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Arithmetic of singular moduli and class polynomials

Scott Ahlgren and Ken Ono

ABSTRACT

We investigate divisibility properties of the traces and Hecke traces of singular moduli.
In particular we prove that, if p is prime, these traces satisfy many congruences modulo
powers of p which are described in terms of the factorization of p in imaginary quadratic
fields. We also study generalizations of Lehner’s classical congruences j(z)|U, = 744
(mod p) (where p < 11 and j(z) is the usual modular invariant), and we investigate
connections between class polynomials and supersingular polynomials in characteristic p.

1. Introduction and statement of results

Let
1
§(2) = q~' + 744 + 196 884¢ + 21493 760¢* + - - - € ~Z][q]]
q

denote the usual elliptic modular function on SLy(Z) (q := €?™* throughout). The values of j(2)
at imaginary quadratic arguments in the upper half of the complex plane are known as singular
moduli; two important examples are the evaluations

. (1+v=3

j(i) =1728 and j <T> =0. (1.1)
Singular moduli are algebraic integers which play many important roles in classical and modern
number theory. For example, they generate ring class field extensions of imaginary quadratic fields.
Also, the work of Deuring [Deu58, Deu46] highlights their deep connections with the theory of elliptic
curves with complex multiplication. In recent work, Borcherds [Bor95a, Bor95b] used them to define
an important class of automorphic forms possessing certain striking infinite product expansions.

There is a vast amount of literature on the computation of singular moduli which dates back
to the works of Kronecker; this includes the classical calculations of Berwick [Ber28] and Weber
[Web61]. In more recent work, Gross and Zagier [GZ85] computed exactly the prime factorization
of the absolute norm of suitable differences of singular moduli (further work in this direction has
been carried out by Dorman [Dor89, Dor88]).

In this paper we investigate the divisibility properties of the traces and Hecke traces of singular
moduli in terms of the factorization of primes in imaginary quadratic fields. We begin by fixing
notation. Throughout, d denotes a positive integer congruent to 0 or 3 modulo 4 (so that —d is the
discriminant of an order in an imaginary quadratic field). Denote by Q4 the set of positive definite
integral binary quadratic forms

Q(z,y) = az? + bry + cy?
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with discriminant —d = b? — 4ac. For each Q let ag be the unique complex number in the upper
half-plane which is a root of Q(z,1); the singular modulus j(cg) depends only on the equivalence
class of @ under the action of I' := PSLy(Z).

We define the class polynomial of discriminant —d as
Ha(z) = [[ (=—ilaq)) € Z[a].
QReQy/T

This is a mild departure from the customary definition since the product above is taken over all )
with discriminant —d, not just the primitive ones (note also the mild departure from the definition
in [Zag02]). Nevertheless, if —d is a fundamental discriminant, then H4() is the minimal polynomial
of each j(ag) over Q.

Define wq € {1,2,3} by
2 if Q~ra,0,q],
wg =43 if Q ~r a,a,a,
1 otherwise.
Let J(z) be the Hauptmodul

J(2) :=j(z) — 744 = ¢~ 4 196 884¢ + 21493 760¢> + - - - .
Then, following Zagier [Zag02], define the trace of the singular moduli of discriminant —d by

J(ag) Jjlag) — 744
td) = > —WQ = > 7% :
Qeoyr 9 géoyr @

We also consider more general Hecke traces; these are defined in terms of a natural sequence of
modular functions. Let Jy(z) := 1, and for positive integers m define J,,,(z) by
Im(2) = J(2)|To(m), (1.2)

where Tp(m) is the normalized weight zero Hecke operator of index m. Each J,,(z) is a monic
polynomial in j(z) of degree m with integer coefficients; the first few are

Jo(z) =1,

() = j(2) - T44 = J(2),

Jo(2) = j(2)? — 14885 (2) + 159768 = ¢ 2 + 42987520 + - - - .

Then, for each positive integer m, we define the mth Hecke trace of the singular moduli of discrim-
inant —d as the integer

._ Jm(aq)
tim(d) == g
QeQq/T
Zagier [Zag02] showed that these traces t,,(d) are determined as the coefficients of a certain sequence
of meromorphic modular forms on I'g(4) (see § 3 for details). Note that ¢;(d) = ¢(d); for convenience,
we define ¢,,(n) := 0 for every positive integer n = 1,2 (mod 4).

Remark. For fundamental discriminants —d, let h(—d) denote the class number of primitive positive
definite binary quadratic forms of discriminant —d. Then the values t,,(d) for 0 < m < h(—d)
determine the respective power sums in the j(cg). Therefore, these Hecke traces completely deter-
mine the polynomial Hy(x).

Our first result shows that these traces satisfy many striking congruences based on the factor-
ization of primes in certain imaginary quadratic fields.
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THEOREM 1.1. Suppose that p is an odd prime and that s and m are positive integers with p { m.
Then the following are true.

(1) Ifn is a positive integer for which p splits in Q(y/—n), then
tm(p*n) =0 (mod p).
(2) A positive proportion of the primes ¢ have the property that
tm(3n) =0 (mod p®)
for every positive integer n coprime to ¢ such that p is inert or ramified in Q(v/—nf).
(3) A positive proportion of the primes ¢ have the property that

tm (0%n) = tn(n) (2 — <_Tfl>> (mod p®)

for every positive integer n with (? { n such that p is inert or ramified in Q(/—n).

Remarks.

(1) It would be interesting to find a natural description of the primes ¢ which arise in the second
and third parts of Theorem 1.1.

(2) If —d is a fundamental discriminant and / is a prime, then the class numbers h(—d) and h(—£2d)

are related by the formula
—d
h(—£*d) = h(—d) - <e — <7>> .

Note the resemblance between this formula and the congruences in the third part of
Theorem 1.1.

(3) The proof of the second (respectively, third) part of Theorem 1.1 shows that the primes ¢ can
be chosen from the arithmetic progression —1 (mod 4p®) (respectively, 1 (mod 4p®)).

Here we give some examples of the phenomena described in Theorem 1.1.

Ezample 1.2. For each p < 11, the maximal congruence modulus in the first part of Theorem 1.1
exceeds p; these moduli are 729, 125, 49, and 121. If p = 7, for example, then for every non-negative
integer n we have

t1(343n 4 147) = t1(343n + 245) = t1(343n +294) =0 (mod 49).

