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Abstract. Here we study the integrality properties of singular moduli of

a special non-holomorphic function γ(z), which was previously studied by
Siegel, Masser, and Bruinier, Sutherland, and Ono. Similar to the modu-
lar j-invariant, γ has algebraic values at any CM-point. We show that primes
dividing the denominators of these values must have absolute value less than
that of the discriminant and are not split in the corresponding quadratic field.
Moreover, we give a bound for the size of the denominator.

1. Introduction and statement of results

We first recall the famous modular j-function given explicitly by

(1.1) j(τ ) :=

(
1 + 240

∑∞
n=1

∑
d|n d3qn

)3

q
∏∞

n=1 (1− qn)
24 = q−1+744+196884q+2149370q2+. . . ,

where q := e2πiτ . The term singular moduli classically refers to values of the j-
function at quadratic irrationalities, which for the remainder of this paper we will
refer to as CM -points. These numbers are at the center of the beautiful subject
known as complex multiplication, and they enjoy numerous important properties.
More specifically, these singular moduli are algebraic integers, and they generate
ring class fields for imaginary quadratic fields. Their minimal polynomials are
therefore important in the study of explicit class field theory. These polynomials
are known as the Hilbert class polynomial of discriminant D and are defined as

(1.2) HD(j;X) :=
∏

Q∈SL2(Z)\QD

(X − j(αQ)) ∈ Z[X]

(for example, see [11, Ch. 6] and [9, Ch. 7]). Here, QD is the set of reduced,
primitive, integral, binary quadratic forms of a fixed discriminant D; for a repre-
sentative quadratic form Q, αQ is the root of Q(x, 1) in the upper half-plane. Gross
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and Zagier in [5] further give exact factorization formulas for the constant terms
of HD(j;X) when the discriminant is fundamental, explaining the fact that they
seem to be highly factorizable integers.

Analogous “class polynomials” may be defined for non-holomorphic modular
functions. A natural first example is the function Ψ(z) defined as follows:

(1.3) Ψ(z) :=
E∗

2 (z)E4(z)

E6(z)
,

where

(1.4) E∗
2(z) := 1− 3

πIm(z)
− 24

∞∑
n=1

∑
d|n

dqn

is the usual weight 2 non-holomorphic Eisenstein series and where

(1.5) E4(z) := 1 + 240

∞∑
n=1

∑
d|n

d3qn, E6(z) := 1− 504

∞∑
n=1

∑
d|n

d5qn

are the usual weight 4 and weight 6 Eisenstein series, respectively. This function
has algebraic values at CM-points (see [11, Ch. 2]) and was previously studied by
Siegel in [10] in connection with computing CM-values for j′(z). Following Masser
we will also define the normalized modular function

(1.6) γ(z) :=
Ψ(z)

6j(z)
− 7j(z)− 6912

6j(z)(j(z)− 1728)
.

This function was important in [6] and [3], and its singular moduli were first studied
in Masser ([8, App. 1]).

As mentioned above, for any level 1 modular function f we may define an ana-
logue of the “class polynomial”,

(1.7) HD(f ;X) :=
∏

Q∈SL2(Z)\QD

(X − f(αQ)) ∈ Q[X].

We will generally refer to these polynomials simply as class polynomials. It is
suspected, but not yet proven, that for some non-holomorphic modular functions,
including Ψ and γ, these polynomials generate the appropriate ring class fields.
The following table gives the class polynomials HD(γ;X) and HD(Ψ;X) for several
small discriminants.
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D HD(γ;X) HD(Ψ;X)

