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Abstract

We use the relative trace formula to obtain exact formulas for central
values of certain twisted quadratic base change L-functions averaged over
Hilbert modular forms of a fixed weight and level. We apply these formulas
to the subconvexity problem for these L-functions. We also establish an
equidistribution result for the Hecke eigenvalues weighted by these L-

values.

Contents
1 Introduction 2
1.1 Statement of results . . . . .. ... ... ... ... ... .. 2
1.2 About the proof . . . . . . ... ... 5
1.2.1 Waldspurger’sresult . . . . .. ... ... ... 6
1.2.2 Relative trace formula . . . . . . ... ... L. 6
1.2.3  The case of modular forms of weight 2 . . . . . .. .. .. 8
1.3 About the paper . . . . . .. ... ... 10
1.3.1 Summary of conditions . . .. ... ... ... ... ... 10
1.3.2 Outline of the paper . . . . . ... ... ... .. ..... 11
1.4 Acknowledgements . . . . . . ... ... ... L. 11
2 Notation 12
2.1 Normalization of measures . . . . . . .. . ... ... .. ..... 13
3 Spectral side of the trace formula 14
3.1 The test function . . . . . . . ... ... ... .. 16
3.2 Local preliminaries . . . . . . . . .. ... oL 16
3.3 Global calculations . . . . .. ... ... oo 18

*Email address: bfeigon@math.toronto.edu
fEmail address: dw@math.mit.edu


https://core.ac.uk/display/2767288?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

4 Geometric side of the trace formula 22

4.1 Trregularcosets . . . . . . .. ... Lo L 23
4.2 Regularcosets. . . . . .. . L o 28
4.2.1 Exact calculations . . . ... ... ... L 29

422 Boundson I(§,1,) . . . . o .o o 31

4.3 Global calculations . . . . ... ... oL oL 35

5 A measure on the Hecke algebra 39
5.1 An application of the Plancherel formula . . . . . ... ... ... 39
5.2 The distribution I . . . . . ... ... 41

6 Main results 42
6.1 Average L-values . . . . . .. . ... ... 43
6.2 Subconvexity . . . . . ... ... 46
6.3 Classical reformulation . . . . . . ... ... ... ... ... 53

1 Introduction

1.1 Statement of results

In this paper we use the relative trace formula, together with period formu-
las originating in work of Waldspurger [Wal85], to study central values of L-
functions associated to Hilbert modular forms. Let F' be a totally real number
field and let X, denote the set of archimedean places of F. Given an ideal 91 of
Or and a tuple of positive integers k = (k, : v € L) we let F(N, 2k) denote
the set of cuspidal automorphic representations of PGL(2, A ) which are of ex-
act level 9t and holomorphic of weight 2k. We recall that each m € F(, 2k)
may be identified with a normalized holomorphic Hilbert modular newform of
level M, weight 2k and trivial nebentypus which is an eigenfunction for all the
Hecke operators.

Let E be a quadratic extension of F' and for each m € F(N, 2k) let 7 denote
the base change of 7 to an automorphic representation of PGL(2, Ag). Given a
unitary character Q of the idele class group E*\ A} of E one may consider the
completed L-function L(s, 7g ® Q) which satisfies a functional equation relating
s to 1 —s. We note that if o denotes the induction of {2 to an automorphic
representation of GL(2, Ap) then,

L(s,mg ® Q) = L(s, 7 X 0q).

The object of study in this paper is L(1/2,7g ® ), the central value of this
L-function. In particular we prove an explicit formula for L(1/2, 7 ® Q) as one
averages over 7 of a fixed weight and level. As an application of this formula
we establish subconvexity as m and €2 vary in a certain range and prove an
equidistribution result for the Hecke eigenvalues of such 7.

Throughout this paper we make the following assumptions on the data in-
troduced above.



e F is an imaginary quadratic extension of F,

e 1 is squarefree, each prime p dividing 91 is inert and unramified in £ and
the number of primes dividing 91 has the same parity as the degree of the
extension [F : Q], and

e the character (2 is trivial when restricted to A}, unramified at the places
of E above M, and at each archimedean place €2, has weight m, < k,.

See Section 1.3.1 below for a discussion on the relevance and seriousness of these
assumptions.
The results of this paper are all derived from an exact formula for

5 L(1/2,75® Q) -

L(i,x Ad) **(™)
TeF(M,2k)

obtained via the relative trace formula. Here L(s, 7, Ad) is the adjoint L-

function of 7 and fp denotes a Hecke operator at p 1 1.
When 0 is large with respect to E, ¢(€2) (the conductor of Q) and f, our
formula simplifies considerably. The simplest version of it is given by,

Theorem 1.1. Assume that not all k, = 1 and N has absolute norm larger
than dg/pc(Q)"F . Then,

z[F:Ql( 2% - 2 ) v LURmEOR) g n it )

N \k+m-—1 e 2R L(1, 7, Ad)
where S(Q2) denotes the set of places of F above which Q) is ramified and 7 is
the quadratic idele class character of F' associated to E.

For the full formula see Section 6 and for any undefined notation see Section
2.

