MODULI SPACES OF CM ELLIPTIC CURVES AND
DERIVATIVES OF EISENSTEIN SERIES

BENJAMIN HOWARD

ABSTRACT. These are notes for a six lecture mini-course at the Morningside
Center of Mathematics. The goal of the lectures is to describe the calcula-
tion of the arithmetic degree of certain moduli spaces of CM elliptic curves
first obtained by Kudla-Rapoport-Yang in the article “On the derivative of an
Eisenstein series of weight one.”

0. INTRODUCTION

In a long series of papers Kudla [11, 12, 13, 14], Kudla-Rapoport [15, 16, 17],
and Kudla-Rapoport-Yang [18, 19, 20] have given examples of relations between
the geometry of some simple moduli spaces of abelian varieties with extra structure
and the derivatives of Fourier coefficients of Eisenstein series. The purpose of these
notes is to describe one such relation in great detail: that of [18]. This is the
simplest case of those listed above, but already this example displays many of the
characteristic ideas of the general program.

Briefly, the set up is as follows. Let K be a quadratic imaginary field with ring
of integers Ok and discriminant dx. The nontrivial Galois automorphism of K is
denoted x — T. For any prime ideal p C O let F, be the residue field Og /p. For
every m € ZV there is a course moduli space Z,, whose points correspond to triples
(E, K, j) in which E is an elliptic curve over an Og-scheme, k : O — End(F) is an
action of Ok on E (a complex multiplication), and j € End(FE) is an endomorphism
of degree m which satisfies

K() 0 j = j o K(T)
for all x € Og. Given such a triple (F,k,j) with F defined over a field k, the
subring of End(FE) generated by Ok and j is an order in a quaternion algebra,
which implies that char(k) > 0 and E is supersingular. The scheme Z,, is zero-
dimensional and of finite type over Ok, and so one may define its arithmetic degree

deg(Zn) = Zlog(lel) Z length(Oz,, .«
P TEZm (F3'E)
where the sum is over all primes p of Ok. Under the additional assumption that
—d is prime, the main result of [18] is that there is a nonholomorphic modular
form of weight 1

oo

E*(1,s) = Z am(v, 8) - €27

(depending on a parameter s € C) whose functional equation
E*(r,—s) = —E"(1,5)
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forces E*(,0) = 0. Here 7 lies in the upper half plane and v = Im(7). In particular
al. (v,0) = 0. Kudla-Rapoort-Yang prove, by explicit calculation of both sides, that
(1) deg(Z"L) = a;n(’U?O)'

In these notes we will focus on the computation of the left hand side of (1).
Our calculations follow broadly the methods of [18], but with some significant
differences. To compute the arithmetic degree one must combine two separate
calculations. First one must count the number of geometric points |Z,, (Fglg)| for
every prime p of Ok, and then one must compute the lengths of the local rings
length(Ogz,, »). The counting of geometric points is done by first proving that
the cardinality |Z,, (F;lg)| has a natural expression as an infinite product of local
integrals, and then evaluating these local integrals. Because our arguments (unlike
those of [18]) make explicit use of this product expansion, there is no need to restrict
to the hypothesis that —dk is prime in the calculation of the left hand side of (1).
The second calculation, the length of the local rings, is the more difficult. This
calculation was originally done by Gross [5], using formal group cohomology, as one
of the ingredients of the proof of the Gross-Zagier theorem [6]. This method does
not generalize easily to other situations; our calculations will instead be based on
Zink’s theory of displays [22, 33]. In these notes we will say almost nothing about
the calculation of the right hand side of (1), beyond the definition of the modular
form E*(r,s). Of course these analytic calculations can be found in [18].

For a positive integer m let R(m) denote the number of ideals m C Ok of norm
m. For any prime ¢ let R;(m) denote the number of ideals of Ox = Ox @z Zy of

norm m. Thus
R(m) =[] Re(m).
[

For every prime £ let e; be the ramification degree of any prime of K above ¢ and
let fy be the residue degree of any prime of K above ¢. If ¢ is nonsplit in K then
eefe = 2, and if £ is split in K then e;f; = 1. Let Ay = @ denote the ring of finite
adeles of Q.

1. SPECIAL ENDOMORPHISMS OF CM ELLIPTIC CURVES

1.1. A course moduli space. Suppose we are given a field F' and a ring homo-
morphism O — F. A CM elliptic curve (E, k) over F is an elliptic curve E over
F together with an action Ox — End(FE) such that the induced action of Ok
on the F-vector space Lie(F) is through the structure morphism Ok — F. More
generally:

Definition 1.1.1. If S is any scheme over Spec(Of) then a CM elliptic curve over
S is a pair (F, k) in which E — S is an elliptic curve and Ox — End(FE) is an
action such that the induced action of Ok on the Og-module Lie(E) is through the
structure morphism O — Og.

Remark 1.1.2. A good introduction CM elliptic curves over fields is Silverman’s
book [30]. A more thorough reference is Shimura’s book [29]. The definitive refer-
ence for elliptic curves over general schemes is the book of Katz and Mazur [10].
Hida’s book [8] is also a good resource.

We define the space of special endomorphisms of (E, k)
L(E,k)={j € End(F) : k(x) 0o j = jok(T) Vo € Ok}
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and set
V(E,k) = L(E, k) ®z Q.
We make L(FE, k) into a left Ox-module via the action = - j = k(z) o j. The Z-
module L(FE, k) is equipped with a canonical quadratic form j — deg(j), and the
degree satisfies
deg(z - j) = Nmp q(x) - deg(j)
for all z € Ok.

For any m € Z* let Z,, be the functor on the category of Og-schemes which
assigns to a Og-scheme S the set Z,,(S) of isomorphism classes of triples (E, &, j)
in which (E, k) is a CM elliptic curve over S and j € L(F, k) satisfies deg(j) = m.
The functor Z,, is not representable, but it is coarsely representable by a scheme
(also denoted Z,,) of finite type over Spec(Ok). This can be proved using the
techniques of [10] as in [18, Proposition 5.1].

Suppose that we have a CM elliptic curve (E, ) over C (after fixing a homo-
morphism O — C). As the endomorphism ring of any elliptic curve over C is
either Z or an order in a quadratic imaginary field, the map k : Ox — End(FE) is
an isomorphism. This clearly implies that L(F, ) = 0. Now suppose that p is a
prime ideal of Ok and that we have a CM elliptic curve (E, k) over ]Fglg . If Eis
ordinary then again the map k : O — End(FE) is an isomorphism and so again
L(E,k) = 0. If E is supersingular then things are more interesting. In this case
End(FE) is a maximal order in a quaternion algebra which is nonsplit exactly at p
and oco. That is, if we set

H =End(E) ®;Q
then for any place £ & {p, 00} we have H ®g Q, = M>(Qy), while for £ € {p, 0o} the
ring H ®g Qy is the unique 4-dimensional central simple division algebra over Q.
The Noether-Skolem theorem [4, Theorem 3.14] implies that any two embeddings
of K into H are conjugate by an element of H*. In particular the embedding
x — k(z) of K into H is conjugate to the embedding = — k(Z), so there is a
j € H* such that

R(o) = w(@) -5
for every x € K. Of course, this simply says j € V(E, k) and so the dimension of
V(E, k) as a K-vector space is at least one. On the other hand the K-subspaces
k(K) and V(E, k) in H intersect trivially, and it follows that

(2) H=kr(K)®V(E k)

and dimg (V(E, k)) = 1. This discussion is summarized by the following proposi-
tion.

Proposition 1.1.3. If (E, k) is a CM elliptic curve over C then V(E,k) = 0. If
(E, k) is a CM elliptic curve over Fﬁlg then

. | 0 if E is ordinary
dimy (V(E, £)) = { 1 if F is supersingular.

Corollary 1.1.4. For any m € Z* and any prime p C Ok the set Zm(Fglg)
contains only supersingular points.

Recall the Hilbert symbol (see for example [27]): let v be a place of Q and
suppose a,b € Q). We write
((l, b)v =1



4 BENJAMIN HOWARD

to mean that az? + by? = 22 has a nontrivial solution with z,y,z € Q,. If no
nontrivial solution exists then we write (a,b), = —1. There are other useful char-
acterizations of the Hilbert symbol. One is (a,b), = 1 if and only if a is a norm
from Q,(v/b). Another is (a,b), = 1 if and only there is an isomorphism

(5) = (@)

Qu

Here (%ﬁb) is defined (see the exercises to [4, Chapter 4]) as the 4-dimensional Q,

algebra generated by two elements ¢ and j subject to the relations
i’=a =0 ij = —ji.
For each m € ZT define a finite set of rational primes
Diff(m) = {{ < 00 : (—m,dg)¢ = —1}.
Remark 1.1.5. As (—m,dg ) = (—1,—1)oo = —1 the product formula
H (—m,dg)e=1
£<00
of [27, Chapter 3.2] implies that Diff (m) has odd cardinality.

Remark 1.1.6. If £ is a rational prime which is split in K then

Qe(Vdr) = K ®g Qe = Qr x Qp.
Certainly this implies that —m is a norm from Q,(v/dg), and so (—m,dg) = 1.
Therefore ¢ split in K implies that ¢ ¢ Diff(m).

