 2ab — 2b* we find
(a,b) = (1,—1). Since L is contained in a hyperplane, we find that 3D = H — L is
effective. Set y = x (X3, Ox,) = 2. Because the canonical sheaf K+, on X3 is trivial
and we have D? = 0, the theorem of Riemann-Roch on surfaces yields h°(X3, £(D)) —
h'(X3,L(D)) + h°(X3,L(=D)) = x = 2 > 0. This implies that D or —D is effective.
Since 3D = H — L is effective, the divisor —D is not effective, so D is effective. Then from
deg D =D - H =1 we find that D is a line, and thus nonsingular with genus g(D) = 0.
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This contradicts the adjunction formula 2¢(D) —2 = D - (D + Kx,) = 0, where the last
equality follows from the fact that K is trivial and D? = 0.

Since there are (4;:3) = 35 monomials of degree 4 in Q[z,y, z, w], the quartic
surfaces in IP% are parametrized by the space IP%, which we will denote by M. Let

M’ = P?" ¢ M denote the subvariety of those surfaces X for which the coefficients of
the monomials z#, 23y, 232, y*, y?z, y32, and 2222 in the defining polynomial of X are
all zero. Note that the vanishing of the coefficients of the first 6 of these monomials is
equivalent to the tangency of the plane H,, given by w = 0 to the surface X at the points
P=[1:0:0:0]and @ =[0:1:0:0]. Thus, the vanishing of these coefficients yields a
singularity at P and @ in the plane curve C'x = H,, N X. If the singularity at P in Cx is
not worse than a double point, then the vanishing of the coefficient of 2222 is equivalent
to the fact that the line given by y = w = 0 is one of the limit-tangent lines to C'x at P.

Proposition 5.2.5 There is a nonempty Zariski open subset U C M’ with Xo € U such
that every surface X € U defined over @ has infinitely many rational points.

Proof. The singular X € M’ form a closed subset of M’. So do the surfaces X for which
the intersection H,, N X has worse singularities than just two double points at P and
Q. Leaving out these closed subsets we obtain an open subset V' of M'. Let X € V be
given. The plane quartic curve Cx = X N H,, has two double points, so the geometric
genus g of the normalization Cx of Cx equals p, — 2, where p, is the arithmetic genus
of Cx, see [Ha2], exercise IV.1.8. As we have p, = 3(4 — 1)(4 —2) = 3, we get g = 1.
Now assume X is defined over Q. One of the limit-tangents to Cx at P is given by
w =y = 0. Its slope, being rational, corresponds to a rational point P’ on Cx above
P. Fixing this point as the unit element O = P’, the curve Cx obtains the structure of
an elliptic curve. Let D € Pic’(Cx) be the pull back under normalization of the divisor
P — Q € Pic’(Cy). By the theory of elliptic curves there is a unique point R on Cx
(depending on X) such that D is linearly equivalent to R — O, see [Sil], Prop. I11.3.4. As
D is defined over Q, so is R. By Mazur’s theorem (see [Sil], Thm. II1.7.5 for statement,
[Maz], Thm. 8 for a proof), the point R has finite order if and only if mR = O for some
m € {1,2,...,10,12}. Note that we have lem(1,2,...,10,12) = 2520. Take for U the
complement in V' of the closed subset of those X for which we have 2520R = O for the
corresponding point R on C'x. Then each X € U contains an elliptic curve with infinitely
many rational points. By choosing a Weierstrass equation, one verifies easily that if we
take X = X}, with h = 0, then the corresponding point R on Cx satisfies mR # O for
m € {1,2,...,10,12}. Therefore, we find Xy € U, so U is nonempty. ]

Remark 5.2.6 If Cx is the normalization of Cx as in the proof of Proposition 5.2.5,
then generically there is another rational point P” on C'x above P, besides P’. Generically
this point also has infinite order and the Mordell-Weil rank of éX is at least 2 with
independent points P” and R as in the proof of Proposition 5.2.5. For X = X, with
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h =0 the curve Cy is given by
32%y? + 2’z + dwy2? + 2223 4+ 5y + 2 = 0.

As the point P = [1:0: 0] is a cusp, there is only one point above P on Cx in this case.
Both points on C'x above Q = [0 : 1 : 0] are rational and we have an extra rational point
[1:1:—1]. These generate the full Mordell-Weil group of rank 3.