Over Q we can express this formula more classically. We identify F (N, 2k)
with the set of normalized modular newforms of level N and weight 2k which
are Hecke eigenforms. Let E = Q(v/—d) be an imaginary quadratic extension
of Q of discriminant —d. We take Q) as before and let go denote the modular
form of weight 2|m| + 1, level dc(2) and nebentypus y_g4 associated to 2. For
f € F(N,2k) we take the Rankin-Selberg L-function, L(s, f X go) which has
functional equation relating s to 2k+2|m|+1—s. Using the relationship between
L(1,7s, Ad), where 7y denotes the automorphic representation generated by f,
and the square of the Petersson norm of f,

En=[ Uil
To(N)\'H Y
we can rewrite Theorem 1.1 in the following way: Assume €2 is not quadratic,
k> 1and N > dc(f2), then

(2k — 2)lu_qv/dLgq)(1, x—a) Z Lyin(k+ |m| + 3, f X ga)

2 (AP 0.7 =

fEF(N,2k)



where y_q4 is the quadratic Dirichlet character of discriminant —d, h_4 is the
class number of E and u_q = #0O/{£1}. See Section 6.3 for further details.

We note that over Q and with Q trivial an asymptotic version of Theorem
1.1 has been known for a while. First by Duke [Duk95] for prime level and
weight 2 and then by Iwaniec, Luo and Sarnak [IS00b], [ILS00] for squarefree
level and higher weight. An exact formula has been established by Michel and
Ramakrishnan in the case F' = Q and 2 is a character of the ideal class group
of E. Their work uses Gross’ formula together with a geometric argument in
the weight two case, and the theta correspondence in higher weight; see [MR].

By an extension of Theorem 1.1 to include Hecke operators, we obtain a
result that includes a restriction at a prime p { M. Let 7 = ®,m, € F(N, 2k).
We let {ap,ap '} denote the Satake parameters of 7, and set ap(7) = oy +
ap'. We recall that ay() € [~2,+2] by Ramanujan’s conjecture; [Bla06].
The distribution of the a,(7) has been considered by Sarnak [Sar87] and Serre
[Ser97]. The spherical Plancherel measure on PGL(2, F},) is given by

gp+1 V4 — z?

1 _1 2
(g5 +qp 2)2 —a® 7

My = dz

on [—2,2], here g, denotes the order of the residue field at p. Serre has proven
that when F = Q,
{ap(m) : m € F(M,2k)}

become equidistributed with respect to p, as 91 — oo. We prove a variant of
this result where we include a weighting by L?(1/2, 7 ® Q).

Theorem 1.2. For any J C [—2,+2] we have

1 LP(1/2,75 @ Q)
lim — B ek B U eV
Nooe [N 2 P (1,7, Ad)
TEF(N,2k)
ap(m)eJ
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We note that in the case that F' = Q and 2 is trivial, we recover the main
result of [RR05]. A similar result has been obtained by Royer [Roy00] for the
single L-value L(1/2, ) averaged over modular forms 7 of level N and weight
2.

We remark that one could consider the average by normalizing by |F (9, 2k)]
rather than [9|. In order to have a finite limit with this normalization we need
to add the technical restriction thatb [9| [T, 5 (1 — \IT\) ~ |N|. For F = Q this
condition reduces to ¢(N) ~ N where ¢ is the Euler totient function. Using the
well known fact that |F(N,2k)| ~ Z5=1o(N) as N — oo we get the following
statement.



Corollary 1.3. Let F'=Q and J C [-2,+2]. Then

lim ————— A\ E S
N"oo [F (N, 26)] 2 Lr(1,7, Ad)
rEF(N,2k)
ap(m)eJ
s equal to
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where the limit is taken over squarefree N such that o(N) ~ N and each prime
dividing N is inert and unramified in E and does not divide ¢(2).

Finally we apply our work to the problem of subconvexity. Using a version of
Theorem 1.1 that is also valid for smaller 9, combined with the non-negativity
of L(1/2, 7 X oq), established in [JCO1], and an upper bound for L(1, 7, Ad), we
get the following theorem.

Theorem 1.4. Fiz a totally real number field F and a CM extension E of F.
Let M be a squarefree ideal in O such that the number of primes dividing N
has the same parity as [F : Q] and such that each prime of F dividing N is inert
and unramified in E. Let Q be a character of ARE*\A} which is unramified
above N and has weights at the archimedean places strictly less than k. Then
for any e > 0,

N Hec(Q)C + [Mee(Q) 5T,

Liin(1/2,7m X 0Q) <F,B ke

for all m € F(N, 2k).
Hencef0r0§t<% and € > 0,

1

Lfm(l/Q,Tr X 0q) KF.E ke (C(Q)Pﬂ‘)?_t,
for m € F(M, 2k) with N such that

()T < 9 < o(Q) T

This result clearly beats the convexity bound L, (1/2, mx0q) < (dE/Qc(Q)N)%‘*6

for all € > 0. Similar results have been obtained in [MR], where 2 is a character
of the ideal class group of E and N and F vary. We remark that Michel and
Harcos ([HMO06] and [Mic04]) have proven subconvexity in the level aspect for
L#in(1/2,m1 x m9) where m and my are cusp forms on GL(2)/Q with 7 fixed.
We also mention the work of Cogdell, Piatetski-Shapiro and Sarnak [Cog03]
which proves subconvexity for the central value of a fixed Hilbert modular form
twisted by a ray class character.

1.2 About the proof

Before continuing we give some background about the tools used in the proofs
of the results contained in this paper.



1.2.1 Waldspurger’s result

An important result of Waldspurger [Wal85] relates L(1/2, 75 ® Q) to period
integrals of automorphic forms over the torus E*. More precisely let X (r, E)
be the set of isomorphism classes of quaternion algebras D/F such that E < D
and such that 7 comes from an automorphic representation 7 of D* via the
Jacquet-Langlands correspondence. We note that X (m, E) is finite, since D
must be isomorphic to the matrix algebra at all places where 7 is unramified,
and non-empty, since M (2, F) € X(m, E).

