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Abstract

In this thesis, we recall an alternative proof of Merel’s conjecture, which asserts that a certain
explicit correspondence gives the isogeny relation between the Jacobians associated to the
normalizer of split and non-split Cartan subgroups. This alternative proof does not require
extensive representation theory and can be formulated in terms of certain finite geometries

modulo #.

Secondly, we generalize these arguments to exhibit an explicit correspondence which gives the
isogeny relation between the Jacobians associated to split and non-split Cartan subgroups.
An interesting feature is that the required explicit correspondence is considerably more com-
plicated but can expressed as a certain linear combination of double coset operators whose

coefficients we are able to make explicit.

Keywords: Modular curves, explicit correspondences, representation theory, split and non-

split Cartan subgroups.
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Chapter 1

Introduction

Modular curves, which are coarse moduli spaces for elliptic curves with prescribed level
structure, appear in the study of Galois torsion structures on elliptic curves.

A well-known example is Mazur’s Theorem [5] which states that there are no rational
f-isogenies between rational elliptic curves if ¢ > 163. This result is proven by showing the
modular curve X((¢) has no non-cuspidal rational point if £ > 163. Mazur’s method is based
on descent on the Jacobian of Xy(¢), but because of the rich arithmetic structure of these
curves, the method is more powerful and efficient.

Let ¢ be a prime, and Z/¢Z = F; be a finite field of cardinality ¢. For a subgroup H
of GLy(F,) which contains —1, it is possible to associate a modular curve Xp. In the case
when H is a non-split Cartan subgroup C’ or its normalizer N’, it is relevant from the point
of view of Mazur’s method to understand the Jacobian of Xp. In [2], it was proven using
the trace formula that Xy/ and X are related by an isogeny over QQ to certain quotients
of the Jacobian of the modular curves Xo(¢2). Subsequently, [3] gave a proof based on the
representation theory of GLa(Fy).

In [4], it was conjectured that the above isogeny relation between the Jacobian of X
and the Jacobian of X(¢2) was given by a certain explicit correspondence. This was proven
in [1] using the representation theory of GL2(FFy) and identities in finite double coset algebras.

In this thesis, we recall an alternative proof of Merel’s conjecture, which does not require
extensive representation theory, based on arguments given by B. Birch and D. Zagier [7]. The
proof can be formulated in terms of certain finite geometries over Fy and is largely elementary
in its statement and proof, though some algebraic number theory is used.

Secondly, we generalize these arguments to exhibit an explicit correspondence which gives
the isogeny relation between the Jacobians associated to split and non-split Cartan subgroups.
An interesting feature is that the required explicit correspondence is considerably more com-
plicated but can be expressed as a certain linear combination of double coset operators whose
coefficients we are able to make explicit.

The precise statements of the theorems we prove are as follows.



Let £ be an odd prime and € a non-square in F.

o Let G = GLy(F)).

Let PY(F;) x P} (F;) — A denote the set of ordered pairs (a, b) of distinct points in P*(F).

Let (PY(F;) x PY(F;) — A)/ ~, where (a,b) ~ (b,a), denote the set of unordered pairs
{a, b} of distinct points in P*(Fy).

o Let Q:g:{l'—i—y\ﬁ::L‘EFg,yEF;}.
o Let 5 = €/ ~, where x + y\/e ~ z — y\/e.

Given an unordered pair {a, b} in (P'(F;) x P(F;) — A)/ ~, we define in (2.1) a ‘geodesic’
Y{a,p} in H¢ between a and b.

Theorem 1.1. The map

¥ QU(P!(Fy) x PH(F) — A)/ ~] — Q1] (1.1)
{a,b} — Z x

TE€Y{a,b}
is a surjective Q[G]-module homomorphism.

Given an ordered pair (a,b) in P!(Fy) x P!(F,) — A and a parameter s € F/, we define
in (3.2) a ‘path’ Vap) 0 € from a to b.

Theorem 1.2. The map
¥ QP! (Fe) x P1(Fe) — A] - Q[€]

/-1
(a,b) — Z(as + Bs) Z x
s=1

TEY(a,b)

is a surjective Q[G|-module homomorphism, where 0 < as, Bs < £ — 1 are integers satisfying
as=1 (0) and Bs =51 (¥) forse{1,...,0—1}.

We explain in Chapter 4 how Theorems 1.1 and 1.2 imply relations between the Jacobians
of X+ and X and quotients of the Jacobians of the more standard modular curve Xq(¢?).
1.1 Terminology and Notation

e / is an odd prime number.
e [y is a finite field of cardinality £.

o Z/UZ =Ty is a finite field of cardinality and characteristic £.
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e We consider vectors as column vectors with multiplication of matrices on the left (with

the consequence that we use the transpose of a row vector in paragraphed text).
e For a ring R with unity, R* is its group of units.

e When two sets A and B are in bijection, we denote this by A < B.

1.2 Preliminaries

Let g € F} be a primitive root modulo £.
Lemma 1.3. Let k € Z, and £ be a prime. Then:

=l 0 (£ ifk#0 (0—1)
E xkE
{—1 ) ifk=0 ((—-1)

=1

Proof. Let ¢ =z for j =0,...,¢/ — 2, and x goes through values from 1,...,¢ — 1. Then

-1 22 kel
dYoat =) ¢ =3 (¢"Y =T =000),
=1 i—0 i—0 g —1

J J

by Fermat’s Little theorem, unless g¥ = 1(¢). Furthermore, g¥ = 1(¢) if and only if k = 0(/—1)

because ordy g = £ — 1. In this case, we have that

%:pk = e_zfgjk = (Z_ZQ(gk)j _ (" = D" 2+...+1) =(—-1=-1 (V).
z=1 J=0

j=0 g"—1

1.3 Finite Geometry

Let £ be an odd prime and G = GLa(F,). In this section, we collect some useful facts about
finite geometries, in particular P!(F,) and P!(Fy2), and relate them to Cartan subgroups of

G and their normalizers.

Definition 1.4. A subgroup C of G is called a split Cartan subgroup of G if it is a conjugate

to the group of diagonal matrices,

0
C’z{(Z 5):77,,6’61??}.

From now on, we take C' to be equal to the group of diagonal matrices in G. Let {1,7}

be a basis of Fy2 over Fy. The group FZQ acts on Fy x [F, with respect to this basis and thus



F,; can be viewed as a subgroup of G, which we denote by C’. In the case n = /¢, C" is

C = {(:p €y> Sz, y) # (0,0),:U,y€]Fg}.

given by

Yy x
Definition 1.5. A subgroup C' of G is called a non-split Cartan subgroup of G If it is

conjugate to the group of matrices in the form of

C = {(m €y> :(z,y) #(0,0),z,y € Fg} . (1.2)

Yy X

From now on, we take n = /e, and C’ to be equal to the group of matrices in (1.2). We
denote by N the normalizer of C' in G, and N’ the normalizer of C’ in G.

Definition 1.6. Let K be o field and K be an algebraic closure of K. Affine n-space over
K is defined as

A" = AMK) = {(a1, a5, .,a,) 10 € K }.
Furthermore, we define the set of K-rational points of A™ as
A"(K) ={(a1,az2,....,a,) € A" 1 aq; € K}.
Definition 1.7. Projective n-space over K is defined as
P" = PY(K) = {(ao,al, oy an) ¢ (a0, a1, ..., an) € A"THE) — {Q}} / ~,

where (ag, ...,an) ~ (bo,...,bn) if and only if there is X € K* such that a; = \b; for all
i = 0,....,n. The relation is an equivalence relation, and we denote equivalence classes by

[ap : a1 : ... : ay]. Furthermore, the set of K-rational points of P™ are defined as
P"(K)={[ap:...:an) €P" :a; € K}.