1.2. The counting formula of Kudla-Rapoport-Yang. The goal of these lec-
ture notes is to prove the following theorem. Part (a) is easy. Part (b) is due (at
least under the hypothesis that —dg is prime) to Kudla-Rapoport-Yang [18]. Part
(c) is due to Gross [5] (see also [18, Theorem 5.11]) and was one of the essential
ingredients in the proof of the Gross-Zagier theorem [6].

Theorem 1.2.1 (Kudla-Rapoport-Yang, Gross). Suppose m € Z* and that
Diff(m) = {p}

for some prime p (necessarily nonsplit in K). Let p be the unique prime of Ok
above p.

(a) For every prime q # p of Ox we have
Zn (F) = 0.
(b) If r is the number of distinct prime factors of —dy, then
|Zn(F3%)| = |OF |- 27" - R(mp®~2).
(¢) The local ring of every point x € Z,, (Fglg) is Artinian of length

ord,(mdk /p)

length(Oz,, ») =1+
fo

If instead |Diff(m)| > 1 then Z,, = 0.
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Proof. Part (a) is Corollary 1.4.2. Part (b) is Theorem 2.3.4. In Theorem 3.10.2
we will provide a complete proof of part (¢) under the assumption that either (i) p
is unramified in K or (ii) p # 2. We emphasize that (c) is true (and was proved by
Gross) without restriction on p. The final claim is Corollary 1.4.3. O

The arithmetic degree of Z,, is defined as
deg(Zn) = D log(IFyl) Y length(Oz, )
P TEZm (F3'E)
where the sum is over all primes p of Ok.
Theorem 1.2.2. Suppose m € Z* and Diff(m) = {p}. Then
deg(Zm) = |Ok]-2"~1 - R(mp™~2) - (f, + ord,(mdx /p)) - log(p).
If |Diff(m)| > 1 then deg(Zy) = 0.
Proof. This is a restatement of Theorem 1.2.1. O

1.3. Eisenstein series. Let us briefly indicate the connection between deg(Z,,)
and Fourier coefficients of Eisenstein series. For the entirety of this subsection we
assume that ¢ = —dk is prime (because this hypothesis is imposed throughout
[18]). For every place ¢ < oo of Q define a quadratic character x; : Q; — {£1} by
Xe(x) = (z,dK)e and define x : A* — {£1} by

x= 11 x

L<o0
For any
a b
Y= (C d) GF—SLQ(Z)

define

Xq(a) if ¢|c

P (v) =
iq7?xq(c) if gqte.

For 7 = u + 4v in the upper half complex plane and s € C we set

(3) E(T,S):US/Q Z ( * ()

eToAT et +d)|er + d|*

where I'oo = {7 € I' | ¢ = 0} is the stabilizer of the cusp co. If we set

s 1
Meo) =71 (S5 ) 20
and define the normalized Eisenstein series
E*(1,5) = B(1,5) - A(s+1,x) -¢"%
then E*(7, s) satisfies the functional equation

—E*(1,8) = E*(1,—5).

In particular E*(7,0) = 0.
There is another way to define the Eisenstein series (3). For every finite place ¢
of Q define a Qy-quadratic space

(Ce, Q) = (K¢, —Nmg q)
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and let S(Cy) be the space of locally constant compactly supported functions on Cy.
Define a particular ¢, € S(Cy) by
be(7) = Loy (7).

At the archimedean place co of Q we define a real quadratic space

(Coov Qoo) = (Kooa NmK/Q)
and let S(Cs) be the space of Schwartz functions on Cs. Define a particular
$oo € S(Cx0) by

Poo(T) = e T eelr),
The collection of local quadratic spaces {(Cp, Q¢)} satisfies
H hassee(céaQé) = 717

1<oco
and so is an incoherent family in the sense of Kudla.

Let ¢ : Q\A — C* be the unramified additive character characterized by ¢ (z) =
e?™@ for x € R. For every £ < oo the group SL2(Qy) acts on the space S(Cp) via
the Weil representation wy,, and we define for g € SL2(Qy)

D4(9) = (wy(9)00)(0)-

Every g € SL2(Qy) admits an Iwasawa decomposition

1 b a
o= (1) (0 )
with @ € Q/, b € Qq, and k an element of the maximal compact subgroup K, C
SL2(Qy) defined by

5, — | SLa(Zo) if (<o
7 SO2(R) if £ =cc.

For s € C and g € SL2(Qy) define
@e(g,5) = xe(a) - a7 - @y (k).
Now for g € SLy(A) set
(I)(g75) = H @g(g,S)

(<o
and define an adelic Eisenstein series for g € SLa(A)
E(g,8) = > ®(vg,9)
1€B(Q\SL2(Q)

where B(Q) C SLy(Q) is the subgroup of upper triangular matrices. Given a
7 = u + v in the upper half plane set

. (1 1{) , <vl/2 U_1/2> € SLy(R) C SLa(A).
The Eisenstein series of (3) is then equal to
E(r,s) = v "?E(gy, 5).
Kudla-Rapoport-Yang compute the Fourier expansion of E*(7,s), and find that

oo

E*(1,s) = Z am(v,s) - 27T

m=—0oo
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in which a,, (v, s) is given by the following proposition.
Proposition 1.3.1. The constant term ag(v, s) is equal to
dHV2N (s 4 1,x) - 0%/2 — gU=27(1 — 5, x) - v=*/2.
If m # 0 then there is a product decomposition
am(v,8) = H (v, S)
£<oo

in which the local factors are as follows.

(a) If £ # q then

ordg(m)

am (v, 8) = Z (Xg(ﬁ)ﬁ_s)k.
k=0
(b) If ¢ = q then

am,e('u, 5) = q5/2 . (1 _ Xq(m)q_5(1+0rdq(m))> .

(¢) If ¢ = oo then

2 s/2 dtmv,,—s/2 .
ame(v,8) = — ¢ Y / e 2™y 2 (4 — 2mw) 2 7t du.
7 F(8/2> u>max{0,2mv}

Proof. See [18, §2]. O

Evaluating everything at s = 0 gives the following
Proposition 1.3.2. Assume m # 0.
(a) If £ < oo then
Am,e(v,0) = egRe(m).
(b) If £ = o then
-2 fm>0
am.e(v,0) = { 0 if m<0.

Proof. For ¢ < oo this is an easy calculation using Proposition 1.3.1. For £ = oo

see [18, Proposition 2.6]. O
Ezercise 1.3.3. Suppose p € Diff (m). Show that a,, ,(v,0) =0 and

d o _9v l4ordy(m

£am7p(v, O)|s:0 = ep log(p)Ry(mp® 3. %.

Proposition 1.3.4. Suppose m > 0 and let a},(v,0) be the derivative of a,(v,0)
at s = 0. If Diff(m) = {p} then

ay, (v,0) = =[Ok |- R(mp™~2) - (f, + ordy(mdx /p)) - log(p).
If |Diff (m)| > 1 then al,(v,0) = 0.
Proof. Combining Proposition 1.3.2 with Exercise 1.3.3 gives

ar (v,0) = a’mw(v, 0) - H A e(v,0)
L#p

= —2-log(p) - (1 + ordy(m)) - R(mp*~?)
= —2-log(p) - (fp + ordy(maq/p)) - R(mp®r~?)
as desired. -
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Proposition 1.3.4 implies that for m > 0 the central derivative al, (v, 0) is inde-
pendent of v. Combining Proposition 1.3.4 with Theorem 1.2.2 gives the following
elegant result of Kudla-Rapoport-Yang (still assuming that —dg is prime): for
every m € Z*

deg(Z,,) = —al,(v,0).

1.4. The support of Z,,. In this subsection we will prove part (a) of Theorem
1.2.1. Fix an m € Z* and recall from Remark 1.1.6 that every prime of

Diff(m) = {{ < oo : (dx,—m)¢ = —1}
is nonsplit in K.

Proposition 1.4.1. Let p be a prime of Ok lying above a rational prime p. If
Zn(F3'8) £ 0 then Diff(m) = {p}.

Proof. Fix a point (E,k,j) € Zm(IFglg). By Corollary 1.1.4 we know that E is a
supersingular elliptic curve, and so H = End(F) ®z Q is the rational quaternion
algebra nonsplit precisely at p and co. That is

H®Q @v ?"\é M2(Qv) — veE {pa OO}

We use the embedding « : K — H to view K as a subalgebra of H. Consider
j+ 7Y € H. On the one hand j + j¥ € Z (any endomorphism of E which is
self-dual is multiplication by an integer). On the other hand for any x € K we have
2(j+37) = wj+aj

= zj+ @75

= @j+(j7)"

= JT+ (2j)"

= jz+5'%

= (+i)7
But we already said that j + jV € Z so commutes with every x € K. We deduce

that j + j¥ = 0. In particular

m = deg(j) =joj" = 5>

If we set § = Vdg € K C H then we find that the Q-algebra H is generated by
two elements ¢, j which satisfy the relations

6% =dg i2=-m 8j =—jb

and so there is an isomorphism of quaternion algebras

~ dK,fm
H‘( Q )

But we know that H is nonsplit precisely at p and oo, and so for every place £ < oo

of Q

_ 1 ifl#p,0
(dK’_m)f_{ ~1 if £=p,c0.

