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Preface

This volume grew out of the second Women in Numbers Europe conference held at
the Lorentz Center, Leiden, from 26th to 30th September 2016. This conference was
one of an ongoing series of collaboration conferences for women in mathematics,
which began with the Women in Numbers conference held at the Banff International
Research Station in 2008. This volume includes research reports from projects that
were started at the conference, expository papers describing ongoing research begun
at the conference, and contributed papers from other women number theorists. All
of the papers included were reviewed by anonymous referees who verified them as
worthy and valid contributions to these proceedings. We are proud that this volume
continues the tradition of supporting and highlighting the contributions of women
number theorists at a variety of career stages from graduate students to leading
experts in the field.

The articles collected here span a wide range of topics in contemporary number
theory and arithmetic geometry such as arithmetic dynamics, failure of local-global
principles, geometry in positive characteristic, and heights of algebraic integers.
The use of tools from algebra, analysis, and geometry, as well as computational
methods, exemplifies the wealth of techniques available to modern researchers in
number theory.

Several papers in this volume stem from collaborations between authors with
different mathematical backgrounds and expertise. These papers naturally explore
connections between different branches of mathematics and combine different
points of view. Another common theme is the provision of explicit examples to
complement new theorems and to provide evidence for conjectures. These concrete
examples provide an easily accessible introduction to the field and have the potential
to inspire future work.

Ulm, Germany Irene I. Bouw
Moscow, ID, USA Jennifer Johnson-Leung
Reading, UK Rachel Newton

Istanbul, Turkey Ekin Ozman

vii



Acknowledgement

We would like to thank the following organizations for their generous support of
the conference and this resulting volume: Clay Mathematics Institute, Foundation
Compositio Mathematica, Heilbronn Institute for Mathematical Research, National
Science Foundation as part of the Advance grant for the Association for Women in
Mathematics, Microsoft Research, and the Number Theory Foundation.

We are particularly thankful for the additional financial support we received when
we were forced to relocate our workshop, originally planned to take place in the
Nesin Mathematics Village, due to instability in Turkey. The Lorentz Center was
very generous in accommodating our conference at short notice and provided us
with extremely valuable organizational support. We also would like to extend our
sincere gratitude to the Nesin Mathematics Village for their understanding when we
needed to relocate at the very last minute.

We are deeply grateful to the referees for their careful and timely review of the
papers included in this volume.

ix



Contents

Lower Bounds for Heights in Relative Galois Extensions ...............

Shabnam Akhtari, Kevser Aktas, Kirsti D. Biggs, Alia Hamieh,
Kathleen Petersen, and Lola Thompson

Reductions of Algebraic Integers IT......................oiiiiiiiiinn.

Antonella Perucca

Reductions of One-Dimensional ToriII ...................................

Antonella Perucca

On the Carlitz Rank of Permutation Polynomials Over Finite

Fields: Recent Developments .....................ccooiiiiiiiiiiiiiinn..n.

Nurdagiil Anbar, Almasa OdZak, Vandita Patel, Luciane Quoos,
Anna Somoza, and Alev Topuzoglu

Dynamical Belyi Maps..........c.cooiiiiiiiii i eeiiiee e

Jacqueline Anderson, Irene I. Bouw, Ozlem Ejder, Neslihan Girgin,
Valentijn Karemaker, and Michelle Manes

Discriminant TWINS ...........ooiiiiiiii e

Alyson Deines

The a-Number of Hyperelliptic Curves..........................ooiel

Sarah Frei

Non-ordinary Curves with a Prym Variety of Lowp-Rank .............

Turku Ozlum Celik, Yara Elias, Burcin Giines, Rachel Newton,
Ekin Ozman, Rachel Pries, and Lara Thomas

xi



xii Contents

Elliptic Fibrations on Covers of the Elliptic Modular Surface of

Vel S .. 159
Francesca Balestrieri, Julie Desjardins, Alice Garbagnati, Céline Maistret,

Cecilia Salgado, and Isabel Vogt

On Birch and Swinnerton-Dyer’s Cubic Surfaces............................ 199
Mckenzie West



Lower Bounds for Heights in Relative m)
Galois Extensions ik

Shabnam Akhtari, Kevser Aktas, Kirsti D. Biggs, Alia Hamieh,
Kathleen Petersen, and Lola Thompson

Abstract The goal of this paper is to obtain lower bounds on the height of an
algebraic number in a relative setting, extending previous work of Amoroso and
Masser. Specifically, in our first theorem, we obtain an effective bound for the height
of an algebraic number o when the base field K is a number field and K(«)/K
is Galois. Our second result establishes an explicit height bound for any nonzero
element o which is not a root of unity in a Galois extension F/K, depending on
the degree of K/Q and the number of conjugates of o which are multiplicatively
independent over K. As a consequence, we obtain a height bound for such « that is
independent of the multiplicative independence condition.
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1 Introduction

Consider the nonconstant polynomial

d
P(x) =cax? +ca x4 axtc=ca | J&x =)
i=1

The Mahler measure of P(x) is defined as
1
M(P) = exp (/ log | P (™)) dt),
0

the geometric mean of | P(z)| for z on the unit circle. By Jensen’s formula, this is
equivalent to

M(P) =lcal ] Inil.

[ri]>1

If P(x) has integer coefficients, then M(P) > 1; by a result of Kronecker,
M(P) = 1 exactly when P(x) is a power of x times a product of cyclotomic
polynomials.

Given an algebraic number «, we let d = [Q(«) : Q] be its degree over Q. We
will use M («) to denote the Mahler measure of the minimal polynomial of « over
Z.. We will formulate our results in terms of the Weil height of «, defined to be

h(a) = L log M ().

In [16] Lehmer asked whether there are monic integer polynomials
whose Mahler measure is arbitrarily close to 1. For the polynomial
L(x) = x10 4+ x% —x7 —x% — x> — x* — x> + x + 1 (now called Lehmer’s
polynomial), he calculated M (L) = 1.176280818..., which is still the smallest
value of M(P) > 1 known for P € Z[x]. Although he did not make a conjecture,
the statement that there exists a constant 6 > 0 such that the Mahler measure of
any polynomial in Z[x] is either 1 or is greater than 1 + § has become known as
Lehmer’s conjecture. In terms of height, Lehmer’s conjecture states that there is a
universal constant ¢g > 0 such that if « is a nonzero algebraic number of degree d
which is not a root of unity, then

co
he) > —.
(a)_d
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In 1971 Blanksby and Montgomery [8] and later Stewart [23] produced bounds
for the Mahler measure of such algebraic numbers. These bounds inspired the work
of Dobrowolski [12] who, in 1979, proved for d > 2 that
1 ( loglogd ) 3

M 14— (220ed
©@ =1+ 1500\ Togd

Many of the best bounds are modifications of Dobrowolski’s bound. The constants
in these bounds have been improved over the years, but the dependence on the
degree (for general polynomials) has remained. Of note, in 1996 Voutier [24] used
elementary techniques to show that for d > 2, we have

1 (loglogd)3 0

h —(=—==
©@ > 727\ loga

(Dobrowolski’s bound, when translated into a statement about Weil height, has a
similar form.) Voutier also showed that for d > 2, we have

2

h -
(@) > d (log3d)*’

2

which gives a better lower bound than (1) for small values of d. For more details on
the history of Lehmer’s conjecture and related problems, see the excellent survey
paper of Smyth [21].

Lehmer’s conjecture has been proven in certain settings. Notably, Breusch [10]
and Smyth [20] independently proved it for nonreciprocal polynomials. More
recently, Borwein, Dobrowolski, and Mossinghoff [9] proved it for many infinite
families of polynomials, including polynomials with no cyclotomic factors and
all odd coefficients. (Their result therefore proves Lehmer’s conjecture for the
Littlewood polynomials, namely, those polynomials whose coefficients are £1.)

Results also exist concerning height bounds for o with certain properties. For
example, Amoroso and David [1] have proven that there is an absolute constant ¢
such that if Q(a)/Q is Galois, and « is not a root of unity, then z(r) > c¢d~!. This
proves Lehmer’s conjecture for such «. Moreover, if « is any nonzero algebraic
number that lies in an abelian extension of Q, then Amoroso and Dvornicich [3]
have shown that the height of « is greater than the constant (log 5)/12.

Amoroso and Masser [4] improved upon the bounds in [1] for the case where
Q()/Q is Galois. They showed that, for any ¢, the height of « is bounded below
by c(e)d—¢. Our first theorem is a generalization of this result to the case when «
generates a Galois extension of an arbitrary number field.

Theorem 1 Let ¢ > 0 be given. Let o be a nonzero algebraic number, not a root
of unity, such that [Q(«) : Q] > 2 and K(«)/K is Galois for some number field K.
Let § be the degree of a over K. Then there is an effectively computable constant
c(e, K) > 0 such that

h(a) > c(e, K)§ 2.
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Relative height bounds for « in a number field K which is abelian over L are
given in [6] and [2]. These bounds are similar in shape to Dobrowolski’s bound.

Theorem 1 determines bounds for /(o) when K(«)/K is Galois and therefore
when Q(«)/K is Galois. Our next theorem determines height bounds for any
element « in a Galois extension F of K which is nonzero and not a root of unity.
This is a generalization of Theorem 3.1 in [4].

Theorem 2 Let K be a number field with degree t over Q. For any positive
integer r > 1 and any ¢ > 0, there is a positive effective constant c(g, r, T) with
the following property. Let F/K be a Galois extension of relative degree n, and
suppose a € F* is not a root of unity. Assume that r conjugates of a over K are
multiplicatively independent. Then,

1
ha) > c(e, r,T)n =1 %,
Theorem 2 is proven in Sect. 5, where the explicit constants are presented. Taking

r = 1, we have the following corollary as an immediate consequence.

Corollary 1 For any ¢ > 0 there is a positive effective constant c(e, t) with the
following property. Let F/K be a Galois extension, with [[F : K] = 5, and suppose
a € [F* is not a root of unity. Then,

h@) > c(e, T)p~2~°.

The present paper closely follows and builds on the work of Amoroso and Masser
in [4].

2 Preliminaries

In this section, we collect results that will be used in the proofs of Theorems 1 and 2.

2.1 Finite Linear Groups

We will require a bound on the size of finite subgroups of GL,(Z) in the proof of
Lemma 2. We now establish this bound, following the work of Serre [19].

Proposition 1 (Serre) Let A be an abelian variety, and let u be an automorphism
of A of finite order. Let n > 2 be a positive integer such thatu =1 mod n. Ifn = 2,
then u> = 1. Otherwise, we have u = 1.

The proof of Lemma 2 will use the following well-known corollary to Proposi-
tion 1 (see also [4, Remark 2.3]).
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Corollary 2 Let H be a finite subgroup of GL,(Z). The reduction modulo 3
homomorphism ¢3 : H — GL, (Z/37Z) is injective. As a result, the order of a

Sfinite subgroup of GL,,(Z) is less than 307,
Proof Let u be an element in ker(¢3) C H. Then u has finite order and

u = I, mod 3, where I, is the p x p identity matrix. By Proposition 1, we have
u = I,. This establishes that ¢3 is injective. We conclude that the order of H is at

most |GL,(Z/3Z)|, which is less than 30%,
Remark 1 In an unpublished paper from 1995, Feit [13] shows that the maximal

order of a finite subgroup of GL,(Q) is 2” p!, except when p = 2,4,6,7, 8,9, 10.
He further shows that for these exceptional cases, the maximal order is

12, 1152, 103680, 2903040, 696729600, 1393459200, 8360755200,

respectively. Therefore, the maximal order of a finite subgroup is at most %2” p!
for all p. See [7] for more information about these subgroups. Additionally, in 1997,
Friedland showed in [14] that the orthogonal groups are the maximal subgroups for
p large enough.

2.2 Height of Algebraic Numbers

We will use the following auxiliary height bounds in our proofs of Theorems 1
and 2.
The first is Corollary 1.6 of [5].

Proposition 2 (Amoroso-Viada) Let «1, ..., o, be multiplicatively independent
algebraic numbers in a number field A of degree D = [A : Q). Then,
h@1) ... h(a) = D~1(1050n° log 3D) " (1 +1)?

The following result is Théoreme 1.3 from [2].
Proposition 3 (Amoroso-Delsinne) Ler o be a nonzero algebraic number which is
not a root of unity. For every abelian extension A of B, we have
(8(1)4)" (loglog 5D)°

h
@ =% (log2D)*

where c¢ is an absolute, strictly positive constant, A is the absolute value of the
discriminant of B over Q, t = [B : Q], D = [A(«) : A], and g(t) = 1 if there
exists a tower of extensions

Q=BycB;c---CB,=B

with B; /B;_1 Galois fori =1, ...m, and g(t) = 1! otherwise.
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Remark 2 The constant ¢ in Proposition 3 depends on a number of constants defined
in [2], as well as on constants from papers of Friedlander [15] and Stark [22].

Finally, we will use Théoréeme 1.6 of [11], in which Q2 denotes the maximal
abelian extension of Q, and G,, (Q) denotes the multiplicative group of Q.

Proposition 4 (Delsinne) For any positive integer n, there exists an effectively
computable constant ¢(n) > 0 depending only on n for which the following property
holds. Let o« = (ay, ..., a,) € G (Q). If

[Th@) = (cmIQ™@) : @*1dogBIQ* (@) : Q™)) 7,

i=1

where k(n) = 3n(2(n + 1)2(n + 1)), then & is contained in a torsion subvariety
B for which

(deg B)"/<dmB) < ¢(n)[Q™ (@) : Q1™ (log(B[Q™ () : Q™))" ™,

where

n—3

77(”)=(n—1)!<zil'+l>+n—l

and pu(n) = 8m!(2(n + 1)2(11 + HH.
In fact, we may take c(n) = (2n)" exp <64n2n! (2(n + D+ 1)!)2n).

Notice that if «1, ..., o, are multiplicatively independent, then ¢ = (a1, ..., o)
cannot be contained in a torsion subvariety. This simple observation yields the
following corollary to Proposition 4.

Corollary 3 Let n be a positive integer, and let ay, . . . , &, be multiplicatively inde-
pendent algebraic numbers. Then there exists an effectively computable constant
c(n) > 0 depending only on n for which

[Tr@) > (cmQ®@) : Q®1ogGIQ™ (@) : @°)< ™)~

i=1

where k(n) = 3n(2(n + D2(n + D™

2.3 Estimates for ¢ (n)/n

We will make use of the following lower bound for Euler’s totient function, which
is a slightly weaker version of [18, Theorem 15].
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Proposition 5 For all natural numbers n > 3, we have

¢ (n) 1
>

n exp (y)loglogn + m’

where y is Euler’s constant.

The following lower bound for ¢ (n)'*%/n will be useful in making the lower
bound constants explicit in the proofs of both of our main theorems.

Lemma 1 Forany ¢ > 0, there is an effective constant C(€) such that

1+¢
¢(n) > Cle)
n
for all n > 3. Specifically, one can take
z 14¢
g+l
(log log 3)(exp(2)2j7> e
C(e) = =
i . 752 1
exp () + 375 (exp(2) 557 )

Proof By Proposition 5, for all n > 3 we have

¢ (n) loglogn
> .
n " exp(y) (loglogn)? +3

We use the fact that logx < % for any 6 > O to replace the power of loglogn

eXx
in the denominator and conclu(fe that

¢ (n) loglog3
>

n 1262 :
(exp(1)9)%9+2 +3

exp (¥)

Hence,

o(n) - loglog3 - loglog3

1-202 — exp(y) 3 = exp(y) 37
n R AV A — _ — . — _
(exp(1)9)27+2 + 20 (exp(1)9)7+2 + 3262

which implies that

262
| 262 I+
p(n) 122 - loglog 3 2
= exp(y) —26?
" (exp(1)9)*+ 3

Choosing @ such that 26> = Tz completes the proof.
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Remark 3 Our lemma holds for all n > 3. By Mertens’ theorem (see, e.g., [17,
Theorem 3.15]), ¢ (n)/n ~ 1/(exp(y)loglogn) as n — oo. Using this, one can
obtain sharper lower bounds for n “sufficiently large.”

3 Some Useful Lemmas

In this section we prove two lemmas that will be useful in the proof of Theorem 1.

Lemma 2 Let F/K be a Galois extension. Assume that « € F* is not a root of unity,
let ay, ..., as be the conjugates of a over K, and let p be the multiplicative rank of
this set of conjugates. Let e be the order of the group of roots of unity in I, so that
Q(¢e) C F. Then there exists a subfield I of F which is Galois over K of relative

degree [L: K] =n < n(p) < 3”2, and «¢ € L.

Proof Let Bi = af and L = K(By, ..., Bs) € F. Then, by construction, L is Galois
over K and «® € L. Consider the multiplicative group

M= By Bs’ :ai € 7},

which is a Z-module that is multiplicatively spanned by {81, B2, ..., Bs}. First, we
will show that .# is a free Z-module of rank p. It is enough to show that .Z is
torsion-free as the fact that p is the multiplicative rank of {1, ..., o5} implies that it
is also the multiplicative rank of {8y, ..., Bs}. Assume for the sake of contradiction
that there exists an x € . such that x # 1 and x" = 1 for some positive integer
n>1.Thenx = B ---.- B§® forsome ay, ..., as € Z. Since x" = 1, we get

( illﬁga)n:(a‘lllags)nezl

Hence, y = a?l ceeee ag"s is a root of unity. Since y € [ and e is the order of the
group of roots of unity in I, it follows that x = y® = 1, contrary to our assumption.

Since Gal(IL/K) acts on .# by permuting the ¢;, this action defines an injective
homomorphism from Gal(IL/K) to GL,(Z). This implies that the finite group
Gal(IL/K) is isomorphic to a finite subgroup of GL,(Z). By Corollary 2 the order of
a finite subgroup of GL,(Z) is bounded by n(p) which is at most 3” ., We conclude

that [LL : K] < n(p) < 3°".

Lemma 3 Let ¢ > 0 be given. Let K be a number field. Assume that « is a nonzero
algebraic number, not a root of unity, such that K(«a)/K is Galois. Let 5 be the
degree of o over K. Further, let e be the order of the group of roots of unity in K(x),
f be the order of the group of roots of unity in K, t = [K : Q], and p be the
multiplicative rank of the conjugates of a over K. Then,

[K(a) : K(ge)] < 8°Ca(K, o),
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with C4(K, &) = ﬁn(p)fr”g. We have C(¢) as in Lemma I unless e/ f € {1, 2}
in which case we take C () = 1/2.

Proof We begin by obtaining a few inequalities, proving (3) and (4) below. By the
second isomorphism theorem, we have

[Q(ge) : QZp)]

[K(z) : K] = [Q) : KN Q)] = KN Q) : QEp)]

__ @/eW)
[KNQG) : Qe

Since [KNQ(&.) : Q¢ p)] < [K : Q(Zf)], we conclude that

¢)/o(f)
K() : K] > ——W———.
) - K] = [K: Q)]

It follows from the fact that ¢ is multiplicative that

b(©)/d(f) ¢(%)
K(,) : K] > > : . 3
K K= 0w )1 = K Q@] ©

Next, we will show

7 _K:Qe)r . @
(%) Ce)

By Lemma 1, if e/f > 3 we have the upper bound

|

o5 = C(s> (s9))

Ife/f € {1, 2}, we can take C(e) = 1/2, and this is still satisfied. Again appealing
to the multiplicativity of ¢, we have

$(e)

¢(F) < o) =[Q(%) : QT = [K(&e) : KIK : Q¢ p)] = 3[K : Q)]

Hence, (4) follows by combining these two inequalities.

Now we will proceed to prove the bound for [K(«) : K(Z,.)] stated in the lemma.
By Lemma 2 there is a subfield L. of K(«) which is Galois over K, which contains
af and

[L:K]=n < n(p). ®)
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Thus, we have K C L C K(), so K(x) = L(w).
L(a) = K(a)

Let ¢’ = [L(@) : IL]. Since the minimal polynomial for @ over L divides x¢ — a®,
we conclude that ¢’ < e. Using multiple applications of the tower law, we have

[K(@) : K(@)] = [L(@) : LEILE) : K@)

[L(@) : L]

= [L(2,) : ()]l 2

L) Kol

_ LG RG] _ , [L:K]
L@ LI K@) Kl

By (5), we see that

n(p)

K(o) : K(go)] < €/ ———.
[K(a) (C)]<6[K(Q):K]

Using (3) we have

, n(p) e
K K] < < K: .
[K(e) : K(ge)] < e K@) K] < ¢(?)n(,0)[ Q)]

Since ¢’ < e, we conclude that ¢/ < % f, and hence

[K(e) : K(Zo)] < —L—n(p) fIK : Q¢ /)].
$(%)
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Combining this bound with (4) shows that

1
[K(a) : K(Z)] < maen(p)f[K CQEHITE < 8°Cu(K, &)

with C4(K, &) = ﬁn(,o)ftl”, as needed.

4 Proof of Theorem 1
In this section, we present the proof of Theorem 1, which generalizes Theorem 3.3
of [4].

Proof Let ¢ > 0 be given, let r be the smallest integer greater than 1/¢, and let
t = [K : Q]. First consider the case when r > §, so that
s<r—1< é <r.

We will show that h(«) > 1. For d > 2, using Eq. (2), we obtain

2
"= dog3d

The function f1(x) = W is decreasing for x > 1. Since Q(«) C K(x) we
have
d=[Q() :Q] < [K(x) : Q] = [K(x) : K][K: Q] =61 < 1/e.
Therefore,
h(a) = fi(z/e) = S
o = file/e) = 7/e(log3t/e)3

We can often improve upon this lower bound. Using Eq. (1) for d > 2 yields

1 sloglogd\3
h(a) > —(—) .
(o) = 4d \ logd
Let g1(x) = éﬁ(lolgolgof"f. The function g;(x) is positive for all x > 3 and

decreasing for x > 7. For x = 3,4, 5, 6, we see that g1 (x) achieves its minimum at
21(3) = 0.00005227953369....Ford > 7, since d < t/¢, we have

h(e) = gi(t/e).
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There exists a € (184, 185) such that for x < a, we have f1(x) > g1(x), but for
x >a,gr(x) > fi(x). (Infact,a = 184.615....) We also note that f1(6) > g1(3).
We conclude that when r > §, we have h(a) > C (¢, T), where

f1(6), if3<d<6andt/e <6,
Ci(e, 1) =1 fi(zr/e), if3<d<6andt/e>6, orifd >7and /e < a,
gi(t/e), ifd=>Tandt/e > a.
Ford =2, we can use C1 = f1(2), and for d = 1, we can use C; = log 2.
We may now assume that » < §. Let p be the multiplicative rank of the conjugates
of o over K.
First, consider the case when p > r. (That is, r of the conjugates of @ over K are
multiplicatively independent.) By Proposition 2, with D = [K(«) : Q] = §t, we
have

h@) > (87)"1(1050r° log(367)) "+’

using the fact that the Weil heights of conjugate algebraic numbers are equal. Since
r o> %, it follows that —% > —g, S0 ((Sr)_% > (87)~¢. Therefore, upon taking the
rth roots, with (8, 7, r) = (105073 1og(387)) " "+1* we have

h(a) > 8%t~ % fr(8,7,r). (6)
Sincer — 1 < %, it follows that r < 1 + é SO

s ~(+ 1)@+ 1y
F6,T,r) > (1050(1 +1 10g(381:)) .

Using the inequality log(x) < mxg !, which holds for any &1 > 0, we see that

1\5_ 1 o)~ (HDCHE?
£, 7.7 = (10500 + 1 b 3t :

Taking &1 = &/(1 + )2 + 1)2, we have

050
eexp(l)

1 1.2
—(1+2)2+3)
£ = ( a+hee+h?) T @

We conclude, from (6), that h(e) > Ca(e, T)8 %, where

1050
Cae, ) = f283*8(—(1 + 0241y

>—(1+§)<2+§>2
sexp(1) ’
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Now we may assume that » < § and p < r — 1. First, let us establish some
notation. Let e be the order of the group of roots of unity in K(«), let f be the order
of the group of roots of unity in K, and let D = [K(«) : K(&.)]. By Proposition 3,
taking A = K(¢) and B = K, we conclude that there is an absolute positive
constant ¢ such that

(g(x)A)~¢ (loglog 5D)*

hie) 2 =5 (log2D)*

where A is the absolute value of the discriminant of K over Q and g(t) = 1 if there
exists a tower of successive Galois extensions Q = Ko Cc K; € --- Cc K, = K,
and g(t) = t! otherwise.

Notice that the function f(x) = %
Lemma 3 we have

(loglog 5x)3

Tog 20 is decreasing for all x > 1. By

D = [K(o) : K(&)] < 8°Cu(K, ¢)

with C4(K, &) = ﬁn(p) fr!+¢. Therefore,

e 3
h(e) > (g(r)A)~¢ (loglog(5C4(K, £)8 1) .
C4(K, g)é° (0g2Ca (K, £)5%))

It remains to show that this is >, k 6 ~2¢_The constant C(¢) from Lemma 1 is easily
seen to be positive and less than 1, which implies that C4(K, ¢) > 1. Moreover, for
all y > 1, we have

y (loglog 5y)?

1
> —.
(log2y)* ~ 4

Since C4(K, £)8% > 1, we conclude that

(loglog(5C4(K, £)8%))° . 1
(log(2C4(K, £)8))*  — 4C4(K, e)§¢

We have shown that

h(a) > 872Cs(K, ¢),

—c 2
where C5(K, &) = % and C () is the constant from Lemma 1. Since we

are assuming that p <r — 1 < 1/¢e, then n(p) < 3”2 < 3(1/8)2. Thus, we have

h(a) > 8 *C5(K, &),

_ @ ce?®
where C3(K, 8) = 4(3(1/5)2f1.1+s)2 !
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Remark 4 Recall that, if Q(«)/K is Galois, then since K C Q(«), it follows that
K(a) = Q(&). Therefore, this theorem also applies to the case where Q(«)/K is
Galois.

5 Proof of Theorem 2

We prove Theorem 2 below.

Proof Letay, ..., as be the conjugates of o over K, and let p be their multiplicative
rank. As a result, § < 7. Since we assume that r conjugates of o over K are
multiplicatively independent, we know that p > r.

Case 1 (p > r): If the multiplicative rank of the conjugates of « over K is strictly
larger than r, we know that there exists a subset

{ai11ai27 ~'-9ai,-+1} - {a15a21 ,OC(S}

such that o, ajy, ..., o, are distinct and multiplicatively independent. By
Proposition 2,

3

1 5 —(r+1D2(r+2)?
h(ai)h(aiy) - (o, ) = D (1050(r +1) log(3D))

where D = [Q(a;, ..., @;,,,) : Q]. Since the o; are all conjugates, they all have
the same height, so the left hand side of this inequality is 4 (a)"*!. In addition,

D =[Q(a, ..., ) : Q] < [F:Q] =[F: K][K: Q] =nt.
Upon taking (r + 1) roots, it follows that

IR 5 ~(r+D)(r+2)?
h() > T~ ATy~ (1050(r+1) 10g(3rn)> .

Recall that logx < mx“ for any ¢1 > 0. By applying this inequality with

€1 we get an explicit lower bound for 4 («) in the desired form,

— £
T r+Dr+2)2°
1
h(a) = Ci(e,r, T)n” +17¢,

where

T,

_ 2
1050(r + 1)0(r + 2)2) D+

Cile,r,7) =3~ ( zexp(l)
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Case2 (p =r): Letw;,q,,...,a; be multiplicatively independent conjugates

of a over K. We denote by e the order of the group of roots of unity in I so that
Q(¢.) C F. By Lemma 2 we know that there exists a subfield L of F which is
Galois over K such that o e L and [ : K] = n < n(r) < 32, By (1), we have

, 1 <1og 1og([Q(a°) : @]))3
(o ,

)2 0@ @1 \ log(Q@) : Q)
provided a¢ &€ Q. Now,
Q@) : QI <[L:Q]=[L:KIK:Q] <n(r.

As in the proof of Theorem 1, we can use the properties of the function g (x)
previously defined to obtain

h()—lh(e)>l !
a_e * “edn(r)t

)

loglog(n(r)t)\>
log(n(r)T) )

whenever [Q(«¢) : Q] > 7. When n(r)t < 184, this can be improved by
using f1(x) in place of gj(x), as before, and similarly, we use fi(x) when
3 < [Q(@®) : Q] < 6. For [Q(x?) : Q] = 2, we have h(a) > %f1(2), and
for [Q(a®) : Q] = 1 we have h(a) > %log 2. For the remainder of the proof,
we focus on the case given in Eq. (7) and trust the reader to make the appropriate
substitutions.

On the other hand, Corollary 3 implies that with @ = (¢;, . .., @;, ), we have
() !
h(@)" > (cz(rn@ab(a) : Q) log (310" (@) : Q™)) > :
where k> (r) = 3r (2(r + D2(r + 1)!)r and

er(r) = (2r2) exp <64r2r! (2(r T+ 120 + 1)!)”) .

Using the bound

[F: Q] &
® () : QP . : QL. F:Q)] = = ,
[Q" () : Q] = [Q(ge) (@) : QC)] = [F : Q(&)] 0G0l #

we conclude that

, ™ T (\*2() -1
h(a) >(C2(r)m<log(3%)> ) . ®)
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Combining Egs. (7) and (8) yields

—K2(r)
h@)™* > Ci(r, 7, e)n! <log(3¢t(2))) =

loglog(n(r)r))-” 1 ¢ (e)

o) ) Iy e - We now apply the inequality

where C1(r, 7, ) = c2(r)™!(

logx < mx“ with ] = ¢/k2(r) and x = 3% and conclude that
—Kk2(r) —&
h() ™' > Ci(r, T, e)n_l(’cz—(r)) ? <3T—n) .
eexp(l) ®(e)

This simplifies to

h(@) ! > Cye,r, T, e)p 178

with Ca(e, r, 7, e) = (

loglog(n(r)r))3( Ko (r) )7K2(r) $e)!** /e . By Lemma 1

log(n(r)t) eexp(l) 4n(rycy(r)3ec2te
$(0)'* /e = Cle),

so that we can replace C; (¢, r, 7, ) in the inequality by

Ci(e,r, 1) =

(1oglog(n(r)t))3< K (r) )—Kz(r) C(e)
log(n(r)t) sexp(1) 4n(r)cy(r)3er2te’

and upon taking ( + 1)* roots we have
11 e
h(a) > C3(g’ r, 'L')r+1 N AT,

Using the fact that r)’s/ r+1) > n~¢, we get the bound

—&

h(@) > Cs(e, r, T) Ty~ 7T

Acknowledgements This work began as a research project for the working group Heights of
Algebraic Integers at the Women in Numbers Europe 2 workshop held at the Lorentz Center at
the University of Leiden. The authors would like to thank the organizers of the workshop and the
Lorentz Center for their hospitality.

Research of Shabnam Akhtari is supported by the NSF grant DMS-1601837. Kirsti Biggs
is supported by an EPSRC Doctoral Training Partnership. Research of Alia Hamieh is partially
supported by a PIMS postdoctoral fellowship. Research of Kathleen Petersen is supported by
Simons Foundation Collaboration grant number 209226 and 430077; she would like to thank the
Tata Institute of Fundamental Research for their hospitality while preparing this manuscript. Lola
Thompson is supported by an AMS Simons Travel Grant, by a Max Planck Institute fellowship
during the Fall 2016 semester, and by the NSF grant DMS-1440140 while in residence at the
Mathematical Sciences Research Institute during the Spring 2017 semester.



Lower Bounds for Heights in Relative Galois Extensions 17

References

L.

2.

10.

11.

12.

13.
14.

15.
16.

17.

18.

19.

20.

21.

22.

23.

24.

F. Amoroso, S. David, Le probleme de Lehmer en dimension supérieure. J. Reine Angew.
Math. 513, 145-179 (1999)

F. Amoroso, E. Delsinne, Une minoration relative explicite pour la hauteur dans une extension
d’une extension abélienne, in Diophantine Geometry. CRM Series, vol. 4 (Edizioni della
Normale, Pisa, 2007), pp. 1-24

. F. Amoroso, R. Dvornicich, A lower bound for the height in abelian extensions. J. Number

Theory 80(2), 260272 (2000)

. F. Amoroso, D. Masser, Lower bounds for the height in Galois extensions. Bull. Lond. Math.

Soc. 48(6), 1008-1012 (2016)

. F. Amoroso, E. Viada, Small points on rational subvarieties of tori. Comment. Math. Helv.

87(2), 355-383 (2012)

. F. Amoroso, U. Zannier, A relative Dobrowolski lower bound over abelian extensions. Ann.

Sc. Norm. Super. Pisa Cl. Sci. (4) 29(3), 711-727 (2000)

. N. Berry, A. Dubickas, N.D. Elkies, B. Poonen, C. Smyth, The conjugate dimension of

algebraic numbers. Q. J. Math. 55(3), 237-252 (2004)

. PE. Blanksby, H.L. Montgomery, Algebraic integers near the unit circle. Acta Arith. 18,

355-369 (1971)

. P. Borwein, E. Dobrowolski, M.J. Mossinghoff, Lehmer’s problem for polynomials with odd

coefficients. Ann. Math. (2) 166(2), 347-366 (2007)

R. Breusch, On the distribution of the roots of a polynomial with integral coefficients. Proc.
Am. Math. Soc. 2, 939-941 (1951)

E. Delsinne, Le probléme de Lehmer relatif en dimension supérieure. Ann. Sci. Ec. Norm.
Supér. (4) 42(6), 981-1028 (2009)

E. Dobrowolski, On a question of Lehmer and the number of irreducible factors of a
polynomial. Acta Arith. 34(4), 391-401 (1979)

W. Feit, The orders of finite linear groups (1995, Preprint)

S. Friedland, The maximal orders of finite subgroups in GL,(Q). Proc. Am. Math. Soc.
125(12), 3519-3526 (1997)

J.B. Friedlander, Estimates for prime ideals. J. Number Theory 12(1), 101-105 (1980)

D.H. Lehmer, Factorization of certain cyclotomic functions. Ann. Math. (2) 34, 461-479
(1933)

P. Pollack, Not Always Buried Deep: A Second Course in Elementary Number Theory
(American Mathematical Society, Providence, 2009)

J.B. Rosser, L. Schoenfeld, Approximate formulas for some functions of prime numbers. Ill.
J. Math. 6, 64-94 (1962)

J.P. Serre, Rigidité du foncteur de Jacobi d’échelon n > 3, Appendix to A. Grothendieck, Tech-
niques de construction en géométrie analytique, X. Construction de I’espace de Teichmiiller.
Appendice a I’exposé 17 du séminaire Cartan, (17), pp. 1960-61

C.J. Smyth, On the product of the conjugates outside the unit circle of an algebraic integer.
Bull. Lond. Math. Soc. 3, 169-175 (1971)

C. Smyth, The Mahler measure of algebraic numbers: a survey, in Number Theory
and Polynomials. London Mathematical Society Lecture Note Series, vol. 352 (Cambridge
University Press, Cambridge, 2008), pp. 322-349

H.M. Stark, Some effective cases of the Brauer-Siegel theorem. Invent. Math. 23, 135-152
(1974)

C.L. Stewart, Algebraic integers whose conjugates lie near the unit circle. Bull. Soc. Math.
France 106(2), 169—176 (1978)

P. Voutier, An effective lower bound for the height of algebraic numbers. Acta Arith. 74(1),
81-95 (1996)



Reductions of Algebraic Integers 11 )

Check for
updates

Antonella Perucca

Abstract Let K be a number field, and let G be a finitely generated subgroup of
K. Fix some positive integer m, and consider the set of primes p of K satisfying
the following condition: the reduction of G modulo p is well-defined and has size
coprime to m. We show that the natural density of this set is a computable rational
number by reducing to the case where m is prime, case which has been treated in
the previous work Reductions of algebraic integers (joint with Christophe Debry, J.
Number Theory, 2016).

Keywords Number field - Algebraic integer - Reduction - Kummer theory -
Density
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11R20, 11Y40

1 Introduction

This paper is the continuation of [1] by Christophe Debry and the author; therefore,
we refer to this other work for the history of the problem and for further references.
Let K be a number field, and let G be a finitely generated subgroup of K*. Up to
excluding finitely many primes p of K, we always assume that the reduction of G
modulo p is well-defined. Fix some prime number ¢, and consider the set of primes
p of K satisfying the following condition: the reduction of G modulo p has size
coprime to £. In [1] it is proven that this set admits a natural density, which is a
computable rational number.

We now deal with the generalization that consists of replacing £ by some positive
integer m, which we may as well suppose to be square-free. So our aim is to show

A. Perucca (IX)
University of Luxembourg, Mathematics Research Unit, Esch-sur-Alzette, Luxembourg
e-mail: antonella.perucca@uni.lu

© The Author(s) and the Association for Women in Mathematics 2018 19
1. I. Bouw et al. (eds.), Women in Numbers Europe 11, Association for Women
in Mathematics Series 11, https://doi.org/10.1007/978-3-319-74998-3_2


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-74998-3_2&domain=pdf
mailto:antonella.perucca@uni.lu
https://doi.org/10.1007/978-3-319-74998-3_2

20 A. Perucca

that the following natural density is a well-defined rational number and how one can
compute it:

Dk G.m :=dens {p : ord(G mod p) is coprime to m} .

The condition on p means that for every prime factor £ of m, the group (G mod p)
has order coprime to £. We are thus requiring simultaneous conditions related
to different prime numbers. The main question is whether those conditions are
independent, which would heuristically give

Dk.om=]]Pxc.- ey
¢

Note that we may suppose that G is torsion-free because roots of unity of order
coprime to m do not matter for the density, while if G contains a root of unity of
order not coprime to m, then the order of (G mod p) is also not coprime to m for
almost all p.

Write K, for the cyclotomic extension of K obtained by adding the x-th roots
of unity. The method of [1] relies on the fact that the Kummer extension K ( 41/5)
over K;» has maximal degree ¢"* (where r is the rank of G), unless the elements of
G have some divisibility property in K *. There is one small exception for the case
£ = 2, which is related to the fact that the cyclotomic extension Kg/K need not to
be cyclic. In short [1] relied on the fact that the Kummer extensions related to £ have
nothing to do with the cyclotomic extensions related to £.

However, Kummer extensions may in general be contained in cyclotomic
extensions because if ¢ and ¢’ are distinct prime numbers, then the field K, could
contain a cyclic extension of K of degree a power of £ (see Sect. 3). It is exactly this
interplay between cyclotomic and Kummer extensions that we must treat delicately
in the present paper.

We prove in Theorem 9 that the density Dg ¢ » can be expressed as an infinite
sum involving splitting conditions in cyclotomic-Kummer extensions of K. Then
we show that the density is always a computable rational number. In fact by
Theorem 15, we know that Dk ¢, can be written in terms of densities related
to one single prime number, and those are known from [4] (for G of rank 1) and
from [1] (for G of arbitrary rank).

In Theorem 11 we show that the product formula (1) is true if the following
condition holds for every n > 1 and for every prime divisor £ of m: the extensions
Kgn,% and Kn ( ZC/E) are linearly disjoint over Kn.

The product formula (1) is then true under the assumption K,, = K (see
Corollary 12) or under the assumption that m is odd and that K, # K holds for every
prime divisor £ of m (see Proposition 13). The last condition holds in particular (if
m is odd) for Q and for every quadratic field, unless K = Q(¢3) and 3 divides
m. We also answer in the negative the question whether (1) holds for m odd; see
Example 18.



Reductions of Algebraic Integers II 21

We have tested our results in several explicit examples, for which an approxi-
mated density (by considering the primes of small norm) has been computed with
Sage [6].

2 Preliminaries on the Chebotarev Density Theorem

Let K be a number field, and call Pk the set of primes of K. For p € Px we denote
by N (p) the cardinality of the residue field at p. If I € Pg and the following limit
exists, we call it the Dirichlet density of I":

N —s
denspir(I') = lim ZPGF—@.
=15 Y pepe N~

If the following limit exists, we call it the natural density of I":

im #pel :N@p) <n}
n—+oo #{p € Px : N(p) <n}

dens(I") =

By the upper and lower density, we, respectively, mean the limit inferior and
superior: these exist, and if they coincide, then the density exists. Note that if
the natural density exists, then the Dirichlet density also exists, and they coincide
(however, there are sets having a Dirichlet density and for which the natural density
does not exist).

The following general result will allow us (in certain cases) to extend the base
field:

Proposition 1 Let K be a number field and let L be a finite Galois extension of K.
Let I" be a set of primes of K that split completely in L. Call I'y the set of primes of
L which lie over the primes in I'. If I'y, has a Dirichlet density, then the same holds
for I', and we have

denspir(I') = [L : K]7' - densp;, (IL) . )

Proof Call S the set of primes of K which split completely in L, and call Sy the
set of primes of L which lie over the primes of S. If p € S and q is one of the
[L : K] primes of Sy lying over it, then p and g have the same norm. On one hand,
the Chebotarev Density Theorem gives

N —S
[L: K]™" = densp;r(S) = lim 2pes VO
s—>1t ZPEPK N(p)—s

and on the other hand, we know

N - N —S
1 = densp;,(S.) = lim ZqESL—W =[L:K]- lim ZPGS—(M
s—>1t ZqGPL N(q)_b s—1t ZqEPL N(q)—s



22 A. Perucca

so we deduce

li N@p) = i N(g~*.
Jm 2 NOT = lim D NG

pePk qepPL
We conclude because we have

per N (L - K]fl,zqen N@™ =17

L:K 7]'d ir(I'L) -
ZPEPK N@p)~* ZPGPK N(p)—s [ ] ensp;r(I'L)

O

The following result and its corollary are variants of the Chebotarev Density
Theorem, where several field extensions are considered:

Theorem 2 Let K be a number field. If Fi, ..., F, are linearly disjoint finite
Galois extensions of K, then the set consisting of the primes of K that do not split
completely in any of those extensions has a natural density, and this equals

n

H(l_[Fil:K])' 3)
i=1

Proof Call I' the set of the primes of K that do not split completely in any
of the extensions Fi, ..., F,. By working with the compositum F := Fj--- F,
(and excluding the finitely many primes that ramify in F), we can interpret I" as
the primes of K whose F/K-Frobenius conjugacy class is contained in a certain
conjugacy-invariant subset of Gal(F/K). The existence of the natural density for I"
then follows from the Chebotarev Density Theorem.

We prove the formula in the statement by induction on 7, the case n = 1 being
clear by the Chebotarev Density Theorem. For the induction step, consider linearly
disjoint extensions F1, ..., F,4+1 of K, and write for convenience L = Fj,41.

By the inductive hypothesis, we know

dens(M) = [ = [F : K171).

i=1

Write I'” C I for the subset of the primes that split completely in L, and let I'; be
the set of primes of L lying over the primes in I"’. One can argue as above and show
that I’ has a natural density.

Any set consisting of primes of L that lie over primes of K which do not split
completely in L has Dirichlet density 0. The fields LFy, ..., LF, are linearly
disjoint over L, and I'/ consists of the primes of L that do not split completely
in any of those fields (up to a set of primes of L of Dirichlet density 0). So by the
inductive hypothesis, we get
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n

densp;,(I]) = H(l - ﬁ) = D(l B [Fl-lzK])'

i=1

By Proposition 1 we then have

n

1 |
denspi(I'") =[L : K17 - densp;, (I[]) = —— - 1— )
pirt pirtl) = fp kg ( )

[F; : K]

i=1

Since I'" € I' and these two sets have a natural density, then the same holds for
their difference, and we conclude the induction step because we have

n+1
dens(I" \ ') = dens(I") — dens(I") = [ | (1 !

i=1

_[Fi:K]>'

O

Corollary 3 Let K be a number field, and let L be a finite Galois extension of K. If

F1, ..., F, are linearly disjoint finite Galois extensions of L, then the set of primes
of K that split completely in L and do not split completely in any of the extensions
F1, ..., Fy has a natural density, and this equals
. 1
[L: K] (1— ) 4)
H [Fi: L]

i=1

Proof For the existence of the natural density, we may apply the Chebotarev Density
Theorem. To prove the formula, it suffices to combine Proposition 1 and Theorem 2
(applied to L). O

3 Cyclotomic and Kummer Extensions

Let K be a number field, and fix some algebraic closure K. We write K, for the
cyclotomic extension of K obtained by adding the x-th roots of unity. If £ is a prime
number, we use the notation Ky~ to denote the union of the fields K¢ forn > 1.
If G is a finitely generated subgroup of K, we also write K(</G) for the
extension of K, obtained by adding all elements of K whose y-th power belongs
to G.
We make use of the following result of Schinzel:

Theorem 4 (Schinzel [5, Thm. 2], with an Alternative Proof in [3, 7]) Let K be
a number field, and let a € K*. For n > 1 the extension K, (¥/a)/K is abelian if
and only if a' = b" holds for some b € K> and for some divisor t of n satisfying
K = K[.
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We now recall the definition of strongly £-indivisible element. In the remaining
of the section, we use such elements to investigate the Kummer extensions.

Definition 5 Let K be a number field and £ a prime number. We say thata € K*
is strongly C-indivisible if, for every root of unity £ € K, a&€ has no £-th roots in K.

Theorem 6 Consider integers n,d > 1 such that 29 divides n. If the condition

K.(Wa) = K, (5)

holds for some strongly €-indivisible a € K*, then we have K, = K, and there
is some odd prime factor q of n such that £% divides [K; : K], unless £ = 2 and
K # Ksandd = 1 and K (\/a) C Kr.

Proof We know that the field K ya ( ‘%), which is contained in K, by assumption, is
an abelian extension of K. Thus by Theorem 4 we have a* = b* for some b € K *
and for some e > 0 satisfying K¢e = K. Since a is strongly £-indivisible, we must
have d < e and hence K,« = K holds.

Again since a is strongly £-indivisible, we know by Perucca [4, Theorems 11 and
13] that unless £ =2 and K # K4 and d = 1 and K (\/a) € Ky, we must have

[Kee( Wa) : Kgw] = €9

Let this be the case, and denote by n’ the product of all odd prime factors g of n
distinct from £. We deduce that the extension K,/ /K contains a cyclic subextension
of degree £7. Since Gal(K, /K) is the product of the groups Gal(K,/K), at least
one of these has exponent divisible by £¢, and hence ¢¢ divides [K; : K]. O

Theorem 7 Consider integers n,d > 1 such that ¢¢ divides n. If Kja = K holds,
and if €% divides [K, : K] for some odd prime factor q of n, then there is some
strongly £-indivisible a € K* satisfying (for all choices of the £+ -th root)

Ku(Wa)=K, and ‘“Va¢Kk,. (6)

Proof By assumption there is a cyclic extension C of K of degree £¢ contained in
K,. Since K,a = K holds, there is some ¢ € K™ satisfying C = K( ‘%). The
element c is strongly ¢-indivisible because the field K (/c) is contained in K, but
not in K, and hence it is not contained in Ky~. The field C is contained in K,,,
so we are done if “H\I/E ¢ K, holds for all choices of the 291 th root. If not,
take b € K* such that K (%) is not contained in K,¢: such an element exists
because K¢ contains only finitely many subextensions of degree £ while K < /K **

C d . TR d

is infinite. Then, cb® is strongly ¢-indivisible, and we have Vebt e K,. By
L odtd . . . .

construction v ¢b® is not contained in K,, for any choice of the £4+!-th root. O
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4 Prescribed Torsion in the Reductions

The aim of this section is to compute the density of reductions that have some
prescribed valuations for the size of the multiplicative group of the residue field.

Letm > 2 be a square-free integer, and write m = £ - - - £ y as a product of prime
numbers. We define the m-adic valuation as the f-tuple of the ¢;-adic valuations.
We then consider f-tuples of nonnegative integers

A=(ay,...,ar).

We write A + 1 if we increase all entries by 1 and S; A if we increase only the i-th
entry by 1,1i.e., (S;A); = a; for j # i and (S;A); = a; + 1. In particular we have
A+1=3S8;---S5yA. We also define

f
= ]‘[ T (7
i=1

Let K be a number field, and let p be a prime of K. If we have for the m-adic
valuation vy, (#k,) = A, then this means that vy, (#k,) = a; holds for every
i =1,..., f.Inother words, we can write #k,;< =m* - m’ with m’ coprime to m.
We first write down a formula for the natural density of the set of primes p of
K such that the m-adic valuation of #kpX equals A. We may neglect the finitely
many primes of K that ramify in K, a+1, so we are looking for the primes that split
completely in K, 4 and that for every i do not split completely in K, s;.

Proposition 8 The set of primes p of K such that the m-adic valuation of k, equals
A has a natural density, which we call 3k ,,a. Define & ,ai similarly by requiring
the £;-adic valuation of k; to be a;. We then have

f

/
Sgmr =[] ([Kga,- K = (K K]’l) =[Toxe- ®)
i=1

i=1
Proof The existence of the natural density follows from Corollary 3. The second
equality is clear by the Chebotarev Density Theorem because for § o we count the
primes of K that split completely in K I and that do not split completely in K a,+1

For 8 ,,4 we count the primes of K that split completely in L := K,,4 and 'that
foreveryi =1, ..., f do not split completely in K, s5;4. By Corollary 3 we get

f
Skmr =LK™ -T] (1 — K, 5 :L]_l)

i=1

~

—:k17" -] (1 — Ky - Kga,-]*‘) . )

We conclude because we have [L : K] = l_[ile[thll‘ : K. O
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5 General Formulas for the Density

We first investigate the existence of the density under consideration and write it as
an infinite sum (according to the size of the multiplicative group of the residue field).

Let K be a number field, let G be a finitely generated and torsion-free subgroup
of K*, and let m > 2 be a square-free integer. We make use of the notation
introduced in the beginning of Sect. 4. We always tacitly exclude the finitely many
primes that ramify in the cyclotomic-Kummer extensions that we consider. Indeed
there are only finitely many primes of K that ramify in K, ( "/G) for some n > 1;
see [2, Lemma C.1.7].

Theorem 9 Let I'k G, be the set of primes of K for which the reduction of G has
order coprime to m. Let I'y ¢ ,,4 be the set of primes of K that split completely in
K,,a( '"Q/E) and that for every i do not split completely in K, s;a. Then I'k G, and
Iy G.mA have a natural density, which we call Dk G,m and Ag G 4, respectively,
and we have

Dk.Gm =Y Ag.Gomh - (10)
A

Proof To ease notation, we remove the subindex (K, G,m), and we write A
for the subindex (K,G,m%). We first prove that A, is well-defined. Write
L := K,a( ’"f/@). For I’y we may equivalently consider the primes that split
completely in L and that for every i do not split completely in F; = K, s;4( '"f/@).
We conclude by applying Corollary 3.

Consider a prime p of K such that the m-adic valuation of kpX equals A. Then
p € I'k,gm if and only if p € I'y because an element of (G mod p) has order
coprime to m if and only if it has m“-th roots in k;‘.

We have proven that I" = U4 holds. Write A < n if ¢; < n holds for all
i =1,..., f.Since the sets 'y are pairwise disjoint and each of them has natural
density A4, we get that U, "4 has a natural density, given by

dens(UFA): ZAA.

A<n A<n

Since this holds for every n, then the lower natural density satisfies

dens_(I) =) Ay
A

To conclude we show that for the upper natural density, we have

dens, (I") < e(n) + Z Aa
A<n
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for some function e(n) that goes to zero for n going to infinity. It then suffices to
prove that the difference

r=r\Jr

A<n

is contained in a set whose upper density goes to zero with n. This is true because

the primes in I'" split completely in K, for some i = 1,..., f, and hence I'’ is
contained in a finite union of sets that have a natural density that goes to zero with n.
O

In the remaining of the section, we investigate cases in which the density Dk G.m
is the product of the densities related to the prime divisors of m.

Lemma 10 Let £ vary over the prime divisor of m. We have

Dk.Gm=|]Dk.c. an
¢

if for every n > 1 the following two conditions hold, where w = % :

(i) the extensions K., and Kn ( 4/6) are linearly disjoint over Kn;
(ii) the extensions Kg.,n and K ( "v/G) are linearly disjoint over K.