Example 1. The projective line P'(K) can be described as {[a 1] :a€ I_(} U{[1:0]}. Thus,
PY(K) can be thought of as an affine line with an extra point at infinity, i.e. A'(K) U {oo},

where we denote oo = [1: 0].

Definition 1.8. The group action of G = GLa(F;) on PY(F,) via Mébius transformation is
defined as

az+b

— 1.
ot d (1.3)

b
where z € PL(Fy) and g = (a d) €eqd.
c



Definition 1.9. The group action of G = GLa(F;) on P1(F;) x PY(Fy) is defined as

g(a,b) = (g(a), g(b)),
for (a,b) € PY(Fy) xPY(F,), and g € G, where the action on each copy of P1(FFy) is as in (1.3).

Definition 1.10. The group action of G = GLa(Fy) on & via Mdébius transformation is
defined as

az+b
cz+d’

where z = x + y/e € &, and g € G.
Given an element z € P}(Fy2) — {oo}, we will often write it as z = z + y /e

Definition 1.11. A group action is n-transitive if for every two sets {x1,z2, -+ ,Tn} and

{y1,y2, -+ ,yn} of distinct elements of G, there is a g € G such that gx; = y; for 1 <i < n.
Lemma 1.12. The group GLa(F,) acts 3-transitively on the projective line P1(IFy).

Proof. Let {1, 22,73} and {y1,2,y3} be two sets of distinct elements of P(F,). It suffices
to show that any three distinct elements of P!(FF;) can be mapped to (0,1),(1,0),(1,1) €
P'(F,) by an element of G, respectively. Let f(x) = % € G, f maps x1,x2,x3 to
_ (y=y1)(y2—ys)

(y—y3)(y2—y1)
(0,1),(1,1),(1,0), respectively. Then the composition g=' o f maps x1,x2, 23 to y1,¥y2, ys

points (0,1),(1,1),(1,0) respectively, and g(y) € G maps y1, Y2, Y3 to points

respectively, i.e,

g to flz1) =y,
g 1o flze) =y,
g o f(xs) = ys,

which proves 3-transitivity of group action GLa(F;) on P!(F,). O

Lemma 1.13. The group G = GL2(F,) acts transitively on P*(Fy) x P1(Fy) — A and (P! (Fy) x
PL(Fe) — D)/ ~.



Proof. Any point in P1(F,) x P*(F;) — A is of the form (a, 1), (a,0), (a,b) for a,b € F, and
a # b. Then the following elements in G send (1,0) to each point of these forms,

(“ 0) L) = (a1)T,

1 1

(“ 1) 1,0) = (@,0),
0 1

(a 1) (1,0)T = (a,b),
b 1

which proves the transitivity of this group action. The result for unordered pairs in (P!(IF) x
PY(Fy) — A)/ ~ follows. O

Lemma 1.14. The group G = GLa(Fy) acts transitively on € and ;.

Proof. Any point in €, is of the form z = x + /ey for € F,y € F;. Then the following

€
element in G sends ({) to point of this type:

o3 0)-07)

which proves the transitivity of this group action. It thus also follows for points in $).

Lemma 1.15. The set of stabilizers of an unordered pair {0,000} in G is given by

= suaoon {2 )0 1)}

b
d) € G stabilizes {0,000}, i.e. g{0,00} = {0,00}. Then we have

a
Proof. Suppose g = <
c

two cases:

g(0) =2 =0=b=0 (¢),d£0 (0),

g(o0) = gg’oojr's:ooécz() (£),a £0 (0).

e either g sends 0 to 0 and oo to oo which means {

*
This implies that g is either the matrix ( ) where a,d are arbitrary non-zero ele-

*
ments of Fy with ad # 0 (¢) in this case.

9(0) = D — o= d =0 (£),b £ 0 (0),
g(o0) =2 —0=0a=0 (£),c£0 ().

e or g sends 0 to co and oo to 0 which means {




0
This implies that g is the matrix <

*
) where b, ¢ are arbitrary non-zero elements of
*

F, with be Z 0 ().
O

Corollary 1.16. The group N above is the normalizer of C in G.

Proof. An element in G normalizes C' if and only if the element stabilizes the set {0,00}. [

Lemma 1.17. The set of stabilizers of an unordered pair {\/€, —/€} in G is given by

N’ = Stabg({y/e, —v/c}) = {(; f) : (‘; :f) L, B €Ty, (o, B) # (0,0)} .
Proof. Suppose g = (Z Z) € G stabilizes {\/€, —\/€}, i.e. g{\/e,—/e} = {V€,—/€}. Then

we have two cases:
e cither g sends /e to /e and —/€ to —/e which means

g(\/g):%:\/Eja\/g—l—b:\/g(cﬁ—}—d):azdza (0),ifc=B,b=¢€B (¥),
g(—e) = Wt — _ e _afe+b=—e(—cJe+d) = a=d=a (0),ifc=B,b=eB (0).

= —overd =

a €
This implies that g is the matrix ( ﬁ) where «, 8 are not both zero in F, with

a
a? —¢eB2#0 (¢) in this case.

e or g sends /e to —y/€ and — /e to /e which means
g(\/e) = gﬁg = —Ve=ayetb=—elevJe+d) =a=—d=a (0),ifc=B,b=—cB (0),

g(—€) = :g\\gis =Ve= —ae+ b= Je(—c/e+d)=a=—-d=a (0),ifc=5,b=—€e8 ().

a J—
This implies that g is the matrix ( e

—a?+ €82 £0 (0).

) where «, 8 are not both zero in F, with
—a

O]

Corollary 1.18. The group N’ above is the normalizer of C' in G.

Proof. An element in G normalizes C” if and only if the element stabilizes the set {\/€, —/€}.
O

Lemma 1.19. The set of stabilizers of an ordered pair (0,00) in G is given by

O = Stabg((0,00)) = { (g 2) } .

7



b
Proof. Suppose g = <a d) € @G stabilizes (0,00), i.e. g(0,00) = (0,00). Then g sends 0 to
c

9(0) = 9L —0=b=0 (£),d #0 (0),

g(o0) = Zg’gis =oc0o=c=0 (),aZ0 ({).

0 and oo to co which means {

0
This implies that g is the matrix <* ) where a, d are arbitrary non-zero elements of Fy
*
with ad # 0 (). O

Lemma 1.20. The set of stabilizers of the ordered pair (\/€, —/€) in G is given by

«

C' = Staba((Ve, —Ve)) = {( 5

f) ta, B eFy, (o, 8) # (0,0)}-
Proof. Suppose g = (a Z) € G stabilizes (1€, —v/€), i.e. g(\/€, —/€) = (1€, —/€). Then g
c
sends /€ to /e and —y/€ to —y/€ which means
9(v/e) = gﬁi{g =\Ve=aye+ b= elecyJe+d)=a=d=a (0),ifc=p,b=¢€8 (¢),

g(—e) = :Zﬁis =—Ve=—a/Je+b=—\e(—c\/Je+d)=a=d=a ({),ifc=p ({),b=¢€B ({).

a €
This implies that g is the matrix ( 5) where «, 3 are not both zero in F, with

(0%

a2 —ef2 20 (0). 0

Lemma 1.21. The coset space G/C' is in bijection with ordered pairs of distinct points (a,b)
of PL(F,), that is, P'(Fy) x P1(Fy) — A.

