CONGRUENCES BETWEEN MODULAR FORMS
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1. BAsics

1.1. Introduction. The theory of modular forms — and the numerous congruence
properties that their coefficients enjoy — can be approached on many levels. Take,
1



for example, the following congruence of Ramanujan [Ram16]:

o0 o0
A:=gq H(l - = Z o11(n)¢™ mod 691.
n=1 n=1

To prove this congruence requires knowing only three facts: that both A and F1s
are classical modular forms of weight 12, that the ring of classical modular forms is
given by Z[E,, Fs] ® C, and that the numerator of Bis is divisible by 691. At the
same time, this congruence also points towards a deeper strucure; it represents the
first incarnation of the main conjecture of Iwasawa theory — a theorem relating the
special values of Dirichlet L-functions to corresponding eigenspaces of class groups
of abelian extensions of Q. The theory of congruences of modular forms can be
(roughly) distinguished into two types:

(1) congruences between Hecke eigenforms,
(2) congruences between classical holomorphic or meromorphic modular forms.

The first subject is very rich indeed and encompasses (broadly construed) the
entire theory of two dimensional odd Galois representations of Ggq. We shall not
concern ourselves with such congruences in these notes (except to the extent that
they are required to understand congruences of the second kind). Instead, we shall
grapple with the second class of congruences, which has as its genesis various con-
jectures of Ramanujan concerning the partition function proved by Watson [Wat3§]
(see Theorem below). Throughout this text, we shall consider the following
two examples, which, although enjoying some special properties which distinguish
them slightly from the general case, exhibit the typical behavior with respect to
the type of congruences treated in these notes.

Let
(1 + 240203(71)(]")3
g[Ta-am*

This is the function known as Klein’s modular invariant (or, in a slightly different
context, as simply the j-invariant). It is a meromorphic modular function of weight
zero, and is the unique such function which is holomorphic away from a simple
pole at the cusp such that j(p) = 0 and j(i) = 1728. The g-expansion j has
coefficients in Z which grow sub-exponentially but faster than polynomially. We
shall be interested in the congruence properties of the coefficients ¢(n).

1
= = T 1968840+ = > e(n)g™.

1.1.1. Exercise. The Wikipedia entry on the j-invariant is embarrassing — make
it better.

Our second example (which we consider more briefly) will concern the inverse
of Dedekind’s eta function, which is (essentially) the generating function for the
partitions, namely:

1 n+1
-1 _ — .
mo= A, (1 — ) Zp( 24 )q
(Following the standard convention, p(m) = 0 if m is not an integer.)

The following theorems are due to Lehner [Leh49] and Watson [Wat38] respec-
tively.




1.1.2. Theorem. The following congruences are satisfied:

(1) If n=0 mod 2™ and n > 0, then c(n) =0 mod 23™+8,
(2) If24n =1 mod 5™, then p(n) =0 mod 5™.

The proof of these congruences relied on a judicious use of modular equations,
that is, the explicit functional relationships between modular functions of certain
small levels. We shall thereby dub this technique the modular equation method;
it was also applied by Atkin and O’Brien to prove similar congruences for higher
moduli [AO67]. We shall argue that the systematic use of overconvergent modular
forms is a direct descendant of the modular equation method.

1.1.3. The scope of this document. These notes are not intended to be an intro-
duction to the theory of modular forms, although we shall summarize some of the
salient details. Rather, it is directed towards three specific audiences, namely:

(1) Graduate students in number theory with a basic understanding of classical
modular forms and their g-expansions.

(2) Those who are interested in congruences concerning specific modular forms,
for example involving partitions, but whom are not fully conversant with
the modern geometric and rigid analytic viewpoint of Dwork, Katz, and
Coleman.

(3) Those who understand the theory of overconvergent modular forms, and
are curious about the applications to concrete congruences.

Since these audiences by definition have somewhat different backgrounds, I will
have to apologize in advance for saying things that you, dear reader, will find
obvious. I will also apologize for eliding technical details whose absence may push
the more careful reader into an apoplectic fit. However, the theory of elliptic
curves and modular forms encompasses quite a lot of mathematics, and so I will
necessarily be cursory on several important points (most importantly, the technical
details concerning the construction of modular curves [DR73| [KMS85|, as well as
any rigorous details at all concerning rigid analytic spaces). In particular, I will
concentrate on the issues that are most relevant to my purpose, and leave the
secondary matter to the literature, which is extensive and (quite frequently) very
well written, e.g. [Sil86] [Sil94] [Kat73, [DS05, Buz03]. Indeed, as with any lecture
notes, the key choice is to decide which points to elide, which points to skip, and
which points to emphasize. Since much of what I say in the first half of these notes
overlaps with what is in [Kat73], I leave out several arguments that Katz gives in
detail, and instead concentrate on giving examples and emphasizing the points that
some might find confusing if approaching [Kat73] with limited background. Let me
include at this point the following table, whose contentﬂ is self-explanatory.

The modern method The classical antecedent
The compactness of the U operator The modular equations method
Serre weights and Ash—Stevens The weight filtration in low weights
p-adic Langlands for GL2(Qp) The weight filtration in higher weights
Holomorphic sections over the ordinary locus Serre’s p-adic modular forms

1For reasons of time, I will not discuss in any detail the second and third rows of this table. For
the connection between the f-operator and Serre weights, one should consult [AS86]. The only time
these ideas arise in any form within these notes is secretly — via an appeal to a result of Buzzard—
Gee [BG0O9] concerning Galois representations associated with small slope forms. However, I will
suppress all of the details of that paper, together with their concomitant difficulties relating to,
inter alia, p-adic local Langlands.



I make no claim to the originality of most of the material presented here. Many of
the ideas here can be found in Katz [Kat73] and Coleman [Col96l [Col97]. The gen-
eral philosophy regarding asymptotic expansions is in Gouvea—Mazur [GM95]. The
modular equation method of [Wat3§| has its roots firmly in 19th century mathemat-
ics. I learned many of these ideas through conversations with Matthew Emerton
that started in 1993, and with Kevin Buzzard which started in 2001 — in relation
to his Arizona Winter School project. One reason I decided to write on this partic-
ular topic was that, being conversant with some of the explicit aspects of theory, I
might be more in a position than most to bridge the divide between the classical
and modern perspectives on congruences. Thanks go to Simon Marshall for some
conversations about adjoint L-functions and arithmetic quantum unique ergodicity
that influenced some of the wild conjectures of this paper, thanks also to David
LoefHler for some conversations and for making available some of his previous com-
putations. Thanks to Rebecca Bellovin, Ana Caraiani, Martin Derickx, Toby Gee,
James Newton, and David Savitt for some corrections, and thanks to Matt Baker
for some helpful remarks concerning p-adic equidistribution.

1.1.4. A note on the exercises. Some of the exercises are easy, some are tricky, most
I know how to do, but some I do not. I put a x on the particularly tricky exercises.

1.2. What is a modular form? There are many (more or less general) definitions
of a modular form. A good source (which we follow here) is Katz [Kat73]. The
classical definition, which for most purposes is not particularly useful, is that a
modular form f of weight k for SLy(Z) is a holomorphic function on the upper half
plane H satisfying the functional equation

() = s

b
d
more useful definition is the following;:

for all Z € SLy(Z), and such that f(7) is bounded as 7 — ico. A slightly

1.2.1. Definition (Version 1). A modular form f of weight k over C is a function
on lattices A = Zw;y + Zwy C C such that:

(1) f(Zr + Z) is holomorphic as a function of T,

(2) F(uA) = p*F(A) for all p € C*,

(3) f(ZT + Z) is bounded as T — ic0.

We say that two lattices A and A’ are homothetic exactly when there exists a
i € C* such that A = pA’.

The following theorem is proved in almost any book on modular forms or elliptic
curves.

1.2.2. Theorem (Weierstrass). Given a lattice A = Zwy + Zws, the quotient E :=
C/A has the structure of a smooth projective curve of genus one given by the (affine)
equation

FE: y2 =473 — 60Gyux — 140Gs,

1 1
G4:ZF, GFZF.

A\O A\O

where



Ezplicitly, the map is given by
1 1 1 dv -2
x—p(z,T)—;+Zm—ﬁ7 y—E—W(Z,T)_ZW.

Moreover, every elliptic curve over C admits such a uniformization.

In particular, given a lattice A, one obtains an elliptic curve E. (An elliptic
curve E over C is, by definition, a smooth genus one curve with a marked point,
which in this case is the point “at infinity”, e.g. z = 0. Showing that elliptic curves
over C admit a Weierstrass equation is an elementary exercise using the Riemann—
Roch Theorem.) It is important to note, however, this map is not a bijection. It is
easy to see that if one scales the lattice A by a homothety, say replacing A by uA,
then Gy is replaced by p %G, and G is replaced by p%Gs. The corresponding
elliptic curves are isomorphic under a scaling in = and y. In particular, this map
is a bijection between lattices A in C up to homothety and elliptic curves E over
C. Modular forms, however, are not functions on lattices up to homothety unless
k = 0. It is natural to ask, therefore, whether Weierstrass’ theorem gives a natural
bijection between lattices and elliptic curves enriched with some extra structure.

1.2.3. Lemma. The space of holomorphic differentials on an elliptic curve E over
C is one dimensional, that is, H’(E, Q') = C.

Proof. If one defines an elliptic curve to be a smooth projective curve of genus one,
then this lemma is a tautology. If one imagines an elliptic curve to be given by a
quotient £ = C/A, then one can argue as follows. Any holomorphic differential
pulls back to a differential w = f(z)dz on C which is invariant under translation.
Since the differential dz has no poles and no zeroes, it follows that f(z) must be
holomorphic on C and doubly periodic, and thus (by Liouville’s theorem) constant.
Hence the only such differential (up to scalar) is dz. O

This definition allows us to understand what extra structure a lattice contains
beyond the isomorphism class of the corresponding elliptic curve.

1.2.4. Lemma. There is a bijection between lattices A C C and elliptic curves E
together with a non-zero differential w € H°(E,C). The bijection is given by taking
a lattice A to the corresponding Weierstrass equation, and then taking
dx dx
wi=dz=—F7=—.
de/dz gy
This bijection is canonical, but it is not canonically canonical, since one could
form such a bijection using any fixed multiple of dX /Y. This choice, however, also
makes sense integrally (at least up to factors of 2). Under this bijection, we can
compute explicitly what happens if we replace A by uA. We do this in gory detail.
Explicitly:

d

A s y? = 42% — 60G 4z — 140G, wp =2
Y

2 3 —4 —6 du

pA = v* =4u® — 600G u — 140Gep ™", W = -
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Now we may write the latter curve as (vu3)? = 4(up?)? — 60G 4 (up?) — 140G, and
hence
du  dxp=2
WA = — = = - wy.
uA v y,U/_?) H A

This leads to a new definition of a modular form.

1.2.5. Definition (Version 2). A modular form f of weight k over C is a function on
pairs (E,w) consisting of an elliptic curve E and a non-zero element w € H°(E, QL)
such that

F(B,pw) = p*f(B,w),
and such that f(C/(ZT + Z),dz) is bounded as T — ic0.

This coincides with the previous definition if we let f(A) = f(C/A,dz), since
(as we saw above) f(ulA) = f(C/A, pdz).

1.2.6. The fundamental domain and X (1). The action of PSL2(Z) on the upper
half plane H has a fundamental domain given by the shaded region in Figure [[.2.6}

F1GURE 1. This is a picture you have seen before

The quotient Y(1) = H/PSLy(Z) has a natural structure as a complex orbifold
with cone points of angles 27/2 at z = 4, 2n/3 and z = p, and 27/00 at z = icc.
There is a natural compactification X (1) obtained by filling in the cusp at infinity.
The function

j:X(1)— P!
6



is a bijection over the complex numbers, and thus can (roughly) be interpreted
as giving X (1) the structure of the complex variety le with j as a uniformizing
parameter. On the other hand, the corresponding map j : H — P! has the property
that 7 has a triple zero at z = p and j — 1728 has a double zero at z = ¢. In
particular, the functions </ and /7 — 1728 extend to holomorphic functions on H
(they are no longer invariant under PSLo(Z), although they are modular functions
for various congruence subgroups). The two ways of thinking about j reflect the
difference between the underlying orbifold structure and the topological structure,
which ultimately is related to the fact that X (1) — as a moduli space — is more
properly thought of as a stack. However, thinking in terms of stacks is not at all
necessary in this case, by virtue of the fact that these issues can (essentially) be
completely avoided by working at higher level.

1.2.7. Modular forms with level structure. It is natural to consider modular forms
for various special subgroups of SLa(Z). The most natural ones are defined as
follows.

1.2.8. Definition. For an integer N, the congruence subgroups T'o(N), T'1(N), and
L(N) are defined as follows:

To(N) = {’y(i Z) veSLg(Z),7<; j) modN}
Iy (N) = {7:@ Z) 768L2(Z),75<(1) ’i‘) modN}

b <(1) (1)) mod N}

rn = {+= (2 3) | vest@, -

These groups act naturally on H via the action of SLy(Z). The sets H/T' are
naturally in bijection with the following sets:

(1) H/Ty(N) is naturally in bijection the following set up to homothety: Pairs
(A, Y) consisting of a lattice A together with a cyclic subgroup ¥ C C/A
of order N.

(2) H/To(N) is naturally in bijection following set up to homothety: Pairs
(A, A') consisting of a pair of lattices A, A’ with A C A’ and A'/A ~ Z/NZ.

(3) H/T'1(N) is naturally in bijection with the following set up to homothety:
Pairs (A, P) consisting of a lattice A together with a point P € C/A of
exact order N.

(4) H/T'(N) is naturally in bijection the following set up to homothety: Lattices
A together with a commutative diagram:

1 ~ 9
N -A/AN — (Z/N7Z)
AN A
uy ——=7Z/NZ

where A is the Weil pairing on the left hand side and the symplectic pairing
(Z/NZ)*> — Z/NZ given by (a,b) A (c,d) = ad — bc on the right hand side,
and puy — Z/NZ is the map sending a fixed root of unity (y to 1.

7



The sets (1) and (2) are in bijection. If 7 denotes the projection 7 : A — A/NA,
then

(A, %) = (A, 771(X)), (A, A") — (A, m(A)).

One might wonder why the set H/T'(N) is not simply in bijection with lattices A
together with an isomorphism A/NA + (Z/NZ)?. The reason is the space of such
pairs is not connected in the natural topology: the Weil pairing of any chosen basis
(P,Q) of A/NA yields (locally) a continuous map from this space to py, which is
thus constant. Moreover, if one passes from one lattice to an equivalent one (both
given by a point 7 in the upper half plane), the corresponding change of basis matrix
lies in SLy(Z), and thus the effect on the chosen basis (P, Q) is via an element of
the image:
SLo(Z) — GLy(Z/N7Z).

Yet this map is not surjective — the image consists exactly of the matrices of deter-
minant +1. In particular, the locally constant function extends to a global function
from this space to py. In particular, this space is most naturally isomorphic to

(Z/NZ)*|
copies of H/F(N)ﬂ

1.2.9. Modular curves as complex manifolds. If T' is a finite index subgroup of
SLa(Z), we let Y (T') denote the quotient H/T. If one lets H* = HUP(Q) (where
oo corresponds to i00) then H* admits a natural action of SLy(Z), and H* \ H is
a single orbit. The quotients X (T") := H*/T" provide natural compactifications of
Y(T'). If T is torsion free, then X (I") and Y (") are smooth complex manifolds, and
indeed Y(T') is a K (7, 1)-space with 71 (Y (T")) =T. I T' =To(V), I'1(IV), or T(N),
we write Xo(N), X1(N), and X (N) respectively for the corresponding spaces. If
I C T has finite index, the natural map:

X(T) — X(I)

is smooth away from the cusps and the preimages of i and p in X(1). Computing
the genus of modular curves is a simple exercise from Galois theory and from the
Riemann—Hurwitz formula.

1.2.10. Example. Let p be prime. The genus of X (p) is given by

0, p=2
9(XP) =9 @+2)(p-3)p—>5)
24 ’

Consider the case when p > 3 for convenience. The map X (p) — X (1) is a Galois
covering which — in an orbifold sense —is smooth away from the cusps. However,
thinking of X (1) as P, there will be ramification above i and p of degree 2 and 3
respectively (since X (p) is a manifold for p > 3). We may thus use the Riemann—
Hurwitz formula. Since X (1) has only one cusp, the group G = PSLy(F),) acts

p> 2.

2As seen below, we denote the corresponding algebraic curves (with complex points H/I'(V)
or H*/T'(N)) by Y(N) and X (N) respectively. However, there are alternate definitions of these
curves which are not geometrically connected. Since one usually uses the same notation, one
distinguishes them by talking about the big X (NN) and the small X(N).

8



transitively on the cusps of X (p). The stabilizers of the cusps are all isomorphic,
but the stabilizer of co is clearly equal to

6 1)

which is a group of order p. Hence, by the Orbit—Stabilizer theorem, the number
of cusps is equal to

1
c=—-|G|.
p
Similarly, there are |G|/2 and |G|/3 points above i and p respectively. Hence, by

Riemann-Hurwitz, we have

2-Dlal _ B-DIGl _ (p-1IG]

X(X(p)) = |GIx(X(1)) -

2 3 P
2
—1(2-5-2-141) - EDEm9)
and hence
9(X(p)) = (p+2)(p2743)(p75).
A similar calculation works for Xo(p) and X;(p) — although the covers are

no longer Galois in these cases, and the ramification at ¢ and p depends on the
reduction of p modulo 12. Note that the action of I'g(p) on P(Q) has two orbits,
corresponding to co and 0. The cusp oo is unramified, and the cusp 0 is ramified
of degree p.

