ARITHMETIC PROPERTIES OF COEFFICIENTS OF
HALF-INTEGRAL WEIGHT MAASS-POINCARE SERIES

KATHRIN BRINGMANN AND KEN ONO

1. INTRODUCTION AND STATEMENT OF RESULTS
Let j(z) be the usual modular function for SLy(Z)
§(2) = ¢ + 744 + 196884q + 21493760¢* + - - -

where g = €™, The values of modular functions such as j(z) at imaginary quadratic

arguments in H, the upper half of the complex plane, are known as singular moduli.
Singular moduli are algebraic integers which play many roles in number theory. For
example, they generate class fields of imaginary quadratic fields, and they parameterize
isomorphism classes of elliptic curves with complex multiplication. We shall slightly
abuse terminology by referring to the value of any modular invariant at an imaginary
quadratic argument as a singular modulus.

In an important paper [23], Zagier gave a new proof of Borcherds’ famous theorem
on the infinite product expansions of integer weight modular forms on SLy(Z) with
Heegner divisor. This proof, as well as all of the results of [23], are connected to his
beautiful observation that the generating functions for traces of singular moduli are
essentially weight 3/2 weakly holomorphic modular forms.

Remark. The observation that coefficients of certain automorphic forms can be ex-
pressed in terms of singular moduli is not entirely new. Earlier works by Maass [17],
and Katok and Sarnak [13] contain such results in different contexts.

Zagier’s results have inspired an astonishing number of recent works (for example,
see [1, 3,6, 7,8, 9, 11, 12, 14, 15, 21, 22]). In view of the importance of his paper,
combined with the fact that he only provides sketches of proofs for some of the key
theorems (e.g. Theorems 6, 9, 10, 11), here we systematically revisit his work from the
context of Maass-Poincaré series. Our uniform approach includes these key theorems
as special cases of corollaries of a single theorem (i.e. Theorem 2.1), and, as an added
bonus, gives exact formulas for traces of singular moduli.
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2 KATHRIN BRINGMANN AND KEN ONO

To make Zagier’s results more precise, we first recall some definitions and fix no-
tation. For integers A, let M /'\ L1 be the complex vector space of weight \ + % weakly

holomorphic modular forms on2F0(4) satisfying the “Kohnen plus-space” condition.
Recall that a meromorphic modular form is said to be weakly holomorphic if its poles
(if there are any) are supported at the cusps, and it is said to satisfy Kohnen’s plus-
space condition if its Fourier expansion has the form

(1.1) > a(n)q".

(=1)*n=0,1 (mod 4)
+
Let M} 5!
holomorphic modular forms (resp. cusp forms).
Throughout, let d = 0,3 (mod 4) be a positive integer (so that —d is the discrim-
inant of an order in an imaginary quadratic field), and let H(d) be the Hurwitz-

Kronecker class number for the discriminant —d. Let Q4 be the set of positive definite
integral binary quadratic forms (note. including imprimitive forms, if there are any)

Q(z,y) = [a,b,c] = az? + bry + cy?

with discriminant —d = b* — 4ac. For each @, let 7o be the unique complex number
in the upper half-plane which is a root of Q(z,1) = 0. The singular modulus f(7g),
for any modular invariant f(z), depends only on the equivalence class of ) under the
action of I' := PSLy(Z).

If wg € {1,2,3} is given by

(resp. S; ;) be the subspace of M /'\ L1 consisting of those forms which are
2 2

2 if @ ~r [a,0,al,
wg =143 if @ ~r [a,a,a],
1 otherwise,

then, for a modular invariant f(z), define the trace Tr(f;d) by
f(7q)
1.2 Tr(f;d) .= —.
(12 i = 3 I
QEQy/T
In this notation, Theorems 1 and 5 of [23] imply the following.

Theorem. (Zagier)
If f(z) € Z[j(2)] has a Fourier expansion with constant term 0, then there is a finite

principal part Ag(z) =3 gas(n)q" for which
Ag(2) + > Tr(f;d)g" € Mj.

0<d=0,3 (mod 4)

Remark. For brevity, we do not give a precise description of As(z). It is easily deter-
mined using Theorems 1 and 5 of [23].
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Ezample. If n(z) = ¢ [[;2,(1 — ¢") is Dedekind’s eta-function, then for f(z) =
j(z) — 744 we have

D (142005552, 52, 0%
—-1 d
— =—q +2+ > Tr(f;d)g
(1.3) 1(2z)n(42)° 0<d=0,3 (mod 4)

= —q 42— 248¢3 +492¢* + - - € M.
2

Remark. Using Poincaré series constructed in [7], facts about non-holomorphic mod-
ular forms due to Niebur [19], and facts about half-integral weight Kloosterman-Salié
sums, Duke [8] and Jenkins [11] have provided new proofs of Theorems 1 and 5 of [23].

Remark. Kim [14, 15] has established the modularity for traces of singular moduli on
certain genus zero congruence subgroups. Using theta lifts, Bruinier and Funke [6]
have recently proven a more general theorem which holds for modular functions on
modular curves of arbitrary genus. In all of these cases, the corresponding generating
functions are weight 3/2 weakly holomorphic modular forms.

In [23], Zagier includes several generalizations of these results. Here we highlight two
of these; the first concerns “twisted traces” of singular moduli. For fundamental dis-
criminants Dy, let y p, denote the associated genus character for positive definite binary
quadratic forms whose discriminants are multiples of Dy (see (3.2)). If A is an integer
and D is a non-zero integer for which (—1)*Dy = 0,1 (mod 4) and (—1)*D;D, < 0,
then define the twisted trace of a modular invariant f(z), say Trp, (f; D2), by

(1.4) Tep, (f;Da) = Y. Xo,(@)](7)

w
QEQpypy /T ¢

Zagier proved that these traces are also given by coefficients of weight 3/2 modular
forms (see Theorem 6 of [23]).