Proof. From Lemma 1.13, we know that G acts transitively on P!(F,) x P!(F;) — A. Then,
G/Stab(z) <> Orbit(x).

Since the group action above is transitive, P!(F;) x P!(IF;) — A has only one orbit which is
itself. Furthermore, let x = (0, 00), then the stabilizer of z is the set of all diagonal matrices
over F;* by Lemma 1.19, which coincides with the split Cartan subgroup C' in Definition 1.4.
Therefore, there is a bijection between G/C and P(F,) x PL(F,) — A. O

Lemma 1.22. The coset space G/N is in bijection with unordered pairs of distinct points
{a,b} of PL(Fy), that is, (P*(Fy) x PY(Fy) — A)/ ~, where (a,b) ~ (b, a).

Proof. From Lemma 1.13 , we know that G acts transitively on (P!(F,) x PY(Fy) — A)/ ~.
Then,

G /Stab(z) <> Orbit(x).



Since the group action above is transitive, (P*(F;) x P!(IF;) — A)/ ~ has only one orbit which
is itself. Furthermore, let z = {0,00}, then the stabilizer of z is the set Stab{0,00} =

0 % * 0
that is denoted by N. Therefore, there is a bijection between G/N and (P!(F,) x P!(F) —
A)/ ~. O

0 0
{ <* ) , < *> } by Lemma 1.15, which is the normalizer of the split Cartan subgroup C

Lemma 1.23. The coset space G/C' is in bijection with points z € €y = PL(F;2) — PY(Fy).

Proof. From Lemma 1.14, we know that G acts transitively on ;. Then,
G/Stab(z) <> Orbit(z),

by transitivity of the above group action. This implies that &, has only one orbit that is
itself. Furthermore, let x = (1/€, —\/€), then the set of stabilizers of x is the set

(5 ) eesenf

by Lemma 1.20, which coincides with the non-split Cartan subgroup C’ in Definition 1.5.
Therefore, there is a bijection between G/C” and ¢, = P} (Fy2) — P1(F,). O

Lemma 1.24. The coset space G/N' is in bijection with unordered pairs of conjugate points
{z,z} of &, that is, $H; = &€/ ~, where z ~ z.

Proof. From Lemma 1.14, we know that G acts transitively on £,. Then,
G/Stab(z) <> Orbit(z).

Since the group action above is transitive, $, has only one orbit which is itself. Furthermore,
let © = {\/€, —\/€}, then the stabilizer of x is

st -{(7 7). () casen]

by Lemma 1.17, which is the normalizer of non-split Cartan subgroup C’ denoted by N’.
Therefore, there is a bijection between G /N’ and $, = €/ ~. O

1.4 Double coset operators

We begin this section with a definition of a group ring.

Definition 1.25. Let G be a finite group with identity element e # 0, and R be a commutative
ring with identity element 1 # 0. The group ring, R|G|, of G with coefficients in R is the set

9



of all formal sums
a1g1 + asgs + -+ - + angn a; € R)11 <3< n.

If g1 is the identity of G we shall write a1g1 simply as ay. Similarly, we shall write the
element 1g for g € G simply as g.

Addition is defined componentwise as

(a191 + a2ga + -+ - + angn) + (b1g1 + baga + + -+ + bngn)
= (a1 +b1)g1 + (a2 +b2)g2 + - + (an + bn)gn.

Multiplication is performed by first defining (ag;)(bgj) = (ab)gy, where the product ab is taken
in R and g;g; = gi is the product in the group G. This product is then extended to all formal
sums by the distributive laws so that the coefficients of gx in the product (a1g1 + -+ angn) X
(big1 + -+ + bpgn) is Zgigj:gk a;b;. It is straightforward to check that these operations make
R[G] into a ring. The associativity of multiplication follows from the associativity of the group

operation in G. The ring R[G] is commutative if and only if G is a commutative group.

Definition 1.26. Let M be an additively written abelian group and let R[G] be a group ring.
Suppose that for each m € M and r € R|G]|, there is defined an element of M denoted by
rm. Then M is a R[G]-module if the following conditions hold:

e (r)(a+b)=ra+rb forall a,b € M and r € R[G].

o (r+s)a=ra+sa forallr,s € R[G] and a € M.

e (rs)a=r(sa) for alla € M and r,s € R|G].

e la=a for all a € M where 1 is identity element of R|G].

Lemma 1.27. Let H be a subgroup of a group G. Then the free R-module generated by
G/H, which we denote by R[G/H]| is a R[G]-module.

Proof. The R[G]-module structure is induced by multiplication on the left by elements of
G. O

Lemma 1.28. Z[P'(F,) x P1(F,) — A] is a Z|G]-module.

Proof. PY(F,) x PY(F;) — A is in bijection with G/C by Lemma 1.14. Furthermore, Z[G/C] is
a Z[G]-module homomorphism by action of G on G/C on the left by multiplication, therefore
Z[PY(F,) x PY(F;) — A] is also a Z[G]-module. O

Lemma 1.29. Z[(P'(F,) x PY(F;) — A)/ ~] is a Z|G]-module.

10



Proof. (PY(F;) x P}(F;) — A)/ ~ is in bijection with G/N by Lemma 1.22. Furthermore,
Z|G/N] is a Z|G]-module homomorphism by action of G on G/N on the left by multiplication,
therefore Z[(P*(F,) x P}(Fy) — A)/ ~] is also a Z[G]-module. O

Lemma 1.30. Z[$)] is a Z[G]-module.

Proof. $ is in bijection with G/C’ by Lemma 1.23. Furthermore, Z[G/C’] is a Z[G]-module
homomorphism by action of G on G/C’ on the left by multiplication, therefore Z[$)] is also
a Z[G]-module. O

Lemma 1.31. Z[&] is a Z[G]-module.

Proof. €, is in bijection with G/N’ by Lemma 1.24. Furthermore, Z[G/N'] is a Z|G]-module
homomorphism by action of G on G/N’ on the left by multiplication, therefore Z[&,] is also
a Z[G]-module. O

Definition 1.32. Let M and N be R[G]-modules, then a map 60 : M +— N s called an
R[G]-module homomorphism (or intertwining operator) if for any a,b € M,r,s € R[G| we

have:
o (a+0b)=0(a)+6(b),
e O(ra) =r0(a).

The set of all R[G]-module homomorphisms from M to N is denoted by Hompig (M, N).
Hompgjq (M, N) is an abelian group and an R[G]-module, since for allr,s € R[G],a € M and
0,n € Hompgg (M, N), we have (r)(0 +n)(a) = r0(a) +rn(a), and (rs)(0)(a) = (rs)(0(a)) =
r(sf(a)) =r(0(sa)) = 0(rsa).

Definition 1.33. Let G be a group, H and K be subgroups of G. For each g € G, the double
coset HgK of g € G is defined to be the set

HgK ={hgklh € H k€ K}.

