A SUPERSINGULAR CONGRUENCE FOR MODULAR FORMS

ANDREW BAKER

ABSTRACT. Let p > 3 be a prime. In the ring of modular forms with g-expansions defined over
Z(py, the Eisenstein function Fj41 is shown to satisfy

-1

2
(Bppn)’ ™ = — (?) AT D12 1104 (p, Bypy).

This is equivalent to a result conjectured by de Shalit on the polynomial satisfied by all the
j-invariants of supersingular elliptic curves over F,. It is also closely related to a result of Gross
and Landweber used to define a topological version of elliptic cohomology.

INTRODUCTION

In [6], Gross and Landweber proved the following supersingular congruence in the ring of
holomorphic modular forms for SLy(Z) with g-coefficients in the ring of p-local integers Ly for
a prime p > 3:

—1
(0.1) Uy = <p> AP*=D/12 o4 (p,u1).

The regular sequence p, u1,us is defined using the canonical formal group law F' associated to
the universal Weierstrafl cubic whose p-series has the form

plr(X)=pX + -+ wuXP +--- 4 up XP° + (higher order terms)
= XP A+ usX? + (higher order terms) mod (p)
(0.2) = up X7 + (higher order terms) mod (p, uy).

In fact, u; is essentially the Eisenstein function E,_;, in the sense that vy = E,_1 mod (p).
The main result of this paper is the following supersingular congruence for E,,; which is
closely related to Equation (0.1):

(0.3 (Bt = = (21) A wi0d (9, By 0),

These congruences are equivalent to equations that hold in the field of definition of a super-
singular elliptic curve over a finite field of characteristic greater than 3, and our proof is couched
in terms of this interpretation.

It turns out that our result is related to one conjectured by de Shalit [12] and described
by Kaneko and Zagier in [4]. In fact, our original attempt at proving Theorem 1.4 involved a
reduction to Equation (6.1). This unsuccessful strategy was aborted when Don Zagier pointed
out the equivalence of the two results!

Our original motivation in studying this question and more generally isogenies of supersing-
ular elliptic curves, lies in elliptic cohomology. Inspired by results of Robert [8] and of Gross
and Landweber, we have determined the precise relationship between the category of isogenies
and the stable operation algebra of supersingular elliptic cohomology. The details will appear
in [1] which is currently in preparation. Like the present work, this makes use of Tate’s theory,
particularly that of the p-primary Tate module (never formally published by him but described
in [17], see also the Woods Hole Notes [7]).
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1. RECOLLECTIONS ON MODULAR FORMS AND ELLIPTIC CURVES OVER FINITE FIELDS

Background material for this section can be found in the articles of Serre [10, 11|, Katz [5]
and Tate [14]; see also the books by Husemoller and Silverman [3, 13].

Throughout, let p > 3 be a prime and let S(Z,)). (respectively M(Z,)).) denote the graded
ring of modular forms for SLy(Z), holomorphic (respectively meromorphic) at oo and with
g-coefficients in the ring of p-local integers Z ).

We will make use of the following modular forms which are determined by their g-expansions.

P=FE,=1-24) oi(r)q,

1<r
Q=Ei=1+240) a3(r)q,
1<r
R=Fg=1-504) o5(r)q,
1<r
3 _ p2
AP R ,
1728
Q3
J= X?
2(p — 1
A=B=1- 22705
p—1 1<r
2p+1
B=Epy=1- 22U g
ptl 1<r

Here, Q and R are modular forms of weights 4 and 6, while P is ‘almost’ modular of weight 2.

Theorem 1.1. As graded rings,

S(Z(p))* = Z(p) [Q7 R]7
M(Zp))« = Zp) [Q, R, A7),

Also,

S(Zp))o = Zgy),
M(Zpy)o = Zp)[J]-

There is a derivation 6 on M(Z(p))* which restricts to S(Z(p))* and satisfies

OP = —Q — P?,
dQ = —4R,
OR = —6Q7,
A =0,
BTN
0j = —12 A

Theorem 1.2. For the prime p > 3,

(1) In the ring S(Fp)s = S(Z(y))+«/(p), A is not a factor of A.
(2) In the ring S(IF,)« each irreducible factor of A has multiplicity one, hence the same is
true in the ring M(Fy). = M(Z,))+/(p)-
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(3) In each of the rings S(Fp). and M(F,)., every irreducible factor of A has one of the
forms
Qa R7 Q3 - aAu Qﬁ + /BAQ3 + 7A27
where «, 3,7 € Fp with o # 0 and X2 + BX + v € F,[X] irreducible.