The second generalization is discussed in the last section of [23]. There Zagier con-
siders Tr(f; d) for special non-holomorphic modular functions f(z). In these cases, the
corresponding generating functions have weight A+ %, where A € {—6,—4,-3,-2, -1}
(see Theorems 10 and 11 of [23]).

We explicitly represent the coefficients of certain half-integral weight Maass-Poincaré
series as traces of singular moduli. This result (see Theorem 1.2) includes the results of
Zagier described above, and, as an added bonus, gives exact formulas for these traces.
Apart from the calculations required to compute the Fourier expansions of these series,
the proofs require little more than classical facts about Kloosterman and Salié sums.

To prove all of his results, Zagier instead depends on the existence of special bases
for M /'\ L These “good” bases occur in pairs, and they satisfy a striking “duality”. A

prominent example of this phenomenon pertains to the spaces M} and M}. There is
2 2
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a natural infinite basis {Fy(—1; 2), Fi(—4; 2), F1(=5; 2),... } for M}, and the first few
coefficients of these series are ’

Fi(-1;2) = ¢! -2 +4248¢° —492¢* +4119¢7 —
(1.5) Fi(=4;2) = ¢% -2 —26752¢> —143376¢" —8288256¢"

q

q

Fi(=52) = ¢ +0 +85995¢* —565760¢" +52756480q7 —--- .

Similarly, there is a basis {Fy(0; 2), Fo(—3; 2), Fo(—4; 2), ... } for M}, and the first few
2

coefficients of these forms are

Fy(0;2) = 1 +2q +24¢* +0g° -
(1.6) Fo(=3;2) = ¢% —248¢ +26752¢*  —85995¢° +---,
' Fo(—4;2) = q* +492¢ +143376¢*  +565760¢° +---,

Fo(=T;2) = ¢ 7 —4119¢ +8288256¢" —52756480¢° +---

A brief inspection reveals a striking pattern relating the coefficients of the Fj(—m; z),
grouped by column, and the coefficients of the individual forms Fy(—n;z). Zagier
proved (see Theorem 4 of [23]), for non-negative integers n, that the nth coefficient of
a form Fj(—m; z) is the negative of the mth coefficient of Fy(—n; z). Zagier’s examples
turn out to be special cases of generic duality which holds for the half-integral weight
Maass-Poincaré series considered here (see Theorem 1.1).

To construct these series, let k := \ + %, where A is an arbitrary integer, and let
M, ,.(z) be the usual M-Whittaker function (for example, see Chapter 4 of [2]) which
is a solution to the differential equation

0*u 1 v %—/LQ
SR ~0.
822+< 4+z+ 22 "

Following Bruinier [4] (note. see [4] and [10] for background on Poincaré series) and
[7], for s € C and y € R — {0} we define

_k
Ms(y) = ‘y| 2M§sgn(y),s—%(|y‘)'

Suppose that m > 1 is an integer with (=1)**m = 0,1 (mod 4). Define ¢_,, ((2) by

Qp—m,s(z) = MS(—47rmy)e(—mx),

where 2z = z + iy, and e(w) := ™. Furthermore, let

S

denote the translations within SLy(Z). Using this notation, define the Poincaré series
(17) ‘/T)\(_m>s; Z) = Z (@—m,s ’k A)(Z)
A€To\T'o(4)

for Re(s) > 1 (see Section 2 for the definition of |).
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Remark. The Fourier expansions of these series were previously computed in [7] for
integers A > 1.

If pr, is Kohnen’s projection operator (see page 250 of [16]) to the weight A + 3
plus-space for I'g(4), then for A & {0, 1} define F)\(—m;z) by
3F(—m, L 2) | pr,, it A > 2,
(1.8) F\(—m; z) :=

3 k. .
2(1—k)r(17k)fk (_m71 - 572) \ Pry if A< —1.

Remark. Strictly speaking, Kohnen defined pr, for holomorphic half-integral weight
forms. It is easy to see that its definition applies for weakly holomorphic forms.

Remark. For A < —1, the normalization above is chosen so that (1.9) and (1.10) below
are valid.

If A =0 or 1, then we also have Poincaré series F\(—m; z), but the construction
requires more care (see Section 2). If A > —6 with X\ # —5, then F\(—m;z) € Mi+l'

2
For such A, it turns out F)(—m; z) has an expansion of the form

(1.9) F—m;z)=q¢ ™+ > ba(=min)g" € M, .
n>0
(—1)*n=0,1 (mod 4)

Remark. If A =1 and —m = —1, then
—F(—1;2) = —¢ ' +2—248¢° + 492¢* + - - - € M}
2

is the modular form in (1.3). Furthermore, when A € {0,1}, these modular forms
coincide with those given in (1.5) and (1.6).

If A= —5o0or A < —7, then F)\(—m;z) is a weak Maass form of weight A + %, and
has a Fourier expansion of the form

(1.10) Fx(—m;z) = Bx(—m;2) +q¢ ™ + Z ba(—m;n)q",
n>0
(-1)*n=0,1 (mod 4)
where By(—m; z) is the “non-holomorphic” part of F)\(—m;z) described in Section 2.
The duality illustrated by (1.5) and (1.6) is a special case of the following general
result which holds for all of the F)\(—m; z).