Here we have two lemmas regarding double cosets which are:

Lemma 1.34. Let G be a group, H and K be subgroups of G, then

HgK = U agK,
a€H/H,

where Hy = HnNgKg™" and the union is disjoint. We call [H : Hy| the degree of HgK . This
is independent of the choice of g in the sense that deg(HgK) = deg(Hg'K) if HJK = H¢'K.

11



Proof. H can be partitioned by its left H, cosets, i.e,

H= |J aHy,
acH/Hy

furthermore, by Definition 1.33 we know HgK = {hgk : h € H,k € K}, which leads to

HgK = U aHy,gK = U a(HNgKg HgK =

acH/H, acH/H,
U a(HgK NgKg 'gK) = U a(HgK NgK) =
acH/H, acH/H,
U agK, since gK C HgK.

ac€H/Hg

If agK = o/gK, then ag € o/gK which implies a € o/ Hy, therefore o = o since o € H/H,
are distinct, which proves that the union is disjoint.
To prove the degree is independent of the choice of g, suppose ¢ = hgk for some h €
H,k € K. Then
-1
Hy =HnN JKg
= HNhgkKk g~ th!
=HnhgKg 'h™t
Therefore,
-1
h™"Hgyh = Hg,
yielding the desired result that [H : Hy] = [H : Hy]. O

Definition 1.35. Given a double coset HgK and a decomposition into disjoint cosets

HgK = U agK,
o€l

we obtain a Z|G]-module homomorphism given by

(HgK)* : Z|G/H] — Z|G/K] (1.4)

xH — Z ragK.
aeQ

The Z|G]-module homomorphism from Z|G/H]| to Z[G/K] is called a double coset operator.

In this setting of finite groups, the following lemma shows that the double coset operators
exhaust all Z[G]-module homomorphisms from Z[G/H] to Z|G/K].

12



Lemma 1.36. Let H and K be subgroups of a group G. Then as Z-modules, there is a

canonical isomorphism
©:Z[H\G/K]| = HomZ[G](Z[G/H],Z[G/K]).

Proof. Let Q be a complete set of inequivalent representatives for H\G/K and put ©(HgK) =
(HgK)* as in (1.4). It is clear that © is injective since ©(3jeqayHgK) = 0 means that
YgenogHgK =0 as an element of Z[G/K]. This occurs if and only if oy = 0 for all g € Q.
A Z[G]-module homomorphism © : Z|G/H| — Z|G/K] is determined by its value on the
coset H. Since ©(H) is an element in Z[G/K] which is invariant under multiplication on
the left by elements in H, we can write O(H) = Yjeqa,HgK. We then see that Q(H) =
YgenogO(HgK). This shows © is surjective. O

Lemma 1.37. The double coset operator NN' : Z|G/N| — Z|G/N'] coincides with the map
T Z[(PHF) xPL(F,)—A)/ ~] — Z[$] in (1.1) and is hence a Z|G]-module homomorphism.

0 0 +
NmN’:{(‘; i):aewg}uK g“>:aemg},
« o

we have from Lemma 1.34 that

Proof. Since

NN’ = @ 03
= Uaery /{213 0 1 :

The Z[G]-module homomorphism from Z[G/N] — Z|G/N'] induced by NN’ from Lemma 1.36
is then seen to be the map ¥™. O

1
Lemma 1.38. The double coset operator C (O i) C' : Z|G/C) — Z|G/C"] coincides with

the map Hg : Z[P'(Fy) x PL(F,) — A] — Z[€] in (3.1) and is hence a Z|G]-module homomor-
phism.

1
Proof. For g = <0 i), we have that

0
CﬂgC'g_l—{<3 a) :aeIF;}.

Thus, from Lemma 1.34, we have that

s\ o as\
o e (2 e

13



The Z[G]-module homomorphism from Z[G/C] — Z[G/C’] induced by CC’ from Lemma 1.36
is then seen to be the map Hy. O

14



Chapter 2
Normalizer of Cartan subgroup case

In this Chapter, we explain and give a detailed proof of Merel’s conjecture for normalizers of
Cartan subgroups using methods in [7]. In this situation, the conjectural explicit intertwining
operator is given by a single double coset operator.

Define (0,00} := F, /e C $, which can be thought of as the geodesic in $); between 0
and oco. Given an unordered pair {a, b}, there is a ¢ € G such that {a,b} = {g(0), g(c0)},

which is unique up to multiplication on the left by N. Thus, we may define

Yab} = 9(7{0,00})7 (21)
which can be thought of as the geodesic in £, between a and b.

Lemma 2.1. A choice for the element g above is given by

()

Proof. The point at infinity oo is denoted by (1,0) " and the point 0 by (0,1)T. We require a
matrix g such that g-0 = (a,1)" and g-oo = (b,1)T, which is given by the above matrix. [

We can write the coordinate independent description of that geodesic over Fy using norms

which would be N]Fz? /F, (¢ — %ﬂ) = 72, Furthermore, by definition of norm we have:

Ng, /5, (z + yv/e) = (z + yve) (x — yv/e) = 2° — ey,

therefore, the equation of that geodesic can be rewritten as:

(w_a—kb)Q_ g (b—a)2
2 6y - 2 )

which is a conic section (see Figure 2.1).
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Fy\/e

Y{a,b}

Figure 2.1: Geodesic v,y in $y

The finite field Fj2 is a vector space over Fy of dimension 2. The basis {1, \/€} gives us an
identification Fp2 = Fy + \/eFy. Thus, for every z € F2, we can write z = x + /ey for some
z,y € Fy.

Lemma 2.2. The quadratic equation

sy e (5

gives the geodesic Y(,py with coordinates(see Figure 2.1)

_a—e)\Qb

v 1—eX2’
a—2b

y = A )-

1 —e)2

16



Proof. Let write g(A/€,1)T as a fraction, and rationalize it:

bA\/e+a

Ae+1

bAVe+a A\e—1
TAet+ 1 MNe—1
_bA%e+al/e—b\e—a

ex2 —1
bA%e —a Aa —b)
e -1 +ﬁ6)\2—1
a — b\%e A(b—a)
1 —eX? +\£1—6>\2.

Therefore, as v(,py € F, we conclude z,y from the above expression are given by (see
Figure 2.1)

a— eX?b
rT=—"
1—eA2’
a—b
=AN—"—).
. Using Maple, we can derive and verify that z,y satisfy 2.2. O

2.1 Coordinates for G/N and G/N’

We need a more convenient coordinate to represent elements in (a certain subset of)
(PY(Fy) x PL(F;) — A)/ ~ and $,, where (P!(F;) x P}(F,) — A)/ ~ is in bijection with G /N,
and ) is in bijection with G/N’.

Lemma 2.3. Let A = (Fy x Fy — A)/ ~ and B = {(t,n) : t> — 4n # 0 is a square in Fy}.
Then there is a bijection between the sets A and B given by

{a,b} — (a + b,ab).

Proof. Let k : A — B be the map such that x sends each unordered pair {a,b} to (¢,n).
Here, we need to show that this map is surjective and injective.

Let {a,b} and {c,d} be two distinct elements of A such that k({a,b}) = k({c,d}). Then,
(a + b,ab) = (¢ + d, cd) which implies that (x — a)(z —b) = (v — ¢)(z — d). Furthermore,
unique factorization of polynomial ring Fy[x] implies that either a = ¢,b=d or a = d,b = c.

Therefore {a,b} = {c,d}, which is a contradiction. Thus, & is an injective map.