Ezxample 1.3. As an example of the phenomenon described in the second part of Theorem 1.1, we
have

t1(13°n) =0 (mod 7)

for every positive integer n coprime to 13 with (#) # 1.

Ezample 1.4. As an example of the third part of Theorem 1.1, we have, for each positive integer n
such that (5%) # 1 and 29% { n, the congruence

£1(29%n) = t1(n) <2 - <;—g>> (mod 7).

In the second part of the paper we turn to a study of the arithmetic properties of the class
polynomial H,4(z). If p is prime, then let Fy[z] denote the polynomial ring over the finite field with
p elements. For fundamental discriminants —d, it is natural to study the factorizations of Hy(x)
over I, [z]. This question is of particular interest for those primes p which are inert or ramified in
Q(v/—d); for such p a theorem of Deuring (see, for example, Theorem 12 of [Lan87, § 13.4]) implies
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that each root of Hg(z) over Fp[x] is the j-invariant of a supersingular elliptic curve in characteristic
p (this fact is an essential ingredient in Elkies’ proof [Elk87] that every elliptic curve over Q has
infinitely many supersingular primes).

In view of this, it is natural to seek a general description, for arbitrary primes p, of the set of —d
for which the distinct roots of Hy(z) in Fp form the complete set of supersingular j-invariants in
characteristic p. Using a result of Koike (which is related to work of Dwork and Deligne on the p-adic
rigidity of j(z)) we show in Theorem 1.5 below that this question is closely related to the problem of
classifying certain congruences for the Fourier coefficients of nearly holomorphic modular functions.

We recall that a modular form on a congruence subgroup I" is called nearly holomorphic if its
poles (if there are any) are supported at the cusps of I''. Every non-zero nearly holomorphic modular
function f(z) on SLg(Z) is a polynomial in j(z) and has a Fourier expansion of the form

f2) =Y alw)g",

where ng < 0 and a(ng) # 0. We define the operator U, by

oo

FENUp = Y alpn)q™

n=—oo

For nearly holomorphic modular forms with integral coefficients, we consider congruences of the
form

f(2)|U, = a(0) (mod p). (1.3)
Perhaps the most famous congruences of the form (1.3) are due to Lehner [Leh49], who proved that
if p < 11 is prime, then

Jj(2)|Up, =744 (mod p). (1.4)

To state our first result in this context, it is convenient to make the following definition. If p < 11
is prime, then let Spy(x) := 1, and for p > 11 define S,(x) € Fplz] by

Spla) := I1 (z = 5(E)), (1.5)
E/F,, supersingular
j(E)¢{0,1728}

where the product is taken over Fp—isomorphism classes of supersingular elliptic curves E. It is well
known that the degree of Sy(x) is [p/12]. With this notation we have the following general result.

THEOREM 1.5. Let F(x) € Z[z] be a polynomial of degree m, and let p > m be a prime for which
F(x) #0 (mod p). If Sy(x)? divides F(x) in Fp[z], then

F(5(2)|Up = a(0)  (mod p),
where a(0) is the constant term in the Fourier expansion of F(j(z)).

Remarks.

(1) The converse is false in view of the fact that if the conclusion of the theorem holds for F(z),
then it holds for F'(z) 4+ a for every o € ).

(2) Since Sp(z) =1 for p < 11, Lehner’s congruences (1.4) follow from Theorem 1.5.

For fundamental discriminants —d, define integers c4(n) by

https://doi.org/10.1112/50010437X04001198 Published online by Cambridge University Press


https://doi.org/10.1112/S0010437X04001198

SINGULAR MODULI AND CLASS POLYNOMIALS

After Theorem 1.5, it would be desirable to find a characterization of those primes p for which
Ha(j(2))|Up = cq(0) (mod p). (1.6)
Computations reveal many uniform sets of examples. For example, we have the following corollary.

COROLLARY 1.6. If —239 < —d < 0 is a fundamental discriminant and h(—d) < p < 6h(—d) — 1 is
a prime which is inert or ramified in Q(v/—d), then S,(z)? divides H4(x) in F,[z] and

Ha(j(2))|Up = c4(0)  (mod p).

The uniformity of the range of primes in Corollary 1.6 suggests that this phenomenon might
hold in generality. However, this is not true; when —d = —239, we have

Hazo(j(2))|Urg = 44 + 2 + 62¢° +---  (mod 79),
although 79 is inert in Q(y/—239) and h(—239) = 15. In this case S7g(z) divides Hasg(z) in Frg[z],
but the supersingular j-invariant j = —15 is a root of multiplicity only 1.

Another natural question to ask is whether or not, for those primes p > h(—d) which are inert
in Q(v/—d), the condition that S,(z)? divides Hy(z) in F,[z] is implied by a congruence of the
form (1.6) (recall the first remark following Theorem 1.5). Computations reveal that the answer is
affirmative for all fundamental discriminants —d with —700 < —d < 0. However, further calculation
reveals sporadic counterexamples (there are only three counterexamples with d < 1000; these are the
cases when (—d, p) = (=707,47), (—=731,79), and (—767,101)). Nevertheless, this condition appears
to be necessary for the vast majority of —d; for these —d it is clear by comparing the degrees of
Sp(x) and Hq(z) that Hg(j(2)) can satisfy the congruence (1.6) only for those inert primes p with

p < 6h(—d) +rp, where r, € {1,5,7,11} has r, = p (mod 12). (1.7)

In view of (1.7), it is natural to seek an unconditional upper bound for those primes p which admit
a congruence of the form (1.6). Here, as a special case of a result for nearly holomorphic modular
forms on SLy(Z), we show, for all —d, that (1.6) can only hold for those primes

p < 12h(—d) + 1.

To state our general result, some notation is required. If k¥ > 4 is an even integer, then let M
denote the space of weight k& holomorphic modular forms on SLy(Z). Furthermore, if p is prime, then
let M, ,, denote the set of reductions modulo p of those forms f(z) € M), with integral coefficients.
The filtration of a power series f(z) whose reduction belongs to Mj, ), for some £’ is defined by

wp(f) :==inf{k : f(2) (modp) € My p}.