1.2.11. Modular curves as algebraic curves. The curves X (I') = H*/T" are compact
Riemann surfaces, and so, by a theorem of Riemann, are algebraic curves.

1.2.12. Exercise. Why are compact complex manifolds of dimension one algebraic?
Understand why the key point is the existence on X of a meromorphic differential
w. Also, understand why the result fails in higher dimensions.

1.2.13. Modular curves as moduli spaces. Another way to define the modular curves
Y (T") for suitable I' is to define them as moduli spaces for appropriately defined func-
tors. For example, Y7(N) is the fine moduli space for pairs (E, P) of elliptic curves
E together with an inclusion of group schemes Z/NZ — E. For Y (), is is natural
to consider elliptic cuves E together with an isomorphism Z/NZ @ uy — E[N] (al-
though this leads to the “big” Y (V) rather than the small one). There are technical
issues relating to this construction for I' = I'g(N) due to the presence of automor-
phisms, but for Y1(N) and Y(V) (at least for N > 4 and N > 3 respectively) it
provides a construction of the appropriate spaces as algebraic varieties. By defini-
tion, the curves Y7 (V) and Y (N) then come along with a universal modular curve
E/Y(T). There are several ways one might like to improve this construction:

(1) Make the construction more arithmetic, so it defines a smooth curve over Q
(or Q(¢n)), or even the integral rings Z[1/N] and Z[1/N, {n]. Even better,
construct a nice model over Z with good reduction over Z[1/N].

(2) Extend the construction in a natural way to the cusps.

(3) Do this all in a moduli theoretic way.

9



That this can be done is not an entirely trivial proposition [DR73, [KM85]. On
the other hand, it is not hugely complicated either, and one is “lucky” (compared
to the moduli space of higher dimensional abelian varieties, say) that the cusps are
not all that complicated in the end. For our purposes we can take these on faith.

We may now extend our definition of a modular form to general rings R.

1.2.14. Definition (Version 2a). A meromorphic modular form f of weight k over
R is a function on pairs (E/A,w) where w is a nowhere vanishing section of Q};/A
and A is an R-algebra such that:

(1) f(E/A,w) depends only on the A-isomorphism class of (E/A,w).

(2) F(E, ) = p* f(E,w) for any € A*.

(3) If p: A — B is any map of rings, then f(E/B,wp) = ¢(f(E/A,w)).

One deficit with this definition is that it doesn’t address the issue at the cusps,
in order to address this we will need to say something about Tate curves.

1.2.15. Exercise. Let R be a ring in which 6 is invertible. Prove that, given a pair
(E/R,w), there exists a Weierstrass equation:

y2 :x3+a4x+a6
for E such that
w=dx/y.
Prove that the rules f(E/R,w) = a4 and g(E/R,w) = ag define modular forms of
weights 4 and 6 respectively.

1.2.16. Modular forms and modular functions on X (I'). Naturally enough, the vari-
ous definition of modular forms of level one each extend to corresponding definitions
in higher weight. For any fixed level T, we consider the points on H/T' as pairs
(A, ) up to homothety, where o denotes the extra structure. One defines mod-
ular forms of higher weight simply to be rules on triples (E/R,w,a) which are
compatible in the natural way.

1.2.17. Modular forms as sections of a line bundle. How does H°(E,Qg) vary as
one winds around the curve Y (I') = H/T'? If we start with a curve E, = C/{Z +
7Z}, together with its canonical differential dz, then we can imagine moving (in
the upper half plane) from 7 to

T—T/—LT_'—b _ (e ? el
e T axd T=\e d

which brings us back to the same elliptic curve F, ~ E.. The invariant differential
dz € HY(E,Qp) varies continuously as we vary E, yet when we return to E we
observe that wr and wy g have changed, in particular,

dz € H(C/{(ar +b)Z + (cT + d)Z)}, Q") +— (cT+d)dz € H'(C/{Z +7'Z},Q").

In particular, the behavior of (dz)®* as one winds around Y (T') via the element
~ exactly corrects the corresponding behavior of a modular form of weight k. This
leads to the identification of modular forms (ignoring issues at the cusps) as sec-
tions of some line bundle £ whose fibers at a point E are naturally isomorphic to
HY(E,QL)®*. By “naturally”, we mean that the monodromy of this bundle is as
computed above. How may one construct such a line bundle? We want to “inter-
polate” the (trivial) sheaf Q! as E varies over Y (T'). To do this, one can consider

10



F1GURE 2. The monodromy of wy for v € T’

the sheaf of relative differentials Qé/y(r) on Y(I'). If 7 : £ — Y(T') denotes the
natural projection, then we let:
wy = W*Q}: /Y
Intuition tells us that the fibre of wy at a point £ € Y corresponding to an elliptic
curve F should be exactly what we are looking for, i.e.,
QO = H'(E,QF)
(a sheaf at a closed point is simply the module of global sections). This intuition

is correct — it requires only that the map 7 is proper.

1.2.18. Definition (Version 3a). A meromorphic modular form f of weight k over
R and level T is a section of H*(Y (I') g, w®k).

Note that we also would like to understand what happens at the cusps. For-
tunately, the construction of [DR73] provides us with a generalized elliptic curve
E/X(T), and a corresponding local system wyx on X (I'), and we may set:

1.2.19. Definition (Version 3b). A modular form f of weight k over R and level T
is a section of HO(X(I')g,w®%).

It’s usually sensible to assume that R is a Z[1/N]-algebra where N is the level
of T'. Denote the R-module H°(X (') g, w®*) of modular forms by My(T, R).

1.2.20. Warning. In order to define wy or wx, one needs the existence of a univer-
sal generalized elliptic curve £, which requires the moduli problem to be fine, which
11



requires working with X1 (N) rather than Xo(N). This is not an artificial problem
— there is no appropriate sheaf w on Xo(N), and modular forms of odd weight on
Xo(N) are automatically zero for parity reasons.

1.2.21. Exercise. Show that — when it makes sense to compare them — all the
definitions of meromorphic modular forms coincide.

1.2.22. Kodaira—Spencer: Another description when k = 2. Another description of
modular forms of weight 2 over C arises from the fact that, for such forms, f(7)dr
is invariant under I". This might lead one to suspect that

1 ., .®2
Qy ~wy”,

but this is only correct along Y (I'). The problem is that the differential dr is not

smooth at the cusp. The natural (analytic) parameter at oo is ¢ = 2™ and
1 d
dr = — .
211 q

In particular, a section of H?(X, Q') will be (locally) a multiple of dg, and so the
corresponding function f(7)dq = 2miqf(7)dr will automatically vanish at the cusp.
In particular, the correct isomorphism is

Q% (00) ~ w%,

where D(00) indicates that differentials are allowed to have poles of orders at most
one at the cusps. These isomorphisms go by the name of the Kodaira—Spencer
Isomorphism — over Y it can be deduced more directly using deformation theory
(see §3B of [HMO8] for a geometric discussion).

1.2.23. Change of coefficients. Mostly the coefficients R just come along for the
ride. In particular, My(T', R) denotes the forms of weight k¥ and level T' over R,
then one might hope that

M(T',5) = Mi(T', R) ®r S

for an S-algebra R. This is certainly true if S is a flat R-algebra, but it is not
always true. The exceptions, however, are mainly confined to vary particular cir-
cumstances:

1.2.24. Proposition. Let S be an R-algebra, and suppose that N is invertible in
R. Then there is an isomorphism:
My (T'(N),S) ~ M(I'(N),R) ®r S

provided that N > 3 and k > 2.

The only interesting case is really when R = Z, and S = F,, for a prime p not
dividing N. There is a map:

0—sw—-w—-w/p—0
of local systems on X(N)/Z,. Since j.X(N)/F, - X(N)/Z, is a closed immer-
sion, there is an isomorphism
H'(X(N)/Fp,w®) = H(X(N)/Zyp, ju®*) = H(X(N)/Zp, " /p).

It suffices to show that H'(X(N)/Z,,w®*) = 0. Since this is finitely generated,
it suffices to show that H*(X(N)/Z,,w®*)/p is zero, and hence it suffices to show

that H'(X(N)/F,,w®*) is zero. There is a very natural way to show that the
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first cohomology of a locally free line bundle on a smooth curve vanishes, which
is to show that the degree of the line bundle is at least 2g — 2 and then to use
Riemann—Roch (or Serre duality). In our case, the appropriate estimate for the
degree follows from the Kodaira—Spencer isomorphism w? ~ Q% (c0) of §
provided that k > 2.

You may wonder where the previous argument used the fact that N > 3. It
comes up in order to even talk about the sheaf w which requires the universal
elliptic curve £/X. In fact, we shall see later that the result is not even true for
N =1 — since the Hasse invariant gives a weight 1 form of level 1 modulo 2 which
(clearly) does not lift to characteristic zero.

One may also wonder whether the result is true for k£ = 1. Katz proves that
it is true for N < 11 and leaves open the possibility that it might be true more
generally. Yet it is not. In particular, there are modular forms modulo p of weight
one which may not lift to characteristic zero.

1.2.25. Exercise (Schaeffer). Show that the map My (T'1(7 - 347),2Z,) — My (T1(7 -
347),F,) is not surjective when p = 935666449040629144864934236346813. Or at
least, think about how one might prove this.

1.2.26. Tate Curves. (See [Sil94]). Let ¢ = €*™7. The exponential map induces an
isomorphism:
C/Z & 1Z — C*/¢% = G,,(C) />
Writing the Weierstrass parametrization in terms of the parameter ¢ instead of

7, (and changing the scaling by an appropriate factor of 27¢), we find that a model
for C*/q% is given by ([Sil94])

y* +zy = 2° + as(q)z + as(q),

where
n3q" (5n3 + Tn®)q"
“4—_Zl_qn’ aﬁ__z 12(1 — ¢")
are both in Z[[¢]]. The discriminant of this elliptic curve is (of course)

oo

A=qJ-q*

n=1

In particular, the equation above formally defines an elliptic curve over the Laurent
series ring Z[[q]][A™!] = Z((g)). We call this the Tate Curve and denote it by T'(g).
It provides a description of the universal elliptic curve £/X over a punctured disc
(over Z) at the cusp oco. We may associate to T(q) an canonical differential
dt
Wean = i € HO(T(Q)agl)y

where T(q) = G,,/q% and G,,, = Spec(Z[t,t71]). In particular, given a meromor-
phic modular form f of weight & (thought of as a rule via definition 2a), we define
the g-expansion of f to be:

f(T(q),wean) € Z((q))

1.2.27. Exercise. In what context does the definition G,,/q% make sense?
13



1.2.28. Definition (Version 2b). A modular form f of weight k over R is a function
on pairs (E/A,w) where w is a nowhere vanishing section of Q}E/A and A is an R-
algebra such that:

(1) f(E/A,w) depends only on the A-isomorphism class of (E/A,w).

(2) (B, ) = p* f(B,w) for any p € A%

(3) If p: A — B is any map of rings, then f(E/B,wp) = ¢(f(E/A,w)).

(4) We have f (T(q), wean) € Allg]]-

This definition can also be extended to include level structure in the obvious
way. If f is a modular form over a ring R which admits an injection ¢ : R — C,
then the image of the g-expansion of f under ¢ coincides exactly with the usual
definition of the g-expansion of a modular form in terms of its Fourier expansion.

1.3. The ¢g-expansion priniciple. We have (Prop. 1.6 of [Kat73]):
1.3.1. Proposition. A modular form f is determined by its q-expansion.

If one is to be precise, this applies only to connected modular curves X (T');
for non-connected curves one must (clearly) have the data of f at a cusp on each
component. Note that the basic idea of Prop. is obvious — if f vanishes on
a Tate curve then it should vanish in a “neighbourhood” of infinity, and thus over
the entire curve. In fact, this is exactly the proof, more or less. We also refer to
the following corollary as the g-expansion principle:

1.3.2. Corollary. Let R — S be an inclusion of rings, and suppose that the level N
of T is invertible in R. Suppose that f is a modular form over S whose q-expansion
has coefficients in R[[q]] C S[q]]. Then f arises from a modular form in R.

This is an easy consequence of the previous lemma. What this theorem really
means is that we can be a little sloppy with defining the rings R we are working
over, because we can “detect” the smallest such R from the g-expansion.

1.4. Hecke operators. One often sees the Hecke operator 7}, on modular forms
of weight k to be defined as follows:

7y (5 00) = Yl + 25 0

where a,,/, is interpreted to be zero unless p divides n. While this is an important
property of T}, (which indeed characterizes it, by the g-expansion principle), it is a
rubbish definition. Here are two better ones.

1.4.1. T, as a correspondence. Suppose that R is a ring in which p is invertible.
We have a diagram as follows:

Xo(p) — Xo(p)

Recall that X (p) is the moduli space of pairs (F, D) together with a cyclic isogeny

¢ : E— D of order p. The map w,, sends a pair ¢ : £ — D to ¢ : D — E, where ¢

is the dual isogeny. It is an involution. The map 7 is the natural projection. The
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“map” C), is a many to many map which makes the diagram commute. Given a
finite map ¢ : Z — Z between varieties, the graph of ¢ in Z x Z defines a closed
subscheme of (co-)dimension dim(Z). The map C,, gives rise to a correspondence,
which defines a Zariski closed subscheme of X x X. Any such correspondences
induces actual maps on any object functorially associated to X which is linear —
for example, the ring of functions on X, the tangent space of Jac(X), and more
generally any appropriate cohomology group (coherent, Betti, étale) associated to
X. The induced map C, then acts as m.(m o wp)* = mow,7*, and in particular
defines a map:

pT, = mu(mowy,)* : HO(X(T),w") — HO(X(T),w").
Since p is invertible in R, we may divide by p to obtain R.

1.4.2. Remark. In the above calculation, we secretly made an identification
m*wk ~ (m o wp)*w®. One way to do this is simply from the definition of w. On
other natural Hecke modules (like H'(X,Q;)) the correspondence C, induces T},
rather than pT,. The identification of 7}, as above with the map on g-expansions
is done (for example) in [Buz03]. (We also do a related computation below.)

1.4.3. T, on modular forms defined as a rule. The definition of T, above can be
made very explicit when modular forms are thought as sections of H?(X (T),w*).

Let (E,«) denote a point on X(I'), where we denote by « the auxiliary level
structure associated to the E. We assume that the level of I' is prime to p. The
pre-image of the map:

X(T') x x(1) Xo(p) — X(I')

consists of p + 1 points ¢ : D — E where ¢ is cyclic of degree p. In any such
situation, if w € H°(E,Q), we may pull w back to D via ¢*. Similarly, one may
pull back « to a level structure ¢*a on D.

1.4.4. Definition. If f is a modular form of weight k, and let E/R be an elliptic
curve where p € R is invertible. Then

Tpf(anaa):pk_l Z f(D,(ﬁ*(w),(ﬁ*Oé).

$:D—E

Let us also introduce the operator U, which makes sense at level I'g(p). Here
we are given I together with a distinguished p-isogeny 7 : £ — B. We define U,
simply by considering the maps ¢ : D — E which are not equal to ¥ : B — E.
that is;

o#n”
Uyf(B,n: E— B,w,a)=p! Z f(D,¢*(w), d* ).
$:D—E

The equivalence of these definitions with the usual ones involving g-expansions is an
easy exercise, which we now do. As usual, we ignore the level structure «, because
it doesn’t make any difference to the computation.

One can also consider the same operator but now thinking of subgroup schemes
P C E[p] instead of maps D — E, that is:
15



1.4.5. Alternate Definition. If f is a modular form of weight k, and let E/R be
an elliptic curve where p € R is invertible. Then

T,f(E,w,a)=p"" Y f(E/P,¢"(w),¢"a),
¢:E/P—E
where the sum is over all p+ 1 étale subgroup schemes P of order p in E[p].

1.4.6. Exercise. Understand why — as promised in — the above definition is
sloppy. Hint: why is T,,f a modular form over R if the maps ¢ (or the subgroup
schemes P) are not necessarily defined over R. Show that everything is OK using

the g-expansion principle (Corr. .

Given T'(q), we would like to write down the p + 1 curves D together with the
corresponding isogenies ¢; : D — T'(q). For any such map, we have corresponding
dual isogenies ¢ : T(q) — D, which are determined by the cyclic subgroup scheme
of order p. The subgroups of order p are given by the subgroups of the p-torsion,
which is:

T(q)[p] = {¢p ¢"/7}.

Hence we have the p 4 1 maps ¢, ..., ¢, defined as follows:
oY = T(q) = T(q)/q"/P¢, i=0,1,...,p—1
T(q) = T(q)/Cp, i=p.

The elliptic curve T(q)/q*/?P¢ is isomorphic to T'(¢"/P¢*). On the other hand, the
elliptic curve T'(¢q)/(p is isomorphic to T'(¢?) via the map induced by the p-th power
map on G,,. We may thus write down the corresponding dual isogenies as follows:

o = 11@77G) = T(q17G) /G =T(q), i=0,1,....p~1
"\ T(P) = T(P) a =T(q), i=p.