17



Let (t1,n1) € B = {2? —tjz + n1,t3 — 4ny is a square in Fy}. This equation has two

solutions & JQFm b 5 2

exist ¢,d € Fy such that w = ¢ and tl%m = d. Therefore, ny = cd, and t; = ¢ + d, hence

and in Fy, since A = 3 —4n; = m

is a square in Fy. Then, there

(t1,m1) = (¢ + d, cd), which proves the surjectivity of k. Thus, x is a bijective map.
L]

Lemma 2.4. Let A’ = §; and B' = {(T,N) : T?> — 4N is a non-square in F;}. Then there

is a bijection between the sets A" and B’ given by
{2,2} = (2 + Z, 22).

Proof. Let E = {{2,z}:2,z€ $} and K = {(I,N) : 2> =Tz + N: A#0}. Let ' : E —
K be the map such that ' sends each unordered pair {z,z} to (T, N). Here, we need to
show that this map is surjective and injective.

Let {21, z1 } and {29, Z2} be two distinct elements of ), such that x'({z1, 21 }) = £’ ({22, 22}).
Then, (21 + z1,2121) = (22 + 22, 22%2) implies that (2x1,2% — €y?) = (22,23 — ey3) where
21 = x1+HVey1, 21 = T1—€y1, 22 = Ta++/ey2 and Zo = xo—/€y9, then x1 = x9 and y; = +yo.
Therefore, we have either z1 = 29,21 = 2zp or z1 = 22,21 = 29. Hence, {21,221} = {29, 22},
which is a contradiction. Thus, «’ is an injective map.

Let (T1,Ny) € B = {2? — Tyx + Ny, T — 4Ny is a non-square in Fy}. This equation has

Ti+VA Ti—VA
5 and e

two solutions in $,, since A = T? — 4N; is a non-square in F,. Then,

there exist 2/, 2’ € $, = €/ ~ such that % =2 and % = Z'. Therefore, N1 = 2’7,
and Th = 2’ + Z', hence (T}, N1) = (2' + 7/, 2’Z"), which proves the surjectivity of x’. Thus, «’

is a bijective map.

O

Lemma 2.5. Let

B = {(t,n) 12 —4n # 0 is a square in Fg},

S ={(t,m) : m is a square in Fy} .
Then there is a bijection between the sets B and S given by:

(t,n) — (t,m),

where m = t> — 4n.
Proof. The inverse map is given by (t,m) — (¢, tQZm). O
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Lemma 2.6. Let

B = {(T, N):T? — 4N is a non-square in Fg} ,
S"={(T,M) : M is a non-square in Fy} .

Then there is a bijection between the sets B' and S’ given by:
(T,N) — (T, M),

where M = T? — AN

Proof. The inverse map is given by (T, M) — (T, TZZM ). O

2.2 Proof of Theorem 1.1

By Lemma 1.37, ¢ is a Q[G]-module homomorphism. To prove Theorem 1.1, it suffices
to prove that the restriction

Uil - QAL = QLo (2.3)

is an isomorphism of Q-vector spaces.
Using the bijections given by Lemmas 2.3, 2.4, 2.5, and 2.6 to prove (2.3) is equivalent
to proving that

YT QlS] = Q[S,

is an isomorphism of Q-vector spaces, where 1™ is the same map as Qbﬁ(_z[A] under the identi-
fications given by two bijections A <+ S and $, < 5'.

Recall the equation giving the geodesic between a and b is

< _a+b)2_ 2_<b—a)2
x 5 €Yy = 9 5
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by Lemma 2.2. This equation becomes

2
<:>4<m—2> — 4ey?® =12

= 2z —t)? —dey? =17
= (T —t)* — 4ey® = I?
= (T-t)* =P 44> =m+ M,

in the new coordinates from Lemmas 2.5 and 2.6. Here, m and M satisfy () = 1 and
(%) = —1, where (;) is the Legendre symbol modulo /.

Hence, the matrix of w@s] with respect to the basis S is given by

1 (T —-t)2=m+M (0),
a@MMmoZ{ (2.4)

0 otherwise.

Thus, the above matrix is an E_Tl X K_Tl matrix D,, ys, with entries being the £ x £ matrices

given by

i —t)2=m
(ﬂmMm:{l £(T —t) M (0,

0 otherwise.

Let D be the matrix obtained from the ¢ x ¢ identity matrix by permuting its columns

according to the cycle (123...7).

Definition 2.7. A circulant matriz is a matriz of the form

a ay ag Qpr_1
ar-_1 ap ai QAyr_9
Y
al az ... Qar-1 ao

that is, a matriz whose i-th row is obtained from the (i — 1)-th row by cyclically shifting the

entries one position to the right.
Lemma 2.8. Dm’M = Zx25m+M(£) D*

Proof. If m + M is not a square in [y, therefore D,, ys is a zero matrix due to 0 entries, so

Dva = ZxQEerM(Z) D* =0.
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If m 4+ M = 22 is a square in Fy. Then T —t = +z and

1 T=t+z,

0 otherwise.

(Dpar)er = {

In this case, Dy, pr coincides with 32—y (o) D*. O]

Let ¢ be an ¢-th root of unity. The matrix Dy, s has entries in Q[D], but we can replace
the matrix D by an element in the cyclotomic field Q(¢) in the following manner:

Firstly, D satisfies the polynomial z¢ — 1. Let m(z) be the minimal polynomial of D over
Q, then m(x) divides 2 — 1 = (z — 1)(z* ' 4+ -+ + 2 + 1). In addition, 21+ .-+ 2 + 1 s
an irreducible polynomial in Q[z], therefore m(z) = =" + -+ + 2 + 1.

Furthermore, the ideal generated by m(z) is the kernel of the surjective homomorphism

Q[x] — Q[D]. By the first isomorphism theorem, we have

By definition of cyclotomic field, Q[¢] = %, so we get

Lemma 2.9. Let £ be a prime of Q(¢) above £. Then ( =1 (£).
Proof. [11, lemma 10.1]. O

From the above discussion, we see that Dm v = 3 p2—miar(e) 1 (after reduction modulo
£). We label m, M as m = g% for 0 < i <r —1and M = eg¥ for 0 < j < r — 1, where

r= Z_Tl and g is a primitive root modulo ¢. That gives us a new matrix denoted by D; ;:

D;j = 3> 1. (2.5)

2?=g%"+eg?  (0)
Proposition 2.10. The determinant of a circulant matriz (as above) is given by

r—1 r—1 r—1

H (ap + aqwi + GQCL}]% + .+ aT_lw,Z_l) = H (Z aju%), (2.6)
k=0 k=0 j=0

27ik 27i

where wy =e¢ r =wF r>1andw=e¢r .
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Proof. Suppose

ao ayp a Ayr_1
ar—1 Qaop ai Qy_2
A= ,
al as ... Qp_1 a

is a circulant matrix. We consider A as linear self map of C". Let wy be the r-th root of
unity for each k, 0 < k < r — 1. Now, consider the row vector %(l,wk,w%, ...,wz_l), whose
transpose we denote by v, € C", and let o, = ag + a1wi + a2wz + ...+ ar,lw}:l. Then we
get that

ap ai ar_1 1 1
ar—1 Qg Ar—2 Wk Wk
=0k 5
r—1 r—1
a a ... am wy, W

which implies that oy is an eigenvalue of A with normalized eigenvector v;. Furthermore, the
set {70,71, .-, Yr—1} is a linearly independent set in C", since the eigenvalues oy, are distinct,
therefore a diagonal matrix with the corresponding eigenvalues is conjugate to A, hence the
determinant of A can be obtained by det(A4) = [T;_{ 0. O

For later reference, we call each factor in the above formula an eigenvalue. We also assume

: _ £-1
risr=-—5.