Take D € X(m, E) and let ¢ be an element in the space of 7. Thus, ¢ is a
function on D*\D*(A ) and we can define period integrals by

Poe)= [ e

with A% viewed as a subgroup of D* (A ) via the inclusion £ < D. In [Wal85,
Proposition 7], |Pp(¢)|? is expressed in terms of L(1/2,7p ® €2). For suitable
choices of measure Waldspurger proves that,

|Po(p)>  L(1/2,7p Q)
(<)07§0) N 2L 1 , Ad Hav U?SD’LM )

where a,,(E,, ¢, Q2,) are local period integrals which are equal to 1 for almost
all v. Subsequent refinements of Waldspurger’s result, [Gro87], [Zha01], [Xue06],
[Pop06], [MW09], have sought to compute these local period integrals so as to
provide an exact formula relating the L-value and the period integral. Under
certain additional ramification conditions these results take the form,

|Pp(ex)|”

(omrm) =C(E,mQ)L(1/2,7g @ Q), (1)

where D is a suitable element of X (7, E) and ¢, € 7P is a test vector defined
by Gross and Prasad [GP91]. The constant C(E, 7, Q) is of the form,

1 VAR
L(laﬂ—vAd) 2\/ C(Q)AE v

where the product is taken over the places v of F' which are “bad” for 7w or €
and C,(E, m,) consists of certain local L-factors.

C(E,mQ) =

Cy(E,m Q)

1.2.2 Relative trace formula

Having fixed the extension E/F let D/F be a quaternion algebra such that
E — D. We set G equal to the group PD* over F' and let T be the torus in G
such that T'(F) is equal to the image of E* in G(F).

Let f € C°(G(AF)). Then we have the map

R(f) : L*(G(F)\G(Ar)) — L*(G(F)\G(Ar))



given by

(R(f)p)(z) = / F(w)o(ay) dy.

G(AF)
R(f) is an integral operator with kernel

Kp(z,y)= Y fla ).

YEG(F)

When D is a division algebra, as a representation of G(Ar),

LAGIP\GAN) = @ =

T€A(G)

with the sum taken over the set of irreducible automorphic representations A(G)
of G(AF). Since R(f) preserves each of the spaces 7, the kernel has a spectral
expansion

Kp(zy)= Y > (R(Ne)@)ey),

T€A(G) peB(T)

where B(7) denotes an orthonormal basis of the space of 7.
Let I(f) be the distribution defined by

[(f) :/ / Kf(tl,tQ)Q@;th) dty dts.
T(FO\T(AF) JT(F)\T(AF)

The spectral expansion for K(x,y) gives,

_ -1 _
=3 3 L a0 ) / o (02)Q 1 (t2) dbs.

TCA(G) peB(r) T(F)\T(Ar)

From the geometric expansion for the kernel, and after interchanging summation
and integration,

I(f) = > vol(T (F)\T(AF))
AT (F)\G(F) /T(F)

FT ) QUET M) dity dty,

(2)

/T’Y(AF)\(T(AF)XT(AF))

where, for v € G(F),
Ty ={(t1,t2) €T x T : t{ " yta =7} .

We now return to the setting of the previous section. Having fixed 9t we let
D be the quaternion algebra over F' which is ramified at the primes dividing 0
and all the infinite places of F'. Since the extension E/F is inert at all the places
of ramification for D there exists an embedding E — D. For each m € F(M, 2k)
we let . be an element in the space of 72 as in (1) above. We can choose a
test function f = fyr in C°(G(AF)), such that the operator R(f) projects
L*(G(F)\G(AF)) onto the span of the set {¢, € 7° : 7 € F(M,2k)}. (This



isn’t quite true if all k, = 1, in this case the function fyn j; may also pick out
some 1-dimensional representations as well.) Hence for this function,

> | frgpriar $rOQ(0) dtl?

I(for) = (omron)

TeF(M,2k)

Applying the identity (1) for each m € F(N, 2k) we get,

L(1/2,7g ®Q
TCF(MN,2k) Vo

with C(E,Q, k,9) an explicit constant. From the geometric expansion for
I(fo k), (2), we obtain a closed expression for this average in terms of orbital
integrals of the function fy i over double cosets. Furthermore one can show that
only finitely many T'(F') double cosets contribute to the sum. The results of this
paper then stem from calculations of these geometric terms. When the level 0
is large we show that only the identity double coset contributes which gives an
exact formula for the average (Theorem 6.1), when the character € is every-
where unramified we can compute all the necessary orbital integrals (Theorem
6.5) and when the character € ramifies we are able to bound the terms on the
geometric side of the trace formula which we can use towards the subconvexity
problem for these L-values (Theorem 6.8).

1.2.3 The case of modular forms of weight 2

When F' = Q the results of this paper are rephrased classically in Section 6.3.
Here we illustrate our methods for modular forms of weight 2 and prime level
in more classical language.

We fix an imaginary quadratic extension £ = Q(v/—d) and take N to be
a prime which is inert and unramified in E. We take ) to be a character of
Pic(FE), the ideal class group of E. Let D be the quaternion algebra over Q
which is ramified at NV and co. We fix an embedding £ — D and take R to be
a maximal order in D such that RNE = Og. Let X denote the finite set of left
equivalence classes of right R-ideals; see [Gro87, Section 1]. Given an ideal a in
FE we may form the right R-ideal aR in D. In this way we get a well defined map
¢t : Pic(F) — X. Let F(X) denote the space of complex valued functions on
X which can be endowed with a natural inner product and an action of Hecke
operators.