−3 X − 23
211·33 X

−7 X − 181
36·537 X − 5

3·7

−8 X − 61
26·53·72 X − 5

2·7

−11 X − 172

214·72·11 X − 25

7·11

−12 X + 67
23·33·53·112 X − 5

11

−15 X2 + 313
34·5·113 ·X − 29·36061

38·53·74·115 X2 − 2·3
11 X + 1

72

−16 X + 179
36·72·113 X − 5

7

−19 X − 52·11
214·36·19 X − 25

3·19

−20 X2 − 52·7·251
26·113·192 ·X − 89·25931

218·53·115·192 X2 − 139
11·19X + 1

19

Several phenomena are apparent from this table. For example, the denominators
appear to be “highly factorizable”. In fact, it appears that the primes appearing
in the denominators are bounded by the size of the discriminant. This suggests
that a Gross-Zagier type phenomenon occurs, but now for the denominators of the
constant terms of the class polynomials rather than for the constant terms as a
whole. Based on numerics, Ono and Sutherland proposed the following:

Conjecture 1 (Ono-Sutherland). Let D be a negative discriminant, not equal to

−4. Then if p > −D or if p splits in Q(
√
D), we have that HD(γ;x) and HD(Ψ;X)

are p-integral.

We remark that throughout the paper, when we refer to a split, inert or ramified
prime, we mean that the prime is such in the appropriate quadratic field for the
discriminant in question. Our main result is the proof of this conjecture.

Theorem 1.1. The conjecture of Ono and Sutherland is true.

Remark. The relation between Ψ and γ given in equation (1.6) will play a crucial
role in the proof of Theorem 1.1. The fact that the denominators in HD(Ψ;X)
are in general simpler than those in HD(γ;X) should be apparent from (1.6). In
particular, Ψ is, in many ways, a more basic modular function than is γ.

The paper is organized as follows. In Section 2 we review relevant background
information including the formulas of Masser on singular moduli for γ(z) and the
formula of Gross and Zagier. In Section 3 we complete the proof of Theorem 1.1
by combining the cited results in Section 2 along with results from the theory of
reduced binary quadratic forms, basic elliptic curve theory, and Deuring lifting
theory.
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2. Nuts and bolts

Here we review some important facts which we need in the proof of Theorem
1.1.

2.1. Masser’s formulas. Our starting point is an elegant formulation due to
Masser in [8, App. 1]. His careful study of Ψ and γ yields two formulas for singu-
lar moduli of these functions in terms of modular polynomials and elliptic curves
which we require. The first concerns the function γ(z). We begin by reviewing the
definition of the classical modular polynomial ΦD.

Definition 2.1. We say that two matrices B1 and B2 are equivalent if B1 = X ·B2

for some X ∈ SL2(Z).

It is well-known that there are only finitely many equivalence classes of primitive
integer matrices of determinant −D. Write M1,M2, . . . ,Mn for representatives of
these equivalence classes and suppose M1 is such that αQ = M1αQ, where the
action of a matrix on a complex number is given by Möbius transformation.

Definition 2.2. We write ΦD(X,Y ) for the classical modular polynomial, i.e. the
polynomial such that

(2.1) ΦD(j(z), Y ) =

n∏
i=1

(Y − j(Miz)).

By [2], Theorem 1 of Section 3.4, the polynomial ΦD(X,Y ) is symmetric in X
and Y and has coefficients that are rational integers. In particular, we can expand
ΦD(X,Y ) in a power series about X = Y = j(αQ) as

(2.2) Φ(X,Y ) =
∑
μ,ν

βμ,ν(X − j(αQ))
μ(Y − j(αQ))

ν ,

where βμ,ν = βν,μ. We write β = β0,1 = β1,0.
We define Q to be special if there is more than one equivalence class of matrices

M such that MαQ = αQ. This can only happen if −D = 3d2 for some integer d
(see [8, App. 1]).

Lemma 2.1 (Masser). If Q is not special, we have β �= 0 and

(2.3) γ(αQ) =
β0,2 − β1,1 + β2,0

β
.

If Q is special, we have β �= 0 and

(2.4) γ(αQ) =
β4,0 − β3,1 + β2,2 − β1,3 + β0,4

β
.

Proof. See [8, App. 1] (in particular, the equations on page 118). �

By definition, the βμ,ν are algebraic integers. Thus, to study the integrality of
γ(αQ) it suffices to study the primes dividing β. From the definition of β, we have

(2.5) β =

n∏
i=2

(j(αQ)− j(MiαQ)).