In other words Diff(m) = {p}. O

Corollary 1.4.2. If Diff (m) = {p} then there is a unique prime p C Ok above p,
and Z,,(F&'8) = 0 for every prime q # p.
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Proof. If Z,,(F&'%) = () then the proposition shows that Diff(m) = {q} where
q = qN Z. Therefore p = ¢, and as both p and ¢ are nonsplit in K we must have

p=gq O
Corollary 1.4.3. If |Diff(m)| > 1 then Z,, = 0.
Proof. As Z,, is of finite type over Spec(Ok), if Z,, is not the empty scheme then

there is some prime p of Ok for which Z,, (Fﬁlg) # (). But of course the proposition
then implies that |Diff(m)| = 1. O

2. COUNTING GEOMETRIC POINTS

In this section we will prove part (b) of Theorem 1.2.1. The method of proof is not
essentially different from the method used in [18], but our proof will exploit a feature
which is never explicitly stated in [18]. Namely that the cardinality |Z,, (F;lg)| has
a natural factorization as a product of local factors. Thus our proof of Theorem
1.2.1 part (b) will proceed in two steps: first the existence of a factorization

X
Ok | JT0e(E, 5,m).
4

ZmFalg _
1Zn(F3)] = =

in which each O((E, k,m) is local orbital integral, and then the calculation of the
orbital integral for every prime /.

2.1. Class groups and algebraic groups. Let Pic(Og) be the ideal class group
of K. Fix an embedding K — C and suppose that (E, k) is a CM elliptic curve
over C. Then there is an Og-stable lattice A C C and an Og-linear isomorphism
of complex tori
E(C) = C/A.
If a is any fractional Og-ideal then there is an isomorphism of groups
a®o, (C/A) =2 C/aA

defined by a ® z +— az. If we denote by a ® E the elliptic curve over C whose
complex points are C/aA then the above isomorphism reads

a®o, E(C) = (a® E)(C).
In this way the group Pic(Ok) acts on the set of all (isomorphism classes of) CM

elliptic curves over C.

Ezercise 2.1.1. Prove that the action of Pic(Og) on the set of isomorphism classes
of CM elliptic curves over C is simply transitive.

Now suppose (FE, k) is a CM elliptic curve over any Og-scheme S and a is a
fractional Ok-ideal. We define a functor from the category of S-schemes to the
category of Ox-modules by

T— a®o, E(T).

A fundamental fact, due to Serre and described in [1, §7], is that this functor is
represented by an elliptic curve over S which we denote by a ® E. In other words
a ® FE is defined by the relation

(a@ E)(T) = a®o, E(T)



10 BENJAMIN HOWARD

for every scheme T' — S. As Ok naturally acts on a ® E we obtain a new CM
elliptic curve over S

0@ (B, k) = (a® B, k).

The isomorphism class of a ® (E, k) depends only on the image of a in Pic(Ok),
and so for any scheme the above construction defines an action of Pic(Og) on the
set of isomorphism classes of CM elliptic curves over S.

Let T and T* be the algebraic groups over Q whose functors of points are given
by

T(4) = (Kegd)~
T'(A) = {reT(A):27=1}

for any Q-algebra A. In particular T'(A;) = K* and T'(Ay) C T(Ay) is the
subgroup of elements of norm 1. Define

U =0} cT(As)
and note that there is an isomorphism
T(QN\T(Ay)/U = Pic(Ok)
defined by t — a, where a is the fractional Og-ideal defined by t@K = a@K.
FEzxercise 2.1.2. Define a homomorphism
p:T — T
by p(x) = x/Z. Prove that if k is a field of characteristic 0 then the sequence
1=k = T(k) =T (k) — 1

is exact (hint: first assume that k is algebraically closed, then use Hilbert’s theorem
90 for the general case).

Exercise 2.1.3. Repeat the previous exercise with k = Ay (hint: see [23, Corollary
8.1.1] for the adelic version of Hilbert’s Theorem 90). Deduce that p induces an
isomorphism of groups

(4) T(Q\T(Ay)/U = THQ\T" (Ay)/p(U).

Fix a prime p which is nonsplit in K and let p be the prime of Ok above p.
Let (E, k) be a supersingular CM elliptic curve over F;lg, and recall that K acts
on V(E,k) by z-j = k(x) oj. Restricting this action to TH(Q) C K* gives
an action of T'(Q) which identifies T1(Q) with the special orthogonal group of
V(E, k). In particular the stabilizer in T*(Q) of any nonzero vector is trivial, and
for any m € Q* the set

{j € V(E, k) : deg(j) = m}

is either empty or is a simply transitive 7" (Q)-set. Define an action of T(Q) on
V(E, k) by

tej=p(t) j=nr(t)ojor(t) "
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2.2. Reduction to orbital integrals. Let p be a prime which is nonsplit in K
and let p be the prime of K above p. Fix an m € Z* and let Z(F2'®) be the set of
isomorphism classes of CM elliptic curves over Iﬁ‘glg, so that

(5) Zn(FE) = Y > i)

E,r)€Z(F8) jEV(E,K)
(BE,x)€Z(F, )dcg(j):m

where 17 ) is the characteristic function of E(E7 k) C 17(E7 k). By fixing one
CM elliptic curve (E, k) over ]Fglg and using the fact that

Pic(Ok) = T(Q\T(Ay)/U

acts simply transitively on the set of all CM elliptic curves (see Corollary 3.7.7) we
may rewrite (5) as

(6) | Zm (Fp ®)| = Z Z 1E(a®E,m) (4)-
a€Pic(Ok) jeV(aQE,k)
deg(j)=m

In the inner sum ¢ € T(Ay) and a C K are related by tOk = aOk-.
For every fractional Og-ideal a there is a natural Og-linear quasi-isogeny

f:E—a®F
given on points by P — 1 ® P, and this quasi-isogeny induces an isomorphism
(7) End(F) ®z Q=2 End(a® F) ®z Q
defined by j +— fojo f1.

Ezercise 2.2.1. Deduce from [1, Lemma 7.14] that the isomorphism (7) carries the
Ok-submodule

#(a) o End(F) o k(a™') C End(E) ®7 Q
isomorphically to End(a ® E), and carries
#(a)o L(E,k) o k(a™t)
isomorphically to L(a ® E, k).

If t € T(Ay) satisfies tOk = aOk then the above lemma may be rewritten as

La® E, k) = k(t)oL(E,k)ok(t)"

= teL(E,K)

as O-lattices in V(E, k). We now rewrite (6) as
al .
Zn@H = Y > Lluiwnl)

tET(Q)\T(Af)/U JEV(E,K)
deg(j)=m

> Y. Liien )

teTH(QN\T (Af)/p(U) GEV (E,k)
deg(j)=m

where the second equality follows by replacing ¢t by p(t) and using (4). If V(E, k)
does not represent m then clearly |Zm(]F21g)| = 0. Suppose then that there is some
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j € V(E, k) such that deg(j) = m. As noted earlier, the action of T'(Q) on the set
of all such j is simply transitive, and if we fix one such j then

|Zn (FR)| = > Y LimaO i)
teTH(Q\T* (Ag)/p(U) v€TH(Q)

> DR N G)

teTH@N\T (Af)/p(U) veTH(Q)

|T1 Q) NpU)] - Z 1t»Z(E,m) (4)-

teT (Ag)/p(U)

One checks that
THQ) N p(U) = (T(Q) NU)/{£1} = O /{£1}

leaving us with

. 0% :
(8) |Zm(Fp1g)| = 2K ) Z 1t.i(E_,,<) (J)-
teT*(Ar)/p(U)
For any prime ¢ abbreviate
Ly(E,k) = L(E, k) ®z Zs¢ Vi(E, k) =V(E, k) @ Q.

Definition 2.2.2. Suppose (E, k) is a CM elliptic curve over F;lg. For any prime
¢ define the local orbital integral

Of(Ea Kﬂm) = Z ]-Lz(E,K)(t71 ])
teT(Qe)/p(Ue)

where j € Vi(E, k) satisfies deg(j) = m. If no such j exists then set Oy(E, k,m) = 0.
As the action of T"(Qy) is transitive on the set of all such j this definition does not
depend on the choice of j.

Proposition 2.2.3. If (E, k) is any CM elliptic curve over Fglg and m € Z" then
Zo(m%) = 9k TTouE
‘ m(P )‘_TE[ f( 7'%vm)'

Proof. If V(E, k) does not represent m then by the Hasse-Minkowski theorem there
is a place £ < oo of Q such that Vp(E, k) does not represent m. As deg is positive
definite and m > 0, certainly V. (F, k) represents m. Therefore there is some prime
£ < oo for which V;(E, k) does not represent m. This implies that Oy(E, k,m) =0
and so both sides of the stated equality are 0. If V(F, k) does represent m then
the desired equality is just a restatement of (8). O

2.3. Calculation of orbital integrals. Let m be a positive integer. Fix a prime

p which is nonsplit in K and let p be the prime of K above p. Let (E,k) be a
. o alg

supersingular CM elliptic curve over F,®.