Let A(z) := ¢[[22;(1—¢")** be the unique normalized cusp form of weight 12 on SLy(Z). We define
the usual theta-operator on power series by

@( Z a(n)q”) = Z na(n)q". (1.8)
n>=ng nzng
Then we have the following theorem.

THEOREM 1.7. Suppose that f(z) =Y. a(n)q" is a nearly holomorphic modular form of integral

n=m
weight k on SLig(Z) with integral coefficients. Furthermore, suppose that p > max(5,k — 12m) is a
prime for which p t a(m) and p{ m. If there is a non-negative integer s for which p* +m > 0 and

wp(©fps) =1,2  (mod p),
where

Fos(2) = f(2) - A2)",
then f(2)|U, # 0 (mod p).
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As a corollary, we obtain the following.

COROLLARY 1.8. Suppose that F(x) € Z[z] is a polynomial of degree D > 1. If p > 12D + 1 is a
prime which does not divide the leading coefficient of F(x), then

F(j(2)|Up #0  (mod p).

In particular, if —d is a fundamental discriminant and p is a prime for which

Ha(i(2))|Up = ¢4(0)  (mod p),
then p < 12h(—d) + 1.

We remark that, since j(2)|U1s # 744 (mod 13), Corollary 1.8 implies that Lehner’s list of
congruences of the form (1.4) is complete. This recovers an observation of Serre (see (6.16) of [Ser76]).
In § 2 we record some preliminaries on modular forms. In § 3 we recall recent work of Zagier,
and in § 4 we use the theory of integral and half-integral weight modular forms to prove Theorem 1.1.
In § 5 we prove Theorem 1.5 and Corollary 1.6, and in § 6 we prove Theorem 1.7 and Corollary 1.8.

2. Preliminaries on modular forms

We begin by collecting some facts which we require on half-integral weight modular forms. For details
on many of these facts one may consult, for example, [Kob84] or [Koh82]. If f(z) is a function of
the upper half-plane, \ € %Z, and (‘Cl g) € GL;(R), then we define the usual slash operator by

a b\ N2 2, f[az+Db
F(2)|a <c d> = (ad — bc)V*(cz+d)" " f ot d (2.1)
(we always take the branch of the square root having non-negative real part). If v = (‘C’ 3) e Tv(4),
then define
iy, 2) = (2) e;Wez+d, (2.2)
where

. (2.3)
i ifd=—1 (mod4).

If k is an integer and N is an odd positive integer, then we denote by My, /2(I'o(4N)) the infinite-

dimensional vector space of nearly holomorphic modular forms of weight k + 1/2 on I'g(4N); these

are functions f(z) which are holomorphic on the upper half-plane, meromorphic at the cusps, and

which satisfy

{1 if d =1 (mod4),
€4 =

f(vz) = j(y,2)* T f(2) for all v € [y(4N). (2.4)
As usual, we denote by My, /5(I'g(4N)) (respectively, Sj11/2(I'0(4N))) the finite-dimensional sub-
space of Mj.1/2(I'o(4N)) consisting of those forms which are holomorphic (respectively, vanish)
at the cusps. Finally, denote by M];"H/Q(I‘O(ZLN)) and MZH/Q(FO(ZLN)) the ‘Kohnen plus-spaces’
of holomorphic and nearly holomorphic forms which transform according to (2.4) and which,

in addition, have a Fourier expansion of the form
> a(n)q". (2.5)
(=1)k*n=0,1 (mod4)

We next recall some facts on the expansions of modular forms at the cusps of a congruence
subgroup; many of these can be found, for example, in [Mar96]. The cusps are represented by
rational numbers a/c together with the point at infinity. We say that the cusps s; and so are
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equivalent under the congruence subgroup I" if there exists 4/ € IV such that s; = «'s9; by a cusp
of I we typically mean an equivalence class of cusps under this relation.

If N is a positive integer, then a complete set of representatives for the cusps of I'g(N) is
{% €Q :¢|N,1<a.<N,ged(ae, N) =1, a. distinct (mod ged(c, N/c))} . (2.6)
c

If y100 is a cusp of ['g(4N) and g € My /5(I'0(4V)) is not identically zero, then at the cusp 100
we have an expansion of the form

9les12m =c-q* + -+ for some a € Q and ¢ # 0. (2.7)

Moreover, if 7700 and 300 are equivalent under I'g(4N), then the first term in the expansion of
9li+1/272 differs from (2.7) only by multiplication by some root of unity.

We now consider the cuspidal behavior of products and quotients of Dedekind’s eta-function
[o¢]
n(z)=q¢"* [0 -q")
n=1

(although only the integral weight case is discussed in [Mar96], similar facts hold in the half-integral
weight case). Suppose that f(z) is the eta-quotient f(z) := [[5 5 7™ (d2), and set A := %ZJ‘N rs €
7. Then for vy = (%) € SLy(Z), we have an expansion of the form

FE)y = €7 (1 n Zam)qn/ﬁ), (2.8)

n=1

where £ # 0 is an algebraic number, the coefficients «(n) are algebraic, § € N, and

c 2
r(e) = g7 0 0y (29

SIN

Finally, we remark that to explicitly compute the expansion (2.8), we can use the fact that, for each
v € SLs(Z), we have the transformation formula

N2y = € - n(2), (2.10)

where €, is a root of unity. Also, for any 6 € N and v € SLy(Z), there exist a matrix 7’ € SLy(Z) and a
matrix (‘6‘ g ), where B is an integer and A and D are positive integers, such that (8 (1))7 =+ (‘6‘ g )
By using this fact together with (2.10), one can compute, up to a root of unity, the value of £
appearing in (2.8).