Lemma 2.11. The matriz D;; is an r X r circulant matriz.

Proof. This follows because

Di,j = Z 1= Z 1= Di—l,j—lv

r2=g2i4eg2i 22=g2(g2(i=1) g2 - 1))
where the indices are taken modulo /. O

Remark that Dy ; = a; is equal to the number of solutions of 2% = 1 + €g® (¢). To show
that D;; has non-zero determinant, it suffices to show that D;; has non-zero determinant
modulo £ in (2.6).

Using the formula for the determinant of a circulant matrix above, it suffices to show in
Z]w] that we have

ap + a1wk, + agwi + ... + ar_wj t Z 0(9) (2.7)

for every 0 < k <7 — 1, where 9 is a prime above £ in Z[w], wy = w* and w = e2mi/T,

27i/r

Lemma 2.12. Let ¥ be a prime above ¢ in Z|w] where w = e Then w = g?(1¥), where g

18 a primitive root modulo £.
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Proof. Let O = Z|w] be the maximal order of Q(w). The residue field of ¥ is O/¥ = F, by

[11, Proposition 10.3]. Furthermore, since the polynomial 2" —1 splits in O/d[x] = Fy[x] with

2

distinct roots w; = w,ws = w?,...,w, = w" = 1, we have that every root of " — 1 in Fy is a

power of w € O/9 = Fy. Hence, w = g? (¥) for some primitive root g modulo /. O
By the above lemma, to show (2.7), it suffices to show
Lemma 2.13. .
—_
> ai(g**) £ 0(0),
j=0
for every 0 < j, k <r—1.

Proof. The above sum can be calculated as:

r—1

ZDO,J'(Q%)]

7=0

r—1
=2 ai(g™y

=0

r—1 ]
=> Yoo 1))
J=0 \z2=1+eg27 (0)
= > ()

j:O7 7""71

z=0,...,0—1

[l
[\V]
VR
S
]
)
|
[y
~—
ol
—
[\V]
02¢]
SN—

Now, we need to show that (2.8) is non-zero modulo ¢ for every 0 < k <r — 1.

We can rewrite (‘”2;1) as y2 since y = ¢/ for 0 < j < r — 1. The conic 22 = 1 + ey? (¢)
2 — . .
is parametrized by r = (11157321;7 Y= )i(fe )\bz) from (2.2). Here, we compute D;; for i = 0 which

corresponds to m = 1 = (a — b)?. Thus we can rewrite (2.8) as

L

|
—

N A2k
= (1 — e)\z)
/-1

= Z()\_l —e\)
A=1
(-1 ,

=Y (AN —en)?,
A=1
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where —2k' =2k (¢ —1) and 0 < 2k’ < ¢ — 2, hence 0 < k' < 5773. Here, we have to consider
two cases.

The first case is k > 1. By Lemma 1.3, the sum of all terms except the constant terms
will be zero modulo ¢. Therefore, we just have to compute the sum of the constant terms

which is

ey, e (2K
-

k'K (=1) = ENEN (-DF (o), (2.9)

which is non-zero modulo ¢, since 2k" < ¢ for all values of k', hence none of the terms of (2.9)
is a multiple of ¢, therefore it is non-zero modulo /.
The second case is when k = 0, then the sum in (2.9) becomes Zi;ll 1=-1#0(¢). O

This concludes the proof of Theorem 1.1.
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Chapter 3
Cartan subgroup case

In this Chapter, we generalize Merel’s conjecture to Cartan subgroups and give a proof by
generalizing the methods in [7]. A new feature is that the conjectural explicit intertwining
operator is now a linear combination of double coset operators (rather than a single double
coset operator), whose coefficients we are able to make explicit.

Define 7(g,00) = F, /e C &, which can be thought of as a path in €, from 0 to co. Given
an ordered pair (a,b), there is a g € G such that (a,b) = (g(0),g(c0)), which is unique up
to multiplication on the left by C. Thus, we may define v, = g(7(0,00)), Which can be
thought as a path in &, from a to b (see Figure 3.1).

Here, for each s =1,...,¢ — 1, we define the linear operator Hg by:
H, : Q[PY(Fy) x PY(F,) — A] — Q[&/] (3.1)
(a,b) —> Z x.
xEv(Sa’b)

Definition 3.1. Define v, ) to be {()\s +Ae )T AeF), s€ IE‘ZX} C &. This is a path

in €y which is a line with slope s.

b
By Lemma 2.1, we know that g = <1 i), hence the path in €, from a to b can be

obtained as
Van) = IV 0,00) = 9(As + AVe, DT = (bsA +bA\e+a,As+ A\ e+1)7, (3.2)

which is represented by an equation defined by the next lemma.

Lemma 3.2. The quadratic equation

(o3 el ) e 69
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Fy\/e

Y{a,b}

Figure 3.1: Geodesic v,y in $y

gives the path ~¢, ,y with coordinates (see Figure 3.1)

(bAs +a)(As + 1) — bA%e
(As+1)2 — X2 ’
Ab—a)
(As+1)2 = X2’

Proof. Let write g(As + A\/€,1)T as a fraction, and rationalize it:

bAs+DbA\e+a  bAs+bA\/E+a

As+ Ae+1 (As+ 1)+ A\e

CbAs b et+a (As+ 1)+ A/e
S (AsH1) = A e (As+1) = M\e

(bAs + bAVE + a)(As + 1 — A/e)

(As + 1)2 — A2

_ bAZs? + bAZs €+ ads + bAs + bAV/E+ a — bAZs /e — bA%e — a\/e
B (As+1)2 — X2
_bAs(As + 1) 4+ a(As + 1) — bA%e + A\/e(b — a)
N (As+1)%2 — X2

(bAs +a)(As + 1) — bA%e

- (As+1)2 — X% Ve

A(b—a)
(As+1)2 — \2¢’
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Therefore, as 'yfa b € F,; we conclude z,y from the above expression are given by (see
Figure 3.1)

(bAs + a)(As + 1) — bA2e
(As+1)%2 — X% ’
A(b—a)
(As+1)2 — X2¢

Using Maple, we can derive and verify that z,y satisfy (3.3). O

3.1 Coordinates for G/C and G/’

We need more convenient coordinates to represent elements in (a certain subset of)
PL(Fy) x PY(Fy) — A and €, where P1(F,) x P}(F;) — A is in bijection with G/C and €,
is in bijection with G/C’.

Lemma 3.3. Let P =FyxF;—A and E = {(t,t') : t' # 0}. Then there is a bijection between
the sets P and E given by:

(a,b) = (a+0b,a — D).

Proof. The inverse map is given by a = ‘T—gy and b= ¥, O

Lemma 3.4. Let P' =& and E' = {(T,T") : T' # 0}. Then there is a bijection between the
sets P' and E' given by:

(2,2) = (z+ 2,2 — 2).