Proposition 2.3.1. Suppose £ # p. There is an O ¢-linear isomorphism of qua-
dratic spaces

(Ok e, —Nmg ) = (Le(E, k), deg).
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Proof. The ¢-adic Tate module T; = Tay(E) is free of rank one over Ok . If we fix
an isomorphism of O ¢-modules Ty = Ok, then

End(E) ©7 Z¢ = Endg, (T;) = Endz, (O o).
If we let jo € Endyg, (Ok ¢) be defined by jo(z) =T then
Endz, (Ok¢) = Ok, ® Ok, - jo
and Ly(E, k) = Ok - jo. For any zjo € Ly(E, k) we have

deg(zjo) = —(2jo)* = —2Tj; = —Nmpg g(z)

where the second equality follows from the proof of Proposition 1.4.1. Thus z — xj
provides the desired isomorphism. (I

Proposition 2.3.2. There is an Ok y,-linear isomorphism of quadratic spaces
(9) (OK,p7 ﬂp : Nm) = (LP(E7 "i)v deg)
for some B, € Z,, satisfying

ord,(8,) =2 — e,.

Proof. Set H=FEnd(F)®zQ and use x : O — End(F) to view K as a subalgebra
of H. By the discussion surrounding (2) there is a decomposition of K,-vector
spaces

Hy, =K, ®Kp-j
for any j € V,(E, k). If we choose j to be a Ok ,-generator of L,(E, k) then z — zj
defines an isomorphism of quadratic spaces (9) with 3, = j? = —deg(j). As there
is an isomorphism of quaternion algebras

H. o (dK7ﬁp>
Qp
we must have (dg, 8,), = —1.

In order to determine ord,(8,) we exploit the fact that End(E) ®z Z, is the
unique maximal order in Hj,, and is the valuation ring of the discrete valuation
deg. In other words j € H, lies in End(E) ®z Z, if and only if deg(j) € Z,.
Suppose first that p is unramified in K. The condition (dk, 8,), = —1 is equivalent
to ord,(Bp) = 1 (mod 2). If ord,(8,) > 3 then deg(j/p) € Z,, and so j/p €
L,(E,k). This contradicts j generating L,(E, k) as an Ok ,-module, and so we
must have ord,(8,) = 1. Now suppose that p is ramified in K and let w € Ok, be
a uniformizing parameter. If ord,(8,) > 0 then deg(w'j) € Z,, and so w™'j €
L,(E,k). Again this contradicts j generating L,(F, k) as an Ok ,-module, and so
we must have ord,(5,) = 0. O

Proposition 2.3.3. Let £ be any prime. If the quadratic space Vy(E, k) represents
m then

O¢(E, k,m) = egRy(mp~2).

Proof. Fix a j € Vy(E, k) such that deg(j) = m. We identify L,(E,r) = Ok
as in Propositions 2.3.1 and 2.3.2. Thus mﬁ[l = Nmg/g(j) where g, = —1 if

¢ # p, and (3, is as in Proposition 2.3.2. We must find a set of coset representatives
S c THQy) for

(10) QA\T(Qe)/Ue = TH(Qe)/p(Us)
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and compute
O€<Ea K, m) = Z 101{,[ (571 : .])
seS
Suppose first that £ is inert in K. Then Q,\K, /U, = {1} gives a complete set
of coset representatives for the left hand side of (10), and applying p gives the coset
representatives {1} for the right hand side of (10). We now see from Nmg q(j) € Z
that

Of(E”‘Q’ m) = 1OK,Z(j) = R@(mﬁf_l)

Suppose next that ¢ is ramified in K and let @ € Ok ¢ be a uniformizing param-
eter. Then Q;\K,/U; = {1,w} gives a complete set of coset representatives for
the left hand side of (10), and applying p gives the coset representatives {1, u} for
the right hand side of (10), where u = w/% € O ,. Again using Nmg ,q(j) € Z¢
we see that

04(E7 ﬁvm) = 10K,e(j) + 1OK,£(u ’ ]) =2- Rf(mﬁgl)'
Finally suppose that ¢ is split in K and fix an isomorphism Ky = Q, x Q. Then
QK[ /U = {(£F,0) : k € Z}
gives a complete set of coset representatives for the left hand side of (10), and

applying p gives the coset representatives {(¢*, /=% : k € Z} for the right hand side
of (10). In this case, writing j = (j1,j2) € Z¢ X Z¢ we find

O¢(E,k,m) = Z 12,2, (01,07 2)

k=—o0

= 1+ orde(j1) + orde(jo)
= 1+ordg(mpB; ")
= Ri(mB ).

Theorem 2.3.4. If Diff(m) = {p} then
|Z (F3®)] = O] - 2771 - R(mp )
where r is the number of distinct prime divisors of dy .

Proof. Let E be a supersingular CM elliptic curve over F;lg ,sothat H = End(F)®z
Q is a quaternion division algebra nonsplit precisely at p and oco. The condition
Diff(m) = {p} is equivalent to

_ 1 ifl#p,o0
(dK’_m)f_{ ~1 ifl=p,c0

and so there is an isomorphism

~ dK,—m
H‘( Q )

Choose elements 6, j € H satisfying

6% =dg 2 =-m 8j = —jo.

We now embed K — H by v/di — §. It may not be the case that Ok [j] C End(FE),
but End(F) is a maximal order in H and O [j] is contained in some maximal order
Op C H [32, Proposition 1.4.2]. Replacing E by an isogenous elliptic curve we may
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then assume that Oy = End(FE) (see exercise 2.3.5 below). We therefore obtain
a supersingular elliptic curve (E,k) and a j € V(E,k) satisfying deg(j) = m.
Proposition 2.2.3 asserts that

OX
@91 = I TL 0 )
and so the claim follows from Proposition 2.3.3. O

Ezercise 2.3.5. Let E be a supersingular elliptic curve over IF;lg and set H =
End(F)®zQ. If Oy C H is any maximal order, show that there is an elliptic curve
E’ over Fglg which is isogenous to F and satisfies End(E’) & Op. Hint: read the
discussion surrounding [26, Proposition 3.3].

3. LENGTHS OF LOCAL RINGS

In this section we prove part (c) of Theorem 1.2.1 under the hypothesis that p
is either odd or unramified in K. This formula is due to Gross [5], whose proof
was based on formal group cohomology. We will give a very different proof which
is based instead on Zink’s theory of displays [33] (see also Messing’s Bourbaki talk
[22]).

3.1. Some notation. Fix a prime p which is nonsplit in K and let p be the prime
of K above p. Let
W = W(Fy®)

be the ring of Witt vectors of Fﬁlg. For the theory of Witt vectors see Rabinoff’s
notes [24]. As a topological ring W is isomorphic to the integer ring of the com-
pletion of the maximal unramified extension of Q,, and W comes equipped with a
canonical isomorphism W/pW 22 Fﬁlg. The ring W also comes equipped with two
continuous functions
FV .- W->W

denoted z — ¥ and z +— x| respectively. The function F is the unique continuous
ring automorphism which induces the absolute Frobenius z — «P on W/pW, and
F is the unique additive map which satisfies ()" = pz. The subring

Zp:={zeW| (") =z}

is isomorphic to the integer ring of the unramified quadratic extension of Q,.
Let W be the integer ring of the completion of the maximal unramified extension
of K, and denote by

v

(11) i: 0 — W.
the inclusion. Equivalently we could define
W= w if p is inert in K
Tl W®z Ok if pis ramified in K.

If p is unramified in K then ¢ is the unique ring homomorphism which lifts the
reduction-mod-p map O — F, — ]F'glg; furthermore i(z)¥ = i(Z) and the induced
map Ok, — W has image Z,>. If p is ramified in K then i(z) = 1 ® .

Let ART be the category of Artinian local W-algebras R equipped with an
isomorphism R/mp = Fglg. For every object R the unique maximal ideal mpr C
R contains p and satisfies m’;z = 0 for £ > 0. In particular p in nilpotent in
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R. A morphism in AR7 is a ring homomorphism f : S — R which satisfies
f(mg) € mp and induces the identity F3'® — F&'® on residue fields. By virtue of
the homomorphism (11) every object R of ART is naturally an Og-algebra, and
we denote by

(12) iZOK—>R

the structure map.

3.2. Local rings and deformations.

Definition 3.2.1. Let S — R be a surjective morphism in AR7 and suppose E
is an elliptic curve over R. A deformation (or lift) of E to S is an elliptic curve £
over S equipped with an isomorphism E,r = E. Here and elsewhere, we use the
notation

C def =

E/R = E X Spec(S) SpEC(R)

for base change.

The same notion of deformation applies to any mathematical entity for which
there is a reasonable notion of base change through a surjective morphism S — R.
In particular we may also talk about deformations of CM elliptic curves over R,
triples (E, k,j) € Zn(R), and (later) about deformations of p-Barsotti-Tate groups
and displays over R.