We briefly recall some properties of the Hecke operators on the spaces M;Lrl /2(F0(4N )
(these definitions are given in [Koh82] for holomorphic forms, but the situation is the same if we
allow poles at the cusps). Suppose that ¢ is a prime with ¢ { N (note that this does not
necessarily exclude ¢ = 2). Then the action of the Hecke operator T}, /274N(€2) on a modular
form

f(z) = > a(n)g" € MJ, ,(To(4N)) (2.11)
(=1)k*n=0,1 (mod 4)
is given by

(=D*n\ k1 o1 (1 n
f)|T, an (%) = a(lPn) + | —2— ) an) + e = ) )" (2.12)
k+1/2,4N (_1)%5%1: o) ( < / > (442))

Then, for each positive m coprime to N, the operator Tk+1/274N(m2) on MZH/Q(I‘O(ALN)) can be

expressed as a polynomial in the operator T}, /274N(€2) via the usual multiplicative relations.
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If f(z) is as in (2.11) and x is a quadratic Dirichlet character with conductor «, then we have
the quadratic twist

f®x:= Z x(n)a(n)q™ € M:+1/2(F0(4Na2)). (2.13)
(=1)k*n=0,1 (mod 4)

Suppose now that f(z) is as in (2.11) and that x is a quadratic character with conductor o, where m
is coprime to Na. Then, combining (2.12) with (2.13) and the fact that the operators Ty, 1 /2 4nqa2 (£%)

with £ Na generate the Hecke algebra on M;Lrl /2(F0(4N a?)), we see that

(f @ X)|Ts1/2,4n802 (M) = (f|Te1/2.an(M?)) @ X (2.14)

3. Zagier’s formulas

To prove Theorem 1.1, we make use of recent work of Zagier [Zag02] on the traces of singular moduli.
We begin by recalling Zagier’s results on two particular sequences of nearly holomorphic modular
forms. Let 6;(z) and E4(z) be defined by

e B | p3gn
4(2) = 1+24o; T
01(2) := () _ i (—1)"q" =1—2¢+2¢* —2¢° + -
n(2z)  —~
Then let ¢g1(2) € M;/Q(Fo(él)) be the nearly holomorphic modular form defined by
g1(2) = % —q -2+ Z B(1,d)q% = ¢7' — 2+ 248¢% — 492¢* +--- . (3.1)

0<d=0,3 (mod 4)

More generally, if D = 0,1 (mod 4) is a positive integer, then let gp(z) denote the unique element
of M7, (T'g(4)) whose Fourier expansion has the form

3/2
gp(2) = ¢ P + B(D,0) + > B(D,d)q".
0<d=0,3 (mod 4)

(The existence and uniqueness of these forms is discussed in § 4 of [Zag02]).

_l’_

Similarly, for a non-negative integer d = 0,3 (mod 4), let f;(2) be the unique form in M /2

(T'0(4)) whose expansion has the form
faz) = ¢+ > A(D,d)q".
0<D=0,1 (mod4)

Existence and uniqueness follow from Lemma 14.2 of [Bor95al; see also § 4 of [Zag02]. All of the
coefficients of each fy(z) and gp(z) are integers.

For each m > 1 and each pair of integers D = 0,1 (mod 4) and 0 < d = 0,3 (mod 4), define
integers A,,(D,d) and By, (D, d) in the following manner:

Ap(D,d) == the coefficient of ¢” in fd(z)\T1/2,4(m2),
B, (D,d) := the coefficient of ¢¢ in gD(z)\T3/2,4(m2).
For D =1 and m > 1 (see (19) of [Zag02]) we have

Am(1,d) =Y nA(n?,d). (3.2)

nlm
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Using this notation, Zagier [Zag02, Theorem 5| proved the following result.
THEOREM 3.1. The following are true.
(1) Ifm>1and 0<d=0,3 (mod 4), then
tm(d) = —Bpn(1,d).
(2) Ifm>1,0<D=0,1 (mod 4), and 0<d=0,3 (mod 4), then
A (D,d) = =B, (D,d).

Example. As an illustration of the first part of Theorem 3.1, we compare the coefficients on ¢® and
¢* in (3.1) with the following values (which are computed using (1.1)):

1(3) = G((1 4+ \/—_?:j)/2) —T44 _oss
t1(4) = M = 492.

4. Proof of Theorem 1.1

We now turn to the proof of Theorem 1.1. The proof of the first part follows easily from Zagier’s
work.

Proof of Theorem 1.1(1). Since p {m, a calculation using the definition (2.12) and the first part of
Theorem 3.1 shows that it suffices to prove Theorem 1.1(1) in the case where m = 1. Suppose that
n is a positive integer for which (Z*) = 1. By (2.12) and Theorem 3.1, we have

t1(p°n) = —=Bi(1,p°n)
5,01+ () B+ (1.2)
p p
= —B,(1,n) + Bi(1,n) (mod p).
Then, using the second part of Theorem 3.1 and (3.2), we obtain
t1(p®n) = Ay(1,n) + Bi(1,n)
= Ai(1,n) + pA,(p*,n) + Bi(1,n)
=Ai1(1,n)+ Bi(1,n)
= —-Bi(1,n)+ Bi(1,n) =0 (mod p).
This establishes the first claim in Theorem 1.1. O

The proofs of the second and third parts of Theorem 1.1 are more involved. To begin, for each
odd prime p we define

_1 Y
h17p =g — <7> g1 ® <§> S M;/2(F0(4p2)) (41)
Using (3.1) and Theorem 3.1, we find that
hip(z) = =2 — > t1(d)g? — 2 > t1(d)g?. (4.2)
0<d=0,3 (mod4) 0<d=0,3 (mod4)
pld (=H)=-1

We next define, for each positive integer m with p { m, the modular form
hinp(2) 1= 1 p| T3 42 (m?) € M3, (To(4p?)). (4.3)
301
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Using (2.14), (4.2), (4.3) and Theorem 3.1, we see that for some integer c,,, we have

i p(2) = 91| T3 /.4 (m?) - (%) (91T p2,4(m?)) ® <;>

= Cmp — S tml(d)g? -2 > tml(d)” (4.4)
0<d=0,3 (mod 4) 0<d=0,3 (mod 4)
pld (=H)=-1

We require the following crucial result.

THEOREM 4.1. Suppose that p > 3 is prime, and that s and m are positive integers with p t m.
Then there exists an integer 3 > s—1 and a holomorphic modular form f,, , s(2) € M3/2+(p5( _1))/2
(To(4p?)) with the property that

fmp,s(2) = hmp(z)  (mod p*).

To prove Theorem 4.1, we employ the following lemma.

LEMMA 4.2. The form hy ,(z) defined in (4.1) is a nearly holomorphic modular form on I'o(4p?)
which is holomorphic on the upper half-plane and at the cusps 1/p? and 1/4p?, and which vanishes
at the cusp 1/2p?.