: : : _ ztz Z2—Z S _ 2tz 2=z
Proof. The inverse map is given by z = 52 + /e55= and z = 52 — \/e5=. O

3.2 Proof of Theorem 1.2

By Lemma 1.38, ¢ is a Q[G]-module homomorphism. Using more convenient coordinates
to represent elements in (a subset of) P*(F,) x P'(F,;) — A and &, to prove Theorem 1.2, it

suffices to prove that the restriction

Yiorp) QP — Q[ (3.4)
is an isomorphism of Q-vector spaces.
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Using the bijections given by Lemma 3.3 and Lemma 3.4, to prove (3.4) is equivalent to

proving that
v : QIE] — Q[F],

is an isomorphism of Q-vector spaces, where 1 is the same map as |gp) under identifications
given by two bijections P <> E and €, ++ E’.
Recall the equation giving the path 7(8 b) from a to b is

a,

(1= ) e (- 20 - et

2 2¢ 4e ’

by Lemma 3.2. By the bijection between G/C and G/C’, this equation becomes

(w— a-l—b)? —e(y— s(b—a))Q _ (€ — s%)(a —b)?

2 2¢ 4e
e—s)(a—0b)2 €2ey —s(b—a))?
= 3(2:2 —(a+b)%= ( 31(6 b) + (2ey 46(2b )

, (= s?)(a—b)?+ (2ey — s(b—a))?
€
ea® — 2eab + eb? + 4e%y? — deysb + 4deysa
€
— (T —t)? = (a—b)? + 4ey® + 4sy(b — a), (3.5)

<~ 2z — (a+0D))

— (T -t)?=

in the new coordinates from Lemma 3.3 and Lemma 3.4. Hence, the matrix of Hy restricted

to Q[E] with respect to the basis E is given by

1 if (T —t)? =2 +4eT? + 48Tt (0),
a1 (8) = { (3.6)

0 otherwise.

The above matrix is an (£ —1) x (£ —1) matrix Xy 7/(s), with entries being the ¢ x £ matrices

(Xt/,T’ )t,T (S) given by

1 if (T —t)? =% +4eT? + 4sT't (0),
(X )er(s) = {

0 otherwise.

Let X be the matrix which permutes columns of the ¢ by ¢ identity matrix according to the
cycle (123---4).

Lemma 3.5. Xy 1/(s) = X y2=p2 pacrre s (o) X'

Proof. If "2 + 4€T" + 4sT't' is not square in Fy, then X; 7(s) is a zero matrix due to 0 entries.

Therefore, Xi,7(s) = > p2=p2qacr21asrrtr X" =0.
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If /2 + 4€T"? + 4sT't' = v? is a square in Fy. Then T —t = 4+v and

1 T=txo,
(Xpr)er(s) =

0 otherwise.

In this case, Xy 7(s) coincides with 3= 2—y2 e iasry (1) X*- O

Arguing similarly as in the discussion preceeding Lemma 2.9, we obtain that Xy 7/(s) =
S v2=p2 e sty (o) - We label ¢/, T as t' = ¢' and T" = ¢/ for 0 < i,j < £—1, and
(T —t)> = v2. That gives us a new matrix denoted by X; ;(s) which is given by

Xij(s) = > L (0).

v2=g2itdeg?i —4sgiti  (0)
Lemma 3.6. The matriz X; j(s) is a ({ —1) x (¢ — 1) circulant matriz.

Proof. This follows since

Xiyj(s) = Z 1= Z 1= Xi_lvj_l(s) (g),

v2=g2itdegi—4sgiti  (€) v2=g2(g2(i=1) 1 4¢¢2(i—1) —45gi+i=2) (¢)

where the indices are taken modulo ¢. Remark, X ;(s) = a;(s) is equal to the number of
solutions of v2 = 1 + 4eg¥ — 4sg’ (¥). O
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Let a;j(s) = Xo,(s) = ¢j, and w = e?-T.

Lemma 3.7. Let ¥ be a prime above ¢ in Z]w| where w = 1. Then w = g (), where g is

a primitive root modulo £.

Proof. Let O = Z|w] be the maximal order of Q(w). The residue field of ¥ is O/9 = F, by
[11, Proposition 10.3]. Furthermore, since the polynomial 2~ — 1 splits in O/d[z] = Fy[z]
with distinct roots wq = w,ws = w?, -+ ,ws_1 = w'"! =1, we have that every root of =1 —1

in [y is a power of w € O/9 =2 Fy. Hence, w = g () for some positive root g modulo ¢. [
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The eigenvalue of H; modulo £ can be calculated as

Il
TIMT ITMT
[\ o N O [N}
s} s}
o o
—~ —~
V2] V2]
= €
—~~
N
e &
N—
o

e
=0 \v2=1+4eg?J —4sg7 (¥)
2 .
= > g"

J=0v2=1+4eg2i —4sg7 (¢)
-1
=3y
A=1
-1 k k
Ai(a—b
= ( 5 )2 T (0). (3.7)
=1 (As +1)2 — A2%¢)

Here, a;j(s) = X ;(s), which corresponds to m = 1 = (a — b)?, therefore, we can rewrite x,y
in A parametrization as in (3.3) to be:

)\k
(As +1)2 = A2e)F°

>

We now consider a linear combination >4~} a, Hy : Q[P (Fy) x P1(Fy) — A] — Q[€] of the
maps Hs. Note that a linear combination of circulant matrices is circulant. The eigenvalue
of Y221 a H, is thus given by Ze 2b;wk | where bj = =y 1 asaj(s). Then, we have

-2 ] (-2 (-1
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Lemma 3.8. Let oy =1 (¢) for s € ), then the sum

/—

[y
~

-1

Qs
=1

k
()\s+1 —6)\2> ’ (3.8)

>

=1

V)

s non-zero modulo £ for k even.

Proof. In the case k = 0, we cannot use a binomial expansion so we perform a direct compu-

tation:
=1 -1 A\ i
gas;<()\s+1) _dQ) (3.9)
=Y a(0—1) (3.10)
s=1
/—1
—(t-1)as (3.11)
s=1
/—1
=(¢-1)> 1 (3.12)
s=1
=(l—1)(¢—1) (3.13)
=1 () (3.14)

We choose k' € N such that k = —k’ ({—1), and 1 <k’ < /¢ — 2. Here, we just need constant

Os1)2—ex2 | ¥ .
terms of (“=————) as the other terms are powers of A, and the sum of these powers is

zero modulo ¢ by Lemma 1.3.

S s+ 1)2—en2\—k
Us ( ) )
s=1 A=1
_ S s+ 1)2— e\
=X oY ( 5 )
s=1 A=1

Hence, we get

(()\5 + 1)2 — 6)\2)kl
A
()\ 82+2)\8+1—6)\2)kl
A
(A2 25+ A7 —eN)

=(A(s? =€)+ 25+ A" HF
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Therefore, we have

constant term of (A(s®> — €) + 2s + A~ H)¥

l

—Z

(25)F'2(s> — €)' for k' even.

ilil (k" — 2i)!
Thus,
4]
zzi% ;1 ( (As + 1; - 6)\2)—k _ g ; o k’_ - 2822 o).