Fix m € Z* and let Z,, be the restriction of the functor Z,, from Og-schemes
to W-schemes. Thus Z,, is (coarsely) representable by the base change

Zm = Zm XSpec(0x) SPC(WV).
Fix a point z € Z,,(Fa®) corresponding to a triple (E, ,j) in which (E,x) is a
CM elliptic curve over Fﬁlg and j € L(F, k) is a special endomorphism of degree m.
Let R be an object of ART and suppose we are given a deformation (E, &, ) of

(E,k,7) to R. The deformation (E, %, j) corresponds to a point Z € Z,,(R) whose
image under the reduction map

Zn(R) = Zpn(F3®)

is the point z, and so we have a commutative diagram of W-schemes

Spec(]F;Ig)

Spec(R) —— Zm.
As R is local the arrow Z factors uniquely as
Spec(R) — Spec(Oz,, ) — Zm,

and so to the deformation (E’ , R,}) we attach a homomorphism of local W-algebras
Oz . — R. As R is Artinian this map extends uniquely to a homomorphism on
the completed local ring Oz, .. This construction establishes a bijection

’NL)Z

(13) {deformations of (E,k,j) to R} = HOmw(ézm_yz, R).
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Remark 3.2.2. If Z,, were actually a fine moduli space then it would be obvious
that (13) is a bijection, but as Z,, is only a course moduli space there is actually
something to prove. For us it will suffice to simply say that the bijectivity of (13)
is a consequence of [18, Corollary 5.2].

3.3. Barsotti-Tate groups and the Serre-Tate theorem. We recall the basic
properties of p-Barsotti-Tate groups, mostly to fix notation. The main references
are Shatz’s survey [28] and Tate’s original article [31]. Let R be an object of ART .

Suppose G is a finite flat (commutative) group scheme over R. As any scheme
which is finite over an affine scheme is itself affine, we have G = Spec(A) for some
finite flat (hence free) R-algebra A. The order of G is defined to be rankp(A).
By [3, Corollary 7.6] the ring A decomposes as a product A = Ay x --- x Ay of
finitely many local R-algebras. Among these local factors there is one which is
distinguished: the identity element id € G(R) is a morphism id : Spec(R) — G
which corresponds to an R-algebra homomorphism

e: A— R.

There is a unique factor Ag in the above direct product such that e factors through
the projection A — Ag. If we set GY = Spec(Ap) then the closed subscheme
G° — @ is in fact a closed subgroup scheme, called the connected component of
the identity. If Go = G, i.e. if A is a local ring, then we say that G is connected.
For each factor A; in the above product there is an idempotent e; € A for which
A; = Ae;. For each i we obtain an injective ring homomorphism R — A; defined by
r +— re;. As each A; contains a natural subring isomorphic to R, the R-algebra A
contains a natural subring A°* = R X --- x R (the maximal étale subalgebra of A).
If we set G* = Spec(A°") then the inclusion A°* — A determines a homomorphism
of finite flat group schemes G — G°. We say that G is étale if G = G, i.e. if
A R x---x R. A fundamental result is that the sequence of group schemes, the
connected-étale sequence
0-G"—=G—G*"—0

is exact.
A p-Barsotti-Tate group (or p-divisible group) & = lii>nGk of height h over R is
an inductive system

(14) Go 2% G 5 Gy 25 -

in which each Gy is a finite flat group scheme over R of order kh, and for every
k > 0 the map i is a closed immersion making the sequence

. k
1 p
0— Gr = Gri1 — Grqa

exact. Given a p-Barsotti-Tate group & = lim G, we define two new p-Barsotti-Tate
groups
60:11_H>1G2 @et:mG?

by taking connected components and maximal étale quotients at each finite step
Gj. We say that & is connected if & = &9, and say that & is étale if & = &°t.
For every k there is an R-algebra Ay such that G = Spec(Ag), and the maps in
(14) correspond to maps Agy1 — Ag. Define the affine coordinate ring of & to
be A = h&lAk. As k varies the maps € : Ay — R fit together into a single local
R-algebra homomorphism € : A — R.
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Definition 3.3.1. Let & be p-Barsotti-Tate group over R with affine coordinate
ring 2A. A derivation of A is an R-linear map d : 24 — R which satisfies

d(ab) = e(a)d(b) + €(b)d(a)

for all a,b € A. The Lie algebra of &, denoted Lie(®) is the R-module of all
derivations of 2.

A fundamental result of Tate asserts that any connected p-Barsotti-Tate group
over R is formally smooth in the following sense.

Theorem 3.3.2 (Tate). Let & be a connected p-Barsotti-Tate group over R and
let A be its affine coordinate ring. Then A= R[[Xq,...,X4]] for some d > 0.

Ezercise 3.3.3. Let A be the affine coordinate ring of a p-Barsotti-Tate group &
over R and let J = ker(e : 2 — R). Construct an isomorphism of R-modules

Lie(®) = Homg(3/3%, R),

Ezxercise 3.3.4. Prove that for any p-Barsotti-Tate group & over R there is an
isomorphism of R-modules Lie(&) 2 Lie(&").

Exercise 3.3.5. Let & be a p-Barsotti-Tate group and let Y be the affine coordinate
ring of Y. By Tate’s theorem A° = R[[X, ..., X4]] for some d. Prove that Lie(®)
is a free R-module of rank d.

Definition 3.3.6. The dimension of a p-Barsotti-Tate group & over R is
dim(®) = rankrLie(®).
To any elliptic curve E over R there is an associated p-Barsotti-Tate group
By = lim E[p']
of height 2 and dimension 1.

Remark 3.3.7. If the reduction of E to Fglg is ordinary then Egoo and E;Eo are each

of height 1. If the reduction of F to Fglg is supersingular then ng = E,~ and
E;EQ = 0. Thus Ej,~ is connected if and only if the reduction of E is supersingular.

Any f € End(FE) determines an f € End(E,e).

Theorem 3.3.8 (Serre-Tate). Suppose that E is an elliptic curve over F;lg. The
rule B — E,~ defines an bijection

{deformations of E to R} — {deformations of E,~ to R}.
For any f € End(E) the rule (E, f) — (Ey, f) defines an bijection
{deformations of (E, f) to R} — {deformations of (Ep~, f) to R}.

Proof. See [21] or [9]. O
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3.4. Dieudonné modules. We use slightly different conventions for Dieudonné
modules than what is found in much of the literature. In order that our con-
ventions agree with those of Messing and Zink [22, 33], we adopt the covariant
conventions for Dieudonné modules rather than the contravariant conventions used
by Demazure [2]. Nonetheless, [2] remains our main reference for this subsection.

A Dieudonné module over Fglg is atriple (D, F, V) in which D is a free W-module
module of finite rank, and F,V : D — D are additive homomorphisms which satisfy
FV =VF =pand

F(z-m) = zf. F(m)
V@t -m) = z-V(m)
for all z € W and m € D. The height of D is ranky (D), the Lie algebra of D is
the Fglg—vector space
Lie(D) = D/V D,

and the dimension of D is the Ff,lg—dimension of Lie(D). We usually just say “let
D be a Dieudonné module” and omit explicit reference to F' and V.

One can construct Dieudonné modules as follows. Given a rational number
0 <X <1 write A = s/t with ged(s,t) = 1 and define a Q,-vector space

By = Qpla]/(a' — p%).
Let F,V : By — By be the Q,-linear maps determined by
Vim)=xz-m

and F = pV~!. Set Dy = W ®z, By and extend F' and V to Qp-linear maps
Dy — Dy by

F(x®b) =2 @ F(b) Vit @b) =z V(b).

One can construct a Dieudonné module by choosing any W-lattice in D, which is
stable under the operators F' and V, as in the following exercise.

Ezxercise 3.4.1. Choose any 3y, ..., 08;—1 € W which satisfy
ordy(Bit1) < ordy(8;) < ordp(Bit1) +1

and ord,(By) — ord,(8¢—1) = s. Show that the W-sumodule
D = Spany {8; ® 2’ : 0 <i <t} CDyy

is stable under both F' and V and so is a Dieudonné module.

Proposition 3.4.2. Let D be a Dieudonné module over F;lg. There s a unique
sequence of rational numbers 0 < Ay < -+ < A\ < 1 for which

D ®Zp @p = @ DM
1<i<k

in a way respecting the actions of W, F, and V' on both sides. If \; = s;/t; then
D has dimension Y s; and height > t;.

Proof. See [2, Chapter IV]. O

Definition 3.4.3. The rational numbers (counted with multiplicity) {A1,..., A\x}
are the slopes of D.
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Theorem 3.4.4. There is a covariant equivalence & — D(&) from the category of
p-Barsotti- Tate groups over Fglg to the category of Dieudonné modules over Fglg,
This equivalence satisfies

dim(®) dim(D(®))
height (&) height(D(®))
Lie(®) = Lie(D(®)).
Furthermore & is étale if and only if all slopes of D(®) are equal to 0, and & s
connected if and only if all slopes of D(&) are nonzero.

Proof. See [2, Chapter IV]. O

Remark 3.4.5. One may restate the final claim of Theorem 3.4.4 as follows: a
p-Barsotti-Tate group & over F;lg is connected if and only if V is topologically
nilpotent on D(®).