Proof. Using (4.1) and (2.13), we see that hy ,(z) is a modular form on I'g(4p?). From (3.1) and
(4.2) it is clear that hyj is holomorphic on the upper half-plane and at 1/ 4p? (which is equivalent
to oo under T'o(4p?)).

Therefore, we only have to prove that hj,(z) is holomorphic at 1/p? and vanishes at 1/2p?;
to this end we consider the series

1 0 1 0
W@l ]) and mgCll (4 )

7 (2)
)
Using this description together with (2.8), (2.9) (and the discussion thereafter) and the fact that
E4(z) is a modular form on SLy(Z), we conclude (after a lengthy computation) that there exist
roots of unity (; and (3 such that

We begin by noting that

nhys (2 1) =55+ 0 (1.5
gl(z)|3/2 <2]192 (1)> = % . q—1/4 + O(q3/4)‘ (4.6)

Let g := Zz;}(%)ezmv/p be the usual Gauss sum. Then we have

g1 ® ( > gz;: < > 2)|3/2 <1 —11/]9) . (4.7)

The expansion of g; @ () at 1/ 2p? is given by

° 1 0
Q| = . 4.8
<91 (p)) 3/2 (2172 1> (*8)
We now make the crucial observation that if, for each v appearing in (4.7), we choose an integer k,
satisfying
4k, = 3v  (mod p), (4.9)
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() )= DG )

_ (—8pv + 8pk, — 16p?vk, + 16p*v? + 1 1/p(3v — 4k, — 8pv? + 8pvk,) To(4)
Mo = —16p3v + 16p°k, Spv — 8pk, + 1 0=/

Using (2.1)-(2.4), we see that

(g1lsao)(z) = (AP0 R N oy (vt pke N oy
g1i3/27v ~ " 8pv — 8pky + 1 gi\z) = S(pv — pky) + 1 g1(z) = g1(2).

Using these facts, together with (4.6), (4.7) and (4.8), we see that the only term in (4.8) with a
non-positive exponent on ¢ is the term

gC2 _1/4z< > 2mi(v—kv)/p_ (4.10)

A computation shows that if N is defined by 4N =1 (mod p), then the expression in (4.10) is equal

to
ng —1/4 (2mi/p)N g C2 _1/4 -1 9 —1/4
E < > » 2 _p 2q . (4.11)

Using (4.11) together with (4.1) and (4.6) we conclude that
malla (o2 ) =0
The situation is similar at the cusp 1/p?; here we use the fact that if k, is defined by (4.9), then

we have
1 —v/p 1 0\ (1 0\/(1 —4v/p+4k,/p
0 1 2 1) "\ 1) \o 1 )

where, as in the previous case, v, € T'g(4) has (g1|3/27,)(2) = g(2). It follows from this together
with (4.5) that the first term in the expansion of

g1 & (;) (2)]3/2 <p12 2)

then we have

where

is

We conclude from this together with (4.1) that hy ,(z) is indeed holomorphic at 1/p?. This finishes
the proof of Lemma 4.2. O

Proof of Theorem 4.1. Suppose first that the result has been proved in the case when m = 1, and
let f1,s be the form given by the theorem in this case. Using (2.12) together with the facts that
o(p°) | p’ (p? — 1)/2 and that the operators of prime index generate the Hecke algebra, we conclude,
for each m coprime to p, that

flypys‘T3/2+pﬁ(p2—l)/2,4p2 (m2) = hl,P|T3/2,4p2 (m2) (mod p”).

Since the form on the left is again an element of M

324 (08 (p2— 1))/2(F0(4p2)), we conclude that it

suffices to prove the theorem in the case when m = 1.
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To accomplish this task, we first consider the modular form
P’ (42
77(4; z)) =1-p*¢*+0(> ifp>5,
Fy(z) = (4.12)
77 (42) _
(%)

By a well-known criterion (see, for example, [GH93]) together with (2.8) and (2.9), it follows, for
each prime p > 3, that F},(z) is a holomorphic form of integral weight on I'o(4p?) which vanishes
at each cusp a/c € Q for which p? { ¢ (when p > 5 the weight is (p? — 1)/2, and when p = 3 the
weight is 12). Moreover, it is clear from the definition of the eta-function that Fj,(z) =1 (mod p)
for each p.

1—27¢* +--- if p=3.

Suppose that we are in the case when p > 5. By the preceding discussion, we see that if § >
is sufficiently large, then the modular form

fl,p, hl,p = hl Ny (mOd ps)

is a form of weight 3/2 + (p°(p? —1))/2 on F0(4p ) which vanishes at all cusps a/c for which p? { .
Using (2.6), we see that the equivalence classes of cusps of I'g(4p?) for which p? | ¢ are represented
by 1/p%, 1/2p%, and 1/4p?, and after Lemma 4.2 we know that hj, is holomorphic on the upper
half-plane and at these cusps. This gives Theorem 4.1.

In the case when p = 3, the situation is essentially the same; the only difference is that the form
f1.p.s defined above has weight 3/2 + (p”*!(p? — 1))/2. Therefore, Theorem 4.1 follows exactly as
before. O

We proceed with the proof of Theorem 1.1. Fix p, s, and m with p{m, and let

frmp,s(2 Z mp,s(
= Cmp — Z tm(d)g? — 2 Z tm(d)g?  (mod p*) (4.13)

0<d=0,3 (mod4) 0<d=0,3 (mod4)
pld —d\__
( P )_ !

be the form given by Theorem 4.1. Theorem 1.1 is an easy consequence of the following result.

LEMMA 4.3. Let fmps(2) € M,

324 (0 (p? 1))/2(I‘0(4p2)) be the form given in (4.13). Then we have

the following.
(a) A positive proportion of the primes { = —1 (mod 4p®) have the property that
fm,p,s(z)|T3/2+(p5(p2—1))/2,4p2 (52) =0 (mod p°).
(b) A positive proportion of the primes ¢ =1 (mod 4p®) have the property that
fm,p,S(z)|T3/2+(Pﬁ(p2_1))/2,4p2 (52) =2fmps() (mod p®).

