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Abstract
We specialize the Eichler-Selberg trace formula to obtain an asymptotic in
n for the number of (weighted) S L2 (Z)-conjugation orbits of 2 x 2 matrices
of determinant n whose reductions modulo N lie in a given conjugacy class
in GL2(Z/NZ), for arbitrary level N > 1 which is relatively prime to n.
This generalizes an 1885 result of Hurwitz.

1 Introduction

In [8], Hurwitz writes down formulas for sums of Hurwitz class numbers H(—A)
as A runs through quadratic progressions to a prime modulus N. He also
mentions that these formulas may be generalized to the case where the modulus
is not prime. This paper generalizes Hurwitz’s result to an arbitrary modulus
N, and gives an alternate proof, based on the Eichler-Selberg trace formula.
First, we describe all of this more precisely.

For any negative discriminant A, recall the Hurwitz class number

2
H(-A) = 3 2
SLo(Z) (s
fewmreat @ 15t 2B
Here we are denoting by
O (A) = {f(w,y) = az® + Bay + 9% : (0, B,7) € Ly x 2, % — day = A}

the set of positive definite (not necessarily primitive) integral binary quadratic
forms of discriminant A, by QF (A)// SL2(Z) its orbit space with respect to
the classical SLy(Z)-action

r (8 0) @)= flan b byce -+ ),

and by
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the stabilizer in SLo(Z) of the form f(x,y). In addition, H(0) is defined to be
—1/12 and H(m) = 0 when m < 0.

Hurwitz shows, for example, that if NV is prime, n > 1 is coprime to IV,
and @ is any integer modulo N with the property that a? — 4n is a quadratic
nonresidue modulo N, then

(N+1) > H@n—12) = 20(n) + A% (n) + b 9o (n) +- - -+ (@1, (n),
t=a mod N

where o(n) is the sum of the divisors of n. The h§a)’s are coeflicients which do
not depend on n and the 1;(n)’s are the Fourier coefficients of the g-expansions
of certain weight 2 cusp forms for the modular curve X (V). Thus, if we apply
the Ramanujan bound |¢;(p)| < 2p'/? [3], we obtain

—t%) = 2 1/2+¢
t=a zIr;od NH(4n t ) - N + 1U(n) + ON@(?’L ) (1)

Let us re-interpret this asymptotic. Note that, by pairing the positive defi-
nite form f(z,y) with the negative definite form — f(x,y) we have
1

H(-A) = —_—
) |SL2 (Z)f(m,y) ‘

f(zy)€Qz(A) // SLy
where the sum is now taken over the orbit space of the set of all integral binary

quadratic forms of discriminant A. Let May2(Z) denote the set of all integral
2 by 2 matrices, and for a fixed pair integers ¢ and n, define

T(t,n):={A € Myys(Z): tr A=t, det A =n}.
If t and n satisfy t2 — 4n = A, then there is a bijection
Qz(A) «— T(t,n) (2)

in which
t+8 —
az® + Bry +vy* < ( ; t—ﬁ) :
2

This bijection is a map of SLq(Z)-sets, where SLy(Z) operates by conjugation
on 7 (t,n). Thus we may re-write the Hurwitz class number as

1
H(—(t* —4n)) = Z |SLa(Z) A

A€T (t,n) // SL2(2)

where 7 (t,n) // SL2(Z) denotes the set of SLy(Z)-conjugation orbits in 7 (¢, n)
and
SLy(Z)a:={B € SLy(Z) : B"'AB = A}.

In this paper we prove



Theorem 1. Let N > 1 be any integer level, n > 1 a non-square integer coprime
to N and A C GL2(Z/NZ) any SLo(Z/NZ)-conjugation orbit with

det A=n mod N.

Then,

1 2/ Al o
> = o(n) + O-(JA|n'/2+9),
AT ()71 SL2(2) |SLa(Z)al  |SL2(Z/NZ)|

where
T5(n) :={A € Myy2(Z): A mod N € A, det A =n and (trA)* < 4n}.

Note that this theorem specializes to (1) in the case where N is prime and
A is the SLy(Z/NZ)-conjugation orbit of trace a and determinant n.