FEzercise 3.4.6. Let m € Z,, be a uniformizing parameter and consider the Dieudonné
module D = W with operators

F(x) = mazt V(zt) = Py
T

Show that D has dimension 0 and height 1, and that D does not depend on the
choice of m. By classifying all F' and V stable W-lattices in Dy, show that D is
the unique Dieudonné module of dimension 0 and height 1. Deduce that D =

D(Qyp/Z)-

FEzercise 3.4.7. Let m € Z,, be a uniformizing parameter and consider the Dieudonné
module D = W with operators

F(z) = g:pF V(2t) = .

Show that D has dimension 1 and height 1, and that D does not depend on the
choice of w. By classifying all F' and V stable W-lattices in Dy, show that D is the
unique Dieudonné module of dimension 1 and height 1. Deduce that D = D(ppe ).

Remark 3.4.8. If E is an elliptic curve over F;lg then D(E,e) has dimension one
and height two. The only possible slopes are {0,1} and {1/2}. The first occurs
when F is ordinary, the second occurs when E is supersingular.

Definition 3.4.9. Define the supersingular Dieudonné module Dgg as follows. Fix
a uniformizing parameter 7 € Z,. As a W-module Dy is free on two generators
{e1,ea2}. The operators F and V on {e, es} are determined by

F(er) =ey F(eg) = meq
and »
Vier) = —e2 V(e2) = pes.
Exercise 3.4.10. Prove that D is does not depend on the choice of 7, and that
Dy is the unique Dieudonné module of slopes {1/2}.

Exercise 3.4.11. Prove that the endomorphism ring of Dy is

End(Dy) 2 {(b‘} 22) a,be sz} .
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3.5. Displays. In order to study the deformation theory of p-Barsotti-Tate groups
we need an equivalence of categories, in the spirit of Theorem 3.4.4, which holds
over more general rings than F;‘lg. The correct category is provided by Zink’s theory
of displays [22, 33].

Fix an object R of ART and let W(R) be the ring of Witt vectors of R (for
Witt vectors see Rabinoff’s notes [24]). There is a canonical surjection W(R) — R
whose kernel we denote by

Ir =ker(W(R) — R).
The ring W(R) is equipped with a ring endomorphism
F:W(R) — W(R)
and an isomorphism of additive groups
V:W(R) — Ig

(denoted x + xf" and x — 2V, respectively) which are related by (=
Note that in general the operators F' and V' do not commute.

v VVF = pa.

Definition 3.5.1. A display over R is a quadruple (P,Q, F, F}) in which P is a
free W(R)-module of finite rank, @ C P is a W(R)-submodule, and F' : P — P
and Fi : Q — P are additive maps which satisfy

F(z-a) =2 - F(a) Fi(z-b) =2 - Fi(b)
for all z € W(R), a € P, and b € Q. The quadruple (P,Q, F, F}) is required to
satisfy the following addition properties:

(a) IrP C Q,

(b) P/Q is a free R-module,

(¢) P is generated as a W(R)-module by F;(Q),

(d) Fi(zV -a) =2 F(a) for all z € W(R) and all a € P.
By abuse of notation we will sometimes say “let P be a display” and suppress the
data @, F', and F; from the notation. The Lie algebra of P is the free R-module

Lie(P) = P/Q,
the dimension of P is rankg(Lie(P)), and the height of P is ranky (g)(P).

Remark 3.5.2. Zink writes V! instead of Fy. To see why, look at Exercise 3.5.4.
Also, what we call a display is called a 3n-display in [33]. The “3n” stands for
not-necessarily-nilpotent. Our notation and definition agree with Messing’s article
[22].

Definition 3.5.3. A CM display over an object R of ART is a pair (P, k) in which
P is a display over R of height two and dimension one, and k : O — End(P) is
an action such that the induced action of Ok on Lie(P) is through (12).

FEzxercise 3.5.4. Given a Dieudonné module D over ]F'glg the operator V defines a
bijection D — VD, and we may attach to D the display (D,V D, F,V~1!). Show
that the construction

(D,F,V)— (D,VD,F, V1)
defines an equivalence between the category of Dieudonné modules over ]Fglg and
the category of displays over Fﬁlg.
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FEzample 3.5.5. We may apply the construction of Exercise 3.5.4 to the supersin-
gular Dieudonné module Dy of Definition 3.4.9. The associated display over ]Fglg
is (Pss, Q, F, F1) in which Py is the free W-module on two generators {e1,es}, Q is
the submodule spanned by {mey, ex}, F : Py — Py satisfies

F(el) = €2 F(eg) = Tep

and Fi : Q — Py satisfies

s
Fl(ﬂ'el):eg F1<€2): ;61.

By Exercise 3.4.11 the endomorphism ring of Py is

End(Py) & {(biﬂ 22) ta,be sz} .

Given a morphism S — R in AR7 and a display P over S one can define the
base change P, as in [33, Definition 20]. In particular if S — R is a surjection and
we start with a display P over R, then it makes sense to talk about deformations
of P to S, as in Definition 3.2.1.

Definition 3.5.6. Let R be an object of AR7 and let P be a display over R. By

Exercise 3.5.4 the base change P/]Falg corresponds to a Dieudonné module D over
P

]F;lg. We say that the display P is nilpotent if the operator V on D is topologically

nilpotent.

Theorem 3.5.7 (Zink). Let R be an object of ART. There is an equivalence
& — P(®) between the category of connected p-Barsotti-Tate groups over R and
the category of nilpotent displays over R.

Proof. This is [33, Theorem 9]. O

If S — R is a morphism in AR7 and & is a connected p-Barsotti-Tate group
over R then Zink’s equivalence of categories induces a bijection

{deformations of & to S} = {deformations of P(&) to S}.

When combined with the Serre-Tate theorem we obtain the following result. Let
(E, k) be a CM elliptic curve over R whose reduction to Fﬁlg is supersingular, and
let P = P(E,~) be the associated display over R. There is canonical bijection
(15) {deformations of (E,x) to S} = {deformations of (P, k) to S}.

Furthermore if j € End(E) and endomorphism then there is a corresponding endo-
morphism j € End(P) and a canonical bijection

(16) {deformations of (E, k,j) to S} = {deformations of (P, «,j) to S}.
3.6. Crystalline deformation theory. Given a surjective morphism S — R in
ART and a nilpotent display P over R it is typically difficult to determine all

deformations of P to S. However for certain special surjections S — R Zink has
an elegant theory which describes such deformations in a very concrete way.

Definition 3.6.1. Suppose S is a ring and a C S is an ideal. A divided power
structure on a is a collection of functions

Yo = {Vn 10— a}pezt
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satisfying the following properties for all m,n € Z*, s,t € S, and z,y € a:

(17) Yn(sz) = s"y(x)
(18) Ym () - Yn(z) = % “Ymtn ()

n—1
(19) lyn(x + y) = ’Yn(x) + (Z ’Vnz(x)P)’z(y)> + P)’n(y)
i=1

(mn)!

(20) Ym (T (z)) = ( * Y ().

nl)mm!

Remark 3.6.2. The axioms for a divided power structure are intended to encode
the idea that -, (x) behaves like 2™ /n!, and the motivation for defining a divided
power structure in the first place is so that one can imitate the construction of the
exponential function in situations were the expression z"/n! doesn’t make sense.
For example if one has the additional property that 7, = 0 for n > 0 then the
function

exp(z) =1+ Z'yn(x)

defines an isomorphism of groups a — 1 + a (see [21, p.79]).

Ezample 3.6.3. For any n € ZT we have p™/n! € pZ. Thus if S is any ring there is
a canonical divided power structure on the ideal pS defined by

n

_P n
Talpr) =Ty 2"

Definition 3.6.4. A PD-thickening is a surjective morphism S — R in ART
together with a divided power structure 7, on the ideal a = ker(S — R). We
further require that the restriction of v, to a NpS agree with the canonical divided
power structure of Example 3.6.3.

The following three examples are the only examples of PD-thickenings we will
ever need.

Example 3.6.5. Suppose S — R is a surjective morphism in AR7 whose kernel
a = ker(S — R) satisfies a> = a. Then we may equip a with the trivial divided
powers defined by

m(z) =2
and v, (z) = 0 for n > 1. This makes S — R into a PD-thickening.

FEzample 3.6.6. Suppose p is unramified in K and let m = p)V be the maximal ideal
of W. For any k € Z* the surjection

W/mk — ]]:?glg
has kernel a = m/m* generated by p, and so the canonical divided power structure

on a is the unique divided power structure making W/m*F — F;lg into a PD-
thickening.
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Ezample 3.6.7. Suppose p # 2 is ramified in K and let w € Ok , be a uniformizer.
Then m = i(w) is the maximal ideal of W. For any k € Z* the surjection W/m* —
F2'® has kernel a = m/m* generated by i(w). By the following exercise the ideal a
is equipped with the divided power structure

ity = L2

n!
and this divided power structure makes WW/m* — F;lg into a PD-thickening.

n
)

Ezercise 3.6.8. Prove that for any n € Z* we have.
n—1

ord,(n!) < p—
(hint: see [7, IV.1.3]). Deduce that if p is odd and ramified in K then for any
uniformizer @ € Ok p
w"/n! € wOk .