The Jacquet-Langlands correspondence, in this case, gives a Hecke-equivarient
isomorphism JL : F(X) -~ My(N) of F(X) with the space of modular forms
of weight 2 and level N; see [Gro87, Section 5]. We set S(X) = JL™'(S2(N))
where S3(IN) denotes the space of cusp forms of level N and weight 2. The
orthogonal complement of S(X) in F'(X) is the space of constant functions.

We identify F(N,2) with the set of normalized eigenforms in Sa(N). For
f € F(N,2) let f' € F(X) be such that JL(f’) = f. Then the period relation



for the central L-value can be expressed as,
2
L(1, f x ga) 2 yepiem) I ((¥))2(y)
——— =C(N,E) — ,
(f, 1) (. 1)
where gq is the -series associated to Q and L(1, f x gqo) denotes the central

value of the Rankin-Selberg L-function of f with go. Here C(N, E) is an explicit
constant depending only on N and F. Thus,

2

Sy erieqe £/ ()2w)
(7.7

Z L(1, f X ga) _ C(N,B) Z

fEF(N,2) (£, ) fEF(N,2)

Since the orthogonal complement of S(X) is spanned by the constant functions
we see that if B is any orthonormal basis of F(X) then

2

ic(E)?
2 W*CW’EWWQN’E)Z SRR
fEF(N,2) ’ ) heB | ychiom)

where 1 denotes the function which is identically 1 on X, and

{ 1, if Q is trivial;
0o = 0

otherwise.

For each x € X let §, € F(X) be the function defined by

5z(y){ 1, ify=u;

0, otherwise.

Now suppose we take for B the set {d,/||0x] : = € X}. Then,

2

Z Z h(u(2))(x) Z Z Z 6w(L(y125)jT2(L(y2))Q(y1y21)

heB |yePic(E) z€X y; €Pic(E) y2€Pic(E)

0z (t(y1))02(t(y2)) ~1
2 Z( e )”“’”Q )

y1€Pic(E) y2€Pic(E)

For y1,y2 € Pic(E) clearly,

3 6 (0(51))02 (1(9)) = { L i) = o)

otherwise.
rzeX

Let a, denote an ideal of E which lies in the class of y € Pic(E). Then ¢(y1) =
t(y2) if and only if there exists «y, well defined in E*\D* /E*, such that vya,, R =
ay, R. For each v € EX\D* /E* let,

S(+) = {(y1,92) € Pic(E) x Pic(E) : ya,,R = a,, R}



Hence,

S| X heeE| = X > W

heB |zePic(E) YEEX\D* /EX (y1,42)€S(7)

and so we deduce that

L1, f x go) # Pic(E)?
————+C(N,E)ho—i——
X rn PN Eme TR

equals

C(N, E) 3 3 vy )

2
YEEX\DX /E* (y1,y2)€S(7) ||6L(y1)||

This is precisely the same identity, albeit without the adelic language, obtained
via the relative trace formula. Furthermore it is clear that if ¢ : Pic(E) — X is
injective then S(7) is empty unless v is the identity coset in E*\D*/E*. The
fact that ¢ is injective for N sufficiently large then implies the stability result
(Theorem 6.1) for the sum of the L-values which we obtain via the relative trace
formula. For the application to subconvexity (Theorem 6.8) we need to provide
bounds on the terms appearing in the geometric expansion. These we obtain
from local calculations of the orbital integrals.

A similar situation has been studied in this setting by Michel and Venkatesh
[MVO07, Section 3]. In their work the form f is fixed and Q is allowed to vary
over all characters of Pic(E). By averaging the period formula one obtains,

L0 S < g0) )P
L Ty SOwE 2 gy

QEPic(E)

Analogously to the case considered here, when the discriminant of F is large
relative to the level of f this formula can be made exact; see [MV07, Remark
3.1].

1.3 About the paper
1.3.1 Summary of conditions

Throughout this paper we enforce certain conditions on the level 9T and weights
2k of our Hilbert modular forms as well as on the extension F and the character
Q). We now describe these conditions.

The ideal DM of F' is assumed to be squarefree and such that each prime
divisor of 91 is inert and unramified in F. This is, for the most part, a technical
assumption so that we avoid the problem of having to deal with oldforms. This
condition can most likely be removed with some extra work. We also assume
that the number of prime divisors of 9t has the same parity as [F' : Q], this is

10



a necessary condition as it ensures that the sign of the functional equation of
L(s,mg ® Q) is +1.

We place certain restrictions on the character €2 as well. We assume that
Q) is unramified above 9. This assumption is needed in the work of Gross
and Prasad [GP91] which provides the test vector ¢, which appears in (1).
We also assume, at the archimedean places, that the weights of Q) are strictly
smaller than the weights k of the Hilbert modular forms. This ensures that
the quaternion algebra D which appears in (1) is ramified at the archimedean
places of F'. Without this assumption the function fin ; would not be compactly
supported and one would not obtain a finite closed formula for the average L-
values. In this case it is likely that one could work out an asymptotic version
of the formulas in this paper. This would require some additional archimedean
calculations similar to [RR05, Section 2.

Finally it would also be interesting to consider the case of Maass forms. It
would seem that again with some additional archimedean calculations this could
be carried out.