Theorem 1.1. Assume the notation above. Suppose that X > 1, and that m is a
positive integer for which (—1)*1m = 0,1 (mod 4). For every positive integer n with
(=1)*n = 0,1 (mod 4) we have

bx(—m;n) = —by_x(—n;m).
Remark. Theorem 1.1 for A = 1 (resp. A € {2,3,4,5,7}) is Theorem 4 of [23] (resp.
Theorem 9 of [23]).
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Remark. As an alternative approach, one can derive Theorem 1.1, for A > 2, by
applying Proposition 1.16 of [4], and by interpreting the relevant forms as vector
valued forms on Mp,(Z).

Motivated by Zagier’s results, we now describe the coefficients of the F\(—m; z)
in terms of singular moduli. To state these results, we require the following Poincaré
series defined by Niebur [19]. Throughout, let I;(x) denote the usual I-Bessel function,
the so-called modified Bessel function of the first kind. If A > 1, then let

(1.11) Baz) =7 Y Im(Az)%IA_%(27rIm(Az))e(—Re(Az)).

A€l \SLa(Z)
Remark. For A = 1, Niebur’s [19] definition requires a careful argument involving ana-
lytic continuation. It turns out that §;(z) = 1(j(z)—744), and this is the continuation,

2
as s — 1 from the right, of the expansion

—1247 Y Im(A2)21,_y(2nTm(Az))e(—Re(Az)).
A€T 00 \SL2(Z)

The coefficients of F)\(—m;z) are traces and twisted traces of the singular moduli
for Fr(2). In view of Theorem 1.1 on duality, to state this result we may without loss
of generality assume that A > 1.

Theorem 1.2. If \,m > 1 are integers for which (—1)*'m is a fundamental discrim-
inant (note. which includes 1), then for each positive integer n with (—1)*n = 0,1
(mod 4) we have

1

2(—1)[(+1)/2] 55
b)\(—m, n) = ( ) N . TI'(_l)A+1m ('S:)\y TL) .
m?2

Three remarks.

1) For A = 1, Theorem 1.2 relates b;(—m;n) to traces and twisted traces of F1(z) =
2(j(z) — 744). Therefore, if A = 1 and m = 1, then this is Theorem 1 of [23] (i.e.
example (1.3)), and for general m is Theorem 6 of [23].

2) For A > 1, the coefficients by(—m;n) are traces of singular moduli of non-harmonic
Maass forms. This relates to Theorem 11 of [23] where these non-harmonic Maass
forms are images of weakly holomorphic modular forms under differential operators
which have the additional property that their singular moduli are algebraic. This
phenomenon is explained in more detail in a recent preprint of Miller and Pixton [18].
3) Although we do not include the details here for brevity, we note that Theorem 1.2

has a straightforward generalization involving the action of the half-integral weight
Hecke operators on F)\(—m;z). For A = 1, this generalization is Theorem 5 of [23].

To prove Theorem 1.2, we first recall and derive the Fourier expansions of the
half-integral weight series considered here. This is done in Section 2. These Fourier
expansions are described in terms of the half-integral weight Kloosterman sums. In
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Section 3, we give standard facts about Kloosterman sums and Salié sums. In par-
ticular, we recall how Kloosterman sums are related to certain Salié sums, and how
such sums may be reformulated as Poincaré-type series over orbits of CM points. In
Section 3 we prove Theorem 1.1 using the formulas obtained in Section 2. In Section 4
we describe Niebur’s Poincaré series §,(z), and explain their relation to weakly holo-
morphic modular forms. In the last section we use the results of Sections 2 and 3 to
directly prove Theorem 1.2.

Remark. Although we have not carried out the details, it is not difficult to generalize
Theorems 1.1 and 1.2 to arbitrary congruence subgroups I'g(4N), where N is odd and
square-free.

ACKNOWLEDGEMENTS

The authors thank Scott Ahlgren, Matt Boylan, Jan Bruinier, Winfried Kohnen, Alison
Miller, Aaron Pixton and Jeremy Rouse for their comments on an earlier version of
this paper.

2. HALF-INTEGRAL WEIGHT MAASS-POINCARE SERIES

Here we recall and derive the Fourier expansions of the series F)\(—m;z). The
common feature of these series is that their Fourier coefficients for positive exponents
are given as explicit infinite sums in half-integral weight Kloosterman sums weighted
by Bessel functions. To define these Kloosterman sums, for odd ¢ let

1 if6=1 (mod 4),
2.1 =
(2.1) N {z if 6 =3 (mod 4).

If A is an integer, then we define the A\ + % weight Kloosterman sum K, (m,n,c) by

(2.2) Kymnye)i= Y *(g)ez’\ﬂe(mTW).

v (mod c)

In the sum, v runs through the primitive residue classes modulo ¢, and ¥ denotes the
multiplicative inverse of v modulo c.
Here we give the Fourier expansions of the Maass-Poincaré series F)(—m; z). For
A > 1, these expansions are computed in [7]. For completeness, we give the following
result giving formulas for the coefficients by(—m;n) for all A\. For convenience, we
define 0m,, € {0,1} by
1 if m is a square,
(23) O0m : {O otherwise,
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and we let

1 if v is odd
2.4 0o = ’
(24) aa(v) { 0 otherwise.

Assuming the notation of (1.9) and (1.10), we have the following theorem.

Theorem 2.1. Suppose that X is an integer, and suppose that m is a positive integer
for which (=1)**m = 0,1 (mod 4). Furthermore, suppose that n is a non-negative
integer for which (—=1)*n = 0,1 (mod 4).