The case where n = p is prime is of particular interst. The work of Deuring
[4] (see also [2, Theorem 14.18]) interprets the left-hand side of (1) as essentially
counting the number of isomorphism classes of elliptic curves over Z/pZ whose
Frobenius endomorphism has trace congruent to a modulo N. Duke [5] uses this
observation to unconditionally bound the mean-square error in the Chebotarev
density theorem for the N-th division fields of elliptic curves over Q, for N
prime. In a forthcoming paper we will use Theorem 1 to strengthen Theorem 2
of [5].
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3 General framework

Let
A=:SLy(Z/NZ)aSLo(Z/NZ)™ !, a € GLy(Z/NZ)

be as in Theorem 1, and define the subgroup D C GL2(Z/NZ) to be the sub-
group generated by a and the negative of the identity:

D=D, = <a, _ (é (1)>> C GLy(Z/NZ)

In order to obtain the theorem using trace formulas, we will make use of the
following properties of D:

1. The group D intersects A nontrivially:

DNA#0.



2. The group D is abelian, so that its space of class functions is spanned by
its multiplicative characters Y.

3. The negative of the identity matrix belongs to D:

10
(6 3)er

We will employ a trace formula for the action of T’p(n), the associated degree
n Hecke operator, on the space Sa(I'p, x) of weight 2 cusps forms with character
X relative to the associated congruence group I' = I'p (for definitions, see Section
4).

We remark that any other group D satisfying properties 1, 2 and 3 could be
used in our proof in place of D,. In fact, one need not assume D to be abelian,
although it is conveniently simplifies the proof. All that is really necessary is
that the multiplicative characters on D distinguish the SLs(Z/NZ) conjugation
orbits in D. For example, if

Am{(é :) modN};é@,

then one could use the trace formula for I'o(N) with character as developed
in [10] or [7] to prove Theorem 1. Otherwise, we must use other congruence
groups. Chen [1] has also used trace formulas for groups other than I'o(N) (in
the case of prime level and trivial character) to deduce the existence of isogenies
between the jacobians of certain modular curves.

4 Notation and Background

Throughout this paper we use the standard notation:

I(N):={yeSLy(Z): ~v= <(1) (1)> mod N}.

In particular, T'(1) denotes the full modular group SLs(Z). For any subset
S C Msy2(Z/NZ) we put

TS = {A € M2><2(Z) : A mod N € S},
Further we define, for any integers ¢ and n,

Ts(n)={A€Ts: det A=n} and 7Tg(t,n)={A€Ts(n): trA=t}.

We abbreviate 7 := Ty, ,z/nNz), S0 that our previous notation 7 (¢,n) is con-
sistent.

If X is any set of matrices stable by left (resp. right) multiplication by a
group I of matrices, we use the usual notation

P\X (resp. X/T)



to denote the left (resp. right) coset space, whereas X //I' denotes the space of
conjugation orbits, if I acts on X by conjugation. We denote by

I, :={yeTl :yoy !t =2z}

the centralizer in I" of € X. Finally, Z(T") denotes the center of the group T,
and I denotes the 2 x 2 identity matrix.
4.1 Preliminaries

We now briefly set up the background, following [9], where full details (of the
weight k& > 2 case) may be found. For an even positive integer weight k > 2
and a function f on the upper half-plane we denote

(f|k (CCL Z)) (2) == (ad — be)¥/%(cz + d) =" f (Zjig) :

Suppose I" is any Fuchsian group of the first kind and that

x:I'—C*

is a multiplicative character whose kernel has finite index in I". We consider the
space of holomorphic weight k£ modular forms with character y for T’

Mg (T, x) ={f: H— C, f holomorphic (at cusps too), Vy € T, flxy = x(v)f}-
Note that, if —1 € I' we have

X(=1) # (1) = My(T.x) = {0}. (3)
The subspace of cusp forms is defined by

Se(T,x) ={f € M(T,x) : f =0 at the cusps of I'}.
We recall the action of Hecke operators on these spaces. Define the semigroup
F:={geGLy(R): [[:g9lg ' NI] < oo and [glg~':glg ' NT] < oo}
Let T be any subsemigroup satisfying
rcycr

and assume that x extends to a multiplicative character of T so that for a € T
and v € I we have

aya~t €T = x(aya™) = x(7). (4)
Given any finite union of double cosets

7= || Tar (Y cY),
aeY/’



denote by T' (or by TX, when we wish to emphasize the character x) the Hecke
operator
T: Sk(F?X) - Sk(FaX)7

defined by the finite sum

T(f) =Y det(@)®*7" >~ x(an)flkar.

acY’ apeM\l'al’

We refer to this situation by saying that the double coset space 7 defines the
Hecke operator T'.