Let us suppose that

f ( wcan Z anz

Then formally we have:

F(T(@),wean) = Y ang",
f(T(ql/”C ) = D and" "G,

F(T(), wean) = Y ang™

The isomorphism T'(¢?)/q ~ T(q) sits inside the commutative diagram:

Gm:Gm

T(q")

Pp

16



and hence ¢5wean = @pdt/t = dt/t = Wean. Hence, by definition:

Tpf(T(Q)a Wcan) = pkil <f(T(qp)a Wcan) + z_: f(T(ql/pCIi))achan)>

=0

1=0
15
= pkil Z anqnp + E Z ané-;)nqn
=0

o0
= D (anp + 9" anp)d"
n=0

p—1
= ph <f<T<qp), wean) 9 f<T<q”p<:;>,wcan>>

recovering the previous definition.

1.4.7. Hecke operators defined on functions of lattices. Yes, you can do that too, if
you like.

1.4.8. The operator T}, on g-expansions in characteristic p. The definitions pre-
sented above included the assumption that p be invertible in R. Yet the effect
on g-expansions does not introduce denominators, and hence one may expect that
the operator also exists in characteristic p at level prime to p. That one can do
this is an immediate consequence of the g-expansion principle, namely, one may
lift to characteristic zero, apply 7}, and then reduce modulo p to get the following
commutative diagram defining 7}, in characteristic p:

HO(X 2y ) 5 HO(X)Z ) s Z[q]

HO(X/Fy ) 2% HO(X/E, ) — Fyllq]

1.4.9. The operator T, on g-expansions in characteristic p and weight one. Perhaps
you might complain that the argument above assumes that the mod-p reduction
map is surjective in weight one. The formula, however, is still correct. The point
is that, after removing the cusps, Y is affine, and then we have maps:

T,
HO(Y/Zy,0¥) =% HO(Y/Z,, ")

T,
HO(Y/F,,w¥) =% H(Y/F,,u")

If f € H(X/F,,w"), the lifted form f may have poles at the cusps, but the
definition of T, (as well as the computation involving g-expansions) still makes
sense for meromorphic forms. The reduction

T(f)
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is then a priori a meromorphic modular form, however, by looking at the ¢-
expansion, we see that it is regular at the cusps and thus holomorphic by the
g-expansion principle. (This nice argument is due to Gross [Gro90] §4.) On the
other hand, for discussion of Hecke operators “without the crutch of g-expansions”
see [Con07].

1.5. The Frobenius morphism. Suppose that S is a ring with pS = 0, and
suppose that X/S is a scheme. In this context, there are a pair of maps which go
via the name Frobenius. First, one has the absolute Frobenius, which induces maps
Faps : Spec(S) — Spec(S) and X — X. This map is given, locally on rings, by the
map x — zP. There is a commutative diagram as follows:

X X

F*

abs

Spec(5) = Spec(S)
abs

In particular, F}, is not a map of schemes over S, unless F;  on S happens to

be constant (so S = F,). The relative Frobenius is a way of modifying this to give
a morphism of schemes over S. Namely, let X(?) = X xg S, where S is thought
of over S not by the trivial map but via Fys. Then, by construction, there is a
map, relative Frobenius, given by F : X — X®) such that the composition with
the natural map X® — X is F.

1.5.1. Exercise. Let X be the smooth curve:
azd + by + ¢z =0
over k, where 3abc # 0. Prove that X®) is the curve
aPa® + Py® + P22 = 0.
Note that the map F}j, on H*(X,Ox) is not S-linear, although it is F,-linear.

1.6. The Hasse invariant. Let S be as in the previous section. Suppose that
E/S is an elliptic curve together with a differential wg generating Q}E /s By Serre

duality, we may associate to wg a dual basis element n € H(FE, Og). The Frobenius
map induces a map:
;bsHl(E7 OE) — HI(E7 OE)v
and we may write
ans() = A(E,w) -1
for some A(E,w) € S.

1.6.1. Lemma. A is a meromorphic modular form of level one and weight p — 1
over S.

Proof. If one replaces w by w’ = X -w for A € $*, then n becomes n’ = A~1n, and
a*bs(n/) = ;bs()‘iln) = AipA(va) ‘= AlipA(an) : 77/7
and thus
A(E, X -w) = \TPA(E, w).

18



If S is a field, then A(FE,w) is either zero or a unit — it is zero precisely when F
is supersingular (this is essentially a definition of what it means to be supersingular,
see [Sil86]). We call A the Hasse invariant of E. To compute the g-expansion of
A, we need to evaluate A on the pair (T(q),wean). In order to do this, we need to

understand the operator F . more explicitly on curves.

1.7. The Cartier operator on curves. Suppose that X/S is a smooth curve of
genus g, and that S is perfect. The Cartier operator C defines a map from the
meromorphic differentials on X to itself satisfying the following properties:

(1) C preserves the holomorphic differentials H%(X/S, Q).
(2) C(fPw) = f - C(w) for any meromorphic function f.
df, n=p
3) C(frldf) = ’ .
3) C(m1dy) {0’ o
(4) If n € HY(X,Ox), then, under the pairing of Serre duality,

(Cw),m = (w, Fapsm)-

To imagine why such an operator might exist, consider the completion (@ of a
local ring at x. Because X is smooth, the corresponding ring is S[[z]], the mero-
morphic differentials are of the form S[[z]]dz. Then C may be defined as follows,

writing w = f(z)dx:
o dPlf
C(w) := fdxp_ldz.

Clearly C preserves holomorphicity at a point. By the chain rule, one has:
-1 -1
" ffg ., d g

dep—1 7 dap-l’
p—1 £n—1 P
- dJ;T Tl &,
T n dzP
The usage of =~ is meant to indicate that this equality is only an equality of formal
expressions over Z[[z]] — over S[[z]] it makes perfect sense if (n,p) = 1 and implies
that C(f"~1df) = 0, because d? /daP is clearly the zero operator. For p|n it is not too
hard to make formal sense of what this means and compute that C(fP~1df) = df.
To make this rigorous, one needs to show that C may also be defined algebraically,
and that it does not depend on the choice of a uniformizer. It would take us a little

too far afield to prove these statements, however.

1.7.1. Deligne’s Computation of A. Now let us compute the g-expansion of A,
namely, to compute A(T(q),wcan) over R = F,((q)).

1.7.2. Theorem (Deligne). A(T(q),wcan) = 1.

The idea is simply to show that the corresponding 1-form 7 is preserved under

F . From the characterizing properties of the Cartier operator, it thus suffices to

show that C(wcan) = Wean- Let =t — 1 be a uniformizing parameter of G, at the
origin. Then a (G,,-invariant) differential is given by

dr  dt

l+x ¢

Yet an easy computation shows that C(dt/t) = t~1C(tP~1dt) = dt/t. We can’t

quite argue this way, because R is not perfect (even the local definition of C above

involves taking pth roots and thus requires that the underlying ring S be perfect).
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On the other hand, if RP®" is the perfection of R, then, since R — RP is flat,
by the g-expansion principle (Corr. [1.3.2)), it suffices to work over RP®*, where the
argument above goes through.

1.8. Lifting the Hasse invariant. (cf. [Buz03]). If p > 5, then A lifts to a
modular form in characteristic zero. From the computation above, we note that
the g-expansion of any such lift is congruent to 1 mod p. From the Kummer
congruences, we deduce:

1.8.1. Theorem. Suppose that p > 5. The modular form E,_1 is a lift of A such
that E,—1 = A mod p. If p=2 or p =3, the modular forms E4 and Eg are lifts
of A* mod 8 and A® mod 9 respectively.

Proof. For p = 2 and 3 this is a computation; for p > 5 it is an immediate con-
sequence of the von Staudt—Clausen theorem on Bernoulli numbers, as well as the
identification of the constant term of the classical holomorphic Eisenstein series. [

Just to be clear, here by “mod” p we really mean modulo the ideal (p), so
that if £, _; is thought of as a modular form over some ring R, this congruence
identifies the value of A in R/p, even if the latter is not reduced. In particular,
given a Weierstrass equation for F (and hence a canonical differential w) one may
compute A mod p by computing the corresponding value of E,_;, with appropriate
modifications if p = 2 or 3.

2. p-ADIC MODULAR FORMS

Let us fix a congruence subgroup I' of level prime to p. The definition of p-adic
modular form and overconvergent p-adic modular form at level one are virtually the
same as the corresponding definition at level I' — one need only add the natural
compatibility with the level structure a away from p. In the sequel, therefore, we
shall essentially ignore this distinction and work at level one, making remarks about
the level structure away from p (the “tame” level structure) when appropriate.

2.1. p-adic modular forms: The Serre approach. Serre wrote a beautifuﬁ and
elementary paper on p-adic modular forms [Ser73b]. The basic idea (translated in
to somewhat different language) is as follows. In order to capture the notion of
congruences between modular forms in some topological way, then we would like to
say that two g-expanions a and b are close if a = b mod p” for large n. Recall that
(up to normalization) the space of modular forms has a basis with coefficients in
Z. There is a natural topology on Z,[[¢]] ® Q, (note, this is different from Q,[[q]])

3As one would expect, Serre effortlessly explains everything seemingly starting from first prin-

ciples and gives a beautiful explanation of the construction of p-adic L-functions. Following the
o0

elementary arguments down to the source, the key fact is to show that ¢ = Z op—2(n)q"™ does
n=1

not lie in the field of fractions of the ring of modular forms modulo p on the complement X \ S

of the supersingular locus ([Ser73b], p.199 Ser-9). An elementary argument using weights shows

that ¢ itself is not a mod-p modular form. Serre notes that ¢ — ¢P? = 1 for some explicit v, and

then uses the fact that HO(X \ S, Ox) is integrally closed (because X and thus X \ S is smooth)

to obtain a contradiction. Yet to get the identification of MO with HO(X \ S, Ox), one uses the
fact that the Hasse invariant A is congruent to 1 mod p, which is of an order of difficulty higher
than the rest of the arguments in the paper. Thus it is better to read [Ser73b| in conjuction with
Serre’s Bourbaki seminar on the subject [Ser73a], which gives a little more detail concerning this
argument.
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which exactly records this notion of congruence, and we may define p-adic modular
forms to be the closure of the set of modular forms (see [Ser73b]). Let A be (any)
lift of the Hasse invariant. Since A =1 mod p, it follows that the powers of A (at
least the p™th powers) are becoming more and more congruent to 1 mod p. Hence
they converge to 1. It follows that the powers A?"~! are converging to A~', or
in particular that any lift of the Hasse invariant is invertible. The space of p-adic
modular functions then defines itself:

2.1.1. Definition. The p-adic modular functions on X (T') are the functions which
are well defined at all points of ordinary reduction.

Naturally enough, one might be a little suspicious of this definition, since one is
allowing poles at an infinite number of supersingular points (there are only finitely
many supersingular points modulo p, but there are infinitely many lifts to charac-
teristic zero). An initial step to repairing this is give a rule-based definition.

2.1.2. Definition (Version 2). A p-adic modular form f of weight k and level one
over a p-adically complete algebra A is a function on pairs (E/R,w) for a p-adically
complete A-algebra R satisfying

(1) w is a nowhere vanishing section of Q%E/A,

(2) A(E/B,wg) is invertible, where B = A/p,
such that:

(1) f(E/A,w) depends only on the A-isomorphism class of (E/A,w).

(2) f(B,pw) = p~* f(B,w) for any p e A*.

(3) If o : A — B is any map of rings, then f(E/B,wp) = ¢(f(E/A,w)).

(4) f(T(Q)vwcan) € A[[QH

As expected, there is an analogous definition at level " prime to p, where one
considers functions f(E/A,w, a) for some level structure o away from p correspond-
ing to the group I'. Denote this space by My (", R,0). If I' = SLy(Z) (which is a
natural choice for which all the phenomena can already be seen) we simply write
M (1, R,0). Clearly any classical modular form of weight k over R gives a p-adic
modular form. Moreover, a p-adic modular form over a finite field k (necessarily of
characteristic p) consists of sections of H%(X \ S,w"), where S is the supersingular
locus (since invertible over a field is the same as non-vanishing). If A is the Hasse
invariant, then A is a modular form of weight p — 1 over F,,, and A~! is a modular

form of weight 1 —p over F,,. Moreover, AP" " defines an invertible p-adic modular
form of weight p"~1(p — 1) over Z/p"Z, and thus:

2.1.3. Lemma. Suppose that p™ =0 in R. Then the map;
AP My(T, R, 0) = My pn1(p1) (T, R, 0)
is an isomorphism.
From this we deduce the ¢g-expansion principle.
2.1.4. Lemma. There is an injective map My (T, R,0) — R][q]].

Proof. By construction,

M(T, R,0) = My (T, lim R/p",0) = lim My (I, R/p", 0).
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It thus suffices to assume that p™ = 0 in R. By dévissage (and Prop. [L.2.24)), it suf-
fices to consider the case R = Z/p"Z. Given g € My (T, R,0), its reduction modulo
p extends to a section of H°(X,w*) with poles of finite orders at the supersingular
points. In particular, after multiplication by some power of A”n_l7 it extends to a
classical modular form. Since the g-expansion of AP s 1, this construction does
not depend on any choices. The lemma then follows from the classical g-expansion
principle. Il

Moreover:

2.1.5. Lemma. The closure of the set of classical modular forms over a p-adically
complete Ting R of all weights coincides with the set of p-adic modular forms over
R of all weights.

Proof. Again by the limit property of My (T, R,0) mentioned above, It suffices to
show that any classical modular form f gives an element of My(T", R/p™,0) where

weight(f) =k mod p"il(p -1,

and conversely that every element of the latter set arises in such a way. As in the
previous lemma, any classical f defines a modular form in Myeigne(s) (I, R/p™,0)
which then only depends on weight(f) mod p"~!(p — 1) by Lemma Con-
versely, the construction of g-expansions above implies that any ¢g comes from a
space of classical modular forms modulo p™ of large weight, which then lifts to a
classical modular form by Lemma O

Another nice property of p-adic modular forms is that one sees all forms of
p-power level:

2.1.6. Lemma. Suppose that R is a p-adically complete ring such that (,» € R.
Then there is an inclusion:

Mk(rl(pn)v R) - Mk(lv Ra 0)
for any k.

Proof. By dévissage (and Prop. it suffices to consider the case R = Zy,[(pn].
Let f be a classical modular form of level T'; (p™). Suppose we are given an elliptic
curve (E/R,w) such that A(Es,wg) is a unit for S = R/m so E is ordinary. The
group scheme E[p"] is then an extension of an étale group scheme by a local group
scheme C. The base change of C' to S = R/p is the kernel of Froby, and (for
example) if R is the ring of integers of a finite extension of Q,, then the Qp—points
of C' are the kernel of the reduction map. Over some unramified extension of R,
there is an isomorphism C =~ p,». Since (p» € R, this module has a canonical
generator P, and hence we define the p-adic modular form g by

g(E,w) = f(E,w, P).
O

A similar argument shows that M (To(p™), R) C My(1, R,0) for any p-adically
complete ring R.

2.1.7. Exercise. Serre [Ser73b| also proves this result using the level lowering prop-
erties of the U, operator. Show that these proofs are the same.
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2.1.8. Congruences for p-adic modular forms. Given a p-adic modular form f over
R, we have the following basic result governing congruences for f:

2.1.9. Lemma. Let R denote the ring of integers of a finite extension of Q,. Let
f € Mi(T, R,0), where T has level N. For any fized power p® of p, the quantity

a(f) mod p?

depends only on the conjugacy class of Froby in a finite extension K4/Q unramified
outside Np - 0.

Proof. By passing to sufficiently high integral weight, we may lift f mod p™ to a
classical modular form g. We may then write g as a finite sum of eigenforms, where

Q; € Qpi

9= Z Qi gi.
In the usual manner [Del71], the eigenforms g; may be associated with Galois
representations unramified outside Np - 0o, and thus the coefficient a;(¢) of g; mod
any fixed power of p only depends on the conjugacy class of Frob, in some finite
extension unramified outside Np - co. The result follows. O

Note that as n increases, the number of eigenforms g; required typically increases,
and the fields Ky become more and more complicated. For certain exceptional g
and for small d, however, the fields K; may turn out to be abelian, in which case
a(¢) only depends on ¢ modulo some fixed modulus (by class field theory).

2.1.10. Exercise. Let g =) a(n)q"™ be a p-adic modular form. For any integer d,
prove that there exists a positive density of primes { such that a(f) = 0 mod p?.
Hint: use the Cebotarev density theorem and the fact that Tr(p(c)) = 0 for a modular
Galotis representation p and any complex conjugation ¢ € Gq.

2.1.11. Rigid Analytic Spaces. Let X be a modular curve which is smooth over
Z[1/p]. It makes perfect sense to talk about the ordinary locus of X/F,, since
there are only finitely many supersingular points. It makes less sense to talk about
the “ordinary locus” over Z,, since know we would like to exclude all (infinitely
many) lifts of supersingular elliptic curves. Specifically, we would like to remove a
“unit ball” around any supersingular point. Clearly this is not a construction that
can be done in the Zariski topology. Rigid analytic spaces provide the right context
in which these constructions make sense, and such that the topology is fine enough
to allow such constructions.

2.1.12. Exercise. Pick up a book on rigid analytic spaces. Hold it in your hand
held out perpendicularly from your body for approximately ten minutes. Deduce that
actually reading it would be less painful and stop complaining already.

Alternatively, consult Brian Conrad’s lectures from the 2007 Arizona Winter
School [BCD™08§].

For a modular curve X, a first approximation to thinking about the associated
rigid analytic space X"¢ is to think about X as a complex manifold over C,,.