(1) If A > 2, then by(—m;0) = 0, and for positive n we have
ba(=min) = (1) (n/m)2 3 (1 - (~1)N)
Ky(—m,n,c 4my/mn
X Z (1+6odd(0/4))M'IA_l< ) .

C

c>0
¢=0 (mod 4)
(2) If A < —1, then
by(—m; 0) = (=)D Ag5=291- Ay a=A(] — (Z1))

X(l—m{@_ NS (1+50dd(c/4>>%,

c
¢=0 (mod 4)

and for positive n we have
ba(—m;n) = (1) Any/o(n fm) 275 (1 — (—1)%)
x> +5odd(c/4))M , I;_A(MW) |

c c
c>0
¢=0 (mod 4)
(3) If A =1, then by(—m;0) = —200,,, and for positive n we have
by(—m:n) = 2460, H(n) — 7v/2(n/m)3 (1 + i)

Ki(—m,n,c 4my/mn
x Y (14 daaalc/4)) ! c ) ji( c ) '
c=0 c(>n90d 4)

(4) If A= 0, then by(—m;0) = 0, and for positive n we have
bo(—m:n) = —2460,, H(m) + 7v/2(m/n)i (1 — i)
x oy, 1+ 5odd(0/4))K0(_m7n7C) 1 <47T Cm”) '

C
c>0
c¢=0 (mod 4)
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Remark. For positive integers m and n, the formulas for by(—m;n) are nearly uniform
in A. In particular, the only difference between Theorem 2.1 (1) and (2) occurs in
the I-Bessel function factor. For A > 2 we have [ AL and for A < —1 we have [ 1y

instead.
Before we prove this result, we first recall the construction of these forms. Suppose

that A is an integer, and that k := \ + % For each A = (3 g) € Iy(4), let

j<A’Z>::(%>€5W7z+wné

be the usual factor of automorphy for half-integral weight modular forms. If f : H — C
is a function, then for A € T'y(4) we let

(2.5) (f Ik A) (2) = (A, 2) 771 f(Az).
As usual, let z = z + iy be the standard variable on H. For s € C and y € R — {0},
we let

_k
(26) Ms(y) = ‘y’ ? M% sgn(y),s—%(|y‘)7
where M, ,(z) is the standard M-Whittaker function which is a solution to the differ-

ential equation
82 1 1_ 2
—3+<——+5+4 lu=o.

02?2 4 =z 22
If m is a positive integer, then define ¢_,, s(2) by
O_ms(2) = Ms(—4dmmy)e(—mz),

and consider the Poincaré series

(2.7) Fal=m,s:2) = > (oms & A)(2).
AET o\ (4)
It is easy to verify that ¢_,, s(2) is an eigenfunction, with eigenvalue
(2.8) s(1—s) + (k* — 2k) /4,
of the weight £ hyperbolic Laplacian

0? 0? 0 0
Ap =y ==+ = ky | — +i— | .
k Y <8x2+8y2)+l y(ax—l—zay)
Since @_ms(2) = O (yRe(s)’%
lutely for Re(s) > 1, is a I'g(4)-invariant eigenfunction of the Laplacian, and is real
analytic.
These series provide examples of weak Maass forms of half-integral weight. Following
Bruinier and Funke [5], we make the following definition.

) as y — 0, it follows that Fy(—m, s; z) converges abso-
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Definition 2.2. A weak Maass form of weight k for the group T'g(4) is a smooth
function f : H — C satisfying the following:

(1) For all A € T'y(4) we have

(f s A)(2) = [f(2).

(2) We have Ayf = 0.
(3) The function f(z) has at most linear exponential growth at all the cusps.

Remark. If a weak Maass form f(z) is holomorphic on H, then it is a weakly holomor-
phic modular form.

In view of (2.8), it follows that the special s-values at k/2 and 1—k/2 of Fy(—m, s; 2)
are weak Maass forms of weight £ = \ + % when the defining series is absolutely
convergent.

If A & {0,1} and m > 1 is an integer for which (—1)*!m = 0,1 (mod 4), then we
recall the definition

SF\(=m, 5 2) | pry, itA>2,

(2.9) Fy\(—m; z) :=

3 k. .
2(1—I<:)F(1—]g)f/\ (_m7 1—3; 2) | pry if A < —1.

By the discussion above, it follows that Fy(—m;z) is a weak Maass form of weight
k=X+3 onTy(4). If A\ =1 and m is a positive integer for which m = 0,1 (mod 4),
then define Fi(—m;z) by

(2.10) Fi(—m;z) = 2.7:1 <—m, 2; z) | pry + 2460, G(2).

The function G(z) is given by the Fourier expansion

e}

1 )
4 2 —-n
T nz_:ooﬂ( m™my)g",

G(z) == Z H(n)¢" +

where H(0) = —1/12 and
B(s) = / t5e st
1

Proposition 3.6 of [7] proves that each Fy(—m;z) is in M}. These series form the basis
2

given in (1.5).

Remark. Note that the integral ((s) is easily reformulated in terms of the incomplete
Gamma-function. We make this observation since the non-holomorphic parts of the
F\(—m; z), for A < =7 and A = —5, will be described in such terms.
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Remark. We may define the series Fy(—m;z) € M. using an argument analogous
2

to Proposition 3.6 of [7]. Instead, we simply note that the existence of the basis
(1.6) of M, together with the duality of Theorem 4 [23] and an elementary property
2

of Kloosterman sums (see Proposition 3.1), gives a direct realization of the Fourier
expansions of Fy(—m; z) in terms of the expansions of the Fj(—n;z) described above.