Proof Recall the notation m = £; - - - £ ;. We claim that we have

f
AK.Gmr = HAK,G,ej’f .

i=1
Then we can write by Theorem 9:
f f f
Drcn =Y dxom =3 Mg =T1 X deon =[10ren.
A A =1 i=1 a;>0 i=1

So we are left to prove the claim. By Corollary 3 we can write

aj 1
Ag g =K (‘WG K17 (1= =)
’ ’ [K o 1('WG) : Ko (WG]
and also
mA —1 f 1
Ag ot = [Kyn (VG : K17 (1 - )

1 (K54 "VG) : Kpya("VG)]

i
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We are then just left to prove

A ! a;
[Ka("VG) : K1 = [[IK e ('WG) : K] (12)
i=1
and
(K54 ("VG) : K ("VG) = [K st (WGt K (WG (13)

We always have

f .
[Kpua("VG) : Kppal = [ [1Kppa ('VG) 2 Kppal

i=1

and [K,,4 : K] = ]_[le[K[qi : K1, so (12) reduces to the equality

Kyt (“VG) : Kpal = [K i (WG : K]

Since the extension K, 1/K, » has degree coprime to ¢;, we are done by
iy
condition (i). _
For better readability, we write L = K I ( Z'\'/ G), and we call B the tuple

obtained from A by removing a;.
If a; = Othen L = K and (13) is equivalent to knowing for every B:

Ky ("G 1 K,yn("WG)] = Ky : K1

This exactly means that the extensions Ky, and K 5( “’fi/@) are linearly disjoint

over K. We may suppose that all entries of B are equal and write wiB = wf for
some integer b. Since ¢; and wf are coprime, it suffices that the extensions K, , »

and K »( “‘51/6) are linearly disjoint over K ». This is ensured by condition (ii).

Now suppose a; > 0. The right-hand side of (13) is a power of £ and hence we
are left to show

[Le?iJrle tLypl = [Lf?i+l 1 L],

B

which is true because w” is coprime to ¢;. O
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Theorem 11 Let £ vary over the prime divisor of m. We have

Dk.om=]]Pxc. (14)
¢

if for every n > 1 the extensions K[n_% and K ( ‘i/E) are linearly disjoint over
Kn.

Proof It suffices to prove that in Lemma 10 Condition (ii) is implied by Condition
(i). If Condition (ii) does not hold, then there is some prime divisor £ of m such that
the extensions Ky.,,» and Ky ( “’f/@) are not linearly disjoint over K. Then there
must be a prime divisor g of w such that the same holds for Ky.,,» and Ky ( "«"/5).
Consequently, the extensions K¢.4n and Ky ( %/G) are not linearly disjoint over
Kgn. In particular K mgn and Kgn ( /G) are not linearly disjoint over K n, which
contradicts Condition (i) for g. |

Corollary 12 If K,, = K then the product formula of Theorem 11 holds.
Proof The assumption of Theorem 11 holds because we have K m = K. O

Proposition 13 Suppose that m is odd and that K, # K holds for all prime factors
£ of m. Then the product formula of Theorem 11 holds.

Proof We prove that the condition of Theorem 11 holds. Write F' := Ky» and
w := 7. Suppose that there is some prime divisor £ of m such that the extensions

Fy,, and F( 41/5) are not linearly disjoint over F. Clearly we have n > 0. The
first extension is cyclic, so there is some g € G such that F,, and F(4/g) are
not linearly disjoint over F. There is some maximal d < n such that there is some
a € K* satisfying at’ = g. For any choice of /a, the field K (/a) is different from
K, but it is contained in F,,. Then, a is strongly £-indivisible because K; # K. By
Theorem 4 the identity Kgny (a) = Kgny implies K, = K, contradicting the
assumption in the statement. O

6 Formulas to Reduce to Known Cases

We develop a strategy to reduce the computation of a general density Dg G, to the
computation of finitely many densities that concern only one prime divisor of m.

Let K be a number field, let G be a finitely generated and torsion-free subgroup
of K*, and let m > 2 be a square-free integer. We also use the notation introduced
in the beginning of Sect. 4. We want to reduce the calculation of

Dk G.m := dens {p : ord(G mod p) is coprime to m}
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to the case where m is a prime number. We can accomplish this in finitely many steps
up to increasing the base field, as the following results show. Since all densities are
related to G, we have removed G from the notation for better readability.

Theorem 14 [f m is composite and € is a prime factor of m, we have
Dgm=Dgm+[Ke: K17 (Diym — Dgpom) . (15)

Proof We use the notation of Theorem 9. We suppose w.l.o.g. £ = £ and we write
for convenience L := K, and n := 7. By Theorem 9 we have

DKm—ZAKmA— Z Ag ma + Z Ag A -

A:ap=0 A:ap>0

If ay > 0, we are considering primes that split completely in L, and we can apply
Proposition 1. Moreover, we have A; ,,4 = 0ifay = 0. So we get

DL,m
> Aga=IL:K]! ZAL'"Z[L;K]'
A:ap>0 Aiap>0

Write A = (B,ay) where B = (aj,...,ay_1), and call I'p the set of primes
p of K that split completely in K,,5( "f/E) and foreveryi = 1,..., f — 1 do not
split completely in K s;5. The set I'p has natural density Ag , 5. The primes in I'p
which split completely in L have density [L : K]7' - A L., by Proposition 1. The
primes in I'g which do not split completely in L have density Ag ,, .0, because
having £-th roots is an empty condition. So we get

AL,n DL n
DK’nZZAK’nB:Z([L:K]+AKm(BO)) TR K]+ZAK»WA
B B ar=0
and we may easily recover the formula in the statement. O

Theorem 15 Let m = £y --- £y be a product of distinct prime numbers. If [ > 2

we have
f f
Dg.m = Z (5’.*] ’ DLi—l,Z"*. — & DL,',Q"*.) +efe HDLJ',&' (16)
i=1 ’ ’ i=1
where the notations are as follows: we write &9 := 1 and Lo := K, and for
i=1,..., f, weset
[ ke, kK17 and  Li:= ] Ky 17)

NV NV



Reductions of Algebraic Integers II 31

Proof By Corollary 12 we have Dp,» = ]_[l.f:1 Dy ¢;- We then prove that for
1 <n < f wehave

n

Dicm =) (‘91'—1 Dy~ DLi,;"—,) +én Drym.
1 1

i=1
We prove this formula by induction on n. The case n = 1 can be obtained by
applying Theorem 14 to £;:

Dk m = DK’% +&1-Dpym—é&1 ~DL]’% = (80'DL0,% —&] 'DLI,%)—G—S] “Dpym -

Now suppose that we know the inductive assumption

n—1

Dg.m = E <8i—1 Dy, m—ei DLi,%) +é—1-Dr, ;m-
1 1
i=1

We can achieve the induction step by applying Theorem 14 to £,,, which gives
En—1- DL,,,I,m =é&n—1- DLn_|,% +én - DL,,,m —&n- DLH,% .

O

By the above result, we can reduce to computing densities which involve one
prime factor less. With finitely many applications of this result, we have reduced to
the case of exactly one prime number, and we can make use of the formulas of [1, 4].

7 Examples

Example 16 Let K = Q and m = 6. By Corollary 12, we know Dq;).6 =
Dq(z3),2 - DQz3),3, and by Theorem 14 applied to £ = 3, we have

Dg.6 = Dg2 + Q%) : Q™ - (D)6 — Do) 2) - (18)

We evaluate the right-hand side of this expression (with [4, Theorems 16 and 17]
for rank 1 and [1, Theorems 3 and 4] otherwise) in some explicit examples, which
are listed in the Table 1. We also compute Dq 3 so that one can easily see that the
formula Dg¢ = Dg2Dq,3 holds for the examples in the upper part of the table
(and in general it does not hold). Notice that the field Q(¢3) contains /=3.

Example 17 Let K = Q and m = 15. If we apply Theorem 14 for £ = 3, we have

Dg,15 = Dg,5 + [Q(23) : Q17" - (Do) 15 — D(es),s)
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)
,3)  365/2912 |29/224 |7/13 | 1/112 | 1/13
—3) [29/2912 |29/224 (7/13 |29/112 |1/13

e | Aloswmwle b G pg, Do | Doy [ Daaa | Dacas
(2) 35/192 | 7/24 | 5/8 | 7/24 1/4
(5) 5/24 1/3 5/8 |13 1/4
(2.5) |29/416  |29/224 |7/13 |29/224 | 1/13
(=3) | 1/12 1/3 5/8 |2/3 1/4
(3) 13/48 1/3 5/8 |1/6 1/4
(9) 17/48 2/3 5/8 |5/6 1/4
(—9) | 13/96 1/6 5/8 | 1/12 1/4
(—27) |1/4 1/3 7/8 2/3 3/4
(27 5/16 1/3 7/8 | 1/6 3/4
(

{

and by Theorem 14 for £ = 5, we can write

Dg(ey).15 = Does).s + [Q15) - Q@)™ - (Dgeys).is — Daes).s)

so by recalling Dgz5),15 = Dais),3 - Daws),s, we get

1 1 1
Dq,15 = Dg5+ 3 (D(g3),3 — Dos).s) — gD@ms),s t3 Dq5),3 - Dos).s -

If we apply Theorem 14 for £ = 5 and then expand Dqs),15 (by Theorem 14 for
£ = 3), we similarly get

1 1 1
Dq,15 = Doz + Z(DQ@sxs — Dqs).3) — gD@@.s),s t3- Dqi5),3 - Ds),s -

Both methods give of course the same value for D15 (tested with Sage [6] for
the following examples):

Q

Dq.15 Dgs | Dgs | Dgss | Dgys | Doss | Doss | Doiss | Doys.s
2)  |95/192 |5/8 |19/24 |1/4 |19/24 |5/8 |1/6 |1/4 1/6
9 |437/576 |23/24 |19/24 | 11/12 |19/24 |23/24 |1/6 |11/12 |1/6
)y | 1617192 |7/8 23724 |3/4 | 23/24 |7/8 |5/6 |3/4 5/6

DA
N~

Example 18 This example is in particular a counterexample to (1) with m odd. Let
K = Q(&3) and m = 21. If C denotes the cyclic subextension of Q(¢7) of degree 3,
then C(&3) is a Kummer extension of Q(¢3), and we can write it as Q(¢3, /g) for
some g € Q(&3)*. We claim that for the group G = (g), we have

Dq(gy),21 # Dos).3 - Do), -
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We may suppose that g is strongly T-indivisible in Q(¢3) and hence also in
Q(£21). We know that it is strongly 3-indivisible in Q(¢3). We deduce that /g is
strongly 3-indivisible in Q(&21).

We have Dqycy),3 = 1/4 and Dqry),7 = 41/48. By Theorem 14 applied to £ =7,
we get

Does)21 = Doy s + [Q(221) : QG - (Doweyy).21 — Dagea).3) -

We have Dq(z,),3 = 3/4 and Dq,,),7 = 1/8 and hence Dy )21 = 3/32. We
deduce D) 21 = 9/64 and the claim follows.
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Consider a one-dimensional torus defined over a number field K, and fix a finitely
generated subgroup G of K -rational points (which we assume w.l.0.g. to be torsion-
free and non-trivial). Up to excluding finitely many primes p of K, we suppose that
the reduction of G modulo p is well-defined. Since the group (G mod p) is finite,
we can ask whether its size is coprime to some given square-free integer m. We thus
aim at understanding the natural density

D, (K) := dens{p : #(G mod p) is coprime to m} .

The case in which m is a prime number was treated in [3], and the same problem
for split tori had been solved in [2] with a different approach. The result contained
in this short note presents a very general closed formula. The existence of such
an elegant formula, which combines the densities with respect to the different
prime divisors of m, was quite surprising because the corresponding number fields
are intertwined. Moreover, the splitting field of the torus can be contained in the
involved torsion and Kummer extensions, but apparently no case distinction was
needed.
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Theorem 1 Ifm = £ - -- £y is the product of distinct prime numbers, we have

Du(Ky= Y (=D*[Kaup: KI™"- ]| De,(Kaup)
A,BC{l,, f} acA
ANB=0{

where K aup is the (]_[iGAUB £;)-th torsion field of the torus.

By the results of [3], we may then compute D,, (K) for all one-dimensional tori.
If n > 1, we write K,, for the n-th torsion field of the torus, which is the smallest
extension of K over which all points of the torus having order n are defined. We
also write K (n’l G) for the n-th division field of G, which is the smallest extension
of K over which all n-th division points of G (namely, all points of the torus x
such that nx € G) are defined. We write N = (n1,...,ny) for an f-tuple of

nonnegative integers, and we set mV = 5'1” .- ~Z’}f. IfA C{l,...,f}, we write
ma = [l,eala and Ky := K.

Lemma 2 Consider the set 'k ;, := {p : #(G mod p) is coprime to m}.

1. The natural density D,,(K) of I'k m is well-defined.

2. The set Sy n consisting of the primes of K that split completely in K (m~N G)
and that for each prime divisor £ of m do not split completely in K,,~ has a
natural density. We have I'g ,,, = Un Sy, v and Dy, (K) = ZN dens(Sp, ).

3. Let Pk a be the set of primes of K that split completely in K 5 and that for each
prime divisor £ of % do not split completely in Ky. Then I'k ;, N Pk A has a
natural density, and we have D,,(K) =) , dens(I'k ,u N Pk a).

4. If K = K, then considering all prime divisors £ of m, we have

D(K) = [ ] De(K).
L

5. If £ is a prime factor of m, we have

Dy (K) = Dy(K) = [K¢ - KI™' - (D (K¢) — Dn(K0)) -

Proof The first three assertions can be proven as for split tori; see [2, Theorem 9].
We obtain (4) by applying (2) to m and to each of its prime divisors:

D, (K) = Zdens(Sm,N) = Z l_[dens(Sz,.,ni) = 1_[ Z dens(Se; ;)
N N i

i n[ZO
- 1_[ Dy, (K).
i

Note, the second equality holds because S,y consists of the primes that for every i
split completely in K (Ei_"i G) butnotin K it (by Perucca [3, Section 2] the degree

of these fields is a power of ¢;).
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In (5) we count the primes of K for which the reduction of G has order coprime
to % and divisible by ¢: these primes split completely in K, and we may apply
[2, Proposition 1]. O

Proof (Proof of the Theorem) By (4) we have [[,c4 D¢, (Kau) = D, (Kaug),
so by (3), it suffices to prove

dens(Fgm N Pe.a) = Y (=D - [Kaup : K17" Dy, (Kaug).
Bc{l,- fNA

We clearly have I'g ,, N Px. o = I'k,m, N Pk, 4. These primes split completely in
F := K4, so by Perucca [2, Proposition 1], we are left to prove

dens(Tpmy N Pra)= Y (=D* . [Fg:FI™' Dy, (Fp).
BC{l,, fI\A

The primes of F that split completely in Fp contribute to D,, , (F') with density
[Fp : F17' Dy (Fp)

by Perucca [2, Proposition 1]. The above formula can then be obtained with the
inclusion-exclusion principle with respect to the finitely many conditions defining
Pr a: we are restricting to the primes of F which for every prime divisor £ of r;"—A
do not split completely in Fj.

The formula of the theorem can also be obtained by repeatedly applying (5).

Corollary 3 If F is a Galois extension of K which is linearly disjoint from the
division field K (m~*°G), then we have D,,,(F) = D,,(K).

Proof We may reduce to the case where m is prime and hence apply [1, Proposition
14]. |
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Abstract The Carlitz rank of a permutation polynomial over a finite field F, is
a simple concept that was introduced in the last decade. In this survey article,
we present various interesting results obtained by the use of this notion in the
last few years. We emphasize the recent work of the authors on the permuta-
tion behavior of polynomials f + g, where f is a permutation over I, of a
given Carlitz rank, and g € F,[x] is of prescribed degree. The relation of this
problem to the well-known Chowla—Zassenhaus conjecture is described. We also
present some initial observations on the iterations of a permutation polynomial
f € TFylx] and hence on the order of f as an element of the symmetric
group S .
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1 Introduction

Let IF, be the finite field with ¢ = p” elements, where p is a prime and r > 1. For
simplicity, we assume p is odd, although most results below hold for even g also. We
recall that any map from [, to itself can be represented uniquely by a polynomial
f € Fy[x] of degree less than g. A polynomial f is called a permutation polynomial
if it induces a bijection from F, to IF,.

Permutation polynomials over finite fields have been studied widely in the last
decades, especially due to their applications in combinatorics, coding theory, and
symmetric cryptography. In order to meet the specific requirements of individual
applications, methods to construct various types of permutations and/or alternative
ways of classifying them are needed. Although the work on permutation polynomi-
als goes back to the nineteenth century, they are still of theoretical interest today,
with the research area posing many open problems. We refer to [27, 29, 31, 38] for
a detailed exposition of permutation polynomials over finite fields.

We recall that S, the symmetric group on g letters, is isomorphic to the group
of permutation polynomials over I, of degree less than g, under the operation of
composition and subsequent reduction modulo x¢ — x, hence we identify them. A
well-known result of Carlitz [7] states that S, is generated by linear polynomials
ax +b,a,b € Fy,a # 0, and x972. Hence any permutation f over IF, can be
represented by a polynomial of the form

q—2

q—2
P,(x) = ( .. ((aox +an? %+ ag> o+ an> + ap+1, (D)

for some n > 0, where a; # 0 fori = 0,2, ..., n. Note that f(c) = P,(c) holds
for all ¢ € IF,; however, this representation is not unique, and » is not necessarily
minimal. Accordingly, the authors of [3] define the Carlitz rank of a permutation
polynomial f over I, to be the smallest integer n > O satisfying f = P, for a
permutation P, of the form (1) and denote it by Crk( f).

Some of the natural questions concerning the concept of Carlitz rank were
addressed in [3, 8, 9] and [15]. In Sect.2, we introduce the notation and some
of the basic tools used in these studies. We also describe the relation of Crk(f)
to other polynomial invariants of f and to the cycle structure of the permutation
induced on F; by f. In Sect.3, we focus on the permutation behavior of poly-
nomials f + g, where f is a permutation over F, of a given Carlitz rank and
g € FFylx] is of prescribed degree. The case g(x) = x is of particular interest.
A polynomial f is called a complete mapping polynomial whenever f and f + x
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are both permutation polynomials. Complete mappings have been widely studied
due to their various applications, for example, in [26, 30, 32, 36, 37] and [40]. In
Theorems 1 and 2, we assume f and f + g to be permutations over [, and give
lower bounds for the Carlitz rank of f in terms of ¢ and the degree of g. The
bounds established in Theorems 1 and 2 are analogous to a well-known result of
Cohen, Mullen, and Shiue, where they obtain a lower bound for deg(g) in terms of
deg(f) = deg(f + g) = d when the cardinality of the field is sufficiently large with
respect to d [13, Theorem 1]. The bound in Theorem 1 also generalizes the main
result of [24] on the nonexistence of complete mappings. Finally, Sect. 4 focuses on
iterations of permutation polynomials over finite fields of odd characteristic, which
yield results on the order of a permutation polynomial over I, as an element of ;.

2 The Carlitz Rank: Basic Properties

We start this section by describing some of the key questions concerning permu-
tation polynomials over finite fields. One line of research is on the construction
of new classes of permutation polynomials, possibly with additional properties.
We refer the interested reader to [21] for a survey on various recent methods. A
challenging problem is to develop criteria for checking the permutation behavior of
a given polynomial over IF,; see [1, 2, 21, 25] and the references therein for some
new criteria. One may be interested, for example, in having sparse permutation
polynomials. It is very easy to check if a monomial is a permutation: x* is a
permutation polynomial of I, if and only if ged(k, g —1) = 1. In contrast, supplying
theorems (even in certain special cases) to decide whether a binomial or a trinomial
is a permutation is not at all a trivial task; see, for instance, [18-20]. To determine the
cycle structure of the induced permutation is a difficult open problem. Indeed, the
cycle structure is known only for a few special classes of permutation polynomials.

Classifying permutations over I, with respect to their Carlitz rank has various
advantages which we illustrate below. An effective tool that is used often is the
approximation of a permutation polynomial. The approximation is given by a
rational linear transformation derived from the representation as stated in (1). Recall
that x9=2 = x~! for x # 0 and x7~2 = 0 if x = 0. Hence the representation
in (1) can be expressed as a continued fraction for suitable x € IF,. We consider the
function

(..(aox +aD™ +a)™' ..+ a) ™ +an
and its continued fraction expansion,
ant+1 + 1/(an +1/(... Jaz + 1/(apx +ay) ...)).

Letting Ry = aox + a1 and R (x) = aj4+1 + m for k > 1, we obtain the nth
convergent
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R, (x) = 21X T Pt )
" oy X + ﬂn ’

where
ap = a1 +og—2 and B = arPr—1 + Br—2, 3)

fork >2and op =0, o =a0,,30 = 1,,31 =aj.
The set of poles is denoted by 0, i.e.,

_ P

(&7

ﬁn:{xi i=1,...,n}c]Pl(Fq)lequ{oo}. 4)

The elements of &,, may not be distinct. When a,,+; = 0in (1), R, takes the form

_ Up—1X + Bn-1

R 5
n(X) wx + b &)

It can easily be verified that
f(c) = Py(c) = Ry(c) for all ceF,\ G, . 6)

To every rational transformation R,(x) of the form (2), we can associate
a permutation Fj(x) of F, defined by F,(x) = R,(x) for x # x, and
F(xy) = ap41/0y when x,, € 0.

We note that one could take an alternative view and think of R, € PGL(2, q)
as a permutation of the projective line, hence an element of S, 1. One could then
relate the Carlitz rank to the Hamming distance between the elements of S, 1 in the
subgroups S, and PGL(2, q), i.e., distance between permutation polynomials in S,
and rational linear transformations in PGL(2, ¢).

Given a permutation polynomial f, and a representation P, of f as in (1), one
can decompose P,(x) as

P,x)=1t10...0tp0 F,(x)=11...7, F,;(x), @)

where 71, ..., T, are disjoint cycles in S;; see [3]. In particular, if &, C F, and the
elements of 0, are distinct, then

Pp(x) = (Fp(xp—1) -+ Fp(x1) Fp(x,)) Fu(x)

(see Lemma 1 in [9]). When 0}, is an arbitrary subset of I, U{0co}, a similar relation
can be obtained; see [9].

Note also that, given a representation, P,, of a permutation f, one can trivially
determine the string (x1, x2, ..., x,) of poles and the associated rational transfor-
mation R, by using the recurrence relation (3). At this point, one may wonder if
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and how the rational transformations corresponding to different representations are
related. We have the following property, taken from [3].

Lemma 1 Let P,El) and P,glz) be two representations of a permutation of Fy, with
associated rational functions R,(ll)(x) and R,(n2 ) (x), respectively. If m +n < g — 2,
then RV (x) = RS (x).

Remark I Lemma 1 implies that if Crk(f) = n < (¢ — 1)/2 and P\" and P*’
are two representations of f, then the corresponding rational fractions are the same;
R,(Ll)(x) = R,(,z) (x). In particular, o, and the last pole x,, are uniquely defined when

Crk(f)=n < (g—1)/2.

Obviously, the approximation property mentioned above is particularly useful
when Crk(f) is small with respect to the field size. If o, = 0, i.e., the last pole
Xp = 00, then R, (x) € Fy[x] and is linear. Following the terminology of [24], we
define the linearity of f € Fy[x]as Z(f) = maxg per, |{c € Fq @ f(c) = ac+Db}.
Intuitively, £ (f) is large when f is a permutation polynomial over I, of
Crk(f) = n, R, is linear, and n is small with respect to g.

It is interesting to note that the polynomials of small Crk(f) = n > 1 with linear
R, have large degree and large weight, i.e., they have many non-zero coefficients,
although they differ from a linear polynomial at most at n elements. Indeed, it was
shown in [3] that

deg(f) = g — Crk(f) — 1 @®)

when 1 < deg(f) < g — 2. It also follows from a recent result in [15] that if
1 < deg(f) <q — 2, then

4 __,
Crk(f)

w(f) > )

where w( f) denotes the number of non-zero coefficients of f.

The inequalities (8) and (9) illustrate that permutation polynomials of small
Carlitz rank > 1 have large polynomial complexity. A polynomial invariant that
attracted considerable attention recently is the index of a polynomial, which we
briefly recall here. Let f € IF,[x] be a polynomial of degree n < g — 1 of the
form f(x) = a(x" + @y, X"~ 4+ -+ + a,_j,x"""%) 4+ b with a, a,_;; # 0 for
j=1,...,kandn — iy > 0. Setr := n — iy. Then, f is uniquely written
as f(x) = a(x"g(x~Y/D)) + b for some monic polynomial g € F,y[x] with
l=(@—-1)/gedn —r,n—r —iy,...,n —r —ix_1,q — 1). The uniquely defined
number [ is called the index of f; see [1]. The relation between the Carlitz rank
and the index of a permutation polynomial was studied recently in [23] where it
is shown, for example, that the discrete logarithm map has large index and large
Carlitz rank.

The problem of determining the number of permutation polynomials of a given
degree is open. However, the number % (n) of permutation polynomials of a given
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Carlitz rank n was obtained in [3], under the condition that n < (¢ — 1)/2. The
(recursive) formula for Z(n) involves the Stirling numbers of the first kind ([14] and
[39, id:A008275]). In order to avoid technical details, we only give the result in the
following form. The number % (n) satisfies (0) = q(q — 1), B(1) = q*(q — 1),
AB2)=q*(g—1? andfor3 <n < (g — 1)/2,

Bn)=q*(q—1*q—2)...(g — 2n—3)/3) fu(qg), ifn =0 mod 3,
B(n) =q*(q—1D*q—2)...(qg — 2n —2)/3)gu(q), ifn =1 mod 3,
B(n) =q*(q—1D* g —2)...(g — 2n —1)/3)h,(q), if n =2 mod 3,

where f,,, g, and h, are monic polynomials of degree | 5].

In connection with the cycle structure of permutations, one may be interested, for
instance, in finding the Carlitz rank of the permutation polynomial which induces a
cycle of a given length. The answer to this question, as well as the enumeration result
that is mentioned above, follows from the lemma below. Let o be a permutation in
S,. We denote its support, i.e., the set of elements of F, moved by o, by supp(o).
We consider a decomposition of f as in (7).

Lemma 2 Suppose f has a representation P as in (1) and Py is decomposed as
Ps(x) =11 ... Ty Fy(x),

where 1, ..., Ty are disjoint cycles of length I(t;) = 1; > 2,1 < j < m. Put
0 = T1...Ty. Then there exists a representation P,(x) of f, with P,(c) = Ps(c)
forallc € Fy, n <s, where

(i) n=m+ Z?:l 1; — 1 if Fs is not linear and Fy(x5) € supp(o).
(ii) n=m+ Z;’;l lj + 1 if Fy is not linear and Fy(x,) ¢ supp(o).
(iii) n=m+ 3 "_, 1 if Fy is linear.

In all three cases, Crk(f) =nifn < (g — 1)/2.

Therefore, when the cycle structure of f is known and the number of its fixed
points is large with respect to the field size, Lemma 2 gives the Carlitz rank of
f with minimum effort. Observe that the permutation o = (123)(56) of F7 has
Carlitz rank 7 (put F(x) = x). Similarly, the Carlitz rank of a cycle of length £ is
£+ 1when ¢+ 1 < (¢ — 1)/2. The cycle structure of permutation polynomials of
Carlitz rank < 3 can be found in [9]; see also [41, Section 6].

The classification of permutations with respect to their Carlitz rank has already
found interesting applications, see [8, 10, 15, 41] and references therein. An
unexpected application concerning the distribution behavior of infinite sequences
of real numbers in the interval [0, 1) was obtained recently in [35].
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3 On the Difference of Permutation Polynomials

Let f be a permutation polynomial over IF,. We recall from Sect.1 that f is
called a complete mapping polynomial, or a complete mapping, if f(x) 4+ x is
also a permutation. Complete mappings were introduced by Mann in 1942, [28],
in connection with construction of mutually orthogonal Latin squares. We refer the
reader to [33] for a detailed study and to [26, 32, 36, 37, 40] for various applications.
Recent work on generalizations of complete mappings can be found in [43]. See
[5, 6, 16,42, 44, 45] for some new classes of complete mappings.

A problem that naturally arises is the existence of complete mappings of small
degree. Theorem A below was conjectured by Chowla and Zassenhaus [11] in 1968,
and proved by Cohen [12] in 1990.

Theorem A Ifd > 2 and p > (d*> — 3d + 4)?, then there is no complete mapping
polynomial of degree d over IF,.

Similarly, one may ask if f + x2> or f 4 x> are permutations when
p > (d*—3d+4)*. In connection with such questions, a significant generalization of
Theorem A was obtained by Cohen, Mullen, and Shiue [13] in 1995, which provides
a lower bound for the degree of the difference of two permutation polynomials in
F,[x] of the same degree d, when p > (d?* = 3d + 42

Theorem B Suppose f and f + g are monic permutation polynomials over ¥, of
degree d > 3, where p > (d*>—3d+4)>. Then either deg(g) = 0 or deg(g) > 3d/5.

In light of Theorem A, one may wonder if complete mappings, f + x, exist when
f has small Carlitz rank. A nonexistence result, similar to that in Theorem A, was
given in [24] for permutations of small linearity.

Theorem C If f(x) is a complete mapping over F, and Z(f) < (g +5)/2],
then Crk(f) > |q/2] .

The authors of the present article obtained a generalization of Theorem C
recently; see [4]. Theorems 1 and 2 below give lower bounds for the Carlitz rank in
terms of ¢ and the degree of the difference between two permutation polynomials,
analogous to Theorem B.

We remark that Theorems A and B hold over prime fields only, whereas
Theorems C, 1 and 2 are true for any finite field.

Let f be a permutation polynomial over F,, ¢ > 3, with Crk(f) = n > 1.
Suppose that f has a representation as in (1), and the fractional linear transformation
R, which is associated to f as in (6) is not linear. In other words, «,, as defined
in (3) is not zero. We denote the set of all such permutations by %1 ,, i.e., the set
61,0 consists of all permutation polynomials f over F,, with Crk(f) =n > 1 and
have a representation that satisfies o, # 0. Clearly Z(f) <n +2,if f € G1..

We note that the linearity condition in Theorem C, which corresponds to the
case o, # 0, is crucial. Indeed, one can find examples of complete mappings f
with small Carlitz rank, when .Z(f) is large. For instance, the polynomial given by
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_ q-2
fx) = ((((—X/(d +1)92 4+ l)qi2 + d)q g 1/(d + 1)) is a complete

mapping for every ¢ = 1 mod 3 where d is a primitive 3-rd root of unity, see [22].
Therefore, we only consider permutations in 47 ,. Theorems 1 and 2 and Corollary 2
below are from [4].

Theorem 1 Let f and f + g be permutation polynomials over ¥y, where f € €1
and the degree k of g € Fy[x] satisfies 1 <k < q — 1. Then

1 k(k —1
nzk+l(q— - )Lzm—gcd<k,q—1>), (10)

where |a] denotes the integer part of the real number a.

Despite Theorem 1 generalizing Theorem C, the methods used to prove Theo-
rems A, B, and C are not amenable in proving Theorem 1. Therefore, an outline of
the proof is presented for the curious reader.

Proof (Outline) We first consider the representation of f 4 g by R, (x) + g(x) for
x € F,; \ O, where R,(x) is as in (6) with R,(x) = (ax + b)/(x + d), a, b,
d € Fy,ad — b # 0. Since f + g is a permutation, R,(x) + g(x) is injective on
I, \ 0. Therefore, we consider the solutions of the equation

Gp(x) = Ry(x) +g(x) =uforu € IF,.

We denote the value set of G, by Vg,, put F,° = F, \ {—d}, and define
S={(x,y) €F°xF,°:x#y and G,(x) = G,(y)}. Moreover, foru € Vg,,
we denote the cardinality of the inverse image G;l (u) of u by n,,. This leads to the
inequalities n,, < k + 1, and we conclude that the cardinality  of S satisfies

psk+D Y (-0 (11)

ueve,

Since G, is injective on I, \ &), if there exist n,, distinct elements with G, (z) = u,
then n,, — 1 distinct elements lie in &,,. Together with the fact that —d € 0, Eq. (11)
implies

_#

k1 (12

N0, =1+ > (=1 =1+

uevVg,

Hence, to give a lower bound for n in terms of g and k, it suffices to deter-
mine x4 in terms of g and k. By considering the algebraic curve € defined by
(Gu(x) — G,(»)/(x — y) and applying Serre’s bound (see [17, Theorem 9.57])
to an absolutely irreducible component of 4’, we obtain that the number N (%) of
rational points in PG(2, ¢) of € satisfies

k(k—1
N(%)zqﬂ—%mm.
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Note that (x : y : 0) is a point on € only if xy(xk =y /(x —y) = 0, ie.,
(x:y:00=(0:1:0),(1:0:0)orx* = y* for some x, y € IF;. Consequently,
there are at most v + 2 such rational points, where v = gcd(k, g — 1). Bezout’s
theorem allows us to conclude that there exist at most k+ 1 rational points (x : y : z)
with x = y. Thus,

M2q+l—ﬂé%2p¢ﬂ—%v+k+%.

We remark that we subtract v 4+ k + 2 instead of v + k + 3 because of the point
(1:1:0). Then, Eq. (12) gives the desired result. O

Remark 2 For k = 1 (and hence gcd(k, g — 1) = 1), we obtain Theorem C, which
is the main result in [24].

Corollary 1 Let f be a permutation polynomial over F, with f € € ,. If
n < (g —1)/2, then f is not a complete mapping.

Remark 3 We note that the bound given in (10) is nontrivial only when
qg > k(k — 1D[2,/q]/2 + ged(k,q — 1) + k + 1. In particular, the bound is
not applicable if k > ¢'/*

When g(x) = cxk e Fylx],ged(k+1,g—1) = 1,and f € 6, where x, € 0,
in (4) satisfies x,, = 0, the lower bound in (10) can be simplified significantly.

Theorem 2 Let f(x) and f (x)+cx* be permutation polynomials over F,. Suppose
l<k<gqg-—1,ce IE‘,,*, and f € 61, have a representation with x,, = 0. Let
m=gcd(k+1,g —1). Then

n=-——-

1 m—nm
_k+1<q

2127 - 3).

Once more, we present the sketch of the proof.

Proof (Outline) Proceeding as in the proof of Theorem 1, we obtain
n>14+pup/tk+1),

where © in this case is the cardinality of the set S. Changing variables via
(x,y) = (xy, y), the equation (G, (x) — G,(y))/(x — y) gives rise to the curve

b(x —1)

¢ Yt = —————
Y cx(xk —1)

(13)

Since the monomial 7®+TD/m jg 4 permutation over Fq* withm = ged(k+1,9g—1),
there is one-to-one correspondence between the affine solutions (x, y) € F,* x F,*
of the curves

b(x — 1)

Xy =
Y cx(xk —1)

(14)
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and % in (13). Note that Eq. (14) defines a Kummer extension. We observe that 2~
is a curve of genus at most (k — 1)(m — 1)/2. Serre’s bound then implies that € has
atleast g — (k — 1)(m — 1)[2,/q]/2 — k affine points (x, y) € F,* x F,*. In this
case, we delete points (x, y) of % such that (x, y) is of the form (yz, y) for some
y € IF,. It can be shown that there can be at most 3k + 1 such points, hence

k—1)m—1
qu_#p\@—mkﬂ),

which gives the desired result. O

We end this section with a corollary of Theorem 2, which indicates the analogy
between Theorems 2 and B.

Corollary 2 Let f(x) and f(x) + cx* be as in Theorem 2. If m = ged(k + 1,
qg—1)=1thenk > (g —n)/(n+3).

4 On Iterations of Permutation Polynomials

Dynamical systems generated by polynomials in IF,;[x] have been studied widely.
We refer the reader to a recent survey [34] for algebraic and number theoretic
properties of algebraic dynamical systems over finite fields and some of their
applications. The distribution of elements in orbits of permutation polynomials in
@61, 1s studied in [15]. Authors use the approximation property in 47, in the sense
of (5) to analyze the distribution behavior of pseudorandom sequences generated by
f € €1, efficiently. This approach enables them to avoid encountering the usual
problem of degree growth when iterations of polynomials are considered.
We denote the m-th iteration of f € F,[x] by

FM ) = Fm=D(f(x)) form > 1, where @ (x) = x.

In this section, we examine the order of the permutation polynomial f, viewed
as an element of the symmetric group S, i.e., we seek methods to determine the
minimum m > 1 such that £ = Id.

Let IF, be a finite field of odd characteristic. We study iterations of permutation
polynomials over F, of a given Carlitz rank n. Iterations of permutations of Carlitz
rank 1 are easy to determine since their cycle structures can be described in a simple
manner; see [9, Theorem 2]. On the contrary, the cycle structure of permutations of
higher rank is difficult to describe; see [9, Theorems 6, 7, 11, 13, and 15] for the
cases n = 2, 3. Therefore, in what follows, we consider n > 2.

For simplicity, we only consider the set 6] . of polynomials f with a representa-
tion as in (1) such that agp = 1, a,41 = 0. In this case, there is a representation Py,
of f™ that satisfies ay = a; fork =i mod n, 1 <k < nm.
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Then, for f(x) € ‘5{ n and the associated rational fraction R, (x) as in (5) and (6),
we denote the m-th iteration of R, (x) by

Cum—1X + Bum—1

R™ (x) =
" ) ApmX + Bum

’

as the rational transformation, associated to the permutation P,,, above. Therefore,
we have £ (c) = R (c) forall ¢ € Fy \ Opp.

As mentioned earlier, the set of fractional transformations (ax + b)/(cx + d),
for a,b,c,d € Fy; with ad — bc # 0, forms the projective general linear group
PGL(2, ¢). Hence, our aim is to relate the order of f in §; to the order of R, in
PGL(2, g) and to determine the latter in a simple way. We denote the orders of f in
S, and of R, in PGL(2, q) by ordsq (f) and ord(R;,), respectively.

Theorem 3 Let f € ‘51”" and put ordsq(f) = my and ord(R,) = mg. If
q >nmy+2, thenmpg|my.

Proof We note that f m) (x) and R,(,m)(x) differ at most at nm elements of F,.

Therefore, if ¢ > nm y+2, then R,(,mf ’ (¢) = c for at least three distinct elements ¢ in
IF,. However, this implies that R,imf)(x) = x. Thus, f(’"f)(x) =xandg > nmyg+2
imply that R,(lmf)(x) = x and hence mpg|my. m|

Remark 4 Up to conjugacy, a complete list of the subgroups of PGL(2, ¢) is known;
see [17, Theorem A.8]. This classification implies that the order of R, (x) is the
characteristic of I or is a divisor of g & 1.

In order to find ord(R,), we must find the iterations R,(,m), and hence we need
to determine the values of o, @um—1, Bam and Bu,—1. Lemmata 3 and 5 below
enable us to express them in terms of eigenvalues of the matrix corresponding to
R,.

Lemma3 Let R(x) = (ax + b)/(cx +d) € Fy(x) and M € PGL(2,q) be
the corresponding matrix representation. If M is diagonalizable over ¥ >, with
eigenvalues L1 and L, then R" (x) = x if and only if \[' = AJ. Otherwise, m
is equal to p, where p is the characteristic of F.

Proof On the one hand, if M is diagonalizable over Iqu, then the characteristic
polynomial has two roots, A1 and A in qu, and there exists P € GL(2, qz) such
A 0

that M = PDP~! for the diagonal matrix D = < 0 i
2

). Then the m-th iteration

R (x) of R(x) is obtained by

m
mm = ppmp~t = p(* ?n P, (15)
0 23
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Equation (15) allows us to conclude that R (x) = x if and only if A7 = A’}".
On the other hand, if M is not diagonalizable over qu, then the characteristic
polynomial has a double root A in F,, and there exists P € GL(2, ¢) such that

M = PRP! for the matrix R = (g i) Then the m-th iteration R (x) of R(x)

is obtained by

m m—1
M™ = PR"P~' = P (AO mim ) Pl (16)

By Eq. (16), we conclude that R™(x) = x if and only if m = p, where p is the
characteristic of the field. m|

Now let f € 4] . and consider the corresponding rational transformation R,.
Then, the associated matrix M € GL(2, ¢) is given by

M = <an—l ﬁn—l) . (17)

ay, B

Lemma4 Let f € %, and M be the matrix representation of its associated
rational transformation. Then the determinant of M is equal to (—1)". Hence, the
characteristic polynomial of M is hp(T) = T? — (aty—1 + Bp)T + (—1)".

Proof The proof is a simple computation of the determinant of M using the
recurrence relations given in Eq. (3) and induction on n. O
The criteria given in Lemma 3 can be used to identify polynomials in €7 , with

R,Sm) (x) = x. Lemma 5 below indicates the choices for Tr(M). Moreover, it enables
us to construct permutations of prescribed Carlitz rank n with R,(lm) (x) = x; see
Remark 5 and Example 1.

Lemma$5 Leth((T)=T? —yT —1and ho(T) = T* — 8T + 1 be in F,[T].
(i) Let A1, Az be the roots of hy inIF 2. Then y satisfies

125t .
—i—1 .
A= 28 = (= A) Hon (), with Hy(T) = ) (’" ) )T’"—Z'—‘

1

i=0
(18)
form > 1.
(ii) Let Ay, Ay be the roots of hy in qu. Then § satisfies
mlmi ,
M= 3 = (it — A2)G(®). with Gy (T) = ; <2i N 1)(T ~2  (19)

form > 1.
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Proof If L1 = X, then Egs. (18) and (19) are clearly satisfied. Therefore we assume
that A1 # Ao. For m > 1, we define

_ A=A
" A=
(i) It can be seen easily that
Li=Hi(y)=1 and Ly=Hy(y)=vy. (20)

Since A1, A are the roots of i, for m > 1, L, satisfies
Lyy2—yLyt1 — Ly =0.

By Eq. (20), it is enough to show that H,,(T') satisfies the same recurrence for
T =y and m > 1. For m = 2k, 2k + 1, we can write H,,(y) as follows:

k—

k—1
2k —i—1 ol k+i ;

—

. —i—1
i=0 i=0
_k_l (k+i >y2i+1
P 2i +1
) AN N S AN
Hyp1(y) =y P b => —il?
i=0 i=0
A
i=0
Hence for m = 2k, we have
Hop2(y) — y Hoxq 1 (y) — Ho(y) (21

_Z Eit T\ o _ Z k+z ki S
2i+1 yi:O o \2i+ 1 '

Since the identity

k+i+1 k+i k+i\
2i +1 2i 2i+1)
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holds, the coefficient of y2i+1 in Eq. (21) is equal to zero foralli = 0, ..., k.

The same argument holds for m = 2k — 1 as the coefficient of % in

Hopp1(y) — vy Hu(y) — Hay—1(y)

k+i k+i—1 k4i—1Y
2i 2i — 1 2i -
foralli =0,...,k.

(ii)) Similarly, we have L1 = G1(§) = 1 and L, = G,(8) = &, and we replace
Eq.(21) by

satisfies

Gm12(8) = (6 =2)Gm+1(8) = 2Gm41(8) + G (d) . (22)

Then, by similar calculations, we observe that the coefficient of (6 — 2)! in
Eq. (22) satisfies

m+2+i m+i ) m+1+i n m+i —0
2i +1 2i —1 2i + 1 2i+1)
foralli =0, ...,m + 1, which proves the desired result.

Corollary 3 Let f € 6] . We define

A, (T) = H,(T), zfn z.s odd,

G (T), ifniseven,
where Hy,, G, are given as in Lemma 5 . Then, Ay (a,—1 + Bn) = 0 if and only if
R™ (x) = x. In particular;, ord(R,) = min{m : A (ctn_1 + Bu) = O}.

Proof 1t follows from Lemmata 4 and 5. O

Remark 5 One can construct permutations f, represented as in Eq. (1), by an
algorithm given in [3], when R,(x) and the poles xi,...,x, € P! (Fy) are
prescribed.

Example 1 For g = 29, we fix n = 4 and choose R4(x) = (x — 5)/6x, with
a3 + B4 = 1, being a root of A3(T) (and hence of A¢(T)). Hence, ord(R4) = 3 and
RY(x) = x = R{? (x). We prescribe the poles as (x1, x2, x3, x4) = (27, 16, 5, 0),
and as in [3] we determine (ai,a2,a3,as) = (2,8,7,14), so that
) = (((x +2)%7 +8)%7 + 7)?7 + 14)?" It can also be checked in this case that
ords,, (f) =my =6and 29 > 4my + 2.
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Example 2 Consider the permutation polynomial f = (((x +a)I 24 b)Y 24 )12
with £(0) = 0 and a(b® +4) # 0. Then R{" = x if and only if b is a root of the
polynomial

L2 )
A (T) = ZZ: <m_1_1>rm—2/—1. (23)

j=0 /

In particular, ord(R3) = min{m | A,,,(b) = 0}.

The following result on ords, (f) enables one to find many examples of polynomials
of Carlitz rank 3 with a given order.

Proposition 1 Let f(x) = (x + @)972 + b)472 + ¢)972 € Fy[x], with f(0) =0
and a(b*> + 4) #0. Putmy = ordsq (f) and mg = ord(R3). Suppose g > 3my +2
and the order of (b + y(b))/2 in the multiplicative group FZZ is k, where

y(b)? = b* + 4. Then mpg|m g, where

k/2, if k=0 mod 8,
k, if k=2,6 mod 8,
k/4, if k=4 mod 8,
2k, if k=1,3,5,7 mod 8.

mpr =

Proof Since a # 0, the assumption f(0) = 0 implies that abc +a + ¢ = 0, i.e,,
B3 = 0. Since a4 = b and b> + 4 # 0, Lemma 3 implies that Rgm) = x if and
only if the distinct eigenvalues satisfy A" = A7'. Then the argument follows from
A= (—1)"as Ajhy = —L. O

Example 3

(1) Let f(x) = (((x +7)"" + 14)"1 4 25)! be a permutation over F73. In this
case, we have b + 4 = 54. Then for y (b) = 28, the order k of the element
b+ y())/21s 24 and ordgq (f) = 12 = k/2. Note that b = 14 is a root of
A12(T) given in Eq. (23), but it is not root of A¢(7T') for any £ < 12.

(2) Let f(x) = (((x+13)* +13)*! +-28)*! be a permutation over F43. In this case,
we have b*+4 = 1. Then for y (b) = 1, the order k of the element (b+y (b))/2
is 6 and ordsq (f) = 6 = k. We remark that b = 13 is not a root of A, for any
< 6.

(3) If we choose y (b) = —1 in Example (2), then we have ordsq (f) =6=2k.

@) Let f(x) = ((x +8)3% -6 +23)Pbea permutation over [F37. In this case,
b> +4 =3and y(b) = 22 yield k = 12 and mg = 3 = k/4. We also have
Ordsq (f) =6= 2mR.
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1 Introduction

Let X be a smooth projective curve. A Belyi map is a finite cover f : X — P!
that is branched exactly at 0, 1, and oco. In this paper we restrict to the special case
that X = P!, allowing for iteration of f and the study of dynamical behavior.
We write f" for the n-fold composition of f with itself. If we further insist that
f({0,1,00}) C {0, 1, o0}, then all iterates f" are also Belyi maps. These maps
have been called dynamical Belyi maps [13, 19].

Dynamical Belyi maps are the central objects of study in the present work. These
maps are a special class of post-critically finite (PCF) maps; a map f : P! — P!
is PCF if each ramification point has a finite forward orbit. The study of PCF maps
has a long history in complex and arithmetic dynamics, starting from Thurston’s
topological characterization of these maps in the early 1980s and continuing to the
present day [1, 2, 6, 10].

1.1 Outline and Summary of Results

In Sect.2, we describe a large class of dynamical Belyi maps with exactly three
ramification points: the genus-0 single-cycle normalized Belyi maps. In addition,
each of the three ramification points—0, 1, and co—is fixed. Maps f : Pl — p!
for which every ramification point is fixed are called conservative rational maps or
critically fixed and have been the subject of some recent study [3, 9, 16].

The genus-0 single-cycle Belyi maps are each naturally defined over Q (Proposi-
tion 1), a result which suffices to answer in the negative a question of Silverman [15,
p- 110]: Is the number of PGL,-conjugacy classes of conservative rational maps of
degree d in Q[z] or Q(z) bounded independently of d?

In Sect. 3, we give explicit equations for two particular infinite families of maps
in this class (Propositions 2 and 3), providing many new examples of maps of
interest in complex and arithmetic dynamics.

Studying the reduction of the maps from Sect. 2 to characteristic p leads to one
of our main results (Theorem 1): Given a genus-0 single-cycle normalized Belyi
map f of degree d > 3, we describe a necessary and sufficient condition for the
reduction of f modulo a prime p to be the monomial map x¢.

In Sect. 6, we use this result, together with standard local-global theorems in
arithmetic dynamics, to study the dynamical behavior of the genus-0 single-cycle
Belyi maps f. Our main result (Theorem 2) gives conditions for the set of Q-rational
preperiodic points to coincide with the set of QQ-rational fixed points of f. For one
family of explicit Belyi maps, we determine the set of preperiodic points exactly
(Proposition 8).
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2 Background on Belyi Maps

A Belyi map is a finite cover f : X — P! of smooth projective curves defined over
C that is branched exactly at 0, 1, co. Belyi maps can be described topologically as
dessins d’enfants [12] or combinatorially in terms of generating systems.

Definition 1 Fix an integer d > 1. A generating system of degree d is a triple
p = (py, Py, p3) of permutations p; € Sy that satisfy

* p1papy =1,
e G :=(py, p, p3) C Sy acts transitively on {1, 2, ..., d}.

The combinatorial type of p is a tuple C := (d; C(p;), C(p,), C(p3)), where d
is the degree and C(p;) is the conjugacy class of p; in Sy.

Two generating systems p and p’ are equivalent if there exists a permutation
T € S; such that p; = rpir_l for i = 1,2, 3. Furthermore, two Belyi maps
fi: Xi —> P! are isomorphic if there exists an isomorphism ¢ : X| — X, making

commutative. In particular, the f; have the same branch locus. Riemann’s Existence
Theorem [17, Theorem 2.13] yields a bijection between equivalence classes of
generating systems and isomorphism classes of Belyi maps f : X — P!

Let p be a generating system. The conjugacy class C; := C(p;) of Sy
corresponds to a partition Z;izl nj = d of d. The length r; = r(C;) of C; is
the number of cycles of the elements of C;. Note that we include the 1-cycles. The
nonnegative integer g := (d+2—r1—rp—r3)/2 is called the genus of the generating
system. If f : X — P! is the Belyi map corresponding to p, then g = g(X) and
ri=|\f -1 ()] is the cardinality of the inverse image of the ith branch point #;.

In this paper we only consider the case that g = g(X) = 0. We write

fiPL Pl x 1= f(x);

the subscript indicates the coordinate of the corresponding projective line. Note that
we write f both for the rational function f(x) € C(x) and the cover defined by it.
We restrict, moreover, to the case that C; is the conjugacy class of a single
cycle, i.e., for each i € {1, 2, 3} the partition »_ j nj corresponding to C; contains a
unique part n; different from 1. We denote this part by e;. Formulated differently,
the corresponding Belyi map f has a unique ramification point above #;, with
ramification index e;. The assumption that g = g(X) = 0 translates to the condition

2d +1=e1 + e + e3.
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We call this situation the genus-0 single-cycle case, and we write (d; ey, e3, e3) for
the combinatorial type of f. More generally, given four integers d, e, ez, and e3
satisfying 2 < e; < d and2d + 1 = ej + e2 + e3, we call (d; ey, e, e3) an abstract
combinatorial type of genus 0.

We say that a genus-0 single-cycle Belyi map f is normalized if its ramification
points are 0, 1, and oo, and if, moreover,

fO) =0, f)=1, [f(oo)=o0.

Since f has three ramification points, every isomorphism class of covers contains a
unique normalized Belyi map.

Remark 1 In this paper we always assume that f has exactly three (as opposed to
at most three) ramification points. We may allow some e¢; = 1 without substantial
change to our theoretical results. In this case the Belyi map f is Galois, and its
Galois group is cyclic. Therefore f is linearly conjugate (in the sense of Definition 2
below) to the pure power map f(x) = x¢. This case is well understood, so we omit
the details.