2.1.13. Definition. The p-adic modular forms of weight k are the global sections
HO(X™8[0],w"), where X*8[0] denotes the ordinary locus of the rigid analytic space
Xrig‘
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Instead of defining rigid analytic spaces, we consider an example which tells you
everything you need to know (at least for the purposes of these lectures). Suppose
that N =1 and p = 2. The modular curve X (1) is just the j-line. A curve E/F5
is supersingular if and only if jg = 0. Thus the supersingular locus is the region
lj] < 1, and the ordinary locus is the region |j| > 1, or [j7!| < 1. In particular,
the p-adic modular functions of level one for p = 2 are exactly given by the Tate
algebra:

Co(j )= anj™™  limla,|=0.
n=0

That is, the 2-adic modular functions of level one are just functions on an explicit
closed ball, and X*8[0] consists of the maximal ideals of this ring, which are easily
seen to consist canonically of points in this ball.

2.2. The ordinary projection. Let R be p-adically complete ring, and consider
the space My(To(p), R) of classical modular forms. The operator U, acts on this
space. Since this space is finite as an R-module, we may define the following
operator:
: !
ep 1= 11_r)n U, .

2.2.1. Lemma. e, is an idempotent on My(I'o(p), R), and projects onto the space
generated by Hecke eigenforms on which U, acts by a unit.

Proof. By dévissage (and Prop. [1.2.24), we may reduce to the case when R = Z,,.
In this case, the result is an elementary statement in linear algebra. O

Note that U, and hence e, commutes with the Hecke operators T} for £ prime to
the level. Thus the image (and kernel) of e, is module for the Hecke algebra, and e,
is an Hecke equivariant projection. If f is a Hecke eigenform with unit eigenvalue
for U, then one says that f is ordinary.

The following is a consequence of results of Hida:

2.2.2. Theorem (Hida). The operator e, extends to an idempotent on My(I',R,0).
Denote the image of e, by e, My (I', R,0). Then
(1) epMy(T, R,0) is finite dimensional, and the dimension depends only on k
mod p — 1.
(2) If k > 1, then e,My(I',R,0) C My(To(p),R,0) is spanned by classical
modular forms.
(3) The minimal polynomial of U, on e,My(I',R/p™,0) only depends on k
mod p"~1(p—1).

In fact, Hida proves much more than this. The last condition points to the fact
that the eigenforms of weights k and k' are congruent to each other modulo some
power of p which depends on (k — k') — in fact one can form a natural family H
of ordinary modular eigenforms that varies over all weights, in particular a finite
module H over A = Z,[[Z]] such that

H @A Zp(d]k‘) =~ epMk(FO(p)7 Z;D)v

where Z, (1) is the abelian group Z, where the action of Z is via the character
Y (z)m = 2*~'m. Indeed the theme of eigenforms varying in families is central to
the topic of p-adic and overconvergent modular forms, although we concentrate on
somewhat different topics in these notes.
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2.2.3. Remark. Since newforms of level T'y(p) have U,-eigenvalue equal to one of

the numbers £p*=2)/2 when k > 2, the ordinary projection is generated by old
forms from My (T, R).

2.3. Why p-adic modular forms are not good enough. Let us explain why
one might ask to go beyond the theory of p-adic modular forms. We do this with
an example, first observed by Atkin and O’Brien [AO67]. The j-invariant defines
a meromorphic modular form of weight zero and level 1 for any p. It follows that
Upj also a p-adic meromorphic modular form of weight zero and level 1. On the
other hand, since U,j € Z,[[¢]], the function U,j extends to the cusp and defines
an honest p-adic modular form. By Hida’s theorem, it follows that e,U,j lies
in the ordinary space e,My(1,Z,,0), and can thus be written as a finite sum of
(generalized) ordinary eigenforms. Atkin and O’Brien consider the special case of
p = 13. In this case, the dimension of e;3My(1,Z13,0) is the same dimension as
e13Mi2(1, Z13,0), which is the image of the classical space Mi2(1,Z3) under e3.
The space of modular forms of weight 12 and level 1 over Z3 is generated by
F12 =1 mod 13 and A. The eigenvalue of T3 on A is

T(13) = —577738,
and thus the ordinary projection ej3Mi2(I'g(13),Z13,0) consists of the forms:
Bia(q) - 13" E12(¢"),  Aa) - BA(¢"),
with Uy eigenvalues 1 and « respectively, where
8= — 288869 — /—1708715094876 = 5 - 13'1 +3.13'2 +9.133 4 ...
= — 288869 + /—1708715094876 =8 + 5- 13+ 10-13* +5-13* + ...

are the roots (in Zj3) of 22 + 577738z + 1792160394037 = 0. In particular, the
ordinary space has dimension two. A priori it is easy to obtain an upper bound of
2, but the lower bound requires the computation 7(13) = 8 0 mod 13. It follows
that e13Mo (T, Z13,0) has dimension two. The function 1 is a classical modular form
of level one and weight 0, and it is also an ordinary form with eigenvalue 1. The
other ordinary form is thus a normalized cuspidal eigenform h € Z,[[¢]]. Indeed,
h=A mod 13. Tt follows that there is an identity

613U13j =744 4+ ah

for some «a € Z13. In particular, we deduce that, for any fixed d,
(oo}
Ulyj — 744 mod 13% =Y " ¢(13"k)¢" mod 13
k=1
is a Hecke eigenform for sufficiently large n depending on d. These arguments do
not make clear, however, how large n has to be for any particular d. On the other
hand, Atkin and O’Brien conjectured something much more precise, namely, they

conjecture that
oo

Zc(lS"k)qk mod 13"
k=1
is already a Hecke eigenform. That is, the convergence of Uiyj to the ordinary
projection is linear. We may ask: is this a general phenomenon for all p-adic
modular forms? In this generality, it turns out that the answer is no.
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2.3.1. There are too many p-adic modular forms. Consider the space of p-adic mod-
ular forms of level 1 and some weight, say k = 12. This certainly contains the
modular form A.

2.3.2. Exercise. If f => anq"™ € My(T, R,0), show that
fo = Zanqnp S Mk(rv Ra 0)7

and that U,V, is the identity. Prove it by defining V,, in the correct way. Then
compare your nice argument to the explicit computations in [Ser73b] and smile to
yourself.

Let g be the p-adic modular form
g=01=VU)A= > 7(n)q"

(n,p)=1
Note that Uyg = (Up, — UpV,Up)A = (U, — Up)A = 0. Let R = Oc,, which is
p-adically complete. If A € C, has positive valuation, then

=) A"
n=0

is also a p-adic modular form over R. On the other hand, since U,g = 0 and U,V
is the identity, one checks that U, fy = Af\. In particular, f) is an eigenform for U,
with eigenvalue A. It is also easy to check that f) is an eigenform for all the Hecke
operators Ty as well. Since v(A) > 0, it follows that e, fy = 0. But this implies
that the ordinary projection might converge arbitrarily slowly in general, e.g., if
one takes the p-adic modular form:

h=fp +pfp1/2 +p2fp1/3 +...= prunpn S Cp[[q]].
Then:
(1) eph =0,
(2) For arbitrarily small rational r > 0, we have Uy'h # 0 mod p"" for suffi-
ciently large n.

In particular, the convergence of h is not linear (and one can cook up this example
to make the convergence as slow as one desires).

In general, the fact that U, contains a continuous spectrum on M (T, R, 0) rules
out the possibility that one can decompose a p-adic modular function into an infinite
sum of eigenforms. The key observation, already in [Kat73], is that one must
consider sections of X8 which converge beyond the ordinary locus X'8[0]. A
key argument with p-adic modular forms is that one can pass between level 1 and
level T'o(p) (and higher levels) using the fact that an ordinary elliptic curve E/R
comes with a canonical subgroup scheme P C FE[p], coming from the kernel of
the reduction map. The key idea turns out to be generalizing this construction to
elliptic curves which are no longer ordinary.

3. THE CANONICAL SUBGROUP

(cf. §3 of [Kat73].) Let (R, m) be the ring of integers of some finite extension of
Q, with residue field R/m = k and fraction field K. Let us normalize valuations
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so that v(p) = 1. If E/R is ordinary, then E(k)[p] = Z/pZ. There is a reduction
map:

E(K) — E(k).
The kernel C of E(K)[p] — E(k)[p] is thus a cyclic subgroup of order p, which is
canonically associated to E/R.

Suppose now that E/k is supersingular, and thus E(k)[p] is trivial. The group
E(K)[p| = (Z/pZ)?* contains p + 1 subgroups C, and there does not seem to be
any obvious way to make a canonical choice amongst all such subgroups. An idea
of Lubin, however, shows that this can be done in many — although not all —
cases. Let us do so explicitly when p = 2. An elliptic curve E/R has a minimal
Weierstrass equation of the form

y2 +ai1xy + azy = z° + a2x2 + a4 + ag,
where a; € R. The choice of Weierstrass equation also determines a differential
dx
w= -
2y + a1x + as

Let K be the field of fractions of R. Then we may explicitly find the 2-torsion
points of E over K in the usual way, in particular, we may write:

2 2 2
(o) = (mn ) ) ().

€ H'(E/R,QY).

and then the m—coérdinateﬁﬂ of the 2-torsion points are obtained by finding the
roots of the cubic. How might one find a canonical root of this cubic? One way
would be to look at the 2-adic valuation of the roots, and take the root of minimal
valuation (if it exists). Note that the valuation of the roots can easily be computed
by Newton’s Lemma. Moreover, this naturally generalizes what happens in the
ordinary case, where there will be exactly one root with valuation 0 which reduces
to the 2-torsion point in k. Let us now apply Newton’s Lemma.

Suppose that a3 = 0 mod m. If a3 = 0 mod m, then the equation would be
singular. Hence v(a3) = 0. If v(a1) > 1, then the valuation of the coefficients of the
cubic are all non-negative except the last term, which will have valuation —2. In
this case, all the roots have valuation —2/3, and there is no unique smallest root.
Suppose instead that v(a;) < 1. Then the coefficients have the following valuations:

[0,2v(a1) — 2,v(a1) — 1,—2].
In particular, we have the following:

(1) If v(a1) > 2/3, then all the roots have valuation —2/3.
(2) If v(a1) < 2/3, then there is a unique root with valuation 2(v(a;) — 1).

Strictly speaking, this calculation was only valid for v(a;) # 0, but one can check
that when v(a1) = 0 that E is ordinary, and that there is a unique root of valuation
0.

One might ask: what is the meaning of the coefficient a;? The Weierstrass equa-
tion when written in this form is only well defined up to certain transformations.
However, one can check that all such transformations leave a; mod 2 invariant.
In particular, a; mod 2 is a well defined invariant of E together with a choice of

4as the New Yorker would say.
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differential, which is to say that a; is a modular form of level 1 and weight 1 over
any ring R in which 2 = 0.

3.0.3. Exercise. Let S = R/2. Prove that a1 mod 2 = A(Eg,wg) is the Hasse
muariant.

In particular, we have seen the following;:

3.0.4. Lemma. Let R be a complete Zs-algebra, and S = R/2. An elliptic curve
(E/R,w) has a canonical subgroup of order 2 if and only if v(A) < 2/3, where
A = A(Es,wg) is the Hasse invariant of Eg.

3.0.5. Exercise. Consider the following curve
E:y2+\/§-xy+y:a:3—ac
over R = Zy[\/2]. Prove that E has a canonical subgroup generated over K =
Q2(v/2) by the point
P=[27142Y2 49232 4924 | 973/2 4971 L9712 9l/2 ]

3.0.6. Exercise. Do the same computation as was done in the beginning of this
section except now with 3-torsion instead of 2-torsion. Show that there exists a
canonical subgroup of order three if the valuation of as is less than 3/4. Identity as
mod 3 with the Hasse invariant A(Es,ws), where S = R/3.

If R is a discrete valuation ring and E/R is an elliptic curve, then there is
essentially a canonical choice of differential wgr € H°(E/R,Q'), because the latter
is free of rank one over R (canonical up to units in R, of course). It is elementary to
see that the valuation of A(Es,wg) with S = R/p does not depend on this choice,
so by abuse of notation we can talk of the valuation of A(Fg). Suppose that p > 5.
Then by Prop. , we may lift A to a classical modular form A of weight p — 1
over Z,. Although this lift is far from unique, the valuation of such a lift evaluated
at a point E/R does not depend on the lift providing that the valuation is < 1. It
follows that: B

min{1l,v(A(E/R,wgr)} = min{l,v(A(E/S,ws)}
depends only on E/S. Hence, by abuse of notation, we may talk about the valuation
of the Hasse invariant of E and refer to this quantity. Explicitly, we may take
A= E,—1. When p = 2 or 3, we may instead lift A* mod 8 or A2 mod 9 to E,
and Eg respectively.

3.1. Canonical subgroups for general p. A key fact is the following generaliza-
tion:

3.1.1. Theorem (Lubin-Katz). Let R be a complete Z,-algebra. An elliptic curve
E/R has a canonical subgroup of order p if and only if

D
A) < —,
v(A) 1

where A(Es,wg) is the Hasse invariant of E/S with S = R/p.

We call elliptic curves E/R satisfying the hypothesis of the theorem not too
supersingular. How does one prove this for all p? They key point is to use formal
groups, which (following [Sil86]) is a good way to understand elliptic curves over
local fields.
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Note that if F is defined over Z,, then F will never have a canonical subgroup
unless F is ordinary, because otherwise v(A) > 1. Suppose that R is the ring
of integers of a finite extension of Q,, and suppose that E/R admits a canonical
subgroup C. One might ask what the canonical subgroup looks like explicitly. It
should define a finite flat group scheme over Spec(R) of order p. Yet such objects
were classified by Oort-Tate ([T'O70]), they take the form:

Spec(R[z]/(zP + a - x))

for some o, € R with p = af. Note that a change of variables allows one to
change a by aXP~! and 3 by A!7Pf for for any A € R, and that this is the only
isomorphism between these group schemes for distinct a. C' is étale if and only if
a € R*; Cartier duality has the effect of replacing a by - w by some specific unit
w (see [TOT0]).

3.1.2. Theorem (Coleman [Col05]). The Canonical subgroup of E is given by
R[z]
p
py £
(= + 180 2)

Note that changing w by a unit A does not change the isomorphism type of C.

3.2. The curves X"8[r]. (cf. [Buz03], and also [Con06].) Fix a modular curve X
of level prime to p, and assume that X is a fine moduli space which is smooth over
Z,. Let k denote a finite extension of F,,. The corresponding rigid analytic space
X" admits a map

C = Spec

X"g(C,) — X (k).

The pre-image of any point z is an open disc. The complement of the open discs
corresponding to the supersingular points is the ordinary locu X*ig[0]. We would
like to remove “smaller” discs. Let x be a supersingular point, and let E/k denote
the corresponding elliptic curve. Since X is smooth at z, the completion of X at x
is isomorphic to W[t]], where W = W (k) and ¢ is a local parameter. It is natural
to define X"8[r] by removing from X'& the open balls B of radius [p"|, = p~" in
the parameter t. If r = 0, this recovers the ordinary locus X"8[0].

3.2.1. Lemma. This definition is independent of any choices provided that r < 1.

Proof. Any different uniformizing parameter would be of the form s = ap + ut
where a € W and u € W/[[t]]*. Yet v(s) = v(t) provided that either v(s) or v(t) is
less than v(p). O

3.2.2. The canonical section. The existence of the canonical subgroup produces a
section of the natural map: _

Xo%(p) — X8,
in a neighbourhood of co. Namely, we map F to (E,C) where C is the canonical
subgroup of E. For example, there is an isomorphism

Xo®(p)[0] = X"#[0)],

5More precisely, there exists a rigid subspace X*8[0] C X™& whose closed points are identified
with the pre-image of the ordinary points over k. However, from this point on, we shall elide the
distinction between a rigid analytic space and its underlying set of closed points.
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as long as we interpret X5%(p)[0] to be the component of the ordinary locus con-
taining co. Yet this section extends as far as the canonical subgroup can be defined,
namely, to X*8[r] for any

r< -2

p+1

To see this explicitly for p = 2, we need to recall some of the geometry of X(2). It
has genus zero, and thus it is given by the projective line for some modular function
f. There are various choices of f to make, but one classical one is the inverse of
the Hauptmodul:

A(27)
A(r)

f= :qH(1+q”)24:q+24q2+...
n=1

One has the classical modular equation:
/ 1 1 -1 , ,
T 5+744+~~ = q — 744¢% + 356652¢° . . .

The functions f and j~' are both uniformizing parameters at the cusp oo. Let us
try to compute a section by solving the corresponding cubic equation:

1+2°f)° —jf=0

in a neighbourhood of j=! = 0. The slopes (valuations of the coefficients) of this
polynomial (as a polynomial in f) are

[24,16,v(3 - 2% — j),0].

1

In particular, as long as:

157 2 < 1278 = 28,
there is a unique root f of valuation > —8. How does this relate to our previous
computation and Lemma [3.0.4]? Note that

Ey=1-240) o3(n)q"
is a lift of A*. Moreover, we have
B}
A=
If we are close to the cusp of X (1), then A is close to zero and there is a canon-
ical subgroup corresponding to p, in T(q) (The corrsponding elliptic curves have
multiplicative reduction). Suppose instead that E has good reduction at 2. Then,

choosing w so as to obtain a minimal model for E, we find that A(F,w) is a unit,

and hence
v(E}) = v(j).
In particular, the region v(j) < 8 corresponds (for curves of good reduction) to the
region
o(A) = So(Ey) = Lo(Ed) < 2 =23
4 12 12 ’
which is exactly the bound required to admit a congruence subgroup.