1.3.2 Outline of the paper

This paper is set up as follows. We begin by introducing our notation and
defining our measures. In the following section we pick our test functions and
compute their spectral expansion in the relative trace formula. In the fourth
section we explicitly compute the geometric side of the relative trace formula
for these test functions. While, a priori, there are an infinite number of orbital
integrals that appear in the geometric expansion, we show that for our test
functions only a finite number of terms are nonzero. This is what allows us to
get an exact, rather than asymptotic, formula.

In the fifth section we compute a distribution on the Hecke algebra which
appears in the geometric expansion of the relative trace formula. In the last
section we combine the spectral and geometric calculations to get our main
formulas. We also establish our application to subconvexity and rewrite our
formulae over Q in classical language.

The original motivation for our work came from trying to understand [RR05],
which applies the relative trace formula of [Jac86] to average values of base
change L-functions. We found that by integrating over nonsplit rather than
split tori, and applying [MWO09], we obtain more general and exact results.
Furthermore, by working on quaternion algebras we avoid having to deal with
contributions from oldforms.
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2 Notation

Let F be a totally real number field of discriminant Ag and class number hp.
For a finite place v of F, w, denotes a uniformizing parameter in F, and g,
denotes the cardinality of the residue class field at v. The ring of integers in F},
is denoted by Op,, the units by Ur, and for n > 0 we set U =1+ w,OF,.
For an ideal a of Op, we denote by |a| the absolute norm of a. We denote by
Yoo the set of infinite places of F.. We take I to be a squarefree ideal in Op
such that the number of primes dividing 91 has the same parity as [F : Q]. For
each place v € ¥, we fix an integer k, > 1. We denote by F(91,2k) the set
of cuspidal automorphic representations of PGL(2, Ar) of level 9 and weight
2k = (2k,).

We now take a CM extension E/F such that each prime of F dividing 91
is inert and unramified in E. We let D/ p be the different of E/F, O0p/r be
the discriminant of E/F and dg,p = [0g/p|. We denote by n the quadratic
character of F*\ A% associated to E/F by class field theory and by N the
norm map from E to F. For a place v of F' we denote by E, = F ®p F,, by
Og, the integral closure of OF, in E, and by Ug, = O . We denote the action
of the non-trivial element in Gal(E/F) on « € E, by a.

We take a unitary character Q : EX\AJ — C* such that Qlpyx is trivial.

We assume that €2 is unramified above 9t and that at each place v € ¥, €2,

has the form
z My
== (3)
Z

with |m,| strictly less than k,. We set m = (m,). At each finite place v of F'
we denote by n(€2,) the smallest non-negative integer such that 2 is trivial on
(OF + wg(g“)(’)E)X. We denote by ¢(€2) the norm of the conductor of Q in F
and by ¢(£2) the absolute norm of ¢(2). We note that ¢(Q) = [] 2n{S),

v<oo 1V

We use S(2) to denote the set of places of F' above which § is ramified.

We define
2%k -2 \ _ 0 2%y — 2
k+m—1 _UEE ky+my,—1)"

Having fixed N, we let D be the quaternion algebra defined over F' which
is ramified precisely at the infinite places of F' and the places dividing 91. We
fix an embedding £ — D. We let Z denote the center of D and denote by G

12



the group Z\D* viewed as an algebraic group defined over F. We denote by
Np : D* — F* the reduced norm. At each finite place v of F' we fix a maximal
order R, in D, such that R,NE, = Op, + @y ™ Op, . We note that R, is well
defined up to E conjugacy.

All L-functions are completed.

2.1 Normalization of measures

We fix an additive character 1 of F\Ap which, for the sake of convenience, we
take to be ¥ = 9 o trp;q where 1)y denotes the standard character on Q\Aq.
For a place v of F' we take the additive Haar measure dx on F,, which is self-dual
with respect to ¥,. On F* we take the measure

d
4%z = L(1,1p,) 2

|x"u.

We define measures on E, and E¢ similarly with respect to the additive char-
acter ¢ o trp,p. We note that with these choices of measures we have

[ vol(Ur,.d*z,) = |AF|72,
<00

and similarly for £. We also have
vol(F,)\E)) = vol(R*\C*) = 2

for v € Y.
For the group D we recall that there exists an ¢ € F*, well defined in
F*/NE*, such that D is isomorphic to

(6 2)mses)

For a place v of I’ we take the Tamagawa measure dg, on D, which is given by

dov, dj,

dg, = L(1,1p))|ely————=——.
! Y ‘avav - 5ﬂvﬂv|%

We note that this measure only depends on the choice of ¢ modulo NE*. Fur-
thermore with this definition

vol(RY) = L(2,15,) ' vol(Ur,,d” x,)*

for non-archimedean v { 9 since the isomorphism of D with GL(2, F},) pre-
serves Tamagawa measures. We have

L(2,15 )7t
vol() = LA iU, %)

13



for v | 91 by a straightforward calculation. We also note that
vol(G(F,)) = 4r?

for v € Y.
Globally we take the product of these local measures and give discrete sub-
groups the counting measures. In this way we get

vol(ARE*\AL) =2L(1,7n)

and
vol(G(F)\G(AF)) = 2.