To compute the Fourier expansions of these weak Maass forms, we require some
further preliminaries. For s € C and y € R — {0}, we let

_k
(211) Ws(y) = ’y| 2W§sgn(y),s—%<‘y|)a

where W, , denotes the usual W-Whittaker function. For y > 0, we shall require the
following relations:

(2.12) M (—y) = e?,

(2.13) Wi k(y) = Wei(y) =73,

and

(2.14) Wik (=y) = Wi(—y) = e:T (1 - k,y),

where - it
I'(a, ) ::/ e_tta7

is the incomplete Gamma function. For z € C, the functions M, ,(z) and M, _,(z)
are related by the identity

I'(—2p) B
e — R

From these facts, we easily find, for y > 0, that
(2.15) M, _i(=y) = (k= 1)e?T(1 = k,y) + (1 = B)T(1 = k)e?.

Proof of Theorem 2.1. Although the conclusions of Theorem 2.1 (1) and (3) were ob-
tained previously by Bruinier, Jenkins and the second author in [7], for completeness
we consider the calculation for general A ¢ {0,1}. In particular, for such A, suppose
that m is a positive integer for which (—1)*'m = 0,1 (mod 4).

Computing the Fourier expansion requires calculating the integral

" Y mx
/_Ooz M, (—47rm02|z|2) e (62|z|2 — n:v) dx.

This integral is computed on page 357 of [10] (see also page 33 of [4]), and it implies
that F) (—m, s; z) has a Fourier expansion of the form

Fir(=m,s;z) = Ms(—4dmmy)e(—mzx) + Z c(n,y, s)e(nz),

nel

DY, ).

Wy u(2) = B gy,
7#(2) F(%—"_M_V) y
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where the coefficients ¢(n, y, s) are given by

(27m'_’“F(2s) n|2-i Z Kx(—m,n,c)

4
Jas—1 (%mm W (dmny), n <0,

L(s—%) Im — c
¢=0 (mod 4)
2711 F(25) Al Ky(—m,n,c) 4m\/mn
22 271 E I W (4 , > 0,
F(S + §> (n/m) = c 2 1 c ( an) n
¢=0 (mod 4)

W%“_%z’_kms_%_iy%_s_%F@S —1) Z Kx(=m, 0,¢)

s , n = 0.

c>0
¢=0 (mod 4)

Here Jy(z) denotes the usual J-Bessel function, the so-called Bessel function of the
first kind.

The Fourier expansion defines an analytic continuation of Fy(—m, s; z) to Re(s) >
3/4. For A > 2, we then find that F)(—m, %; z) is a weak Maass form of weight A + 1.
Thanks to the I'-factor, the Fourier coefficients ¢(n, y, s) vanish for negative n, and so
each Fy(—m, g; z) is a weakly holomorphic modular form on I'g(4). Applying Kohnen’s
projection operator (see page 250 of [16]) to these series gives Theorem 2.1 (1).

The situation is a little more complicated if A < —1. Arguing as above, by letting
s =1 —k/2 we obtain a weak Maass form Fy(—m,1 — %;2) of weight k = A+ 1 on
[g(4). Using (2.14) and (2.15), we find that its Fourier expansion has the form

Fa (—m, 1— g,z>
(2.16)

= (k—1)(D(1 — k. 4mmy) —T(1 = k)) g™ + > _ e(n,y)e(nz),

nez

where the coefficients ¢(n, y), for n < 0, are given by

A
2

] Ky (= 4
2 *(1 — k) )% T = kAnlnly). > M Jiy (% |mn|> .
c=0 C(>Ir(1)0d 4)

For n > 0, (2.13) allows us to conclude that the ¢(n,y) are given by

(20 T2 — k) (n/m)3 3 Kalzm,n.c) -I_A(4—7T\/%>, n >0,

1
c 2 c
c>0
¢=0 (mod 4)
3. A 3 _y. . 1_ Ky(—m,0,c
41 22 N TRy # n=>0
cz
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The numbers by(—m;n) are the Fourier coefficients of the images of the forms above
under Kohnen’s projection operator pry. One readily checks that this returns the
desired formulas. O

Remark. If A € {—6,—4,—3,—2,—1}, then the functions F\(—m; z) are in Mi+l’ and
2
their g-expansions are of the form

(2.17) Fx(—m;z)=q¢ ™"+ Z ba(—m;n)q".
n>0
(=1)*n=0,1 (mod 4)

This claim is equivalent to the vanishing of the non-holomorphic terms appearing in
the proof of Theorem 2.1 for these A.

To justify this vanishing, recall that there is an anti-linear differential operator &
that takes weak Maass forms of weight £ to weakly holomorphic modular forms of
weight 2 — k (see Proposition 3.2 of [5]). It is defined by

(2.18) &(f)(2) = 2iy* 2 f(z).