3.2.3. Exercise. Show that, for the elliptic curve E of exercise [3.0.5, one has
j=204+224+0(21), and f(E,C) =276 +274 + 24 + O(2%).
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Let’s also consider the case of p = 37. Because p =1 mod 12, the j-invariants

0 and 1728 are ordinary, and hence there are exactly
p—1
o ~°

supersingular points, given explicitly by j = 8 and the roots 3+1/15 of o> —6a—6 =
0. The ordinary locus X™8[0] is simply the Riemann sphere minus three discs.
Moreover, X™&[r] will also be the Riemann sphere minus three slightly smaller
discs. There is a map: X' — [0,1] given by taking the minimum of 1 and the
valuation of the Hasse invariant. The pre-image of [0,7] may be identified with
X"g[r] by definition. Over any interval [0,7] with r < p/(p + 1), there exists
a section s : X"8[r] — X}'%(p), which sends a E to (E,C), for the canonical
subgroup C of E. If F is ordinary, then C' will be the kernel of the reduction map
E[p] = E — E(F,)[p]. It looks something like Figure

3.3. The reason everything works. Suppose that

_pP

p+1

and consider the curve X"8[r]. If (¢,p) = 1, then the Hecke operators T, extends to
a correspondence on X'8[r], since taking quotients by group schemes of order prime
to p does not effect the Hasse invariant. The key point, and literally everything
hangs on this, is that, for a subgroup scheme H of E of order p which is not the
canonical subgroup, the valuation of A(E/H, ¢"*w) decreases as long as 0 < v(A) <
p/(p+ 1). This is the key theorem:

r <

3.3.1. Theorem (Katz—Lubin). Let (E/R,w) be an elliptic curve and suppose that

p
v(A(E,w)) < PR
Suppose that H C E is a subgroup scheme of order p which is not the canonical
subgroup. Let ¢ : E — E/H be the natural projection, and ¢V : E/H — E the dual
isogeny.
v(A(E,w))
) .

The proof of this is not terribly hard, it requires knowing something about formal
groups (which is mostly in [Sil86]), and is contained in [Kat73|. The identification
of X"8[r] with the component of X4%(p)[r] containing oo allows us to define an
operator U, on sections of X"&[r]; one simply takes the sum over all pairs (£, H)
where H is not the canonical subgroup. As a consequence of the theorem above,
we have the following:

3.3.2. Theorem. Let0 < r < 1/(p+1). Suppose that f is a section of HO(X"8[r],wk).
Then Uy, f extends to a function on HO(X"[pr],w”). In particular, U, defines a
map:

v(A(E/H, (¢") w)) =

U, : HO(X"8[r],w”) — HO(X"[pr],w").

Proof. Let (E,w) denote an elliptic curve with v(A(E,w)) < pr. It suffices to show

that we can extend U, f to (E,w). By definition, to evaluate f on (E,w) involves

evaluating f on elliptic curves E/P as P runs over the p subgroup schemes of E[p]

which are not the canonical subgroup. In particular, all those elliptic curves have

Hasse invariant at most r, and thus f is well defined. [
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FIGURE 3. The map X{#(37) — X"& drawn as if Cs; were archimedean

The correct way to think about this is that the operator U, increases the conver-
gence of an overconvergent modular form. The next thing to consider is what type
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of operators have this property. Imagine, for example, we let C(r) denote the com-
plex analytic functions on the closed ball |z| < r. Suppose we had an continuous
operator

U:C(1) = C(2).
Then we could compose U with the restriction map C'(2) — C(1). What is amazing
about this last map is that it is compact.
3.4. Overconvergent p-adic modular forms.

3.4.1. Definition. Let 0 < r < p/(p+ 1) be rational. The space of overconvergent
modular forms of weight k, level ', and radius r, is defined to be:

M (D7) = HO(X™[r], ).
3.4.2. Remark. There is an inclusion:
M (T, r) = Mg(T, C;,0) = Cylla]]-
Hence overconvergent modular forms satisfy the q-expansion principle.
3.4.3. Example. Suppose that N =1 andp=2 and k =0. Then
M{(T,r) = Ca(2" f)
is a ball of radius 27"

3.4.4. Lemma. MOT(F, r) is a Banach space with respect to the supremum norm on
Xrig[r].

Denote the norm by || - ||.. The restriction maps;
¢ : M{(T,s) = Mj(T,r)
are continuous, since

lglls < ll¢(g)lr-

The norm also makes sense when 7 = 0. In this case the forms are no longer
overconvergent and thus we drop the f.

3.4.5. Exercise. Show that || - ||o co-incides with the q-expansion norm. Deduce

that any sequence of overconvergent modular forms converging in M,I (T',r) are also
converging in the q-expansion topology.

It is not too difficult to construct sections of w* which don’t vanish on X*&[r],

and hence M,I(l",r) ~ MJ (T",r) as Banach spaces for every integer k. Of course,
these isomorphisms don’t commute with Hecke operators.

3.5. Compact operators and spectral expansions. Let U be a linear operator
on a finite rank vector space V' (you can, if you wish, choose a basis for V' and think
of U as a matrix). Here we suppose that the coefficients lie in R, or C, or Q,, or
C,, or any complete normed field F'. The operator U has n generalized eigenvalues
in some finite extension of F'. For any v € V, we may write

v = E ;U;

for an eigenbasis v;. Let us suppose that

MBI
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That is, we assume that there is a unique greatest eigenvector. Then we observe
that

I Uk B
i S = o
If, on the other hand, we have
Al = A2l =... = Al > Amg1] = -0 = |\,

Then, if 7 denotes the projection of v onto the subspace of V' generated by v; for
i=1tom, (somv=> a;v; for i < m) we at least have:
Uky  Ukro

R VR VI

where A is any of the eigenvalues \; for ¢ < m.

Now let us suppose that V' has infinite dimension. In order to make sense of
continuity, we assume that V has a norm, and is complete with respect to this
norm; in particular, it is a Banach space. A random continuous linear operator
need not have a spectrum, However, there exists a special class of operators, the
compact operators, which admit a nice spectral theory (though not quite as nice as
the finite dimensional case).

3.5.1. Definition. A continuous bounded operator U on a Banach space B to itself
is compact if the image of the unit ball is relatively compact.

It turns out that compact operators are easier to understand in the ultrametric
case because the norms are much easier to handle. Suppose that B is a separable
Banach space with an ultrametric norm (which will always be true in the cases we
consider). Then being compact is equivalent to being a limit of operators of finite
rank, which is equivalent to U being a Nuclear operator (i.e. a compact operator
such that the trace of U and its powers are well defined). Note that in some sources
(say in Coleman or in [Ser62]) these operators are called completely continuous, but
we will not use that notation.

An operator U as above admits (see [Dwo62], §2) a spectrum

ALl > [Xe| >0 >

where |A\;| — 0 as i becomes arbitrarily large, and a sequence of generalized eigen-
vectors vy, etc. such that any v € V' admits an asymptotic expansion:

v~ Z ;5.
The asymptotic expression need not converge: consider, for example, the damped
shift operator U such that:
Uzp 1= ﬁnxn

for a sequence 3, such that lim 3,, = 0, and 3, # 0 for any n. Explicitly, we have

Ulag,a1,a2,a3...) = (0, Brao, B2a1, f3az, . . .),

and so on. Suppose that Uv = Av. Let ax_1 denote the first non-zero entry of v.
Then the first non-zero entry of Uv is Srar # 0. Yet this contracts the equality
Uv = Av. Hence every v € V has a trivial asymptotic expansion. On the other
hand, we have the following:
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3.5.2. Lemma (Asymptotic Expansions). Suppose that U acts compactly on a sep-
arable Banach space B with an ultrametric norm. Then, for v € B, there exists
constants «; and generalized eigenvectors v; of U with non-zero eigenvalue Y, c;v;
and a “spectral expansion” v ~ > a;v; with the following property. Let € > 0 be a
fized real number. Then, as n goes to infinity,

U'v — ZaiU"vi = o(e"),
>e

where the sum ranges over the finitely many generalized eigenvectors v; whose cor-
responding eigenvalue is > €.

In particular, an asymptotic expansion allows one to understand U™v modulo
any fixed power of €, with the necessary proviso that the implied error constants
depend on e.

3.5.3. Remark. Note that for a fized eigenvalue \ # 0, the generalized eigenspace
of U 1is finite dimensional, but that not all generalized eigenfunctions may be actual
etgenfunctions. This happens already in the finite dimensional case.

3.5.4. Exercise. Let C(r) denote the complex analytic functions on |z| < r. Prove
that the composition:

C(1) = C(2) — C(1)

defined by U f(z) = f(2/2) is compact. Determine all the eigenvectors of U, and
prove that every element in C(1) admits an absolutely convergent spectral expansion.

The point of this exercise is that the map U, is exactly of the form, and hence:

3.5.5. Theorem. Suppose that

P

p+1

Then the map U : H°(X*#[r],w*) — HO(X*&[r],w") is compact.

r <

The proof is that it is composed of a continuous map which extends convergence
with the restriction map which is compact (this uses Theorem m) The big
question then is, what type of compact operator is this?

3.6. Classical Forms. The following lemma is the analog of Lemma
3.6.1. Lemma. There is an inclusion:

My (To(p™)) € M{(T,7)
for any k and small enough r.

If E/R is not too supersingular, then E has a canonical subgroup C. As long as
the Hasse invariant of E/R is sufficiently large, we deduce that E/C is also not too
supersingular, and thus (by induction) as long as r is sufficiently small, for suitable
E/R we may find a canonical subgroup C of order p", from whence the lemma
follows.
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3.6.2. Some important but not entirely relevant facts. Suppose that f is a classical
eigenform of weight £ and level I'. Suppose that T}, has eigenvalue a,. Consider
the polynomial
z? — apx —|—pk—1,

which is the minimal polynomial of crystalline Frobenius (a fact which is both highly
relevant and can be ignored completely). Associated to f is a two dimensional space
of old-forms of level I'y(p), given explicitly by f = f(q) and U, f = a, f —p* =1 f(gP).
If & and 8 are the roots of the characteristic polynomial (they are conjecturally
distinct if & > 1) then f(q) — af(¢?) and f(q) — B8f(¢?) have level T'y(p) and
are eigenvalues of U,. They are overconvergent! Note that v(a),v(8) < p — 1.
There is (almost) a converse to this, namely, if f is an overconvergent eigenform
for U, with U,f = Af and v(\) < k — 1, then f is classical. This is a theorem of
Coleman [Col96]. When v(A) = k — 1, it can (and does) go either way, although
there are more refined conjectures predicting what should happen in this case.

3.7. The characteristic power series. Associated to the compact operator U,
is the Fredholm power series det(1 — TU,) € Z,[[T]]. Generalizing Hida’s theo-
rem, Coleman shows that as the weight varies, the coefficients of this series vary
continuously in the weight. Moreover, they may be identified with elements in the
Iwasawa algebra A = Z,[[Z,]]. Using the fact that forms of small weight are classi-
cal, the usual trace formula allows one to give an exact formula for the coefficients
of det(1-TU,) as finite sums involving class numbers. In particular, the coefficients
are very computable, and thus, via Newton’s Lemma, the valuations of the spectral
eigenvalues |\1| > |Az] > ... are also very computable.

3.7.1. Exercise. Show that any finite slope eigenvalue of U, lies in M,I(l",r) for

p
any r < ——.
Y p+1

3.7.2. Exercise. Prove that the trace of Uy on MJ(1,7) is

7T—-7
28
3.8. The Spectral conjecture. We have seen that, in general, the asymptotic ex-
pansion with respect to a compact operator need not be absolutely convergent. One
may ask whether this sequence does converge in the special case of overconvergent
modular forms with respect to the Up-operator. One obstruction to convergence is
as follows.

=1+28 424497 4210 4 212 4 o134

3.8.1. Lemma. If the asymptotic expansion of an operator U on a Banach space
B is convergent to the identity operator, then ker(U) = 0.

Proof. This is obvious. O
On the other hand, we have the following.
3.8.2. Lemma. V,, defines a map
Vp: Mg(l—‘,r) — M,I(I‘,r/p).

The proof is virtually the same as the proof that V), preserves p-adic modular
forms. More precisely, V,,f evaluated on E depends only on f evaluated at E/C,
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where C' is the canonical subgroup. Yet this increases the valuation of the Hasse
invariant. On g-expansions, we have

Vp Z anqn = Z anpqn~

In particular, the composition U,V), is the identity. (This follows from the ¢-
expansion principle.) Let W, be the operator 1 — V,U,. Then U,W, = U, —
U,V,U, = U, — U, = 0. In particular, if f lies in ker(U,) then W,f = f, and
moreover, the image of W, lies in the kernel of U,. On g-expansions, we have

szanqn: Z anqn-

(n,p)=1
1
3.8.3. Lemma. Suppose that r < P then W, defines a map:
p

MJ(T,r) — M (T,r)
which is a projection onto ker(Up).

The reason the bound on r is needed is that for larger r, it is not necessarily
the case that U, increases the radius of convergence by a factor of p, and thus the
composite V,U, may decrease the radius of convergence. We immediately deduce
from this the following:

3.8.4. Lemma. Suppose that
1
r< —:.
p+1
Then the kernel of U, on M,I(l", 1) is infinite dimensional. In particular, the spectral
expansion of U, for such r is not in general convergent.

On the other hand, there seems to be a transition that takes place at r = 1/(p+1),
as indicated by the following lemma.

1
3.8.5. Lemma. Ifr > P then the kernel of U, on M,i(l“,r) is trivial.
p

Proof. This is [BCO6] Lemma 6.13 (and Remark 6.14). O

The kernel of a compact operator is not the only obstruction to convergence.
Recall that the damped shift operator Uz,_1 = B,x, considered above (where
lim 3, = 0 is a sequence of non-zero elements) has trivial spectral expansions even
though U itself has no kernel. There still, however, appears to be reason to believe
the following.

3.8.6. Conjecture. Suppose thatr € (1/(p+1),p/(p+1)). Then any F € M} (T, r)
has a convergent spectral expansion which converges to F.

Explicitly, we may write any F € M, ,1 (T',r) as

F = Z iy (F)’Ui,
where the v; are a fixed choice of (generalized) eigenvectors with eigenvalues A;.
Note that by “convergence” above we mean convergence in the Banach space norm
on M, ,I(F, r) (that is, the supremum norm). This is a much more restrictive condi-
tion than convergence in the g-expansion topology (which is the supremum norm
on the ordinary locus X*[0].)
37



3.8.7. Remark. Since the norm on X'8[r] is non-Archimedean, given any spectral
expansion of F as above one has:

1E1 < sup [mi(F)] - [Jvill -

It is natural to supplement the spectral conjecture with the guess that ||F||,/, =
sup |m; (F")] - ||v[[1 /2, which would be a consequence of knowing that the eigenvectors
v; are sufficiently disjoint.

This conjecture also has immediate consequences for a form F € M ,1 (', r) for
any r.

3.8.8. Lemma. Let F € M,I(F,r), and suppose that F ~ > a;v; is the asymptotic
expansion of F'. Assume Conjecture[3.8.6 Then

UpF =Up Y i
for sufficiently large n. One may take any n such that v(r™) > 1/(p +1).

3.8.9. Remark (Remark on semisimplicity of Up,). One might wonder if F' can
actually be decomposed into eigenfunctions. It turns out that this is a subtle
question even for classical forms. The action of U, on the two dimensional space
of old forms for an eigenform f of level prime to p is given by (with respect to one

basis):
a, Pl
-1 (.

This is semi-simple only if a2 # p*~'. It is still unknown whether this can happen,
although it follows from the Tate conjecture [CE98|. One certainly expects — even
if U, fails to be semi-simple — that the corresponding generalized eigenforms all
decompose into actual eigenforms for the Hecke operators T, with £ prime to p and
the level.

3.9. The invariant pairing. How does one prove that a spectral expansion of a
compact operator U on a Banach space B exists and is convergent? A natural way
is to show that the operator U actually preserves extra structure, namely, that B
has the structure of a Hilbert space H = (B, (,)) such that U is self-adjoint. One
of the problems with trying to apply this to our case is that there is no notion
of Hilbert space for non-Archimedean fields. The point is that quadratic forms in
sufficiently many variables over Q, are never anisotropic. (That is, quadratic forms
have zeros.) It follows that it’s very hard to define a “non-degenerate” quadratic
form, since one will invariably end up with vectors v such that (v,v) = 0. On the
other hand, it turns out that the operator U, on MJ (T',r) does preserve a natural
pairing, as long as r is sufficiently big.

Let (E/R,wgr) be an elliptic curve with

We know that F admits a canonical subgroup C, and one has a corresponding point

(E,C) on X4%(p), the image of E under the section X"&[r] — X3%(p) for r > s.

The Fricke involution w, acts on X{#(p) by sending (E, C) to (E/C, E[p]/C). If E

is the Tate curve T'(g), for example, then (E,C) = (T(q), up) and (E/C, E[p]/p,) =
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(T'(¢P),{q}). In particular, the corresponding subgroup is no longer the canonical
subgroup, and E/C is not in the image of X™&[r]. If, however,

p
<s< —,
p+1 p+1
then E[p]/C has a canonical subgroup which may be identified with E/C ([Buz03]).
Moreover (ibid.) one has an equality
v(A(E/C,¢p*w)) =1—s.
It follows that, if v € M ,Z(F7 7) then wyv is a function defined on pairs (F,w) such
that
1>v(A(E,w))>1—r.
Suppose that r > 1/2. Then for any pair of functions u and v in MJ (", r), both
u and wyv are then both defined on the annulus [¢t| = |p'/2|, where t is a local
parameter at the supersingular point. In particular, as long as r > 1/2, one may
define a pairing on Mg (T',r) as follows:

(u,v) = /w*vdu := Res,—cw*vdu.