For instance, if we include the case e; = 1 (i.e., the combinatorial type
(d;d,1,d)) in our considerations, this only affects a few results: the count of
normalized Belyi maps of each degree in Corollary 1 slightly changes, and the
statement of Proposition 7 needs to be altered by including the assumption v > 0 for
the conclusion to hold. If one of the other e¢; is trivial, slightly different but equally
straightforward adaptions are necessary.

The following proposition states that the triple of conjugacy classes correspond-
ing to the combinatorial type (d; ey, e2, e3) is rigid and rational.

Proposition 1 Let C := (d; ey, ez, e3) be an abstract combinatorial type of
genus 0. Then there exists a unique normalized Belyi map f : ]P’(lC — IP’(IC of
combinatorial type C. Moreover, the rational map f may be defined over Q.

Proof We have already seen that the number of normalized Belyi maps of combi-
natorial type C is the cardinality of the finite set

(p1, P2, p3) € C1 x C2 x C3 such that (p;) C Sy transitive, Hpi = e} /~

1

of generating systems of combinatorial type C up to equivalence. Liu and Osserman
prove in [5, Lemma 2.1] that in the genus-0 single-cycle case the cardinality of this
set is 1. In other words, the triple (C1, Ca, C3) of conjugacy classes is rigid [17,
Def. 2.15]. Moreover, the triple (C1, C2, C3) of conjugacy classes in Sy, together
with the choice of branch points 1; = 0, = 1, and 3 = 00, is rational [17,
Def. 3.7]. Corollary 3.13 of [17] therefore implies that f : ]P’)lC — ]P’tl is defined over
Q. (In [17], Volklein states his results for Galois covers. Our statement follows from
this, since we consider rational conjugacy classes in S;.) O
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Remark 2 Let f : P — P! be a normalized Belyi map of combinatorial type
C = (d; ey, ez, €3), i.e., a genus-0 single-cycle map. Proposition 1 states that the
rational function defining the Belyi map f satisfies f(x) € Q(x).

Normalized Belyi maps are examples of conservative rational maps, i.e., rational
maps f : P! — P! such that every ramification point is fixed. In [15, top of p. 110],
Silverman asked if the number of PGL,-equivalence classes of conservative maps
P! — P! of degree d in Q[z] or Q(z) may be bounded independently of d. We use
Proposition 1 to answer this question.

Definition 2 Two rational functions f, g : IP’]K — ]P’}( are linearly conjugate over a
field K if there is a ¢ € Aut(P}) = PGL(K) such that f? :=¢~lo fop = g.

Note that linear conjugacy respects iteration; that is, if f¢ = g, then (f e —
( f ¢)" = g". Note also that for normalized genus-0O single-cycle Belyi maps
Proposition 1 implies that linear conjugacy over C is the same as linear conjugacy
over Q, so we may omit the mention of the field.

Remark 3 Definition 2 is the standard equivalence relation used in arithmetic
and holomorphic dynamics. It is different from the notion of isomorphic covers
introduced at the beginning of this section in which the target P! is fixed. When
we say that maps are conjugate, we mean linearly conjugate in the sense of this
definition, where the same isomorphism is used on both the source and the target P!,

Lemmal Let f : IP’%: — IP’}C be a normalized Belyi map of combinatorial
type (d; ey, ez, e3) and let g be a normalized Belyi map with combinatorial type
(d; e}, €, e}). Then f and g are linearly conjugate over C if and only if there is
some permutation o € 83 such that e; = e;rmfori =1,2,3.

Proof The ramification index of a point is a dynamical invariant in the following
sense: for a nonconstant function f : P! — P!, any point « € P!, and any
¢ € PGL,, the ramification indices satisfy eq (f) = e4-1(4)(f ?).

In the case of normalized Belyi maps, the only points of P! with ramification
index greater than one are t{ = 0, f, = 1, and 13 = oo. Assume that f and g are
normalized Belyi maps with f® = g for some ¢ € PGL,. Then we may define a
permutation o € S3 by

e; = ramification index of f att#; = ramification index of g at ¢_1 () = e(’,(l->.

Conversely, given a permutation ¢ € S3 and a normalized Belyi map g of
combinatorial type (d; e4 (1), €5(2), €5 (3)), there exists a unique ¢ € PGL, satisfying
¢(t;) = t5) for i = 1,2,3. Proposition 1 implies that g = f¢, since both
normalized Belyi maps have the same combinatorial type. O

Lemma 1, together with the rationality result from Proposition 1, answers
Silverman’s question in the negative.



62 J. Anderson et al.

Corollary 1 The number of PGLjy-conjugacy classes of conservative polynomials
in Q[z] of degree d > 3 is at least L%J The number of PGLy-conjugacy classes

of nonpolynomial conservative rational maps in Q(z) of degree d > 4 is at least

s

i=1

Proof We count the number of PGL,-conjugacy classes of genus-0 single-cycle
normalized Belyi maps in degree d, which serves as a lower bound for all
conservative rational maps in the given degree, up to linear conjugacy. By Lemma 1,
this equals the number of partitions of 2d + 1 into exactly three parts such that
each part is at least 2 and none exceed d. The number of partitions equals the
cardinality of

2<ei<ex<es<d | e +er+e3=2d+1}. )

If f is a polynomial of degree d, then the ramification index e3 = e (f) = d.
Hence, it is enough to count pairs (e1, e2) such that 2 < e; < e < d — 1 and

el + ey = d+ 1. We see that e; can take on L%J distinct values, and e; is

determined by eg.
To count nonpolynomial maps, we use the same strategy for every possible value
of e3 < d — 1. Fixing e3 = d — i, we count pairs (e, e2) such that

2<e1<ep<d-—i and e +er=d+i+1.

These constraints give that 2i + 1 < e; < L%J, yielding |_d+12_3ij distinct
possibilities.

Finally, the constraints in (2) require thatd — 1 > e3 > ’72”13—+1-| Writing ez =
d—igvesl <i< L%J, and the result follows. m|

Remark 4

1. The sum in (1) can be calculated explicitly. Let N(d) be the number of PGL,-
conjugacy classes of genus-0 single-cycle normalized Belyi maps of degree d
(including the polynomial maps). Then

5 ifd =1 (mod 6)
ifd =4 (mod 6)
ifd =3,5 (mod 6)

12 ifd =0,2 (mod 6)

1
N(d) = E(a'2 +4d —¢), wherec =

This serves as a lower bound for the number of conservative rational maps of
degree d in Q(2).



Dynamical Belyi Maps 63

2. A result of Tischler [16] counts all monic conservative polynomials f in C[z]
normalized by requiring that f(0) = 0. Tischler shows that there are exactly
(de__lz) such maps. This result is generalized in [3], where conservative rational
maps rather than polynomials are counted. Note that in this more general
situation counting is more difficult as one has to impose the condition that f

is conservative. In our setting this condition is automatically satisfied.

3 Families of Dynamical Belyi Maps

In this section we determine some families of normalized dynamical Belyi maps
explicitly. These results yield infinitely many explicit maps to which we can apply
the dynamical system results from Sect. 6.

Proposition 2 If a normalized Belyi map f has combinatorial type (d;d — k,
k+1,d), then f(x) is given by

fx) = cxd_k(aoxk + ...+ ag_1x +ag),

where

_ Dk _
a; .= - <z> and ¢ = —H(d—])

Proof 1t is clear that the ramification index e3 is d, since f is a polynomial, and that
e1 is d — k. We need to show that the ramification index of e, is k + 1. The derivative
of f is given by

f’(x): Z(_)kl<)(d )dtl
= d—i)
k Lk
de—k—l g(;(_l)k—l (i)xk—l

= (—=DFex?4F1(x — Dk,

Hence the only ramification points of f are 0, 1, and oo, and the ramification index
ey is equal to k+ 1. We are left to show that f (1) = 1 which is equivalent to showing
that

k k k

Y lalla-n]=2"|« 1)’“()1‘[@1—1) = k.

i=0 j=0 i=0
J#l
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We first show that in the above sum, the coefficients of d’ for each 1 < [ < k are
0, and the constant term is k!. Notice that the coefficient of d¥ is Zf:o (—l)k_i (]f),
which is 0 since this is the binomial expansion of (x — 1) evaluated at 1. Similarly,
for the other terms d' for [ > 1, we obtain a sum Zf:o (= Dk (lf) p(i) where p(x)
is a polynomial of degree less than k. This sum is also zero by [11, Corollary 2].
The constant coefficient is

k k
R\ £ k
> e <,> [ =(O)k!=k!.
1= ]:0
J#i
O

Remark 5 We now provide an alternative proof of Proposition 2. A variant of this
proof can be found in the unpublished master’s thesis of Michael Eskin; his PhD
thesis [4, Proposition 5.1.2] contains a slightly weaker version of the result.

To have the correct ramification at 0, 1, and oo, we see that f must be of the form

F) =xFf0) 3)
for some fi(x) = Zf:o ¢i(x — 1), such that
) = (=DFex?™ 1 (x — ¥

for some ¢ € C*. This implies that

k—1
cx—D¥=d—k) fitxf{=adx—D +Y " (d —k+i)e; + (i + Deipr) (=1
i=0

This yields a recursive formula for the ¢;, from which it follows that

c,-:(—l)i<d_k;|—i_l)

d—1
c= < )d .
k
Substituting these values for ¢; and ¢ back into Eq. (3), the reader may check we
obtain the claimed result.

foralli =0,...,k, and

Example 1 The unique normalized Belyi map f of combinatorial type (d;d — 1,
2, d) is given by

fx)=—d— Dx? +dx?".
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Proposition 3 The unique normalized Belyi map f of combinatorial type (d; d —k,
2k 4+ 1,d — k) is given by

F) = Lk apx®* —aix* 1+ 4 (= DFa
B (—Dkagx* + ... —ajx + ag ’

O T e s

kti+1<j<2k 0<j<i—1

Proof The combinatorial type (d;d — k,2k + 1,d — k) is characterized by the
fact that the ramification at x = 0, oo is given by the same conjugacy class in the
sense of Definition 1. This implies that the Belyi map f admits an automorphism
in the following sense: Write ¥ (x) = 1/x. Then f¥ = ¥~' o f o ¢ has the same
combinatorial type as f. By Proposition 1, f is the unique normalized Belyi map
of the given type, so ¥ "l o foyy = f.

From this, it immediately follows that we may write

f=x"*f/f, with  f(x) = xX f1(1/x).

Let f = g/h with

k k
gx) =x* 3 (D g x’ and h(x) =) (=DMajx/,
i=0 j=0

where the g; are as in the statement of the proposition. It is clear that the ramification
at x = 0, oo is as required. Moreover, we see that 0, 1, and oo are fixed points of f.

It therefore remains to determine the ramification at x = 1. More precisely, we
need to show that the derivative satisfies

de—k—l(x _ 1)2k
h(x)2

) = , “)

for some nonvanishing constant ¢. Write g'h — gh’ = x¢=*1 > cix!. We have
I
a =DM d—k+1-2j)ariyja;.
j=0

Here we have used the convention that ¢; = 0if i > k ori < 0. Equation (4) on the
a; therefore translates to
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¢ = e = (=X — baar,
%)
c = (—1)lc<21k> = (= k! <2lk> (d — k)agag, 1=0,...,2k.

Hence, to prove (5) it suffices to prove the following:

! 2k
Z(d—k-l—l—Zj)ak_H_jaj:(l>(d—k)akd0 (6)
j=0

for every [ < k. (In fact, [ runs from O to 2k, but by symmetry it suffices to look at
I <k.)

Here and for the rest of the proof, we use the convention that (";l) =0ifm <0
or m > n. Hence, the right hand side of (6) translates to

2k d— 0 (2K d k)k'dk'd_k_l
! w0 =1 AV AR
2k\ (d — 1\ (2k
= d(k!)? .
l 2k k
We write d —k +1 — 2j as the difference of d —k + [ — j and j. Then the left hand
side of (6) becomes

d(k!)zéo ((f) (k Cjz_i j) B G: i) (k —Czi+j))'
(R,

Hence, dividing both sides of (6) by d (kD2, we find that we need to prove that

the following equation holds for all integers d, k and [/ such that d > 2k 4 1 and
| <k:

SO0
S (A NS

We fix k, [ such that [ < k and define Fy ;(d, j) as the quotient of the jth term in
the sum on the left hand side of Eq. (7) by (2k) (dﬁl)(zlk). Note that Fy(d, j) = 0

kI 2k
when j > [; this allows us to restate Eq. (7) in the following form:
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Y Fud, =1 ®)

j=0

To prove that Eq. (7), or equivalently (8), holds for every value of d > 2k + 1,
we first prove it for d = 2k + 1, and then show that Z?O:O Feid+1,j) =
Z?io Fy,(d, j) forany d > 2k + 1.

So first suppose that d = 2k + 1. Then Eq. (7) holds, since

§<<2kj+ 1) (k —zzk+ j) - <12—kl><k2—kz++lj>>

EO6 )£ -6

j=0

Next, to show that Z?io Frid+1,j)= Z?O:O Fr.i(d, j), we write
o0
Y (Fud +1.j) = Fiud, j))
=0

as a telescoping series and use an algorithm due to Zeilberger [18] that proves
hypergeometric identities involving infinite sums of binomial coefficients. More
explicitly, running this algorithm in Maple produces an explicit function Gy ;(d, j)
which satisfies

Frad+1,j)— Fd, j) =Grid, j+1) — G, j).

One may check that Gy ;(d, 0) = 0. Moreover, G (d, j) = 0 for all j > [ since
the same is true for Fy ;(d, j). Hence, Z?.;()(Fk,l(d +1,j) — Fx(d, j)) equals

o0
Z(Gk,z(d, J+ 1) —=Grild, j)) =Grid, 1 +1) — Gii(d,0) = 0.
=0

O

Example 2 1f anormalized Belyi map f has combinatorial type (d; d—1,3,d —1),
then f(x) is given by
i1 d—=2)x—d

o) = T d =2

(Note that necessarily d > 3 in this case.)
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Example 3 1f a normalized Belyi map f has combinatorial type (d; d —2, 5, d —2),
then f(x) is given by

Flx) = x42 <(d —3)(d — x> —2d(d — Hx +d(d — 1)>

d(d — 1)x2 —2d(d — d)x + (d — 3)(d — 4)

(Note that necessarily d > 5 in this case.)

4 Reduction Properties of Normalized Belyi Maps

Let
f:PL Pl x> f(x) =1

be a normalized Belyi map of combinatorial type C := (d; ey, e2, e3). Proposition 1
implies that f(x) € Q(x) is a rational function with coefficients in Q. We start by
defining the reduction of f at a rational prime p. Since we assume that the rational
function f is normalized, we may write

i)

T =50

where f1, fo € Q[x] are polynomials that are relatively prime. Multiplying
numerator and denominator by a common constant ¢ € Q- ¢, we may assume that

S, f2 € Zix].
For k =1, 2, write
fk =ck fk, with fk € Z[x] a polynomial of content 1 )

Let ¢ = c¢1/c>. The assumption that (1) = 1 translates to

L) =cfi(l) e Z.

Note that f (x) = Lﬁ) need no longer be normalized. The ramification points of f

f2(x)
are still 0, 1, and 00, but f(1) need not be 1. Nonetheless, it~ make_s sense to consider
the reduction of f modulo p. We denote the reduction of fi by f, and put

f==, fr €Fplxl.

The definition of f implies that f # 0. We claim that in our situation f is
not a constant. The proof below is inspired by a remark in [7, Section 4]; note
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however that Osserman works only with maps in characteristic p, while we consider
reduction to characteristic p of maps in characteristic zero.

Proposition 4 Let f be a normalized Belyi map of combinatorial type C :=
(d; e1, e, €3).

(1) The reduction f is nonconstant.
(2) We have f(0) = 0 and f(c0) =
(3) We have f(1) # 0, co.

Proof Define f1 and f2 as in Eq.(9). Let i (resp. j) be maximal such that the
coefficient of x’ in f] (resp. of x/ in fz) is a p-adic unit. Note that the reduction f
of f is constant if and only if f1 =af, (mod p) or af1 = f2 (mod p) for some
constant a. It follows that if f is constant, then i = j.
The definition of the combinatorial type implies that
el <i<d=deg(fi), 0<j<d—e;=deg(fo).
Since e; is a ramification index, we have that
er=2d+1— (e +e3) <d.
This implies that e; + e3 —d > 0. It follows that

i>el>d—e3>j. (10)

This implies that f is nonconstant, and (1) is proved.
Equation (10) also implies that

deg(fy) =i > j =deg(f,).
This implies that f(c0) =

Applylng the same argument to the minimal i” (resp. j) such that the coefficient
of x!' in fi (resp. the coefficient of x/ in f>) is a p-adic unit shows that

ordg(f1) =i’ > j = ordo(f5).

We conclude that ?(O) =0, thus_proving ).
It remains to show that u := f(1) # 0, co. We have

ordo(f1) = e1,  ordi(f)) = er.
We assume that o = 0,i.e. £(0) = f(1) = 0. This implies that

el +ey < deg(f)) <deg(f1)=d
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This yields a contradiction with e3 = 2d + 1 — (e + e2) < d. We conclude that
© # 0. Similarly, we conclude that i # oo. This finishes the proof of (3). |

The following example shows that the reduction of f may be a constant if we
omit the assumption on the combinatorial type of f.

Example 4 We consider the rational function

The corresponding cover f : P! — P! is ramified at 6 points, each with ramification
degree 2, so it is not a Belyi map as considered in this paper. Moreover, x = 1 is not
a ramification point. Both the numerator and the denominator of f have content 1.
Therefore with our definition of the reduction we obtain

2

- x
=—=1.

f 2

Remark 6 In[14, Section 2.3] Silverman gives a different definition of the reduction
of f. The difference between Silverman’s definition and ours is (roughly speaking)
that he does not divide f by the constant ¢ before reducing, as we do in passing
from f to f.Instead, Silverman only multiplies f; and f> by a common constant to
assume that at least one of the polynomials fj or f, has content 1.

We claim that in the case of a normalized Belyi map of ramification type
(d; ey, €2, e3), Silverman’s definition agrees with ours. To see this, let p be a prime.
Recall that

. fi(h
1= f(l) = cf(l) = 2.
J=cf=c7

Then Proposition 4.(3) implies that fl (1) and fz(l) have the same p-adic valuation,
SO .f(l) is a p-adic unit. Hence, ¢ = 1/f(1) is a p-adic unit, as well.

Note that ¢ = ¢1/cp, where ¢; is the content of the polynomial f;, so in particular
¢ is positive. We conclude that ¢ € Q¢ is a p-adic unit for all primes p and hence
that c = 1.

Let g € Fp (x) be a rational function. We say that the map P! — P! defined by
g is (in)separable if g is (in)separable. Recall that g € F,, (x) is inseparable if and
only if it is contained in F, (x?).

Definition 3 Let f : P! — P! have combinatorial type (d; e1,e2,e3). Let pbe a
prime. We say that f has good reduction if the reduction f also has degree d. If f
is additionally (in)separable, we say that f has good (in)separable reduction. If f
does not have good reduction, we say it has bad reduction.
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In Corollary 2 we show that if f has bad reduction, then f is inseparable. In
particular, we do not have to consider the case of bad separable reduction.

Definition 3 is the definition of good reduction used in the theory of arithmetic
dynamics. From the point of view of Galois theory, one usually defines “good
reduction” to mean good and separable reduction. In our terminology f has bad
reduction if and only if deg(f) < deg(f).

Proposition 5 Let f : ]P’(%2 — ]P’(l@ be a normalized Belyi map of combinatorial
type C = (d; e1, e, €3). Assume that the reduction f of f to characteristic p is
separable. Then

(a) f has good reduction (i.e., d = d), and

(b) pteforalli.

Proof Our definition of the reduction of f, together with the assumption that f

is normalized, implies that the points x = 0, 1, oo on the source IP’(I@ specialize to

pairwise distinct points of }P’]{;p (by Proposition 4.(2,3)). In particular, multiplying f
by a constant (if necessary), we may assume that f is also normalized.

_ Werrite f=n /_fz and dl_: deg(f1),dr = deg_(fz). ngenote the degree of
fi by di and define d = deg(f). The polynomials f| and f, are not necessarily
relatively prime. Put ¢ = ged(f, /) and § = deg(g).

Lete; be the ramification indices of f atx = 0, 1, oo, respectively. Our first goal
is to compare these to the ramification indices e; of f. We start by considering what
happens at x = 0. For this we write

fi = ghi, i=1,2.
Since gcd(hy, hy) = 1 it follows that
1 = ordo(f) = ordg(hy).

The definition of the reduction implies that

ordg(f) = ordo(g) + ordo(h1) > ordo(f1) = ey.

For the right-most equality, we have used that gcd(f1, f2) = 1. Defining & :=
ordp(g) we obtain

e1+e¢e1 >e. (11)
Interchanging the roles of x = 0 and x = 1, we similarly obtain

e+ ey > e, (12)
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where &, := ordj(g). Note that interchanging the roles of x = 0 and x = 1
corresponds to conjugating f by ¢(x) = 1 — x. From the definitions it follows
immediately that

&1+ <4. 13)
The definition of the reduction of f and our normalization implies that

d=d, >d,=d+3. (14)

d—e3s=dy>dy=d;—e3=d+65—es. (15)

Since we assume that f is separable, the Riemann—Hurwitz formula applied to

f, together with the inequalities (11), (12), (13), (14), and (15), yields

—2>-2d+@E -D+@—-D+@E—-1
=@+e—D+@E@+er—D+@—-d—58—1D+B—e —e&)+(—d)

>2d+(e1—D+(e2—1)+(e3—1)=-2.

(16)
It follows that both inequalities are equalities. The fact that the last inequality
is an equality implies that d = d, and that the inequalities (11), (12), (13), (14),

and (15) are also equalities. This proves Statement (a).
The first inequality in (16) is an equality if and only if all ramification of f is
tame. Hence we have p 1 ¢; for all i. The statement d = d implies that &] = &) =
6 = 0. Hence ¢; = ¢; for all i. Statement (b) follows. O

The following is an immediate consequence of Lemma 5.

Corollary 2 Let f : IP’(I@ — Pb be a normalized Belyi map of combinatorial type
C :=(d; el, e, e3). Assume that f has bad reduction to characteristic p. Then the
reduction f is inseparable.

5 Good Inseparable Monomial Reduction

In Sect. 6 we determine the dynamical behavior of separable covers f of degree d
(of a given combinatorial type), whose reduction modulo p satisfies f(x) = x<.
Since 1 is a ramification point of £, it follows that f is inseparable and hence that
p | d. If this happens, we say that f has good (inseparable) monomial reduction to
characteristic p. In Theorem 1 we prove necessary and sufficient conditions for this

to occur.
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Definition 4

1. A rational map ¥ of degree d in characteristic p can be written uniquely as
¥ = ¥’ o ¢", where ¢ is the p-Frobenius map and v/’ is separable. Suppose that
¥’ is a normalized Belyi map of combinatorial type (d’; e/, €}, €5). Then we call
the e; = p"e] fori = 1,2, 3 the generalized ramification indices of ; we allow
d’ and each of the ¢ to be trivial.

2. Let C = (d; e1, e2, e3) be a combinatorial type such that e; 4+ e2 + €3 = 2d + 1.
Then we define

Scp=1{¥: IP’% — IP’% | ¥ satisfies the following combinatorial conditions}
- P P

a. deg(y) = d <d,and
b. there exist €1, €7, § > 0 such that

g1+ <d<d-— d
and the generalized ramification indices e; (i = 1, 2, 3) of ¢ satisfy

ey >e; — ¢y,
ey > ey — &y,

e3>e3—(d—d—29).

The set Sc,, may be considered as a characteristic-p analog of the set of
normalized Belyi maps of combinatorial type C. Lemma 2 and Proposition 6 below
imply that this set consists of one element. Moreover, it follows that ¥ € Sc p is the
reduction (in the sense of Sect. 4) of the (unique) normalized Belyi map of type C in
characteristic zero. In particular, it follows that » € Sc,, may be defined over F,.

Lemma2 Let f: P! — P! be a normalized cover in characteristic zero of
combinatorial type C = (d; ey, ez, e3). Its reduction f modulo p lies in Sc p.

Proof If f has good reduction at p, choose ¢ = ¢ = § = 0, and the result is
immediate. If f has bad reduction, the result follows immediately from the proof of
Proposition 5, for § and ¢; (i = 1, 2) as in that proof. O

The following proposition is a reformulation in our terminology of a result of
Osserman.

Proposition 6 [7, Theorem 4.2.(i)] For any combinatorial type C and prime
number p, we have |Sc p| = 1.

We sketch the idea of Osserman’s approach in his proof of Proposition 6. For
details we refer to [7] and [8]. Osserman interprets a rational map f : IP’}( — IP’}(
(up to automorphisms of the image) of degree d over a field K as a linear series by
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associating with the rational map f = f1/f> the two-dimensional vector subspace
V := {(f1, f2) of the polynomials of degree less than or equal to d. This linear
series may be considered as a point on the Grasmannian G (1, d). The condition that
the map has ramification index at least ¢; at the point P; defines a Schubert cycle
Xe,—1(P;) on G(1, d). Base points of the linear series correspond to common zeros
of f1 and f>.

Consider an arbitrary linear series in positive characteristic, which we denote
by (¥, ¥2). The inequalities (a) and (b) in Definition 4 may be interpreted as
conditions on the linear series. Note that we do not require the polynomials y; to be
relatively prime. The zeros of g := gcd(v/1, ¥2) are base points of the linear series.
(Compare to the proof of Proposition 5, where we denoted the orders of these zeros
at 0, 1 by €1, &3, respectively.)

Assume that (Y1, ¥») is a linear series satisfying the inequalities (a) and (b)
from Definition 4. The Riemann—Hurwitz formula, together with the condition that
2d + 1 = e1 + ez + e3, implies that the linear series (Y1, ¥») does not have base
points if ¥ = ¥1 /v is separable. (This follows as in the proof of Proposition 5.)
However, the linear series associated with the reduction of a normalized Belyi map
(as defined above) may have base points. Moreover, the base-point divisor D :=
£1[0] + &2[1] — 8[oc] need not be unique. (See Example 5 below for an example.)

Our Proposition 1 states that in characteristic zero, the intersection of the three
Schubert cycles X, _1(0) N X¢,—1(1) N X,;_1(c0) has dimension 0, and the
intersection product is 1. In other words, the intersection consists of one point.
Osserman gives an intersection-theoretic argument to prove the same statement in
arbitrary characteristic. More precisely, he proves that the intersection product of
the three Schubert cycles in positive characteristic is scheme-theoretically a point.
The underlying point is the unique map ¥ € Sc p.

In this paper, we are mainly interested in the case of good inseparable reduction.
In this case, we have 1 = ¢ = § = 0; hence, the base-point divisor is unique in
this situation.

We give an example of a combinatorial type C for which the reduction of the
normalized dynamical Belyi map of this type has base points. Moreover, we will
see in that in this case the linear series satisfying the inequalities (a) and (b) is not
unique, even though the underlying rational function is.

Example 5 This example is taken from Osserman [7, §2] (two paragraphs above
Proposition 2.1). Let p be a prime and C = (d; e1, e2, e3) be a type such thatd > p
ande; < pfori =1,2,3. Then

xP e Sc.»
as one may verify directly.
We therefore have that d = p = ¢; for all i. The inequalities (a) and (b) from

Definition 4 become

g1 >0, & >0, 8 <d—es, g1+ &2 <6.
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We conclude that for a given combinatorial type C and prime p, the base-
point divisor D = ¢1[0] + &2[1] — 8[oc] need not be unique. The linear series
corresponding to a solution (g1, &2, §) of the inequalities is

<'xpg7g>7 Wlthg :xsl(_x_ ])52.

Dynamical Belyi maps as considered in this example do exist; see [8, Cor. 2.5].
Here is a concrete instance. Choose p > 7 and d with p < d < 3(p — 1)/2 and k
suchthatd —p <k < (p—1)/2.LetC = (d;d —k,2k+1,d — k). The normalized
Belyi map of this combinatorial type is given in Proposition 3. The expression for
the coefficients a; in that lemma shows both that pla; ford — p+ 1 <i < d, and
that q; = (—l)kad,p,,- mod p for 0 < i < d — p (these are non-zero modulo p).
From this it follows that

f =xP.
Moreover, it follows that
g =ged(fy. f2) = ()" Pag_px?"P + - +ag € Fylx]

has degree d — p. The roots of the polynomial g correspond to base points of the
linear series.

Theorem 1 Suppose that f: P! — P! is a normalized dynamical Belyi map of
combinatorial type C = (d = p"d’; e, ez, e3), where p t d'. Then the reduction f
of f modulo p satisfies f(x) = x? if and only if e» < p".

Proof In the good monomial reduction case, i.e., where 7(x) =x? wehaved = d,
and the generalized ramification indices are ej = e3 = d and e, = p". Hence,
ey < p" is a necessary condition for good inseparable monomial reduction.

Conversely, let f be of combinatorial type C = (d = p"d’, ey, ez, e3) as in
the statement of the theorem and assume that e; < p". We claim that the map
g(x) = x% lies in Sc.p-

As before, we write 1 as the composition of the purely inseparable map of degree
p" and the separable map ¥’/ (x) = x9', and we write e}, e, €5 for the ramification
indices of ¥ at x = 0, 1, oo, respectively. Clearly, deg(y¥) =: d = d satisfies
d < d. Moreover, the ramification indices ¢; of g satisfy

e :=pley =d > ey,
e = p" > e, (by assumption),
e3:=pley =d > e3.
Choosing €1 = ¢ = § = 0, we see that i satisfies the combinatorial conditions in

Definition 4, so indeed ¥ € Sc, . By Lemma 2 and Proposition 6, we obtain that
f =g, i.e., that f has good inseparable monomial reduction modulo p. O
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Remark 7 Theorem 1 can be viewed as a special case of [8, Theorem 2.4],
which proves the existence of a (necessarily unique) (in)separable cover for any
combinatorial type (d; eq, e2, e3) by studying the combinatorial properties of the
e;. One can prove variants of the statement of Theorem 1 by specifying different
possibilities for the reduction f of f. This would amount to formulating conditions
on the ¢; for reduction types other than the good inseparable monomial one.

Example 6 Consider the combinatorial type C = (d = 15; e1,e3,e3 = d = 15).
The equation for the associated cover is given in [4, Proposition 5.1.2] and can
alternatively be determined from Proposition 2. Computing the reduction of f
modulo the primes p = 2,3, 5, and 7 yields the following table. We immediately
see that the results of the table are in accordance with Theorem 1.

e fx)yatp=2 Reduction
2 x4 Bad
3 x x4, 3 Good sep.
4 x 12 Bad
5 x4 x12 4 1 Good sep.
6 x4 4 312 4 410 Bad
7 a3 2 x4 419 4 %% | Good sep.
8 x8 Bad
9 x5 4 a8 &7 Good sep.
10 x4 4 x84 x6 Bad
11 oS a3 a8 X7 a6 i3 Good sep.
12 x12 4 x84 x* Bad

—_
W
=

15 L l2 4 Il (84 074 4403 Good sep.
14 4020 10 L (8 06 4y 12 Bad

~
=

e fx)atp=3 Reduction
er<p=3 x5 Good insep.
p=3<ex<2p=6 2x15 4212 Good insep.
2p=6<e<3p=9 x? Bad
3p=9<er<4p=12 2x13 4 x% &0 Good insep.
dp=12<er<5p=d=15 | x5 4 x'2 4+ x% 4+ 2x0 4 2x3 Good insep.
e fx)atp=S5 Reduction
e <p=>5 X Good insep.
p=5<e<2p=10 3x15 43510 Good insep.
2p=10<ey <3p=d=15 | x +2x1043%° Good insep.
e fxyatp=17 Reduction
e <7 x4 Bad

e =38 Sxl5 4 x4 4248 Good sep.

8<er <14 6x14 + 2x7 Bad
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6 Dynamics

Let f : P! — P! be a rational map, and let f* denote the nth iterate of f. The
(forward) orbit of a point P under f is the set Op(P) = {f*(P) : n > 0}. The
backward orbit of a point P under f is the set U:O=1{Q e Pl : f"(Q) = P}.
We say a point P € P! is periodic if f"(P) = P for some positive integer n. The
smallest such n is called the exact period of P. For a point P of exact period n, we
define the multiplier of f at P to be the nth derivative of f evaluated at P, denoted
by Ap(f). A point P is preperiodic if f*"(P) = f™(P) for some positive integers
n # m. If P is preperiodic but not periodic, we say it is strictly preperiodic. Let
PrePer( f, Q) denote the set of all rational preperiodic points for f. Our goal is to
determine PrePer( f, Q) for an interesting class of Belyi maps.

Theorem 2 Let f be a normalized Belyi map of combinatorial type (d; ey, e2, €3),
where d satisfies at least one of the following conditions:

1. p = 2is adivisor of d with valuation £ = vy(d)
2. p =3 isadivisor of d with valuation £ = v3(d)
3. d = p* for some prime p

Assume that ey < p*. Then PrePer( f, Q) consists entirely of all rational fixed points
for f and their rational preimages.

Recall that the condition e; < p® implies that f has good monomial reduction
modulo p (Theorem 1). To prove Theorem 2, we will use the following well-known
theorem.

Theorem 3 ([14, Theorem 2.21]) Let [ : IP}( — IP’}( be a rational function of
degree d > 2 defined over a local field K with residue field k of characteristic p.
Assume that f has good reduction and that P € P'(K) is a periodic point for f of
exact period n. Let m denote the exact period of P under the reduced map f, and let
r denote the order of the multiplier )»7(?) in k*. Then one of the following holds:

n=mrp’,e€Z,e > 0.

Proof (Proof of Theorem 2) Let p be a prime in one of the three cases of the
statement. To apply Theorem 3, we consider f as element of Q(x).

First suppose that d = p®. When we reduce f modulo p, we get f(x) = x¢
(Theorem 1). All points in P! (F p) are fixed points for f. Moreover, they are all
critical points because the derivative of f is identically zero, so the multiplier of
any point in I, is zero. In the language of Theorem 3, for any & € Q that is periodic
under f, we have m = 1 and r = oo. Therefore, n = 1, so any rational periodic
point for f must be a fixed point.

If2 | d, reduce f modulo 2 to get f(x) = x?. All points in P! () are fixed and
critical, so Theorem 3 implies that any periodic point for f in Q must also be fixed.
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Now assume that 3 | d. In the case that d is even, the points in P! (IF3) are all fixed
under the reduction ? of f modulo 3. In the case that d is odd, the points 0, 1, co are
fixed and f(—1) = 1. This implies that —1 is strictly preperiodic. In either case, the
only periodic points for f are fixed and critical, so once again Theorem 3 implies
that all rational periodic points for f must also be fixed points.

In all cases, the only periodic rational points for f are fixed points. Thus,
PrePer(f, Q) consists solely of rational fixed points and their rational preimages.

O

Remark 8 Each of the three conditions on primes dividing d in Theorem 2 ensures
that all periodic points for the reduced map f are fixed points. This is not always
true for arbitrary d and p. For example, if d = 35 and we reduce modulo 5, the
resulting map f(x) = x> on F5 contains a periodic cycle of length two: f(2) = 3
and f(3) = 2. If we instead reduce modulo 7, we see that f on IF7 also has a 2-cycle:
f(2) = 4 and f(4) = 2. Thus in this case, we cannot use Theorem 3 to deduce a
statement analogous to that of Theorem 2 because it is possible that f contains a
rational periodic point of exact period 2.

The following proposition gives a slightly stronger statement than Theorem 2 in
the first case of that theorem.

Proposition 7 Let f be the unique normalized Belyi map of combinatorial type
d;d —k,k+1,d). Write v := v2(d) for the 2-adic valuation of d. Assume that
k + 1 < 2V. Then the only fixed points of f in P*(Q) are x = 0, 1, co.

Proof Recall from Theorem 1 that the condition kK + 1 < 2" implies that f has good
monomial reduction to characteristic 2. As in Remark 5, we write

k .
— ,d—k e 1N o ifd—k+i—1
fx)=x (E ci(x 1)), with ¢; = (—1) < ; )

i=0

In particular, ¢y = 1. One easily checks that

2

f(X) “x d—k— ) i k—1 )
l’l(X) :m:< ; x’-i—x ;Ci+1(x—l)l).

Since f is branched at 3 points, we have that d — k > 2. It follows that

h(0)=1 (mod 2), h(l):d—k—l—( :

) =1 (mod 2).

Therefore, the reduction E(x) of h(x) modulo 2 does not have any roots in I, and
hence & does not have any roots in Q. Here we have used that & has good reduction
to characteristic 2, i.e., deg(h) = deg(h). This implies that /& does not have any
rational roots that specialize to oo when reduced modulo 2. O
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We will now look at one particular family of normalized Belyi maps and use
Theorem 2 to determine PrePer( f, Q). Let d > 3 be the degree of f. Consider the
following family:

fx) =—(d — Dx +dx?71. (17)
Recall from Example 1 that this is the unique normalized Belyi map of combinato-
rial type (d;d — 1,2, d).
Proposition 8 Ler f be defined as in Eq. (17). Then:

1. The only fixed points for f in P (Q) are 0, 1, and oo (for all d) and % (ford = 3).
2. The only additional rational points in the backward orbits of these fixed points
are ddTl (for all d) and—% (ford = 3).

Proof

1. The fixed points of f are the roots of f(x) —x = —(d — x? + dx?~1 — x,
which factors as follows:

fFO)—x=x(x—=D(=d—Dx 2+ x93 x4 4 4x+1).

By the rational root theorem, any non-zero rational zero of the above polynomial
is of the form %, where b divides d — 1. If % isarootof f(x)—x, then b satisfies:

pi-1

T =pI 24 p B3 4 b+ 1=4d. (18)

Claim Equation (18) does not have any integer solutions for d > 4.

Statement (1) immediately follows from the claim.

By inspection, it follows that b ¢ {0, =1}, so we may assume |b| > 2. Note
that we must have b < —2 because if b > 1, the left hand side of Eq. (18) is
strictly greater than d. Moreover, since b is negative, d must be even, since the
left hand side of Eq. (18) is positive. Since d > 4 and b < —2, we have:

d-2
Zbi > b2 4 pd3 = (—p)? (= + 1) >3.293 > 4.
=0

The claim follows.
2. We have the following by direct calculation:

d

-1

0 =10, —

S

Ifd =3, f~1(1) = {1, —%}. Otherwise, if d > 3, an argument similar to that

in Part 1 shows that £~1(1) (1 Q = {1}: Suppose that f(l—E) =1, where b € Z.
(By the rational root theorem, any such rational preimage is of this form.) Then,
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f (%) — 1 = 0, which, after factoring (x — 1) from the left hand side, gives the
following equation:

d—1
Zb" =d.
i=0

Note that b = 1 is one solution to this equation. Any other solution for b would
require b < 0 and in particular, b < —2. Therefore, d must be odd for the sum to
be positive. If d > 5, we have the following:

d—1
Zbi > bd—l +bd_2 > |b|d—2 > 2d—2 >d.
=0

Thus, f~1(1) N Q = {1}.
A direct calculation also shows that if d = 3, then —% has no rational
preimages, and % has no rational preimages except itself. It remains to show that

ddj has no rational preimages. Suppose f(;) = % for some relatively prime

integers a and b. The rational root theorem implies that a|d and b|(d — 1)2. After
clearing denominators, we have the following equation:

—(d—-1D%*%+dd - 1Da’"b—db? =0. (19)

Reducing modulo d — 1 yields —b¢ = 0, so (d — 1)|b%. Reducing modulo d
yields —a? = 0, so d|a?. Let p be a prime dividing d. Suppose that the valuation
vy(d) = k > land vy(a) = ¢, for 1 < £ < k. Then v,(—(d — 1)%a? +
d(d — a?"'b — db?) = k because v, (db?) = k and v, (—(d — 1)%a? +d(d —
Da%='b) > max{€?, k + ¢?=1} > k. This contradicts Eq. (19).

O

Corollary 3 Let f be the polynomial of degree d in the family defined in Eq. (17),
where either2 | d,3 | d, or d = p* for some prime p. Then:

1. PrePer(f,Q) =1{0,1,3, 1, -1 oo} ifd = 3.

2. PrePer(f, Q) = {o, 1,24 oo} ifd + 3.

Proof Theorem 2 states that PrePer(f, Q) consists solely of fixed points for f
and their rational preimages. Proposition 8 then completely describes all rational
preperiodic points for f. O

Remark 9 The statement of Proposition 8.(2) may be partially generalized. For
simplicity we restrict to the case that f is the unique normalized Belyi map of
combinatorial type (d; d — k, k 4+ 1, d). An explicit formula for f was determined
in Proposition 2. We use the terminology of that result.

In the proof of Proposition 2, we showed that the derivative of f satisfies

F1(x) = (=D¥ex? 1 — DE, with ¢ > 0.
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Distinguishing four cases depending on whether k and d are even or odd and
considering the sign of f’ yields the following statement for the real elements in
the fibers f~1(0) and f~1(1).

1. Suppose that d and k are both even. Then f~'(0) "R = {0} and f~ /(1) NR =
{1, B} for some B < 0.

2. Suppose that d is odd and k is even. Then f~1(0) "R = {0} and f~ (1) NR =
{1}.

3. Suppose that d is even and k is odd. Then f~1(0) N R = {0, y} for some y > 1
and f~'(1)NR = {1}.

4. Suppose that d and k are both odd. Then f~!(0) N R = {0, y} for some y > 1
and f~1(1) "R = {1, B} for some B < 0.

In particular, this determines the rational values in f ~10) and f ~1(1) in the
case that d is odd and k is even. In the other cases, in principle it is possible to
analyze when the real roots 8, y are rational, similarly to the proof of Lemma 8. In
Proposition 2, we showed that the leading coefficient of f(x) is cag = (—1)¥ (’1;1).
It follows that if 8 < 0 is a rational root of f(x) — 1, then we have

-1 ) d—1
B = W with b € N such that b | v )

Similarly, assume that y > 1 is a rational root of f(x). We use the expression
f(x) = x4k Zf:o ci(x — 1)! from Remark 5. Since co = 1 and ¢ = i( ;1) we
find

1 d—1
y=1+4+- withceNsuchthatc|< i )
c
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Abstract The conductor and minimal discriminant are two invariants that measure
the bad reduction of an elliptic curve. The conductor of an elliptic curve E over Q
is an arithmetic invariant. It is an integer N that measures the ramification in the
extensions Q(E[p*])/Q. The minimal discriminant A is a geometric invariant. It
counts the number of irreducible components of E (F,). When two elliptic curves
have the same conductor and discriminant, we call them discriminant twins. In this
paper, we explore when discriminant twins occur. In particular, we prove there are
only finitely many semistable isogenous discriminant twins.

Keywords Elliptic curves - Discriminant - Conductor - p-Adic Uniformization -
Isogenies
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1 Statement of Theorem

The conductor and minimal discriminant are two invariants that measure the bad
reduction of an elliptic curve. The conductor of an elliptic curve E over Q is
an arithmetic invariant. It is an integer N that measures the ramification in the
extensions Q(E[p*°])/Q. The minimal discriminant A is a geometric invariant. It
counts the number of irreducible components of E(F p)-

Definition 1 We say two curves E and E’ are discriminant twins if they have the
same minimal discriminant and conductor.

In the 1990s, Ribet and Takahashi gave a method to compute the degree of
parameterization of a semistable elliptic defined over QQ curve by a Shimura curve
[9]. Within each isogeny class, there is one elliptic curve such that this map has
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a connected kernel. This curve is called the optimal quotient. When computing
the Shimura degree, it is not known before which curve is the optimal quotient.
However, a by-product of the computation is the minimal discriminant of the
optimal quotient. Thus if we do not have any semistable, isogenous discriminant
twins, we can always compute the optimal quotient.

Our main theorem is as follows:

Theorem 1 (Main Theorem) Over Q, there are only finitely many semistable,
isogenous discriminant twins. In terms of LMFDB labels [13], they are
11a.1,11a.3, 17a.1, 17a.4, 19a.1, 19a.3, and 37b.1, 37b.3.

If we do not restrict to the semistable case, there are infinitely many discriminant
twins. Via twisting curves of conductor 37, we show there are infinitely many
isogenous and non-isogenous discriminant twins. Since we are twisting curves, this
gives us a family of discriminant twins with additive reduction and all with the same
Jj-invariants. Even though data hints that there are infinitely many semistable, non-
isogenous discriminant twins, we do not yet know how to show this. Further, the
results of Ribet and Takahashi on modular parameterization of elliptic curves by
Shimura curves can be generalized to elliptic curves over totally real number fields,
so we can ask about discriminant twins in this case as well. Unfortunately, while our
results generalize to totally real number fields, due to a plethora of units, we cannot
yet reach the same conclusion.

2 Elliptic Curves of Prime Conductor

The simplest case of semistable elliptic curves is those with prime conductor. Such
curves have been studied since the 1970s [11] and remain mysterious objects. We
don’t even know if there are infinitely many of them [4]. Due to Mestre’s method of
graphs, computing modular elliptic curves of prime degree has been considerably
easier than the general case.

Elliptic curves of prime conductor fall into three categories based on isogeny
classes and parameterization. First, there are those with singleton isogeny classes;
secondly, Neumann-Setzer curves, i.e., curves with a 2-isogeny and a rational
parameterization; and finally, the rest specifically curves with conductors 11, 17,
19, and 37.

Definition 2 A Neumann-Setzer curve is a curve of the form:

1
E:y2+xy=x3—u+ X2 +4x —u

where u = 3 (mod 4) such that p = u? + 64 is prime.

The discriminant is Ag of E is —(u? + 64)% and E is 2-isogenous to

u—+1
3_Mtloa_

E :y*+xy=x- 2 x
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with discriminant Az = u?+64 = p. Both curves then have conductor N = p. Up
to conductor 1000, the only Neumann-Setzer curves are those with conductors 73,
113, and 593. In fact there are only 83 Neumann-Setzer isogeny classes of curves
in the Cremona database which currently has largest conductor 379998, while there
are 3765 prime conductors.

In particular, we have the following theorem of Setzer.

Theorem 2 (Setzer [11]) Neumann-Setzer curves are the only curves with prime
conductor and non-singleton isogeny class except for the curves with conductors
11,17, 19, and 37.

The following table gives the conductor, N, and the discriminants, A, of the
curves in the non-singleton isogeny classes.

N| Ay Ay Aay A,
111 117 11 -
17 17 | 17% =172 17
19—-19 —193 —-19 —
N Ay, | Ap, | Apy | —
37 37 373 37  —

Corollary 3 ([11]) All elliptic curves with prime conductor that are not Neumann-
Setzer curves and not listed in the table have discriminant £ p.

Corollary 4 The only isogenous discriminant twins with prime conductor are those
listed in the table.

How far does this generalize? A natural generalization of curves with prime
conductor is semistable curves, i.e., those with square-free conductor. Searching
the Cremona database for semistable, isogenous discriminant twins yield only those
in the table. However, it’s easy to see that by twisting any of the discriminant twins,
we get infinitely many more. Searching Cremona’s database, we also find examples
of isogenous discriminant twins with additive reduction that are not twists of one of
these known semistable isogenous discriminant twins.

The rest of this paper will be structured as follows. Necessary background will
be given in the next section. The proof of Theorem 1 will then be broken up
into the different isogeny degree cases, all of which are proved in an analogous
manner: pick an isogeny graph, use Kubert’s parameterizations of torsion to write
out a parameterization of the curves with given torsion, use Velu’s isogeny formula
to write out the other curves in the isogeny class, write down discriminants
in terms of this parameterization, and run Tate’s algorithm to find restrictions
on parameterizations and discriminants. Finally, we discuss generalizations of
discriminant twins, in particular to the non-isogenous and number field cases.

All elliptic curves will be given in terms of their LMFDB labels. LMFDB labels
are similar to Cremona labels and allow one to search for the curve in the LMFDB.
See http://www.Ilmfdb.org/knowledge/show/ec.q.lmfdb_label for how the labels are
defined.
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3 p-Adic Uniformization of Elliptic Curves and Isogenies

Let K be a field and E an elliptic curve over K. Following Silverman [12], we can
write E as

y2+a1xy +azy =x3 +a2x2—|—a4x + ag

ai, az, as, a4, ag € K, with the usual invariants:

by = a12 + day by = 2a4 + ajas

bg = a32 + 4ay bg = alza() + 4araq — ayazag
+a2a§ — a‘%

c4 = b — 24by ce = —b% + 36byby — 216bg

A = —bybg — 8b; — 272 + 9brbsbe j

(c3 —c2)/1728

ci/A

As the discriminant depends on the choice of model, it is useful to work with
a fixed model. Over QQ, we can find a curve isomorphic to £ with discriminant
valuation minimal at each prime. We take this to be the minimal discriminant. By the
Laska-Kraus algorithm, we know the minimal discriminant of E over Q is unique
[6].

Since we will frequently change models, it is useful to have the following
notation. Let E, E’ be isomorphic elliptic curves defined over a field K with
isomorphism 7 : E — E’, with E given by

y2+a1xy +azy =x3 +a2x2—|—a4x + ag

and E’ by

y/2+a/1x/y/+aéy’:x’3+aéx’2+af‘x/+ag,

then we denote T = [u, r, s, t]. We can write T as

x =ulx' +r
y =udy +su’x' +1t
A=ul2n

Notice that T changes the discriminant by 12th powers of u.

If all of u,r,s,t € K, then we say 7 is defined over K, and thus E and E’ are
isomorphic over K or simply isomorphic. In general, T need not be defined over K.
The isomorphism 7 could instead be defined over some extension of K. When this
happens, E and E’ have the same j-invariants, j = j’, and we say E and E’ are
twists. In particular, we will be interested in quadratic twists of elliptic curves over
Q. The quadratic twist of E by d given in short Weierstrass form, denoted by E¥, is
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dy2=x3+Ax+B.

This isomorphism is defined over K (v/d). When the conductors N and d are
coprime, we see that it changes the discriminant by 6th powers of D where D is
the discriminant of Q(v/d). Similarly, it changes the conductor from N to N D2 [2].

Let E/Q be a minimal model with discriminant A. For each prime p dividing
A, we can examine E , the reduction of £ (mod p). The primes p that divide the
minimal discriminant A are exactly the primes where E is not smooth mod p,
i.e., the primes of bad reduction. Further, the primes dividing A can give a model
with bad reduction in two different ways. Either E' can have a singularity and one
tangent line, a cusp, in which case we say E has additive reduction, or £ can have a
singularity and two tangent lines, a node. If the slopes of the tangent lines are defined
over the residue field, we say E has split multiplicative reduction. Otherwise, if the
slopes are defined over some extension of the residue field, we say E has non-split
multiplicative reduction.

The conductor N of an elliptic curve E can be written explicitly as

Nzl_[pfp

rla

where f, = 1if E has a node (i.e., semistable reduction) at p, f, = 2if p > 5 and
E has a cusp (i.e., additive reduction), and f, =2+ 6 if p = 2,3 E has a cusp at
p, with § € Z. The conductor and minimal discriminant are both computable via
Tate’s algorithm [12]. An elliptic curve E is semistable if it has only multiplicative
reduction, i.e., if N is square-free. Note that the conductor is an isomorphism class
invariant; in fact, it does not depend on the choice of model. Further, the conductor
is actually an isogeny class invariant and does not depend on the choice of curve in
the isogeny class.

If K is a field of characteristic zero, then we can write E in short Weierstrass
form

yZ:x?’—l—Ax—i—B, A,B eK.

The isogeny defined by the composition T = [1, —b,/12, 0, 0]o[1, 0, —a1 /2, —a3 /2]
sends E to this form. Note that for both isogenies in the composition of 7, we
have u = 1, so the discriminant does not change. Thus if £/Q has a minimal
discriminant, so does the short Weierstrass form.