Lemma 5.2.7 Let X be a variety over Q such that the set X (R) of real points is Zariski
dense in X. If a set S C X(R) is dense in the real analytic topology, then S is dense in
the Zariski topology.

Proof. As this is a local question, we may assume X is affine, say X = Spec A. Suppose
there is a Zariski open U of X such that U NS = (). There is an element f € A, such that
the open subset V(f) = {x € X | f(z) # 0} is contained in U. By assumption, there is
a point z € X(R) NV (f). Let « be such a point. Then we have f(z) # 0, so in a small
open neighborhood W of x in the real analytic topology we also have f(y) # 0 for all
y € W. This implies W C V(f) C U, so we also find W NS = (). This contradicts the
assumption that S is dense in the real analytic topology. g

From the local and global Torelli theorem for K3 surfaces, see [PS], one can
find a very precise description of the moduli space of polarized K3 surfaces in general,
see [Be]. A polarization of a K3 surface Z by a very ample divisor of degree 4 gives an
embedding of Z as a smooth quartic surface in P?. An isomorphism between two smooth
quartic surfaces in P3 that sends a hyperplane section to a hyperplane section comes from
an automorphism of P3. We conclude that the moduli space of K3 surfaces polarized by
a very ample divisor of degree 4 is isomorphic to the open subset in M = P3* of smooth
quartic surfaces modulo the action of PGL(4) by linear transformations of P3. We are
now ready to prove the main theorem of this chapter.

Proof of Theorem 5.1.1. By the description of the moduli space of K3 surfaces po-
larized by a very ample divisor of degree 4 given above, it suffices to prove that the set
S C M(Q) of those surfaces with geometric Picard number 1 and infinitely many rational
points is dense in M. Let U be as in Proposition 5.2.5. We will first show that SN U is
dense in U. To show that SN U is dense in U in the real analytic topology, consider any
X € U(R), say with defining polynomial F' € R[z,y, z, w|. We can approximate F with
a polynomial h' € Q[z,y, z,w], such that the surface defined by h’ is also contained in
U. After scaling we may assume h’ has integral coefficients. By taking h = NA' for an
arbitrarily large integer NV, the surface X} will be arbitrarily close to the surface defined
by A’ and hence close to the surface X defined by F. Checking the coefficients of the
defining equation of X} in (5.1) we see X;, € M'. By choosing X}, close enough to X,
we can ensure that X}, is contained in U, so X} contains infinitely many rational points.
By Theorem 5.2.2 the surface X} has geometric Picard number 1. The fact that SNU is
dense in U in the Zariski topology follows from Lemma 5.2.7, as the set of real surfaces
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is Zariski dense in M’. As U is a dense open subset of M’ (both in the Zariski and in
the real analytic topology) it follows that S N M’ is dense in M.

Let W denote the Q-vector space of 4 x 4-matrices and let T denote the dense
open subset of P(W) corresponding to elements of PGL(4). Let ¢: T'x M’ — M be
given by sending (A, X) to A(X). Note that T'x (SN M’) is dense in T x M’ and ¢ sends
T(Q) x S to S. Hence, in order to prove that S is dense in M, it suffices to show that
 is dominant, which can be checked after extending to the algebraic closure. A general
quartic surface in P3 has a one-dimensional family of bitangent planes, i.e., planes that
are tangent at two different points. This is closely related to the theorem of Bogomolov
and Mumford, see the appendix to [MM]. In fact, for a general quartic surface Y C P3,
there is such a bitangent plane H, such that the two tangent points are ordinary double
points in the intersection H NY. Let Y be such a quartic surface and H such a plane,
say tangent at P and (). Then there is a linear transformation that sends H, P, and Q)
to the plane given by w = 0, and the points [1:0:0:0] and [0:1:0 : 0]. Also, one of
the limit-tangent lines to the curve Y N H at the singular point P can be sent to the line
given by y = w = 0. This means that there is a linear transformation B that sends Y to
an element X in M’. Then p(B~!, X) =Y, so ¢ is indeed dominant. O

Remark 5.2.8 The explicit polynomials f,g,p, and ¢ for X} in (5.1) were found by
letting a computer pick random polynomials modulo p = 2 and p = 3 such that the
surface Xj with h = 0 is contained in M’ as in Proposition 5.2.5. The computer then
computed the characteristic polynomial of Frobenius and tested if there were only 2
eigenvalues that were roots of unity, see Remark 5.2.3.