4.2 The Eichler-Selberg Trace formula

We use the following trace formula due originally to Eichler [6] (see also [11],
which works out the x|r = non-trivial case). The set-up is as follows. Let
T = TX be any Hecke operator (defined by the double-coset space 7) acting on
the space Sk (I, x) of cusp forms for I' with character . Let

Th:={a e T: tr(a)? > 4det(a) and o’s fixed points are cusps of I'}
and
T¢:={acT: tr(a)? <4det(a)}.

denote the subsets of hyperbolic and elliptic matrices, respectively. If the matrix
« is hyperbolic, then let n, and (,, be its real eigenvalues, taken in either order,
and define

sgn(a) := the sign of either eigenvalue.

If « is elliptic, then choose o € SLy(R) so that
ool — r < cos sm€) (r>0)

—sinf cosf
and define
Ne := 1€, Co =170,

Theorem 2. Suppose that the double-coset space T C GL;F(R) defining T
contains no scalar or parabolic elements. If —1 € T', then assume also that
x(—=1I) = (=1)k. Then the trace tr(T) of the Hecke operator T is given by

tr(T) = —te —tn +(x. k) > Xl(a), (5)
ael\T

where

S(x, k) = 1 fk=2andx|r=1
8= 0 otherwise,

k—1

_ x(@) g
te._ Z |l—‘a|"7a_<-a'

acTe//T




" {[1mals Ga [}
N min Tals Ca B
th = ——— Z x(a)sgn(a)”

- e — ol

Theorem 1 is obtained by using a particular case of Theorem 2. We now
specify the Fuchsian group I' and Hecke operator T we will use. Given the dis-
cussion in Section 4.1, it remains to define I' and T and describe the characters
x of I and how they extend to Y, as well as the double coset spaces 7 defining
our Hecke operators.

Given any subgroup

D C GLy(Z/NZ)

which satisfies properties 1, 2 and 3 from Section 3, we take
F=Tp:=7p(1)={y€T(1):v mod N € D}
and Y to be the semigroup 7p. We fix a group homomorphism
X:DNSLy(Z/NZ) — C*.

Since D is abelian, it is not hard to show that any such character may be
extended (in |D/(D N SLy(Z/NZ))| different ways) to a character

x:D— C*. (7)
Pre-composition with reduction modulo N then defines a character
x:I'p—D—C"
satisfying T'(IV) C ker x. By (7), x extends to a semigroup homomorphism
x:7p — D — C*,

and one verifies (4) immediately. We take our Hecke operators T' = Tp(n) to
be those defined by the double coset space Tp(n).
Note that, by property 3, we have

77'1) (n) = TD (n)

If in addition y(—I) # (—1)%, then by (3) we see that the left-hand side of (5)

must be zero. Pairing a with —« in the various sums and using the identities

Ne-a=-Ta and (-4 = —Ca,
we see that in this case the right hand side of (5) is also zero. This shows

Remark 3. The formula (5), applied withT =T'p and T = Tp(n), is still valid
if x(—1) # (-1)*.



We will also use (5) with D replaced by its “twin” D’, defined by

D = gD, gi= (? é) € GL,(Z/NZ),

together with x’s twin
XD —C*  X(A):=x(g"" Ag)

The group I := I'ps, the double-coset space Tp/(n) and Hecke operator Tp (n)
are defined just as for D.