Let K be an algebraically closed field of characteristic zero. If E and E’ are
isogenous elliptic curves defined over K, then there is a nonconstant map that sends
identities to identities: & +— &’. Let u : E — E’ be an isogeny, then we can
write p as a rational map. In particular, if E and E’ are in short Weierstrass form

and (x,y) € E, u(x,y) = (fu(x) Lydfgf)) with f, € K(x) and y, € K*.
If we know the kernel of the isogeny, we can write down f, explicitly. Let C
be a finite, nontrivial subgroup of E(K) and write E in short Weierstrass form
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y? =x3 4+ Ax + B.If Q € E(K), denote the coordinates of Q by (x(Q), y(Q)).
Following Gonzélez’s reformulation of VElu’s formulas [3], we can write the
isogenous curve explicitly in terms of C. Let uc : E — E¢ denote the isogeny

given by e (x, ) = ( fe(), y452) with

_ HQ) u(Q)
Jer=x Qecz\{m (x X0 - x(Q))z) ’

where #(Q) = 3x(0)? and u(Q) = 2(x(Q)3+Ax(Q)+B). Thentake Ac = A—5¢,
t =2 pec\(ey1(Q) and Bc = B — Tw withw =3¢\ () (Q) + x(Q)1(Q)),
we can write E¢ as y2 =x34+ Acx + Be.

4 Infinitely Many Discriminant Twin Pairs

Proposition 5 There are infinitely many pairs of isogenous discriminant twins and
infinitely many pairs of non-isogenous discriminant twins over Q.

Proof Quadratic twisting preserves isogenies, i.e., E and E’ are isogenous if and
only if the twists E and E'? are isogenous [2]. We can prove both the isogenous
and non-isogenous cases at the same time. We begin by examining the curves
of conductor 37, as there are three curves in two isogeny classes with the same
conductor and discriminant giving us our initial curves to twist. These curves are
37a.1, 37b.1, and 37b.3, and all have conductor and discriminant 37. Let p # 37,
p = 1 (mod 4) so that the discriminant of Q(,/p) is p. Then the quadratic twists
of 37a.1, 37b.1, and 37b.3 by p all have conductor 37 p* and discriminant 37 p®.
Moreover, twisting commutes with isogenies [2], so the twists of 37a.1 and 37b.1
remain non-isogenous, while the twists of 37b.1 and 37b.3 remain isogenous. Thus
twisting 37a.1 and 37b.2 gives a family of non-isogenous discriminant twins, and
twisting 37b.1 and 37b.3 gives a family of isogenous discriminant twins.

With the exception of the original curves, all curves in either family will have
additive reduction at the prime p. While this gives infinitely many discriminant
twin pairs, it does nothing to address whether there are infinitely many semistable,
non-isogenous discriminant twins. Further, we do not even know if infinitely many
Jj-invariants occur among the discriminant twins.

Question I Do infinitely many j-invariants occur among all discriminant twin
pairs?
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5 Semistable Isogenous Curves

For semistable curves, we use the Tate curve parameterization over Q, to examine
how discriminants change under isogeny. For background and proofs, see Chapter
V, Sections 3-6 of [12]. Let K be a number field, fix a prime ideal p in the ring of
integers Zg, and let k be the residue field of p. Take K to be the completion of K
at p and vy = v to be the valuation map.

If E has multiplicative reduction, then there exists a unique parameter ¢ € Zg,
with v(g) > 1 such that E (K,) = E:/qz. Let y(E) = —c4/c6 € KpX/KpXZ. If
VY (E) € Ky, then E has split multiplicative reduction at p and E(Kp) = K, /q”.
If E has non-split multiplicative reduction at p, then for the extension L, =
Ky (Vy(E)) of Ky, E(Lp) = L}/ ¢”. Additionally, we can write the discriminant
and j-invariant of E in terms of its Tate parameter g: A(E) = g [[,»(1 — g™
with v(A(E)) = v(q), and j(E) = é + ano cnq", where the ¢, can be explicitly
described, so that v(j) = —v(q).

We now use Tate curves to study how discriminants change under isogeny. Let ¢
be a rational prime and p a prime of the field K. Let E and E’ be two £-isogenous
elliptic curves defined over K with split multiplicative reduction at p. Let E have
parameter ¢ and E’ have parameter ¢’. The £-isogeny and its dual can be written
explicitly:

Ky /g% — K /(gh" and K[ /(g — K, /q”
ur— u" v ™

for some integers n, m such that ¢" = (¢’)™ and nm = £. Since £ is prime, pick
n=1andm = £ and g = (¢’)*. Thus we can write precisely how the discriminant
changes, v(A) = Lv(A).

If E has non-split multiplicative reduction, then E’ does as well [12]. Then
E(L) = L;/qZ, E'(L) = L;/q’Z, and the same argument applies. Thus, if an
isogeny class has only two curves, as the isogeny between the curves must be prime
degree, we get the following corollary:

Corollary 6 Isogeny classes of size two with at least one prime of multiplicative
reduction cannot have discriminant twins.

When examining curves with only additive reduction, we quickly see that
curves with prime isogeny can be discriminant twins. The first such example
is for the curves 32.al, 32.a2,32.a3, and32.a4 which all have discriminants
29,2929 and — 22, respectively, and have the following isogeny graph where
each edge represents a 2-isogeny between curves.
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2

2

Again assuming a prime of semistable reduction, note that it follows from the
above discussion that if E has two prime isogenies £ and ¢’, then the curves E,
and Ey cannot have the same discriminant. Thus we are left with the prime power
isogeny case.

Now let’s examine isogeny classes with three non-isomorphic curves, E, E’, E”,
where there is a degree ¢ isogeny from E — E’ and another degree £ isogeny
from E/ — E”. Again we are assuming split multiplicative reduction at p. Then
we get the same Tate parameterization as before, g, g, ¢”, respectively, and get the
following sequence:

Ky /9" — K) /@) — K} /(g

If we start as before with ¢ = (¢’)¢, then there are two cases for the second
isogeny:

1. ¢’ = (¢")" and then v(A) = Lv(A) = £2v(A").

2. q" = (q)%, but this implies that ¢”” = g. As E and E” are non-isomorphic, over
K, they have distinct j-invariants; thus, they also do over K, and so ¢” # ¢ and
this case cannot occur.

Now instead assume ¢’ = g¢*. If ¢” = (¢’)¢, we are in analogous case 1, and
v(A") = tv(A") = 2v(A). If instead ¢’ = (¢”)¢ we have (¢")* = ¢*. If K, does
not contain £-th roots of unity, this implies that ¢” = ¢ and again this cannot occur.
If, however, K}, does contain the £-th roots of unity, this can and does occur. Over
Q) this occurs when p = 1 (mod ¢). Analyzing the discriminants, v(A) = v(A”)
and v(A’) = Lv(A) = £v(A”). In this case, we say that E and E” are £-discriminant
twins (Fig. 1).

Using the same notation as before, we summarize this in the following table. Let
q be the Tate parameter.

Corollary 7 If E' is a semistable elliptic curve with two £-isogenies, such that
E—E — E"

then v,(A(E")) =0 (mod ) forall p | A(E").

Proof Following the above table of all possible g-parameters for the Tate curves, in

the first two rows, ¢’ is already an £th power. The third case cannot occur. In the
fourth case, as v(¢”) > 1, ¢’ = ¢'/* must be an £th power so that the £th root is
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Fig. 1 Possible ¢’ and ¢” q q" Behavior
given a Tate parameter ¢ and 7 Vi - -
7 E — E" q (¢") not disc. twins

g | (¢H'V" |e-disc. twins
q"/*|(g"")" = g|not disc. twins
g"/*| (¢"/HY" |not disc. twins

inKy,. As E " is semistable, we do this for all primes dividing A(E”). Thus, modulo
units, A(E’) is an £-th power.

6 Main Theorem

The goal of this section is to show that there are only finitely many semistable,
isogenous, discriminant twin pairs of elliptic curves over Q. Locally, we see that
£-discriminant twins occur frequently but only when the two curves have prime
power isogenies. Using results of Mazur [8] and Kenku [5], we cut down on possible
isogeny degrees as follows: The only prime power isogeny degrees that occur for
semistable elliptic curves defined over Q are £ = 22 23, 24, 32, or 52 and have the
following prime degree isogeny graphs:

Isogeny Graph for 2° Isogeny Graph for 2°
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Kubert’s [7] parameterizations of curves with rational torsion allow us to
explicitly write the curves with prescribed torsion. Narrowing to semistable curves,
this allows us to examine isogenies of a given degree. We then study how the
discriminants of these curves change under isogeny. In this section, we go through
each case, 2",n = 2,3,4, and then 32,52, and find all possible semistable,
isogenous, discriminant twin pairs of each isogeny degree. To set notation, let
E, E’, E” be isogenous elliptic curves with isogenies of degree ¢ between E — E’
and E’ — E” and a degree £ isogeny between E — E”, so we have the following
sequence:

E—E — E".
When £ = 3 or 5, we need the following lemma.

Lemma 8 IfK = Qand{ = 3 or 5, E and E' have rational £ torsion and E" does
not.

Proof For any two £-isogenous curves defined over Q, E — E’, the kernel is either
Z./L7, rational torsion in E or wg, a Galois invariant subgroup. Thus one of E or
E’ must have rational £-torsion [10]. By Mazur’s theorem [8], the torsion subgroup
of an elliptic curve over Q is only divisible by ¢2 if £ = 2. Thus for £ > 3 and
£-isogenous elliptic curves

E—> E — E’,

either E and E’ both have ¢-rational torsion, £’ and E” both have ¢-rational torsion,
or E and E” have (-rational torsion. As E’ has two £ isogenies E’ — E” and
E’ — E, the dual of E — E’, and ¢ > 3, then the kernel of one of the isogenies is
Z/CZ. Thus E’ has £-rational torsion. By switching E and E” if necessary, we get
the first statement.

Now we can start the case-by-case work for £ = 2,3,5. All code for the
computations in the proofs is found in the appendix and can also be found on
Github: https://github.com/adeines/DiscriminantTwins. All three cases follow a
similar pattern of proof. First, we use the parameterization of curves with given
torsion as found in Kubert [7]. Next, we use the parameterization to find all the
torsion points. Once we have the torsion points, we write the curves in a form
which allows us to use Vélu’s formulas to find the other curves in the isogeny class
and write their discriminants in terms of the initial parameters. Finally, we assume
semistability and again use Tate curves to find the only cases in which discriminant
twins with semistable reduction can occur.

Theorem 9 There are no 5-isogenous discriminant twins outside the pair 11a.2
and 11a.3.

We start by proving a slightly stronger statement. Kubert gives the following
parameterization for curves with rational 5-torsion:

Eg,: y2 + (s —r)xy — rszy =x3 — rsx?

for some r, s € Z, r, s coprime and a rational point (0, 0) of order 5.
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Proposition 10 The only discriminant twins with 5-torsion occur when rs = %1
or are twists of said curves.

In fact what we show is that there are no semistable p-discriminant twins for
plrs.

Proof As above, let E, E’, E” be elliptic curves over Q such that there are £ = 5
isogenies E — E’ and E’ — E”, so we have the following sequence:

E—> E — E”

and we can assume both E and E’ both have rational 5-torsion (and that E” does
not). In terms of Kubert’s parameterization E has the form

y2 + (s —r)xy — rszy = x> — rsx?

for some r,s € 7 coprime and a rational point (0,0) of order 5. Then the
discriminant is

AE)=A=rs¢—1lrs —s°) € Z.

Using SageMath [14], we can compute all the points in E(Q)[5] in terms of r
and s. They are the point at infinity &, (0, 0), (rs, 0), (0, rs2), and (rs, rzs). Since
we know all the points in E(Q)[5], it is possible to use Vélu’s formula to explicitly
compute E’ [15].

y2 + (s —r)xy — rszy = x> + rsx?
— 5rs(r2 —2rs — sz)x — rs(r4 +10r3s — 57252 + 15rs° — s4)
Doing so we find
AE)Y = A =rs(r? — 11rs — s2)°.

Note that A(E) is already minimal at p | rs. To see this, pick any prime p
dividing rs. Note that c4(E) = r* — 12r3s + 14r2s> 4+ 12rs3 + 5% is not divisible by
p, Examining the parameterization of E by r, s, we can reduce mod p to get either:

3 3

y2+sxy =X 0ry2—rxy =X
where p divides r or s, respectively. Using Tate’s algorithm, as p t{ c4, E has
multiplicative reduction. As T2 —a\T —a, = T(T +s)or T(T —r) (mod p),
again where p divides r or s, respectively, both tangents are in I, and E has
split multiplicative reduction at p. Thus E’ and E” also have split multiplicative
reduction at p and we get the following sequence of Tate curve parameterizations:

Qy/q” — Qy/(q') — Qx5 /(g
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The possibilities for ¢” are as follows. If ¢” = (¢'/°)> = ¢, then we have ¢ = ¢”
and E = E” over Q,. Since we assumed that E and E” are isogenous and not
isomorphic, this cannot occur. Thus we have ¢” = ¢'/? and 25v,(A") = vp(A).
So 5-discriminant twins can only occur if ab is a unit or if we take a twist of E,
which will then have additive reduction.

Over Q, if ab = =1, then E is the elliptic curve with LMFDB label 11a.3
and discriminant 11, E’ is 11a.2 with discriminant 11°, and E” is 11a.l with
discriminant 11 [13], giving us all the semistable 5-discriminant twins.

Theorem 11 The only rational 3-discriminant twins are the 19a,, 19as, 37b,, and
37b3.

Proof This proof follows similarly to the £ = 5 case. If E has rational 3-torsion, we
can write E as

y2 +aixy +azy = x°

with a point of order 3 at (0, 0). Its discriminant is A = A(E) = a% (al3 — 27a3).
By using Tate’s algorithm, we see that A is minimal at all p | A unless p | a; and
p|a§.pr|a1 andp|a§,

ord,(A) = 9ord,(a3) + 3max{ord,(a1) + ord,(a3/3)} > 12.

In this case p12 | A and thus we can take an isomorphism [u, r, s, t] = [p, 0, 0, 0]
that changes the model of E to the form y> + ajp~'xy + a3p~3y = x°.
Assume that E is minimal at p | A. By Kraus’s algorithm, and noting that
cy(E) = al(a? — 24a3), E has semistable reduction unless p | a; and p | as.
As we are interested in semistable curves, we can assume (ap, az) = 1.

Again we use Sage to find all torsion points of E. We then write E in the form

y? = x4+ A(ar, a3)x + B(ai, a3),

and push the points onto this form As before, we proceed to use Vélu’s formulas to
find the curve E' = E/E(Q)[3]. Then A’ = A(E') = a3(a} — 27a3)>. Making
again the assumption that E’ has rational 3-torsion, equivalently, E’ is isogenous to
E” with E” and E non-isomorphic; A’ must be a cube by Corollary 7. The only
case where E and E” can be discriminant twins is if

Qx /" — Q5 /(gH" > Q) /Eg)”

where & is a 3rd root of unity in Q,. If p | a3, then ord,(A) = 3n for some n € Z
and ord, (A") = n, so this case does not occur, and we can only have a discriminant
twin in a3 as a unit.

Again assume that £ and E” are discriminant twins. Then a3 = +1 and E’ has
3-torsion, so we can write E’ as

y? +ajxy +ayy =x>
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with a point of order 3 at (0, 0). Its discriminant is A" = —a,33(—a/13 + 27a}) =
—a3(—a3 4 27a3)?. Further, A" = A(E") = —dj(—af + 27d5)>. As A" is a
cube and v,(A") = 3v,(A"), —a;3 +27a; = *1 and @} = —a]3 + 27a3. The
only integers (ar, a3), (a], ag) satisfying these relations are (—4, —1), (—10, —37)
corresponding to 37b.3 and 37b.2, (—3, —1), (—1, 0) (which give singular curves)
and (-2, —1), (—8, —19) corresponding to 194.3 and 19a.2. Thus we get the only
3-isogenous discriminant twins which are 375.3, 37b.1 and 194.3, 19a.1.

Finally, we examine £ = 2. If E has rational 2-torsion, then we can write E in
the form

y2 =x(x—85)x—r)= X3 = (r —i—s))c2 +rsx
for r, s € Q. Via the isomorphism x +— u2x, y u_3y, we can take r, s € Z.
Then A = 16r2s2(r — 5)? € Z. As before, we examine when this gives a minimal
model.

Lemmal2 Forp =2and p | A, if p | r and p | s, then either the curve is not
minimal or it has additive reduction.

Proof If p = 2, then E can be written as y? = x3 and
ordy(A) = 4 + 2ord, (1) + 2ords (s).

Ifeither 4 | s or 4 | r, then via the isomorphism [2, 0, 0, 0] we can reduce the model.
So assume ord; (s) = 1 and ordy(r) = 1. Then ¢4 = 16(a? — ab + b?). Then we fly
through Tate’s algorithm, and every outcome tells us that £ has additive reduction.

Thus we can assume p = 2 only divides one of 7, s, or r — 5. Without loss of
generality, assume 2 | r. Note that under the isomorphism [1, s, 0, 0], the model of
E changes to y2 = x3—(s+ (s —r))x>+s(s —r)x, and the torsion is parameterized
by the points s and s — r instead of s and r. So we can assume 2 | r without any
loss of generality. Then we have the following lemma.

Lemma 13 Assume 2 | r and 2 1 s. If2* || r, then E has good reduction; if 2" | r
for n > 4, E has multiplicative reduction, and if 2" | r for n < 4, E has additive
reduction.

Proof This follows from applying Tate’s algorithm.

Now, let p be any prime not equal to 2. As before, without loss of generality, let
p | r. Notice that then p | r ifand only if p | s + .

Lemma 14 If p | r and (r, s) = 1, then E has multiplicative reduction. Otherwise,
E has additive reduction or is not minimal.

Proof Ascq = 16(r2 —rs + s2), this follows from Kraus’s algorithm.



96 A. Deines

Now we repeat the process used for £ = 3,5 for £ = 22; we find the minimal
discriminants (via the previous lemmas) of the isogenous curves using VElu’s
formulas. Again, the SageMath code is in the appendix. These are

Ao = 27822 (r — 5)?
Ay =2"%r@r —s)*
Ay =274 (—=r +5)
Az =27%%%(r —s)

where Ep, E», and E3 are all 4-isogenous and factor through E = Ey. There are
three cases to check, A} = A, A; = A3z, and Ay = Aj. These are the following
relation:

=02 s -

As r and s — r are coprime integers, this forces s — r = 1, and the only solution is
s = 17, r = 16. This solution gives us the discriminant twin pair 17a.3 and 17a.4.

Thus the only case we have left to cover is the isogeny class of eight curves, all
connected by 2-isogenies. In particular, the last case is if E and E’ are 16-isogenous
curves. Let E - A — B — C — E’ be the chain of 2-isogenies. Then we can
write the discriminants of A and B in terms of C. Without loss of generality, let
t =r — s, then we can write

Ap = —2—452p82
Ap = 2784444
Ac = 27487242

As E — A is a 2-isogeny, for each p | A4, the power to twice p | Ag must
change by a multiple of 2 and similarly with B — E’. Thus the only way Ag = Apg
is if Ap = Ap = Apgs, which we’ve already shown only happens for 17a.1 and
17a.4, and this isogeny class only has four curves.

7 Number Fields

With a bit of care, the above proofs hold for semistable elliptic curves over some
number fields as well, by work of Anni and Siksek [1] where we can bound the
isogeny degrees. What we mean by a bit of care is that one must recognize that the
conductor is now defined as an ideal of the number field and that a global minimal
discriminant can only be defined if the number field has class number one. Thus
we are now only working up to units. Unfortunately, even with this machinery,
we cannot draw the same conclusions. For example, when ¢ = 5, we see that in
the parameterization, s must be a unit for a discriminant twin to occur. As the
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only units over (Q are £1, we find our bad case and move on. Over totally real
number fields, unit groups have infinite order, and thus we cannot draw the same
conclusions. However, over Q(\/E) for d = 2,3,5,7, 13, the parameterization
t = u" with u a generator of the unit group and —50 < n < 50, n # 0 does
not yield any discriminant twin examples. As expected, we do get an isogeny class
of at least three 5-isogenous curves exactly when 5 | n, so it is not due to isogeny
class structure. This leads to the following question.

Question 2 Does the 5-torsion parameterization yield infinitely many discriminant
twin pairs over number fields with infinite unit group?

Further, we examine instances of discriminant twins from the tables over Q(\/g)
in LMFDB. This number field is particularly nice as it has narrow class number one,
so the elliptic curves defined over this field have particularly nice global minimal
models, as when working over Q. Examining these tables, we examine instances of
discriminant twins from the tables over Q(«/g) as in LMFDB, we find that out of
all curves up to and including norm conductor 5000, there are 4605 isogeny classes
and 20 pairs of discriminant twins (including conjugates), 16 of which have additive
reduction and 4 with only multiplicative reduction. Most interestingly, all semistable
isogenous discriminant twin pairs came from those over Q.

Question 3 Are there finitely many semistable isogenous discriminant twin pairs

over Q(v/5)?

Question 4 What about over number fields in general? Or restricting to totally real
or totally imaginary number fields?

Question 5 Can we get more semistable isogenous discriminant twin pairs from
number fields that allow larger isogeny classes?

8 Semistable Non-isogenous Discriminant Twins

The data seems to support that there are in fact infinitely many semistable, non-
isogenous discriminant twin pairs over Q. We have computed all such pairs for all
curves up to conductor 299998 in the Cremona database [2]. More precisely, for
small values of X, we can easily compute the following functions:

#{N < X: 3 discriminant twins of conductor N}
#{N < X: 3E of conductor N}

k(X)) =

and similarly for semistable N, «y; and N with additive reduction, «,4. In Fig.2,
K, Kss, and kgq have been computed for all curves in the Cremona database up to
conductor 299998.
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#{N < X: 3 discriminant twins of conductor N}

Kk(X) =
#{N < X: 3FE of conductor N}

Kqq non-square-free (top) - red, ¥ All Curves (middle) - purple, «;s square-free (bottom) - blue
0.35
0.3

0.25
0.2
0.15

0.1

0.05

0 Se4 1e5 1.5e5 2e5 2.5e5 3e5

Fig. 2 Ratio of number of discriminant twin conductors up to X by number of conductors up to X

The final values:

K (299998) k55 (299998) | k4q (299998)
0.15189 = 0.26314 0.05223

Further, we have a computational method that seems to generate large numbers
of such discriminant twin pairs. This method is inspired by work of Howe and Joshi
[4]. By examining non-torsion, integral points on the family of curves of the form
y2 =x3 - 1728 A, for A square-free, we can find curves with conductor N = A.
If P = (x,y) is an integral point on y> = x> — 1728 A, then (x, y) correspond to
the c4, ce pair of a curve with discriminant A, and as A is square-free, the curve
has conductor N = A. Thus if we could make a statement about some subfamily
always having two non-torsion, integral points, we would be able to show there are

infinitely many non-isogenous, semistable, discriminant twins.

Conjecture 15 There are infinitely many semistable non-isogenous discriminant
twin pairs.

With the data from graph Fig. 2, we can also ask the following questions.
Question 6 Do discriminant twin pairs occur with positive density?
Question 7 Do semistable non-isogenous discriminant twin pairs occur with posi-

tive density?

Acknowledgements The author would like to thank Ben Lundell for many helpful discussions
and the referee for pointing out a hole in Proposition 6.3, noting simpler Weierstrass equations,
and other useful comments.
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Appendix

All of the discriminant twins code is written in SageMath [14]. It works with Sage
6.0 or higher. It should work with much older versions of Sage as well, but I have
not tested this.

5-Isogenies

R.<t>=QQ[]

Q = R.fraction_field ()

E = EllipticCurve ([(1—-1t),—t,—t,0,0])
print ’’Original Discriminant’’
print E.discriminant (). factor ()

def Point(E, xcoord,ycoord):
P = E.defining_polynomial ()
if P(x = xcoord,y = ycoord,z=1) ==

pass
else:
print P(x = xcoord,y = ycoord,z=1)
raise ValueError, ’’Point must lie on curve’’

return [xcoord,ycoord]

def add_points(E,P,Q):
INPUT: curve and two points
OUTPUT: lambda and nu from silverman

LI L) LR

xl,yl =P

x2,y2 =Q

al = E.al ()
a2 = E.a2()
a3 = E.a3 ()
a4 = E.ad ()
a6 = E.a6 ()
if x1 != x2:

lam = (y2—yl)/(x2—x1)
nu = (ylsx2—y2x*x1)/(x2—x1)
if x1 == x2:
lam = (3#x172+2xa2xx1+ad—alx*xyl)/(2xyl+alxx1+a3)
nu = (—x173+adsx1+2xa6—a3xyl)/(2xyl+alxxl+a3)
x3 = lam”2+alxlam—a2—x1—x2
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y3 = —(lam+al)*x3—nu—a3
return Point(E,x3,y3)

def neg_point(E,P):

s L) ERE)

INPUT: a curve and a point
x0,y0 = P
x1 = x0
yl = —y0—-E.al ()*xx0—-E.a3 ()
return Point(E,x1,yl)

P1 Point (E,0,0)

#P2 = point at infinity

P3 = Point(E,t,0)

P4 = Point(E,0,t)

P5 = Point(E,t,t"2)

u =1

r = —(E.al (O)"2+4%E.a2())/12
s = —E.al()/2

tt = —(E.a3(O)+r*E.al ())/2

EAB = E.change_weierstrass_model ([u,r,s, tt])

def Pnew (Enew,P):
x0,y0 = P
xnew = x0—r
ynew = y0—sxx0+s*r—tt
return Point (Enew, xnew , ynew)

def t_tilde (EABform,Q):
x0,y0 = Q
A = EABform. a4 ()
return 3xx0"2+A

def u_tilde (EABform,Q):
x0,y0 = Q
A = EABform. a4 ()
B = EABform. a6 ()
return 2x(x0"3+Axx0+B)

A = EAB.a4 ()
B = EAB. a6 ()
t_total =0
w_total = 0

A. Deines
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[Pnl,Pn3,Pn4,Pn5]

= t_total + t_tilde (EAB,Q)

= w_total + (u_tilde (EAB,Q)+Q[0]=*t_tilde
(EAB,Q))

A — S5%t_total

=B — 7xw_total

= EllipticCurve ([0,0,0,AC,BC])

C:

for Q in C:
t_total
w_total

AC =

BC

EC

print

>’5—isogenous

Discriminant’’

print EC.discriminant (). factor ()

3-Isogenies

R.<A1,A3>=QQ[]
R.fraction_field ()
EllipticCurve ([A1,0,A3,0,0]);

nt ’’Original Discriminant,’’

print E.discriminant (). factor ()

Q:
E

pri

def Point(E, xcoord,ycoord):
P = E.defining_polynomial ()

def

if

P(x

= xcoord ,y = ycoord,z=1) ==

pass
else:

print P(x
raise ValueError,

return

xcoord ,y = ycoord,z=1)
>’ Point must lie on curve’’

[ xcoord , ycoord]

curve and two points

lambda and nu from silverman

= (y2—-yl)/(x2—x1)
nu = (ylxx2—y2xx1)/(x2—x1)

add_points (E,P,Q):
INPUT:
OUTPUT:
xl,yl =P
x2,y2 =Q
al = E.al ()
a2 = E.a2()
a3 = E.a3()
a4 = E.a4 ()
a6 = E.a6 ()
if x1 != x2:
lam
if x1 == x2:
lam

101

= (3xx1"2+2xa2xx1+ad—alxyl)/(2xyl+alxx1+a3)
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nu = (—x173+adxx1+2xa6—a3xyl)/(2xyl+alxxl+a3)
x3 = lam”2+alxlam—a2—x1—x2
y3 = —(lam+al)*x3—nu—a3
return Point(E,x3,y3)

def neg_point(E,P):

INPUT: a curve and a point

LI L) LR

x0,y0 = P
x1 = x0
yl = —y0—E.al ()*x0—E.a3 ()

return Point(E,x1,yl)

P1 = Point(E,0,0)

P2 = add_points (E,P1,P1)

u =1

r = —(E.al (O)"2+4%E.a2())/12
s = —E.al ()/2

t = —(E.a3()+rxE.al ())/2

EAB = E.change_weierstrass_model ([u,r,s,t])

def Pnew (Enew,P):
x0,y0 = P
xnew = x0—r
ynew = y0—sxx0+s*r—t
return Point (Enew, xnew , ynew)

Pnl = Pnew (EAB,P1)
Pn2 = Pnew (EAB,P2)

def t_tilde (EABform,Q):
x0,y0 = Q
A = EABform. a4 ()
return 3xx0"2+A

def u_tilde (EABform,Q):
x0,y0 = Q
A = EABform. a4 ()
B = EABform. a6 ()
return 2x(x0"3+Axx0+B)

A = EAB. a4 ()
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B = EAB. a6 ()
t_total =0
w_total = 0
C = [Pnl,Pn2]
for Q in C:
t_total = t_total + t_tilde (EAB,Q)
w_total = w_total + (u_tilde (EAB,Q)+Q[O0]*xt_tilde
(EAB,Q))

AC = A — 5xt_total

BC = B — 7xw_total

EC = EllipticCurve ([0,0,0,AC,BC])
r = A172/12

s = Al/2

t = —9%A3/2

ECl1 = EC.change_weierstrass_model ([1,r,s,t])
print ’’3—isogenous discriminant’’
print ECIl.discriminant (). factor ()

2-Isogenies

<r,s,u>=QQ[]
R. fraction_field ()
EllipticCurve ([0, —(r+s),0,r*s,0])

R.
Q
E

def Point(E, xcoord,ycoord):
P = E.defining_polynomial ()
if P(x = xcoord,y = ycoord,z=1) ==

pass
else:
print P(x = xcoord,y = ycoord,z=1)
raise ValueError, ’’Point must lie on curve’’

return [xcoord,ycoord]

def add_points(E,P,Q):
INPUT: curve and two points
OUTPUT: lambda and nu from silverman

5 L) )

xl,yl =P
x2,y2 =Q
al = E.al ()

a2 = E.a2()
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a3 = E.a3 ()
a4 = E.ad ()
a6 = E.a6 ()
if x1 != x2:

lam = (y2—yl)/(x2—x1)
nu = (ylsx2—y2x%x1)/(x2—x1)
if x1 == x2:
lam = (3xx17242xa2xx14+ad4—al*xyl)/(2xyl+al*x1+a3)
nu = (—x1”"3+adx*xx1+2%xab6b—a3x*xyl)/(2*xyl+alxx1+a3)
x3 = lam”™2+alxlam—a2—x1—x2
y3 = —(lam+al)*x3—nu—a3
return Point(E,x3,y3)

def neg_point(E,P):

Pl
P2
P3

uu
rr
Ss
tt

LI L) ERE)

INPUT: a curve and a point

s L) L)

x0,y0 = P
x1 = x0
yl = —y0—E.al ()*x0—E.a3 ()

return Point(E,x1,yl)

Point (E,0,0)
Point (E,s,0)
Point (E,r,0)

1
—(E.al()”2+4xE.a2())/12
—E.al ()/2
—(E.a3(O)+rrxE.al ())/2

EAB = E.change_weierstrass_model ([uu,rr,ss, tt])

def Pnew (Enew,P):

x0,y0 = P

xnew = xO0—rr

ynew = y0—ssxxO+ssxrr—tt
return Point (Enew, xnew , ynew)

Pnl = Pnew(EAB,PI)

Pn2

= Pnew (EAB,P2)

Pn3 = Pnew(EAB,P3)

def t_tilde (EABform,Q):
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x0,y0 = Q

A = EABform. a4 ()
return 3xx0"2+A

def u_tilde (EABform,Q):

x0,y0 = Q

A = EABform. a4 ()

B = EABform. a6 ()
return 2x(x0"3+Axx0+B)

A = EAB.a4 ()
B = EAB. a6 ()
t_total =0
w_total = 0
Cl = [Pnl]

for Q in Cl1:

t_total = t_total + t_tilde (EAB,Q)
w_total = w_total + (u_tilde (EAB,Q)+Q[O]*xt_tilde
(EAB,Q))
AC1 A — S5xt_total
BCl = B — 7«w_total
ECl1 EllipticCurve ([0,0,0,AC1,BCI1])

t_total =0

w_total = 0
C2 = [Pn2]
for Q in C2:
t_total = t_total + t_tilde (EAB,Q)
w_total = w_total + (u_tilde (EAB,Q)+Q[O]*xt_tilde
(EAB,Q))

AC2 = A — 5%xt_total
BC2 = B — 7«w_total
EC2 EllipticCurve ([0,0,0,AC2,BC2])

t_total =0
w_total = 0

C3 = [Pn3]
for Q in C3:
t_total = t_total + t_tilde (EAB,Q)
w_total = w_total + (u_tilde (EAB,Q)+Q[O]*xt_tilde
(EAB,Q))
AC3 = A — 5%xt_total
BC3 = B — 7«w_total
EC3 = EllipticCurve ([0,0,0,AC3,BC3])
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print ’’Discriminants’’

print D0’ , E.discriminant (). factor ()
print 'DI1’, ECl.discriminant (). factor ()
print D2’ , EC2.discriminant (). factor ()
print D3’ , EC3.discriminant (). factor ()
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Abstract It is known that for a smooth hyperelliptic curve to have a large a-number,
the genus must be small relative to the characteristic of the field, p > 0, over which
the curve is defined. It was proven by Elkin that for a genus g hyperelliptic curve C
to have ac = g — 1, the genus is bounded by g < 37’7 In this paper, we show that
this bound can be lowered to g < p. The method of proof is to force the Cartier-
Manin matrix to have rank 1 and examine what restriction that places on the affine
equation defining the hyperelliptic curve. We then use this bound to summarize what
is known about the existence of such curves when p = 3,5 and 7.

Keywords Hyperelliptic - Curve - a-Number - p-Rank - Cartier operator -
Cartier-Manin matrix
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1 Introduction

Associated with an algebraic curve defined over a field of positive characteristic
p are a number of invariants used to better understand the structure of the curve,
such as p-rank, Newton polygon, Ekedahl-Oort type, and a-number. Knowing if
and when certain properties of a curve exist gives information about the moduli
space of smooth projective curves of genus g over a field k. Studied here is the
a-number of hyperelliptic curves of genus g. The a-number ac of a hyperelliptic
curve C defined over an algebraically closed field k of characteristic p > 0
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is ac = dimgHom(ap, Jac(C)[p]), where « is the kernel of the Frobenius
endomorphism on the additive group scheme G,. While the a-number of a curve
is easily computable, there are still many open questions about this invariant.

For an algebraic curve of genus g defined over C, its Jacobian will have p2¢
p-torsion points. However, for a curve in characteristic p, the number of p-torsion
points drops to p/¢, where 0 < fc < g. We define f¢ to be the p-rank of the curve.
A generic curve of genus g will have fc = g. It must also be that the a-number is
bounded above by g — fc, so a typical curve of genus g will have ac = 0. This
means curves with larger a-numbers do not occur as often, and in fact curves with
ac = g are very rare. An algebraic curve with ac = g, called a superspecial curve,
has the property that its Jacobian is isomorphic to a product of supersingular elliptic
curves [7]. Because superspecial curves are as far from ordinary as possible, they
are a popular topic for research.

For a curve to have a large a-number, the genus of that curve must be small
relative to the characteristic p > 0 of the field over which the curve is defined. It
is a result of Ekedahl [1] that for any curve with ac = g, the genus is bounded by

-1 -1
g =< M If the curve is hyperelliptic and ac = g, then g < P 5

If superspecial curves occur the least, then the next most infrequently occurring
type of curve should be one with ac = g — 1. The next question that can be asked
then is what kind of bound exists on the genus when ac = g — 1, and for any
known bound, is that bound attained? It should be that the genus must still be small
relative to the characteristic of the field. For a curve with ac = g — 1, it was shown
by Re [8] that g¢ < p?. In fact, Re’s results were more general, giving the bound

-1
g<(g—ac+ I)M + p(g —ac) on the genus of a curve with any a-number.

Further results by Elkin [2] show that for a hyperelliptic curve with ac = g — 1,

3
the bound on the genus is even lower: g < 7‘0 Elkin’s bound was also proven more

2
generally, showing thatif g —a < % _ 2, then there are no hyperelliptic curves of
p

3
genus g with ac > a. Work by Johnston [4] confirms Elkin’s bound of g < _p'

While these general results are useful, it is not clear whether the bound is
optimal for a given a-number. The goal of this paper is to explore this bound when
ac = g — 1 and show that it can be lowered even further. The following result is
proven in Sect. 3.

Theorem 1 Let ¢ > p where p is an odd prime. Then there are no smooth
hyperelliptic curves of genus g defined over a field of characteristic p with a-number
equalto g — 1.

These results show that for a hyperelliptic curve with a = g — 1, the bound on
the genus is even lower than was previously known. We must actually have g < p
for such a curve to exist. Section 4 summarizes what this bound looks like for small
fields.
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Based on computations for p = 5, p = 7, and p = 11, it seems possible that this
bound may be even lower when p > 3. When g = p — 1, for a genus g hyperelliptic
curve to have a = g — 1, its affine equation y> = f(x) must take on a particular
form. This is discussed in Sect. 5.

2 Background Information

2.1 The Cartier Operator

Let K = k(x, y) be the algebraic function field of a hyperelliptic curve C given by
y2 = f(x),and letd : K — £21(K) be the canonical derivation of elements in K.
For a holomorphic 1-form w € H%(C, .Qé), we can write it as w = d¢ +nPxP1dx
with ¢, n € K.

Definition 1 The modified Cartier operator C' : H O, .Qé) — HY%cC, .Q(l:) is
defined for w given as above by C/(w) = ndx.

For a full discussion on the Cartier operator as well as the modified Cartier operator,
see [10].
A canonical basis for HO(C, .Qé) is given by

{ xi—ldx ) }
w; = l<i<gy.
y

We want to consider what the modified Cartier operator does to these basis elements.

N
Recall that C is given by y2 = f(x), and if we let f(x)P~D/2 = ijxj where
Jj=0

-1
N = pT(Zg + 1), then we can rewrite w; as follows:
N
w; =x' "1y PyPldx = yPxi! ijxfdx
j=0
i+j—1 x'P 1
=y~P Z wjx ™t dx +ZK([+1)p—iy_pxp_ dx.
I

J
i+j#0(mod p)

The highest possible power of x is N +i — 1,so0lp+p —1 < N +i — 1, which
forces
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N+i 1 2¢ —2i+1 1
0<l< _H—l:g——— g2+l <g—=.
p 2 2p 2

This means the sum in the second term is over 0 <[ < g — 1. Thus we can now see
that

g—1

I
_ 1/p X
Cl(w;) = K(l+1)p—i;dx’
=0

This shows that C’ is a map on H 0, .Qé) and we can represent its action on the
basis with a matrix. If we write @ = (wy, ..., @), then

C'@)=AYPy

where A is a g x g matrix [a;;] with a;; = kp;—;.

Definition 2 The matrix A described above is the Cartier-Manin matrix of the
hyperelliptic curve C of genus g defined over k.

2.2 p-Rank and a-Number

~

The group scheme u, = Spec(k[x]/(x — 1)?) is the kernel of the Frobenius
endomorphism on the multiplicative group G,, = Spec(k[x,x~']). The group
scheme «, = Spec(k[x]/x?) is the kernel of the Frobenius endomorphism on the
additive group G, = Spec(k[x]). For more on group schemes, see [9].

The p-rank of a hyperelliptic curve C is fc = dimgHom(up, Jac(C)[p]). An
equivalent definition of the p-rank is that it is the positive integer fc such that
Jac(O)[pl(k) = (Z/pZ)fc, so #Jac(C)[pl(k) = pfc. We see that 0 < fc < g,
where ¢ = dim(Jac(C)). A curve is called ordinary if fc = g and non-ordinary
otherwise.

The a-number of C is ac = dimgHom(«p,Jac(C)[p]). We also have
0 <ac < g,and in fact ac < g — fc. Curves with ac = g are called superspecial
and do not occur often, due to the fact that a typical curve of genus g has fc = g.
Curves with ac = g — 1 are forced to have fc = 0 or fc = 1 which limits their
occurrences.

The a-number is also related to the rank of the Cartier-Manin matrix introduced
above. For an abelian variety X of dimension g, such as the Jacobian of a genus g
hyperelliptic curve, the Frobenius operator F : X — X () is the p-th power map on
X, and the Verschiebung operator V : X(”) — X is the map such that V o F = [p],
the multiplication-by-p map. The a-number is also defined [5] as the dimension
of the kernel of the action of V on H°(X, .Q}l(). If we let v = dimV HO(X, .Q}l(),
this gives us that ac = g — v. It is also known for a smooth projective curve C,
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such as a hyperelliptic curve, that the action of the Cartier operator on H°(C, .Qé)
agrees with the action of V on HO%Jac(C), .leac(c)) ~ HYC, .Qé) [6]. Since we
can express the action of the Cartier operator on H(C, Qé) with the Cartier-Manin
matrix A, we see that ac = g — rank(A).

It turns out that associated with any abelian variety X of dimension g is a short

exact sequence
0— H°X, 2}) - Hix(X) - H°(X, 2}) - 0.

The Frobenius operator acts on H%(X, £2 ;() in this sequence, and the Verschiebung
operator acts on HL}R(X) SO HO(X, .{2)1() = VH;R(X).

For the sake of notation, we will let ac = a for the rest of this paper. In studying
hyperelliptic curves with a = g — 1, we will thus be looking for curves with a
Cartier-Manin matrix of rank one. We will utilize the fact that for a matrix of rank
1, there is at least one nonzero entry, and every 2 x 2 minor has determinant 0.

3 Results

In this section, we will use the following notation. Let C be a hyperelliptic curve
2g+1

given by the equation y> = f(x) where f(x) = Z cix' with ¢; € k where k is an
i=1

algebraically closed field of characteristic p > 0. Note that by a change of variables,

we can assume ¢ = 0 and 041 = 1. We will assume that C has a = g — 1. Then

we will define the coefficients «; as follows:

(554)ee+n |
fEPIE= Y Gx

i=0
andx; = 0ifi < pT_l ori > (pT_l)(Zg—i— 1). The Cartier-Manin matrix A associated
with C is the g x g matrix [a;;] where a;; = kp;— ;. We will denote row m of A by
A,,. For C to have a-number equal to g — 1, A must have rank one.

Theorem 2 Let g > p where p is an odd prime. Then there are no smooth
hyperelliptic curves of genus g defined over an algebraically closed field of
characteristic p with a-number equal to g — 1.

Proof We will proceed by considering two separate cases: first when g > p and
then when g = p.

Case1: Letg > p where p is an odd prime. We consider the entries a; j = Kp;—;
of the Cartier-Manin matrix A. Since k; = O for 0 < i < pT—3’ ay,j is possibly
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nonzeroforl < j < 2 ;r and a; j = 0 for £ ;’3 < j < g. The largest nonzero term
of f(x)P~ /2 is x8P=DHP=D2 50 k(1) (p-1)/2 = Kgp—(s—(p-1)/2) = 1 and

any larger-indexed coefficient is zero. This means a, j = Oforl1 < j < g — pT'H
and a,_; is possibly nonzero for g — ‘"T_l <j<g.
Now let us suppose that g = p + m for some integer m > 1. We have
(p—1))/2
ar iz = k- =i
and ay (p+1)/2+m = 0, since ay (p+1)/2 is the last nonzero entry in Aj. Also,
ag (p+1)/2 =0,sincea, j =0forl < j < g— PH = %4+m and m > 1. Hence

g, (p+1),2 is possibly the last zero term in Ag, 1f m = 1. Lastly, ag (p+1),24m = 1,
sinceg—‘"T_1=p+m+p;1 p+1
Using this 2 x 2 minor, we get

+ m, which is the first nonzero term in Ag.

ar,(p+1)/2 - Ag,(p+1)/24+m — Ag,(p+1)/2 - A1,(p+1)/24m = 0,

which means cgp_l)/z -1 —0-0 = 0. This forces ¢y = 0. But then
2g+1 2g+1
fx) = Z cx' = x? Z cix' "< is not squarefree and C is not a smooth

curve. Therefore when g > p, there are no smooth hyperelliptic curves of genus g
defined over a field of characteristic p with a-number equal to g — 1.

Case 2: Let g = p where p is an odd prime. We again consider the ¢; ; in the
Cartier-Manin matrlx There will be g — p—'H zeros in A1 and Ag. For g = p, this
means the last 2 T entries of A| are zeros and the first E entries of A, are zeros.

(p—1)/2

As above, Kp 1 =0 and k(2g4+1)(p—1)/2 = Kop2—p—1)/2 = = 1. We will assume

c1 #0so that C is not singular at x = 0. This gives us an idea of what A looks like:

(p—D/2
Kp-1 p—1 K p—1 c 0 0
T +7 o+l 1
K p—1 K p—1
2l 4p (=1 s
Kap2_p-i 1o Kop2o g Kop2_p-i
opel_pgl et Raptepel gy C2ioeml
0 0 1 Kapopor | oo Ko2opor pot
2 2 2

We can again consider the 2 x 2 minors of A, or we can simply use the fact that
because tkA = 1, every column of A is a scalar multiple of the middle column.
The columns to the left of the middle column must be zero since the last entry of
the index prl column is 1 while the last entry of the previous columns is zero. The
columns to the right of the middle column must also be zero since the first entry of
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the index pT_l column is cgp_l)/z

is zero. This means f (x)?~1/2 has the following form:

# 0 while the first entry of the following columns

f(x)(p_l)/z ZK xP=D/2+ip _ (p— l)/2h(xp)—x(p l)/2h(x)f7

where h(x) = Zl —0 Kpt l.pxi and where the last equality is a conse-

quence of the multmomlal theorem in characteristic p > 0. Thus, since
f) =x(c1+ox+...+x2) = x f(x), we see that f(x)P~D/2 = h(x)P.
Then we see that any root of I is a root of f (P=D/2 with multiplicity p, making
it a root of f with multiplicity greater than 1. Thus f is not squarefree and hence
C is a singular hyperelliptic curve. Therefore, when g = p there are no smooth
hyperelliptic curves of genus g defined over a field of characteristic p with a-number
equaltog — 1.

4 Computations and Examples for Small Primes

4.1 Forp=3

We see from Elkin’s bound that hyperelliptic curves defined over F3 witha = g — 1
will only occur when g < 5. By Theorem 2, in fact such a curve will only occur
for g < 3. Genus 3 hyperelliptic curves have been studied extensively, and it was
previously known that curves with a = 2 do not exist [3]. It is also known that genus
2 hyperelliptic curves with a = 1 exist for all p > 3. Hence for p = 3, genus 2
hyperelliptic curves are the only hyperelliptic curves witha = g — 1.

4.2 Forp=S5

According to Elkin’s bound, hyperelliptic curves with a = g — 1 will only occur
when g < % For p =5, it is known that such hyperelliptic curves exist with genus
2 and with genus 3 [3]. When g = 3, they in fact occur with both p-rank 0 and 1.

It is next worth investigating g = 4, 5, 6, and 7, but Theorem 2 in Sect. 3 shows
that for g = 5, 6, and 7, there are no smooth hyperelliptic curves of such a genus
with a = g — 1. It can be shown that if we assume C is a genus 4 hyperelliptic curve
with @ = 3 defined by y?> = f(x), then f(x) = x(x +2cg)> (x + ¥/cs)>. This means
there are no smooth hyperelliptic curves of g = 4 with a = 3 defined over a field
of characteristic 5. Hence, the case p = 5 is completely determined, with curves
having a = g — 1 only existing when g =2 and g = 3.
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4.3 Forp=17

Elkin’s bound for p = 7 gives that for a hyperelliptic curve witha = g — 1, we
must have g < %, so we are interested in looking for curves with genus up to 10.
Theorem 2 shows that such a curve will not exist with g > p, so in fact we only
need to study g = 2,3,4,5, and 6. It was previously shown that genus 2 curves
exist with a = 1 in characteristic 7.

Hyperelliptic curves of genus 3 with a = 2 exist, and as occurs for p = 5, they
exist with p-rank both 0 and 1. In this case, as expected, there are far more such
curves with p-rank 1 than p-rank O defined over [F7.

It is still unknown whether or not curves of genus 4 exist with a = 3. The Sage
code shown in Sect. 6 was used to determine that genus 4 hyperelliptic curves with
a defining polynomial of the form f(x) = cjx + cax? + ...+ cgx® + x2 do not
exist over [F7. We note that there could still exist a curve with either cg # 0, cg # 1
or c1g # 0 and the desired a = 3 defined over 7, so this was not an exhaustive
search. After checking 1,000,000 hyperelliptic curves defined over [F49 with branch
points fixed at x = 0, 1, and oo, none were found to have a = 3. This code can
also be seen in Sect. 6. However, this is a very small portion of the total number of
curves defined over [F49, and it is possible that such a curve could exist over a larger
extension of [F7.

When g = 5, we see similar results. It is still open whether or not curves of genus
5 exist with a = 4. It has been checked in Sage that there are no such hyperelliptic
curves over [F7 with defining polynomial of the form f(x) = c;x+.. Acpox 04411
(again a non-exhaustive search). We next checked for curves branched at 0 and oo
defined over F49. In this case, we use information from the Cartier-Manin matrix,
again forcing the matrix to have rank one, to further shrink the search space. After
checking 30,000,000 random curves under these restrictions, none were found to
have a = 4. We note again that this is only a small portion of the curves defined
over [F49, and those checked were only curves in a restricted search space, since
there could exist a genus 5 hyperelliptic curve defined over [F49 with no rational
ramification points having a = 4.

For genus 6 curves, it can be shown that if we assume C is a genus 6 hyperelliptic
curve with @ = 5 defined by y?> = f(x), then f(x) = x(x + 3c12)’(x + J/co)’.
Thus, there are no smooth hyperelliptic curves of genus 6 witha = S when p = 7.

S Further Lowering the Bound

Without any known examples of algebraic curves of genus g > 3 witha = g — 1,
it is unclear whether or not it is possible to lower the bound on the genus any
further. Future work in this area could include exploring the cases of g = p — 1 and

g=p—2



The a-Number of Hyperelliptic Curves 115

As stated in Sects. 4.2 and 4.3, neither smooth hyperelliptic curves of genus 4
with a = 3 nor smooth hyperelliptic curves of genus 6 with a = 5 exist when
p = 5or p =7, respectively. It can also be shown that if we assume C is a genus
10 hyperelliptic curve with ¢ = 9 defined by y?> = f(x) in characteristic 11, then
F(x) = x(x+5c20)° (x + W)] I and hence C is not smooth. These cases suggest
that curves with @ = g — 1 likely do not exist when g = p — 1. In fact, we have the
following result.

Proposition 1 Let C be a hyperelliptic curve defined over a field of characteristic
p > 3 of genus g = p — 1, where C is defined above. If C has a = g — 1, then
f(x) € klx, Cg, C2g—g/2, CZg]-

Thus, for a hyperelliptic curve C witha = g — 1 to exist when g = p — 1, its
affine equation y> = f (x) must take on a very specific form; the polynomial f (x) is
completely determined by only three of its 2g coefficients. Proposition 1 is proven
using the same methods employed in Sect. 3, where the associated Cartier-Manin
matrix is assumed to have rank 1, and the relationships forced on the coefficients of
f(x) are studied.

As shown in Sect. 4.3, it seems possible that curves of genus 5 with @ = 4 do not
exist in characteristic 7. It would be worth generating data for p = 11 and g = 9
to explore the existence of hyperelliptic curves with a = 8. From there, an attempt
could be made to make a general statement about the existence of hyperelliptic
curves of genus g = p —2anda = g — 1 when p > 5.

6 Sage Code

The following is a sample of some of the codes used to obtain results discussed in
Sect. 4.3. In both examples listed here, the returned output was N = 0.