We also note the following calculational result.
Proposition 1.3. For a prime p > 3, in the ring M(F,). we have the identities modulo p:
B=0A, 0B=-QA.

Now let F, be the finite field of order ¢ = p? where we continue to assume that p > 3. An
elliptic curve &€ over [y is determined by its Weierstraf form,

E:y? =42 —ax —b.

The non-singularity of £ is equivalent to the existence of a classifying ring homomorphism
0¢: M(F,) — T, for which 0¢(Q) = 12a and 0g(R) = —216b. The curve is supersingular if
0g(A) = 0, or equivalently 6¢ factors through a homomorphism M(F))./(A) — F, (which we
will also denote by 0g). For z € M(Z))+ or M(FFp)./(A) we will often write z(€) = 0g(x).

Given u € [Fy, the curve

EY: y? =42 — aulx — bud

is the u-twist of £. It is isomorphic (as an abelian variety over Fy) to £ if and only if u is a
square in F, and in that case, an isomorphism is provided by the completion of the affine map
oyt (z,y) — (v, v3y) where v? = u.

Associated to the Weierstrafl form is the canonical invariant differential

dzx
wg = —.
Yy

Notice that when u = v2,

Yrwew = v we.
Also, if F' € M(Z))r, then
F(EY) = vFF(E).
Using the above notation we restate our main result as the following:

Theorem 1.4. For the prime p > 3, in each of the rings S(Z))s and M(Zy,))« we have the

congruence

Brl=_ (_1> AP =D/12 o4 (p, A).
p

Equivalently, for a supersingular elliptic curve & over a finite field Fa,

B@WJZ—(;)MaW4W?

2. SOME SUPERSINGULAR ISOGENY INVARIANTS

Recall that for two elliptic curves &1, &y defined over a field k, an isogeny ¢: &1 — & over
k is a non-zero morphism of abelian varieties. Using the dual isogeny @: Es — &1, it is easily
seen that the existence of an isogeny £ —— &3 is equivalent to the existence of an isogeny
&y — &1. Hence the notion of isogeny defines an equivalence relation on elliptic curves.

The next important result due to Tate [15], see also [3] Chapter 3 Theorem 8.4, allows us to
determine isogeny classes of supersingular curves.

Theorem 2.1. Two elliptic curves £1,E defined over a finite field F, are isogenous over Iy if
and only if

[E1(Fg)| = |E2(Fg)]-
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In particular, a supersingular curve defined over the prime field F), has |£(F,)| = 1+ p, hence
all such curves are isogenous over [,,. For a more detailed analysis of the possible isogeny classes,
see [16, 9].

For supersingular elliptic curves over finite fields, it turns out that there are some interesting
isogeny invariants. In [6], Gross and Landweber in effect showed for two such curves &1, &
defined and separably isogenous over [F,.z,

(—pl> APV _ <—p1> A(E) P12,

This follows from the facts that these two quantities are actually in [F,, and by Equation (0.2)

can be identified with the coefficients of the leading terms T’ " in the [p]-series of the isomorphic
canonical formal group laws associated to the local parameter —2z/y.
In order to identify another isogeny invariant, we will need Théoréeme B/Lemme 7 of Robert

[8].
Lemma 2.2. Let ¢: & — &2 be a separable isogeny between supersingular elliptic curves.
Then if p*we, = Awe, ,

B(&) = AP deg pB(&y).

Corollary 2.3.
B(&)P~ = A" B(g )T,
In particular, if £1,& and ¢ are all defined over F 2, then
B(&)P1 = B(&)P

Using this corollary, together with the fact that for a supersingular curve £ over a finite field
Fa, j(€) € Fp2 and there is supersingular curve &£’ defined over F,2 and an isomorphism & = &’
defined over F 4, we can reduce the proof of our main theorem to the case of curves defined over

Fo.