3.9.1. Lemma (Loeffler [LoeQ7]). This pairing is U, and Hecke equivariant.

If N=1and p=2andr=1/2, then Mg(l, 1/2) = Cy®Zs[[g]], where g = 26 f.
Note that w*g = g~ ', and so

(™ g / —m ndg m, m=n
, = n — =
9,9 g g g 0, m#n.

3.9.2. Symmetric operators. A symmetric matrix over C is not necessarily diago-
nalizable. One might ask if being symmetric allows one to deduce anything. Let
B be a Banach space over C, with |B| = pQ@ U {0}. Suppose that B admits a
continuous bilinear pairing

(-,-) : Bx B — C,.
Suppose, furthermore, that B admits a topological basis {z;} such that

(zi,25) = bij.

3.9.3. Question. Let U be a compact operator on B that is equivariant with respect
to the pairing, that is,

(Uz,y) = (z,Uy).
Suppose that B contains a non-zero vector v such that the action of U on the

closure of the vectors U™v for all n is topologically nilpotent. Then is it the case
that ker(U) #0°¢

3.10. A special case of the spectral conjecture. One piece of evidence for this
spectral conjecture is the following.

3.10.1. Theorem (Loeffler [Loe07]). The spectral conjecture is true if N =1 and
p =2 forr € (5/12,7/12). Moreover, one also has ||F||, = sup |la;¢;||» in that
range.

In light of the main theorem of [BCO5|, one has the following.
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3.10.2. Theorem. Let Ay > Ao > A3 > ... denote the eigenvalues which occur
for N =1 and p = 2 of valuation 3,7,13,.... Let v; denote the corresponding
eigenform, normalized so that the leading coefficient is 1. If F € Mg(l7 1/2), then
there is an equality

(Pis Pi)

F = ZOW% where o 1=

Moreover, |a;pi|lij2 < [|F|l1/2 for alli.

3.10.3. Lemma. If ¢; is a normalized overconvergent eigenform, then

||¢1Hr Z 1.
Proof. We noted previously that [¢;][, > |l¢illo- The latter is given by the g-
expansion norm, and thus (since ¢; is normalized) it follows that ||¢;|lo = 1. O

By Lemma |3.10.3] we deduce that

IFllys _
= <||F 1o
3ll1/2 2

In practice, one expects ||¢;]|1/2 to increase relatively quickly. However, this esti-
mate at least allows for an explicit computation of ;. We return to the numerology
of eigenforms in section

3.11. Some heuristics. Let us now reformulate the spectral conjecture in a slightly
different way in weight 0. First, suppose we are working with classical cusp forms
in Sk(T', C). Then, for a cusp form F, one has an identity:

Z <¢Z7 >¢
()
(is @)
where the right hand side is a finite sum over cuspidal eigenforms ¢;, and (x, *) is
the Petersson inner product, given by

& dxdy

(6 15) = /w

which satisfies
(¢,0) = L(1,ad’¢)

for eigenforms ¢. On the other hand, we expect that for F' € Sg(F,r) (and r
sufficiently large), one has an identity:

P=Y oo

where the right hand side is now an infinite sum over finite slope eigenforms ¢;,
and (x, %) is the invariant pairing described above.

3.11.1. Exercise (). Show that, suitably normalized, the invariant pairing (p, )
for a finite slope eigenform ¢ coincides with the p-adic L-function Ly(1, ad0¢,.€) at
k = 0, where ¢, denotes the Coleman family of eigenforms of weight K passing
through ¢.
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Here are some thoughts on this exercise. Note that the p-adic adjoint L-function
is related to the ramification of the Coleman family ¢, over weight space. In
particular, L,(1, adogzb,i) should have zeros exactly at the ramification points (results
of this flavour were proved by Kim in his thesis [Kim06]). On the other hand,
assuming the existence of spectral expansions one expects that (¢, ¢) = 0 where
U¢ = A\¢ if and only if there exists a generalized eigenform v such that (U—\)y = ¢
(see the calculation of for one direction, and use the g-expansion principle
and the fact that (x, @) is non-vanishing for the other direction). Yet the non-semi-
simplicity of U is equivalent to the eigencurve being ramified at this point.

4. EXAMPLES

In this section, we give some explicit examples in order to illustrate the general
theory. Write

1
J= g T 196884 4 . = > e(n)g™

We first show how to understand congruences for ¢(n) modulo powers of two using
a classical method, and we shall return later and use a modern approach, which
gives more information.

4.1. An example: N =1 and p = 2; the Watson approach. Recall that X(2)
is uniformized by the function:

f=qllQ+¢)** =q+24¢> + ...

3

n=1

and that there is an identity
(1+2°%f)°
/
We first apply Us to j, and we find that:

Upj = T44+ ) c(2n)q".

Formally, Us takes functions on X(1) to X(2). Thus Usj is a meromorphic func-
tion on Xo(2). Moreover, since Usj(E) is a sum of j(E/C) for various C, the
function Usj will be holomorphic on X((2) away from the cusps. Since Usj is holo-
morphic at co, it can only have poles at the other cusp of X((2), namely at f = oo,
and hence Usj is a polynomial in f. Indeed:

Usj — 744 = 140737488355328 f4 + 3298534883328 f3 + 19730006016 f% + 21493760 f
= 27 (262144¢" + 393216¢> + 150528¢> + 104959) ,

where g = 26 - f. On the other hand, if A is a meromorphic function on X(2)
then so is Uzh, and if h only has a pole at 0 then so does Ush; that is, Uy takes
polynomials in f to polynomials in f. We see:

Usf = 24f + 20482,
Upf? = f+ 1152f2 + 1966083 + 8388608 1%,

and so on. More generally,

=3+ (74)
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Hence U, f™ satisfies a recurrence relation x,, — a1x,—1 + a2x,—2 = 0, where

1
X2 a1 X +as = (X—f (g)) (X—f (T; )) — X2 (48] + 4096 f2) X — f.
The classical idea is now to explicitly compute the “matrix” of U on some nice
basis. If, for example, one shows that this matrix is divisible by 8 (in this case),
then iterating U will establish the necessarily congruences.

4.1.1. Lemma. Let h = 8f, and consider the ring R = Zs[[h]] of power series in h
with integral coefficients. Then the operator F := Us/8 acts continuously on h - R.

Proof. Continuity is equivalent to asking that F(h™) € R, and the degree of Ush™
goes to infinity with n. Both claims follow by induction. From the computations
above, we see that:

F(h) =3h+32h%,  F(h?) = h+ 144k 4 3072° + 16384h",
and then F(R") = 16(3h -+ 3242) F(h" ") + 8hF(h"~2). 0

Since Usj — 744 € 281 - R, it follows that
D e(2mn)g" = U'j — 744 = (8F)™ ! (Unj — T44)
n=1

c (8F)™ 1(2%h- R) c 285 F(h- R) C 2°™T°h - R C 2°™T8Z,[[q]].

This proves Lehmer’s congruence in the introduction.

4.2. An example: N =1 and p = 2; the Coleman approach. The function j
defines a meromorphic function on X™&[r] with a pole only at co, and hence U,j

extends to an element of Mg (", r) for any

_pP
p+1
The operator U, on this space is compact. Now let p = 2. We may manually
compute the first few slopes of the spectrum of Us to be 0, 3, 7, and 13. Of course,
1 is an eigenvalue for U, with slope zero. In particular, for any overconvergent
form g in MOT (T, r) with no constant term we have, from the asymptotic expansion

Lemma [3.5.2)), that

r<

g~ a1d1+ a2 +azps + ...
and thus:
UQM(UQJ — 744) = Oél)\an(bl + ag)\gn(bg + 0(213m).
How may one compare these arguments? The Watson style argument essentially
proves by hand that Us is compact, and indeed that the norm of F = U,/8 on
the cuspidal overconvergent forms is 1. This justifies the claim in the introduction
— Coleman gives you the compactness of U by geometry, whereas Watson gives
it to you by explicit computation, but by a computation which needs to be redone
every single time to get the best bounds. Moreover, such computations become
essentially infeasible as soon as Xo(p) has genus > 0. On the other hand, the fact
that F has operator bound 1 is is stronger than the fact that the first eigenvalue
has slope 3, even if it doesn’t say anything about the higher order eigenvalues. How
may we reconcile these two approaches?
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Let us see what can be extracted from the spectral conjecture, which is a theorem
in this case. We may write
.  (Uaj, ¢4)
Upj — 744 =) i¢yi, where a; : o]
Moreover, ||a;ll1/2 < [|Usj — T44|12 for all i. Given the formula for Usj above,
and the fact that ||g|l12 = 2°|f]lij2 = 1, we deduce that there is an identity
[U24ll1/2 = |2°| = 27, and thus v(a;) > 5. It follows that

UQm(U2]) = a1>\;n¢1 + a2)\;n¢2 mod 213m+5’

that is, we have made the constant above effective. From this we may compute
easily enough that a; = 2 + 212 + .. and ay = 26 + 217 + ... from which we
deduce the congruence of Lehmer. Yet we see that we get something much stronger,
namely, that not only does v(¢(2™)) = 3m + 8, but

0o

om
2 : C( TL) qn mod 24m+1
n=1 2m)

o

is a Hecke eigenform. More generally, we have the following:

4.2.1. Lemma. Let F € Mg(l,l/?), and suppose that F is mormalized so that
| Fll12 = 1. Then the spectral expansion takes the form.:

2°-) g
where «; is divisible by 2¢.
Proof. This follows from the estimates on [|¢;||; /2 we shall prove in Lemma O

4.3. An example: the coefficients of ¢(n) modulo powers of p. Let’s now
consider a more general example, which seems harder to prove by any direct com-
putation.

1
4.3.1. Example. Let j = — + 744 +196884¢q + ... = Zc(n)q” be the modular j
q

invariant. Letf = epj denote the projection of j to the ordinary subspace. Then
there exists a constant ¢ depending only on p such that

U"j=U"; mod p" .

Proof. We first prove that there does not exist an overconvergent eigenform of
weight zero and slope o with 0 < o < 1. Assume otherwise. Then, by theory of
Coleman, there exists a classical form with the same slope and (possibly very large)
weight 0 mod p—1. By Theorem 1.6 of [BG09], it follows that if 5 : Gq — GLa(k)
is the corresponding mod-p Galois representation attached to this form, and D, =

Gal(Q,/Qp) C Gq is the decomposition group at p, then
W2 @p|D, =w? @IndFwd? = W @ Ind¥wd % = Ind P Wi = Ind ¥ wsd.
In particular, it follows that p|D, and thus p is irreducible (as long as p # 2, which
we already considered), and hence, by the weight part of Serre’s conjecture, the
twist w? ® p gives rise to a non-trivial class in
S4(SLa(Z), Fyp) =0,
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a contradiction. In particular, the eigenfunction of weight zero with largest slope
which is not ordinary has slope at least 1. The result then follows immediately
from the asymptotic expansion. O

4.3.2. Remark. Note that exactly the same argument — and conclusion — applies
to any overconvergent p-adic modular form of weight O and level 1.

4.3.3. Exercise. Let g be any p-adic overconvergent modular function which is
A

(pT). Prove that
A(r)

o = exp(slog(e)) =1+ s(g = 1)+ (3 )= 17+ ()= 10+

is also overconvergent for sufficiently small s € C,. Compute what sufficiently
small means explicitly in this case.

congruent to 1 mod p, for ezample, g=1+p

A natural question that presents itself is as follows: Can one effectively compute
the constant ¢? Suppose one assumed the existence of a convergent spectral expan-
sion, together with the estimate ||F||, = sup |a;] - ||¢:|» for r = 1/2. As with p = 2,
we would then have: B

Upj =Upj +a1¢1 + aadpa + ...
and it would suffice to obtain effective and uniform bounds for «;. Yet there are
obvious bounds ||¢;||, > 1 and ||Upj||» < p for all r, and thus |a;| < p. As we shall
see later, it is most likely the case that the norms ||¢;||, grow extremely rapidly
(exponentially in 7) and thus the «; decrease to zero in a concomitant fashion.

4.3.4. Exercise (x). What is the optimal upper bound for ||U,jl|. for general p?
What about the optimal upper bound for the operator norm ||Up|, ?

4.4. An example: convergence slower than O(p™). There do exist forms of
slope strictly between 0 and 1, which may effect the rate of convergence. To give
an easy example, let

f=> am)g" =q[[1—a")?1-¢"")? € S2(To(11), 2),

which corresponds to the modular curve Xy(11). This elliptic curve has super-
singular reduction at 2, and the minimal polynomial of crystalline Frobenius is
22 +2x —2. Tt follows that the corresponding old forms f., fs with a, 8 = —14++/3
of level I'y(22) each have slope 1/2. In particular, it is not too hard to show that:

Za(an)q" =0 mod 2/%1,

but that there is no such congruence modulo any higher power of 2. Of course, the
same thing happens (with the same form) for any of the infinitely many primes p
such that X((11) is supersingular.

4.4.1. Exercise. Show that if

(1 + 240203(71)61”) ¢ [T —am*

E4A o n=1 . n
Fos ( 1416 ) = D_dmg",

1 _ n
2913228046513104891794716413587449 > _oss(n)g
then Z d(59™n)q"™ converges to zero no faster than O(59™/2).

44



4.5. Forms of half integral weight. (cf. [Ram06,Ram08]). One may ask whether
there exists a corresponding theory of p-adic and overconvergent modular forms of
half-integral weight. The answer is yes. First recall how modular forms of half
integral weight are defined — one starts with a particular modular form 6 =) q”2
and uses it to define (analytically) a square root of the sheaf w. On the other
hand, the form 6 certainly lies in Z[[¢]], and so with a little care one can carry out
these constructions a little more arithmetically. A key point in Coleman’s work is
that, as far as the analysis goes, one can pass between any integral weight k£ = 0
mod p — 1 and weight 0. In particular, suppose that k is positive. Then there is an
isomorphism of Banach spaces:

¢ MI(T,r) — MI(T,r)

defined by divisiion by V,Ej. (Since Ey = 1 mod p, it doesn’t vanish on the
ordinary locus, and hence for formal reasons both Ej and V,E} are invertible for
some r > 0 — one can be more explicit.) Although this map is not Uy,-equivariant,
one may define a twisted operator by the formula:

Ly

U= UL
Vo Bk

Then, for F' of weight k, one has
U,F E, U,F Ey, F ~
UF) =2 = It U = Uy(F).
V(UpF) WE, VpE, Eg Vo Eg Vo By v(F)
The key observation, however, is that one may now extend this to any weight s in
Hom(A, C,), by replacing Ej by the p-adic Eisenstein series:

_CP(K/) - "i(d) n
Be=y 2 (2 |

n=1 d|n

When & is the weight 2 + 2¥, one recovers the classical Eisenstein series E} of
weight I'g(p). For forms of half-integral weight, one may also transfer the actions of
Hecke operators to any other weight in exactly this way. Note that for half-integral
weights, the appropriate operator at p is Upe.

4.5.1. Theorem (Ramsey). Let k be a half-integer. There exists a space of over-
convergent forms M,I (T, r) of weight k, and Uy, acts compactly on this space.

4.6. An example: congruences for p(n) modulo powers of p.

4.6.1. Example. Let

1 n+1
-1 _ 23/24 47/24 _ "
n —q1/24+q + 2¢q +...—Zp( 51 )ql

be the inverse of Dedekind’s eta function. Let F denote the projection of n~ ' to
the ordinary subspace. Then there exists a constant ¢ depending only on p such that

U”vfl = U"F mod p"~¢.

Note that this has no content if p = 2 or p = 3, so assume that p > 3.

The form n~! is meromorphic of weight —1/2. The form 7~!(247) has level

I'o(576) and character x — but it will be relevant to note that n has extra symme-
tries — suggested, for example, by the fact that n?* has level one. In particular,
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one may define modular forms of half integral weight in a different way — by using
71 instead of 6.

4.6.2. Definition. The modular forms My(1,C) of half-integral weight k and 7-
level one are the holomorphic forms on H which are bounded at the cusps and such
that:
fr) _ nyn)*
fr) m()r
We can’t quite use this to give a splitting of w at level one, for stacky reasons.
However, by allowing various different auxiliary levels this space admits a good
integral structureﬂ Note that w®!? does exist on X (1), and that there are natural
maps:

]\412(17 C) X Mk(l, C) — M12+k(1, C)
where k is half-integral. We have

Upn ' €St ,(1,r).
Alternatively, in the usual normalization, we certainly have
Upan~'(247) € ST, (To(576), 7).

Let e denote Hida’s idempotent operator, and let F' = Uy2n~'(247). Then, formally,
there is an equality

F:(ipF+H+H21,

where H is a finite sum of generalized eigenforms of slope strictly between 0 and 1,
and p‘kU;Z (H>1) is bounded. It suffices to show that H is zero.