By requiring more coefficients to vanish than is required for M’, we can also
find quartic surfaces Y for which the plane H,, given by w = 0 is tangent also at the
third point [0 : 0 : 1 : 0]. In that case the intersection H,, N'Y has geometric genus 0
and if it has a point defined over @, then the intersection is birational to P'. The quartic
surface Z given by

w(z® + 3 + 22+ 222 4+ zw?) = 32%y? — 4ayz + 2227 + wyte + ayt — 2% (5.3)
is an example of such a surface. As in the proof of Theorem 5.2.2, modulo 3 the surface
Z contains the line z = w = 0. Also, the reduction of Z at p = 2 contains a conic again,
as the right-hand side of (5.3) factors over F4 as (zy + z2z + Cy2)(zy + xz + (?yz), with
(2 4+ ¢+ 1 = 0. An argument very similar to the one in the proof of Theorem 5.2.2
shows that Z also has geometric Picard number 1 with the Picard group generated by
a hyperplane section. The only difference is that Frobenius does not act trivially on the
conic w = zy + xz + (yz = 0.

The hyperplane section H,, N Z is a curve of geometric genus 0, parametrized
by

[:y:z:w| =[P+t -1t —t—3):20t+2)(t>+t—1):2(t+2)(t> —t —3) : 0].

The Cremona transformation [z : y : z : w] — [yz : xz : xy| gives a birational map from
this curve to a nonsingular plane curve of degree 2.
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Remark 5.2.9 In finding the explicit surfaces X; not much computing power was
needed, as we constructed the surface to have good reduction at small primes p so
that counting points over [,» was relatively easy. Based on ideas of for instance Alan
Lauder, Daging Wan, Kiran Kedlaya, and Bas Edixhoven, it should be possible to de-
velop more efficient algorithms for finding characteristic polynomials of (K3) surfaces.
Together with these algorithms, the method used in the proof of Theorem 5.2.2 becomes
a strong tool in finding Picard numbers of K3 surfaces over number fields.

Kloosterman has used this method to construct an elliptic K3 surface with
Mordell-Weil rank 15 over @, see [Kl]. In the proof of Theorem 5.2.2 we were able to
compute the discriminant up to squares of the Néron-Severi lattice of Yp because we
knew a priori a sublattice of finite index. Kloosterman realized that it is not always
necessary to know such a sublattice. The image in Q*/ Q*2 of the discriminant of the
Néron-Severi lattice can also be deduced from the Artin-Tate conjecture, which has been
proved for ordinary K3 surfaces in characteristic p > 5, see [NO], Thm. 0.2, and [Mil],
Thm. 6.1. It allows one to compute the ratio disc NS(X,) - # Br(X,)/(NS(X,)Z ) from
the characteristic polynomial of Frobenius acting on H? (Yp, Q). For an elliptic surface
the Brauer group has square order, so this ratio determines the same element in Q*/ Q*?
as disc NS(X ).

5.3 More rational points

We now have an infinite family of explicit K3 surfaces with geometric Picard number 1
at our disposal. Heuristics say that on such a surface the number of rational points with
height at most B grows asymptotically like log B. Here the height of a point [z : y : 2 : w]
with z,y, z,w € Z and ged(z,y, z,w) = 1 is defined to be the maximum of the absolute
value of the coordinates x,y, z, and w. These heuristics assume the surface has no special
characteristics, such as in our examples the existence of a curve with infinitely many
rational points. We will therefore only consider the complement of these curves.

We have done a computer search for rational points on two explicit surfaces,
namely the surface X = X}, with h = 0 and the surface Y given by equation (5.3). On
both surfaces we discard the points on the hyperplane H,, given by w = 0, as we already
know these contain infinitely many rational points. We will also discard the points on Y
that are contained in the hyperplane H, given by x = 0, as the intersection H, N'Y can
be parametrized by

[2:y:z:w] =[0:1+¢3 (143 7.

This curve has a triple point at [0 : 0 : 0 : 1]. Table 5.1 shows all points found on X
(outside H,,) with height at most 1500 and on Y (outside H,, U H,) with height at most
400. They are ordered by height.