Deduction of Theorem 1.1(2) and (3) from Lemma 4.3. Suppose for the moment that the lemma
has been proved, and let ¢ be a prime as in the first part of the lemma. Then, using (2.12), we

obtain
= -n n "
fm,I’,S|1—1£’>/2-i-(pﬁ(pz—l))/2,4p2 (£2) = Z <am,P,S(£2n) + <7> am,p,s(n) + Eam,p,s (ﬁ)) q
n=0
=0 (mod p®).
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Replacing n by nf in the last equation, we conclude that

Amps(£?n) =0 (mod p*)  for all n with £ 1 n.
By (4.13) it follows that t,,(¢3n) = 0 (mod p*) for all n coprime to £ such that p is inert or ramified
in Q(v/—nf). This establishes the second assertion in Theorem 1.1.

We turn to the third assertion. If £ is a prime as in the second part of Lemma 4.3, then for all

n we have
am,p,s(£2n) + <<_T£n> - 2) am,p,s(n) + Eam,p,s <€%> =0 (HlOd ps).

Therefore, if £2{n and p is inert or ramified in Q(y/—n), we conclude from (4.13) that

tm(£2n) = <2 - <‘Tfl>> tm(n) (mod p°).

This gives the statement in the third part of Theorem 1.1. U

Lemma 4.3 is a consequence of the next result, which was proved by Serre [Ser76, § 6.4] using
the Chebotarev Density Theorem and modular Galois representations.

LEMMA 4.4. Suppose that A and N are positive integers. Suppose that K is an algebraic number
field with ring of integers Ok, and that M is a positive integer. Then let M (T'g(N))as denote the
set of reductions modulo M of those forms in My(Io(N)) with coefficients in O . If ¢ is prime then
let T\ n({) be the usual integral weight Hecke operator of index £ on M(I'g(N)). Then we have the
following.

(1) A positive proportion of the primes { = —1 (mod N M) have the property that for all f €
M)\(Fo(N))M we have
TN (€) =0 (mod M).
(2) A positive proportion of the primes ¢ = 1 (mod NM) have the property that for all f €
My(To(N))n we have
fTn(¢) =2f (mod M).

Proof of Lemma 4.3. To begin, recall that for all m coprime to p we may take

2
fm,Pﬁ = f17P75|T3/2+(pﬁ(p2—1))/2 (m )'
By the commutativity of the Hecke operators, we see that it suffices to prove the lemma in the case
when m = 1.

We begin by recalling some facts about the Shimura correspondence [Shi73]. In particular,
if g(2) := 32,2, 0(n)q" € Siy1/2(To(4N)) with & > 1, then for every positive squarefree integer t,
we have the Shimura lift S;(g)(2) := > oo Bi(n)q"™, where the coeflicients By(n) are given by

ZBt L(s —k+1,xx",) me = (4.14)

n=1

(here x_1 and y; denote the Kronecker characters for the fields Q(i) and Q(v/t), respectively).
For each such ¢ we have

St(g)(z) c Mgk(ro(4N)).

Moreover, if k£ > 2, then Si(g)(z) € Sok(I'9(4N)). This correspondence commutes with the
action of the Hecke operators T'(¢?) and 7 (¢) on the relevant half-integral and integral weight
spaces.
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For simplicity, we define

F(2) 1= Frps(2) = hip(2) - BE(2) € My o1y o(To(40%) (4.15)

with some sufficiently large g > s — 1.

Unfortunately, we cannot apply the Shimura correspondence directly to f(z), since f(z) is not
a cusp form. Overcoming this obstacle requires some additional work. To begin, note that, using
Lemma 4.2 and the properties of the form Fj(z), we may assume that f(z) vanishes at each cusp
a/c which is equivalent neither to 1/p? nor to 1/4p? under I'o(4p?).

We now recall some important properties of half-integral weight Eisenstein series on I'g(4) as
developed, for example, in § 4.2 of [Kob84|. For each integer k > 2 there are Eisenstein series
Ejq12(2) and Fy/9(2) € Myyq/2(To(4)) (these Eisenstein series are not in the plus space) with
the following properties.

(i) Ej+1/2(2) has constant term equal to 1 and vanishes at the cusps 1 and 5 of To(4). Fiy1/2(2)
has value (3(v/2)"2~! at the cusp 1 (where (3 is some root of unity) and vanishes at oo and

% (recall that the value of a modular form at an equivalence class of cusps is defined only up

to multiplication by roots of unity).
(ii) For each prime ¢ # 2, the forms Ej/5(2) and Fj;/9(2) are eigenforms of the operator
Tiiq /2,4(52) defined in (2.12) (where the domain of definition is extended to all of Mj_ /s

(To(4))). Moreover, the eigenvalue of each of these forms under T}, ;1 /5 4(¢?) is 1+¢2k=1 (this fact
follows from the Euler factors given in (2.30) and (2.32) in § 4.2 of [Kob84]).

Using (4.15), (4.12), (4.2), and item (i) above, we see that, for any constant ¢, the modular form

"= 1+ 2B 0212 + Fs o109 g2 1)) 2 (4.16)
vanishes at the cusp oo. Using the discussion following (2.9), we compute that the first non-vanishing

term in the expansion of F} ’ at the cusp 1/p? is (up to a root of unity) an integral power of 2.
It follows from this together with item (i) above, (4.15), and (4.5) that, if we set ¢ = (4,22 with
some appropriate root of unity (4 and integer A, then the modular form f’ defined in (4.16) vanishes
at the cusps 1/p?, 1/2p?, and oco.

Of course, it will now be the case that f’ does not vanish at the other cusps of I'g(4p?) which
are equivalent to 1/p? and oo under I'g(4). However, this situation is easily remedied using the form
F,(z) defined in (4.12). In particular, since Fp(z)f"k1 = 1 (mod p®) vanishes at each cusp a/c for
which p? { ¢, we see that the modular form
s—1

F" = (F 4 2B3 010 p2-1)) /2 T CF3 /2108 (p2-1))j2) - B
is in fact a cusp form of weight 3/2 + ((p° +p*~1)(p? — 1))/2 on I'o(4p?).

Before we proceed we need the following fact.