4.6.3. The Shimura correspondence. Suppose that H # 0. It follows that there ex-
ists, in SI /2> A0 eigenform of slope between 0 and 1. By the overconvergent Shimura
correspondence [Ram09], there exists a corresponding overconvergent eigenform of
weight —2, also with slope between 0 and 1. A priori, one might expect the level
to be I'g(288). However, after twisting, this form lies in I'g(6), a fact that requires
proof but follows from the underlying symmetry of 7. Indeed:

4.6.4. Lemma. The image of the Shimura correspondence from S_y,5(1,7) lies in

ST, (To(6),7) ® x12,

where x12 18 the quadratic character of conductor 12. Moreover, the eigenvalues
of the corresponding form of level To(6) of Us and Us are given by 22 and 372
respectively.

One can provide fairly soft proofs of these type of facts using the trace formula
— one only needs to compute that the appropriate spaces have the same traces of
(Up2)™ and (U,)™ respectively.

From the existence of the eigencurve [CM98] (or by Coleman’s results), it follows
that there exists a classical form of weight Kk = —2 mod p — 1 and slope between
0 and 1, as well as the indicated eigenvalues for Uy and Us. It follows from [BGQ9]

6Explicitly, choose an auxiliary prime ¢ distinct from 2, and then work at level X (q), where
the sheaf w exists. Then, take invariants under PGL3 (Fy).

46



Theorem 1.6 that if p: Gq — GL2(O) is the corresponding Galois representation,
then

P|ID, = Ind¥ul™ = w® Ind¥w;®,
and hence that
(p®wh)|Dy = (MdFw;?®) @ W = (dFw; ™) @w; " = (IndZwf).

Thus there exists a classical eigenform h € Sg(I'g(6),O) which is supersingular.
Moreover, the eigenvalues of U, and Us are given by 24272 = 22 and 3*-372 = 32
respectively. On the other hand, Sg(I'y(6), O) is one dimensional, and the corre-
sponding eigenform

h=q+4¢" — 9¢° + 16¢" — 66¢° — 36¢° + . ..

has U2 =4 but U3 = —-9.

4.7. An example: congruences for the partition function modulo powers
of 5. A routine computation shows that the corresponding eigenvalues \; > Ay >
Az > ...of Up on ST_l/Z(l,r) have slope

2,7,9,15,19,22,27,29, 36, 39, ...
It follows that one has an asymptotic expansion:
Upeny™ ! ~ 11 + oo + azds + . ...

The fact that ¢; has slope 2 corresponds to the congruence for the partition function
modulo powers of 5. In particular, it follows that:

— (25™n+1
S (Pt e =0T

n=0

where ¢; is an eigenform for the Hecke operators Ty with £ # 5 as well as the
operator Uss. Here one may numerically compute that

M=4-5242.543.52+5°+2.5"+3.5%9 4+ 51t 4512 p 5l

4.7.1. Exercise (x). The eigenvalues of weight —2 of level N = 6 with p = 5 which
are new at 2 and 3 with wy = wz = +1 have slope:

_ a1 (3n)!(3n)! (6n +2)!(6n — 2)!
U(A")_”<5 Gt D)IBn—11  (2n)(2n)! )

4.7.2. Exercise. One has the following congruences for ¢(n) and p(n) modulo other
small primes:

(1) If n =0 mod 223°5¢7911¢ and n # 0, then
c(n) = 2308320350t iTdqe,
(2) If24n =1 mod 5°7¢11¢, then
p(n) =0 mod 5°714+2)/21 ¢,

Ezplain these congruences in terms of the eigenvalue of U, or U,: of smallest slope.
Compute the slope of the next smallest eigenvalue in each case to give convergence
results as above for p =5.
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4.8. An example: congruences for the partition function modulo powers
of 5, following Watson. Suppose instead of using Coleman’s theory, one wanted
to prove the congruence above directly, even just the considerably weaker classical
congruences. Then one has to explicitly determine enough about the operator
U = Uss to show that (for example) it is divisible by 25. As in § one needs to
work explicitly with modular equations. For example, let

4.8.1. Lemma. The following identity holds:

4
(X _ ¥ (T+m>) = X5 4y X% — 4 X® — a5 X? — ayX — as,
=0

5
m

where

a; = 52f(63 +260f + 3152 + 1503 4 25f4)

ay = 51 f(52 +63f + 30f2 +5f3)

az = 5°f(63 + 30f + 5£2)

as=5"f(6+ f)

as = 58f
Proof. The proof is routine. (I

U= ™ —1 U= ™ —1 5
4.8.2. Lemma. For a non-negative integern, let A, = 5f+(7) and B,, = M
n=*(57) n=1(7)

Then A, and B,, are polynomials in f which satisfy the recurrence relation
Xpn=a1Xp 1+ aX, 2o+...+a5X, 5.

Moreover, for small values of n, we have the following equalities:

Ay = 5f(28 4+ 245f +525f% 4+ 455> + 175" + 25f°)

As = 52 f(104 + 9100 f + 1138802 + 528125 f° + 1232725 f* + 1660750 f° + 1376375 f°
+ 7150007 + 227500f% + 40625 f° + 3125f'°)

Az = 5°f(19 + 13889 f + 672885 f% + 9791080f% + 66083900 + 252487675 f° + 608947625 f°
+ 9889262507 + 1124158750 f° + 913721875 f° + 534909375 10 + 224081250 f'" + 65609375 1
+ 12765625 f1% + 1484375 f™* + 78125 f'%)

Aq = 5°f(1 4 8375f 4 1375975 f% + 52547625 f° + 831122125 + 7023871875 f° + 36454450625 f°
+ 1265282312507 + 310499593750 % + 559393046875 f° + 759056634375 f1° + 788952734375 f 1
+ 634365468750 £ 12 + 396053515625 F 2 4+ 191527734375 f ' + 71064453125 F'° + 19855468750 f ¢

+ 4042968750 f'7 4 566406250 f'° + 48828125 ' + 1953125 £2°)
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By=1
By = 5f(63 +260f + 315f% + 150> + 25f%)
By = 5% (104 + 4095 f + 328202 + 107300 4 182700f* + 180375 f° + 107500 °
+ 382507 4 7500f° + 625)
Bz = 5" f(189 + 49230 4 1512585 f% + 15998850 f° + 83171925 f* + 251923750 f° + 488490750 f°
+ 6406875007 + 586327500 % 4 379518750 f° 4 173362500 '° + 54750000 + 11390625 f 2
+ 1406250 + 78125 f'%)
By = 5°f(24 + 42920 f + 4266360 f> 4+ 118018875 f° + 1455608800 f* + 9969720300 f> 4 42885018000 °
+ 1250267465007 + 259678080000 f° 4 397294462500 f° + 457754050000 £ + 402607546875 f*
+ 2720385000002 + 1411478125003 + 55788750000 + 16505156250 f° + 3540625000 f '

+ 5203125007 4 46875000 % 4 1953125 f°
q/5+ 5(28f + 1822 + 2653 + 140f* + 25f%)T — 52(—104f — 202 + 10£3)T? — 5% (—19f + 62 + 5f3)T3 + 56 7%
1—a1T —axT? — azT3 — ayT4 — a5T>

1 — 20f(63 4+ 260f + 3152 + 1503 + 25f4)T — 53 f(156 + 189f + 902 + 15F3)T2 — 54 £(126 + 60f + 10£2)T350 f(6 + f)T*
1—a1T —aT?2 — a3T3 — ayT4 — agT®

ApT" =

8

n=0

B,T" =

18

0

Proof. These follow from the standard methods. Note that some of these identities
are quite classical, for example, Ay = f/5 is just the identity

w1 —¢%)P(1 —q0)%(1 —¢'%)% -
ZP(5n+4)q =5 (1—q)6(1—q2)6(1—q2)6---

O

Many of these equations are (in slightly disguised form) in [Wat38]. These re-
currences give enough information to prove (as in § that, with respect to some
suitable basis, that Uss = 52F for some suitable continuous operator F, which
allows one to prove the desired congruences, which is what Watson does. However,
it does not seem obvious how one can use this approach to understand the second
eigenvalue (and eigenvector) of Uss. What one needs to show is that the action
on Uss on some natural space is divisible by 57 — yet this is only possible if one
can somehow project away from the eigenform ¢, of slope 2. Unlike the Eisenstein
series — which in weight 0 is just the constant 1 — there is no obvious way to
account for the influence of ¢; when trying to estimate the error term.

5. p-ADIC ARITHMETIC QUANTUM CHAOS

(See [Sar93].)
Fix a modular curve X = X(I'). Don Blasius suggested to me the possibility that
there could be an useful analogy between the discrete spectrum of the hyperbolic

Laplacian
02 0?
A==+ =
Y <8x2 + 0y?
and the operator U, in weight zero. In this section, we discuss various conjectures
relating to this question.

One natural question is how to count such eigenvalues. They both form infinite
countable sets — in the Archimedean case by a non-trivial result of Selberg, and in
the p-adic case by Coleman — it suffices to note that the coefficients of the Fredholm
determinant are all non-zero, which follows by a theorem of Koike [Koi75, [Koi76].
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The natural way to count eigenforms is thus by bounding the size of the eigenvalues.
In the classical case, the classical result is the following;:

5.0.3. Theorem (Weyl’s Law). Let N(T) := #{X [v(A) < T} denote the counting
function for discrete eigenvalues of A. Then
Vol(X)

The modular curves inherit from H a natural metric of constant curvature -1.
Recall that, with respect to this metric,
Vol(X) = [To(1) : T] - g

Somewhat better error bounds are known, but they, too, are non-trivial. Note
that volume is taken with respect to the natural measure on X which makes it a
manifold of constant curvature —1. When it comes to counting finite slope eigen-
forms, the natural measure of size of eigenvalues is by their valuation. Since the
operator U, depends on the choice of a subgroup of order p, it is more natural to
work with Xo(p) rather than X (at the level of the appropriate rigid analytic spaces
X*ig[r] there is no difference due to the existence of the canonical subgroup).

5.0.4. Conjecture (p-adic Weyl’s Law). Let N(T) := #{X |[v(X\) < T} denote the
counting function for eigenvalues of U,. Then

_ Vol(Xo(p))

N(T) 4

-

How does one count such eigenvalues? The slopes of the eigenvalues are de-
termined (via Newton’s Lemma) to the valuations of the Fredholm power series
of 1 — TU. We have the following partial result, which proves one direction of

Conjecture [5.0.4}

5.0.5. Theorem. There is an inequality:
< Yol(Xo(p))
- 4

This follows from the estimates of Wan [Wan98] (in particular, it follows via an
easy computation from Lemma 3.1 of ibid.) One also obtains from this a bound:

N(T) -T + o(T).

5.0.6. Theorem. There is an inequality:

. Vol(Xo(p)

N(T) > -T

4 ’
where the implicit constant depends on X.

Another natural problem to be concerned with is the behavior of the eigenfunc-
tions U¢ = A\¢ as functions as A — oco. For example:

(1) How fast does the Lo,-norm grow with A? Obviously this depends on some
normalization of the eigenfunctions ¢. Since the eigenfunctions are L2, a
natural normalization is the L?-norm, i.e., insisting that

1113 = (¢, d)| = 1.
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(2) What is the distribution of the zeroes of ¢? More generally, what do the
eigenfunctions ¢ look like as functions?

For modular surfaces (at least in the compact case, although a lot is known in
the open case as well), the answers to these questions are as follows:

(1) There is a general bound for surfaces ([SS89])

19l = ONYY).

In the specific case of A on compact arithmetic surfaces, one has
6]l = O(X*/32)

by Iwaniec—Sarnak [[S95], who moreover conjecture that
18]l =" O(X).

Iwaniec—Sarnak (ibid.) also prove the lower bound
6]l > log log A

holds for infinitely many ¢.

(2) Roughly speaking, the ¢ become “equidistributed” over X as A becomes
arbitrarily big, and the point measure based on the zeros (of eigenforms)
converges to the point measure.

5.0.7. Remark. In the non-Archimedean case, there is an issue concerning how to
take normalizations. One natural normalization is given by g-expansions, namely,
assuming that the leading coefficient of ¢ is q. A different possible normalization
is given by insisting that

(¢, )| =1,

as in the arithmetic case. Onme issue with this is that it is not even clear that
this normalization is possible. The point is that one does not know, given A # 0,
whether the generalized A-eigenspace of U is a genuine eigenspace. This is because
the pairing does not give rise to a Hilbert space structure which doesn’t seem to
exist in the non-Archimedean world. For example, suppose that (U — A)i = ¢ and
(U—=XN¢=0. Then

The semi-simplicity is still unknown even in the classical case, see Remark
We do, at least, have the following estimate:

5.0.8. Lemma (Cauchy—Schwartz). Let a, 8 € MJ(F,T), withr =1/2. Let | || =
|| - li2. There is an inequality:

(. B)| < [l B]]-
In particular, one could “define” ||¢||o to be the quantity

[l
Ve, o)

then ||¢||s does not depend on ¢ up to scalar, and is conjecturally finite for eigen-
forms, but may (and will) be infinite in general.

[@lloc =

5.0.9. Exercise. Prove that given any two functions ¢ and v, there exists some
non-trivial linear combination a¢ + B such that (ad + P, ad + py) = 0.
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We fix a radius of convergence r, and let || - || denote the supremum norm. In
this case, we have:

(1) We view ||¢]| = ||¢]l» as a substitute for the L>-norm (it is a supremum
norm).
(a) There is no known upper bound for ||¢||.
(b) There is a trivial lower bound ||¢|| > 1, if we normalize by using ¢-
expansions, but no known non-trivial bounds.
(c) If r < 1/2, there is a trivial lower bound ||¢|| > 1, if we normalize by
setting

(¢, &) = 1.

(2) Regarding the function ¢ for large A, there are two natural questions one
could ask depending on the normalization.

(a) On the ordinary locus, the functions ¢ can be thought of as elements
of the universal deformation ring of a finite number of residual repre-
sentations. Nothing is known about the distribution of these points.

(b) On the supersingular locus, a result of Buzzard [Buz03] implies that
eigenforms ¢ extend to sections of X*8[r] for all < 1, and that they
cannot be extended beyond this (so ||¢||, — oo as r — 1), but nothing
is known concerning what these functions look like.

5.0.10. Lemma (Hadamard three-circle theorem). Suppose that ||F|l, = p? and
| Fllp = p? for rational 0 < a < b < p/(p+1). Then there is an inequality:
(r—A4)

(b—a)

foralla < r <bin Q. If F has no zeroes on the corresponding annulus, then
equality holds.

log,, ||F|l, < A+ (B — A)

Proof. Both A and B are rational. Since norm of an integral power of F' is the
corresponding power of the norm, after replacing F' by a power of itself and mul-
tiplying the result by a power of p, we may assume that A = ma and B = mb for
some m € Z. Now consider the function:

G=F-t7".
By construction, the norm of G on the annulus [t| = |p®| is 1, and the norm on
the annulus |t| = [p®| is also 1. If F' has no zeroes, the same argument applies to
FL O

One consequence is that the minimum value of || F||s||F||1—s for s € (1 —r,7)
and F € Mg(l",r) with 7 > 1/2 occurs for s = 1/2.

5.1. An explicit example: N =1 and p = 2. When N = 1 and p = 2, some
mileageﬂ may be obtained from the fact that X((2) has genus zero, as well as the
fact that Us has such an explicit form on MOT (1,7), namely by identifying the latter
with the Tate algebra

g [T+

n=1

M{(L,r) =~ Co2" - f),  f

Tor kilometrage, if you prefer.
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With respect to the natural basis in terms of powers of 2" - f, one has Us = [s;;],
where

3i(i 4 j — 1)1zt o(6-12r)(i—j)

(20 = j)N(2j —9)!
When r = 1/2 this is particularly symmetric. We will (mostly) be concerned with
this value of r, although not exclusively. Note that one has the following relationship

between the valuation of f and the annuli |¢| = |2"|, which can be deduced in a
similar manner to the computations in §3.2.2)

Sij =

5.1.1. Lemma. Suppose that 0 < r < 1. Then, on the annuli |t| = |2"|, one has
1= [I£llr = 22"

For convenience, however, we make the following definitions.
5.1.2. Definition. Let || - || denote the norm || - ||1/2, and let g = 2°f.

Note that ||g|| = 1. Let us denote the eigenvectors by ¢,, for positive integers n.
A key result of [Buz03] implies that eigenvectors ¢ can be analytically continued to
be sections of X™8[r] for any r < 1. One has an exact formula for the slopes of the
eigenvalues [BC05], and one knows the spectral conjecture [Loe07]. For example,
the slope of the nth eigenvalue A, of the eigenfunction ¢,, is

M&J=1+%(%3v.

5.1.3. Exercise. Using the explicit formulae for the slopes, prove the 2-adic Weyl’s
law for N =1, namely, that

 Vol(%o(2)
4

Recall the matrices A = [a;;] and B = [b;;] and the diagonal matrix [Dj]
from [BCO5|, where:

0, = 2-02-0ng, ( %)!!)2 ((2;‘;;)2 (((2;]1;") ((23' - 1)!) ( ! j>,

J
bij = % aji;

N(T) T + O(log(T)).

24i+1(3i)!2i!2

3(24)!4
One has a factorization U = ADB. When r = 1/2, the matrices A and B lie in Zy
and are congruent to the identity modulo 2. As noted in [Loe07], the same holds

for all 7 in the range 5 < 6r < 7. In particular, if we let o = 2(67=12) then the
proof of the main theorem of Loeffler [Loe07] implies the following:

di; =

5.1.4. Lemma. The n-th eigenfunction ¢,, considered as an element of the Tate
algebra Ca{ag), admits, after normalization, an expansion:

¢n = Zai(ag)i
where v(a;) > 0 for all i # n, and v(a,) = 0.