This operator has the property that ker(&y) is the subset of weight k& weak Maass
forms which are weakly holomorphic modular forms. To prove our claim, apply &
to the Fourier expansion of Fy (—m,1 — %;2) given by (2.16). Since &(f) = 0 for
holomorphic f, and since & is anti-linear, the non-trivial contributions can only arise
from &, (T' (1 — k,4w|n|y)) , where n is a negative integer. For negative n it is easy to
show that

& (D(1 — k, 47|nly)) = —(4r|n|) - Fet™v

NGRS I

n>0

Therefore

where ¢(n), for n # m, is

1 1 A1 1 K - 4
—2mi*+3) (5 — /\) (n/m)>~3(4mn)2 Z Kazmm o) Ji_y (—W\/mn)

c>0
c=0 (mod 4)

and for n = m is

(e

1 K (= 1
— 2it3) (5—)\) (drm): > Y Kxzmm o) -J;_A<—7Tm>.

C c
c>0
¢=0 (mod 4)

From these calculations it follows that & (]—")\ (—m, 1—- %; Z)) is a weight 2 — k cusp
form on T'g(4). Since Sh_, is trivial for these A\, it follows that c¢(n) = 0 for all n.
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Consequently, the coefficients for n < 0, with the exception of n = —m must vanish.
For n = —m, the normalization given by (1.8) now confirms (2.17).

3. KLOOSTERMAN AND SALIE SUMS AND THE PROOF OF THEOREM 1.1

Here we give classical facts concerning half-integral weight Kloosterman sums and
Salié sums. We recall how such sums are related, and give a reformulation of certain
Salié sums as Poincaré-type series over CM points. However, we begin by using the
formulas from Theorem 2.1 to prove Theorem 1.1.

3.1. Proof of Theorem 1.1. Here we prove Theorem 1.1 using the explicit formulas
contained in Theorem 2.1. Thanks to these formulas, duality follows from the following
elementary proposition.

Proposition 3.1. Suppose that ¢ > 0 is a multiple of 4. If \,m, and n are integers,
then

Ky(—m,n,c) = (—1))‘2' - Ky x(—n,m,c).

Proof. For v coprime to ¢, we have that (%) = (7%), and 7 = v (mod 4), and so

KA(—m,n7c> = Z (g) 612)>\+16 (M)

v (mod ¢)*

S (e,
(% C
(mod ¢)*

—U

Since e = (—1)’\2'6%,(1_A)+1, it follows that Ky(—m,n,c) = (=1)i - Ki_x(—n,m,c).
0

Proof of Theorem 1.1. In Theorem 2.1, it is clear that the I-Bessel function factors
exactly correspond for A and 1 — A. Furthermore, when A = 1 and 1 — A = 0,
Theorem 2.1 (3) and (4) shows that the class number summands obey the alleged
duality. To complete the proof one simply observes that we may transform the formula
for by(—m;n) into the formula for —b;_,(—n;m). Thanks to Proposition 3.1, this is
achieved by replacing, for each ¢, the Kloosterman sum Ky(—m,n,c) by (—=1)*i -
Ky x(—n,m,c). O

3.2. Facts about Kloosterman sums and Salié sums. The results in this paper
are derived from the classical fact that the half-integral weight Kloosterman sums
are easily described in terms of simpler sums, the Salié sums. Suppose that D; =0, 1
(mod 4) is a fundamental discriminant. Recall that 1 is considered to be a fundamental
discriminant. If ) is an integer, Dy # 0 is an integer for which (=1)*Dy = 0,1 (mod 4),
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and N is a positive multiple of 4, then define the generalized Salié sum Sy(Dy, Dy, N)
by

N l’z — (—]_>/\D1D2 2x
(31) SA(D17D27N) = ) (;j Y XD, (Z?xv N > e (F) )

22=(—1)*D1 D2 (mod N)

where xp, (a,b, c), for a binary quadratic form @ = [a, b, ], is given by
(3.2)
0 if (a,b,c, D) > 1,
X (a;b,¢) = (&) if (a,b,c, D1) =1 and @ represents r with (r, D;) = 1.

T

Remark. If D; = 1, then yp, is trivial. Therefore, if (—1)*D, = 0,1 (mod 4), then

2x
Sx(1, Dy, N) = > e (ﬁ) .
z (mod N)
z2=(—1)*D2 (mod N)

Half-integral weight Kloosterman sums are essentially equal to such Salié sums.
Relations of this type are well known, and they play fundamental roles throughout the
theory of half-integral weight modular forms (for example, in the work of Iwaniec, and
later work of Duke, bounding coefficients of half-integral weight cusp forms). Here we
recall a special case of such relations (for example, see Proposition 5 of [16]).

Proposition 3.2. Suppose that N is a positive multiple of 4, and that Dy is a fun-
damental discriminant. If X is an integer, and Do is a mon-zero integer for which
(=1)*Dy = 0,1 (mod 4), then

N73(1 = (1)) (1 + boaa(N/4)) - Kx((=1)*Dy, Dy, N) = Sy(Dy, Da, N).

Using Proposition 3.2 and Theorem 2.1, we may rewrite the coefficients of the half-
integral weight Maass-Poincaré series in terms of the simpler looking Salié sums. This
simple reformulation, combined with the next proposition, underlies and explains the
general phenomenon in which coefficients of half-integral weight modular forms are de-
scribed as traces of singular moduli. The following proposition, well known to experts,
describes these Salié sums themselves as Poincaré series over CM points.

Proposition 3.3. Suppose that X is an integer, and that D1 is a fundamental discrimi-
nant. If Dy is a non-zero integer for which (—1)*Dy = 0,1 (mod 4) and (—1) Dy Dy <
0, then for every positive integer a we have

XD1<Q)

S\(Dy, Dy, 4a) = 2 E s E —Re (A .
A( D1, Ds, 4a) vo e (—Re (A1)
QEQ|p; py|/T A€l \SL2(Z)

Im(Arg )=Y1D1Pz]

2a
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Proof. For every integral binary quadratic form
Q(z,y) = az® + bry + cy?

of discriminant (—1)*D; Dy, there is a unique point 7¢g in the upper half of the complex
plane that is a root of Q(x,1) = 0. Clearly 7¢ is equal to

—b+iy/[DiD
(3.3) rg = VDD

2a ’
and the coefficient b of () solves the congruence
(3.4) V¥’ = (—=1)*D1Dy (mod 4a).