F=GF (7)
R.<x>=PolynomialRing (F)
N=0
V=VectorSpace(F, 8)
for m in V:
f=m[1]*«x+m[2]«xA2+m[3]+«xA3+m[4]*x*4+m[5] %\
XAS+m[6]«xA6+m[7]+«xA7+m[0]«xA8+xA9
if f.is_squarefree()==True:
C=HyperellipticCurve (f)
B=C.Cartier_matrix ()
if B.rank()==1:
N=N+1;
C
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F=GF (49, ’a’)
R.<x>=PolynomialRing (F)
N=0
for i in range (1000000):
m=random_vector(F, 7)
f=(x-1D)+«(m[O0]«x+m[1]*«xA2+m[2]*xA3+m[3]xx*4\
+m[4]*xA5+m[5]*XA6+m[6]*xXA7+xX"8
if f.is_squarefree()==True:
C=HyperellipticCurve (f)
B=C.Cartier_matrix()
if B.rank()==1:
N=N+1;
C
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Abstract If 7 : ¥ — X is an unramified double cover of a smooth curve of genus
g, then the Prym variety Py is a principally polarized abelian variety of dimension
g — 1. When X is defined over an algebraically closed field k of characteristic p, it
is not known in general which p-ranks can occur for P, under restrictions on the
p-rank of X. In this paper, when X is a non-hyperelliptic curve of genus g = 3,
we analyze the relationship between the Hasse-Witt matrices of X and P,. As an
application, when p = 5 mod 6, we prove that there exists a curve X of genus 3 and
p-rank f = 3 having an unramified double cover 7 : ¥ — X for which P, has
p-rank O (and is thus supersingular); for 3 < p < 19, we verify the same for each
0 < f < 3. Using theoretical results about p-rank stratifications of moduli spaces,
we prove, for small p and arbitrary g > 3, that there exists an unramified double
cover m : Y — X such that both X and P, have small p-rank.
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1 Introduction

Let p be a prime number and let k be an algebraically closed field of characteristic
p. Let A be an abelian variety of dimension g defined over k. The p-rank of A is
the integer f defined by #A[p](k) = p/.Itis known that 0 < f < g.Let X be a
smooth projective connected curve of genus g defined over k. Then the p-rank of X
is the p-rank of its Jacobian. An equivalent definition is that f equals the maximal
integer m such that there exists an unramified (Z/pZ)™-Galois cover X' — X.
When f = g, we say that A (or X) is ordinary.

The p-rank of a curve X equals the stable rank of the Frobenius map on
H!(X, Ox) and thus can be determined from its Hasse-Witt or Cartier-Manin matrix
(see Sects. 2.2-2.4). Given a prime p and integers g and f with 0 < f < g, a result
of Faber and Van der Geer [7, Theorem 2.3] implies that there exists a curve over
F,, of genus g and p-rank f.

We assume that p is odd from now on. Consider an unramified double cover

7:Y — X.

Then Jac(Y) is isogenous to Jac(X) @& P, where Py is the Prym variety of . In
this context, P, is a principally polarized abelian variety of dimension g — 1. The
p-rank f’ of P, satisfies 0 < f’ < g — 1. Since the p-rank is an isogeny invariant,
the p-rank of Y equals f + f'.

Now the following question arises naturally.

Question 1 Suppose that p is an odd prime and g, f, f’ are integers such that g > 2,
0< f<gand0 < f' < g — 1. Does there exist a curve X defined over Fp of
genus g and p-rank f having an unramified double cover w : ¥ — X such that
P; has p-rank f'?

The answer to Question 1 is yes for p > 3 and 0 < f < g under the following
restrictions:

— when g = 2 [15, Proposition 6.1], unless p = 3, f =0, 1, and f’ = 0, in which
case the answer is no [7, Example 7.1];

R. Pries
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Université de Franche Comté, Besangon, France

Lycée Claude Fauriel, Saint-Etienne, France



Non-ordinary Curves with a Prym Variety of Low p-Rank 119

— when g > 3and f' = g — 1, as a special case of [15, Theorem 1.1(1)];
— wheng > 3and f/ = g — 2 (with f > 2 when p = 3), by [15, Theorem 7.11];

— when p >5and g > 4 and % — 1< f' < g—3,by[15, Corollary 7.3].

In this paper, we study the first open case of Question 1, which occurs when X
has genus g = 3 and P has p-rank f’ = 0. We focus on the case that X is a smooth
plane quartic or, equivalently, that X is not hyperelliptic. (If X has genus g = 3, the
Riemann-Hurwitz formula implies that the genus of Y is 5 and hence the dimension
of Py is2.)

Given an unramified double cover w : ¥ — X of a smooth plane quartic X, in
Lemma 2 we use work of Bruin [4] to analyze the Hasse-Witt matrices of X and P,
simultaneously, in terms of the quadratic forms that determine . As an application,
we verify that the answer to Question 1 is yes when g = 3 and 3 < p < 191in
Proposition 5.

Given a genus 2 curve Z : z> = D(x), one can describe all smooth plane quartic
curves X having an unramified double cover # : ¥ — X whose Prym variety
P is isomorphic to Jac(Z). Specifically, the Kummer variety K = Jac(Z)/(—1) of
Jac(Z) is a quartic surface in IP*. Each smooth plane quartic X having an unramified
double cover 7 : ¥ — X such that P, >~ Jac(Z) arises as the intersection V N K
for some plane V C P3 [5, 13, 19]. Building on work of Kudo and Harashita [12],
we provide a method to determine the Hasse-Witt matrix of X from V and Z in
Proposition 6.

Suppose that 7 : ¥ — X is an unramified double cover with P, ~ Jac(Z) as
in the previous paragraph. In Sect. 5, we first choose Z : z2> = x% — 1 and verify in
Proposition 7 that the answer to Question 1 is yes when (g, f, f/) = (3, 3,0) and
p =5 mod 6.

In the second part of Sect. 5, for an arbitrary smooth curve Z of genus 2, we use
commutative algebra to analyze the condition that (*) X is non-ordinary and Z has
p-rank 0. In Proposition 9, we prove that condition (*) is equivalent to the vanishing
of 4 homogeneous polynomials of degree (p + 1)(p — 1)/2 in the coefficients of
D(x) and the vanishing of one homogeneous polynomial of degree 6(p — 1) in the
coefficients of D(x) and V. As an application, when p = 3, we give an explicit
characterization of the curves Z and planes V for which n : ¥ — X satisfies
condition (*); see Sect. 5.6.2.

Finally, we apply the new results described above for genus 3 curves in small
characteristic to study the p-ranks of Prym varieties of smooth curves of arbitrary
genus g > 3. For this, we use an inductive method developed in [1]. This yields
Corollary 4, which extends [15, Corollary 7.3] for small p and gives the following
application.

Corollary 1 Let 3 < p < 19. The answer to Question 1 is yes, for any g > 2,
under the following conditions on (f, f'):

1. Ifg =3rand (f, f))issuchthat2r < f < gandr —1< f' <g—1;
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2. Ifg=3r+2and (f, f)issuchthat2r < f < gandr < f' < g — 1, (with
f =2r+2when p =3);

3. Ifg =3r+4and (f, f)issuchthat2r < f < g (with f > 2r +4 when p = 3)
andr+1< fl'<g—1.

All of the existence results for p-ranks described above are proven using a
geometric analysis of the p-rank stratification of moduli spaces of curves and their
unramified covers. For example, [7, Theorem 2.3] shows that the p-rank f stratum
M, gf of .#, is nonempty and each component has dimension 2g — 3 + f see also
[1, Section 3].

Consider the moduli space %, whose points represent unramified double covers

m: Y —> X, where X is a smooth curve of genus g. Let %’éf /) denote the stratum
of Z, of points representing covers where X has p-rank f and P, has p-rank f’. To

answer Question 1, it suffices to prove that ,%’éf s nonempty in characteristic p.

Suppose that %’éf S is nonempty; then one can study its dimension. As an
application of purity results for the Newton polygon stratification, [15, Proposition
5.2] shows that: if %é(,f EREN nonempty, then each of its components has dimension
atleastg — 2+ f + f'.

In fact, the dimension of %’g 10 attains this lower bound in the following
cases:

— when f’ = g — 1, then each component of %é'f /) has dimension 2¢ —34 fas
a special case of [15, Theorem 1.1(1)];

— when f’ = g — 2, with f > 2 when p = 3, then each component of %éf’f/) has
dimension 2g — 4 + f [15, Theorem 7.1];

— when p > 5 and % —1 < f’ < g — 3, then at least one component of %éf’f/)

has dimension g — 2 + f + f’ [15, Corollary 7.3].

We extend these geometric results in Sect.7. In Theorem 1, for any prime p, we
prove an inductive result that allows one to leverage information when g = 3

about %;f % into information about %y I for arbitrarily large g. The final result
is Corollary 4; it allows us to prove the existence of unramified double covers
7 . Y — X with control over the p-rank f of X and the p-rank f’ of P, as long as
f is bigger than approximately 2g/3 and f is bigger than approximately g/3.

Corollary 2 If3 < p < 19, the stratum %(E,f I has a (nonempty) component of
dimension g — 2+ f + f’ for all g > 2 under the conditions on (f, f') found in
Corollary 1.

The condition on p is needed to show that .%’éz’o) has dimension 3, more
specifically that there is a three-dimensional family of smooth plane quartics X
with p-rank 2 having an unramified double cover w : ¥ — X such that P; has
p-rank 0. We expect this to be true for all odd primes p but were only able to prove
it computationally for 3 < p < 19.
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1.1 Owutline of the Paper

Here is the material contained in each section.

Section 2: Definitions and background material.

Section 3: The Hasse-Witt matrices of X and P in terms of quadratic forms.
Examples of unramified double covers 7= : ¥ — X with given p-ranks (f, f')
for small p.

Section 4: The Hasse-Witt matrix of a smooth plane quartic X defined as the
intersection of a plane and quartic surface in P>,

Section 5: The Kummer surface of an abelian surface Jac(Z), information about the
determinant of the Hasse-Witt matrix from Sect. 4, the nonemptiness of %;3‘0)

when p = 5 mod 6, and information about the geometry of %éz’o) when p = 3.
Section 6: An auxiliary result about the number of points on the Kummer surface of
a supersingular curve of genus 2 defined over a finite field.
Section 7: Results about p-ranks of Prym varieties of unramified double covers of
curves of arbitrary genus for small p proven inductively from results in Sect. 3.

2 Background

2.1 Notation

Let k be an algebraically closed field of characteristic p > 0. Unless stated
otherwise, every curve is a smooth projective connected k-curve. Suppose that C
is a curve of genus g > 1.

2.2 The Cartier-Manin Matrix

Let L be the function field of C/k. Since k is perfect, there exists a separating
variable x € L \ k such that L/k(x) is algebraic and separable. It follows that
L = L?”(x) and hence every element z € L can be written uniquely in the form

z=zf+afx+ o+ ah 1P

with zg, ...,zp—1 € L. The Cartier operator ¢ is defined on differentials of the
first kind by

%((zg + fo + -+ nglxp_l)dx) = zp-1dx.
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The Cartier operator is %-linear, meaning that
C(aPw) + bPwy) = a¥%(w1) + bE (w))

for all a,b € L and all wy,wy € QI(L). It is independent of the choice of
separating variable and hence gives a well-defined map on the k-vector space of
regular differentials on C, % : HO(C, Qé) — Ho%c, .Qé).

Definition 1 Let wq,...,wg be a basis for HO(C, .Qé) over k and write
C(wj) = Z‘f:l c¢ijw; with ¢;; € k. The Cartier-Manin matrix of C with respect to
the basis wy, . . ., @, is the matrix (cfj),-,j.

Remark 1 The Cartier-Manin matrix depends on the choice of basis. Let ], .. ., a);,

be another k-basis for HO(C , .Q(l:), and let T = (#;;) be the change of basis matrix
so that w; = Zle tjjw;. Then the Cartier-Manin matrix with respect to the basis
a)’l, e a)g, is TP (cf’j)T_l, where TP) denotes the matrix obtained from 7 by
taking the pth power of each of its entries.

2.2.1 The Cartier-Manin Matrix of a Hyperelliptic Curve

Let p be odd and let Z be a hyperelliptic curve of genus g. Then Z has an equation
of the form z> = f(x) for a separable polynomial f(x) € k[x] having degree 2g+1
or2g + 2. Write w; = L;ld)c, so that {wy, ..., wg} is a basis for HO(Z, .{2%).

Proposition 1 ([22, Proposition 2.3]) Let c¢; denote the coefficient of x° in the
expansion of f(x)P~D/2. Then the Cartier-Manin matrix of Z is Ay = (Cip—j)i,j-

2.3 The Hasse-Witt Matrix

The (absolute) Frobenius F of C is the morphism of schemes given by the identity
on the underlying topological space and f — f” on O¢. We write F* for the
induced endomorphism of H!(C, 0¢). It is a p-linear map, meaning that

F*(A&) = AP F*E
forall A € kand all £ € H(C, O¢).
Proposition 2 ([16, Proposition 9]) Serre duality gives a perfect pairing

(,):HY(C, Oc) xHY (C, 2L) = k

such that
(F*¢, 0) = (£, Cw)?
forallg e H(C, O¢) and all » € HO(C, 22}.).
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Definition 2 Let &y, ...&, be a k-basis of HY(C, O¢). Write F*(j) = Zle a;j&;
with a;; € k. The Hasse-Witt matrix of C with respect to the basis &p, ... &, is the
matrix (a,’j),‘,j.

Remark 2 The Hasse-Witt matrix depends on the choice of basis. Let & 1/ o€ g, be
another k-basis for H'(C, 0¢), and let S = (sij) be the change of basis matrix
so that Sj/. = Zle sij&i. Then the Hasse-Witt matrix with respect to the basis

El,... ks S71(a;;)SP, where S'7) denotes the matrix obtained from S by taking
the pth power of each of its entries.

Remark 3 1f the basis &, ...&, of H!(C, O¢) is the dual basis for the basis
i, ..., wgof HO(C, .Qé), then the Hasse-Witt matrix is the transpose of the Cartier-
Manin matrix.

2.4 The p-Rank

If A is an abelian variety of dimension g over k, its p-rank is the number f4 such
that #A[p](k) = pf4. If C is a curve of genus g over k, its p-rank is the p-rank of
Jac(C). We write f4 (resp. fc) for the p-rank of A (resp. C).

Here is another definition of the p-rank. The k-vector space HY(C, O¢) has a
direct sum decomposition into F*-stable subspaces as

H!(C, 0c) =H'(C, 0c)s ® H'(C, O¢),

where F* is bijective on H!'(C, 0¢), and nilpotent on H' (C, &¢),,. The dimension
of H(C, O¢); is equal to the rank of the composition of F* with itself g times, and
this rank is called the stable rank of Frobenius on H (C, O¢).

Proposition 3 The p-rank of C is equal to the stable rank of the Frobenius
endomorphism F* : H'(C, 0¢c) — HY(C, O¢).

Proof See [16]. O

The p-rank of the Jacobian of C can be determined from either the Cartier-Manin

or Hasse-Witt matrix. For a matrix M, we write M (P") for the matrix obtained from
M by raising each of its entries to the power p'.

Proposition 4 Let C be a curve of genus g with Hasse-Witt matrix H and Cartier-
Manin matrix M. Then the p-rank of C is
fo=tk(HH®P . HP ™Dy = kM ™)  M P .

Proof The first equality follows from Proposition 3 and the fact that Frobenius is
p-linear. The second equality is a consequence of Serre duality; see Proposition 2.
O
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Remark4 When ¢ = 1 or g = 2, then C has p-rank 0 if and only if C
is supersingular. When g > 3, there exist curves of p-rank 0 which are not
supersingular.

2.5 Prym Varieties

Suppose that p is odd. If X is a curve of genus g defined over k, then Jac(X) is a
principally polarized abelian variety of dimension g. There is a bijection between
2-torsion points on Jac(X) and unramified double covers = : ¥ — X. Without
further comment, we require that Y is connected, which is equivalent to the 2-torsion
point being nontrivial. Also, we note that Y is smooth if X is smooth.

Let 7 : Y — X be an unramified double cover of X. By the Riemann-Hurwitz
formula, Y has genus 2g — 1. Also Jac(X) is isogenous to a sub-abelian variety of
Jac(Y). Let o be the endomorphism of Jac(Y') induced by the involution generating
Gal(m).

The Prym variety Py is the connected component containing 0 in the kernel of
the map 7 * : Jac(Y) — Jac(X). It is also the image of the map 1 — o in Jac(Y). In
other words,

P, =Im(l — o) = Ker(1 + 0)°.

The canonical principal polarization of Jac(Y) induces a principal polarization
on P. Finally, Jac(Y) is isogenous to Jac(X) & P;.

2.6 Moduli Spaces

In this paper, we consider:

M the moduli space of curves of genus g over k;
27, the moduli space of principally polarized abelian varieties of dimension g
over k;
Z¢q the moduli space whose points represent unramified double covers
m Y — X over k, where X is a curve of genus g;
%é(,f 7 the stratum of %, of points representing covers where X has p-rank f and
P, has p-rank f'.
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3 Hasse-Witt Matrices of Genus 3 Curves and Their Prym
Varieties

We continue to work over an algebraically closed field k of characteristic p > 2.
Suppose 7 : Y — X is an unramified double cover of a non-hyperelliptic smooth
curve of genus 3. In [4], Bruin describes the equations for X and P, in terms of
quadratic forms. We describe the Hasse-Witt matrices of X and Py in terms of the
quadratic forms, using results of Stohr and Voloch in [17] and Yui in [22]. As an
application, we answer Question 1 affirmatively when 3 < p < 19 and g = 3 in
Proposition 5.

3.1 The Prym Variety of an Unramified Double Cover
of a Plane Quartic

A smooth curve X of genus 3 which is not hyperelliptic is isomorphic to a smooth
plane quartic.

Lemma 1 ([4, Bruin]) Suppose @ : Y — X is an unramified double cover of
a smooth plane quartic curve. Then there exist quadratic forms Q1, Qz, Q3 in
k[u, v, w] such that X C P? is given by the equation

X1 Q1(u, v, w)03(u, v, w) = O2(u, v, )2, (1)
Y C P* is given by the equations
Y Qi(u,v,w) =12 Qau, v, w) =rs, Q3(u,v,w) = s>, 2)

and the Prym variety Py is isomorphic to Jac(Z) for the smooth genus 2 curve Z
with equation

Z: 7% = D(x) i= — det(M; + 2x M + x* M3), 3)
where M; is the symmetric 3 x 3 matrix such that
(u, v, w)M; (v, w)" = Qi(u, v, w).

Conversely, if Q1, Q», Q3 € klu, v, w] are quadratic forms such that (1) defines
a smooth plane quartic X, then the equations above give an unramified double cover
7w : Y — X and a smooth genus 2 curve Z such that P, =~ Jac(Z).

Proof This is proven in [4, Theorem 5.1(4)]. The fact that Z is smooth when X is
smooth can be found in [4, Section 5, Case 4]. O
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3.2 Hasse-Witt Matrices

Lemma 2 Letw : Y — X be an unramified double cover of a smooth plane quartic
curve, and suppose P, = Jac(Z). Let Q1, Q2, Q3 € klu, v, w] be quadratic forms
as in Lemma 1, and let D(x) € k[x] be defined as in Lemma 1 (3).

1. Let
q(u,v) = O2(u, v, )* = Q1(u, v, 1)Q3(u, v, 1).
Let a; j be the values in k such that q(u, )P~ = Zi’j aj,j u'v/. Then the Hasse-
Witt matrix of X is
ap—1,p—1 A2p—1,p—1 Ap—1.2p—1
Hy = ap—-2,p—1 A2p—2,p—1 Ap—-22p—1
ap—1,p—2 A2p—1,p—2 Ap—1.2p-2

2. Let b; € k be the values in k such that D(x)?=1/2 = > bix'. Then the Hasse-
Witt matrix of Z is

bp_1 bap—
Hy = p—1 O2p—1

bp2 by 2

Remark 5 In Lemma 2(1), the Hasse-Witt matrix is taken with respect to the basis

of HI(X, Ox) given by the dual of the basis ‘;—i‘, u%, v% of H(X, 2}). In

Lemma 2(2), the Hasse-Witt matrix is taken with respect to the basis of H!(Z, 0'7)
given by the dual of the basis de’ x%x of HO(Z, {2%).

Proof
1. Let wy, ..., w, be a basis for HO(X, £2x) and suppose that the action of the
Cartier operator is given by
g
€ (wi) = Zc,-jw,-. )

j=1

By Definition 1 and Remark 3, the Hasse-Witt matrix with respect to the dual
basis is the matrix (cf’j).

The result [17, Theorem 1.1] of Stohr and Voloch yields the following
information in (5) and (6) about the action of the Cartier operator on the smooth

plane curve X, with affine equation g (u, v) = 0. Consider the partial derivative
821)72

1
% (hd—“> — (V(q"—lh))P du (5)
qv qv

operator V = Then for any & € k(u, v),
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Also, if o; ; € k, then
\% Zai,ju’v’ :Zaip+p,1’jp+p,]ulpvjp. (6)
iJj i,J

Write w; = h; (u, u)f;—j. By (5) and (4),

Vig" ' hi) =) clhl. ©)
J
In this case, a basis for HO(X, .Q)l() s w = %, w) = u‘;—’:, w3 = v‘;—’:. By

definition, g (u, v)P~! = Zi’j ai,ju"vj. By (7) and (6), we have

_q .
V@P™) =Y dipip-tjprp-1uv? = cfy 4 eloul + cfyo?
i,j
where c11, c12, c13 are the entries in the first row of the Hasse-Witt matrix. Note
that deg(q) =4, so deg(¢”~') =4(p — 1) and hence

deg(V(g"™ M) <2(p — D).

Thus, the coefficient of u”v/P in V(gP~!) is zero unless i + j < 1.
Equating nonzero coefficients gives ¢j1 = ap—1,p—1,c12 = azp—1,p—1 and
C13 =dp—1.2p—1-

Similarly, for the other two rows in the Hasse-Witt matrix,

-1 ip+1, j p p p
V" w) = aipsptjprp1t? TP = e+ chu? + B,
ij
and
—1,5 _ . ) ip, jp+l _ P p p
V") =) dipip-tjpep-1u PV = o) 4 cBul + el
i,J
2. Note that Z is smooth since X is smooth by Bruin [4, Section 5, Case 4]. The

result follows from [3, Lemma 5.1]. Alternatively, the matrix Hyz is the transpose
of the Cartier-Manin matrix for Z from [22, Proposition 1]. m|

3.3 The p-Ranks of X and Z

2
By Proposition 4, the p-rank f = fx of X is the rank of HXH)((I’) H)((p ) and the
p-rank f' = fz of Z is the rank of HZHép).



128 T. O. Celik et al.

Proposition 5 Let 3 < p < 19. For each pair (f, f') such that 0 < f < 3 and
0 < f/ < 2, there exists an unramified double cover w : Y — X such that X is
a smooth curve of genus 3 and p-rank f and Py has p-rank f'; in other words,
%gf’f) is non empty when 3 < p < 19.

Proof The result holds (without any restriction on p) when f' = 2 or f' = 1 by
Ozman and Pries [15, Proposition 6.4], as long as (f, f') # (0, 1), (1,1) when
p = 3. To complete the proof, we provide an example below in each case when
f’ =0 (and when p = 3 and (f, f') = (0, 1), (1, 1)). These examples were found
with a computational search, using Lemma 2. m]

In the examples below, we give the equations of the curves X, Z along with the
coefficients of the quadratic forms that lead to these curves in the following format:

[q111> 91125 91225 G113, G123, 133, 42115 4222, 4233, 43115 43125 4322, 4313, 4323, 4333],

where:

o Q1 = qiiu® + quiauv + @122V + qrizuw + q123vw + qr33w;
o Q2 = quu® + gv? + @33w?;
o Q3 = q31u’ + @312uv + @32V? + g313UwW + g323vw + @333 W

Example ] p =3

(i f) | X.Z, [qiji]

(3,0 X 2 2u* + 2030 + ud 4+ 2u?v? 4+ u?v + 2u? + 2uv? + uv? + uv + 2u + 03 + 0?2
+2v+1
Z 20 a2 x4 4]
lgijx] =12,0,2,0,0,1,1,1,1,0,1,2,2,2,2]

(2,0) X 2u* + v 4 23 + u?v + 2uv? + uv? + 203 + 202 +2
Z xS+ 4+ 2 4 X2 x4+ 22
lgijx]1=1(1,0,2,0,0,0,1,1,1,0,1,2,2,1,2]

(1,0) X:2u* +2 + 2uv 4+ 2u +uv> + 2uv+x + 20 + 3 +v+2
Z: 204 2x3 42241
lgijx]1=12,0,0,1,1,1,1,1,1,0,0,1, 1,1, 0]

(0, 0) X 2u* 4203 + 2uPv 4+ 20 + 2u +u+ vt 203 v+ 1
Z:2x0 x4+ +1
[gijx1=12,0,2,0,0,1,1,1,1,0,0,1, 1, 1,2]

(1D X 2 2u* 4w + u? + uvd + uv? 4 2uv + 2u 4+ 20* + 03 + 20
Z:2x% 4 2x* 4 x +y?
[gijx] =10,0,1,0,0,2,1,1,1,0,1,0,1, 1, 2]

©, 1) X 2u* + 2030 + 203 4 2u? + uvd + uv? 4 2uv + 2u + 02 +2
Z:2x0 423 ox? x4+ yP 41
lgijx]1=12,0,1,0,0,2,1,0,0,0,1,0, 1,0, 1]
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Example2 p=5

f, ") X, Z, [qiji]

(3,0) X du® 4 303 + 460 4 uPv + 3uv? 4+ du 4+ 03 + 302 430
Z:4x0 +x3 +2x +22 +3

gijx =1[1,0,1,0,0,3,1,1,0,0,0,1,3,1,0]

(2,0 X :du® 4 3ud + 4u0? +uPv + 3uv? 4 u 0P 4+ 202 + 20

7 4x0 4 4x® +3x + 2242

lgijx]1 =11,0,1,0,0,2,1,1,0,0,0,1,3,1,0]

(1,0 X du® + 30 + 3uv 4 2u? 4 4uv? + uv 4 2u + 4v* + 403 + 4% £ 3
Z: 22X+ x5 4202+ 20+ 22 42

[gijk] = [3,4,4,4,4,3,1,1,1,0,0,0,0, 1,3]

0,0) X du® 4 300 4 3uPv 4 2u® 4+ 4uv? +3uv + v+ dvt + 43 v 42
72X +2x2 +2x + 7242

[gijx] = 13,4,4,1,0,1,1,1,1,0,0,0,0, 1, 3]

Example3 p =1

fs f) X, Z, [gijk]

(3,0 X :6ut + 5020 + 3uv + 6u? + 60 + v+ 3+ v 44
Z:6x> +6x3+72+4

lgijx] =11,0,5,0,0,5,1,1,1,0,0,0,0,3,1]

(2,0) X ¢ 6u® 4 5u202 4 2uPv + 2u® 4+ 6v* + 403 + 6v2 + 6
Z 5% x4+ 4x3 4 6x2 +4x + 22

lgijx] =11,0,2,0,0,0,1,1,1,0,0,0,0,2,4]

(1,0) X : 6u* + 500 + 2uv + 1 + 6v* + 50 +4u +5
Z 160 +6x* +x% + x + 2

[gijx] =13,0,0,0,0,6,1,1,1,0,0,0,0,3,1]

(0,0) X 6ut + u?v? + 4u? + 3v* 4+ 607 + 6

Z 4x0 4+ 4x* +3x% 4+ 3x + 22

lgijx] =[3,0,4,0,0,0,1,1,1,0,0,1,0,0,2]
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Example 4 p =11

f, f) X, Z, [gijk]
X 1 10u®* + 9u2v? + 5u?v + 2u? + 10v* + 1003 + 402 +4v + 6

(3,0

Z:9x0 + 4t x4+ TP+ 8x +22 43

[gijx]1 =18,0,5,0,0,2,1,1,0,0,0,0,0,2,3]
X 10u* +9u?v? + 9u?v + 9u? + 10v* + V3 + 2 +Tv +7

2,0
@0 Z:9x° +9x* +9x° +2x2 +2x + 22+ 1

[gijx] = [10,0,6,0,0,9,1,1,0,0,0,0,0,2,2]
X : 10u® 4 9u?v? 4+ 9u?v + 8u? + 10v* + 3v3 + 1002 +4v + 6

1,0
4.0 Z:9xd +2x* 433 +9x2 4 2x + 22 +38

lgijx] = [10,0,7,0,0,2,1,1,0,0,0,0,0,2,3]
X 2 10u®* + 9u2v? + 3u?v + 5u? + 10v* + 903 + 8v2 +4v + 1

0,0
©.0) Z:9x0 +8x* 4+ 9x3 +3x2 +10x + 22+ 8

lgijx] =17,0,10,0,0,2,1,1,1,0,0,0,0,2, 1]

Example 5 p =13

fs f) X, Z, [giji]

X 12u® 4 11620? + 6uv + 11u? + 120* + 120° + 1102 +3v + 12
Z 110 +10x* +8x3 +3x2 + 1lx + 22+ 1

lgijx] = [3,0,6,0,0,8,1,1,1,0,0,0,0,2,0]

X 12u* + 11620% + 2uPv + 4 + 120 + 1103 + 502 + 11v 4+ 6
Z 1100 +10x* +8x3 +3x2 + 1lx + 22+ 1

lgijx] = [1,0,12,0,0,12,1,1,1,0,0,0,0,2, 6]

X ;120 + 11620% + 9?0 4+ 9u? + 120 + Tv3 + 8v2 + 4v + 1

Z o +Tx 13+ 6x2 4+ 5x + 22+ 1

lgijx] = [2,0,3,0,0,11,1,1,1,0,0,0,0, 11, 12]

X 12u® 4+ 11620? + 9u?v + Tu? + 120* 4 803 + 602 + 120 + 11
Z:6x0 +5x4 +3x3 +6x2+6x +72+6

lgijx] = [9,0,8,0,0,12,1,1,1,0,0,0,0, 1, 1]

(3.0

2,0

1,0)

0,0
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Example 6 p =17

131

f, ") X, Z, [qiji]
3.0) X :16u* + 150202 + 15u% + 16v* + 503 + 70?2 + 6v + 3
' Z:4x0 +8x* +9x3 +9x2 +x + 72
lgijx] = [0,0,13,0,0,2,1,1,1,0,0,0,0, 3, 2]
2.0 X @ 16u* 4 15u%v? 4 10u?v 4 u® + 16v* + 303 + 4% + 16
’ Z:4x5 +8x* +9x3 + 9x2 +x + 22
lgijx] = 19,0,1,0,0,0,1,1,1,0,0,0,0,3, 6]
(L.0) X @ 16u* + 15u%v? 4 10u?v 4 3u? + 16v* + 40> + 140 + 6
' Z4xd + x4+ 500 + 1062 +9x + 22 + 5
lgijx] = [9,0,7,0,0,16,1,1,1,0,0,0,0, 3, 10]
0.0) X :16u* + 15u%v? + 6uv + 15u® + 16v* 4+ 903 + 1502 + 150 + 16

Z: 80 +Tx +8x3 +x2+ 1dx + 22 + 11

lgijx] =16,0,9,0,0,15,1,1,1,0,0,0,0, 1, 0]

Example 7 p =19

(fs £ X, Z, gijk]
3.0) X : 18u* + 17u?v? 4+ 9u?v + 3u? + 18v* + 503 + 502 + 18
' Z 5% + 1x* + 13x° + 8x2 + 10x + 22
lgijx] = [3,0,8,0,0,0,1,1,1,0,0,0,0, 3, 8]
2.0) X 18u* + 17u?v? + 12u?v + 18u? + 18v* + 1803 + 9v? + 18
' Z :5x° + 11x* +13x3 + 8x2 + 10x + 22
[gijx] = [4,0,6,0,0,0,1,1,1,0,0,0,0, 3, 5]
(L.0) X : 18u® + 17u?v? + 5uv + 18u® + 18v* + 603 + 302 + 6v + 4
' Z:17x° + x4 23 +18x2 4+ 10x + 22 + 13
lgijx] = [12,0,3,0,0,3,1,1,1,0,0,0,0,2, 8]
©.0) X 18u® + 17uv? + 17u?v + 4u® + 18v* + 03 + 1402 + 120 + 1

Z:16x° +9x* + 14x3 + 10x2 + 8x + 22 + 3

lgijx]1 =[11,0,4,0,0,10,1,1,1,0,0,0,0,5,4]
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Remark 6 Since k is an algebraically closed field of odd characteristic p, it is
possible to diagonalize the quadratic form Q; and take its coefficients to be O or
1. Even so, the complicated nature of the entries of Hy and Hz makes it difficult to
analyze the p-ranks algebraically.

The entries of Hy are quite complicated even in terms of the coefficients of
gu,v) = Qa(u,v, 1D?> — Q1(u,v,1)Q3(u, v, 1). For example, if p = 3 and
q(u,v) =Y, ; biju'v/, then the upper left entry of Hy is

2boobay + 2bo1ba1 + 2boabag + 2b1ob12 + b7

Similarly, even the equation for Z : z> = D(x) is rather complicated in terms of
the coefficients of Q| and Q3.

4 The Hasse-Witt Matrix of a Smooth Plane Quartic Defined
as an Intersection in P3

In this section, we determine the Hasse-Witt matrix of a curve C of genus 3 defined
as the intersection of a plane and degree 4 hypersurface in P>. We use this result in
Sect. 5 to determine the Hasse-Witt matrix of each smooth plane quartic X which
has an unramified double cover 7 : ¥ — X such that P, is isomorphic to a fixed
abelian surface.

As before, let k be an algebraically closed field of characteristic p > 2. Following
[12], let C/k be a curve in P = Proj(k[x, y, z, w]) defined by v = h = 0 for
homogeneous polynomials v,k € k[x, y, z, w] with gcd(v,h) = 1. Let r and s
denote the degrees of v and £, respectively. Let C? denote the curve in P defined
by v = h? = 0. For n € Z, let Op3(n) denote the nth tensor power of Serre’s
twisting sheaf.

Lemma 3 ([12, Lemma 3.1.3]) The following diagram is commutative with exact
rows, where the composite map H'(C, Oc) — HYC, O¢) is induced by the
Frobenius morphism on C and the map F is the Frobenius morphism on P3.

0 ——H'(C,0c)

H3(P3, Ops (—r —s))

H3(]P’3, ﬁ]p}(—r)) @Hz(]}ﬁ, ﬁ]p}(—s))
Ff
0 ——H!(CP,Ocr) ——=H}(P3, Ops ((—r —5)p)) ——H3 (P, Ops (—rp)) ©H3(P3, Ops (—sp))

b

0 ——HY(C,00) ——=H3}(P3, Op3(—r —5)) ———=H3 (P, Ops (—r)) D H}(P3, Op3 (—s))

Proof This is an excerpt from the diagram immediately preceding [12, Proposition
3.14]. ]
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For t € Z-, the k-vector space H3(P3, Op3(—t)) has basis
ety gkawke s (ky, ko, ks, ka) € (Zco)®, ki + ko + k3 + ke = —1).
Lemma 4 Suppose that r < 3. Then the following diagram is commutative with

exact rows, where the map F is the Frobenius morphism on C and the map F) is the
Frobenius morphism on P3.

0 ——=H'(C,0c) ——=H(P?, Ops(—r —s)) ——H*(P?, Ops (—s))
F* i l(vh)l’lFl*
0 ——=H'(C,00) ——=H3(P3,Op3 (—r —5)) —=H3(P?, O3 (—s))

®)
Proof This follows from Lemma 3 and the fact that H3(P3, Ops(—r)) = 0 for
r<3. O
1 iz i
Fori, j € Z,set §;; = e J.
0 ifi#j.

Sett =5 and let
S_5 = {(k1, k2, k3, k4) € (Z<0)4, ki + ky + k3 + kg = —5).
Write S_5 = {(k}", &5, kgi)» k{)}1<i<4, where k;-i) =—1-§;forl <i,j<4

Proposition 6 Let v and h be homogeneous polynomials in k[x,y, z, w] with
ged(v, h) = 1. Suppose that r = deg(v) = 1 and s = deg(h) = 4. Write
v =a1x +ary + a3z + aqw and fix t, with 1 <t < 4, such that a; # 0. Let
C/k be the curve in P> = Proj(k[x, y, z, w]) defined by v = h = 0.
Write (vh)P~1 = Zcil,,-z,,'3,,~4x"1yizzi3wi4. Forl <i,j <4, write
Vi,j = Cp(1+81))—(14+81;), p(1482))—(14+82;), p(1483;)—(14+83;), p(14384;)—(1+84)+

Then the Hasse-Witt matrix of C is given by
-1 1
HWe = (af ™ vi,j — afar ' vid<i j<dize, jtr-

Lett = 4 and a4 = 1 and write a = aj, b = ap, and ¢ = a3. Then the matrix
HW(¢ in Proposition 6 equals HW¢ = (h; ;) where
hl,l = C2p-2,p—1,p—1,p—1 — apcp—2,p—l,p—l,2p—l
h1,2 =Cp-22p—1,p—1,p—1 — prp—Z,p—l,p—l,2p—l
h13 = cp-2.p-12p-1.p-1 = Cpap-1.p-12p-1
hay = cap—1.p-2.p-1.p—1 =@ Cp1p-2p-12p-1

hao = cp—12p=2,p—1,p—1 —bPCp_1,p—2 p—1,2p—1
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h23 = cp—1,p—22p—1,p—1 — cPCp_1,p-2 p—1,2p—1
h3,1 = C2p—1,p—1,p-2,p—1 — aPCp1 p—1,p-2,2p-1
h3o = cp—12p—1,p—2,p—1 —bPCcp_1 p—1,p—2,2p—1

h33 =cp_1,p-1,2p—2,p—1 — C‘"Cpfl,pfl,pf2,2p*1‘
Proof Consider the multiplication-by-v map
[xv] : H3 (P, Op3 (=5)) — H3(P3, Ops (—4)).

By Lemma 4, computing the matrix of F* is equivalent to computing the matrix of
(vh)P~! F on the kernel of [xv].

First, we compute the matrix of (vh)p_lFl* on all of H3(P3, Op3(—5)). The
k-vector space H> (P?, Op3(—9)) is 4-dimensional with basis

xRy wks s (ky, ko, ks, ka) € S_s).
Explicitly, a basis is given by
e] = x_zy_lz_lw_l, ey = x_ly_zz_lw_l, ez = x_ly_lz_zw_l, e4 = x_ly_lz_lw_z.
As in the proof of [12, Proposition 3.1.4], for each j € {1, ..., 4}, then

0 G ) )
(Wh)PT Ff(e) = (wh)P T FF (R YR gk ks

) RTC I G)) o
— (vh)”_lx”kl ypkz 7Pk wPky

) (j) (). )
z+l< ir+pky l+k l+k
_E:C”’ZZBMXIP yitpky pistp 4tpky

4 .
k(t) k(t) k(l) kz(tl)

=) Ci_ D O () O ) (DX
2 K =pky" k= pla” e = pk3 Ky = phy e
i=

4
= vijei

i=1

Explicitly, the following 4-by-4 matrix Hp represents the map (vh)P~'F ;" on
H3(P3, Op3(—5)), with respect to the basis e1, e, e3, es:

€2p-2,p—1,p—1,p—1 €p-22p-1,p—1,p—1 Cp=2,p—1.2p—1,p—1 Cp=2,p—1,p—1.2p—1

H C2p—1,p—2,p—1,p—1 Cp—1,2p-2,p—1,p—1 Cp—1,p—22p—1,p—1 Cp—1,p—2,p—1,2p—1
0=

C2p—1,p—1,p—2,p—1 Cp—1.2p—1,p—2,p—1 Cp—1,p—1,2p—2,p—1 Cp—1,p—1,p—2,2p—1

C2p—1,p—1,p—1,p—2 Cp—1,2p—1,p—1,p—2 Cp—1,p—1,2p—1,p—2 Cp—1,p—1,p—1,2p—2

©)
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Now we calculate the 3-by-3 matrix representing the restriction of (vh)?~!F I to
the kernel of [xv] on H3(P3, Op3 (—5)). First, note that if £ € H?(P3, Op3 (—5)) is
in Ker([xv]), then (vh)?~! Fl* (€) is also in Ker([ x v]), by the commutativity of (8).

The k-vector space H3(P3, Op3(—4)) is one-dimensional with basis element

A= x_ly_lz_lw_l. Note that v - ¢; = a;A. Thus

4 4
Ker([xv]) = Zc;ei | Zaici = O} .
i=1 i=1

For 1 < i,j < 4, write ,3;.[) = agjej — aje;. If a, # 0, then Ker([xv]) has basis
{,3](.1)}151-54,]-#. It follows that

WP FF ) = al )PV Fi(ej) — af )P i (er)
4 4
= t[JZ Yi,jéi —a }”Z Yi,t€i
4
=Y (@vij—alviDe. (10)
i=1

The commutativity of the diagram (8) shows that (vh)P’lFl*(,B](.t)) is in
Ker([xv]). Therefore, there are coefficients A; ; € k such that for j # ¢,

WP FFBY = Y aB”

1<i<diztt

= Y hijlae —ae). (11)

1<i<4,i#t
Comparing the coefficients of e; for i # ¢ in (10) and (11), we see that
hij=a; @y —alyip).

This completes the proof of Proposition 6. O

5 The Fiber of the Prym Map When g = 3

In Sect. 3, we used a description from [4] of an unramified double cover 7 : ¥ — X
of a plane quartic curve X and its Prym variety P in terms of quadratic forms. We
then calculated the Hasse-Witt matrices of X and P, and produced examples where
X and P have specified p-ranks for small primes p. However, since the entries of
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the Hasse-Witt matrices are complicated, it is not clear how to apply this method for
arbitrarily large primes p.

In the current section, we describe an alternative method in which we start with
a smooth curve Z of genus 2 over k and construct smooth plane quartic curves
X having an unramified double cover 7 : ¥ — X such that P, =~ Jac(Z).
The advantage of this alternative method is that it allows us to prove an existence
result for infinitely many primes. In particular, in Proposition 7, we prove that if
p = 5 mod 6, then there exists a smooth curve X defined over Fp with genus 3
and p-rank 3 having an unramified double cover 7 : ¥ — X such that P, has
p-rank 0.

Here is an outline of the section. In Sect. 5.1, we review a result of Verra that
describes the geometry of the fibers of the Prym map %3 — . In Sect.5.2,
we work with an explicit construction of the curves represented by points in a
three-dimensional component of the fiber above Jac(Z). These curves occur as
the intersection in P? of a plane and the Kummer surface of Jac(Z). They are
smooth plane curves X having an unramified double cover w : ¥ — X such that
P, ~ Jac(Z). In Sect. 5.3, we describe the determinant of the Hasse-Witt matrix of
such a curve X. The main application when p = 5 mod 6 is in Sect. 5.4.

In Sect. 5.5, we use commutative algebra to characterize when X is non-ordinary
(under conditions on the p-rank of Z). In Sect.5.6, we fix p = 3 and apply the
results of the section to a one-dimensional family of genus 2 curves Z with 3-rank
0. This allows us to deduce information about the locus of planes V for which X is

non-ordinary and the geometry of the corresponding moduli space (@gz,())'

5.1 Review of Work of Verra

The material in this subsection is not used directly in this paper, but we include
it because it provides important context. Let A be a principally polarized abelian
surface. For example, one could take A = Jac(Z) for a smooth curve Z of genus
2. Let % be the moduli space of principally polarized abelian surfaces. Let s be
the point of @ representing A. We would like to consider the fiber of the Prym
map Pr3 : %3 — < over s. (More precisely, let @4 denote the smooth toroidal
compactification of % and 925 the compactification of %3 and consider the fiber of
Prs : %3 — o overs.)

Following [19, Section 2], let ® C A be a symmetric theta divisor. Suppose that
Aut(®) ~ 7Z/2. Under this mild condition on s, Verra proves in [19, Corollary 4.1]

that I;r; ! (s) is a blow-up of P3. Moreover, P_r; ! (s) has one irreducible component
Ny of dimension 3 and three components of dimension 2. By Verra [19, (3.14)-
(3.16), page 442], the latter represent unramified double covers of hyperelliptic or
singular curves whose Prym is isomorphic to A. The generic point of N represents
an unramified double cover 7 : ¥ — X where X is a smooth plane quartic and
P, ~ A. We briefly review the results of Verra in more detail below.
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The linear system |26 | has dimension 3 and is thus isomorphic to P3. Every
element Y in the linear system is a curve of arithmetic genus 5 with an involution.
The linear system is base point free and its generic element is a smooth irreducible
curve.

For each Y € |2@], there is a morphism ¢ : A — (P*)", where the wedge in
the superscript indicates taking the dual space. Let K = ¢(A). If A = Jac(Z) for
some smooth irreducible curve Z of genus 2, then deg(¢) = 2 and K is the Kummer
quartic surface of A.

By Verra [19, page 438], this yields amap ¢ : P3 — T — f;r;] (s). The set T is
analyzed in [19, (2.1)]; it consists of the set of points for which Y is not stable.

5.2 Explicit Version of the Fiber of the Prym Map

Let Z be a smooth curve of genus 2. The results of [19] give a way to find all smooth
plane quartic curves X having an unramified double cover 7 : ¥ — X such that
P, ~ Jac(Z). This is discussed in [4, Section 7], where Bruin shows how to recover
a model of the form X : Q103 = (Q2)? from a smooth plane section X of the
Kummer surface K.

Consider the Kummer surface

K =Jac(Z)/(—1) C P?

associated to Z, namely, the quotient of Jac(Z) by the Kummer involution. It is a
quartic surface, with 16 singularities corresponding to Jac(Z)[2] =~ (Z/27)%¢. Let
¢ : Jac(Z) —> K be the degree 2 quotient map.

For a sufficiently general plane V C IP3, the intersection

X=VNnK

is a smooth plane quartic curve. This implies that X does not contain any of the
branch points of ¢. Thus the restriction of ¢ to ¥ = ¢~ '(X) is an unramified
double cover  : ¥ — X. The Prym variety Py is isomorphic to Jac(Z), as seen on
[2, page 616]. Conversely, by Verra [19], if Jac(Z) is isomorphic to the Prym variety
of an unramified double cover 7 : ¥ — X, with X a smooth plane quartic, then X
is isomorphic to a planar section of K and Y is its preimage in Jac(Z).

5.2.1 The Kummer Surface

Suppose that Z is a smooth curve of genus 2 with affine equation

6
Z:72= D(x) := Zdl-xi.
i=0
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Consider the Kummer surface K = Jac(Z)/(—1) associated to Z, which is a
quartic surface in IP3. In this section, we write down the equation of K as found in
[5, Chapter 3, Section 1].

The degree 2 quotient map ¢ : Jac(Z) — K is defined explicitly as follows.
A generic divisor of degree 2 on Z has the form (x1, z1) + (x2, z2). Let Zy be the
divisor above x = o0o. Then

¢: Jac(Z) - K

[(x1,21) + (32, 22) — Zool = [1: x1 +x2 2 x1x2 : Bol,
where By = (Fo(x1, x2) — 22122)/(x1 — x2)* and Fy(x1, x2) equals

2do + di (x1 + x2) + 2dax1x2 + d3(x1 + x2)x1x2 + 2d4(x1x2)*
+ds(x1 + x2)(x1%2)° + 2d6(x1%2)°
The map ¢ realizes Jac(Z) as a double cover of K that ramifies precisely at
Jac(Z)[2]. It maps the 16 points of order 2 of Jac(Z) to the 16 singularities of K.
Let X, ..., X4 denote the coordinates on P3. By Cassels and Flynn [5, (3.1.8)],

a projective model of the Kummer surface K in P3 is the zero locus of the following
equation:

K(X1, X2, X3, X4) = K2 X3 + K1 X4 + Ko (12)
with

Ky = X3 — 4X1 X3
K| = —2QdoX} + d X} X2 + 2y X7 X5 + d3 X1 X2 X3 + 2ds X1 X3 + ds X2 X3 + 2d6X3)
Ko = (d? — 4dody) X} — 4dod3 X7 Xy — 2d1d3 X3 X3 — 4dody X3 X5
+4(dods — d1dg) X3 X2 X3 + (d3 + 2dyds — 4dpdy — 4dode) X3 X3 — 4dods X1 X3
+4Q2dod — d1ds)X1X5 X3 + 4(d1de — dads) X1 X2 X5 — 2d3ds X1 X3 — 4dods X5

—4d1dgX3X3 — 4drde X3 X3 — 4d3de X2 X3 + (d2 — ddyde) X3,

where dy, . . ., de are the coefficients of D(x) in the equation for Z.

This model of the Kummer surface K in P3 arises from a projective model of
Jac(Z) in P, explicit calculations are thus more efficient on the Kummer surface.
Alternatively, by combining a few Frobenius identities of theta characteristic
functions, one can derive another projective model of K parametrized by four theta
constants [13, Section 7, Chapter IIla].
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5.2.2 Plane Quartics as Planar Sections of the Kummer Surface
Let K be the Kummer surface from (12). For a plane V C IP3, consider the curve
X=VNK.

Recall that if X is smooth, then it has genus 3, and the pullback of Jac(Z) — K to
X yields an unramified double cover  : ¥ — X such that the Prym variety Py is
isomorphic to Jac(Z).

Let V = Vg p,c,q be a plane defined over k by

VivXy, X0, X3,Xy) =aX| +bXyp+cX3+dX4 =0. (13)

The point (0 : 0 : 0 : 1) is a singular point of the Kummer surface. For planes V
which avoid the singularities of K, it is no restriction to take d = 1.

5.3 The Hasse-Witt Matrix of X

In Sect.4, we determined the Hasse-Witt matrix for a curve X given as the
intersection of a plane and quartic surface in P?. Recall that X = V N K C P3
where K : k = 0and V : v = 0 are defined in (12) and (13). Recall that ¢;, ;, i5.i,

is the coefficient of X’il X;Z X? Xff in (vk)?~!. In other words,

-1 i1 yi2 i3 yia
()P~ = > Ciy in,is,is X| X3 X3 Xy
i iz His+ia=5(p—1)

Proposition 6 describes the Hasse-Witt matrix Hy of X in terms of the coefficients
Ciy.ia,in,iy and a, b, c, d.

Lemma 5 Setting d = 1, then the coefficients of Hx are each homogeneous of
degree 2(p — 1) ina, b, c, dy, ..., ds.

Proof First, note that the equation « in (12) for K is homogeneous of degree 2
in dy, ..., dg, X4. This is because KzX?l, K1X4, and K¢ are each homogeneous
of degree 2 in dj, ..., ds, X4. Also, the equation v for V is homogeneous of
degree 1 in a, b, c, X4. Thus (xv)?~! is homogeneous of degree 3(p — 1) in
a,b,c,dy, ..., ds, X4. The coefficients of the 4 x 4 matrix Hy from (9) are
coefficients of (kv)?~!.

We now determine information about the coefficients of the Hasse-Witt matrix
Hy.Setd = 1. Let U be the 3 x 3 matrix obtained by removing the 4th row and 4th
column of Hy. Let

T
C = lcp—2,p—1,p—1,2p—1, Cp—1,p—=2,p—1,2p—1, Cp—1,p—1,p—22p—11" .
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By Proposition 6, Hy = U — Cla?, b?, c¢?]. The coefficients of U are of the form
Ci.in,i3,is With iy = p — 1; thus they are each homogeneous of degree 2(p — 1) in
a,b,c,dy, ..., ds. The coefficients of C are of the form ¢;, j, i5.i, Withis =2p —1;
thus they are each homogeneous of degree p — 2 in a, b, ¢, dp, . . ., dg. Thus each
coefficient of Hy = U — Cla”, b?, c”] is homogeneous of degree 2(p — 1) in
a,b,C,do,...,dﬁ. O

5.4 An Existence Result for Each p = 5 mod 6

Proposition 7 If p = 5 mod 6, then there exists a smooth curve X defined over Fp
with genus 3 and p-rank 3 having an unramified double cover m : Y —> X such
that Py has p-rank 0. More generally, R§3,O) is nonempty of dimension 4 for each
prime p = 5 mod 6.

Proof Consider the genus 2 curve Z : z> = x® — 1; it is superspecial and thus has
p-rank 0, when p = 5 mod 6 [8, Proposition 1.11]. The Kummer surface K in P3
is the zero locus of

K(X1, X2, X3, X4) = K2 X3 + K1 X4 + Ko (14)
with
Ky = X5 —4X1X;3
Ki = 4X; — 4X3
Ko = 4X3X3 — 8X1 X3 X3 + 4X3.
So

K = X3X3 —4X 1 X3X7 +4X]Xs — 4X3X4 +4X7X5 — 8X 1 X3 X5 + 4X3.