5 Proof of Theorem 1
Having set up all the specifics, we are now ready to prove Theorem 1.

5.1 Eliminating the weights from the elliptic term

We begin by using the twin group D’ to obtain (in the weight k = 2 case) an
expression involving the simpler elliptic term

in place of Z TF(Z‘) 77an—a o
a€Ts(n)//T

™
o5

a€Tg(n)//T
To do this, we express the sum of the traces
tr (T3 (n)) + tr (T (n)),

using Theorem 2. (Note, since we assume n is not a square, the double coset
space Tp(n) (resp. Tp/(n)) doesn’t have any scalar or parabolic elements). First,
note that the map

_ 0 1
Tol) — Ton),  avgag™, o= (] o) €GL@)

allows us to write the elliptic term of tr (Tg,/ (n)) as

—_— . —_— k—1
> X(a) et > X(gag™")  Tgag-
|Oé| Na — Ca |Fa—1|na—1_<a—1
@ €Tg (m) // 1" aeth(m) /v 1" 9097 ] Toag™ T bgag
_ Z x(e) ¢t
|Fa| Na — Coz’

a€Tg(n)//T

where the second equality follows from the identities

Ngag—1 = Coz and Cgag*l = Na-



Thus, if k = 2, we see that tr (T'5(n)) + tr (Tg: (n)) is equal to

_ Z x(a) _ Z mmin{|na|7|<a|}+2.5(x72) Z x().

a€T5(n)//T a€Th(n)//T e = Cal €T\ Tp(n)

5.2 Using orthogonality to pick out residue classes

We will now use the orthogonality relations of the characters x in such a way
that our sums will be over matrices a which are congruent modulo N to a
prescribed matrix. Using property 1 of Section 3, we may choose a € DN A.
We compute

3 (tr (TX(n)) + tr (T, (n))) .

\D*I
x€D*

Using the orthogonality relations

R 3

{1 ifa=a mod N
x€D*

0 otherwise,

together with (8), we find that the sum

> x(@) (£(TE)) + (T (0) + tn(TH () + 1 (T (n) )

X€ED*

ID*I
of the elliptic and hyperbolic terms is equal to
1 min{ |n./, |Ca
Y L+ T min{[nal, [Gal}
I 1Mo — Cal

QGT&M)//F‘ o €7}, (n)//T

Using the classical set bijections

D\Ton) — TaNT () — { (5 5,) s dln o mod /.,

as well as
{x € D : XIpnsrL.z/Nz) = 1} «— (det(D))"

and the exact sequence
1—DNSLy(Z/NZ) — D — det(D) — 1,

we find that the remaining term

d o x@-2-60x2) > Xla)

ID*' XED* e\ 7p(n)
« DN
is equal to
- IN\To(1)] = ——=———o(n)
n)= ————0(n
DN SL(z/Nz)| ™ P [ :T(N)]



5.3 Passing from T to I'(1)

We have now expressed the trace tr (T5(n)) + tr (Tg:(n)) in terms of a sum over
I'-conjugation orbits. We will now convert this into a sum over I'(1)-conjugation
orbits.

Lemma 4. We have

1 1
2 T PO T 2 | )
0T, (n)/ /1@ BETE(n)//T(1) p
e in{lels Cal)
min{[na|, [¢a
>, mlblel _ o, qpa),ymp, a0
aeTl, (n)//T @
where

I'Ven:={y€Tl(1):(y mod N)a=a(y mod N)}.

Proof. First note that, if 3 € T4(n), then I'(1)30(1)~* NTgay(n) # 0, and so we
may take such a 3 to belong to 7(4y(n). Thus, we may write the elliptic term
as

DD > T

a€TE, (n)//T BET5(n)//T(1) \@€(T(1)BT(1)~1NTE, , (n))//T

- ¥ > =

BET5(n)//T(1) aeru)a,Nﬁr(l);}N//r' o

min{[na|,|Cal}

Ma—Cal is equal to

and likewise with the hyperbolic term: ZQGT{h | (n)//T

O TDS >

0<Z‘<\/ﬁ BET, (£ (n/d+d),n)//T(1) \ ae(T(1)Ar(1)~1NTL,, (n)//T

2 /dd d > > 1

o<§‘<\/a” BET (£(n/d+d),n)//T(1) \ a€T(1), nBT(1) Y //T

Into how many I'-conjugation orbits does I'(1), nGT( 1);}\, decompose? Writing
a right coset decomposition