3. CONSTRUCTING SUPERSINGULAR CURVES OVER THE PRIME FIELD

For completeness, in this section we outline details of a construction which seems to be well
known but whose full details are not so readily found in the literature. A nice account of some
aspects of this can be found in Cox [2].

Let K = Q(y/—p) and Ok be its ring of integers which is its unique maximal order.

Theorem 3.1. For any prime p > 11, there are supersingular elliptic curves £ defined over I,
and with j(€) # 0,1728 mod (p) and having Ox C End €.

Now Og is a lattice in C, hence we can define the torus C/Og which has a projective embed-
ding as a Weierstrafl cubic k. Since O is an Og-module, £k admits complex multiplication
by Ok.

Proposition 3.2. (1) The j-invariant j(Ok) = j(Ek) is an algebraic integer.
(2) The extension field L = K(j(Ok)) is the Hilbert class field of K.
(3) The elliptic curve Ex is defined over L.

A property of the Hilbert class field is that it is unramified at every principal prime ideal in
Ok. In particular, if p is a prime in Oy, lying above the prime (/—p) in O, then the residue
field is

Or/p =F),.
Hence,
(3.1) Jj(Ok) mod p € F,,.
Since the curve £k can be defined over L, we can assume that it has the Weierstrafl form

Ex:y? =42 —ax —b
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where a,b € Op. Unfortunately, this might have discriminant A lying in some prime ideal
p over (y/—p). To overcome this problem we pass to p-adic completions K( /=5 < Lp which
are complete local fields with maximal discrete valuation rings Ok (/=5 € Orp. We may
pass to some finite extension L’/L, in which p is totally ramified and the principal prime ideal
p’ = (7) < O satisfies
A = \r'?k
for some integer k > 0 and unit A € Op/. The curve
& y? =42 — n%ax — 7%
is now defined over O, C L' and isomorphic to £k over L’. Moreover its discriminant is A,
which reduces to a non-zero element of Op//(m), hence the reduced curve £’ is non-singular and
so elliptic. We also have N
J(&) = (&) mod ()
=j(Ok)  mod (m)

with the latter lying in F,. Hence, £ is isomorphic over F,, to an elliptic curve £ defined over
Fp.

The endomorphism ring of £ is at least as big as Ok. Notice that it cannot contain the
complex numbers ¢ or w since it would then have a commutative endomorphism ring of rank
greater than 2. Thus we must have j(Og) # 0,1728 mod (p), and using a straightforward
change of variables, can actually assume that £ has the form

275(0 275(0
£:y? = dad — - J(Ok) r— - j(Ok) .
J(OK) — 1728 J(Or) — 1728
In fact, End £ is noncommutative since £ is supersingular. To see this, notice that from general
considerations of [15, 16, 17] the action of \/—p agrees with that of the Frobenius map. Applying

Fr to the Tate module Ty & for any prime ¢ # p, we easily see that

TrFr=+/-p—+—-p=0.

But this implies that
EFp)| =p+1—-TrFr=p+1,
or equivalently that £ is supersingular by standard results of [3, 13].

4. THE CASE OF SUPERSINGULAR CURVES OVER THE PRIME FIELD

In [6], Gross and Landweber proved that for a supersingular elliptic curve £ defined over F
the following identity holds whenever j(€) # 0,1728 mod (p).

w-nnz ) 1 iR =[(=1/pple  (Case A),
(41) AT = {—1 if Fr2 = [—(=1/p)]e (Case B).

Here Fr?: £ — £(P*) = £ is the relative Frobenius map and the stated possibilities are the only
ones that can occur. They also observe if Case A holds, then
E[4] C E(Fp2).