Letv =aX| +bX, +cX3+ X4 (sod = 1). Let ¢, i,,i5,i, be the coefficient of
X' X7 X3 X, in (k)P . The Hasse-Witt matrix Hy of X = V N K can be found
in Proposition 6.

By Lemma 6 (below), when p = 5 mod 6, then the determinant of Hy has degree
4(p — 1) when considered as a polynomial in b. In particular, det(Hy) is a nonzero
polynomial in a, b, c. The condition that X is singular is a nonzero polynomial
condition in a, b, c. Therefore, there exists a triple (a, b, c¢) € F; such that X is
smooth and det(Hy) # 0. This implies that X is ordinary, with p-rank 3, and the
unramified double cover 7 : Y — X has the property that P, ~ Jac(Z) has p-rank
0. Thus R§3’O) is nonempty. The dimension result follows from [15, Proposition 5.2].

O
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We remark that a result similar to Proposition 7 may hold when p = 5, 7 mod 8
with Z : z2 = x> — x or when p = 2, 3,4 mod 5 with Z : z2 = x> — 1.
The next lemma provides the cornerstone of the proof of Proposition 7.

Lemma 6 Let p = 5S mod 6 and let X be as in the proof of Proposition 7. When
considered as a polynomial in b, the determinant of Hx has degree 4(p — 1).

Proof When considered as a polynomial in b, the coefficient c¢;, j, 5, Of
X' X?X7 X, in (xv)P~! has degree at most p — 1. Any occurrence of b comes
from the term X in v, 50 ¢;, j, i3,i, has degree at most i in b.

Note that « has degree 2 in X4, so k”~! has degree 2p — 2 in X4. Any monomial
in kP! not divisible by X» arises as the product

(—4X1 X3 XM (4X3 X 4)"2 (—4X3X4)™ (4X2 X3)™ (15)

for some my, ma, m3, ms € 220 with m; + my +m3 + ma = p— 1

Claim 1 When considered as a polynomial in b, any term of the form ¢; p—1.,i5,2p—1

has degree at most p — 2.

Proof of Claim 1 Any occurrence of b~ 1in (kv)?~! comes from kP~ 1 (bX,)P~ 1.

The coefficient of X' X5 Xi"_l in k7~ is zero because 7~ has degree 2p — 2

in Xy4. m]
By Claim 1, in the middle column of Hy, the top and bottom entries,

Cp—22p—1,p—1,p—1 —bPcp_2 p_1,p—12p—1a0d ¢p_12p—1,p—2,p—1 —bPCp_i1 p—1,p-2,2p—1,

have degrees at most 2p — 2 in b. We consider the six terms in the expansion of
det(Hx). The four terms that do not contain the central coefficient of Hx have
degrees at most 2p — 2+ p — 1 4+ p — 2 = 4p — 5. It remains to consider the
product of the diagonal coefficients, and the product of the antidiagonal coefficients.
We show that the former has degree at most 4 p — 6 and the latter has degree 4p — 4
as polynomials in b.

Claim 2 When considered as a polynomial in b, each of the two terms
Ck(p—1),p—1,6(p—1),p—1 Tor (k, £) € {(1, 2), (2, 1)} has degree at most p — 2.

Proof of Claim 2 We must show that the coefficient of le(p_l)Xg(p_l)Xf_l in
«P~1 is zero. Since X, does not divide this monomial, it appears as a product as in
(15). In order to attain the desired powers of X and X3, we must have

my +3my +2mg =k(p — 1)

and

my + 3m3z + 2mg = £(p — 1).
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Subtracting the two equations gives 3(my — m3) = +(p — 1). But3 4 (p — 1)

since p = 5 mod 6. So the coefficient of le(Pfl)Xﬁ(Pfl)Xffl in x?~! is zero, as

required. O

Combining Claims 1 and 2 shows that the product of the diagonal entries of Hy
has degree at most p —2 +2p —2 4+ p — 2 = 4p — 6 in b. Finally, we show
that the product of the antidiagonal entries has degree 4 p — 4 when considered as a
polynomial in b.

Claim 3 When considered as polynomials in b, the following terms have degree
p—1:

(D Cp—2,p—1,2p—1,p—1 and (2) C2p—1,p—1,p—2,p—1-
Proof of Claim 3 For (1), any occurrence of h”~! in (kv)?~! comes from

kP~1(bX,)P~1. Hence we must show that the coefficient of Xf_ngp_le_l in

«P~! is nonzero. Since X 2 does not divide this monomial, it arises as a product as
in (15). In order to attain the desired power of X4, we must have

2my+my+m3=p—1,
whereby m| = my. In order to attain the desired powers of X| and X3, we must
have
my + 3my 4+ 2myg =3(my +mp) =p—2
and
my +3m3 + 2mqg =3(m +m3) =2p — 1.

So m determines my, m3, mq. Write p = 6k + 5 for some integer k, so
my =2k+1—m
and

m3 =4k +3 —mj.

. _ —2p—1y2p—1yp—1. .
The coefficient of b” 1Xf Xf X3p Xf incp-2p-12p-1,p—118

Z (p - 1)' (_4)m142k+1—m| (_4)4k+3—M|4M|
ml!mz!m3!m4!
my+ma+m3+my=p—1

= (—1)H+34r-1 Z (p—D!

mqlma!mszlma!’
my+my+mz+mg=p—1 R S

Note that

Z (p—D! _ 4p71‘
mi!lmylmslmy!

my+my+m3+my=p—1
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Therefore, the coefficient of b?~! XV 2x g “1x § r=lx 4 ~1is the nonzero number

(_1)4k+34[7—14p—1 — _42[)—2.

For (2), consider the coefficient of b’ in C2p—1,p—1,p—2,p—1. By the same
strategy as above:

mjp = mgy;
3my +3my=2p—1=12k+9;

3my +3m3 =p—2=06k+3.
So, the coefficient of bp’lX%p_ng_ng_zXf_l in c2p—1,p—1,p—2,p—1 is the
nonzero number

Z (17 - 1)‘ (_4)m144k+3—m| (_4)2k+l—m|4m|
milmolmszimg!
m+my+m3+my=p—1

— 1)
_ 2k+14p—1 (p— D! _ 2p—2
= (=D)7T 47 ) P T
mi'malmslmy!
mi+my+m3+mag=p—1

which completes the proof. O

Claim 4 When considered as a polynomial in b, the term ¢, 1, p—2,p—1,2p—1 has
degree p — 2.

Proof of Claim 4 Consider the coefficient of bP~2 in Cp—1,p—2,p—1,2p—1. Since
xP~1 has degree 2p — 2 in X4, any occurrence of bp’zXf_1X§_2X§_lXﬁp_l in
(kv)?~! comes from choosing the monomial 56X, in p — 2 factors v of v”~! and
X4 in the remaining one. There are p — 1 ways of doing so.

Now we compute the coefficient of X7 71X§ 71X§p 2 in «P~!. A monomial
divisible by X» cannot be chosen in a factor x of «P~1, Therefore, to obtain the
exponent 2p—2 of X4, we need to pick the monomial —4 X1 X3 X i in each factor « of
«P~1. Hence, the coefficient of bP*ZXf_le_zXf_IXip_l in cpoi,p—2,p—1.2p—1
is (p — 1)(—4)?~!, which is not zero. O

Now we complete the proof of Lemma 6. By the claims, the largest power of
b in det(Hy) arises in the product of the antidiagonal entries. By Claims 3 and 4,
when considered as polynomials in b, the antidiagonal entries have degrees p — 1,

p+ p—2,and p — 1, respectively. Therefore, their product has degree
p—l+p+p—-2+p—1=4p—4,

when considered as a polynomial in b. O
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5.5 The Condition that X Is Non-ordinary

Let Z be an arbitrary smooth curve of genus 2 and X = K N V with Hasse-Witt
matrix Hy as in Sect. 5.3.

5.5.1 The Condition that X Is Non-ordinary

The curve X is non-ordinary if and only if det(Hy) is zero.

Proposition 8 Setting d = 1, then det(Hy) is nonzero and homogeneous of degree
6(p—1)ina,b,c,dy,...,ds.

Proof By Lemma 5, each coefficient of the 3 x 3 matrix Hy is homogeneous of
degree 2(p — 1) in these variables. Thus it suffices to prove that det(Hy) is nonzero.
We expect that this can be proven algebraically, but to avoid long computations, we
continue with the following theoretical argument. If det(Hy) is identically O, then
a generic point of %3 = IT~'(.#3) would represent an unramified double cover
7w : Y — X such that X is non-ordinary; this is false. m|

We apply a fractional linear transformation to the variable x in order to reduce
the number of variables defining Z, while preserving the degree of det(Hy) and
its homogeneous property. Without loss of generality, we can suppose that no
Weierstrass point of Z lies over x = oo and that 3 of the Weierstrass points are
rational and lie over x = 0, 1, —1 (over a non-algebraically closed field, this may
only be true after a finite extension). Then,

Z:22 = D) := (x> = x)(Agx> + Ax*> + Bx + O) (16)
= Apx® + A+ (B — Ap)x* +(C — A)x> — Bx2—Cx. (17)

Note that Ag # 0 by the hypothesis at oo and C # 0 since Z is smooth.

5.5.2 The Condition that X Is Non-ordinary and Z Has p-Rank 1

As in (16), write Z : z2 = D(x) := (x> — x)(Agx> + Ax% + Bx + C). Then Z is
not ordinary if and only if det(Hz) = 0.

Lemma 7 The nonzero homogeneous polynomial det(Hy) does not vanish identi-
cally under the polynomial condition det(Hz) = 0, which is homogeneous of degree
p—1linAy, A, B,C.

Proof Since D(x) is linear in Ag, A, B, C, the entries of the Hasse-Witt matrix Hz
are homogeneous of degree (p — 1)/2 so det(Hz) is homogeneous of degree p — 1.

For the nonvanishing claim, it suffices to show that X is typically ordinary when
Z has p-rank 1. This follows from the fact that each component of %?’D has
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dimension 5, while each component of %éz’l) has dimension 4, which is a special
case of [15, Theorem 7.1]. m]

For example, when p = 3 and (Ao, A, B, C,a,b,c) = (1,0,1,2¢,0, 1, 1) with
t e Fgarootof 1> —t — 1,then f = 1 and f’ = 1 and the curve X is smooth.

5.5.3 The Condition that X Is Non-ordinary and Z Has p-Rank 0

Lemma8 The curve Z is not ordinary under a polynomial condition on
Ao, A, B, C which is homogeneous of degree p — 1. The curve Z has p-rank 0
under four polynomial conditions on Agy, A, B, C which are each homogeneous of
degree (p + 1)(p — 1)/2.

Proof The curve Z has p-rank 0O if and only if Hz H ép ) = [0]. The entries of H ép )

are homogeneous of degree p(p — 1)/2, so the entries of Hz H ép ) are homogeneous
of degree (p + D)(p — 1)/2. O

Proposition 9 Let Z be a genus 2 curve with equation
22 = (3 = x)(Apx> + Ax® + Bx + C).

Let V be a plane with equation aX| + bX> + ¢X3 + X4. Let X = VN K, and
consider the unramified double cover m : Y — X given by the restriction of
¢ : Jac(Z) — K. Then the condition that X is non-ordinary and Z has p-rank 0 is
given by the vanishing of four homogeneous polynomials of degree (p+1)(p—1)/2
in Ao, A, B, C and the vanishing of one homogeneous polynomial det(Hx) of
degree 6(p — 1) ina, b, c, Ao, A, B, C.

Proof The curve X is non-ordinary if and only if det(Hy) vanishes. By Proposi-
tion 8, det(Hy) is homogeneous of degree 6(p — 1) in a, b, ¢ and the coefficients
of D(x), which are linear in Ag, A, B, C. The curve Z has p-rank O under the
conditions in Lemma 8. O

We expect that the answer to Question 1 will be yes for all odd p when g = 3,
f =2,3,and f’ = 0. We now rephrase the question in those cases to a question in
commutative algebra.

Question 2 For all odd primes p, is there a plane V for which det(Hy) does not
vanish identically under the four conditions when Hz H ép ) = [0]? Is there a plane
V for which det(Hy) does vanish for some Z such that H, Hép ) — [0]?

The difficulty in showing that det(Hyx) does not vanish identically when Z has
p-rank 0 is that we do not know much about the variety of the ideal generated by the
four polynomial conditions when Hz H ép ) = [0] or the behavior of the derivatives
of det(Hy) with respect to the variables a, b, c.
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5.54 Example: When p =3
Write Z : 722 = D(x) = (x> — x)(Aox>® + Ax2 + Bx + C). Then

—B A
—C B - Ay

Hy =

The four entries of Hz Hg) are:
B* — AC3, C(B> = C*(B — Ap)), A((B — Ag)® — BA?), —CA> + (B — Ap)*.

Recall that C # 0 since Z is smooth. If Z has 3-rank O, then if any of A, B, B — Ag
are zero, then all of them are zero, which implies A9 = 0, which contradicts the
hypothesis at co. Thus AB(B — Ag) # 0 when Z has 3-rank 0. One can check that
HzHS' = [0] if and only if

B*— AC?=0,B> - C*(B — Ap) =0.
Write
(UK)2 = Z Cil,iz,i3,i4X§| X?X?X?,
i1+iz+iz+ig=10
and assume that d = 1. Then the Hasse-Witt matrix Hy is given by

€42.2,2 — a3cl,2,2,5 €1,52,2 — b3cl,2,2,5 €1,2,52 — 6301,2,2,5

3 3 3

€5,122—0°C21,2,5 2,422 —b’c2125 21,52 —€7¢2,12,5 (18)
3 _p3 3

€52,1,2 —a°C22.1,5€2,5,1,2 €2,2,1,5 €22,42 — C'C22,1,5

By Proposition 4, the 3-rank of X is the stable rank of Hy, which is the rank of

2
HXH)(?) H}(? ). The entries of Hy are homogeneous of degree 4, and det(Hy) is
homogeneous of degree 12 in a, b, ¢, Ag, A, B, C.

5.5.5 Example: Genus 3 Curves Having Pryms of 3-Rank 1 When p =3

In Example 1, we showed that ,@él’l) and %go,l) are nonempty when p = 3, by
finding curves X of 3-rank 1 or O having an unramified double cover 7 : ¥ — X
such that Py has 3-rank 1. Here we give a second proof of this using the methods of
this section.

For ¢, u € k with t # u, consider the genus 2 curve

Ziy: 2= D(x) = x6+x3+1+x(x3+1)(tx+u)=x6+tx5+ux4+x3+tx2+ux+1.

One can check that Z; , is smooth if # # u and Z; , has 3-rank 1 for ¢ # Fu.
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Example 8 Let p = 3. Consider the plane quartic X = V N K where K is the
Kummer surface of Jac(Z;,) and V C Pisa plane. Then X has an unramified
double cover 7 : ¥ — X such that P; >~ Z; , has p-rank 1.

1. fV: X+ X3+X4=0andt =1, u = 0, then X is smooth with 3-rank
f=1

2.IfV:—-X1 —Xo+ X4 =0andt = 0, u = 1, then X is smooth with 3-rank
f=0.

5.6 The Moduli Space of Genus 3 Curves Having Pryms
of 3-Rank 0 When p =3

In this section, we fix p = 3. In Sect.5.6.1, we parametrize (%/20 (the 3-rank O
stratum of .#>) by a 1-parameter family of curves of genus 2 and 3-rank 0. Let «
be the name of this parameter. In Sect. 5.6.2, we then analyze det(Hx) as V and o
vary. This allows us to prove some information about the locus of the parameter
space where X is non-ordinary. This implicitly provides geometric information
about %’;2’0) .

5.6.1 A Family of Genus 2 Curves with 3-Rank 0 When p =3

Fora € k — {0, 1, —1}, define
Zy: 722 = A(x)B(x),
where
A(x)=x>—ax’+ax+(a+1), and B(x) = (x—a)(x—(a+1))(@x+(a+1)).

The importance of the next lemma is that it shows that Jac(Z,) parametrizes the
3-rank O stratum of 7, which is irreducible of dimension 1 when p = 3.

Lemma 9 When p = 3, then the family {Z,}q is a non-isotrivial family of smooth
curves of genus 2 and 3-rank 0.

Proof For € k — {0, 1, —1}, the polynomial A(x)B(x) has no repeated roots;
hence, the curve Z, is smooth and of genus 2. If Z, is isomorphic to Zg for
a, B € k—{0, 1, —1}, then they have the same absolute Igusa invariants ji, jo, j3
[9]. Using SageMath [18], we find that the absolute Igusa invariants of Z, are:

o (@—1)°
= @t 2
o (@=1)°
2= @i
(=D} —a—1)?
3= .

o?
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In particular, the absolute Igusa invariants are nonconstant functions of «; hence,
the family {Z,}, is non-isotrivial.
By Proposition 1, the Cartier-Manin matrix M of Z is

(@+ 13 —(@+D*

1 —(a+1)
so the matrix M3 M is
@+ 1% =@+ D) [(@+1)’ —(@+D*) (00
I @+ 1) 1 —@+n ) \oo)’
s0 Zy has 3-rank f’ = 0 by Proposition 4. O

5.6.2 The Locus of the Parameter Space Where X Is Non-ordinary When
p=3

Now, we compute the equation of the Kummer surface K, of Z, and choose a
plane V = Vg p ¢ 4 to obtain the smooth plane quartic X{, = K, N V. Our goal is
to find information about the 3-rank f = f7 of X, as V and « vary. To do this, we
determine the Hasse-Witt matrix H := H X3 of X7, asin (18).

Proposition 10 For a generic choice of plane V, the curve XY, is ordinary for all
but finitely many o and has 3-rank 2 for at least one and at most finitely many a.

Proof When d = 1, the value of the 3-rank of X, is determined by polynomial
conditions in a, b, ¢ and «. In particular, X{, has 3-rank 3 if and only if the
determinant of Hy; is nonzero. So the first statement can be proven by checking, for
a fixed plane V and fixed parameter o, whether det(Hy;) # 0. The second statement
can be proven by checking, for a fixed plane V, whether det(Hy) = 0 under a
polynomial condition on o and whether there exists one value of « satisfying that
polynomial condition for which X¥; is smooth and has 3-rank 2.
Thus both statements follow from the next claim.

Claim For the plane V : — X5+ X4 = 0, the curve X¥; is ordinary for all but finitely
many ¢ € k—{0, 1, —1}, and X“", has 3-rank 2 for a nonzero finite number of @ € k.

Proof of Claim When V : —X5 + X4 = 0, the Hasse-Witt matrix H of X¢; is

apy apz a3
azy azz azs

asy asz ass
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where
ayp=aP —a' —a 4+ +o’ +ab —aP —a? -1,
a12=—a7—a6+a5+a4+a2+a,
a13:a10+a9+a7—a6+a5—a4,
= —a®—aP o' yo® +ad+a’ —a® +at —ad — a2,

a22=a13+a9+a8+a7—(x6—a4—a3—ot2—ot—1,

2

a3 =—a13+a10+a9—a6+a5+a4+a3—ot —a—1,

as] :a13+a12—a9+a8+a7+a6—a5+a2+a,

a32:alo—a8+a7+a5—a4—a3—a2—a—1,

12 4

a3 = o —a 4o+’ —at—a—1.

The determinant Dety of H is

DetH=a3(a+1)4(a—1)5(oz3+052+oz—1)(a5+a4+a3+a2—a+1)
(0!5—Ol4+(¥3+0!2+0{+1)(0[6—a4+(){3—(¥+1)(0!7+O{5+O{—1).

For each o € k — {0, 1, —1} which is not a root of Dety, the Hasse-Witt matrix
is invertible and so X7, is ordinary. For a € k satisfying P+t +a—1=0,a
computation in SageMath [18] shows that X is smooth and the matrix HH® H 3%
has rank 2. Therefore, for these values of o, X, has 3-rank 2 by Proposition4. O

O

Proposition 10 does not eliminate the possibility that there exists a plane V such
that det(Hy;) = 0 for all a.

Proposition 11 For a generic choice of a € k, the curve X3, is ordinary for a
generic choice of V and has 3-rank 2 under a codimension 1 condition on V.

Proof The first statement already follows from Proposition 10. The second state-
ment can be proven by checking, for fixed o € k, whether det(Hy;) = 0 under a
polynomial condition on a, b, ¢ and whether there exists one possibility for a, b, ¢
satisfying that polynomial condition for which X7, is smooth and has 3-rank 2.

Let o € Fy be fixed to be a root of the polynomial t> + 2t + 2. If d = 1, the
Hasse-Witt matrix H = (a;;); j of X$,, for arbitrary a, b, c, is given by

ajp =adc+ b +ac+ (@ + D)@ —be+a)+ (@ — 1)(ab — b) — ac?
ap = b3+ (@ + DHb3
a3 =c*—ac+ (@ + Dc2c = 1) + (—a + Db? + —a(ab + be)
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ayy =a’b—ab+ (—a— D@ +ac+c)+ (—a+ D@+ c2+a—bo)
ap =b*+ (—a — Db* —ac® + ab

a» = bed + (—a — 13 + a(a® — ac + be + ¢) + (@ — 1)ab
az1=a*—a’+(—a + D+(a + 1) (@ — ab — b)+(—a+1)(b* — be — ¢)+aac
az = ab® + (« + )b + abe

asz = ac® +a? + (@ + DA + ac — ¢) — a(b? + bc + ab).

Then one can check that det(H) is nonvanishing in a, b, c. Also, when (a, b, ¢)
equals (2, 0, 2), then one can check that the curve X "\j is smooth with 3-rank 2. O

Proposition 11 does not eliminate the possibility that there exists o € k such that
det(Hy;) = 0 for all planes V.

6 Points on the Kummer Surface

Suppose that Z is a supersingular curve of genus 2 defined over a finite field I, of
characteristic p. This section contains a result about the number of IF;-points on the
Kummer surface K of Jac(Z). The material in this section is probably well known
to experts, but we could not find it in the literature. The connection between this
section and the rest of the paper is found in Question 3 below: we remark that if
X = V N K for some plane V and if p divides #X (IF;), then the p-rank of X is at
least 1.

Let Z be a genus 2 curve over [F,. Suppose that Z has equation 2 = D(x),
and define a quadratic twist W of Z by Az> = D(x) for A € ]FZ; \ (F;)z. The
isomorphism class of W does not depend on the choice of non-square element A.

Lemma 10 Let Z be a genus 2 curve over Iy, and let W be its quadratic twist. Let
K =Jac(Z)/{—1). Then

|K(Fg)| = (Jac(Z)(Fg)| + [Jac(W)([Fy))/2.

Proof The degree 2 cover ¢ : Jac(Z) — K is defined over F,;. Now let
¥ @ Jac(Z) — Jac(W) be the isomorphism of abelian varieties over I > induced by
the isomorphism of the underlying curves given by (x, z) — (x, v/Az). Let 7 be a
generator for Gal(F 2 /F,). Then ! = —y.

Let P € K(F,). Write ¢~ '(P) ={0,—0)}.Since P € K (F,) and ¢ is defined
over F, then {0(Q), —0(Q)} = {Q,—Q} forall o € Gal(Fq/Fq). Therefore,
Q is defined over qu and either T(Q) = Q, whereby Q € Jac(Z)(IF,), or else
7(Q) = —Q, whereby ¥ (Q) € Jac(W)(F,). The points P € K(IF;) for which
¢~ 1(P) = {Q, —Q} with Q = —Q are precisely those for which Q € Jac(Z)(Fy)
and ¥ (Q) € Jac(W)(F,). Therefore, we see that every point in K (F,) is counted
twice in | Jac(Z)(Fy)| + | Jac(W)(IF,)|. O
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The zeta function of a genus 2 curve Z/F, is

|Z(F 0l | _ Lzw,(T)

2 =ex| 2 S Toni-gn

k>1

where Lz/p, (T) = 1 + aiT + axT? + gai T + ¢°T* = [[{_, (1 — o T) with
o103 = 04 = (.

Lemma 11 Let Z be a genus 2 curve over Fy, A = Jac(Z), and K = A/(-1).
Then

Jac(Z)(Fy)| = 1 + a1 + a2 + a1q + ¢°
and
|KF)|=1+az+q*

where the a; are the coefficients of L 7y , (T) as defined above.

Proof The second statement follows from the first, using Lemma 10 and the fact
that if W /I, is the quadratic twist of Z, then

Lwr,(T) = Lzw,(-T) =1 —a\T + &2T* — qa1 T* + ¢*T*.
For the first statement, note that

1ZE)I* +1ZFp2)|

Jac(2)(Fy)| = > 19)
Equating the coefficients of 7 and T2 in
Lz, T _ exp Z |Z(F 0l Tk
(=T)(1 —qT) i

givesay = |Z(Fy)| (g +1) anday = $|Z(F) P+ Z(F 2)| — (g +DIZ(Ey)|+4.
The result now follows from (19). |

Corollary 3 Let Z be a supersingular genus 2 curve over Fy, let A = Jac(Z), and
let K = A/{—1). Then

|K(Fy)| =1 modgq.

Proof If Z is supersingular, then g | a>. The result now follows. O
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Question 3 Suppose Z is supersingular and K is the Kummer surface of Jac(Z).
Does there exist a plane V C P? defined over F, such that p divides #X (F,) where
X =V N K?If so, then the p-rank of X is at least 1.

7 Results for Arbitrary g

In this section, when 3 < p < 19, we use the results from Sect. 3 about genus 3
curves in characteristic p to verify the existence of smooth curves X of arbitrary
genus ¢ > 3 having an unramified double cover whose Prym variety has small
p-rank. Specifically, we work inductively to study the dimension of certain moduli

strata %’éf I for g > 3 in characteristic p with 3 < p < 19. The reader is strongly
advised to read [15] before reading this section.

A highlight of this approach is that X is smooth and we can control its p-rank f.
Indeed, the original proof of [21], found in [2, Section 2], shows that @;f L is
nonempty for each g > 2 and 0 < f’ < g — 1; in other words, there is a possibly
singular curve of genus g and p-rank f’ + 1 with an unramified double cover 7
such that P, has p-rank f’. We omit the details of this argument.

In this section, the word component means irreducible component. Although the
phrasing is slightly redundant, we emphasize that a component of a given dimension
is nonempty because this property of the component is the most difficult to prove and
is sufficient to yield the existence applications.

7.1 Increasing the p-Rank of the Prym Variety

The next result allows us to use geometric information about %;.f ) to deduce

geometric information about %ﬁ,‘f "F) when fl<F <g-—1

Proposition 12 ([15, Proposition 5.2]) Let ¢ > 3. Suppose that %’éf R
nonempty and has a component of dimension g — 2 + f + f’ in characteristic
p- Then %é.f’F ) is nonempty and has a component of dimension g — 2+ f + F' in
characteristic p for each F' such that f' < F' < g — 1.

7.2 Background on Boundary of %

The strategy used in [15] is to use unramified double covers of singular curves of
given genus and p-rank to produce unramified double covers of smooth curves of
the same genus and p-rank, with control over the p-rank of the Prym variety. This
strategy must be implemented very precisely because, in general, the p-rank of both
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the curve and the Prym will increase when deforming X away from the boundary.
In fact, there are situations where this is guaranteed to happen.

This section contains background about p-ranks of unramified double covers of
singular curves. Let %_’g be the compactification of %, as defined and analyzed in
[6, Section 1.4]. The points of ,@g\%g represent unramified double covers of
singular stable curves of genus g.

Let @g; 1 = %_’g X 4, ///_g; 1 be the moduli space whose points represent
unramified double covers 7 : ¥ — X together with marked points y € Y and
x € X such that 7(y) = x, as in [15, Section 2.3]. Adding a marking increases the
dimension of the moduli space by 1. By Ozman and Pries [15, Lemma 2.1], there is
a surjective morphism g : <%:’g; 1 — %_’g whose fibers are irreducible.

Suppose that g = g1 + g2, with g; > 1. We recall some material about the
boundary divisor Ag, ., [@g] from [6, Section 1.4]. This boundary divisor is the
image of the clutching map

Keigy + Hgis1 X gyt — Ky,

defined on a generic point as follows: Let t; be a point of f%_)gul representing
(ry : C; — C1,x{ = xp) and let 2 be a point of l@gz;l representing
(2 : C) — C2,x5 — x2). Let X be the curve with components C; and C,
formed by identifying x; and x» in an ordinary double point. Let ¥ be the curve
with components C}| and C), formed by identifying x| and x} (resp. x{ = o (x})
and xJ = o(x})) in an ordinary double point. Then kg,.q, (71, 72) is the point
representing the unramified double cover Y — X. This is illustrated in Fig. 1.

Fig. 1 Ag
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In [15, Section 3.4.1], the authors analyze the p-rank stratification of this bound-
ary divisor. By Ozman and Pries [15, Lemmas 3.6-3.7], the clutching morphism
restricts to the following:

(1) (f2.13) S(fi+f. fi+ 54D
Kgrgs * Hgii' | X Ay T = Dyl Hy P (20)

The following lemma is useful in the inductive arguments in Sect. 7.5.

Lemma 12 Suppose that S; C %;{i’ﬁ) has dimension d; for i = 1,2. Then it

follows that d + da + 2 is the dimension of

H = kg (g (S1) x Y (52)).

Furthermore, if S; is a component of %;ﬁ S

@é.f1+.fz,.f{+.f§+l)

fori = 1,2, then ¥ is contained in

i

a component of whose dimension is at most di + d» + 3.

Proof The first statement follows from the facts that the fibers of {g have dimension
1 and the clutching maps are finite. The second statement follows from (20) and
[20, page 614]; see [15, Lemma 3.1]. |

7.3 Some Extra Results When p =3

The p = 3 case is guaranteed to be more difficult, because z@éo’o) and :%,51,0) are
empty in that case [7, Section 7.1]. In other words, when p = 3,if7 : ¥ — X isan
unramified double cover of a genus 2 curve such that P, is non-ordinary, then X is
ordinary. This is the key reason why there are some extra hypotheses when p = 3
in [15, Propositions 6.1, 6.4, Theorem 7.2].

We now have the extra information that all pairs (f, f’) occur when p = 3 and
g = 3. In this section, we use this to confirm that the extra hypotheses when p = 3
can be removed from most of the results of [15, Sections 6 and 7]. This will allow
us to work more uniformly for odd p in the next section.

Let M;_ 1 denote the toroidal compactification of «7,_1. Let ;z/;,’i | denote the
p-rank f' stratum of 42/;,1. Let ng/ = ISr;(Jz%Z_/I) N Ay.

The next result about the p-rank stratification of Réf 1 is true for all p > 5by
Ozman and Pries [15, Proposition 6.4].
Lemma 13 The result [15, Proposition 6.4] does not require the hypothesis that
f #0,1 when p = 3. In other words, if p =3 and 0 < f < 3, then 17_1(//!3f) is
irreducible and %éf R, (///3f )n V31 is nonempty with dimension 2 + f.

Proof The only place that this hypothesis was used was to verify that .%éf s
nonempty, which we have now verified in Proposition 5. O
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The next result about non-ordinary Prym varieties is true for all p > 5 by Ozman
and Pries [15, Theorem 7.1]. We say that Py is almost ordinary if its p-rank satisfies

ff=g-2

Lemma 14 The result [15, Theorem 7.1] does not require the hypothesis f > 2
when p = 3 and g > 3. In other words, if p = 3, g > 3, and 0 < f < g,
then %’éf 872 nonempty, and each of its components has dimension 2g — 4 + f.
More generally, let S be a component of %'f, then the locus of points of TT~'(S)

representing unramified double covers for which the Prym variety Py is almost
ordinary is nonempty and codimension I in IT=1(S).

Proof The only place this hypothesis was used was to apply [15, Proposition 6.4] in
the “base cases” and “nonempty” paragraphs. So the result follows by Lemma 13.
]

The hypothesis p > 5 also appears in [15, Corollary 7.3], because a key point of
the proof is that %51’0) and %;0’0) are nonempty, which is false when p = 3. We
generalize [15, Corollary 7.3] to include the case p = 3 in Sect. 7.5.

7.4 A Dimension Result

The following result is also needed in Sect. 7.5.

Proposition 13 Let3 < p < 19. Then ,%’§3’0) contains a component of dimension

2 . . .
4, and %g 0 contains a component of dimension 3.

Proof Let3 < p < 19 and f = 2, 3. By Proposition 5, there exists an unramified
double cover s : Yy — X such that X y is a smooth plane quartic with p-rank

f and Py, has p-rank 0. This shows that %’éf 0 s nonempty. Let §¢ denote a

component of %’éf 0 containing the point representing 7. By purity, we have
dim(Sy) > 1 + f. To finish the proof, it suffices to show that dim(Sy) =1 + f.

Consider the morphism Pr3 : %3 — . Let Z be an irreducible component
of the p-rank 0 stratum 421/20 of «#. By Koblitz [11, Theorem 7, page 163], 2 has
dimension 1 (in fact, it is rational [14, page 117]). As in Sect. 5.1, Pr3_1 (%) has one
irreducible component N g of relative dimension 3 and three components of relative
dimension 2. Since dim(Z’) = 1, it follows that dim(N &) = 4.

Let f = 3. Since X3 is a smooth plane quartic, then 73 is represented by a
point of N4 for some component Z of ;zfzo. Thus S3 C Ng. This implies that
dim($3) < 4, which completes the proof when f = 3.

In fact, for any component 2 of &%20 containing the point representing Py, the
fact that the smooth plane quartic X3 has p-rank 3 implies that the generic point of
N isin %§3’O) . This is relevant when Py, is superspecial, in which case the point
that represents it is in multiple components 2.
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Let f = 2. Since X, is a smooth plane quartic, then m; is represented by a
point of N for some component % of ,%0. Thus S» C Ng . We claim that the
generic point of Nz represents an unramified double cover where X has p-rank 3,
not 2. This is clear when 3 < p < 11, because .52%20 is irreducible for those primes
by Katsura and Oort [10, Theorem 5.8] so there is only one component of <7, so
¥ = %.For 13 < p < 19, we note in the tables given in Sect. 3.3 that the same
curve Z is used in the cases (3, 0) and (2, 0). This means that the Prym varieties Py,
and Py, are isomorphic. So Z” is one of the components 2 of 42/20 containing the
point representing Py, and the claim is true by the previous paragraph. Since N g
has dimension 4 and its generic point represents a cover where X has p-rank 3, it
follows that dim($;) < 3. O

7.5 Final Result

In this section, in characteristic 3 < p < 19, we verify the existence of unramified
double covers w : ¥ — X where X has genus g and p-rank f and P, has p-rank
[/, for arbitrary g as long as f is bigger than approximately 2g/3 and f’ is bigger
than approximately g/3. This is most interesting when either % < f' < % —1lor
p = 3 because [15, Corollary 7.2] resolves the case when % —1< f' <g—1with
no conditions on g and f when p > 5.

We first include an inductive result which holds for any odd prime p. This
strengthens [15, Theorem 7.2].

Theorem 1 Let fqo be such that ,@éf 19 has a (nonempty) component of dimension
1 + fi1 in characteristic p for each f| such that fy < f1 < 3.

Let g > 2 and write g = 3r +2s for integersr, s > 0. Suppose thatrfo < f < g
(with f > rfo+2s when p=3)andr +s—1< f' <g—1.

Then %éf I has a (nonempty) component of dimension g — 2 + f + f' in
characteristic p.

Proof In light of Proposition 12, it suffices to prove the result when f' =r +s — 1.
The proof is by induction on r + s. In the base case (r,s) = (0, 1), then g = 2,
and the result is true by Ozman and Pries [15, Proposition 6.1]. In the base case
(r,s) = (1,0), then g = 3, and the result is true by hypothesis. Now suppose that
r + s > 2. As an inductive hypothesis, suppose that the result is true for all pairs
(r',s")suchthat 1 <r' +s <r+s.

Case 1: suppose that » > 1. This implies g > 5. Let g1 = 3 and g = g — 3.
By the hypotheses on f, it is possible to choose fi, f> such that f1 + f> = f and
fo= fi =3and for — 1) = fo = g (with f2 = fo(r — 1) + 25 if p = 3).
Let f{ = Oand f; = r + s — 2. By hypothesis, %’é‘f T nonempty and has
a component 1 of dimension di = 1 4 fi. By the inductive hypothesis applied
to (r — 1, s), it follows that %gfbrﬂ*z) is nonempty and has a component Sy of
dimensiondr, = g — 2+ fo+ (r +s —2).
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By Lemma 12, the image % of the clutching morphism « has dimension equal
to dy + da + 2. Furthermore, Lemma 12 shows that . is contained in a component

= S+ = s— . . .
W of %;fl+f2 At %’;f’rﬂ D Wwhose dimension is at most

di+d+3=(@+3) -2+ it +r+s—D=g-2+f+f.

Also dim(#) > g —2+ f + f’ by purity. Thus dim(#) = g —2+ f + f’ and the
generic point of # is not contained in #". The generic points of S1 and S represent
unramified double covers of smooth curves by hypothesis. Thus the generic point of
# is not contained in any other boundary component of @g. It is thus contained in
g, and so it represents an unramified double cover of a smooth curve.

Case 2: suppose that s > 1. This implies g > 4. Let g1 = 2 and g = g — 2.
By the hypotheses on f, when p > 5, it is possible to choose fi, f> such that
fi+fo=fand0 < fi <2and for < fo < g2. When p = 3, let f; = 2
and fo = for +2(s — 1). Let f{ = 0 and f, = r + s — 2. By Ozman and Pries
[15, Proposition 6.1], 9?;" T nonempty and has a component S; of dimension

d; = fi1. By the inductive hypothesis applied to (r, s — 1), it follows that %gz’rﬂ_b

is nonempty and has a component S, of dimensiondy = g2 — 2+ fo + (r +s —2).
The proof then follows the approach of Case (1). O

Corollary 4 Let fo =2 and3 < p < 19. Let g > 2 and write g = 3r + 2s for
integers r, s > 0. Suppose that 2r < f < g (with f > 2r + 2s when p = 3) and
r+s—1<f'<g-—1.

Then %’é‘f I has a (nonempty) component of dimension g —2 + f + f’ in
characteristic p.

In particular, this holds in the following situations:

Ifg =3rand (f, f')issuchthat2r < f <gandr —1< f' <g—1;

2. Ifg=3r+2and (f, fYissuchthat2r < f < gandr < f' < g — 1, (with
f =2r+2when p =23);

3. Ifg =3r+4and (f, f)issuchthat2r < f < g (with f > 2r +4 when p = 3)

andr+1< fl<g—1.

~

Proof By Proposition 13, the hypothesis in Theorem 1 holds for fy = 2. The result
is immediate from Theorem 1. O
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Abstract We consider the K3 surfaces that arise as double covers of the elliptic
modular surface of level 5, Rs 5. Such surfaces have a natural elliptic fibration
induced by the fibration on Rss. Moreover, they admit several other elliptic
fibrations. We describe such fibrations in terms of linear systems of curves on Rs 5.
This has a major advantage over other methods of classification of elliptic fibrations,
namely, a simple algorithm that has as input equations of linear systems of curves
in the projective plane yields a Weierstrass equation for each elliptic fibration. We
deal in detail with the cases for which the double cover is branched over the two
reducible fibers of type /5 and for which it is branched over two smooth fibers,
giving a complete list of elliptic fibrations for these two scenarios.
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1 Introduction

Let S/C be a smooth projective surface and B/C be a smooth projective curve. We
say that a proper flat map &: S — B is an elliptic fibration if the generic fiber S
is a smooth genus 1 curve and a section O: B — § is given. Given a section, we
regard the generic fiber of & as an elliptic curve over the function field k(B), and
so we can work with a Weierstrass form of &. We will say that an elliptic fibration
is relatively minimal if there are no contractible curves contained in its fibers. For
the remainder of this paper, all elliptic fibrations will be assumed to be relatively
minimal and not of product type.

Not all surfaces S admit elliptic fibrations, and if S admits an elliptic fibration,
a lot is known about the base curve and about the maximal number of elliptic
fibrations on it. More precisely if S is of general type, then S admits no elliptic
fibrations; if the Kodaira dimension of § is nonpositive, then the curve B is rational,
if a surface S admits more than one elliptic fibration as above, then it is a K3 surface
(a surface with trivial canonical bundle and trivial irregularity). In particular if S is
either a K3 surface or a rational surface, then B ~ P'. Every relatively minimal
rational elliptic surface is the total space of a pencil of plane cubics; such surfaces
admit only the obvious elliptic fibration. We refer to [6] and to [11] for more on the
theory of elliptic fibrations on surfaces.

1.1 K3 Surfaces Arising from Rational Elliptic Surfaces
and Their Elliptic Fibrations

In this paper we will consider K3 surfaces S that are double covers of rational elliptic
surfaces R, branched over two fibers of the elliptic fibration &g : R — P!. More
precisely, such K3 surfaces are the minimal resolution of the fiber product S of
a rational elliptic surface &: R — P! and a degree 2 map P! — P!, which is
necessarily branched over two points.

We recall that an involution on a K3 surface is non-symplectic if it acts by —1
on HY(S, Ks) ~ C. Call ¢ the involution on S agreeing with the cover involution of
the 2 : 1 map § — R; then this involution is non-symplectic and fixes the inverse
image of two fibers of the fibration & : R — P!, which are the branch curves. The
quotient surface S/t is rational and is either R or a blowup of R (denoted by R in
what follows). It was proved by Zhang (see [15]) that every K3 surface S admitting
a non-symplectic involution ¢ whose fixed locus contains curves of genus at most 1
arises by a base change of order two from a rational elliptic fibration &% : R — P!
as described above.

The K3 surface S obtained as above is naturally equipped with one elliptic
fibration &: S — P!, induced via pullback from &%. In [4] the relationship between
elliptic fibrations on S and linear systems on the rational surface R (or ﬁ) is studied.
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The elliptic fibrations on S fall into one of the three categories below according to
the action of ¢ on the fibers. Note that & belongs to the second one:

» if ¢ preserves each fiber of the fibration, then it acts on the fibers as the elliptic
involution. The elliptic fibration on S is therefore induced by fibrations in rational
curves on R. We will call these pencils “conic bundles” if they are rational
fibrations on R and “generalized conic bundles” if they are rational fibrations
on R (but not on R);

» if ¢ preserves the fibration, but not each fiber of the fibration, this implies that ¢
acts on the base of the fibration (with two fixed points). In this case the elliptic
fibration on § is induced by a pencil of genus 1 curves on R, whose members
split in the double cover. We call these pencils “splitting genus 1 pencils”;

e if ¢ does not preserve the elliptic fibration, we call the fibration of type 3.
A fibration is of type 3 if and only if the class of the fiber of the fibration, in
the Néron-Severi group of S, is not preserved by ¢.

As a result of this classification and of the technique introduced in [4], in good
cases one may classify the singular fibers of all elliptic fibrations &: § — P! in
terms of the singular fibers of more tractable linear series on S/¢. Our focus here
is on even finer information: obtaining explicit Weierstrass equations of elliptic
fibrations on such K3 surfaces. Using Tate’s algorithm, one may then read off the
singular fibers from the order of vanishing of the coefficients and discriminant of the
Weierstrass equation (see, e.g., the table on page 41 of [6]). In Sects. 5.2 and 6.1.2,
we give methods and algorithms for determining Weierstrass equations coming from
conic bundles and splitting genus 1 pencils on rational elliptic surfaces, under some
assumptions. This is our main result.

Theorem 1 Let S be a K3 surface arising from the rational elliptic surface
&r: R — P! as described above. Let & be an elliptic fibration on S that is not
of type 3. Then, under certain conditions, one obtains a Weierstrass equation for &

by applying:

* the algorithm of Sect. 5.2 if & is induced by a (generalized) conic bundle with
prescribed properties (see Sect. 5.2 for details);
* the algorithm of Sect. 6.1.2 if & is induced by a splitting genus 1 pencil.

1.2 Outline of the Paper

We focus particularly on K3 surfaces arising as double covers of Rs s, the elliptic
modular surface of level 5. This is the universal elliptic curve over the modular
curve X1(5), and the evident map &gss: Rs5s — X1(5) =~ P! is the unique elliptic
fibration. The fibers of &k, 5 are smooth except for two nodal rational curves (type
I1) and two 5-gons (type Is); this property also determines Rs 5 and implies that the
Mordell-Weil group MW (&R) = Z/5Z. The geometry of this surface as the total
space of a pencil of plane cubics is described in Sect. 2.
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In Sect. 3 we classify the conic bundles on Rs 5 up to automorphisms. The main
result of this section is Proposition 1.

In the remainder of the paper, we study elliptic fibrations on different K3 surfaces
arising from Rs 5 by choosing different base changes. In Sect.4 we describe such
K3 surfaces, writing their equations as double covers of P2, as well as giving the
Weierstrass form of the elliptic fibrations induced by &%.

In Sect. 5 we consider the elliptic fibrations induced on K3 surfaces by the conic
bundles classified in Sect. 3. We observe directly that the same conic bundle induces
elliptic fibrations with very different properties on K3 surfaces according to the
choice of the branch curves.

In Sects.6 and 7, we restrict our attention to two K3 surfaces obtained by
choosing maximally different branch fibers: in Sect. 6 we consider the very special
case where the branch fibers are 2/s5, and in Sect. 7 we consider the generic case
where the branch fibers are 2.

When the double cover is branched over the two 5-gons, the K3 surface is called
Ss.5, and the involution ¢ fixes the union of ten rational curves. There is a unique such
K3 surface possessing such a non-symplectic involution. This K3 surface admits 13
types of elliptic fibrations, classified by Nishiyama in [9]. In this special case we are
able to determine equations for all elliptic fibrations on S5 5 using our techniques
and algorithms. We observe that in this case there are no fibrations of type 3. The
main result of this Section is Proposition 2.

When the double cover is branched on two smooth fibers, the K3 surface moves
in the two-dimensional family of the K3 surfaces admitting an elliptic fibration with
a 5-torsion section. We call a very general member of this family X5 5, and using the
lattice-theoretic technique of [9], we list all the admissible configurations of fibers
of an elliptic fibration on Xs 5 in Table (7.1) proving Proposition 3. In this case the
elliptic fibrations cannot be induced by splitting genus 1 pencils or by generalized
conic bundles. On the other hand, there are plenty of elliptic fibrations of type 3,
and we describe one of them in detail.

2 The Surface Rs s

Let Rs s be the elliptic modular surface of level 5. We know from [1, Tableau] (with
coordinates X = xq, Y = xo — x1, Z = x3) that the surface Rs s is the blowup of
IP? in the basepoints of the pencil & of cubics:

Axyx2(xo — x1) + pxo(xo — x1 — x2)(x0 — x2) = 0. (D

We will denote this blowup morphism by f: Rs5 — P2. The cubic corre-
sponding to A = 0 is reducible and consists of the three lines m; : xo =0,
my : xo—x1 —x2 =0, m3 : x9g —x2 = 0; the cubic corresponding to u = 0 is
reducible and consists of the three lines £1 : xo —x; =0,42 : x1 =0,43 : x =0
(Fig. 1).
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Fig. 1 The reducible cubics
and basepoints of the pencil
'@

The nine basepoints of this pencil of cubics are as follows: Q1 := (0 : 0 : 1),
the point Q) infinitely near to Q1 and corresponding to the tangent direction 7.
Q2 := (1 : 1 : 0), the point Q infinitely near to Q and corresponding to the
tangent direction m»>, Q3 := (0 : 1 : 0), the point Q’3 infinitely near to Q3 and
corresponding to the tangent direction £3, Q4 := (1 : 0 : 1), the point Q) infinitely
near to Q4 and corresponding to the tangent direction €5, and Qs := (1 : 1: 1).

In the following we will denote by 77 the point (1 : O : 0), which is not a
basepoint of the pencil and corresponds to the intersection of the lines ¢> and ¢3, and
by 75 the point (0 : 1 : —1), which is not a basepoint of the pencil and corresponds
to the intersection of the lines m; and m,.

Let i denote the preimage of the class of a line; then NS(Rs 5) is spanned by
h and the components of the exceptional divisors of the blowup g : Rss — P2,
We will denote the (irreducible) exceptional divisor corresponding to Q; (resp. Q})
by E; (resp. F;) fori = 1,2,3,4. At Qs there is only Es5. Note that Fi2 = —1,
E} = —2fori = 1,2,3,4, E2 = -1, E;E; = 0ifi # j, F;F; = 0ifi # j,
E;F; = 1. By slight abuse of notation, let £1, ¢, 3 and m1, my, m3 denote the
proper transforms on Rs s of the corresponding lines in P2, We have the following
relations in NS(Rs 5):

bi=h—E\—F —Ey—F),—Es my=h—FE|—2F — Ez;—F3

lp=h—E|—F —E4—2F4 my=h—Ey,—2F, —E4— Fy

lz=h—FE),— F)— E3;—2F; m3=h—E3— F3 — E4— F4 — Es.
(2)

The Weierstrass equation of the elliptic fibration of Rs s is obtained by (1)
choosing x> = 1 and applying standard transformations. It is
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y2 =x3+ A\ w)x + B, : ), where 3)
~1 1 7 1 1
A(p) i= —pt — =P — — 222 + - — —2%, and
(W)= gl = gWh = g RAT g AT = gk an
1 1 25 25 | 1
B —_ 6 o 5)L o~ 4)L2 = 2)L4__ )LS —)»6.
()= geqh T g™+ T ggh *" T+ 2ggt LT

The discriminant is 1323 (—=22 + 11p + p2), so there are two fibers of type Is
over (A : ) = (0:1)and (A : u) = (1 : 0). Moreover there are two fibers of type
I over (A: ) =(1: —1—21 + %\/3)

Now the function

2 2 2
W —O6uA 4+ A7 puA
A= x@Riuyrw)=———m7"——i; —
12 2
is a 5-torsion section of this fibration. It is known (see, e.g., [11, Section 9.5]) that
the elliptic fibration on Rs s has Mordell-Weil group equal to Z/5Z.
The negative curves on Rs s are:

1. the ten components of the two fibers of type /5 denoted by @él), @](l), @él),

@);1), (H)jl) on the first fiber and (H)éz), @)fz), 6)2(2), (H)gz), @f) on the second fiber
(these are all (—2)-curves);

2. the five sections Py, P;, P>, P3, and P4, where Py meets the components @él) and
@(gz), P meets the components @fl) and @éz), P> meets the components @2(1)
and @f), P3 meets the components @)3(1) and @1(2) , and P4 meets the components
@il) and @éz) (these sections are all (—1)-curves).

The dual graph of this configuration is given in Fig. 2. We observe that Fig. 2 is
a generalization of the Petersen graph (it is exactly the Petersen graph if one does
not consider the empty edges), and we point out that this graph represents several
intersecting objects in algebraic geometry and in tropical geometry (see, e.g., [10]).
We may then make the following choice of identifications:

o =m0 = E3 05" =m3 0" = £, 6" = m,
0P =E 07 =t 05 =t; 0 =E; 0 = ¢ “
Ph=F Pi=F P,=Es P3s=F, Py=F,.

We observe that there is an automorphism o5 on Rss of order 5, which
is the translation by the section Pj. It acts on the negative curves as follows:
05(@,.(1)) = (N)l.(}r)1 and 05(@;2)) = @i(i) , where i + 1 and { + 2 are considered
modulo 5; 05(Py) = Pr+1, where k 4 1 is considered modulo 5.

There is also an automorphism o2 of order 2 on Rs s which is the elliptic
involution on the elliptic curve (3) over the function field k(u). Note that o restricts
to the elliptic involution on each smooth fiber of the fibration (3). It acts on the
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Fig. 2 Dual graph of
negative curves on Rs 5. The
symbol filled circle denotes a
(—2)-curve, and open circle
denotes a (—1)-curve

negative curves as follows: 02(@i(j)) = @(_/;.), where i € Z/57Z, j = 1,2 and
02(Py) = P, where k € Z/57. There is also an automorphism « of Rs s lying
above the involution of P! &: (A : u) — (—w : A). In terms of the Weierstrass

equation (3), we have
a: (x,y, ) > (/i —y/ i, =1/ ).