Remark 5.3.1 The picture on the cover of this thesis shows the K3 surface Y. More
precisely, it shows the affine part given by z = 1 and |z|, |y|, |w| < 5. The curves shown are
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Table 5.1: Rational points on X and Y of height at most 1500 and 400 respectively

X\ v\, UH,)
[x:y:z:w]= [x:y:z:w]=
0:1:1:1] [1:1:0:1]
[1:1:0:1] [1:—4:—-6:3]
[2:3:—1:3] [5:7:4:3]
[—2:1:-3:1] 6:—2:7:4]
[—2:1:7:5] [-1:5:—-9:3]
[—4:11:—5:6] [-3:3:5:9]
[-2:1:-13:10] [27:=3:0:1]
[10 : 13 : —7:13] [13:—=9:—-29:7]
0:17: —5: 16] [31:20:30: 3]

[-19:5: —1:16]
[12:—-16: —2:19]
[24 : 14 : —4:15]
[12:29: —13: 24]
[1:—43:—4:37]
[—25:47: 37 : 32]
[—35:62:32: 37
[—39: —34:30 : 36]
[37 : 65 : —40 : 25]
[65 : 38 : —40 : 25]
[—74:37:—-34:72]
[18 : 80 : —10 : 25]
[127 : 61 : —46 : 57]
[—44: —127: 68 : 64]
[120 : 157 : —63 : 162]
[232:75:22:72]
[—239 : 358 : 200 : 292]
[—384 : 117 : 359 : 80]
[—266 : —422 : 316 : 263]
[—446 : —104 : 118 : 293]
[—67 : 455 : —117 : 338]
[13: —217: —430 : 499]
338 : —959 : 182 : 1016]
[1084 : 583 : —521 : 503]
[—1106 : —209 : 812 : 196]
[~514 : 1445 : 194 : 736]

[32: —10:30: 21]
[38 : —43: —24: 12]
[-47:9:21:9]
[3:—34:26: 53]
[54:15: —30 : 52]
[29:3:69:9]

20 —64: 74 : 28]
[—48 : =9 : 94 : 36]
[—64: 96 : 36 : 27]
[—64 :16: 100 : 3]
34 : 75 : 80 : 100]
[2:5:—30:116]
[125: =75 : —45: 27|
[7:44: 174 : 12
[6: 128 : —201 : 108]
[-55: —28 : 162 : 269]
[101 : —211 : —259 : 289]
[-347 : 150 : 300 : 396]
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the intersection of Y with the hyperplanes H,, and H,, both of which contain infinitely
many rational points. All rational points outside these curves with height at most 400
are plotted as well. These are the 27 points from the right column in Table 5.1, but only
13 of them are visible.

Remark 5.3.2 Some of the points in Table 5.1 may lie on a curve of geometric genus
< 1. As the Picard groups Pic X and PicY are generated by a hyperplane section, such
a curve is the intersection of a hypersurface of some degree with X or Y respectively. For
both X and Y we computed the genus of this curve of intersection for all hyperplanes
(degree 1) through 3 of the points of Table 5.1. All these curves of intersection turn out
to have geometric genus 3 as expected. The program used to check this is electronically
available from the author upon request.

The following graphs show how the number of points with height at most B
grows in terms of B. As mentioned before, this is expected to grow like log B. We will
not draw any conclusions from these graphs about the asymptotic behavior, nor will
we speculate about the rational points being infinite in number, let alone about their
density. With an analytic method developed by Noam Elkies, see [Elk], a more efficient
algorithm for finding rational points can be implemented than the one we have used.
This will allow us to obtain more precise data about the distribution of rational points
on K3 surfaces.

on X onY
35+ o 357
30 o 30
251 o 251 o
20 o 20 o
154 o 154
10 10
5 o 5
0 1 2 3 4 5 6 7 0 1 2 3 4 5
log B log B

Number of points with height at most B as a function of log B
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5.4 Conclusion and open problems

We end with the conclusion that still very little is known about the arithmetic of K3 sur-
faces, but this chapter has brought us closer to understanding the distribution of rational
points on K3 surfaces with geometric Picard number 1. We reiterate three questions that
remain unsolved.

Question 2 Does there exist a K3 surface over a mumber field such that the set of
rational points is neither empty nor dense?

Question 3 Does there exist a K8 surface over a number field with geometric Picard
number 1, such that the set of rational points is potentially dense?

Question 4 Does there exist a K3 surface over a number field with geometric Picard
number 1, such that the set of rational points is not potentially dense?
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