We will later use this result to eliminate split primes by studying the lifting of
isomorphisms of elliptic curves over Fp to Q.
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In order to show that large primes cannot divide the denominators of our class
polynomials and to study bounds for the powers of primes appearing, we will find
convenient another formula of Masser.

Lemma 2.2 (Masser). Let τ be a CM point of discriminant D for 4 < −D and
A,B,C integers such that Aτ2 +Bτ + C = 0. Then we have that

(2.6) Ψ(τ ) = − −g2S

g3A(2C + 2Bτ )
.

Here, g2 and g3 are the usual invariants of the associated CM-elliptic curve (the
non-normalized Eisenstein series), and S is the sum of Cτ -division values of the
Weierstrass ℘-function (we note that Masser defines the coefficients such that Cτ2+
Bτ +A = 0).

2.2. The Gross-Zagier formula. Gross and Zagier [5] give an exact formula for
the factorizations of the constant terms of the Hilbert class polynomials HD(j;X)
when D is fundamental. In fact their result is more general. For two coprime
discriminants D1, D2, let wi be the number of roots of unity in the quadratic order
of discriminant di for i = 1, 2. Consider the norm of difference of singular moduli
defined by

(2.7) J(D1, D2) :=
(∏

(j(τ1)− j(τ2))
) 4

w1w2
,

where disc(τi) = Di and τi run through representatives of SL2(Z)\QDi
. Then for

primes � with
(
D1D2

�

)
�= −1 define

(2.8) ε(�) :=

{(
D1

�

)
if (D1, �) = 1,(

D2

�

)
if (D2, �) = 1.

We extend this definition to natural numbers by setting ε(
∏

i �
ni
i ) :=

∏
i ε(�i)

ni if(
D1D2

�i

)
�= −1 for all i. Their main result is the following factorization.

Theorem 2.1 (Gross-Zagier [5]). Suppose (D1, D2) = 1 are negative fundamental
discriminants. Then

(2.9) J(D1, D2)
2 = ±

∏
x,n,n′∈Z

n,n′>0
x2+4nn′=−D1D2

nε(n′).

We are particularly interested in the following corollary.

Corollary 2.3 (Gross-Zagier [5]). For � a rational prime dividing J(D1, D2)
2, we

have that
(
D1

�

)
�= 1,

(
D2

�

)
�= 1, and � < D1D2

4 .

For our proof, we will need a generalization to the case when D1 and D2 are
distinct, but not necessarily coprime. Lauter and Viray [7] prove a generalized
Gross-Zagier type formula for exactly this case. In particular, their Corollary 1.3
implies as a special case the following:

Theorem 2.2 (Lauter-Viray, Corollary 1.3 of [7]). Suppose D2 = −3 or −4, and
D1 is a negative discriminant not equal to D2. Then for � a rational prime dividing
J(D1, D2), we have � ≤ −D1.
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3. Proof of Theorem 1.1

The proof of Theorem 1.1 involves two pieces. We first show in Section 3.1 that
split primes do not appear in the denominators of HD(γ;X) and HD(Ψ;X). Then
in Section 3.2 we bound the size of prime divisors.

3.1. Split primes. The aim of this section is to prove the following:

Theorem 3.1. Let D be a negative discriminant not −4. If p splits in Q(
√
D), we

have that HD(γ;x) and HD(Ψ;x) are p-integral.

Proof. We prove the result for γ. By (1.6) and Theorem 2.2, it applies to Ψ as well.
When D = −3, the result reduces to a calculation. Thus we may assume D < −3.
We begin with Masser’s result, given in Lemma 2.1. As each βμ,ν is an algebraic
integer, it suffices in both the special and the non-special case to show that split
primes cannot divide β0,1 = β. By the expression for β as a product of differences
of j-values (2.5), it suffices to show that if p is a split prime and p is a prime above p

in Q(
√
D) that j(αQ) �≡ j(αQ′) (mod p) for αQ not SL2(Z)-equivalent to αQ′ . This

is exactly the situation of Lemma 3.2 of [6], which is also stated in Theorem 13.21
of [4], and is essentially a result of Deuring lifting theory. �

3.2. Large primes. In order to finish the proof of Theorem 1.1, it suffices to show
the following:

Theorem 3.2. Let D be a negative discriminant not −4, and p a prime such that
p > −D. Then HD(γ;x) and HD(Ψ;x) are p-integral.