Conversely, every solution of (3.4) corresponds to a quadratic form with an associated
CM point as above. There is a one-to-one correspondence between the solutions of

V¥ —4ac = (-1)*D1Dy  (a,b,c € Z,a,c > 0)
and the points of the orbits

U {Am: AeSL(z)/T.,},
Q

where I';, denotes the isotropy subgroup of 7 in SLy(Z), and where @ varies over the
representatives of Q|p,p,|/I'. The group ' preserves the imaginary part of such a
CM point 7, and preserves (3.4). However, it does not preserve the middle coefficient
b of the corresponding quadratic forms modulo 4a. It identifies the congruence classes
b,b+ 2a (mod 4a) appearing in the definition of Sy(D;, D2, 4a). Since xp, (Q) is fixed
under the action of I'y,, the corresponding summands for such pairs of congruence
classes are equal. Proposition 3.3 follows easily since #I';, = 2wg, and since both I',
and [',, contain the negative identity matrix. 0

4. MODULAR INVARIANT POINCARE SERIES

Here we recall the properties of the Poincaré series §,(z) which are the modular
invariants whose singular values determine the coefficients of the Maass-Poincaré series
F\(—m; z). These series were defined and investigated by Niebur in [19]. Recall that
they are defined by
(4.1)

T Aer o \SLa(2) Im(Az)%])\_% (2rIm(Az))e(—Re(Az)) ifA>1,
3)\(2) =
=124 73 s \SLa(@) Im(Az)%I% (2rIm(Az))e(—Re(Az)) if A=1.

Strictly speaking, this definition is not well defined when A = 1 since the defining

series is not absolutely convergent. A significant portion of Niebur’s paper is devoted
1

to defining §1(z) via analytic continuation, and it turns out that §1(z) = 5(j(2) —744).
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For the remainder of this section suppose that A > 1 is an integer. Since we have
y'"Phoap) =0y (y—0),

it follows that the defining series for §,(z) is absolutely uniformly convergent. Since
the function )

H(z) = 7TIII1(Z)§I)\_% (2rIm(z))e(—Re(z))
satisfies

Ao (fa(2)) = A1 = A fa(2),

02 0?
doi= (3 + )

where

we have that
Ap (Fa(2)) = (1= A)ABa(2).
Therefore, §,(z) is an eigenfunction of the weight 0 hyperbolic Laplacian A, and has
eigenvalue A(1 — \). Consequently, §,(2) is a weight 0 Maass form. However, it is not
a weak Maass form since it is not harmonic.
Niebur [19] computed the Fourier expansion of §\(z), and he found that

Falz) = wl i (2my)e ™yzg + 2 ba(n,y)d",
ne”
where
( YA S(—1,0;¢)
CA—1)(A—1) c2*

|
T >0

™ S(n, _1,C) 477\/%
(4.2) ba(n,y) = Ty %2 VK, _ (2W|n|y)szz>\_1 ( a ) n >0,

1
2
c>0

S(n,—1; 4/
7Ty1/2€27myK)\7%(27T‘n‘y) Z MJQ)\l ( T p |n|) n < 0.
\ c>0

Here S(n,m;c) denotes the integer weight Kloosterman sum
nv +mv
) ;c) = — .
(n,m;c) Z e ( . )
v (mod ¢)*
Remark. The reader is warned that there are typographical errors in Niebur’s formulas.

In Theorems 10 and 11 of [23], Zagier proved that the coefficients of several half-
integral weight modular forms are traces of non-holomorphic modular forms. Moreover,
he notes that these forms are images of weakly holomorphic modular forms under
standard differential operators. Theorem 1.2 includes these results thanks to Niebur’s



18 KATHRIN BRINGMANN AND KEN ONO

formulas (4.2). For these results, it turns out that the relevant weakly holomorphic
modular forms (see [19]) gx(z) of weight 2 — 2\ on SLy(Z) have Fourier expansions of
the form

- 4(_1)>\+17T2)\+% S(—l O'C)
o 1 . 9 )
", ) =a T — D —1)(A—1)! ; 2
4.3 ‘
i S(n,—10) 4m/n
F2r(=DMYY pE Yy ( ) q".

A brief inspection reveals that the same Kloosterman sum and I-Bessel factors appear
in both (4.2) and (4.3). In a recent preprint [18], Miller and Pixton elaborate on these
observations to obtain general theorems about “traces” of algebraic values of suitable
non-holomorphic modular forms as coefficients of Maass-Poincaré series. These non-
holomorphic modular forms; as in Theorem 11 of [23], are obtained by applying suitable
differential operators to weakly holomorphic modular forms.

Ezample. For completeness, we note that the modular forms ¢, (z) are simple to realize
in terms of the classical modular forms on SLy(Z). For example, we have that

g1(2) =j(2) =720 = ¢~ 4+ 24 + 196884q + - - - ,
o) - BB

E 2
95(2) = % =q ' +504+73764q + - - .

= q ' —240 — 141444q — - - -,

Note that if A = 1, then we have 2§, (z) + 24 = g1(z). If A =2, then

1 1 0 1
$a2(z) = ) (%& + m) 92(2).