010
Note that the automorphism 0520(0’53 is induced by the element ( 3 1 (1) (1) ) in PGL3(C).

From this description, the action on NS(Rs s) is apparent a(@él)) = @62) and
(@) = 0 a@") = 6P and «(©?) = ©; and finally & (Py) = Py,

-7

while the remaining sections are permuted so as to preserve intersections.

3 Conic Bundles on Rs s

In this section we classify the conic bundles on Rs 5 by considering their reducible
fibers proving Proposition 1.

The key result we use is that on a rational elliptic surface, every conic bundle has
at least one reducible fiber. Further, any reducible fiber must be of type A, or D,,,
as shown in Fig. 3 (see, e.g., [4]).

Proposition 1 There are exactly three conic bundles on Rs s up to automorphisms,
i.e., the conic bundles B1, By, and B3 induced by the pencils of plane rational curves
with Egs. (5), (6), and (7), respectively.

Proof

Step 1: Classification of the reducible fibers. Every conic bundle has at least
one reducible fiber, so in order to classify the conic bundles, it suffices to find all
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An Dy,

Fig. 3 Possible reducible fibers of conic bundles on (minimal) rational elliptic surfaces. The
numbers n and m refer each to the number of components. The multiplicity of a component
is indicated above the corresponding vertex if it is not 1. The symbol filled circle denotes a
(—2)-curve, and open circle denotes a (—1)-curve

the possible reducible fibers. The components of the reducible fibers are negative
curves. As Rs s (and in fact any extremal rational elliptic surface; see [6, VIII.1.2])
has only finitely many curves of negative self-intersection, one simply must find all
possible A, and D,, (for m > 3) configurations among the curves with negative
self-intersection.

Every reducible fiber contains at least a (—1)-curve, as shown in Fig. 3. Since
we are looking for a classification up to automorphisms, and the automorphism o5
permutes the (—1)-curves on Rs 5, we can always assume that one of the reducible
fibers of the conic bundle contains the (—1)-curve Py. Moreover we recall that the
action of o; switches G)i(j ) with @5(1_) ; and the action of a switches the two /5-fibers.
Up to the action of o9 and «, the reducible fibers of type A, that contain Py as a
component are necessarily of one of the following type:

o Py+ Z{'(:O @i(l) + Py, k = 1,2, 3, and in this case, we have a fiber of type Ax43.

Up to the action of o9, the reducible fibers of type D,, that contain Py as a
component are necessarily of the following types:

e 2Py + (H)él) + @)(()2), and in this case, we have a fiber of type D3;

e 2P+ 2@81) + @fl) + @)(1), and in this case, we have a fiber of type Dj.

Step 2: At most three conic bundles. We consider the conic bundles associated
to the possible singular fibers described above and show that some of them are

equivalent up to the action of o5 and 0. Moreover we describe the conic bundles
that we find and we give equations for them:

(1) |Bi| =|Py+ @(()1) + (H)fl) + P1|. The components of one reducible fiber are Py,
@él), @1(1), P;. This fiber is of type A4. The curves @él), @il), @éz), and @2(2)

are sections of the bundle. There is another reducible fiber of type A4 which is
2

formed by the curves P>, ©,7, 6)3(2), P4 and one of type D3 which is formed
by P3 (with multiplicity 2), 05", ©?.

Using the identifications made earlier, this class can also be written as:
Bi=F +m +E+FB=F+"h-E —-2F—-E—F)+E+ F;

=h—E|—Fj.



Elliptic Fibrations on Covers of the Elliptic Modular Surface 167

Unwinding what this means geometrically, | B1| comes via proper transform from
the pencil of lines through Q1 in P? which has equation

X1 = TXg. )

Under this description we can also understand the singular fibers: they correspond to
the special lines m1, £1, and £,. For example, the line £, corresponds to the reducible
fiber B*(£2) — E1 — Fi = &+ Es + 2Fs = 02 + 08" 1 2p;.
The conic bundle |B;| is sent to other conic bundles by o35, by 02, and by their
powers. Each of these has exactly three reducible fibers of types A4, A4, and Ds3.
We observe that the fiber of type D3 of the conic bundle |Bjp| is sent to

2Py + (H)él) + 6)2(2) by the automorphism 052, so the conic bundle with reducible
fiber 2 Py + @él) + @éz) is equivalent to | B1| up to automorphisms.

Similarly the Ay-fiber P>+ ©.” + O + Pyis sentto Py +6\” + 6 + Py by
05, 0 also the conic bundle with reducible fiber Py -+ @éz) +6 fz) + P3 is equivalent
to | B1| up to automorphisms.

2) |B2| = |Py+ @él) + @1(1) + @él) + P,|. The components of one reducible fiber
are Py, @él), @1(1), @2(1), P>. This fiber is of type As. The curves @él), (H)i]),
@éz), @f), and P; are sections of the bundle. There is another reducible fiber
of type As which is formed by the curves Pz, & 1(2), @éz), (~)§2), Py.

Similarly here we can write:
By=F +m +E3+m3+Es=2h—E|—F — E3—2F;— Eq4— Fy.

Hence B corresponds to the pencil of conics through Q1, Qs, Q/S, and Q4. More
explicitly this is given by conics passing through Q| and Q4, and tangent to £3 at
Q3 and in IP? this pencil is given by the equation

x1x2 = T(xpxy — xg). (6)

The two reducible fibers correspond to the reducible conics m| U m3 and £, U £3.
The As-fiber of |B>| whose components are P3, @fz), @2(2), @éz), Py is sent to
the reducible fiber Py + ZZ-ZZO @i(z) + P by 052.

3) |B3| = |Py + (H)(g]) + @f]) + @2(1) + @3(1) + P3|. The components of one
reducible fiber are Py, @él), @](1), @él), @él), P5. This fiber is of type Ag.

The curves @(()2), ® 1(2), Py, and P, are sections of the bundle. The curve ® ftl) is
a multisection of degree 2. There is another reducible fiber of type D4 which is
formed by the curves Py, @3(2), @f), @éz).

We can also describe this using:

Bsy=F +m +E3s+m3s+Es+ Fy=2h—E{— F, — E3—2F; — Es.
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Therefore B3 comes from the pencil of conics in P2 through Q1, O3, Q/3, and QOs;
that is conics through Q; and Qs, tangent to £3 at Q3, and in P this pencil is given
by the equation:

x1x2 = (T 4 Dxoxz — 7. (7)

We can again understand the reducible fibers as coming from reducible conics £1U¥{3
and mi U ms.
The Dy-fiber is sent to the fiber 2Py + 207 + 0> + 6> by os.

Step 3: Exactly three conic bundles. It remains only to prove that the conic
bundles B; for i = 1,2, 3 are all inequivalent up to automorphisms. Since the
reducible fibers of |B;| are (2A4, D3), the reducible fibers of |By| are (2As),
and the reducible fibers of |B3| are (Ag, D4), they cannot be equivalent up to
automorphisms. Hence there are three conic bundles on Rs 5 up to automorphisms.

4 K3 Surfaces Obtained by Rs s

Now we consider K3 surfaces obtained from Rs s by a base change of order 2
branched on two fibers. Of course the K3 surface obtained depends on the branch
fibers. Let us explicitly give the description of the K3 surfaces that we can obtain
in this way. They will be both described as elliptic fibrations (induced by the one of
Rs 5) and as double covers of P2.

4.1 The Branch Fibers Are 21s: The K3 Surface Ss s

Let us consider the K3 surface S5 5 obtained by a base change of order 2 of Rs 5
whose branch locus corresponds to the two fibers of type Is. This means that all
the components of the fibers of type /s are in the branch locus of the double cover
85,5 -——» Rs 5.

4.1.1 The Surface R

The double cover of Rs s branched over the two fibers of type /s has ordinary
double point singularities at the ten points over the nodes in the branch fibers. In
order to obtain a K3 surface, one can blow up these ten points on the double cover,
introducing ten exceptional divisors. Equivalently one may first blow up the ten
nodes of the branch fibers to obtain a non-minimal rational elliptic surface R and
then consider the double cover of this surface branched over the strict transforms
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of the branch fibers. Note that in the preimage of the branch fibers, all the 10
exceptional curves occur with multiplicity 2, and so they are not in the branch locus.

We will make use of this non-minimal rational elliptic surface R it is simply
the blowup of P? in 9 4 10 points, some of which are infinitely near to each other.
The ten additional points are T, 7> and the two points on each of the exceptional
divisors E; fori = 1, 2, 3, 4 corresponding to the tangent directions at Q; specified
by, respectively, £1 and £, £1 and £3, m| and m3, and finally m, and m3.

We will denote by Eg., E7,, and ET, the exceptional divisors over Qs, T1, and
T, respectively. These three divisors are (—1)-curves.

We will denote by E;, F;, G;, and H; the four exceptional divisors over Q; for
i = 1,2,3,4. For each i, the divisor E; is a (—4)-divisor intersecting F;, G;, and
H;, which are orthogonal (—1)-curves. We make the identification that F; is the
tangent direction corresponding to the basepoint of the pencil of cubics, and H; and
G, correspond to the tangent directions specified in the following table:

i12 3 4
Gty b3 m m3
H; {y 1 m3 my.

Note that the E; and F; are the strict transforms of the curves of the same name
on Rs s.
The strict transforms of the lines £; and m j, j =1, 2, 3 on R are the following:

ti:=h—E—-—F—-26G1—-H —E,—F—Gy—2H, — Egs;
by:=h—E—F1—Gy—2H| — E4 —2F4 — G4 — Hy — E7y;
l3: = h—Ey,—F,—2Gy—Hy— E3 —2F3 — G3 — H3 — E7y;
my:=h—E —2F —Gy—H — Ez— F3 —2G3 —2H3 — Ep,;
my:= h—FE)—2F—Gy—Hy—E4— Fy— G4 —2Hy — E7y;
m3:=h—E3—F3—G3—2H3 — E4— Fy —2G4 — Hy — Eg;.

The sections of the non-relatively minimal fibration on Rare F i,j=1,2,3,4and
E g, (i.e., the strict transform of the sections of the fibration on Rs ).

4.1.2 Geometric Description of S5 5 and Its Néron-Severi Group

The surface S5 5 admits a non-symplectic involution ¢ which is the cover involution
of the double cover S5 5 — R. This involution fixes ten rational curves (the curves
mi, £i,i = 1,2,3 and E; with j = 1,2,3,4), and it acts trivially on the Néron—
Severi group.

The elliptic fibration &, ;: S55 — P! induced by &rss: Rs5 — P! has two
fibers of type I1o (induced by the fibers of type Is on Rs s) and four other singular
fibers, all of type I;. The trivial lattice of the fibration (generated by the class of
the generic fiber, the class of the zero section, and the classes of the nontrivial
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components of the reducible fibers) has rank 20. The trivial lattice is a sublattice
of the Néron—Severi group, and since the Néron—Severi group of a K3 surface has
rank at most 20, we conclude that it is exactly 20. By the Shioda—Tate formula,
there are no sections of infinite order for the fibration @@Ss,si S55 — P!. The
5-torsion sections of the fibration on Rs 5 induce 5-torsion sections of 555’5. Hence,
MW (&5, ;) 2 Z/5Z. The possible torsion parts of the Mordell-Weil group of an
elliptic fibration on a K3 surface are Z/nZ for 2 < n < 8, Z/27Z x Z/mZ for
m=2,4,6, and (Z/kZ)2 for k = 3,4 (see, e.g., [12, Thm 7.1]). So we conclude
that MW (&s; 5) = Z/5Z.

The curves @i(j ) are in the branch locus, and we denote by .Ql.(j ) the rational curve
on S5 5 whichmaps 1 : 1 to @l.(j ), Moreover, we have ten other rational curves on
Ss.5: the curves 9,'(3171’ foriy,iy — 1 € Z/5Z, j = 1,2, which are the curves
resolving the singularities of the intersection point between (H)i(lj ) and @i(ljjl and are

the double cover of the ten exceptional curves of the blowup R — Rs 5. The curves
P; are not in the branch locus and we denote by Q; their 2 : 1 cover in S5 5. The
dual graph of this configuration is given in Fig. 4. We observe that this gives exactly
the diagram given in [14, Figure 1] as dual graph of certain rational curves on the
K3 surface whose transcendental lattice is (2)Z, which is a different way to describe
the surface Ss 5. ~

Let w: S55 — R denote the double cover. As can be deduced from (4) and the
above identifications, pushing forward curve classes has the following effect:

Fig. 4 Dual graph of relevant
negative curves on Ss 5
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M85 =my 2y =26y m2y) = E1 m2y) =2G, m,.Q0=2F
720 =265 7.2 = E; 708 =20 1.9 =E n.05=2F
m. 2\ = B3 m2y) =20 m® =t 700 =2 1.0/ =2F
T2 =2Hy m 82y =my w2 =2Er, m2y =0 71.04=2F
m82y) =my 12 =2E, 1.2 =t 1020 =2G| 1,0, = 2Es.

®)
4.1.3 Weierstrass Equation of Ss s
By the Weierstrass equation (3), the fibers of &k of type I5 are the fibers over

uw = 0and p = oo. So the base change branched on these fibers is given by
w— ,uz, and the elliptic fibration on S5 s induced by the one on Rs 5 is

y2=x3+A(u)x+B(/L), where )]
-1 1 7 1 1
A —_ g8 6 " 4, - 2 0 d
() Ty +4 g n

1 1 25 25 1 1
B) = ——pl2_ 0 = 8 = 4, 1 2 1
W= —geah " ag" st st Tas T sea
The discriminant is 11_6 ulo(—l + 11u2 + ;1,4), so there are, as expected, two fibers
of type I1p over u = 0 and u = co. Moreover there are four fibers of type I over

p==x/- 35

4.1.4 Double Cover of P2

On the other hand, R and Rs 5 are blowups of P2, and the branch fibers of
mw : Ss5 --» Rss correspond to the cubics f3 := xjx2(xo — x;) = O and
g3 = xo(xo — x1 — x2)(xp — x2) = 0. This exhibits S5 5 as a double cover of
IP? branched along the union of these two cubics. So we obtain a different equation
for Ss 5, as a double cover of P2, ie.,

w? = x1x2(x0 — X1)X0(xX0 — X1 — x2) (X0 — X2). (10)

We observe that Ss 5 is rigid (both in the moduli space of the elliptic K3 surfaces
with prescribed reducible fibers and in the moduli space of the K3 surfaces with a
non-symplectic involution with a prescribed fixed locus), since both Rs s and the
choice of the branch fibers are.
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4.2 The Branch Fibers Are 21y: The K3 Surface Xs s

Let us consider the K3 surface X5 5 obtained by a base change of order 2 of
Rs 5 whose branch locus corresponds to two fibers of type Ip. Let us assume it
is very general among the K3 obtained in this way. This K3 surface lies in a two-
dimensional family of K3 surfaces (see [5]), whose parameters depend on the choice
of the two branch fibers (see (12)).

4.2.1 Geometric Description of X5 5 and Its Néron—Severi Group

The surface X5 s admits a non-symplectic involution ¢ which is the cover involution
of the double cover X5 5 — Rs s and which fixes two elliptic curves.

The elliptic fibration &5 : X55 — P! induced by SRss + Rss — P! has
four fibers of type I5 and four fibers of type /1. Moreover it has a 5-torsion section,
induced by one of the sections of the elliptic fibration on &, 5. The Néron—Severi
group and the transcendental lattice of this K3 surface are computed in [5], and a
set of generators of the Néron—Severi group is given by the class of the fiber of the
fibration, the zero section, one section of order 5, and the irreducible components of
the reducible fibers of the fibration. .

The curves @i(/ ) are not in the branch locus, and we denote by .Qi(J ) fork=1,2

the two disjoint rational curves which are mapped to @i(f ) by the quotient map
Xs55 — Rss. The curves P; are not in the branch locus and we denote by Q;
their 2 : 1 cover in X5 5. The dual graph of this configuration is shown in Fig. 5.
This diagram is also a tropical surface, similar to the one given in [10, Figure 1], as
pointed out by B. Sturmfels.

4.2.2 Weierstrass Equation of X5 5

Let us denote by 1 and p, two arbitrary points of IP’}L such that the fibers of (3)
over 1 and o are smooth. Let X5 5 be the surface obtained from Rs 5 by a base
change of order 2 branched in 11 and 2. We already observed that the surface X5 5
lives in a two-dimensional family of K3 surfaces and its equation depends on the
two parameters 1 and wo.

Let us consider the base change Pga:ﬁ) — ]P)ENJ)») branched over (u : ) = (uq : 1)
and (u7 : 1), i.e., the base change given by

=i+ pA r=o+ (11)
It induces on X5 5 the elliptic fibration:

v =x>+ A(a : B)x + B(a : B) (12)
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Fig. 5 Dual graph of relevant negative curves on X5 s

whose discriminant is
5 5
((azuz + 82 (e + B2) (@*uid + 1t g pd — ot + ey o 2+

20?32 + e u3p? — 202 ua B2 + w3 p* + 118400 — %) )/ (1617)
(13)

For generic values of @1 and w2, the elliptic fibration has 415 4+ 41; as singular
fibers.

4.2.3 Double Cover of P2

On the other hand, Xs5 is the double cover of P2 branched on the union
of the two cubics xjxp(xg — x1) + wixo(xo — x1 — x2)(x9p — x2) = 0 and
xlxz(xo - JC1) + ,bszo(xo — X1 — xz)(x() - x2) = 0. So X5’5 can be described
by the equation

w? = (x1x2(x0 — x1) + pixo(xo — X1 — x2) (x0 — x2))

(x1x2(x0 — x1) + paxo(xo — X1 — x2)(x0 — x2)).  (14)

4.3 Branch Fibers Is and I;

If one uses as branch fibers a fiber of type I5 and one of type /1, one obtains a rigid
K3 surface (in the moduli space of the elliptic K3 surfaces with prescribed reducible
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fibers), whose singular fibers are 119+ 215 + I + 21, and theoretically one has four
different admissible choices to do that. Indeed one can choose the fiber of type Is
which is the branch fiber to be the fiber either over ;; = 0 or over u; = 00, and
similarly one can choose the fiber of type /1 which is the branch fiber to be the
fiber either over up = (—11 + 5«/5)/2 orover up = (—11 — 5«/5)/2. In order to
obtain the Weierstrass equation of these elliptic fibrations, it suffices to apply the
base change (11) with the chosen values for 11 and us.

We assume that pup, = (—11 + 5«/3)/2, and we obtain the following two
Weierstrass equations. If @y = 0, the base change (11) applied to u; = 0 and
wr = (=11 4 55) /2 gives an elliptic fibration:

v =x>+ A(a: B)x + B(a : B)

whose discriminant is

—% (—o +5825) (—202 — 1182 + Sﬂzﬁ)soﬁﬁ“’.

In order to choose (| = oo, one has to slightly change the equation of the base
change (11), which now is u = o? and A = o?/us + B2, and one obtains

y2=x3+A(oe:,B)x+B(a:ﬁ)

whose discriminant is
1 2 2 2 2 2 3 2 10
135 (—375125+1677615) (=2502+2/5) (—202+1152+567V5) pa®.

We observe that in the first case the K3 surface obtained is described as a double
cover of P? by the equation

w? = x1x2(xp — x1) (x0x1x2(13 + 5«/3) — x12x2(11 + Sx/g)
+2x3 — 4x§x2 — 2x1x§ + 2x0x§> ,
in the second by the equation
w? = x0(x0 — 31 = 12)(¥0 — %2) (x0x122(13 + 5v5) — Pra (114 5V5)

—|—2x8 — 4x§x2 — 2x1x§ + 2x0x§) .

4.4 Branch Fibers Is and I

If one chooses as branch fibers one fiber of type /5 and one of type Iy, one obtains a
one-dimensional family of K3 surfaces, whose singular fibers are 119 + 215 + 411,
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and theoretically one has two different admissible ways to do that. Indeed one can
choose that the fiber of type Is which is the branch fiber is the fiber either over
u1 = 0 or over u; = oo, while p, is the parameter of the family. In order to
obtain the equations of these elliptic fibrations, one has to apply the base changes
(w=pB%r=0a>+B%/u) or (u=0a?r=a?/uy + B> to Eq.(3), exactly as in
the previous sections.

Similarly one can describe these K3 surfaces as a double cover of P? substituting
in (14) the appropriate values of 11 and w;.

4.5 Branch Fibers I and I

If one chooses as branch fibers one fiber of type I; and one of type Iy, one obtains
a one-dimensional family of K3 surfaces, whose singular fibers are 415 + I, + 211,
and theoretically one has two different admissible ways to do that. Indeed one can
choose that the fiber of type I; which is the branch fiber is the fiber either over
w1 = (—11 = 54/5)/2 or over 1 = (—11 + 54/5)/2, while 1, is the parameter
of the family. In order to obtain the equations of these elliptic fibrations, one has to
apply the base change (11) with the chosen 1 to Eq. (3), and to obtain an equation
of this surface as a double cover of P2, one has to substitute the chosen x| in (14).

4.6 Branch Fibers 211

If one chooses as branch fibers the two fibers of type I;, one obtains a rigid K3
surface, whose reducible fibers are 4/s + 21,. In order to obtain the equation
of this elliptic fibration, one has to apply the base change (11) with the chosen
ni = (=11 = 5/5)/2 and pus = (=11 + 54/5)/2 to Eq.(3). Similarly to
obtain an equation of this surface as a double cover of ]P’z, one has to substitute
i = (=11 —5/5)/2 and o = (—11 + 54/5)/2 in (14).

5 Elliptic Fibrations on K3 Surfaces Induced
by the Conic Bundles

The aim of this section is to describe both geometrically and by the Weierstrass
equations the elliptic fibrations induced by the conic bundles B; (described in
Sect. 3) on the K3 surfaces described in Sect. 4. We also provided a general method
to find these Weierstrass equations, under some assumption on the conic bundles
(see Sect.5.2).
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5.1 An Example

Let us consider the K3 surface Ss s, whose equation as a double cover of P? is given
by (10). Let us consider also the conic bundle | By | from Sect. 3. By Garbagnati and
Salgado [4, Theorem 5.3], the conic bundle |B;| induces an elliptic fibration on S5 5

with three reducible fibers of type 12*: one whose components are Qy, .leo), .Qél),
.Ql(l()), .Ql(l), 01, and .Qélf; one whose components are Q», .Qf&, .Qf), .Qfg, .ng),
Q4, and .(23(2%; and one whose components are oW .Qélg, .(23(1), 03, 9(2)’ P

4,3 2,1°
2)
and *Q],o-

5.1.1 Equation of the Elliptic Fibration on Ss 5 Induced by | B1|

Let us consider the conic bundle By on Rs s associated to the pencil of lines
x1 = txo9 C P2, It induces an elliptic fibration on S5 5. To find the equation of this
elliptic fibration, we use the equation of S5 5 as double cover of P2, je., Eq. (10),
and we substitute in x; = txg in (10).
This gives
w? = (Tx0)x2(x0 — TX0)X0 (X0 — TX0 — X2) (X0 — X2).
We put x; = 1 and we obtain

w? = (1 — )x3 (xo — Tx0 — D(x0 — 1).

Let us consider the change of coordinates w +— wx( and divide both the members
by xé. ‘We obtain

w? = 7(1 — T)xo(xo — Tx0 — D) (x0 — 1).

This is the equation of an elliptic fibration over P
Moreover one can explicitly compute the Weierstrass form: first one uses the
change of coordinates w > 72(1 — t)w and xp > Txo obtaining

w1 = 1)% = 21 = D)xo(rx0(1 — 7) — D(Tx0 — X2)

ot o)
w- = X0 | X0 ‘L'(l—‘L') X0 .

Second, one considers the change of coordinates given by w — w/73(1 — )3 and
X0 > xo/r2(1 —1)%and multiplies all the equation by 91 — 1)6. So one obtains

and so

w? = xo(xog — (1 — 7)) (xg — (1 — 7)?). (15)

The discriminant is tg(l — r)g, and so, by Tate’s algorithm, there are three fibers of
type Iy overt =0,7 = 1,7 = oo.
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5.2 An Algorithm to Compute Weierstrass Equations

The aim of this section is to formalize systematically what we did above.

Setup Let V be a K3 surface obtained by a base change of order 2 from a rational
elliptic surface R. Therefore, V can be described as double cover of P2 branched on
the union of two (possibly reducible) plane cubics from the pencil determining R.
It has an equation of the form

w? = fa(xo 1 X1 1 X2)g3(X0 : X1 : X2). (16)

Let B be a conic bundle on R, e.g., a basepoint-free linear system of rational curves
giving R — P.. Pushing forward to P2, B is given by a pencil of plane rational
curves with equation 2(xg : x; : x2, 7). The polynomial A(xg : x1 : x2,7) is
homogeneous in xg, x1, X2, say of degree ¢ > 1 and linear in 7.

As the anticanonical series on R coincides with the elliptic fibration, the
adjunction formula implies that every curve with equation A (xg : x1 : x3, T) meets
both of the branch curves (the proper transforms on R of) f3 = 0 and g3 = 0
in two additional points. It therefore meets (the proper transform of) their union
f3g3 = 0 in four points. (Note that there may be additional points of intersection on
P2 which are separated in the blowup R.) Therefore the preimage in V is the double
cover of a rational curve branched over four points, e.g., the standard presentation
of an elliptic curve. For general t, we must find an isomorphism of the curve
h(xo : x1 : x2,7) = O with P! and extract the images of the four intersection
points with f3g3 = 0.

When e < 3, an isomorphism with P! is provided by projection from a point of
order ¢ — 1 on the curve (e.g., any point in P? if ¢ = 1, a point on the conic if e = 2,
and a double point of the cubic if e = 3). Such a point necessarily exists (in the case
e = 3 the singularity must be a basepoint of the pencil) and is also necessarily a
basepoint of the original pencil of cubics giving &&. Up to acting by PGL3(C), we
may assume that this pointis (0 : 1 : 0).

Algorithm Whene < 3

1. Compute the resultant of the polynomials f3(xp : x1 : x2)g3(xo : x1 : x2) and
h(xo : x1 : x2, T) with respect to the variable xj. The result is a polynomial
r(xo : x2, T) which is homogeneous in x(o and x», corresponding to the images
of all of the intersection points { f3¢3 = 0} N {h,; = 0} after projection from
0:1:0).

2. Since B is a conic bundle, r(xg : xp, T) will be of the form

a(xo : x2, 7)?b(xg : x2, T)c(T),

where a and b are homogeneous in xo and x;, the degree of a depends upon e,
and the degree of b in xo and x> is 4.
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3. The equation of V is now given by w?> = r(xq : x2, T), which is birationally
equivalent to

w? = c(t)b(xo : x2, 7). (17)

by the change of coordinates w — wa(xp : x2, 7). Since for almost every ,

Eq. (17) is the equation of a 2 : 1 cover of IP%XO: ) branched in four points, (17)
is the equation of the genus 1 fibration on the K3 surface V induced by the conic
bundle B.

4. If there is a section of fibration (17), then it is possible to obtain the Weierstrass

form by standard transformations.

Remark 2 The algorithm can be applied exactly in the same way to the generalized
conic bundles, and not only to the conic bundles.

When e > 4, projection from a point may suffice, for example, if all curves have
a basepoint of degree e — 1. However there are several conic bundles whose general
member cannot be parametrized by lines.

We now consider a parametrization which can be done by conics. Let & be a
pencil of rational curves of degree e passing through the (possibly infinitely near)
basepoints 77, ... T, with certain multiplicities. Let € be a pencil of conics whose
basepoints are among 77, ... T, and such that 2e — 1 intersection points between a
generic curve in & and a generic curve in ¢ are in {71, ... T,}. So there is exactly
one extra intersection between a generic curve in & and a generic curve in %. This
allows to parametrize the curves in & by the curves in . If moreover the basepoints
of € are three distinct points and one infinitely near point, we will say that the
condition (x) is satisfied. So (x) is satisfied if the curves in &2 can be parametrized
by a pencil of conics passing through four points, exactly two of which are infinitely
near.

If the condition (%) is satisfied, up to changing coordinates by some matrix
M e PGL3(C), we may assume that the basepoints of ¢ are p; = (0 : 0 : 1),
p2=1(0:1:0), p3 = (1:0:0) and the infinitely near point p| corresponds to the
line xo = x1. The pencil of degree 2 maps P! — P2 sending

1 pq, 00 > pa, O p3
with derivative at z = 1 in the direction of the line xo = x is given by
(xo:x1:x)=(z—-1:2z—1):p-2), peIF’l.

In the following we are interested in pencils of quartics which satisfy the
condition (%), so we study the effect of this condition on quartic curves. We say
that a pencil of quartics satisfies (1) if, up to a change of coordinates, it is of one of
the following types: (1) each quartic is double at p> and has a tacnode at p; with
principal tangent specified by p{; (2) each quartic is double at py and p3 and has a
cusp at py with principal tangent specified by pj.

We recall that, by the construction of the conic bundles, all the basepoints of &
(and thus also of %) are also singular points for the sextic f3gz = 0.
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Algorithm Assuming ()

1. Factor h(z — 1 : z2(z = 1) : pz,7) = c(1)z%(z — 1)°r (2, p, ) where r(z, p, T)
is linear in z and a + b is 5 or 6 depending on the multiplicity of & at p,. The
solution zg of r(z, p, T) = 0 gives the rational parameterization

h(zo—1:z0(zo — 1) : pz0,7) =0
with parameter p € P!.
2. A birational equation of the K3 surface is given by
w? = (f383)(20 — 1 1 20(z0 — 1) : pzo).
3. If there is a section of fibration (17), then it is possible to obtain the Weierstrass

form by standard transformations.

This algorithm can be generalized to pencil of curves satisfying (x).

5.3 The Elliptic Fibrations Induced by Conic Bundles

Here we can describe and compute the equations of all the elliptic fibrations induced
by the conic bundles on the different K3 surfaces introduced. For this purpose, we
apply the algorithm, described in the previous section, to the equations of the conic
bundles given in Sect. 3 and to the Weierstrass equations given in Sect. 4.

5.3.1 The K3 Surface Ss s

The conic bundle | B, | induces an elliptic fibration on S5 5 with two reducible fibers
of type Ij‘: one whose components are Q, Qo(li, .Qél), 91(13’ Ql(l), .Qéll), (22(1), 0>,
and .{23(1% and one whose components are Q3, .{21(2()) .{21(2), 52521) s .Qéz), .Qézg .Qéz),
Q4, and .Qf;
The Weierstrass equation is computed applying the algorithm to
383 = xox1x2(x0 — x1)(x0 — x2) (X0 — X1 — X2),
by (10), and i (xg : x1 : x2, T) = x1x2 — T(X0X2 — xg). One obtains the Weierstrass

equation:

2 2 4
_ 1
N 43” D aen

2+ 1)(=14+2t)E2+1)
27 )

(18)

So the discriminant A(t) is —7!%(—1 4 7)%(r + 1)2. Hence, by Tate’s algorithm,
this fibration has two fibers of type ;" over T = 0, oo and two fibers of type I over
T ==l1.

The conic bundle | B3| induces an elliptic fibration on S5 5 with two reducible
fibers: one of type I; whose components are Qo, .Q(()’li, .Q(()l), 91(,13’ .Ql(l), .Qéll),
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.Qél), .le%, .Qél), 03, and .{2513) and one of type I11* whose components are Q4,
(2 2 (2) (2) (2) (2 (2)
§237, 8235, 82,73, £2,7, 82,7, 82571, and 2.
The Weierstrass equation is
5, 53 (461249t +3)  (r +3)Q20° + 1272 + 187 +9)
— X

= - . (19
yo=x 3 77 (19)

So the discriminant A(t) is —t°(tr + 4)(r + 1)2. Hence, by Tate’s algorithm, this
fibration has one fiber of type I over T = oo, one fiber of type I/1* over T = 0,
one fiber of type I> over t = —1, and one fiber of type I; over T = —4.

5.3.2 The K3 Surface X5 5

Here we consider the elliptic fibrations induced by B; on X5 5. We recall that in
this case one has to apply the algorithm to (14). We summarize the results in the
following table, where r denotes the rank of the Mordell-Weil group of the fibration.

A singular fibers r
—7%(r — DO(u1 — po)* gy ©=0
B, (r3 =212 =272, +6‘C;1.2+T+‘[/L%—4M2) 2l T =00,12
(r3 — 202 — 222y + 6T +r+r/¢%—4u1) 61

T 420+ P+ 2t — T+ ) (-t ) 23T =0,00,

B
2 (=3 20 4 o 4 2t — T A ) (=T 4 ) (1 — ) 81
Iipt =00
Bs —t8(t+2r2+r3—6M2t—2uzrz+4u%+tu%) I* 1=0 1
(3 =6t + 2t + v+ pdr +4p? — 21t (g — o) 612
1

(20)
5.3.3 Other K3 Surfaces

As we saw above, all the equations for K3 surfaces that are double covers of Rs 5
branched over some special fibers can be obtained from the general equation for
X5 5 by substituting particular values of ¢ and 7.

In particular in order to find the Weierstrass equations of the elliptic fibrations
induced by the conic bundles B; on a specific K3 surface, it suffices to substitute
in (5.3.2) the appropriate values of 11 and u;. As an example here, we construct
a table analogous to (5.3.2) if the K3 surface is obtained by Rs 5 branching along
one fiber of type I5 and one smooth fiber. We already noticed that one has two
different choices for the /5 branch fiber. Once one chooses the branch fiber /5, the
construction is not symmetric in /5. For i = 1, 2 the reducible fibers of the conic
bundle |B;| are symmetric up to switching the /5-fibers, so the conic bundle |B;|
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is associated to elliptic fibrations with the same property choosing differently the
Is branch fiber. For the conic bundles |B;| and |B;|, we will choose the I5 branch
fiber to be the one over 11 = 0. The conic bundle | B3| has a unique reducible fiber,
supported over one specific /s, so the elliptic fibrations induced by this conic bundle
have not necessarily the same properties if one changes the /5 branch fibers. So we
give the equations of the elliptic fibrations if one chose both ;11 = 0 and p; = oco.

For all the conic bundles, w7 is the parameter of the one-dimensional family of
K3 surfaces we are considering. So we obtain the following (where r = rank(M W),
and both the reducible fibers and r are given for generic choice of 1):

A singular fibers r

B (=1 + )83 —2¢% = 272 If 1=0, Jt=1 |
+T + 672 + T3 — 4pa) Is T =00, 31

B, —70u3 (=1 + )22 + 2o + 2T 2 I: t=0, hLht=1 |
-4 2t) (2 — 1) Iy, T = 00, 41)

B3, —Mgrg(‘[+1)2(‘[+212+f3—6#2‘[ III*T=OO, 121':—1 1
w1 =0 —2u27% + 43 + Td) Iy =0, 3

By, —t¥@4+1)(t 4217+ 60T Iy t=0 |

) = 00 =257 + 4pd + Tud) I} v =00, 41)
(21

6 The K3 Surface Ss 5 and Its Elliptic Fibrations

The aim of this section is to prove the following results, computing the equations of
all the elliptic fibrations on S5 5.

Proposition 2 The K3 surface Ss s admits 13 different elliptic fibrations. One of
them is induced by &R, three by conic bundles, three by splitting genus one pencils,
and six by generalized conic bundles. The equations of these elliptic fibrations are
given in (9) (the one induced by &r), in (15), (18), and (19) (the ones induced by
the conic bunldes); in (6.2.1) (the ones induced by splitting genus 1 pencil); and
in (6.2.2), (30) (the ones induced by generalized conic bundles).

To prove this, we deeply analyze the elliptic fibrations on S5 5 induced by
splitting genus 1 pencils and generalized conic bundles, in particular giving an
algorithm to find the Weierstrass equation of any elliptic fibration induced by a
splitting genus 1 pencil.

The K3 surface S5 5 can be also described as the (unique!) K3 surface which
admits a non-symplectic involution fixing ten rational curves. Indeed, by our
construction it is clear that ¢ fixes ten rational curves (the inverse image of the
components of the two /5 fibers). The fact that this K3 surface is unique is classically
known, and due to Nikulin, see [8]. The transcendental lattice of this K3 surface is
Ts >~ (2) ®(2). The elliptic fibrations on this K3 surface are classified by Nishiyama
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(see [9, Table 1.2]), who used a lattice-theoretic method that we will apply later to
a different K3 surface, in Sect. 7. The complete list of the elliptic fibrations is the
following:

n’ singular fibers MW

7 If+45L (1}

8 IF+1Iy+2I, Z)2Z

9 20} +2D (Z.)27)?
10 Iig+ Iy +41;  Z/4Z
1 IV*+ 11+ 41 Z x Z/3Z
12 313 (Z.)27)*
13 2110 + 41, 757

n’  singular fibers MW
1 2IT* + 2D {1}

2 I+ IF+21 {1}

3 I +2hb 425 (Z)2Z (22)
4 2017 + I 7./27
SIHII*+ I+ Db+ 1) Z)27
6 Lig+ L+ 41 7./37

Since the involution ¢ acts as the identity on the Néron—Severi group of Ss 5, there
are no fibrations of type 3 on this K3 surface.

The fibration 13 in Table (22) is the one induced by the fibration &, 5, and it
has Eq. (9). By Sect. 5, the fibrations 5, 9, and 12 are induced by conic bundles, and
their equations are (19), (18), and (15), respectively.

The other fibrations are induced either by generalized conic bundles or by
splitting genus 1 pencils.

An elliptic fibration induced by a splitting genus 1 pencil corresponds to a
fibration of genus 1 curves on a non-relatively minimal rational elliptic surface
(i.e., this fibration admits (—1)-curves as components of some fibers). The original
relatively minimal rational elliptic surface Rs s can be recovered from this non-
minimal surface by blowing down some divisors. A different choice of divisors to
blow-down, namely, the (—1)-curves which are components of the fibers of the
splitting genus 1 pencil, gives us another rational elliptic surface on which the
splitting genus 1 pencil above corresponds to a relatively minimal elliptic fibration.
Hence each fibration given by a splitting genus 1 pencil is indeed induced by a
rational elliptic surface (different from Rss5) by a base change of order 2 whose
branch locus consists of ten curves. Considering the list of elliptic fibrations on
Ss.5 given in Table (22), one observes immediately that the fibrations 6, 10, and
11 could be of this type, i.e., they could be induced by splitting genus 1 pencils
(this is in fact proved in [4]). Indeed they present some fibers which appear in pairs
(each pair is good candidate to be the inverse image of a unique fiber on the rational
elliptic surface) and at most two other fibers, which do not appear an even number
of time, but which are either of type I, or of type IV*. These fibers are the one
obtained by base change of order 2 branched over I, or I V-fibers, so they could be
the ramification fibers of the base change. The other fibrations in Table (22) have
not the same properties and, thus, cannot be induced by rational elliptic surface
by a base change of order 2. We already observed that the fibration 13 is induced
by the elliptic fibration on Rs s and that the fibrations 5, 9, and 12 are induced by
conic bundles, so the fibrations 1, 2, 3, 4, 7, and 8 are induced by generalized conic
bundles.
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6.1 Splitting Genus 1 Fibrations
6.1.1 An Example, the Fibration 6

We give an example of splitting genus 1 pencil of curves: we are looking for a fiber
of type I3, and it is given by

Wy 1 = Qo+2y +20+2P+e3+20 +920 + 27 + 27 + 27+
+03+ 23" + 255+ 237 + ) + 21 + 2l + 2.

Using (8), the class Wg := m, Wy is

2F1+E1+2G1+ 0 +2Hy + E2 +2Gy + 83 +2E7 + 8 +2F4 + E4 + 2G4 +m3 +2H3
+ E3+2G3+my =5h—2E| —2F, — 2G| —4H, — Ey, —2F, — Gy — Hy — 2E3; — 4F;
—2G3 —2H3 — E4 — F4y — G4 —2H4 — 2Eg, — E7,. (23)

Since we know that the curves in the linear system described split in the double
cover, we can assume that the class Wg is both the push-down and the geometric
image of a fiber of our fibration (i.e., 7« (Wx) = 7(Wx) = Wg).

This class is the strict transform on R of quintics in P? with the following
properties: they have a tacnode in Q| with principal tangent £;; they have a tacnode
in Q3 with principal tangent £3; they have a node in Qs; the tangent in Q7 is mj;
the tangent in Q4 is my; they pass through 75.

This gives the following families of quintics

— bxg + bxgxl + bxgxg — exgxlxz + exgxlzm + exgxlx%—i—

(=3b — e)xoxix? + bxix3 +bxix3 =0.  (24)

This is the equation of the splitting genus 1 pencil that we are looking for. It
indeed corresponds to a pencil of curves of genus 1 parametrized by (b : e).

We now have to intersect the branch sextic given in Eq.(10) with (24). The
resultant of the polynomials (10) and (24) with respect to the variable xg is

—x {21263 (x1 — x2)* (x2 + x1)% (e + 2D).

We observe that all the solutions in (x1, x2) have even multiplicities, as is necessarily
if the double cover splits into two curves, isomorphic to the base curve (see
[4, Section 3]).

More precisely, the curve splits after the base change of order two branched in
b:e)=0O:1and b :e) = (1 : =2), cf. Lemma 1 below. In order to write
down explicitly the Weierstrass form of the elliptic fibration on X5 5, one first finds
the rational elliptic fibration given by the splitting pencil of genus 1 curves (24), and
then one performs the base change of order two.
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This can be computed by any computer algebra system, and it is

vV:=x>+Ab:e)x+Bb:e),

where
23 5 1 1 1
A :e) = =b*— —bde — —b%® + —be® — —e*
48 12 8 12 48
and
181 17 31 1 5 1 1
B(bh:e):=——Db"——be+-——b*e®——b’e— b+ —be® — — O,
:e) s6a” 144 CT288” ¢ T54” ¢ To88” ¢ T1aa¢ T s6a¢

The discriminant of this rational elliptic fibration is
1
B1;9(e +2b)(e* — 5be + 13b%)

and the fibration has one fiber of type Iy and three other singular fibers, all of type
1.

Now we consider the base change of order 2 branched in (b : ¢) = (0 : 1) and
(b : e) = (1 : —2). It can be directly written as a map P%ﬂ:e) — IP(lb:e), where
b=p%ande = —B> +2B¢ + €.

So we obtain a new elliptic fibration on S5 5 whose equation is

y=x'+AB:e)x+BB:e), (25)

oy 238 3 6. a0 o Loa o 2,2
A(ﬁ-é)-—48,3 12ﬂ(ﬂ+256+6) 8,3(,3+2/36+6)+

+11—2ﬂ2(—ﬂ2 +2Be + €23 — (1/48)(— % + 2Be + €2)*

and

B'(B:e):=—(1/108)8'2 — (5/9)8" e — (7/18)B'0? + (28/27)B%> + (7/12) p3¢*
—(11/12)B7> + —(35/72)8%° + (1/3)B%€” + (5/24)B*e® — (5/108)°€°
—(1/18)8%'% — (1/72)e!1 B — (1/864)¢'2.

The discriminant is
(1/16)B'8(198* — 1483 — 382 + 486> + et (e + B)*.

This fibration has a fiber of type I3, as expected, one fiber of type I» (in
(B : €) = (1 :—1)), and four fibers of type /. By construction this elliptic fibration
exhibits S5 5 as the double cover of a rational elliptic surface with one fiber of type
I and three fibers of type ;.
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6.1.2 Splitting Genus 1 Fibration: An Algorithm

The aim of this section is to generalize the previous construction to other splitting
genus | pencils.

Setup Letw: V — P! beaK3 surface which is a double cover of a (not necessarily
minimal) rational elliptic surface R branched over two fibers. If J#: R — IP’ yisa
splitting genus 1 pencﬂ then the induced elliptic fibration on V comes via pullback
from a double cover IP( pe) IP’(b; »)- Hence given an equation for the fibration .77,

it suffices to find the branch points of the map IP’%B: o~ Py, in order to find the
Weierstrass equation for the elliptic fibration on V. We now explain how to do this
in general, when the branch curves and equations for /# are given in P2

Assume that the equation of V as double cover of P? is given by

w? = f3(x0 1 x1 1 X2)g3(x0 1 X1 1 X2).

Let h((xg : x1 : xz) (b : e)) be the equation of the pushforward of a splitting
genus 1 pencil from R to P2, The equation & is homogeneous of some degree in the
coordinate (xg : x; : x2) on P? and linear in the coordinate (b : e) of the base P! of
the pencil. For every (b : e), the curve with equation i ((xo : x1 : x2), (b : e)) is of
arithmetic genus 1.

Write Ugeg Cy for the irreducible components of the branch curves f3g3 = 0.
For D C P?, write multc, (D) for the multiplicity of the component Cy in D. Then
we have the following.

Lemma 1 A plane curve D ..y C P? that is member of the pencil € is a branch
curve for the double cover

V.——R

G

1 2:1 1
Py = Plow)

induced by the splitting genus 1 pencil if and only if there exists k € K such that
multc, (D(p:e)) # 0.

Proof If D meets the branch curves transversely, it does so only in points of even
multiplicity and so splits in the double cover as two disjoint elliptic curves. It
suffices, therefore, to show that if D contains at least one component Cy, the support
of the preimage of D under the 2 : 1 map 7: V — P2 is connected. This follows
from the fact that the preimage of Cy is a double curve, the support of which maps
isomorphically onto Cy, and so every component of 7 * D must meet this curve.

We will also make use of the following elementary fact. Let D¢,y C P2 be a
plane curve in the pencil 7 with equation h((xg : x1 : x2), (bg : ep)). Denote
by r((x1 : x2)(b : e)) the resultant of f3(xo : x1 : x2)g3(xo : x1 : x2) and
h((xo : x1 : x2), (b : e)) with respect to xg.
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Lemma 2 The resultant r ((x1 : x2)(b : e)) vanishes to order

deg C :(1:0:00&C
= Zmultck(D(bo:eo)) % D 7 G
3 (degCr—1) : (1:0:0) € Cy

at (b :e) = (by : ep).

Proof This follows from the geometric description of the zeros of the resultant in
terms of projecting the scheme-theoretic intersection of 4 = 0 and f3g3 = 0 from
the point (1 : 0 : 0).

Writing ordp,.e,) for the order of vanishing at (by : ep), we may combine these two
Lemmas to show the following:

Corollary 1 If ord(yy.e) (r((x1 = x2)(b : €))) > O, then the curve Dpy.e,) is a
branch curve for the double cover induced by the splitting genus I pencil.

If (1:0:0) & UxCy and Dpy.ey) is a branch curve for the double cover induced
by the splitting genus I pencil, then ordp.e) (r((x1 :x2)(b - e))) > 0.

We can therefore determine the relevant branch points from the resultant. This
leads to the following algorithm.

Algorithm

1. Compute the resultant r((x1 : x2)(b : e)) of the two polynomials

Sf3(xo 1 x1 1 x2)g3(x0 : X1 1 x2)
and
h((xg :x1:x2),(b:e))

in one variable, say xg.

2. Observe that 7 ((x; : x2)(b : €)) = c1(b : e)ca(b : e)s((x1 : x2), (b : €)2,
where c; (b : e) are homogeneous polynomials each with a unique root, denoted
by (b; : e;). (If (1 : 0: 0) is in the branch curves, it may be necessary to change
coordinates first.)

3. Write the Weierstrass form of 4 ((xp : x1 : x2), (b : €)), by applying the standard
transformations. This is the equation of a rational elliptic surface, and the base of
the fibration is P%b: o)

4. Consider the base change ]P)%ﬂ:e) — P%b:e) given by (b = B2(b1/e1) + €2,
e = B2+ (e2/br)€?) (cf. (11)). Substituting this base change in the previous
Weierstrass equation, one finds the Weierstrass equation of the elliptic fibration

on the K3 surface V whose base is ]P)éﬁ:e)'

6.2 The Elliptic Fibrations on Ss s

In this section we want to describe all the elliptic fibrations on S5 5 giving equations
for each of them.
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In [2] a model of Ss 5 as a double cover of P? was given, and the elliptic fibrations
induced by (generalized) conic bundles are already studied geometrically in that
context. Here we explicitly describe in our context both the fibrations induced by
generalized conic bundles and the ones induced by splitting genus 1 curves, giving
also a Weierstrass equation for each of them.

6.2.1 Elliptic Fibrations Induced by Splitting Genus 1 Pencils

The fibration 11 of Table (22) is induced by the class of the fiber
My = Qo+2y +2{\ | +2{"+ 01+ 2 +2 )+ 2P +e i+ 2P + 27+ 25

which is the class of a fiber of type I1>. The curves .Qél), .{23(1; .Qél), .lei, .Qil),
03, and 91(2) are orthogonal to the components of the /1>-fiber and form a fiber of
type 1V*. The classes Q»>, Qu, 91(1; .Qilé, !21(28, .{22(11) are sections of the elliptic
fibration induced by |M||. We observe that there are six curves fixed by ¢ among

the components of the fiber of type 11, (the curves .Ql.(j ) for @ j)=(@O,1), (1,1,
2,2), (3, 2), (4,2), (0,2)) and four among the components of the IV *-fiber (the

curves !2](./) for (i, j) = (3, 1), (2, 1), (4, 1), (1, 2)).
The push-down of the class M| is

3h—E\—FN—-G—2H\—Ey,—2F,—~Gy—Hy—E3—F3—G3—H3;—Ep — Ep,— E5

which corresponds to a pencil of cubics passing through Q1 with tangent line ¢5,
through Q, with tangent line m5, and through Qs, E7,, ET,, and Q5. The equation
of this pencil is

b(xgxl — )co)cl2 + x12x2 + xlx% — 2x§x2) + e(xpx1x2 — xéxz) =0. (26)

The Weierstrass form of the (rational) elliptic fibration associated to the pencil
(26) is

2 3 128V +4eb+e*)(2b + )’
y X — X
48
(376b* + 176eb> + 60e2b? + 8¢3b + e*)(2b + ¢)?
864 ’
whose discriminant is b%(315% + 4eb + ¢?)(2b + ¢)*/16. This elliptic fibration has

a fiber of type I on b = 0 and one of type IV on (b : e) = (1 : —2).
The fibration 10 of Table (22) is induced by the class of the fiber

M= 00+ afl + 2+ 2l + a0+ 2l +all+ 2+ ol + ol + i+ 20
+23+ 2P+l +of.

which is the class of a fiber of type /6.
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The push-down of the class M> is

4h —E1—F—G1—-2H|—Ey—F)—2G, — Hy— E3 —2F;
—G3 — — E4 —2F4 — G4 — Hy — 2E7, — 2E5

which corresponds to a pencil of quartics with bitangent lines /> (in Q2 and Qa)
and /3 (in Q1 and Q3) and having two nodes in E7, and Es5. The equation of this
pencil is

bxé — 2bx3x1 + bxgx% — 2bx8xz + (3b + 4e)x§x1x2 + (=b — 4e)xox12x2+
ex%xz + bxgx% + (—b — 4e)x0x1x22 + 2ex12x22 + exlxg’ =0. 27

Using the algorithm, we find the following Weierstrass equations for elliptic
fibrations on S5 5 induced by splitting genus 1 pencils.

i Elliptic fibrations

A= BB — 5B +2Be +€2) — gBH—p* + 2Be + 1)+
5 B2(—B2 + 2B + €2)3 — (1/48)(— B2 + 2B + ))*

B =—(1/108)8'2 — (5/9)' e — (7/18)B1062 + (28/27) 8% + (7/12)p8*
—(11/12)7€> + —(35/72) %° + (1/3)B7€” + (5/24)8%€® — (5/108)83€°
—(1/18)82€10 — (1/72)e11 B — (1/864)€!2

A= (1/16)B18(198% — 1483 — 3822 + 483 + %) (e + B)?