Remark 3.6.9. As has already been noted, we will only prove part (c) of Theorem
1.2.1 under the hypothesis that either p is unramified in K or p # 2. Our methods
break down when p = 2 is ramified in K precisely because of the necessity of p # 2
in the preceding exercise.

Suppose R is an object of ART and (P, Q, F, F) is a display over R. The Hodge
sequence of (P,Q, F, Fy) is the short exact sequence of R-modules
0— Q/IgrP — P/IrP — P/Q — 0.
Note that P/IgP and P/Q are free R-modules by hypothesis, and in particular
the Hodge sequence splits (noncanonically). From this it follows that Q/IgrP is a
projective R-module, and hence also free (as R is local). The submodule
Q/IgrP C P/IgP
is the Hodge filtration of P/IrP. In anticipation of coming events we abbreviate
P(R) = P/IrP
so that the Hodge sequence takes the form
0— Q/IrP — P(R) — Lie(P) — 0.

Suppose S — R is a PD-thickening and P is a nilpotent display over R. Central
to Zink’s deformation theory is the following fact [33, Theorem 44]: given any two
deformations ]51, ]52 of P to S there is a canonical isomorphism of S-modules (which
depends on the divided power structure on ker(S — R))

(21) Py /IsP = P, /IgP;.
Thus if we define a free S-module of rank height(P)
P(S) Y p/1gP

for any deformation P of P to S, the result does not depend on which deformation
we choose, and furthermore satisfies

(22) P(S)®s R = P(R).

The rule S +— P(S) is the crystal of the display P (more precisely, it is the covariant
Dieudonné crystal of [33, Definition 47]). This rule assigns to every PD-thickening
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S — R a lifting of the R-module P(R) to an S-module P(S) (lifting just means
that the relation (22) holds). The isomorphism (21) need not preserve the Hodge
filtration, and so the submodule

Q/IsP c P(S)
does depend on the choice of deformation P. The rule
P O)IsP
therefore defines an interesting function from the set of all deformations of P to
the set of all direct summands £ C P(.S) which lift the Hodge filtration of P(R):

L

Q/IrP ——P(R).

To be precise, by a lifting the Hodge filtration of P(R) we mean a direct summand
L C P(S) such that the isomorphism (21) identifies £L ® ¢ R = Q/IrP.

The following result is Zink’s version of the Grothendieck-Messing deformation
theory [7, 21].

Theorem 3.6.10 (Zink). As above, let S — R be a PD-thickening and let P be
a nilpotent display over R. The function P — Q/IgP defines a bijection between
deformations of P to S and liftings of the Hodge filtration:

Q/IsP —=P(9)

L

Q/IrP —— P(R).
Moreover, any endomorphism f € End(P) induces a canonical S-linear map
fs : P(S) — P(9)
such that:
(a) fs lifts the map fr : P(R) — P(R) induced by f,
(b) f € End(P) lifts to an endomorphism f € End(P) if and only if
fS(Q/ISp) - Q/Isp

In other words if P is the deformation corresponding to the lift of the Hodge filtration
L C P(S) then the endomorphism f lifts to an endomorphism of P if and only if
fs(ﬁ) cL.

Proof. This is [33, Proposition 45]. O

3.7. Deforming CM elliptic curves. If R is any object of AR7 then let Jg be
the kernel of the ring homomorphism

TR: O ®z R — R
defined by 7r(z ® r) = i(z) - r. Thus there is a short exact sequence of R-modules

0—>JR—>0K®ZRT’R>R—>O.
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This sequence is obviously split (R is projective as a module over itself), and so
the R-module Jg is a direct summand of a free module. Therefore Jp is projective,
and as R is local Jg is itself free of rank one. If M is a free R-module of finite
type equipped with an action « : O — Endg(M) then O ®7 R acts on M in an
obvious way, and so there is a natural Og-stable R-submodule

JrM C M.

Lemma 3.7.1. Suppose M is a free O ®z R-module of rank one and that L is
an Ok ®yz R-submodule such that L and M/L are both free R-modules of rank one.
Assume further that the action of Ok on the quotient M /L is through the map
(12). Then

L=JrM.

Proof. Let ¢ : M — M/L be the quotient map. To say that the action of O on
the quotient M /L is through the map (12) means that

q((z®@r)-m)=i(x) -r-qlm)=7(@er) q(m).
In particular if j € Jr then for any m € M we have

q(j-m)=71r(j) -m=0.
Therefore JpM C L. As M = Ok ®z R as Og ®z R-modules, the comments

preceding the lemma show that JpM and M/JrM are each free R-modules of
rank one. Now consider the exact sequence

0— L/JgM — M/JgM — M/L — 0.

If we fix isomorphisms of R-modules M/JrM = R and M/L = R then the map
M/JgM — M/L is multiplication by some r € R. The surjectivity of this map
implies that » € R*, and so the map is also injective. Therefore L/JgM =0. O

Exercise 3.7.2. Suppose that S — R is a surjection in AR7T. Suppose that M is a
free O @z R-module of rank one and M is an Ok ®z S-module which is free over
S and satisfies

M Rs R= M

as Ok ®7 R-modules. Then M is free of rank one over O ®7 S.

Let P be the supersingular display over ]Fglg of Example 3.5.5. In all that
follows kg5 : Ox — End(Pss) will denote an action such that the induced action

of Ok on Lie(Ps) is through i : O — Fglg. The action kg makes the crystal
Py (F3'®) into an Og-module.

Ezercise 3.7.3. With (P, kss) as above, show that the crystal PSS(IFf}lg) is free of

1
rank one over Ok ®z Fy®.

Proposition 3.7.4. For any object R of ART there is a unique deformation of
(Pss, kss) to R.
Proof. Set Ry = R/m’j{. The natural surjection Ry4+1 — Ry has kernel
a =mh/mh.
As a? = 0, Example 3.6.5 shows that Ry, — R} is a PD-thickening. Set

(POa HO) = (Pssa Hss)~
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Let us first try to lift the CM display (P, ko) over Rg to a CM display (Py, k1)
over Ry. By Exercise 3.7.3 the crystal P(Rp) is free of rank one over O ®z Fﬁlg,
and by Lemma 3.7.1 the Hodge filtration of Py(Ry) is

JROP()(R()) C Po(Ro).

The action kg of Ok on Py induces an action on the crystal Po(R;) (this is part of
Theorem 3.6.10), and we must find all Og-stable lifts of the Hodge filtration

L—Py(Ry)

| |

Jr,Po(Ro) — Po(Ro).

By Exercise 3.7.2 the crystal Po(R;) is free of rank one over Ox ®z R;, and again
applying Lemma 3.7.1 shows that the only choice for £ is

L = Jr,Po(Ry).

We have now shown that (Pp, ko) admits a unique deformation (Py, k1) to Ry, and
furthermore

Pi(Ry) = P1/Ir, P1 = Po(R1)
is free of rank one over Ok ®z R;. Now repeat the argument to show that (Py, k1)
admits a unique deformation to Ro, and so on. As m% = 0 for k£ > 0, we eventually
find that (P, ko) admits a unique deformation to Ry = R. O

Corollary 3.7.5. Let R be an object of ART. If (E,k) is a supersingular CM
elliptic curve over Fﬁlg then there is a unique deformation of (E,k) to R.

Proof. Let P = P(E,~) be the display associated to E,~ and let « be the action of
Ok on P induced by the action of Ok on E. After fixing an isomorphism P & Py
(which is possible by Exercise 3.4.10) the action x : O — End(P) corresponds to
an action kg : Ox — End(Pys). By (15) there is a bijection between deformations
of (E,k) and deformations of (Ps,kss), and so the preceding proposition shows
that (F, k) admits a unique deformation to R. (]

Corollary 3.7.6. Fiz a place v of K& above p. Reduction modulo v defines a
bijection between the set of all CM elliptic curves over K& and the set of all CM
elliptic curves over F;lg.

Proof. Let C, be the metric completion of an algebraic closure of @, and fix a
continuous ring embedding W — C,,. Given a CM elliptic curve (E, k) over F;lg,
for every quotient W/m* of WW we have proved that there is a unique deformation
of (E, k) to W/m*. We deduce from the discussion following [1, Theorem 3.4] that
there is a unique deformation (E, &) of (E, ) to W. From this it follows easily that
(E, k) has a unique deformation to C,. By the theory of complex multiplication
(as in [30]) a CM elliptic curve over a field of characteristic zero has a model over
an algebraic extension of Q, and so once we fix an embedding K*% — C,, we find

that this unique deformation is defined over K22, O

Corollary 3.7.7. The action of Pic(Ok) on the set of all CM elliptic curves over
]Fglg is simply transitive.

Proof. Combine Corollary 3.7.6 with Exercise 2.1.1. O
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3.8. The unramified calculation. Assume that p is inert in K and fix a uni-
formizer m € Z,. Recall that the supersingular display Pss over F%lg has endomor-

phism ring
End(Py) = {(b‘} gﬁ) cabe sz} .

Define an action kg : Ok, — End(Pys) by

= (Y ).
alg

Ezercise 3.8.1. Suppose that (E,x) is a supersingular CM elliptic curve over Iy,
and abbreviate P for the display P(Epe). There is an isomorphism of CM displays

(P, k) = (Pss, Fiss)-
Hint: by the Noether-Skolem theorem any two embeddings K, — End(Ps) ®z, Q,
are conjugate.