We derive some immediate corollaries from this.
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5.1.5. Corollary. ¢, has exactly n zeroes in X'&[r| for any 5/12 < r < 7/12. In
particular, any eigenform ¢,, does not vanish on the annuli |t| = |p"| for r in that
range.

Proof. This follows from the Weierstrass preparation theorem. Note that exactly

one of the zeroes occurs in the ordinary locus (at the cusp o). O
As an example, consider the point 7 = 4, one has j = 1728 and f = —276 or
g = —1, which lies on the annulus |¢| = 1/2. Hence, no eigenform vanishes at (or

anywhere near) this point. On the other hand, an easy exercise shows that every
classical modular form of level 4™ vanishes at i.

5.1.6. Exercise (x). Where are the zeros for large n?
5.1.7. Corollary. Suppose that n is odd. Then
[{&n, &n)| = llgnll*.
Proof. Writing ¢ = " a;g" with a; € Z, and ¢ = g" mod 2. we have
(Pns ) = Zaiaj<gi,gj) = Zkai =na, mod 2,
which, if n is odd, has valuation 1. On the other hand,
¢l = supa:lllg'll = sup |a;| =1,
since ||g]| = 1. O
5.1.8. Corollary. Normalize the ¢y, so that ||¢,|| = 1. Then the limit:

lim {| |
o

exists as a continuous R-valued function on X*8[1/2], and coincides with the locally
constant function which is 1 on the annulus [t| = |p'/?| and zero everywhere else.

There also exists a second natural normalization of the eigenforms ¢, namely,
the one given by g-expansions. In particular, for these normalizations, we can take
the g-expansion norm ||@||g. Since the ¢ are eigenforms, the g-expansion norm can
be read off from the coefficient of g in ¢, e.g., if ¢ = >_ a;g°, then ||¢|lo = |2° - ay].

5.1.9. Lemma. There is a lower bound:

16all < yuts
[éullo =

Proof. Let us write ¢, = Y a;g° with a; € Zy and ¢,, = ¢" mod 2. Then we may
also write:

0”6 = 3 a"as(ag),
and by Lemma we deduce that:
(n —i)v(a) +v(a;) >0

for all —1 < v(a) < 1. With this normalization, we have ||¢,| = 1, and ||én|lo
|26-a;|. Yet, taking v(a) — —1, we deduce that v(a;) > n—1, and hence v(2%-a;)
n + 5. The result follows.

OV

54



5.1.10. Guess. Suppose that ¢, = g™ mod 2. Then
[(&n: &) = (9", 9™)] = In].

In particular,

Moreover, there are equalities:
2
H(anO _ |29n . )\n|7 H(ZSTLH() _ |29n2 . )\n|

[(Pn, dn)] l[énll?

I must admit the first equality is based on an embarrassingly small amount of
data (for n = 1 to 4), although the final identity is similar to one guessed by Loeffler
when N =1 and p = 5. If we compare the conjectural lower bound of ||¢, ||/ ||¢n o
to the bound established in Lemma (to check for consistency), we obtain the
estimate:

v(Ap) + 2v(n) > 2n+ 1.

This is easy to prove directly (given the explicit formula for the slopes in this case),
and equality holds only for n = 1. From Weyl’s Law, we actually have v(\,) ~ 4n.

5.1.11. Guess. The zeros of ¢1 occur when v(A(FE)) = r takes the following values:
once when r = 8, and then 2™ times for integers n > 1, when

"T 1 on )

The zeroes of ¢o occur when v(A(E)) = r takes the following values: once when
r =3, and then 2™ times for integers n > 1, when

1, A
"T 1 on )

This guess is equivalent to the following. Write ¢ = Z a(n)h™, then the New-
ton polygon of this power series occurs at the vertices (1,0), (2,8), and
(2" +1,24-2" — 2n — 6).
5.1.12. Exercise. Verify this for r < 1 — e for some small €.

5.2. Overconvergent p-adic arithmetic quantum unique ergodicity. In the
spirit that the section heading suggest&ﬂ we make the following general guesses:

5.2.1. Guess. Consider the space MJ(I',1/2). Then the following hold.

(1) The Spectral Conjecture: The operator U, admits a convergent spectral
expansion, and the action of U, is semi-simple.
(2) p-adic Weyl’s law: The number of eigenvalues of slope at most T satisfies

Weyl’s law.
(3) If || - || denotes the supremum norm, then
s
1< = O(logv(X)).
(¢, ¢)]

8Thanks to Simon Marshall for the satisfying acronym.
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(4) If || - [lo denotes the g-expansion norm, then

-
Gy~ Olesv():

(5) As A — 0, are the functions ¢ are distributed in some natural way? As a
special case, is it true that the (normalized) sequence

2

Il
on Mg (T, 1/2) converges to functions which are constant on supersingular
annuli |t| = 1/2, at least if one restricts to subsequences for which the

residual representation p, is constant? (Or, perhaps, to a connected com-
ponent of the eigencurve?) Do the sum of delta measures on X'8[1/2]
supported on the zeros of ¢ converge to any explicit measure on the corre-
sponding Berkovich space (already an interesting computation for N = 1
and p = 2)?7 To make an even wilder guess, let S, denote the zero set of ¢ in
the region X"8[1/2]. We expect (and know for N =1 and p = 2) that | S|
grows linearly with respect to the natural ordering of the eigenvalues. It
may also be the case that Sy is completely contained within X™&[r], where
r=1/(p+1). Consider the measures:

1
— O
S gsi
Is it the case that these measures on complex valued continuous functions
on X"&[r] have a limiting measure on the Berkovich space associated to the
affinoid X"™8[r] (for r = 1/(p+1))? If so, does it converge to the Gauss point
corresponding to the supremum norm on the entire space? For example, is
it the case that when N =1 and p = 2, and for a polynomial F' € Csl[g]],
one has )
;g%@ Y F@)|=[F@)],

€Sy
where r = 1/(p+1). For example, if F' = g, this is equivalent to saying that
almost all of the zeros of ¢ (in X*8[1/2]), the Hasse invariant has valuation
at least r — € for any fixed ¢ >0 and r =1/(p + 1).

(6) As A — 0, the Galois representations pg are distributed on the correspond-
ing global deformation rings Spec(R5) with respect to a natural measure.
Note that when N =1 and p = 2 all the eigenfunctions have coefficients in
Zs; In general, Buzzard raises the question [Buz05] of whether for any N
and p all finite slope eigenforms in any particular weight are defined over
a fixed extension K/Q,. Hence, by measure, we are considering subsets of
the compact p-adic manifold Hom(Rz, Ok ) rather than some measure on

the Berkovich space associated the rigid analytic space corresponding to
R5.

Assuming a very strong version of the Gouvéa—Mazur conjecture, one can rephrase
part |§| of this guess as follows (and equally vaguely):

5.2.2. Guess. Consider the classical modular eigenforms of weight p*~(p—1) over
Q.- Then, as k — oo, the Galois representations modulo p* are distributed on the
corresponding global deformation rings with respect to a natural measure.
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On the other hand, the claims concerning the distribution of ¢ on the annuli are
close to meaningless without some possible candidate distribution.

6. STUDENT PROJECTS

There are various projects, depending on the inclination of the student — some
are more theoretical and some are more computational. (Of course, the computa-
tions should help with the theoretical musings.)

6.1. Turn Guess [5.2.1] into a conjecture. or at least a question. This requires:

6.1.1. More data. Suppose that N = 1 and p = 2. Here’s a practical way of com-
puting eigenforms of high slope. Choose an arbitrary cut off, say n = 100; let
M = [s;;] for 4,5 < 100 denote the corresponding matrix. Compute the character-
istic polynomial X!%° + ... of M. The roots of this polynomial all lie in Z>, so they
are easy to compute to high 2-adic accuracy. Let A’ denote a root of this polyno-
mial to high 2-adic accuracy. Let A denote the corresponding genuine eigenvalue.
Choose a a random vector u € Z3%, and let

v=(M—-X)"u.

for some largish integer m. Then v should be a good approximation to the genuine
eigenvector associated to A. For example, the eight eigenvalue A\g has valuation 31,
and, using Hensel’'s Lemma, we compute that

As = 180209030460611922811273746736146081159890376260
1218215405738446438703552331427086814610754371584 + O(2321)

Let A’ denote this number, and let M be the 50 x 50 matrix [s;;] with ¢, = 1,...,50.
Let

v=(M—-X)"1(1,0,0,0,...,0).
(A larger exponent would probably give a more accurate approximation, but I
didn’t do this in a very clever way so even this computation was a little slow.) Let
w denote the scalar multiple of v normalized so that the first entry is 276. An
approximation to ¢g should then be given by

50 A
pg ~ Z vig'.
i=1
We compute the valuations of the coefficients v; to be as follows:
[-6,-9,—9,—-14,—13,—16,—16,—23, —16, —16, —13, — 14,
-9,-9,-6,-7,4,6,11,12,19.. ]
To test this as an approximation to ¢g, note that the square of the norm | ¢gl|?
appears to be equal to 246 = 29 .82 .223 a5 predicted by Guess [5.1.10, We also
compute the first few terms of the g-expansion (omitted, because they are ratios
of 500000 digit numbers, although it is ridiculous to compute them in this man-
ner, since one should work modulo some power of 2 — hopefully some of you can
programme better than I can):
¢s =~ q +a(2)q® + a(3)¢” + a(4)g* + a(5)q” + a(6)¢® + ...
we find that v(a(2)) = 31 = v()g), and we also check that
a(3)a(5) = a(15) mod 217,
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which is a good check that this is actually an eigenform. We can compute that the
zeroes of ¢g in X'18[1/2] occur at the cusp ¢ = 0 and on [t| = r for

r={1/4,7/24,7/24,5/16,5/16,5/16,5/16}.

Do there exist ¢ with zeros on the annulus |t| = |[p”| with 1/3 < r < 2/3? Do
almost all of the zeroes of ¢ with r < 1/2 have valuation 1/3 —€? A possibly dodgy
computation for ¢15 found zeroes of the following valuations (away from ¢ = 0):

r={1/4,7/24,7/24,5/16,5/16,5/16,5/16,1/3,1/3,1/3,1/3}.

A computation for ¢gs (no attempt to be careful about accuracy) with Agqy =
2255 4 .. yields ¢gq ~" > a;g" with the following valuations for the coefficients a;
(normalized so that a; = —6):
[—6,—9, —9, —14, —13, —16, —16, —23, —21, —24, —24, —29, —28, —31, —31, —40, —37, —40, —40,
— 45, —44, —47, -47, —54, —52, —55, —55, —60, —59, —62, —62, —73, —69, —72, —72, —77, —76,
—179,—79,—-86,—84,—-87,—87,—-92,-91,-94, —-94, —103, —100, —103, —103, —108, —107, —110,
—~110,—117, —115, —118, —118, —123, —122, —125, —125, —138, —125, —125, —122, —123, —118,
- 118,-115,-117,—-110,-110, —-107,—108, —-103, —103, —100, —103, —94, —94, —91, —92, —87,
— 87, -84, —-86,—79,—79,-76,—77,—-72,-72,—69, —73, —62, —62, —59, —60 . . .]
which yields |¢gs] = 2° - 642 - 2255 = 2276 = 22138 " and has roots with [t| = |p"|
and r < 1/2 with r as follows:
r={1/4,7/24,7/24,5/16,5/16,5/16,5/16, 31/96, 31/96, 31/96, 31/96, 31/96, 31/96, 31,/96,
31/96,21/64,21/64,21/64,21/64,21/64,21/64,21/64,21/64,21/64,21/64,21/64,21/64,
21/64,21/64,21/64,21/64,127/384,127/384,127/384, 127/384,127/384, 127/384, 127/384,
127/384,127/384,127/384, 127/384, 127/384, 127/384, 127/384, 127/384, 127/384, 127/384,
127/384,127/384,127/384, 127/384, 127/384, 127/384, 127/384, 127/384, 127/384, 127/384,
127/384,127/384,127/384, 127/384, 127/384},

Note that one has
4

] > lg(@)| =0.92577... ~ 4|jg]l1/5 = 1,
64

€Sy

which (if correct) might be taken as some sort of evidence. In comparison, the
sets S, of nmth roots of unity also converge to the Gauss norm on the affinoid
corresponding to the closed unit disk, and one has

1
| S6al

5
1 .
S = o o2 = 00257~ 2 -1 = L.
n=0

464:1

(The numerical coincidence is not accidental — the LHS are literally equal, which is
perhaps surprising but not completely preposterous since both are sums of powers
of two with exponents in 557 — if |t(z)| = |2"| with r = 127/384, for example,
then |g(z)| = 2762'2" = 2705/32 " and so 4|g(x)| = 271/32. In comparison, the roots
of ¢g3 all occur with » = 1/3 with the exception of the cusp co and one root for
r=1/4,so

4 41
— =—=097619... ~ 4 =1.
5] 2 9@l = g5 = 097619 gl
€Sy
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6.2. More precise questions. What does it mean for the eigenvectors ¢; them-
selves to become “equidistributed”? Compute lots of eigenfunctions ¢; for N =1
and p = 2 and then stare at them, and think about p-adic equidistribution and
Berkovich spaces.

6.3. Some Guesses. Let N = 1 and p = 2, and let k& € Z5. Let j denote a
sequence of positive integers tending to infinity such that j — k in Z,. Do the
Galois (pseudo-)representations ¢; tend to a limit? For example, if j — 0, does ¢,
tend to 1 @ e~! where € is the cyclotomic character? Numerically, one (seems to
have)

1 1 1
¢64zq+(1+3)q3+<1+5>q5+(1+7)q7+... mod 29,

suggesting that ¢om converges to

oo d odd
1 2560
3 o= h —24h* + =——h® — 35840h* + ...
n=1 d|n

g (%:‘) (_?}2#(1611)"

1 1+ +1+4 64h
Tl G S—

Note (by inspection) that this function lies in Mg(l, r) for all r < 1/3, but not for
r = 1/3 (this is also consistent with Lemma because it lies in the kernel of
Us). Moreover, the zeroes of this function occur exactly when 16h = (2 — ¢ for a
root of unity ¢ with |¢ — 1| < 1, equivalently, for a root of unity of two power order.
This is also consistent with the computations above. Another reason one might gues
this convergence is that ¢on, which has slope 2"*2 — 1, lives in a Coleman family
— and if the radius of the family with constant slope is very large (exponential
rather than linear as predicted by the Gouvéa—Mazur conjecture) then it will pass
through the evil Eisenstein series of weight 272,

6.4. Trace formula methods. Consider the question of how the Galois represen-
tations p; associated to ¢; are distributed. For N = 1 and p = 2, they all have
coeflicients in Zs, so they land in the Qs-points of the universal deformation ring
of p. (More accurately, there is only a universal pseudo-deformation ring, and a big
Hecke algebra T.) The corresponding big Hecke algebra is presumably a quotient of
a power series ring over Zs in a small number of variables. Probably those variables
can be chosen to map to 7; for small primes [. One may then study 7; using the
p-adic trace formula (for p = 2 here, but also more generally). Specifically, one may
compute the trace of any compact operator on M, ,I (r). Hence suitable test functions
are continuous maps composed with Up, for example T;U,, for any prime [.

6.5. Rigorous arguments. Can one prove/improve any of the upper or lower
bounds for ||¢,]|| or [{(¢n, d,)|? Can one prove any useful bounds at all for general
N and p?

6.6. The Spectral conjecture. Can one prove anything? For example:

6.6.1. p-adic Adjoint L-functions. Prove Exercise [3.11.1
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6.6.2. Symmetric Matrices. What restrictions — if any — does the existence of
the invariant pairing (x,*) put on the spectrum of U on Mg(l", 1/2)? For example:
determine whether their exists an oo x oo matrix M with coefficients in Z, such
that:
(1) M is symmetric. (m;; = m;;.)
(2) If B is the Banach space of convergent sequences in Q,, then M acts
compactly on B in the natural way. (limm;; = 0.)
(3) The kernel of M is trivial.
(4) The characteristic power series of M is trivial; equivalently, M is topologi-
cally nilpotent; equivalently, the trace of M™ is zero for all n > 0.

6.6.3. Integral structures. Can one find canonical integral structures on MT(T',r)
on which the action of U is (close to) semi-simple on the mod-p reduction? This is
already interesting and difficult on the space of classical modular forms.

6.6.4. The Slope conjectures. Due to Buzzard [Buz05|, Lisa Clay, and others. Buz-
zard’s conjecture has associated pari . gp/magma scripts (see the paper); play around
with those programs if you can.

6.6.5. Applications to congruences. How often does one expect there to be a form
of slope p with 0 < p < 1 and weight 07

6.7. Some reading. It might be worthwhile to take a look at the paper of Gouvéa
and Mazur [GM95] — it’s a very easy read. For the classical take on these con-
gruences, look at Waton’s paper [Wat38] (For a later, similar approach, see the
paper by Atkin and O’Brien [AOG7].) All the technical fact concerning modular
forms we will need are mostly in the first chapter of Katz’s Antwerp paper [Kat73].
Remind yourself what the spectral theorem for compact operators is. It might be
useful to read [Loe07] and perhaps scan [BC05] for some computations with N =1
and p = 2. Feel free to look at Coleman’s papers, although note that we won’t
require the full machinery he uses (and develops) because we will be working in
fixed weight.
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