A= —(24e* + )B4 /48, B = —(216¢3 + 368%* + B8) 8% /864
A=e202764 + pHpd 16
A= (—B8 +16e*B* — 16¢%) /48, B = —(B* — 8¢*)(—8e® — 16¢*8* + B8) /864
A= €842 — p)(2e + B4 + B2)/16

11

10
(28)

6.2.2 Elliptic Fibrations Induced by Generalized Conic Bundles

Let us consider the divisors:
Ny =220 +400 + 6257 + 527 +427 +327) +20) + @) +3273).
Ny: = 29<2) +420) + 625 + 59@) +427 +327 + 22 + 2 + 300,
Ns:= Qo +.Q“) + 04+ 2} +2(9(§” +:21(_13 +Ql“) +Q“)+
1 1 1 2 2 2 2 2
+ 20+ o)+ 2+ 05+ 2% + ol +of + 20+ o),
Nyt = 205 +225 +300 +425" +32{) +22{" + 23!} + 2824},
Ng:= 2+ Qo+9(2’ +27) +2(_Q”> +9“) +.Q(1) +(2“) + 2

+ 2 rel+ o+ .(25”) :
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The linear system |N;| induces the elliptic fibration number i of Table (22);
indeed the divisor N; corresponds to an elliptic fibration with a fiber of type I1%,
I, r,, 1n1*, Ié" ifi =1,2,3,4,8, respectively, so N3 (resp. Ng) corresponds to
the unique fibration in Table (22) with a fiber of type I}, (resp. Iy), i.e., the fibration
3 (resp. 8). A priori Nj could correspond either to the fibration 1 or to the fibration
2 (which are the fibrations which admit at least a fiber of type 17*). To distinguish
among these cases, we consider the other reducible fibers: the curves orthogonal to

Nyare 4" forh, j € {1,234}, h < j, 2(" fork = 1,2,3,4, 0, and Q4, and

they span the lattice E;;, so N corresponds to the fibration 1 in Table (22); the curves
orthogonal to N, are .Q}(ll;, forh,j €{0,1,2,3,4}, h < |, ngl) fork =1,2,3,4
and Q», and they span the lattice Djg, so N, corresponds to the fibration 2 in Table
(22).

Let us now consider the fibration N4. The fiber associated with Ny is a fiber of
type 111*. The curves .{251) and Ql(l) are sections of the fibration. The curves .Qézl) ,

5222, (23(2, _(23(2), .Qfg, .Qf), 02, Q4 are orthogonal to N4 and are the components of
another fiber of type 7117*. This implies that | N4| is the fibration 4 in Table (22) and

that the unique other reducible fiber is of type 1. The curves Q3, [23(1), .Qilg, and

523( 1% are orthogonal to N4 and span a lattice isometric to D4. So they are components
of the /j-fiber in the fibration | N4|. A Ij-fiber has five components; four of them are

03, SZ(I), 95}3), and .(23(12), and the fifth component is another curve, say V;. So that
we have a special fiber of the fibration | N4|, which is ZQél) ~|—[2£13) +.Q§1§ + Q3+ V.

Hence we can express the class of the curve V| as Ng — (29;1) + .Qil; + .Q%(l% + 03).
From this expression one can compute all the intersection numbers of V| with all
the curves .Qlk I £2]', and Q. One can also observe that since V; is a component of
a fiber of the fibration | N4/, it is orthogonal to all the components of the two other
reducible fibers of the same fibration, i.e., to the components of the 71 I*-fibers.

Let us now consider the class:

No= 20 12 v+ 2l 12l + 00+ 20 + 23+ 20 + 2@+

)

(2 ) 2 (2 (2 (1) (1) (1)
T A S H 87T+ 25+ 27+ Qo+ 82,7 + 82, + 8257,

It is the class of the elliptic fibration 7 in Table (22) since it is the class of a fiber of
an elliptic fibration on Ss 5 with a fiber of type .

All the classes N;, for i = 1,2,3,4,7,8 considered above correspond to
generalized conic bundles which can be written in the following way in terms of

the classes on R:
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i (12 (N0))/2
1/4h — (Ex + Fo + G2 + Hy) — QE3 +3F3 +3G3 + 2H3) — 2(E4 + 2F4 + G4 + Hy) — E7,
2|4h — 2E; +2F>, +2G2 +3Hy) —2(E4 +2F4 + G4 + Hy) — (E3 +2F3 + G3 + H3) — E5
3/4h — QE| +2F, +2G| +3H)) — (E4+ F4 + G4 +2Hy) — 2(E3 +2F3 + G3 + H3) — Es
4 2h — (E1 + F1 +2G1 + Hy)) — (E3 +2F3 + G3 + H3)

Th—3(E1+ F1+2G1+ H) — (E2+2F, + Gy + Hy)+

—2(E4+2F4 + G4+ Hy) — (4E3 + 6F3 +4G3 + 5H3)
4h —2(Ey — F1+G1+ H) — QE2+3F, +2G2+2Hy)+
—(E4+2F4 + G4+ Hy) — 2E3 +2F3 +2G3 + 3H3)

7

This allows to compute explicitly the equations of pencils of singular rational
curves in P? corresponding to our elliptic fibrations on Ss.5.

i Pencils in P?

1 a(x(‘)1 — xgxl + 3x§x1x2 — 4x8x2 + 6x§x22 — 3x0x1x22 — 4x0x§’ + xlxg + xg) + gxoxlzxz

2 n(xé — 2x8x1 + xgxl2 + 7x§x1x2 — 3x12x0x2 — 4xzx8 + 6x%x(% — 8x0x1x%)+
+n(2x|2x% — 4x§’x0 + 3x1x§’ + xg) + m(8x|2x2xo — 8x|3x2)

3 f(—)c(‘)1 + xgxlxz + xé’xz — xlzxg) + n(xé + x%xf — xgxz — xox]x%)

4 rxé + o (xpx2 — x1X2)

Tx0xX1x2(x2 — Xx0) (X0 — xl)(xg — xox2 + x1x2) + G(—xlxg + 2xoxl3xg — 12x§x1x22+
7 +7x8x12x22 — 8x§x12x§ + 6x(5)x1x2 — 3xéx%x2 + xg — xéxf — xéxfx% — 3x§x1x§+
+10x8x1x§ + 6x%x8 — 4x2x8 + 3x§x|2xo + xéxg — 4x§’x3)
s(x(‘)1 — 2x(3)'x1 + xgxl2 + 3x§x1xz — xoxlzxz — 2x8xz + xgx% — x0x1x§)+
—H(—x(%xlxz + xoxlzxz + 2x0x1x§ — xlzxzz)

Now it remains to find the Weierstrass equations of the elliptic fibrations on
S5.5 corresponding to the linear systems (n* (Nj) /2) on R. In case 4, the curves
which are fibers of the conic bundle have degree 2, so we can directly apply the first
algorithm in Sect. 5.2. In cases 1, 2, 3, and 8, the curves are quartics which satisfy
condition (), and so we may apply the second algorithm in Sect. 5.2. The rational
parameterizations and induced Weierstrass equations are given by

i Rational parameterization Elliptic fibration
3 2
X0 = —agp” —2agp” —agp 44 75 57
A= -3 ,B= >
1 X1 = —g2p* — 2agp? — a2 a’g a'g” +a’g

A= —432g10a10(a - g)2(a + g)2
xy = g*p* —agp? + g% p* — agp?
xp = —()4m2p4 + Snmp3 — 8nmp

2.4 2 2
= - 3
—64m2p4 + 1611mp3 A = 108m*n"(—n" + 384m~)

2) M 2 2 2 5 5 B = —432m3n% (n* — 576n2m? + 55296m*)
= L 2p41T;"npmp+3 i" 6fm2;3 ~ Sump? A = 570630428688384n 1012 (n2 — 432m2)
A=@f0 — 18 n+36f%n% —2453n3 —3f2n?
xo = p(=np+ fp+nm)(—np® + fp>+ fp—n+f) +6/n> —n) - 27(f — n)?
3l xp = (p+D(=n+ HHp*(=np+ fp+n) B=(9f% =545+ 11742 — 1081313 + 39 f2n*
x3 = (—np? + fp2+ fp—n+ )2 —6/n5 +n% - 27n(f —n)3GBf2 = 6fn +2n2)
A = —8503056(n — 2£)(3n — 2) f22n — £)2(n — f)18
4 A=D1+ 0)2 B=0,
A=419(1+1)°
x0=(p—Dsp+0(p> —sp—1) A= 270252 (% + 4522 + %)
8 x| = .\‘]72(11)2 —sp—1) B = 276353 (5% + 22)(2s* + 85212 — %)
== Dsptip—n6p+0 A = 850305658114 (52 + 412)

(29)
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The fibration induced by |N7| is the unique elliptic fibration on a K3 surface
with a fiber of type I}, (which is a maximal fiber, since if a K3 surface admits an
elliptic fibration with this reducible fiber, then this is the unique reducible fiber). So
it suffices to know the equation of this elliptic fibration, which is classically known
[13, Theorem 1.2]. Hence for |N7| we only rewrite here the known equation, a part
from the fact that we chose the parameters over }P’ET:U) in such a way that four fibers

of type I are over the points (7 : 0) = ((£v —26 + 14iﬁ)/4 : 1). These values
correspond to the septic in |N7| which are tangent to m> in a smooth point. We
therefore have equation:

A = 12(—120% — (3/8)0*1? — (15/2048)02t* — (9/262144)79),
B =130 (—1608% — (3/4)1%0% — (21/1024)0*t* — (35/131072)1%0>
—(63/33554432)1%),
A = —(729/4503599627370496)t%°(20480* + 527262 + 14).

(30)

We note that it is possible to obtain such an equation using our techniques. Indeed
one may find a rational parameterization of the septic plane curves of the generalized
conic bundle by rational cubic curves, and from there the computation follows in the
same way as above. We omit this computation here as the equation is already in the
literature.

7 The K3 Surface X5 s and Its Elliptic Fibrations

The K3 surface X5 5 is very well-known and studied, in particular since its Néron—
Severi group allows to describe the moduli spaces of K3 surfaces with an elliptic
fibration with a 5-torsion section in terms of L-polarized K3 surfaces (see [3]).
Indeed, if a K3 surface admits an elliptic fibration with a 5-torsion section, then the
lattice U @ M has to be primitively embedded in its Néron—Severi lattice, where M is
an overlattice of index 5 of a root lattice. The lattice M is known to be an overlattice
of index 5 of Aﬁ, and so the lattice U @ M is isometric to the Néron—Severi lattice
of X5 5. Hence the moduli space of the K3 surfaces which are N S(X5,5)-polarized
coincides with the moduli space of the K3 surfaces which admit an elliptic fibration
with a 5-torsion section.
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7.1 The List of All the Elliptic Fibrations

The transcendental lattice of X5 5 is known to be Tx >~ U @ U(5) (see, e.g., [S]).
This allows to apply the Nishiyama method in order to classify (at least lattice
theoretically) the elliptic fibrations on X5 5. This method is studied and applied in
several papers, and we do not intend to describe it in details. Here we just observe
that we can apply the method using A4 @ A4 as the lattice T, so that T is a negative-
definite lattice with the same discriminant form as the one of the transcendental
lattice Tx and whose rank is rank(7") = rank(Tx) + 4. Then one has to find the
primitive embeddings of A4 @ A4 in the Niemeier lattice up to isometries, and this
can be done by embedding T into the root lattice of the Niemeier lattices. The list
of the Niemeier lattices and the possible embeddings of root lattices in Niemeier
lattices up to the Weyl group can be found in [9] (see also [7]). In particular one
has that A4 embeds primitively in a unique way (up to the action of the Weyl
group) in A, forn > 4, in D,, for m > 4, and in E, for h = 6,7, 8 (see [9,
Lemmas 4.2 and 4.3]). On the other hand, A4 & A4 has a primitive embedding in
A, forn > 9 and in D,, for m > 10 and has no primitive embeddings in Ej,
for h = 6,7, 8 (see [9, Lemma 4.5]). All these primitive embeddings are unique
with the exception of A4 & A4 < Djg, for which there are two possible primitive
embeddings (see [9, Page 325, just before Step 3]). The orthogonal complement
of the embedded copy of A4 @ A4 in the root lattice of each Niemeier lattices is
a lattice L which can be computed by Nishiyama [9, Corollary 4.4] and which
encodes information about both the reducible fibers and the rank of the Mordell-
Weil group of the elliptic fibrations. In particular the root lattice of L is the lattice
spanned by the irreducible components of the reducible fibers orthogonal to the
zero section. More precise information on the sections can be obtained by a deeper
analysis of these embeddings, but this is outside the scope of this paper. So in
the following list, we give the root lattice of the Niemeier lattice that we are
considering, the embeddings of A4 @ A4 in this root lattice, the root lattices of the
orthogonal complement, and in the last two columns the properties of the associated
elliptic fibration. This gives the complete list of the types of elliptic fibrations on
Xs5:
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Niemeier
E
Eg ® Die
Eg @ Dig
E% @ Dio
EZ @ Do
E3 @ Dio
E% ® Dio
E7® Ay
E7® Ay
Dyy
D> ® D12
D2 ® Dy2
D;
Do @ Ays
Do @ Ajs
Eg

E¢® D7@ Aqq
Ec® D7® Aqy

embedding(s)
Ay C Eg A4 C Eg
Ay C Eg Ay C Dyg
Ay @ Ay C Dis
Ay C E7 Ay C E7
A4 C E7 A4 C Dy
A4 @D Aq C Do
Ay @ Ay C Dyo
Ay C E7 A4 C Ay
Ay @ Ay C Apy
Ay ® Ay C Dy
A4 C D1 Ay C D1p
A4 ® Ay C Dy
A4 C Dg Ay C Dy
Ay C D9 Ay C Ays
Ay @ Ay C Ags
A4 C Eg A4 C Eg
Ay C Eg Ay C Dy
Ay C Eg Ay C Ay

Ec® D7® A1) Ay C D7 Ay C Ay

Ec® D7 ® Ayy

4
D6
Do @ Al
Do @ Al
D¢ & Ag
D? @ A2
5 7
2 2
Dg ® A;
D? 693 A2
A8
Ay
2
A P
A12
D, & Aé
4
A
A4

Ay @ Ay C Aqy
A4 C Dg Ay C Dg
A4CD6A4CA9
Ay C Ag Ay C Ag

Ay Ay C Ag
A4 C D5 Ay C Ds
Ay C Ds Ay C A7
Ay C A7 Ay C Ay
Ay C Ag A4 C Ag

Ay D Ay C Ay
Ay CAp Ay C A

Ay ® Ay C App
Aq C As Ay C As
Ayg C Ag Ay C Ag
Ay C Ay Ay C Ay

roots orthogonal
Ay @ Ay @ Eg
A4 ® Dy
Eg & D¢
A% @ Dio
E7® A2y @ Ds
£
=
Ay @ A
E7® A7
Dyy
D7 ® D7
D, @ A}
Dg ® A3z ® A3
Dy @ Ao
D9 ® As
Al @ EZ
A? @S A
A1 @ D7 @ Ag
Ee ® Al @ Ag
Ec ® D7 ® Ay
Dg
Ay @ Ag
D¢ ® Ay ® Ay
Dg @ Ag
o3
A7@ Ds @ Az
D A3
Al Ag
Ay
e
A @ A
D4®A§
A? @ Al
Al

singular fibers
2Is + 11" + 214
Is+ 17 +6I
IT* + IF + 61
20 + I + 613
HI*+ 1+ 1 450
2111* 4614
2I1T* + 614
I+ 113 + 814
111*+ Is+ 71,
Iy + 80
213 + 61
I§<+212+611
]I+214+611
Ig+1In +7hL
I3+ 16+ 71
20, +2IV* + 45
3L+ I1p + 614
12+1§k+17+611
I1V*+2L + I7; + 514
IV*+13*+12+511
212*-1—811
Is+ 1o+ 91
I3 +2Is + 613
I3+ o+ 61
213 + 81
Is+ 1] + I3 + 61
2If + 213 + 41
214 + 1o + 713
Iis + 91
213 4+ 81
I+ 113 + 814
]6‘-{-21(,-{-611
21 + 217 + 61
415 + 41,
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Observe that lines 6 and 7 correspond to the two different embeddings of
A4 @A4 in Dyg. The K3 surface Xs 5 is obtained as double cover of a rational
surface Rs 5 branched on two smooth fibers, so there are no elliptic fibrations
induced by generalized conic bundles or by splitting genus 1 pencils (see [4]). So
an elliptic fibration on X5 5 is either induced by a conic bundle on Rs 5 or it is of
type 3.

Putting together these considerations with the results of Sects. 4 and 5, we proved
the following proposition.
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Proposition 3 The elliptic fibrations on Xs s are of 34 types, listed in Table (7.1).
The fibration in line 34 of Table (7.1) is induced by &g, and its equation is given in
Sect. 4.2.2; the fibrations of lines 22, 30, and 32 are induced by conic bundles on
Rs 5 and their equations are given in Sect. 5.3.2. The other fibrations on Xs 5 are of

type 3.

7.2 Fibration of Type 3: An Example, the Fibration 26

The aim of this section is to construct explicitly an example of an elliptic fibration
of type 3 and to discuss the geometry of the noncomplete linear system on P? which
induces this fibration.

The divisor

Dy = 287 + 2" +200 +220" + 2V + 2"

corresponds to the class of the fiber of a fibration which has one reducible fiber
of type I]'; thus |Dy| is one of the fibrations 5,26,27 in Table (7.1). The curves

.Qéz’l), [23(2’1), 0>, 03, .{21(2’2), .Qf’z), 91(1,1), Qil’l) are sections of the fibration
|D1|. Assuming that 952’1) is the zero section, there is a fiber whose nontrivial
components are 92(2’2), ng,z), Qq, 921’2), 951’2), 93(1’2), and 521(1’2). So there is a
fiber of type I3 and |Dj]| is the fibration 26 in (7.1), and there is a fiber of type I3
whose nontrivial components are .Qél’l) and .Q;l’]).

Denoted by # : Xs55 — Rss, we have n(Q;) = P; and n(Qi(j’l)) =
7(2Y?) = 09 for j = 1,2. In particular «(2") = 2", thus, «(Dy) # D,
and indeed D; := (D) is

Dy = 28" + 2" +200 + 20207 + 27 + 2.

We observe that .Qéz’])D] = 0, [Zé]’z)Dl = 2, QoD = 0, QéZ’Z)D] = 0,
Q%D =1,2%PD; = 1,and thus D2D; =0+2+0+0+ 141 =4

So D1 Dy =4 and (D + D2)2 = 8. In particular a smooth member of the linear
system | D{ + D3| is a curve of genus 5.

We are interested in the class of the curve 7 (D1 + D). By the projection formula,
w.(D1 + D) = 2w (D + D3), so we are looking for %n*(D1 + D»). Since

1
w(D1) = 7 (Dy), ETF*(DI + Dy) = m(Dy) = 7 (D).

We recall that the map 7 restricted to .Ql.(j Disal:1 map to @l.(j ), and similarly

the map = restricted to .Qi(j Pisal:l map to @i(j ). On the other hand, the map =
restricted to the sections Q; is a 2 : 1 map to the section P;. So
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T (DN=0P+0V+ar+20P+0P+02 =367 +6P+6P 16" +4p).
Hence by (4)
(D) =3E1+ 0+l +m+4F =3h—Ey— F, — Egs — E4—2F4— E3 — F3,

which is the class of the strict transforms of cubics in P? passing through Q», Q3,
Q4 with tangent £, and Q5.
The equation of the cubics satisfying these properties is

axg + bxgxl + (—a — b)xox% + dx§x2+

exox1xy + fx12x2 + (—3a — 2d)x0x% +(a—e— f)xlx% +(d + 2a)x§’ =0.
(32)

This equation depends on five parameters (four projective parameters) and
specializes to equations of cubics which split on the double cover and induces
elliptic fibrations on X 5.

The generic cubic ¢3 as in Eq.(32) is a cubic in P2. We recall that X555 is
the double cover of P? branched along the reducible sextic cs whose equation is
f3g3 = 0 for two cubics f3 and g3. So ¢3 and ¢ meet in 18 points in P2 counted
with multiplicity. Recall that cg is singular at Q», Q3, Q4, and Qs, and in Q4, c¢
is the union of two cubics, both with tangent direction £>. Hence c3 intersects cg in
0», 03, Qs with multiplicity 2 and in Q4 with multiplicity 4. Outside these points,
c3 and cg intersect in 18 —2 —2 —2 —4 = 8 points. The inverse image of ¢3 on X5 5
is a double cover of c3 branched in eight points. Since generically c3 is a smooth
cubic in P2, it has genus 1, and then its inverse image on Xs s has genus g such that
2¢ —2=2(0)+8.S0g =5.

We already observed that cg is the union of two smooth cubics in P2, which are
the image of the branch curves of the double cover X55 — Rs 5. Denoting by
b1 : f3 = 0 and by := g3 = 0 these two cubics, ¢3 intersects b; in nine points,
five of which are Q», Q3, Q4 with tangent £;, and Q5. So ¢3 and by generically
intersect in four other points. In the case c3 splits in the double cover (which is the
case in which c3 is the image both of D and D,), these four points are either one
point with multiplicity 4 or two points with multiplicity 2. The strict transform of
by (resp. b2) on Rs 5 is a smooth fiber of the fibration on Rs s, and its pullback to
X5 5 is a smooth fiber, denoted by Bj (resp. B»),! of the fibration induced on X 5.5
by the one on Rs s. Since a section of this fibration is Qo, B1Qo = B2Qo = 1,
B12*7 = 0and thus D;B; = DBy = DyB| = DyB; = 2. In particular D,
and D» intersect in four points, two on B and two on B,. Considering the image
of these curves in P2, one realizes that if ¢ is the image of D1, then it intersects b
(resp. b») in two points each with multiplicity 2.

INot to be confused with the conic bundles B; and Bj in Sect. 3.
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So, theoretically, in order to find the specializations of a curve c3 which is the
image of D1, one has to require that the intersection c3Nb; consists of the points Q»,
03, Q4 with tangent £», and Qs, and of two other points each with multiplicity 2.

As in the previous context one can compute the resultant between the equation
of the cubics c¢3 and the branch locus of the double cover X55 — P2, given in
(14). Since not all the curves in the linear system |c3| split in the double cover, the
resultant of the equation of ¢3 and the equation of the branch locus of X — P?
is not the square of a polynomial. Nevertheless one recognizes some factors with
even multiplicity (which correspond to the conditions that c3 passes with a certain
multiplicity through a certain base point of the pencil of cubics from which Rs 5
arises), and one can also observe that for certain choices of the values (a, d, e, f),
the resultant becomes a square. For example, one observes that for f = —a —d —e
the resultant with respect to x is

x%(xo — x2)%(xox2(em + am — a + dm) + xg(am + bm) — x%(d —2a))?
(xoxz(el +al —a +dl) + xg(al + bl) — x%(d —2a))?

so in this case we know that the intersection between the generic member of |c3|
and the branch curve is always with even degree, which is the necessary condition
to have a splitting in any point.
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On Birch and Swinnerton-Dyer’s M)
Cubic Surfaces iy

Mckenzie West

Abstract In a 1975 paper of Birch and Swinnerton-Dyer, a number of explicit
norm form cubic surfaces are shown to fail the Hasse principle. They make a
correspondence between this failure and the Brauer—Manin obstruction, recently
discovered by Manin. We extend their work to show that a larger set of cubic
surfaces has a Brauer—Manin obstruction to the Hasse principle, thus verifying the
Colliot-Thélene—Sansuc conjecture for infinitely many cubic surfaces.

Keywords Cubic - Surface - Brauer—Manin - Obstruction
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1 Introduction

Suppose X is a smooth projective variety over a number field k. Denote by X (k) and
X (Ay) the rational and adelic points of X, respectively. The natural inclusion of k
into Ay gives X (k) # ¥ = X (Ax) # @. The variety X satisfies the Hasse principle
if the converse is true, X (Ax) # @ = X (k) # (. There are many examples of
varieties which do not satisfy the Hasse principle; Cassels and Guy, in [3], provided
one of the original counterexamples in the case of cubic surfaces,

e+ 12y + 923 + 10w = 0. (1)

As a cohomological generalization of quadratic reciprocity, Manin constructs,
in [12], the Brauer set X (Ax)B" which lies between X (k) and X (Ay). We say that
X has a Brauer—Manin obstruction to the Hasse principle if X (Ap)B" = ¢ while
X(Ag) # . Around this time, Birch and Swinnerton-Dyer, in [1], considered
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counterexamples to the Hasse principle for rational surfaces via very direct
arguments. They comment that Manin’s method should apply and provide a brief
sketch to this effect. We will examine the cubic surfaces constructed by Birch and
Swinnerton-Dyer:
Let K/ k be a non-abelian cubic extension and L/ k its Galois closure. Suppose K /k is the
unique quadratic extension which lies in L. We will assume that (1, ¢, ¥) are any linearly

independent generators for Ko/ k and K/ k is generated by 6. Then consider the Diophantine
equation given by

mNormyp, /g (ax + by + ¢z + Yyw) = (cx + dy) Normg /i (x + 6y) , ?2)
where the m, a, b, c, d are suitably chosen k-rational integers.

Throughout, we will refer to surfaces given by an equation of the form (2) as BSD
cubics. Birch and Swinnerton-Dyer show that as long as «a, b, ¢, d have “certain”
divisibility properties, the projective cubic surface in IP’,% defined by Eq. (2) do not
satisfy the Hasse principle. Their examples of failure are very specific, choosing
values for almost all of the constants. This is done by considering a rational solution
[x: y: z: w] and examining the possible factorizations of the ideal (x + 6y) in Ok.
They find two possible reasons the Hasse principle may fail and give an example
computation of the Brauer—Manin obstruction for each. This paper re-examines the
BSD surfaces, extending their work using more explicit formulas for the lines on
the surfaces.

Theorem 1 Let k be a number field and X is as in (2). Let L//ﬁ be the minimal

extension over which the 27 lines, or exceptional curves, on X are defined. If
9 | [L': k] then Br X/ Brk ~ 7/37 otherwise X satisfies the Hasse Principle.

Furthermore, one may compute the existence of Brauer—Manin obstructions
within this family of surfaces, as in the following result.

Theorem 2 Let k be a number field, L/K be unramified, and the ¢; and ; be
integral units in Ko with the minimal polynomial of V; | ¢; being separable modulo
p | 30k. Let pOy be a prime for which pOy = 22, such that p||00 and the P;
are primes in Oy . Assume no prime in O divides both 6 and 0. Then the variety
defined by:

2

[Jor + ¢z + viw) = py(x +6y)(x +6y)
i=0

has a Brauer—Manin obstruction to the Hasse principle.

1.1 The Hasse Principle for Cubic Surfaces

After the paper of Birch and Swinnerton-Dyer, Colliot-Théléne and Sansuc
conjectured that the Brauer—Manin obstruction is the only obstruction to the
Hasse principle for arbitrary smooth projective geometrically rational surfaces
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[5, Questions j1, ki, page 233]. Some motivation for this conjecture came from the
study of conic bundles. In 1987, Colliot-Thélene et al. [6] systematically studied
diagonal cubic surfaces over Q having integral coefficients up to 100, verifying
the conjecture for each one of these surfaces. They were the first to prove that
the Cassels and Guy cubic (1) had a Brauer—Manin obstruction. The conjecture of
Colliot-Thélene and Sansuc has been extended by Colliot-Thélene to all rationally
connected varieties [4]; evidence for such a generalization has been seen recently in
works of Harpaz and Wittenberg (see, e.g., [10]).

Work by Elsenhans and Jahnel has shown general construction for lines on cubic
surfaces as well as the resulting elements in Br k(X)) [8]. More recently, they prove
that cubic surfaces violating the Hasse principle are Zariski dense in the moduli
space of all cubic surfaces [9].

1.2 Outline

The notation for the paper will be fixed in Sect.2. We will explicitly describe
the Brauer group for the BSD cubic surfaces in Sect.3 and subsequently prove
Theorem 1. This computation will exploit the exceptional geometry of cubic
surfaces and the previous results of Corn [7], and Swinnerton-Dyer [16, 17].

In Sect. 4, we prove the existence of an adelic point for a family of surfaces
followed by general computations of the Brauer set. Proposition 1 and Theorem 2
show that local solvability can fail only at primes dividing the coefficient d. This
section concludes with a proof of Theorem 2.

Lastly, in Sect. 5, we first look back at an example given in [1] and verify that
its obstruction is given by the results of Sect.4. A second example with a Brauer—
Manin obstruction given by two nonzero invariant summands is then presented.

2 Setup and Background

Let k£ be a number field with absolute Galois group Gy, and let L/k be any Galois
extension with Gal(L/k) >~ S3. Fix K/k as the unique quadratic extension of k in
L. Let OF be the ring of integers for the field F.

Lemma 1 Every BSD cubic is isomorphic to one of the form

2
[ ]+ iz + viw) = dy(x +6y)(x +6y) 3)
i=0

where d € Oy and {¢o, ¢1, ¢2}, {¥o, Y1, Y2} S OL, and {6, 6} S Ok are
respective Galois conjugates over k with (1, ¢;, ;) being a k-basis for a degree 3
extension of k.
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Proof There is an isomorphism of varieties given by

cx +dy o :|

Ty z: by: ——:
[x:y:z w]l—>|:ax—|— y @ —c0)d — by Z:w

from the surface in ]P>,3C defined by (2), to the surface in ]P’,% defined by

2
m(ad —be)* [ [ + ¢iz + iw) = ((d = 0)(d = c0)*y(x +0'y)(x +6y) |
i=0
where 0’ = (—=b + af)(d — c6). A subsequent isomorphism given by scaling
variables results in (3).
Let X be the closed subvariety of IP’i defined by (3) and let X be the base change

of X to the algebraic closure of k. Denote the Picard group of X by Pic X. For a
fixed o € BrX = Hgt(X , G;), there is a commutative diagram

X (k) —— X(Ag)

€V €V

0 Brk @, Brk, —— Q/Z —— 0

where ev . is the specialization of .7 and inv = ) inv, is the invariant map. The
Brauer set is defined as X (Ax)®" := M /cp, x dtj (0).

There is an inclusion of Br X into Br k(X), so elements of Br X can be realized
as central simple algebras over the field k(X). Moreover, Azumaya algebras over
a field such as k(X) are exactly the central simple algebras over k(X). Let F1/F;
be fields with F; a cyclic extension of degree n, and let a € Fz*, then the cyclic
algebra (F/F», a) is defined to be the quotient F([T],/(T" — a). Here F|[T], is
the twisted polynomial ring, i.e., Tb = o (b)T for all b € F. Further such cyclic
algebras are central simple algebras over F», so (Fi/F>, a) can be used to represent
an equivalence class in Br F5.

3 Proof of Main Theorem

Lemma 2 Let X and L/k be as in Sect. 2. The field of definition, of the 27 lines on
X, is the splitting field for the system of equations over L,

1+ A¢pi+Cy¥; =0,

01+ Ag; +Cyj) = (B, + DY) ,

(1 + A¢y + Ciip) = (Béy + D) B
(Boo + Do) (Bpy + Dyr1)(Bgo + Dyra) = doo ,

“4)



On Birch and Swinnerton-Dyer’s Cubic Surfaces 203

where i, j, and k are fixed and satisfy {i, j, k} = {0, 1, 2}. Moreover
Gal(L'/k) = Gal(L'/L) x Gal(L/k) = H x S5,

where H is some subgroup of S3.

Proof There are 9 lines, L; ;, defined by 0 = x + ¢,z + v; w and

y ifj=0,
O={x+06yifj=1,
x+0yifj=2,

clearly these are defined over L. The remaining 18 lines, L j k), are of the form
7z = Ax 4+ By and w = Cx + Dy where A, B, C, and D satisfy the system
of equations (4). Here the value of n in L; j x),, corresponds to the three possible
solutions of the system (4) for a fixed triple (i, j, k).

The fact that the field of definition for all of these lines can be determined by a
single set of values for i, j, and k is a result of the facts that action by elements
of Gal(z/ k) on the system in (4) permutes the values of i, j, and k as A3z and that
action by Galois on the lines preserves intersection pairings.

From Galois theory, we have a short exact sequence:

0 —> Gal(L'/L) —> Gal(L'/k) —> Gal(L/k) —> 0.

To prove that Gal(L'/k) = Gal(L'/L) x Gal(L/k), it suffices to show that
this sequence splits. Let Dy; j ), denote solutions to the system (4). Then from
above, we know that L' = L(D(O,l,Z),O7 D(O,I,Z),l, D(()’],z),z). Given any o in
Gal(L/k), we can define s(o) € Gal(L'/k) using these generators. Specifically
act via o on the equations of (4) and denote this by o (i, j, k). Then define

$(0)(D©,1.2).n) = Ds.1,2).n, extend this map to L’ in the natural way to obtain
s(o) € Gal(L'/k).

Using the Groebner basis methods within Magma [2], we find that the field L’ is the
splitting field of the following polynomial over L:

(O — 0)(p1v2 — 2v1)* (P20 — dov2)* (bo¥r1 — d110)°T°

— (d1¥2 — G2 1) (D20 — o) (Po¥1 — d1¥0) (oY1 — o2 — P10 + P12
+ G20 — G2v1) (o1 Y200 — 1/2¢>0¢1¢252 + 1/2¢0$2916% — pop2¥100

— /261629007 + 1/2¢1 629100 ) T2

+ 66 (o1 —pova—d1 Vo+d1¥a+daro—dav1) (G5¢T V30 + 265¢1 21120
— 20901020120 — B3B3V TO — 20bid2v0v20 + 2p0d1d3VoyniO + $re3 Y50
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— $13950)T
+ 92§2¢0¢1¢2(¢0¢1 — gov2 — d1v0 + P1v2 + oo — o)’
+d($od1¥20 — Pod2 10 + p182%00 — P12100)° .

The code and output for this computation is available in the Appendix.
Since X is rational, ker(Br X — Br X) = Br X, [13, Thm. 42.8], and there is an
isomorphism given by the Hochschild—Serre spectral sequence,

Br X/Brk — H!(Gy, PicX) . )

Moreover, @, factors through this quotient. Therefore it is sufficient to calculate
this finite group rather than determining the entirety of Br X.

Swinnerton-Dyer provides a classification of possible H' (G, Pic X) via the
following structures existing within the set of exceptional curves on X (see also [7]).

Definition 1 A double-six on X is a set {L,...,Le¢} U {My,..., Mg} of 12
exceptional curves on X such that the L; are pairwise skew, the M; are pairwise
skew, and L; intersects M; exactly wheni # j.

A nine on X is a set consisting of three skew curves together with six curves each
of which intersect exactly two of those three. A triple-nine is a partitioning of the
27 exceptional curves on X into three nines.

We summarize the results of Swinnerton-Dyer, and later Corn, in the following
Lemma.

Lemma 3 Let X be a cubic surface defined over the number field k.

1. ([7, Lem. 1.3.19],[16, Lem. 1]) Elements of Br X/ Brk of order 2 correspond to
G-stable double-sixes such that neither six is itself Gy-stable, no pair {L;, M}
is Gg-stable and no set of three such pairs is G-stable.

2. ([16, Lem. 6]) There is a one-to-one correspondence between order 3 elements
of Br X/ Brk and triple-nines on X such that each nine is itself G-stable but no
set of three skew lines within any nine is Gy-stable.

3. ([16, Lem. 5]) In order for Br X/ Br k to have more than two elements of order 3,
it is necessary and sufficient that the field of definition for the exceptional curves

be of order 3 over k.
4. ([16]) The quotient Br X / Br k is isomorphic to one of {1}, Z.)27, (Z)27.)*, 7./37Z,
or (Z)37)2. O

As a result of the definition and intersection properties of lines on cubic surfaces,
we can write a nine as a 3 x 3 matrix

Liilip b3
b1l 3] s
£31 €32 £33
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such that the intersection pairing satisfies

1 ifi#mandj#n,
i js bmn) =1—1 ifi=mandj=n,

0 otherwise .

Proof (Proof of Theorem 1) Let L'/k be the field of definition for the 27 lines.
A triple-nine for which the individual nines are fixed by Gy is

Loo Li,1 Lap Lo,1.2),0 L0,1,2).,1 L0,1,2),2 Lo,2.1.0 Lo21.1 L0212
Liz Lao Lo |» | La.2.m.0 La2o.: Laz2o2 || La.o2.0 La,02.1 La,02).2
Ly Loo Lo L@,01,0 Leon,a Leon,2 L1000 Le21,0.1 L2,1,0),2

(6)

The Galois group G, permutes the first nine, fixing no skew triple. The rows of
the second two nines will be permuted via the permutation action on the roots
(¢0, @1, @2). The action of Gy on the columns of the second nines will determine
whether or not any skew triple is fixed.

If9 | [L': k], then 3 | [L’: L]. In particular, all three columns of the second two
nines have a nontrivial action via Gal(k/L), and thus no skew triple can be fixed.
Thus by Lemma 3, we have HY(Gy, Pic X) ~ Z/37.

Otherwise 9 { [L': k] and [L’ : L] | 2. Let K'/k be the subfield of L’ such
that [L’ : K'] = 3. Note that K’ is unique in L’, contains K, is Galois over k, and
[K’ : k] | 4. This is because Gal(L’/k) is one of S3, the dihedral group of order 12,
or the dicyclic group of order 12, each of which have a unique, normal subgroup
of order 3. Whenever a cubic surface has a quadratic point, then it has a point over
the original extension. Therefore, if the base change of X to K’, X, satisfies the
Hasse Principle, then so does X.

Assume first that the columns of the second two nines are fixed by Gal(L'/K’).
We can assume that the lines were numbered so that every line in the first column
of the second nine has intersection number 0 with every line in the first column of
the third line. In general, every element of a given column of the second nine will
intersect the same three lines in exactly one column of the third nine, and they will
not intersect any of the other six lines in the nine. Since the columns of the second
two nines are fixed by Gal(L’/K"), we can blow down X along these six skew lines
to obtain a degree 9 del Pezzo surface X', defined over K'. It is well-known that
degree 9 del Pezzo surfaces satisfy the Hasse principle. So by the Lang—Nishimura
lemma, X g must also satisfy the Hasse principle (cf. [14]).

Secondly assume that the columns of the second two nines are not fixed by
Gal(L'/K’). Specifically, let o be a generator of Gal(L'/K’). Without loss of
generality, we assume o(L,1,2),0) = L,2,0,1 and az(L«),l’z)’o) = L2,0,1),2
Then the combined intersection of L 1,2),0, L(1,2,0),1, and L20,1),2 is a single
point fixed by Gal(L’/K"). That is, X (K’) is nonempty, and X g+ satisfies the Hasse
principle.
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The map in (5) is generally difficult to invert. We achieve this via a result of
Swinnerton-Dyer in the following corollary.

Corollary 1 If H'(Gy, Pic X) ~ Z/37Z, then it is generated by an algebra </ such
mmd@K:@awmmf”ﬁ

0
Proof Let D = Loo+ L1,1 + L1,0 — V(y) where V (y) corresponds to the divisor
on X given by intersecting it with the hyperplane y = 0. Clearly D is not principal
as the intersection pairing between D and L | is nonzero. Then
Normy /x (D) = (Lo,o + L1,1 + L1,0) + (L1,0 + L2o,1 + L2 o) +
(L2,0+ Lo,1 + Loo) —3V(y),
=L+ Ly +Lo1—V(©),
=Vx+0y) -V,

0
=dw(x+ y).
y

Using [17, Lem. 2], we can conclude that the class of the cyclic algebra

(L(X)/K<X>, X+ )

in the Brauer group of X is nontrivial and that it is the extension of an element of
Br X. (See also [7, Prop. 2.2.5].)

4 Invariant Map Computations

Since the &7 € Br X/ Brk are explicit, one may compute the map ¢, more easily.
However, before doing so, we would like to verify the existence of an adelic point.

Lemma 4 We continue using the notation set in Sect. 2. Assume the following
conditions hold:

1. L/K is unramified,
2. por1¢2 = Yoy = £1,

3. for all primes p of Oy lying over 3, ¥; and ¢; are nonzero modulo p and the
minimal polynomial of ¥, Vis separable, and

4. for any prime p of Oy dividing d00, there exists a valuation w of Oy lying over
p such that w(0) > w(d) and w(®) = 0.

Then X (Ag) # 0.
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Proof For all p { 3d66 Oy, the modulo p reduction of the scheme X N V(x) is a
geometrically irreducible genus 1 curve and will subsequently have a kj, point by
the Hasse bound.

Suppose p | 30 and p | dO6O,. Then X N V(x) — P! defined by
[0: y: z: w] = [z: w] is one-to-one and surjective on ky, points. Assumption 3
provides that at least one of these points is smooth.

Recall, as in the proof of Theorem 1, a cubic surface will have a point in kj, if
and only if it has one in any quadratic extension of ky,. Thus for the primes p of k
dividing d68, to show X (kp) # 0, it will suffice to find a K o point for a prime &
of K dividing p.

If & | dOk and & splits over L, then X 5 is the union of 3 lines all defined
over K 47/ < and has many K 4 points.

Assume & | dOk, & remains prime in L, and that it satisfies w(6) > w(d)
and w(@) = 0 where w = v 4. Consider the cubic surface 2~ in IP’,% defined by the
equation,

2

dl_[(x + @iz 4 Yiw) — y (x + (0/d)y) (dx +6y) =0,
i=0

which is isomorphic to X. Note that this equation has &4 coefficients since
w(0) > w(d). Modulo &2, the defining equation for .2~ becomes

Xy 02y (x +O/d)»y) ,

where 6 5 and (9/d) » are the restriction of the respective constants to the quotient
O ). The surface Z» has a smooth point [(6/d)5: — 1: 1: 1] which will
lift to a K point, [xg: yo: z0: wol € Z (K ). Via the isomorphism, we have
[dxo: yo: dzo: dwg] € X (K ). _

Lastly, we consider the case that & | 000k and & { d Uk . By assumption 4,
we can assume that & | @ and & { 6. Then the defining polynomial for X modulo
P is

2
[ 16+ iz + viw) — dxy?d
i=0

which has the smooth point [0, 1, 0, 0].

Remark 1 In the case of w(d) > w(6), a similar argument can be made with the
additional assumption of the surjectivity of the cube map in O /2.

Of course Lemma 4 is not comprehensive; there are surfaces in the class which
have adelic points but do not satisfy the conditions listed above. The intention of
this lemma is to provide proof that there are indeed infinitely many surfaces of this
form which have an adelic point.
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There is a classical formula for inv, provided L, /K, is unramified given by the
local Artin map. That is, for all places v unramified in L/K,

invy (Ly/Ky, f(P)y) = % (mod 1) ,

where i = v, (f(P)), ol = Froby,/k,,and k = [L,: Ky] (cf. [15, XIV.2]).

Proposition 1 Assume the notation of Sect. 2. Suppose v is a finite place of K which
is unramified in L/ K such that one of the following is true:

1. vy(d) = 0 (mod 3), and that 6 or 6 has valuation 0,
2. or v splits completely in L/K.

Let of = (L(X)/K(X), +T‘9>) € Br(Xk). Then invy (< (Py)) = 0 for all Py in
X (Ky). Moreover, invao (o (Poo)) = 0.

Proof The structure of this proof follows that of [11, I11.5.18]. In the infinite case,
we must have inveo (&7 (Poo)) = 0,as [L: K] = 3 and inve (&7 (Po)) = 0 or 1/2.

Suppose that v splits completely in L. Then L, = K, and (L,/K,, f(P,)) is
trivial. Thus we must have inv, (< (P,)) = 0.

If v remains prime in L, then [L,: K,]=3. Take P,=[x0: yo: zo: woleX (Ky).
Via scaling, assume that xg, yo, zo, and wq are integral and at least one has valuation
0. Since 1_[,-2:0()60 + ¢izo + Yiwp) is a norm from L to K, yo = 0 would imply
xo = z0 = wp = 0, which is not possible. Thus yg # 0. In particular,
F(Py) = )%;’YU is defined for all P, € X (Ky).

For simplicity, set v = v, and N = ]—[?Zo(xo + ¢izo + Yiwg). If v(N) = 0,
then v(yg) = v(xg +60yg) = 0. Hence inv(</ (Py)) = 0. On the other hand, suppose
v(N) > 0. Here the restriction of N modulo v is a norm on the residue class field
of L, to that of K,. Thus N having positive valuation implies that the restriction
N = 0. Hence xp, 29, wo = 0 (mod v) so v(yp) = 0. In fact, 3 | v(N). Thus,
v(d) + v(xo + 0y0) + v(xg + 0yp) = 0 (mod 3). However, v(xg + 6yp) = 0 or
v(x0+0y0) = 0, since v does not divide both 6 and 6. In particular, v(xo+6y) = 0
(mod 3) and inv, (7 (P,)) = 0.

Given the result of Proposition 1, in all cases where L/K is unramified, we
simply need to consider the places of k over which d has valuation that is nonzero
modulo 3 when computing the invariant map.

Theorem 3 Continue using the notation established in Sect.2. Assume L/K is
unramified. Let p be a prime of Oy dividing d such that p factors as the product of
two primes in Oy, and one of those primes has corresponding valuation w satisfying
w() £ 0 (mod 3) and w(@) = 0. Let o = (L(X)/K(X), "tﬂ) € Br(Xk).

Then Ze@lp invg ox (Pp) # 0 forall (Pyp) € ]_[gglp X (K ») if and only if
w(d) # 0 (mod 3).

Proof Let Py, = [x0 : yo : wo, z0] € X (Ky). Naturally



On Birch and Swinnerton-Dyer’s Cubic Surfaces 209

w(dyo(x + 0y0) (x + 0y0)) > 0,

so we must be in the case that w(xp), w(wp), w(zg) > 0 and w(yg) = 0. Since
the left-hand side of (3) is a cubic norm over K, its valuation must be divisible by
3, so the same is true for the right-hand side. And so

w(xo 4 0y0) = W(dyo(x + 0y0)(x 4+ 0y0)) — w(d) = —w(d) (mod 3) .

In particular invy (2 (Py)) = 1/3 or 2/3 if and only if w(d) # 0 (mod 3).

On the other hand, if W is the conjugate valuation of w over L and
Py = [x1 : y1 : wy, z21] € X(Kvw), then W(x; + 0y1) = 0, so invg(« (Py)) = 0.
Thus, for all (Pp) € H(@\p X(K»),

> vy (o (Pyp)) = invy (o (Py)) = 0

if and only if w(d) =0 (mod 3).

Corollary 2 Continue using the notation established in Sect. 2. Assume L/K is
unramified. Fix 0 so that no primes of Ok divide both 0 and 0. Let p be a prime
of Oy such that vy (d) = n for some n # 0 (mod 3) and p | 00. Assume all other
primes dividing dOx split in L/K. Let of = (L(X)/K(X), "jﬂ) € Br(Xx). If
XAg) # Dand p = PP, in Ok, each of which is inert in Oy, then for all
(Py) € X(Ak), we have ), inv, (2/k (Py)) # 0.

Proof By Proposition 1

> inv, (# (Py)) = inv g, (o (Pp))) + inv 5o, (7 (Pp,)) .

Then as in the proof of Theorem 3, one of these summands is 0, and the other is
nonzero, depending on which one of &7; divides 6.

Proof (Proof of Theorem 2) Lemma 4 guarantees that X (Ay) # @. Via Proposition 1
and Corollary 2, we conclude that X(Ag)B" = 0. As X(Ap)B" € X(Ax)B, it is
then clear that X has a Brauer—-Manin obstruction to the Hasse principle.

S Examples

Examples that fit the situation of Corollary 2 are easy to come by. Given any L/K
unramified, we can find many 6 satisfying the conditions of Corollary 2. Then it is a
quick check via Hensel’s Lemma and the Weil Conjectures to show that there is an
adelic point. In fact the original example of BSD fits this case.
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Example 1 Suppose ' = %(1 + +/—23) and ¢; so that ¢l.3 =¢;+1land y; = ¢>l.2.
Define XBSD by

2
2[ [+ iz + d7w) = (x — NG+ 0N +8y) .
i=0

Via the isomorphisms in the proof of Lemma 1, we have the isomorphic X given by

2

[T + ¢iz + w2w) = 32y(x +69)(x +6y)
i=0

where 6 = —6' — 6.
We find that X has adelic points but no rational points. Moreover, X has a Brauer—
Manin obstruction to rational points as described in Corollary 2.

There are few published examples where the invariant map has two or more
nonzero summands. Given the theorems above, examples of this can be found
quickly.

Example 2 Suppose the ¢; satisfy q)? +¢;i +1 = 0and 6, 0 are the roots of
T? — 4T +35.
Then

2
X: []6+ iz +¢fw) = 5-Ty(x +0y)(x +0y)
i=0
has a Brauer—Manin obstruction to the Hasse principle with the invariant map being

1/3 + 1/3 or 2/3 + 2/3,

depending on the choice of algebra .o7. The case of 1/3 + 2/3 does not appear as
the o € Gal(L/K) that reduces to Frobs also reduces to Frob7.
Appendix

Magma Code for Defining Equation Computation

> R<phi O0,phi 1,phi 2,psi 0,psi 1,psi 2, theta,

thetabar,d> := PolynomialRing(Rationals(),9);
> Q := FieldOfFractions(R) ;
> A4<A,B,C,D> := AffineSpace(Q,4);

> polys := [1+Axphi 0+Cxpsi 0,
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> theta* (1+phi 1xA+psi 1xC)- (Bxphi 1+Dxpsi 1),

> thetabarx (1+phi 2+A+psi 2%C) - (Bxphi 2+Dxpsi_ 2),
> (Bxphi 0+Dxpsi 0) * (Bxphi 1+Dxpsi 1)«

Bxphi 2+Dxpsi_ 2) -dxthetaxthetabar] ;

(

>

> S := Scheme (A4,polys) ;

> £ := ClearDenominators (GroebnerBasis (S)) [4];
> cos := Coefficients (f);

>

> Factorization(R!cos|[1]) ;

[

<theta - thetabar, 1>,

<phi 1%psi 2 - phi 2+psi 1, 2>,
<phi Oxpsi 2 - phi 2xpsi 0, 2>,
<phi O*psi 1 - phi 1lxpsi 0, 2>

Factorization(R!cos[2]) ;

\%

<phi 1%psi 2 - phi 2%psi 1, 1>,
<phi O*psi 2 - phi 2%psi 0, 1>,
<phi O*psi 1 - phi 1lxpsi 0, 1>,
<phi O*psi 1 - phi Oxpsi 2 - phi 1lxpsi 0 +
phi 1xpsi 2 + phi 2+psi 0 - phi 2+psi 1, 1>,
<phi Oxphi 1xpsi 2xthetaxthetabar -
1/2+phi Oxphi 1+psi 2«thetabar™2 +
1/2xphi Oxphi 2+psi lxtheta®2
phi O+phi 2+psi lsthetasxthetabar -
1/2+phi 1xphi 2+psi Oxtheta™2 +
1/2+phi 1xphi 2+psi Oxthetabar®2, 1>

]

> Factorization(R!cos|[3]) ;

[
<thetabar, 1>,
<theta, 1>,
<phi O*psi 1 - phi Oxpsi 2 - phi 1lxpsi 0 +
phi 1xpsi 2 + phi 2+psi 0 - phi 2+psi 1, 2>,
<phi 0”"2xphi 1"2+psi 2"2xthetabar +
2xphi 0%2xphi 1sphi 2+psi 1xpsi 2xtheta -
2xphi 0%2xphi 1xphi 2+psi 1xpsi 2xthetabar -
phi 0”"2xphi 2"24psi 1"2xtheta -
2xphi Oxphi 1%2+phi 2+psi O0xpsi 2xtheta +
2xphi Oxphi 1xphi 2"2xpsi Oxpsi_ lxthetabar +
phi 1%24phi 2"2%psi 0"2xtheta -
phi 1%2xphi 2"2+psi 0"2xthetabar, 1>
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> Factorization(&+ [t : t in Terms(R!cos[4]) |
not IsDivisibleBy(t,d)]);
[

<thetabar, 2>,

<theta, 2>,

<phi 2, 1>,
<phi 1, 1>,
<phi 0, 1>,

<phi Oxpsi 1 - phi Oxpsi 2 - phi 1xpsi 0 +

phi 1xpsi 2 + phi 2%psi 0 - phi 2xpsi 1, 3>
]
> Factorization(&+ [t : t in Terms(R!cos[4]) |
IsDivisibleBy (t,d)]);
[

<d, 1>,

<phi Oxphi 1xpsi 2+thetabar -

phi Oxphi 2xpsi lxtheta +

phi 1xphi 2xpsi Oxtheta -

phi 1xphi 2xpsi Oxthetabar, 3>
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