Proof. We prove the result for Ψ. By (1.6) and Theorem 2.2, it applies to γ as
well. As above, the case when D = −3 is a calculation. We may therefore assume
D < −3. By (1.6), it suffices to consider primes dividing the denominators of
singular moduli for Ψ(z) and j(z) · (j(z) − 1728). Suppose � > −D is a rational
prime. By Theorem 2.2, the factor j(z)(j(z) − 1728) is not divisible by �, as it is
well-known that

(3.1) j(i) = 1728 and j(e2πi/3) = 0.

Thus, it suffices to show that � does not divide the denominator of Ψ(τ ). For this,
we use Masser’s formula for Ψ(αQ) given in Lemma 2.2. We will first consider the
term A(2C + Bτ ) which appears in the denominator of (2.6). A short calculation
shows that (2C + Bτ ) has norm −DC

A . Every integral, binary quadratic form is
SL2(Z)-equivalent to a unique form with “smallest” coefficients, which we refer
to as the reduced form. We recall that an integral, binary quadratic form Q =
[A,B,C] = AX2+BXY +CY 2 of negative discriminant is reduced if |B| ≤ A ≤ C
and if B ≥ 0 whenever A = |B| or A = C. Masser’s formula requires A,B,C > 0.
If B > 0, we may use this form, and the inequalities quickly give us the bounds

(3.2) B ≤ A ≤
√

−D

3
and C ≤ −D

3
,

which implies that the norm of A(2C +Bτ ) is bounded by D2

3 .

If the reduced form has B < 0, we may transform the reduced form Q by
(

0 1
−1 0

)
,

which changes the sign of B and swaps A and C. If B = 0, we have that−D = 4AC,
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and so we have the improved bounds

(3.3) A <

√
−D

2
and C ≤ −D

4
,

which are easily shown to be sufficient after a short calculation.
Now g2 and g3 correspond to our model of the elliptic curve determined by τ ,

and they may be varied by scaling the model. Hence, using that

(3.4) j(τ )Δ = 123 · g32 and (j(τ )− 1728) ·Δ = g23 ,

we see that for an appropriate choice of Δ, we may take g2 and g3 to be algebraic
integers divisible only by primes dividing 12j(τ )(j(τ ) − 1728). By Theorem 2.2
above, this gives the desired bound for the size of the primes.

It remains only to control the denominators from the term S. Having chosen
g2 and g3 as above, we have by Lemma 4 of [1] that the numbers (AC)2℘(τ ) are
algebraic integers. However, we have already bounded the primes dividing AC.
This concludes the proof. �

Acknowledgments

This project was completed as part of the Arizona Winter School. The authors
wish to thank the organizers of the winter school for their generous support. The
authors also wish to thank Ken Ono for his advisement throughout the project.
We are also grateful to Andrew Sutherland for providing SAGE coding and extensive
numerical data which supported the conjectures studied here.

References

[1] A. Baker, On the periods of the Weierstrass ℘-function, Symposia Mathematica, Vol.
IV (INDAM, Rome, 1968/69), Academic Press, London, 1970, pp. 155–174. MR0279042
(43 #4768)

[2] A. Borel, S. Chowla, C. S. Herz, K. Iwasawa, and J.-P. Serre, Seminar on complex multipli-
cation, Seminar held at the Institute for Advanced Study, Princeton, N.J., 1957-58. Lecture
Notes in Mathematics, No. 21, Springer-Verlag, Berlin, 1966. MR0201394 (34 #1278)

[3] Jan Hendrik Bruinier, Andrew V. Sutherand, and Ken Ono, Class polynomials for nonholo-
morphic modular functions, preprint at http://arxiv.org/abs/1301.5672.