3 Spectral side of the trace formula

Having fixed the quaternion algebra D we have taken G to be the algebraic
group defined over F' with G(F) = D*/F*. Since D is anisotropic the quotient
G(F)\G(AF) is compact and hence, as a representation of G(Ar),

—

L*(G(F)\G(Ar)) =P

meAG) "

Here the sum is taken over the irreducible automorphic representations A(G)
of G(AF) and for each ' € A(G), Vo denotes the space of #’. The Jacquet-
Langlands correspondence [JL70] yields an injection JL : A(G) — A(PGL(2)),
where A(PGL(2)) denotes the set of automorphic representations of PGL(2, Ar).
The set A(G) can be decomposed as,

A(G) = Acusp(G) I A, (G),
where
Acusp(G) = {n" € A(G) : JL(«') is cuspidal}
and
Ares(G) = {60 Np : 6 : F*\AJ — {£1}}.
The compatibility between the local and global Jacquet-Langlands corre-

spondence yields the following.

Fact 3.1. The image of Acusp(G) under JL is equal to the set of cuspidal au-
tomorphic representations m1 = ®,m, of PGL(2, Ap) such that 7, is a discrete
series representation of PGL(2, F,) at all places v where D ramifies. In partic-
ular F(M, 2k) is contained in the image of JL and for ' = ®@,7), € Acusp(G)
we have JL(7') € F(N, 2k) if and only if,

1. for v | M, 7, 2§, 0o Np, where &, : F) — C* is an unramified character
(necessarily of order at most 2),

14



2. for v € Yo, m, = Sym** 2V @ det' ™", where V denotes the irre-
ducible 2-dimensional representation of D*(F,) coming from the isomor-
phism D*(F,) — GL(2,C), and

3. for all other v, ) is unramified.

We set F'(M, 2k) = {n" € Acusp(G) : JL(7") € F(N, 2k)}.

Let f € C°(G(AF)), integrating f against the action of G(Ap) gives a
linear map
R(f): LX(G(F)\G(AF)) — L*(G(F)\G(AF))
defined by

(R(f)e)(x) = /G o, f0)eteg) do

From the spectral decomposition of L?(G(F)\G(AF)) one sees that R(f) is an
integral operator with kernel,

Kp(w,y)= >, > (R (@)e(y),
' EA(G) pEB(T!)

where for each 7' € A(G), B(n') denotes an orthonormal basis of V.
Having fixed the embedding £ < D we get an injection A}, — D*(Ap).
We define a distribution

I(f) :/ / Kf(tl,tg)ﬂ(tfltz) dty dts.
AZEX\AY JALEX\A}

The spectral expansion for the kernel K¢ (x,y) gives,

- X ¥

<p)(t1)Q‘1(t1)dt1/X et (1) .
T EA(G) pEB(n") AREX\A

EX\AX

For each 7’ € A(G) we define

_ -1 _
= 3 [ Epaee w0 ) e

pEB(')
We set

Icusp(f) = Z Iﬂ"(f)

il eAcusp (G)
and

Ires(f) = Z Iﬂ"(f)

T EAres(G)
so that I(f) = Icusp(f) + Lres(f). In the same we also write

Kf(z7y) = Kf,cusp(xa y) + Kf,res(xvy)-

Our goal in this section is to choose a suitable test function f € C*(G(AF))
such that R(f) kills all 7’ € Acysp(G) such that JL(7') ¢ F(IM,2k). We will
then compute I(f) and use a precise version of Waldspurger’s formula [MW09,
Theorem 4.1] to relate Ioys,(f) to the L-values being considered in this paper.
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3.1 The test function
We fix a finite prime p 1 0N of F. We will consider test functions

f=T1# =@ ar)

defined as follows.
At a finite place v # p we take f, = 1,, the characteristic function of Z, R .
At v = p we allow f, to be any element in the Hecke algebra H(G(Fy), Zy Ry ).

Let v € Y. We fix an isomorphism D*(F,) = GL(2,C) which gives
an irreducible 2-dimensional representation V' of D*(F,). We set m, =

Sym?" =2 V@det "1 which descends to a well defined representation of G(F,)
corresponding, via the local Jacquet-Langlands correspondence, to the weight
2k, discrete series on PGL(2,R). We note that dim 7y, = 2k, —1. Let (, )
be a G(F,) invariant inner product of 75, . As is well known, since |m,| < k,
the subspace of 75, ,

T, () = {w € myy,, : why, (H)w = Q,(H)w for all t € B}

is 1-dimensional. We fix a unit vector w,, € 7y, (,) and define f, € C°(G(F))
by -
f’u(g) = <7rékv (g)wva wv>~

Given f, € H(G(Fy), ZyRY) we denote by f, the function on unramified
representations 7, defined by

A 1

fo(my) = Vol(Z)\ZyRY) Trmy(fp)-

We also view f, as a function on [—2,2] in the usual way.

3.2 Local preliminaries

Before continuing onto the calculation of I(f) for f as in Section 3.1 we record
some local preliminaries. For an irreducible admissible representation o of G(F,)
acting on the space V, and f, € C°(G(F,)) we let,

o(fo) Vo = Vo iw Jo(gv)o(go)w dgy.
G(Fy)

We record the following basic results for use later.

Lemma 3.2. Let v be a finite place of F' not dividing N and let f, € C°(G(Fy))
be as in Section 3.1. Let o be an irreducible unitarizable representation of G(F,).

Then o(fy) kills the orthogonal complement of ol in V, and forw e ol
o(fo)w = vol(Z,\ZyRX) fo(0)w.

X . .
Furthermore o has dimension at most one.

16



Proof. For v{N, G(F,) 2 PGL(2, F,) and this result is well known. O

Lemma 3.3. Let v be a finite place of F' dividing M and let f,, € C°(G(F,)) be
as in Section 8.1. Let o be an irreducible unitarizable representation of G(Fy).