LEMMA 4.5. Suppose that p > 3 and that [ is a non-negative integer (with 3 > 1 if p = 3). Then the
Eisenstein series Eg o, (,6(p2—1))/2 and I35 5 (,2_1))/2 have p-integral Fourier expansions at oo.

Proof. Write Es /o (,8(2-1))/2 = 2neo @)@ F3joppsp2—1))/2 = 2neo0(n)q". Using the Euler
factors (2.30) and (2.32) in § 4.2 of [Kob84], we see that it suffices to prove that if n is square-
free, then a(n) and b(n) are p-integral. Moreover, formula (2.18) of the same section shows that
it is enough to prove that b(n) is integral for each square-free n. Set A := 1 + (p®(p> — 1))/2.
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Then from (2.16) in that section we obtain, for each such n,
92A—1/2

L(X—pn,1—\) 22 +x-n(2)
b(n) = . :

(I —4)¢(1—2)) 91/2+X

222 1
The desired result now follows after a lengthy case by case computation (in particular, one must
separate the case when p = 3; recall that in this case we have 5 > 1). In each case, the L- and (-values
in this formula can be written in terms of Bernoulli numbers and generalized Bernoulli numbers.
The desired conclusion follows after applying standard results on the divisibility properties of these
numbers (see, in particular, Theorems 1 and 3 of [Car59], and Proposition 15.2.1 and Theorem 5 of
[IR90, § 15.2]). We do not include the details here. O

if —n =1 (mod4),

if —n =2,3 (mod4).

Together with item (ii) above and (2.12), this result implies that for each prime ¢ = —1 (mod p?)
we have

P Ty o (o o1y p2—1)) 2052 () =0 (mod p°) <= F|Ty 04 (o (p2—1))/2,4p2(£>) =0 (mod p°),
(4.17)

and that for each prime £/ =1 (mod p*) we have
F T30 (0P 1 po—1) (2 1)) 2,492 (2) = 2f" (mod p°) <= fIT3 94 (8 (p2—1))/2.4p2 (€2) = 2f  (mod p).
(4.18)

After this discussion, Lemma 4.3 follows from Lemma 4.4. Here we prove only the first case.
Lemma 4.4 shows that a positive proportion of the primes ¢ = —1 (mod 4p®) have the property
that

(Sef "N Top (pptpo—1)p2—1),4p2(£) =0 (mod p°)  for all squarefree t.

Since the Shimura correspondence commutes with the Hecke operators, we conclude that for such
a prime ¢ we have

St(f”|T3/2+((pﬁ+psfl)(p2_1))/2’4p2 (*)) =0 (mod p®) for all squarefree t. (4.19)
A computation using (4.14) shows that (4.19) implies that
P 1Ty o (1) 1)) j2,252 (2) = 0 (mod p®),

which, together with (4.17) and (4.15), gives the first assertion in Lemma 4.3. Using (4.18), the
proof in the second case proceeds in a similar manner, and we do not include it here. This proves
Lemma 4.3, and so finishes the proof of Theorem 1.1. O

Remark. There are other congruences, similar to those appearing in the second part of Theorem 1.1,
which correspond to instances where g,,(z) (or some related modular form) is an eigenform modulo
p® of the relevant Hecke operator T'(£2), and the eigenvalue has some special property. As examples
of such congruences, we have
t1(81n+9) =t1(81n 4+ 36) =t1(81n+63) =0 (mod 3),
t1(135n 4+ 63) = ¢1(135n +90) = ¢;(135n + 117) =0 (mod 5).

5. Up-congruences and the proof of Theorem 1.5

We begin by recalling a result of Koike [Koi73] which is closely related to work of Dwork and Deligne
[Dwo69] on the p-adic rigidity of the map j(z) — j(pz). If p > 5 is prime, then let &, denote the
set of those supersingular j-invariants in characteristic p which are in F, \ {0,1728}, and let 9,
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denote the set of monic irreducible quadratic polynomials in [F,[z] whose roots are supersingular
J-invariants. If €,(p) and €;(p) are defined by

0 if p=1 (mod3),
1 if p=2 (mod3),

0 ifp=1(mod4),
€i(p) == .
1 if p=3 (mod4),

then it is well known (see, for example, [Sil86]) that, with Sp,(z) as defined in (1.5) we have

H (x —j(E)) = 2P (x — 1728)%(P) . H T — ) H g(x

E/Fp acSy gEM,
supersingular

— W) (z —1728)5P) . S (). (5.1)

Koike’s result describes the Fourier expansion of j(pz) (mod p?) in terms of j(z) and the col-
lection of supersingular j-invariants in characteristic p. To be precise, Proposition 1 of [Koi73]
implies, for primes p > 5, that there exist integers A(«), B(g), and C(g), as well as a polynomial
Dy(x) € Z[x], such that

Z C(g) mod 2
i(pz) = j(2)P + pDy(j +pa§p —+p (Ze:zm,, g(]( ) (mod p?).  (5.2)

Moreover, the integers A(«), B(g), C(g) have the property that

ptA(e) and pfged(B(g),C(g))
The work of Deligne and Dwork (see [Dwo69, § 7]) considers the full p-adic expansion of j(pz).

Ezample. As an example of (5.2), when p = 37 we have 9, = {22 + 31z + 31}, G37 = {—29}, and

7(372) = j(2)% 4 37(335(2)*° + 22j(2)% +305(2)3* + - -- + 55(2) + 6)
370 37(95(2) + 10) 9
+ - + - - mod 377).
J(2)+29  j(2)2+31j(2) + 31 ( )
Remark. In [KZ98|, Kaneko and Zagier give many descriptions of the supersingular polynomials
Sp(x). In § 10 of the same paper, they provide an explicit description of the interplay between
supersingular polynomials and certain modular polynomials.

Proof of Theorem 1.5. We begin by considering the cases where p < 11. For these primes p, a
calculation shows that for each non-negative r < p, we have

3(2)"|Up = a,(0)  (mod p),

where a,(0) is the constant in the Fourier expansion of j(z)". Since U, is a linear operator, it
follows that every F'(z) € Z[z] with degree m < p has the property that F 2))|U(p) =0 (mod p).
The theorem holds since S,(x) =1 for these primes.