I(1)an = | | T0,
beB
we have
T(1)anAT(1), = | To8b~' T (11)
beB

10



If 3 is hyperbolic, then the centralizer I'(1)g = {£I}, and so, by property 3 of
the group D, the union (11) is disjoint. Thus, there are exactly [I'(1)q,n : T

Inin{MaHC(xl} iS

I'-conjugation orbits in F(l)a,NﬁF(l);}V, and so Zaezh}(n)//lﬂ Mo —Ca

less than or equal to

2 (MW :T) Y i (Tn/d+ don)/ [T
0<j‘<n\/ﬁ

One can show that there is a bijection

T(n/d+d,n)//T(1) — {(g n%) . 2 mod (n/d_d)},

upon which (10) follows from

Y o d<vnd 1=0.(n'/?).
O<d‘<\/ﬁ d|n
d|n

If 3 is elliptic and I'(1)g = {£I}, then again (11) is disjoint and (9) follows.
Otherwise, I'(1) g is a group of order 4 or 6, and in that case we decompose the
set B of coset representatives into two subsets

B = B, U Bo,

where
Bl = ‘{b € B: F(l)bﬂb—l g F}

and
By = {b €B: F(l)bﬁb—l g F}

and note that, for b € By, I'(1)pg,-: NT' = {£I}. We then observe that, for any
b,/ € I'(1)q,n we have

Loyt =T/ py—rt
if and only if the equivalent conditions
Vb~ € T(1) )11 <= b € TT(1)y5-1b
hold. The first condition shows that unless b,b’ € Bs we must have
Tbpb ' I NTYRY "I~ =0,

and when b, b’ € By the second condition shows that the number of conjugation
orbits in

J regp-'rt

beE B>

11



collapses by a factor of m. In this case we have

1 1 2 1
2 Tl = 2 Ty I 2 2

@€l (1)a,NBT (1), v //T be B b’ €Bs
(1) i T
INCOF .
upon which (9) follows, concluding the proof of Lemma 4. O

5.4 Finishing the proof
We have now shown that when k = 2, the trace \%I > e (tr (TX(n)) + tr (Tg; (n)))

is equal to

_[F(l)a’N : F] Z |F(1)5| + [F . F2(N)]U(n) + OE([F(]')G,,N : F]n1/2+5).
BeT4(n)//T(1)

On the other hand, writing the trace of each T¥(n) with respect to a basis
{f1, f2,.. ., fg} C S2(T) of Hecke eigenforms, together with

SIN)= P S0
x€(T/T(N))*
and the Ramanujan bound
Ai(n)] = O-(n'/?%%) (T3 () fi = Xi(n) fi)
for the Hecke eigenvalues, we see also that

\%| Z (tr (T5(n)) + tr (Tg;(n))) =0. (genusofX(N)nl/2ﬁ> .

2 T TV
Thus,
1 2 o(n genus of X (N) l/2+e
v ooy TES] ~EDa )7+ O (P ™)

_ 2‘~A| oln |SL2(Z/NZ)||A‘H1/2+5
SL2(Z/N D) ”*OE( SLo(Z/ND) )

finishing the proof of Theorem 1. For the genus of X (), see [9, Theorem
4.2.11], for example. Note that in case n = p is prime we obtain the sharper
error term O(]A|p'/?), with an absolute constant.

Corollary 5. Suppose B is any subset of GLy(Z/NZ) which is stable by SL2(Z/NZ)-
congugation and which has constant determinant, i.e.

Vb, b € B, detb=detl.

12



Then, the result of Theorem 1 holds when one replaces A by B, namely

. 2|B| 1/2
Z = a(n) + O:(|B|n / +),
A€TS(n) // SL2(Z) |SLa(Z)a|l  [SL2(Z/NZ)]

with the sharper error term O(|B|p'/?) (with an absolute implied constant) if
n = p is prime.

Proof. Write

B=||A,

where A; are SLo(Z/NZ)-conjugation orbits, and apply Theorem 1. O
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