Then o(fy) kills the orthogonal complement of o in V, and for w e oy,
o(fo)w = vol(Z,\Z, R )w.

Furthermore if ofts # 0 then 0 = 0 o Np, for an unramified character § of F*.

Proof. The first part of the lemma is clear. It remains to prove the last state-
ment. In this case we use the exact sequence,

X x _Noo oy
1 Rv Dv FU/UFvﬁl'

From which it follows that if ofv # 0 then 0 = 6 o Np, for a character § of
FvX /UFU . O

Lemma 3.4. Let v be an infinite place of F' and let f, € C°(G(Fy)) be as in
Section 8.1. Let o be an irreducible unitarizable representation of G(F,). Then
o(fy) kills the space of o unless o =y, . Furthermore for o = my, —the map
oy, (fo) kills the orthogonal complement of 5, (Q,) and for w € my;, (),

vol(G(Fy))
2k, — 1

Proof. Since f, is a matrix coefficient of 73, it follows that o(f,) kills the space
of o unless o = 75, . On the other hand if 0 # w € 75, (£,) then

Wékv (fv)w =

(T, (g)w, w)
(w, w)

fulg) =

Since 7y, (§2,) is spanned by w it follows that 75, (f,) kills the orthogonal
complement of 75, (£2,) in 75, . Finally,

<@mmwuw=/ Folg) e, (9w, w) dg

G(Fy)
_[ et
= . ag

G(F,) <w7w>
_ vol(G(Fv))<w )
dim 75, T

The last part of the Lemma now follows. O

As a temporary expedient we set,

AL E) = ] vol(Z,\R)Z,) []

V<00 VEX oo

1 1 4
o= 1 5=

= 3 —
|AF|2L(271F) v|MN Tv 1 VEX oo

vol(G(Fy))
2k, — 1
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3.3 Global calculations

Having chosen f € C°(G(AF)) in Section 3.1 we now set about computing

I(.f) = Icusp(.f) + Iree(f)

We begin with the calculation of I,..s(f) which, as we shall see, is often zero.
We define X“*(F') to be the set of unramified characters x : F*\Aj; — {£1}.

Lemma 3.5. For f € C*(G(AF)) as in Section 3.1, Ky res(x,y) = 0 unless
2k, = 2 for allv € ¥, n which case

ALK N (5o
Kf,res(xay) - VOI(G(F)\G(AF)) 66);(F) 6(ND< Y ))fP((SP ND)

Proof. We recall that
Ares(G) = {5OND 10 FX\AX — {:I:l}} )

We fix a character ¢ : F*\ A — {£1}. By definition we have

(R(f)(6 o Np))(z) = / f(9)6(Np(zg)) dg

G(AFr)

= H/G(F )fv(gv)(sv(NDv (-T/'QU» dg'u

v

We now set about computing the local integrals. Suppose first that v is a non-
archimedean place. If v # p then f, is the characteristic function of Z, R .
Hence,

/ £2(90)80 (N, (2g0)) dgo = 5,(Np, () / 5.(Np, (92)) dg.
G(Fy) Z\Zy R}

Since the norm map Np, : R — U, is surjective,

|0, if 6, is ramified;
/ZU\ZU R 0v(Np, (2gv)) dgu = { 8,(Np, (x)) vol(Z,\Z,RY), if 6, is unramified.

If v = p, then

/ Fo (0050 (N, (200)) dgp = 6(Npy, () / Jo (0050 (N, (99)) dgy
G(Fy) G(Fy)
= 6y (Np, (2)) Te(6y 0 N, ) (o).

Clearly, since f, is bi-R -invariant we have Tr(d, o Np,)(fp) = 0 unless d, is
unramified, in which case

/G(F : Tv (9p)5p(NDp (zgy)) dgp = 5P(NDp (z)) VOI(ZpR;aX\R;:X)fp(5p ° NDp)-
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Finally, let v be an archimedean place of F'. In this case we have F,, 2 R
and, under this isomorphism, Np (D)) = R*. Hence since §, is quadratic
0y(Np,(gy)) =1 for all g, € D). Thus for v € ¥,

/ Fo(00)80(Np, (290)) dgy = / o @) dgo,
G(Fy) G(Fy)

by definition of f,. Clearly this integral is zero unless 71"21% is the trivial repre-
sentation which is the case if and only if 2k, = 2. Thus for v € ¥,

0, if 2k, > 2:
/G(mf #(80)2No. (0.)) dg. _{ VOl(G(F,)), if 2k, = 2.

Putting these local calculations together shows that (R(f)(d o Np))(x) is
zero unless 0 is everywhere unramified and k, = 1 for all v € ¥, in which case

(R(£)(6oNp))(x) = 6(Np(2)) fp(6yoNp,) [ vol(Z\Z,RY) ] vol(G
V<00 VEX oo
Finally to finish the proof it remains to observe that

T (R(f)(6° Np))(x)(d o Np)(y)
vol(G(F)\G(AF)) '

Kf,'res(xu y) =
8

We can now compute Ipqs(f).
Lemma 3.6. For f € C°(G(AF)) as in Section 3.1,
vol(AXEX\AX)?
vol(G(F)\G(AF))’

where C(k,Q, f,) = 0 unless k, = 1 for all v € Xy and Q is of the form
=100 Ng/p for an everywhere unramified character § of FX\AJ of order at
most 2. In this latter case we have

C(k,Q, f,) = fo(85 0 Np) + fo(nyp 0 Np), if E/F is unramified everywhere;
T f(8p 0 ND), otherwise.