Ifa;=1 (¢) for s=1,...,£—1, then for ¥’ > 0 even, we have that

-1 \‘%J k‘/'

> o

s=1 =0 il )
kl
-1 o /
/! o .
= Z T o (25)F 721 (s2 — )
=5 ilil (k" — 2i)!
7l -1 /
k' I o :
= Z —_(2s5)F 2 (2 — )
2 221K — 20)!
Kok
562 k’[k’ §é0 (z)

2°2°

The last equality holds because the only power of s whose exponent is divisible by £ — 1
happens when i = k’/2. This proves the Lemma. ]

Lemma 3.9. Let oy =1 (¢) for s € F), then the sum

~

- <« A k
;% 2 ((As+ 1)2 — e)\2) ’ (3.15)

=1

>

1s equal to zero modulo £ for k odd.

Proof. We choose k' € N such that k = —k’ (¢ —1), and 1 < k¥’ < /¢ —2. Hence, we just need

2 _y2y\ K
constant terms of (M) as the other terms are powers of A, and the sum of these
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powers is zero modulo ¢ by Lemma 1.3.

/—1 /—1 2 2
(As+1)" —eX“\—F
zjl s ( )Y )
A=1
_ -1 (()\5+1)2—6)\2)k/
s=1 s)\zl A

Hence, we get

A

Therefore, we have

constant term of (A(s®> — €) +2s + A"H)* =

E -1

2 K .y ;
Zm(zs)k %2 — €)' () for k' odd

i=0
Thus,
= (As +1)2 — eX2y —k = L%J k'l K =2 2 '
— 7' —al o (2
Z%Z( ) = o 3 g 2" )
s=1 A=l s=1 =0

Ifas=1 (¢) for s=1,...,¢ — 1, then for ¥ > 0 odd, we have that

20 2 T —20) (26)7%(s — o)

s=1 =0
k=1
-1 "3 /
k ‘ !/ . .
= Z o (QS)k “2(s2 €t
=5 ilil (k" — 2i)!
E -1
3 {-1 /
k' ' o A
= Z oA (25)F 721 (52 — )’
= = ilil(k — 2i)!
=0 (£).

The last equality holds because there are no powers of s whose exponent is divisible by

£ — 1, which proves the Lemma. O
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Lemma 3.10. Let B, = s~ (¢) for s € FS. Then, the sum

-, = A k
;ﬁsz((Aerl)?—e)\z) ’ (3.16)

s zero modulo £ for k even.

Proof. In the case k = 0, we cannot use a binomial expansion so we perform a direct compu-

tation:
«, -« A k
52158 2 <(>\s+1)2 —oe) (3.17)
EZBS@_ Y (3.18)
-
=L (- (3.19)
-
=Y 520 —1) (3.20)
= /-1
=l -1) Z st2 (3.21)
s=1
=0 (3.22)

For k' > 0 even, we have that

L%J k'l K —2i/ 2 i
Zﬁs Z m@s) (s* =€)

=0

_Zsflzz

28)]6/721'(82 N E)i (E)

ila!( —21
—iZs‘lm, GG IO
=0 s=1
=0 (£).

The last equality holds because there are no powers of s whose exponent is divisible by

£ — 1, which proves the Lemma. O

Lemma 3.11. Let B, = s~ (¢) for s € F. Then the sum

/-1 -1 A k
305 (o) 529
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s non-zero modulo ¢ for k odd.

Proof. For k' > 0 odd, we have that

s=1 i=0 Z'Z'
_gil - kl;l i k' —2i0.2 A
= ; s Lk — 2)! (2s) (32— ¢ (0)
_ kl2_1 /—1 . M| s Z
= 2 SZ:; s ik — 24)! (2s) (s O ()
K -1 Kk

=7 e 70 O
2 2 ¢

The last equality holds because the only power of s whose exponent is divisible by £ — 1

happens when ¢ = %, which proves the Lemma. O

Corollary 3.12. The operator Zﬁ;ll(as + Bs)Hs has non-zero eigenvalue modulo ¢ for all
k > 0 in its circulant determinant formula.

Proof. Using (3.17), the operator Eﬁ;ﬁ (as + Bs)Hs has non-zero eigenvalue for k = 0.
Furthermore, by Lemmas 3.8, 3.9, 3.10, and 3.11, the eigenvalue of Zﬁ;ﬁ(as + Bs)Hs is

non-zero modulo £ for k > 0, since the eigenvalue of Zﬁj (as + Bs)Hs for k is the sum of the

eigenvalues for k of Y"} a H, and Y021 B, H,. O

Thus, the determinant of Zﬁ;i(as + Bs)Hs is non-zero modulo ¢ and is hence non-zero.

This concludes the proof of Theorem 1.2.
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Chapter 4

Relations between Jacobians of

certain modular curves

In this section, we summarize some applications of the main results of this thesis to Jacobians
of modular curves.

Let X = X (¢) denote the modular curve of full level ¢ structure which has the structure
of a projective algebraic curve over Q for p > 3 (cf. [10, p.241] or [8]).

The group G = GL2(F,) acts on X and the quotients X := X/H by subgroups H of G
(which contain —1) exist as projective algebraic curves over Q [10, p.244] and [8].

Let J denote the Jacobian of X and Jy denote the Jacobian of Xy [9].

Proposition 4.1. Let o : Z|G/H'] — Z|G/H] be a Z[G]-module homomorphism. Then o

induces a homomorphism of Jacobians o™ : Jg — Jy.
Proof. This is proved in [1, Lemma 3.3]. O
Definition 4.2. A sequence of homomorphisms (with increasing index)

= TS O i O

in an abelian category such that the composite of two successive homomorphisms is zero is
called a cochain complex. The quotient group H'(C®) = kero't!/imo® is called the i-th
cohomology group of C*. If all the H'(C*®) = 0, then we say that C* is ezact.

Definition 4.3. A sequence of homomorphisms (with decreasing indez)
A Cz'+1 —>gi+1 CZ —0o; Ci—l — ...

i an abelian category such that the composite of two successive homomorphisms is zero
is called a chain complex. The quotient group H;(Co) = kero;/imo;yq is called the i-th
homology group of Ce. If all the H;(Cs) = 0, then we say that C, is exact.
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Proposition 4.4. Suppose a cochain complezx of Z|G]-modules

has finite cohomology groups. Then the induced sequence of Jacobians by applying Proposi-

tion 4.1 yields a chain complex

coit— Jg,_ — Jg; — g, —
with finite homology groups.
Proof. This is proved in [1, Proposition 3.7]. O
Theorems 1.1 and 1.2 imply that
Q[G/N] —y+ QIG/N'] — 0 (4.1)
Q[G/C] —4 QIG/C' — 0 (4.2)
are exact cochain complexes of Q[G]-modules.
Proposition 4.5. The following are cochain complezes
ZIG/N] —y+ Z|G/N'l — 0 (4.3)
Z|G/C)l —4 Z|G/C') — 0 (4.4)

with finite cohomology groups.

Proof. This follows from tensoring the cochain complexes above by Q. If the cohomology
groups were not finite, this would contradict the exactness of the cochain complexes in (4.1)-
(4.2). O

Applying Proposition 4.4, we obtain:

Corollary 4.6. The following are chain complezes

0— Jnv —>¢+* JIN (45)

0— JC’ P JC (46)

with finite homology groups.

The above corollary thus describes the main part of the well-known relations between Jy
and Jy+ (resp. Jo and Jer) using explicit correspondences.
It is known that X¢o = Xo(£2) and Xn = Xo(£?)/ (wy), which are the more standard

modular curves studied in the literature.
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