[4] David A. Cox, Primes of the form x2+ny2, Fermat, class field theory and complex multiplica-
tion, A Wiley-Interscience Publication, John Wiley & Sons Inc., New York, 1989. MR1028322
(90m:11016)

[5] Benedict H. Gross and Don B. Zagier, On singular moduli, J. Reine Angew. Math. 355
(1985), 191–220. MR772491 (86j:11041)

[6] Eric Larson and Larry Rolen, Integrality properties of the CM-values of certain weak Maass
forms, to appear in Forum Math.

[7] Kristin Lauter and Bianca Viray, On singular moduli for arbitrary discriminants, preprint
at http://arxiv.org/abs/1206.6942.

[8] David Masser, Elliptic functions and transcendence, Lecture Notes in Mathematics, Vol. 437,
Springer-Verlag, Berlin, 1975. MR0379391 (52 #296)

[9] Ken Ono, The web of modularity: arithmetic of the coefficients of modular forms and q-series,
CBMS Regional Conference Series in Mathematics, vol. 102, Published for the Conference
Board of the Mathematical Sciences, Washington, DC, by the Amer. Math. Soc., Providence,
RI, 2004. MR2020489 (2005c:11053)

[10] Carl Ludwig Siegel, Bestimmung der elliptischen Modulfunktion durch eine Transforma-
tionsgleichung (German), Abh. Math. Sem. Univ. Hamburg 27 (1964), 32–38. MR0165102
(29 #2391)

http://www.ams.org/mathscinet-getitem?mr=0279042
http://www.ams.org/mathscinet-getitem?mr=0279042
http://www.ams.org/mathscinet-getitem?mr=0201394
http://www.ams.org/mathscinet-getitem?mr=0201394
http://www.ams.org/mathscinet-getitem?mr=1028322
http://www.ams.org/mathscinet-getitem?mr=1028322
http://www.ams.org/mathscinet-getitem?mr=772491
http://www.ams.org/mathscinet-getitem?mr=772491
http://www.ams.org/mathscinet-getitem?mr=0379391
http://www.ams.org/mathscinet-getitem?mr=0379391
http://www.ams.org/mathscinet-getitem?mr=2020489
http://www.ams.org/mathscinet-getitem?mr=2020489
http://www.ams.org/mathscinet-getitem?mr=0165102
http://www.ams.org/mathscinet-getitem?mr=0165102


972 V. DOSE, N. GREEN, M. GRIFFIN, T. MAO, L. ROLEN, AND J. WILLIS

[11] Don Zagier, Elliptic modular forms and their applications, The 1-2-3 of modular forms, Uni-
versitext, Springer, Berlin, 2008, pp. 1–103, DOI 10.1007/978-3-540-74119-0 1. MR2409678
(2010b:11047)

Department of Mathematics, University of Rome Tor Vergata, Via della Ricerca

Scientifica, 00133 Roma, Italy

E-mail address: dose@mat.uniroma2.it

Department of Mathematics, 275 TMCB Brigham Young University, Provo, Utah

84602

E-mail address: jaicouru@gmail.com

Department of Mathematics and Computer Science, Emory University, Atlanta,

Georgia 30322

E-mail address: mjgrif3@emory.edu

The Graduate Center, City University of New York, 365 Fifth Avenue, Room 4208,

New York, New York 10016

E-mail address: tmao@gc.cuny.edu

Department of Mathematics and Computer Science, Emory University, Atlanta,

Georgia 30322

E-mail address: lrolen@mathcs.emory.edu

Department of Mathematics, University of South Carolina, 1523 Greene Street,

Columbia, South Carolina 29208

E-mail address: willisj5@mailbox.sc.edu

http://www.ams.org/mathscinet-getitem?mr=2409678
http://www.ams.org/mathscinet-getitem?mr=2409678

	1. Introduction and statement of results
	2. Nuts and bolts
	2.1. Masser’s formulas
	2.2. The Gross-Zagier formula

	3. Proof of Theorem 1.1
	3.1. Split primes
	3.2. Large primes

	Acknowledgments
	References