Let m = pW be the maximal ideal of W.

Proposition 3.8.2. Let (]535, Rss) be the unique deformation of (Pss,kss) to R =
W/mF. A nonzero endomorphism

(e )

of Py lifts to an endomorphism of Ps if and only if
ord,, (bbf") + 2
— 5

Proof. Recall that W = W, as we assume that p is inert in K. By Example 3.6.6
the map R — Ff,lg is a PD-thickening. Applying [33, Proposition 51] to the trivial

k<

PD-thickening F;‘lg — F‘;lg gives a canonical isomorphism
lim P (W/p'W) P
Applying ®w R to both sides provides a canonical isomorphism of W-modules
P.(R) = P, ®w R.
In particular
(23) P..(R) = Pu/p" P,
Under this isomorphism the R-module endomorphism
jr i Pu(R) — Py(R)
corresponds to the reduction modulo p* of j
j : Pss/p" Py — Pus/p" Pys.

Recalling that @ = (pej,es) C P, it is clear that the Hodge filtration Q/pPs C
Py /pPys is generated by es. Thus there is an obvious lift of the Hodge filtration

(e2) — Py (R)

L

(e2) — P (F2'®).
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From our explicit choice of kg it is clear that the action of Ok on Py stabilizes the
line Wez, and so the isomorphism (23) shows that the action of Ok on Py (W /p*W)
stabilizes the the submodule (es) C Py(W/pFW). In other words we have iden-
tified the (unique) Ok-stable lift of the Hodge filtration which corresponds to the
deformation (1555, Fgs): it is simply the submodule (ep) C Py (W/p*W). Thus the
following are equivalent:

(a) j lifts to an endomorphism of (P, Fgs)

(b) j preserves the Hodge filtration of Py (W /pEW)

(c) the action of j on P, /p* Py preserves the W-span of es.
This last condition is equivalent to the conditions

j(€2> € W€2 +pkpss — pbel S WeQ +kass
<= pbe; € kaSS
>  ord,(bb") > 2k — 2.

[l
Proposition 3.8.3. Suppose we have a triple (E,k,j) € Zm(]Ff;lg) and set
ko~ ord,(m) +1
—

The triple (E, k,j) deforms to W/m* but not to W /m*+1.

Proof. Let (P, ) be the CM display over Fglg corresponding to (Ep~, k), and fix
an isomorphism (P, k) 2 (Pss, kss). The endomorphism j corresponds to an endo-

morphism
. (a pb
J= <bF aF)
of P, and the condition that j be a special endomorphism of (E, k) is equivalent

to the condition @ = 0. In particular

m=joj=pbb.

Thus h
b ord,(m) +1 _ ord, (bb") + 2
2 2
and by Proposition 3.8.2 the triple (Psg, Kss, 1) deforms to W/m¥ but not to W/m*F+1.
By (16) the same is true of (E, &, j). O

3.9. The ramified calculation. Assume that p is ramified in K and that p # 2.
In this case we may choose a uniformizer @ € O, satisfying @ = —w. Set 7 = w?

so that 7 is a uniformizer of Z,. As the norm map Z;z — Z, is surjective there is
auc Z; such that
w? =n=p- uul.

Recall that the supersingular display Py over leg has endomorphism ring

End(Py) = {(b‘; 22) ca,be Zpg} .

There is a unique action kg : Ox — End(Py) with the property

Kes (@) = (1 ﬂ>~
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Ezercise 3.9.1. Suppose that (E, k) is a supersingular CM elliptic curve over ]Ff;lg

and abbreviate P for the display P(Epe). There is an isomorphism of CM displays
(P, k) = (Pes, Kss)-
Let m = i(w)W be the maximal ideal of W.

Ezxercise 3.9.2. Show that for any object R of ART the ideal Jg C Ok ®z R is
generated as an R-module by w ® 1 — 1 ® i(w).

Proposition 3.9.3. Let (PSS,/%SS) be the unique deformation of (Ps,kss) to R =
W/mk. Ifa,be Ly satisfy a¥ = —a and b = —b then the endomorphism

. (a wb
J = pE  oF

of Pus lifts to an endomorphism of Py if and only if
k < ordy(a® — b*m) + 1.
Proof. The map R — IF?,lg is a PD-thickening by Example 3.6.7. As in Proposition
3.8.2 there is an canonical isomorphism
P (R) = Ps®w R
under which isomorphism the R-module endomorphism
jr : Pss(R) — Py (R)
is determined by
jrlz@r)=jx)@r.
The crystal Pg(R) is generated as an R-module by {e; ® 1,e5 ® 1}. Using the
relation
kss(w) - (e1®1) = (k(w)e1) ®1=e3® 1
we see that e; ® 1 generates Pg(R) as an Ok ®z R-module. As in the proof

Proposition 3.7.4, it follows from Exercise 3.7.2, Exercise 3.7.3, and Lemma 3.7.1
that the unique O-stable lift of the Hodge filtration

Jew - Pos(Fp®) C Pos(F3%)
to Pgs(R) is
Jr - Py(R) C Py(R).
It follows from Exercise 3.9.2 that Jg - Py (R) is generated as an R-module by
(wel-1Qi(w)) (e1®1)=e3®1—e; ®i(w).
This suggests that we dfine a new R-module basis of Py (R)

fi = e1®1

fo = e®1—-¢e Qi(w).
The Hodge filtration of the unique deformation of (Pss, kss) to R is then
(24) Rfy CRfL® Rfs.

With respect to the basis {f1, fa} the endomorphism jg is given by the matrix

o (h) )



MODULI SPACES OF CM ELLIPTIC CURVES AND DERIVATIVES OF EISENSTEIN SERIES1

and in order that jgr preserve the Hodge filtration (24) we must have
b — ai(w) =0
as elements of R. In other words j lifts to an endomorphism of (]555, Rss) if and only
if
7b — ai(w) € ker(W — R) = i(w")W.
This condition is equivalent to
a—bi(w) €i(@* W = & -brecpw
< k<ord,(a® —b*1) + 1.

Proposition 3.9.4. Suppose we have a triple (E, K, j) € Zm(IFﬁlg) and set
k = ordy(m) + 1.
The triple (E,k,j) deforms to W/m* but not to W /m++1.

Proof. Let (P, k) be the CM display over F‘;lg corresponding to (Epe, ) and fix

~

(see Exercise 3.9.1) an isomorphism (P, k) 2 (P, kss)- The endomorphism j cor-
responds to an endomorphism

. a b

J= (bF SF)

of Py, and the condition that j be a special endomorphism of (E, k) is equivalent
to the condition

In particular
m=joj=mnb>—ua
and so
k = ord,(m) + 1 = ord,(a® — wb?) + 1.

By Proposition 3.9.3 the triple (P, kss,7) deforms to W/mF but not to W/m*+1,
By (16) the same is true of (E, &, j). O

3.10. Lengths of local rings. As in earlier subsections let p be prime which is
nonsplit in K, let p be the prime of K above p, and fix m € Z*.

Theorem 3.10.1. Assume that either p is inert in K, or that p is odd and ramified
in K. Let m C W be the maximal ideal and set
k = ep : Ordp(gl) +71 .

For any object R of ART and any (E, k,j) € Z,,L(Fglg) there is a canonical bijection
{deformations of (E,x,7) to R} = Homyy(W/m* R).

Proof. Corollary 3.7.5 implies that for every object R of ART there is a canonical
bijection
{deformations of (E, k) to R} = Homy (W, R)
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(as both sides consist of a single point!). In other words the deformation functor is
pro-represented by W. It follows from [25, Proposition 2.9] imposing additional en-
domorphism data in the deformation problem has the effect of passing to a quotient
of the pro-representing object. That is to say,
{deformations of (E,k,j) to R} = Homw (W/I, R)

for some ideal I C W. This ideal is the smallest ideal for which the triple (F, &, j)
deforms to W/I, and Propositions 3.8.3 and 3.9.4 tell us that I = m*. Indeed, if
we take R = W/mF in the above bijection then the existence of a deformation of
(E,k,j) to W/mF proves the existence of a W-algebra map W/I — W /mF. Thus
I c m*. On the other hand if we take R = WW/m**! in the above bijection then the

facto that (E,k,j) does not deform to R implies that there is no W-algebra map
W/I — W/mk*+t Thus I ¢ m¥*1 and we have proved I = m*. O

Theorem 3.10.2 (Gross). Assume that either p is inert in K, or that p is odd and

ramified in K. For every z € Zm(F;lg) the local Ting Oz, » is Artinian of length

ord,(m) +1
—
Proof. By combining (13) with Theorem 3.10.1 we see that for every object R of
ART there is a bijection
Homyw (Oz ., R) = Homyy(W/m", R).

Taking R = W/m* yields an isomorphism O 2., = W/m"* which shows that 9] Zon .z
is Artinian of length k. Using the flatness of the morphism Z,, — Z,, it follows
that Oy, . is also Artinian of length k. O

length(Oz,, .) = ep

msZ)
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