Since |£[4]| = 16, this means that |E(F,2)] = 0 mod (16). In case B, a modification of their
discussion shows that none of the elements of order 4 can be in £(F,2). On the other hand, in
all cases,
E[2] CE(Fp2).
Let us now consider the case of such a curve actually defined over the prime F,. Then it is
well known that the number of points over I, is |E(F,)| = 1 + p. Using the form of the zeta
function over [, given by the Weil Conjectures, we easily find that

4 mod (8), if p=1mod (4),

EFpe) =1+2p+p" = (1+4p)® =
|E(Fy2)] +2p+p = (1+p) {Omod(S), if p =3 mod (4).

Hence, for such a curve, we have
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Case A holds <= p=3mod (4),
Case B holds <= p=1mod (4).
Since B(€) € F,
BEP 1t =1.
In Case A, we have (—1/p) = —1, and so by (4.1)

(=t (P*-1)/12 _ ¢ _ p—1
(p)Aw) 1=BEP .

In case B, (—1/p) =1, and by (4.1),

—(j)A@WLWH:1:BwV4.

Hence we have proved the following.

Theorem 4.1. For a supersingular elliptic curve € defined over Fp, and satisfying j(E) #
0,1728 mod (p),
B@w4:_<4>MaW4W?
p

5. THE CASE OF SUPERSINGULAR CURVES OVER THE FIELD OF ORDER p2

Having dealt with supersingular curves over the prime field, we now turn to those defined
over 2. For p > 11, choose a supersingular elliptic curve & defined over F, with j(£) #
0,1728 mod (p)- this is always possible courtesy of Theorem 3.1.

Let £ be a supersingular elliptic curve defined over F,2 and with j(£) # 0,1728 mod (p). By
[16],

E(F,2)| =1£2p+p* = (1+p)*

By the Weil Conjectures, any curve defined over I, has |€(F,2)| = (1+p)?. By Theorem 2.1, if
|E(F,2)| = (1+p)?, there is an isogeny £ — & defined over F 2. There is a unique factorization
of the form ¢ = ;¢ o Fr¥, where

Frf: & — Eépk) =&
is the k-fold iterated Frobenius map, and ;¢: & — £ is separable. Hence we might as well

assume that  itself is separable.
Now applying Corollary 2.3 we may deduce that

B(EYP ' =B(&)Pr =1

Notice that if p = 1 mod (4) then case B of Section 4 applies to £, while if p = 3 mod (4) then
case A applies. Thus we find that

BEy =1 (‘1) AG-D/12
p
If |E(F,2)| = (1 — p)?, we may twist by any non-square u in F,2 to obtain a curve

E%:y? =423 — aulx — bud

which can easily be seen to have |£%(F,2)| = (14p)%. If v € Fpu with v? = u, (2,y) — (v2z,0%)
defines an isomorphism ¢, : £ = £ over 4, and we have pjwew = we. By the above result for

&Y together with Corollary 2.3, and the fact that A(£%) = uSA(EY), we now see that

B = —B(Evy! = (_pl> A(EHF* D12 — (;1) A(g)(zﬂ—l)/l?.

Similar arguments allow our identity to be proved directly for supersingular curves with
j(€) =0,1728 mod (p). Hence for primes p # 1 mod (12) we can avoid the use of Theorem 3.1,
however when p = 1 mod (12), we do require this result.
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6. RELATIONS WITH OTHER WORK

In [4], Kaneko and Zagier discuss the supersingular polynomial

ssp(X) = H(X —J(€)),
&
where the product is taken over all isomorphism classes of supersingular curves over Fp. Thus
in the ring M(IF, ), we have
B Q5R€ ssp(4)A™»
TG 1)
where we write p = 12m,, + 40 + 6 + 1 with J,¢ € {0,1}. Using Proposition 1.3 we obtain a
formula for B in terms of the derivation 0.
If & #0,1728 mod p is a root of ss,(X), then there is a supersingular elliptic curve
27« 27«
(@ —1728)"  (a— 1728)

E:y? =423 —

with j(€) = a. Then for some A\ € F,,
o=t ss) (o) A
(o —1728)0+¢ °

B(E) =

Combining this with Theorem 1.4 gives

(6.1) s ()1 = (—1)51a20-DE-D/3 (o  1728)(~D-1/2

which is the conjectured result [4], equation (40). Thus we have also proved the equivalent
conjectural equation (39) of de Shalit.
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