5. PROOF OF THEOREM 1.2

Here we prove Theorem 1.2 using the definitions of the series Fy(—m; z) and §(2),
and Propositions 3.2 and 3.3.

Proof of Theorem 1.2. Here we prove the cases where A > 2. The argument when
A = 1 is identical. For A > 2, Theorem 2.1 (1) implies that

1= (=1%)
Ky\(—m,n,c)

A
2

ba(=m;n) = (=)D 2ny/2(n/m)

XY (14 boaalc/4))

c>0
¢=0 (mod 4)

.[)\

[NIE

C

(o0
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Using Proposition 3.2, where D; = (—1)*"'m and Dy = n, for integers N = ¢ which
are positive multiples of 4, we have

c_%(l — (=D)L + Soqa(c/4)) - Kx(—m,n,c) = Sx((=D) m, n, c).
These identities, combined with the change of variable ¢ = 4a, give

(—1)[+D/2 7 31 = Sy (=) 1m, n, 4a)
by(—m;n) = ————(n/m)2"1
Using Proposition 3.3, this becomes

9(—1)[(A+1)/2]

T ) 2=

V2

a=1 Ael'x\SL2(Z) \/5
Im(A7g) Vimn

T

'I)\_l

(7).

a=1

i

Z X (1)1 (@)

ba(—m;n) =
)\( m; TL) 0o WQ
]/\_%(ZWIm(ATQ))

-e(—Re(Arg)).

The definition of §,(z) in (1.11), combined with the obvious change of variable relating
1/v/a to Im(Arg)z, gives

2(—1)[+1)/2 5 -3 1)
br(—m;n) = (=) 5 U > X iml ) 1): ©
m= QEQum/T @
Y Im(Arg)? - I, 1 (27Im(Arg))e(—Re(Arq))
AET 00 \SL2(Z)
2(—1)A+1)/2 53
= ( ) N -Tr(_l)xﬂm(&,\;n).
m?2
0]
REFERENCES

[1] S. Ahlgren and K. Ono, Arithmetic of singular moduli and class polynomials, Compositio Math.
141 (2005), pages 293-312.

[2] G. E. Andrews, R. Askey and R. Roy, Special functions, Cambridge Univ. Press, Cambridge,
1999.

[3] M. Boylan, 2-adic properties of Hecke traces of singular moduli, Math. Res. Letters 12 (2005),
pages 593-609.

[4] J. H. Bruinier, Borcherds products on O(2,¢) and Chern classes of Heegner divisors, Springer
Lect. Notes 1780, Springer-Verlag, Berlin, 2002.

[5] J. H. Bruinier and J. Funke, On two geometric theta lifts, Duke Math. J. 125 (2004), pages
45-90.

[6] J. H. Bruinier and J. Funke, Traces of CM-values of modular functions, J. Reine Angew. Math.
594 (2006), pages 1-33.



20
(7]
8]
(9]

[10]

[11]

[12]

[13]

KATHRIN BRINGMANN AND KEN ONO

J. H. Bruinier, P. Jenkins, and K. Ono, Hilbert class polynomials and traces of singular moduli,
Math. Annalen 334 (2006), pages 373-393.

W. Duke, Modular functions and the uniform distribution of CM points, Math. Annalen 334
(2006), pages 241-252.

B. Edixhoven, On the p-adic geometry of traces of singular moduli, Int. J. of Number Th. 1, No.
4 (2005), pages 495-498.

D. A. Hejhal, The Selberg trace formula for PSLy(R), Springer Lect. Notes in Math. 1001,
Springer-Verlag, 1983.

P. Jenkins, Kloosterman sums and traces of singular moduli, J. Number Th., accepted for pub-
lication.

P. Jenkins, p-adic properties for traces of singular moduli, Int. J. of Number Th., 1, No. 1 (2005),
pages 103-108.

S. Katok and P. Sarnak, Heegner points, cycles and Maass forms, Israel J. Math., 84, no. 1-2
(1993), pages 192-227.

C. H. Kim, Borcherds products associated to certain Thompson series, Compositio Math. 140
(2004), pages 541-551.

C. H. Kim, Traces of singular values and Borcherds products, preprint.

| W. Kohnen, Fourier coefficients of modular forms of half-integral weight, Math. Ann. 271 (1985),

pages 237-268.

H. Maass, Uber die rdumliche Verteilung der Punkte in Gittern mit indefiniter Metrik, Math.
Ann. 138 (1959), pages 287-315.

A. Miller and A. Pixton, Arithmetic traces of non-holomorphic modular invariants, preprint.

| D. Niebur, A class of nonanalytic automorphic functions, Nagoya Math. J. 52 (1973), pages

133-145.

K. Ono, The web of modularity: Arithmetic of the coefficients of modular forms and q-series,
CBMS Regional Conference, 102, Amer. Math. Soc., Providence, R. 1., 2004.

R. Osburn, Congruences for traces of singular moduli, Ramanujan J., accepted for publication.
J. Rouse, Zagier duality for the exponents of Borcherds products for Hilbert modular forms,
J.London Math. Soc. 73 (2006), pages 339-354.

D. Zagier, Traces of singular moduli, Motives, polylogarithms and Hodge theory, Part I (Irvine,
CA, 1998) (2002), Int. Press Lect. Ser., 3, I, Int. Press, Somerville, MA, pages 211-244.

DEPARTMENT OF MATHEMATICS, UNIVERSITY OF WISCONSIN, MADISON, WISCONSIN 53706
E-mail address: bringman@math.wisc.edu
FE-mail address: ono@math.wisc.edu