In the case when p > 13, denote the Fourier expansion of F(j(z)) by

F(j(z) = Y _ a(n)g".

n=—m

The action of the normalized weight zero Hecke operator Ty(p) on F(j(z)) is given by
F(j(2)[To(p) = pF(i(2)|Up + F(j(p2))-
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Since p > m, it follows that
PF(i(2)|Up = F(j(2)|To(p) — F(j(pz)) = p > _ alpn)q™ (5.3)
n=0

Using the modular functions J,,(z) defined in (1.2), we see that F'(j(2))|To(p) is a polynomial
in j(z) with integral coefficients (this also follows from the fact that F'(j(2))|To(p) is a nearly
holomorphic modular function on SLy(Z)). Suppose now that F(j(pz)) (mod p?) is congruent to
an integral polynomial in j(z). Then (5.3) implies that there is a polynomial F(z) € Z[z] for which

o0
F(j(2))|Up = F(j(2)) = Y _a(pn)q"  (mod p).

n=0
However, the constants in IF,,[j(z)] are the only polynomials whose Fourier expansions modulo p have
no terms with negative exponents; it follows that F'(j(2))|U, = a(0) (mod p). Therefore, to prove
Theorem 1.5 it suffices to prove that if S,(z)? divides F(x) in Fp[z], then F(j(pz)) is congruent
modulo p? to a polynomial in j(z).

To this end, suppose that S,(z)? divides F(z) in Fpy[z], and write F(z) = [[/2,(x—7rs). Then (5.2)

implies that

s=1 acs g(x)
=[[GGP —r)+pDGi(2) - Y T[] G-

(5.4)

Since >0 [11<irscm(3(2)P = 1¢) is a polynomial in j(2) with integer coefficients (note that this
polynomial is symmetric in the r;), the first two summands in the last expression above are integral
polynomials in j(z). Moreover, it follows that for the last summand we have

Ala) B(9)j(z)
(ZJ'(Z)—QJr 2 9(.7 > Z Il Gy —r)

acB, g(z)em, s=1 1<t7és<m

<Zjé)(oi)—a+ Z B(g)j(2) > Z H 2) —r)P (mod p),

acS), g(x)em, g(]( s=1 1<t7és<m

which is a polynomial in j(z) over F, (in view of (5.1) and the fact that S,(z)? divides F(z) in
Fp[z]). Consequently, (5.4) shows that F(j(pz)) (mod p?) is an integral polynomial in j(2), and this
completes the proof. O

Proof of Corollary 1.6. Corollary 1.6 is obtained by verifying that Sy(x)? divides Hg(z) in Fp[z] for
those primes p and fundamental discriminants —d satisfying the given hypotheses. The factorizations
of Hy(z) were computed using MAGMA. O
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6. Filtrations and the Proof of Theorem 1.7 and Corollary 1.8

Here we prove Theorem 1.7 and Corollary 1.8 using the theory of modular forms modulo p as
developed by Serre and Swinnerton-Dyer (see, for example, [Swi73]). Recall the definition (1.8) of
the theta-operator. Then we have the following facts.

PROPOSITION 6.1. Suppose that f(z) € My and g(z) € My have integral coefficients. If p > 5 is
prime and

0% f(z) = g() (mod p),
then k = k' (mod p — 1).
PROPOSITION 6.2 [Swi73, Lemma 5]. If p > 5 is prime and f(z) € MyNZ|[q]] has f(z) # 0 (mod p),
then

wp(Of) =wp(f)+2 (mod p—1).
Moreover, we have w,(Of) < wy(f) +p + 1, with equality if and only if p { w,(f).

If f(z) € My, then the valence formula implies that ord(f) < k/12. This implies the following
proposition.

PROPOSITION 6.3. Suppose that p > 5 is prime, and that f(z) = > 2 a(n)¢™ € Sy N Z[[q]].

n=ng
Suppose further that p { a(ng) and that p { ng. Then for every non-negative integer m we have
wp(Gmf) = 127%0.

We are now in a position to prove Theorem 1.7.

Proof of Theorem 1.7. In the notation of Theorem 1.7, we have

Fos(2) = f(2) - AR = a(m)g” ™™ + - € Sigpe . (6.1)
Suppose that the conclusion of the theorem is false (in other words, suppose that f(z)|U, = 0
(mod p)). Since A(2)P" = A(p®z) (mod p), we conclude from this that
Ips(2)|Up =0 (mod p).
Since we have (f|U,)P = f —©P~!f (mod p) for all f, it follows from this assumption that
02 0P1f, (2) = frs(2) (mod p). (6.2)
Suppose that ptw,(©P~2f, ). Then by Proposition 6.2, we would have
wp(OP 7 f6) = wp(OP 2 f, ) +p+ 1. (6.3)

However, Proposition 6.3 and (6.1) together give w,(©P72f, ) > 12(p® + m), while by (6.1) and
(6.2) we have w,(©P~! f, ) < 12p* + k. Taken together with (6.3), these inequalities contradict the
assumption that p > k — 12m. Therefore, we must have p | w,(OP72f,); it follows that there is a
smallest positive integer j < p — 3 for which p | w,(©7T1f, ). For this j, Proposition 6.2 implies
that
wp(®J+1fp,s) =wp(Ofps) +ilp+1) =wp(Ofps) +j=0 (mod p).

Since 1 < j < p— 3, this contradicts the assumption that w,(©f,s) = 1,2 (mod p). This completes
the proof of Theorem 1.7. O

Proof of Corollary 1.8. Let the notation be as in the statement of Corollary 1.8. Since p > 12D +1
is prime, we have p > 12D 43 > 5. Set f(z) := F(j(z)), and consider the modular form

fo1(2) := f(2) - A(2)P = a(—D)¢" P + - € Sy (6.4)
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By Proposition 6.3 and (6.4), we obtain

12(p — D) < wp(fp1) < 12p.

Therefore, since p > 12D 43 and wy(fp,1) = 12p (mod p—1), we must have wy(fp1) = 12p. It follows
by Propositions 6.2 and 6.3 that

12(p — D) < wp(©f1) < 12p+2. (6.5)
The facts that w,(©fp1) = 12p + 2 (mod p — 1) and that p > 12D + 3, together with (6.5), show
that
wp(@pr) = 12p + 2.
Corollary 1.8 now follows from Theorem 1.7. ]
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