Ires(f) = C(k’, Q, fP)A(mv k)

Proof. By definition
Ires(f) :/ / Kf,res(tlat2)9(t1_1t2) dtl dt2
BxARAL JExAR\AL

From Lemma 3.5 we see that I,.s(f) = 0 unless k, = 1 for all v € ¥, in which
case,

2

A k) / S(Np(t)Qt™1) at
EXAX\AY

vol(G(F)\G(AF))

Ires(f) = Z fp(5PONDp)

SEXun(F)
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Considering E* as a subgroup of D* we note that Np|gx : EX — F* is equal
to Ng/p : EX — F*. Hence,

2
_ VOI(EXA;\AE)Q, lfQ:(SONE/F,
1 0, otherwise.

/ S(Np (D)) dt
EXAZ\AZ

Finally it suffices to note that if Q = § o Ng,p with § € X*"(F) then the only
other quadratic character x such that @ = x o Ng,p is x = dn, and since 0 is
assumed to be unramified, én € X" (F) if and only if  is unramified. O

We now set about computing

I(:usp(f) = Z Iﬂ’(f)

i E-Acusp (G)

It is clear from the results of Section 3.2 and Fact 3.1 that if 7’ € Ays,(G) then
R(f) is zero on the space of 7’ unless 7’ € F' (M, 2k). Hence,

Lemma 3.7. For f € C°(G(AF)) as in Section 3.1,

Icusp(f) = Z I‘ﬂ"(f)

7 €F (N, 2K)

It remains to compute I (f) for ' € F'(M, 2k).
Lemma 3.8. For f € C°(G(AF)) as in Section 3.1 and 7' € F'(M, 2k),

B L(1/2,75 ® Q) L(2,1F) Ls @ (L n)?*VIAF| ['(2ky)
Lo (f) = AN, k) L(1, 7, Ad) c()|Ag] }—ar[t vel;[x 7l (ky +my)D(ky —my)’
where m = JL(7").

Proof. Let ' € F'(M,2k) and let V,» denote the space of 7’. Let W,/ denote
the space of w € V/ such that,

1. 7' (k)w = w for all k € ]
2. '(t)w = Q(t)w for all t € EUX7 v € Yoo

veoo Ra s and

By the results of Section 3.2 W,/ is one dimensional. We fix a non-zero element
pr € Wy By our choice of f it again follows from the results of Section 3.2
that R(f) kills the orthogonal complement of ¢, in 7’ and

R(f)en = A k) fo ()
Hence,
‘ Jaxpeaz ox (DQ7(1) dt
(3071"7 9071")

Lo (f) = (O k) fo ()
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We can now apply [MWO09, Theorem 4.1] which gives, for 7’ € F'(9,2k), an
equality between

2
[ miag oo (O (1) df

(SDWU@TF’)
and
L2 © D) L L) oo (L VIBrT by ) I(2k,)
L(1,m, Ad) 2/c(Q)|Ag| Vit v =S 7l(ky + my)T(ky — my)’

where S(2) is the set of places of F' above which €2 is ramified and L(s, 7, Ad)
is the adjoint L-function of 7. For the ease of the reader we note that for
7 = JL(x") € F(M,2k) we have, in the notation of [MWO09, Theorem 4.1],
S’(m) = 0; at the places v € Ram(r), e,(E/F) = 1; and for v € X, Cy(F, T, Q)
is equal to the quotient of gamma functions appearing above. The L(2,1x) term
appears in the formula here, and not in [MW09, Theorem 4.1], due to a difference
in the choice of measures on G(Ap). O

We recall that
vol(G(F)\G(AF)) = 2,

and
vol(ARE*\AY) = 2L(1,n),

and that we defined

4
AN k) = ! | 2]%711.

3 _
|AF|2L(271F) v|N Tv 1 VEY oo

Now by combining our calculation of I,..s(f) from Lemma 3.6 with our calcula-
tion of Ieysp(f) from Lemmas 3.7 and 3.8 we obtain the following.

Proposition 3.9. For [ as in Section 3.1, I(f) is equal to the sum of

Lgo)(1,m)? 4[F:Q]( 2k — 2 > Z L(1/2,7rE®Q)f( )
ATSTESRY) 6y,
2|Ap|” c(dpr N \k+m—1 L(1,m, Ad) 'PV°F

and

TEF(M,2k)

2L(1,1)? 1 47
C(k, <, fy) ;
p |AF|§L(271F)1!;[qulv!;[m 2]43”*].

where C(k,Q, f,) is defined in Lemma 3.6.

21



4 Geometric side of the trace formula

Recall that

I(f) :/ / Kf(tl,tg)ﬂ(tl_ltg) dty dts.
ASEX\AY JASEX\A}

A quick calculation shows that the following matrices are a set of representatives
for the double cosets of EX\D* /E*:

o 1) G a)Ale ©)rerim

The first two cosets are referred to as irreqular cosets and the remaining cosets
are called regular cosets.
By the geometric expansion of the relative trace formula [JCO1, Section 1

®)];
I(f)="3_ I ]) +vol(AFEX\AE) [1(0,f) +6(2) (c0, f)]

¢€eNEX

where for an idele class character x, 6(x) = 1 if x =1 and 6(x) = 0 otherwise.
For £ = exx,

1 ex

I, f):= /A;\Ag /A;\A2 f (tl (x 1) t2) Q(tito)dtydts,

10.9)= [ swoe

I(o0, f) = /A;\Agf (t (? 8)) Q(t)dt.

We remark that these integrals factor as a product of local ones, which we
denote with similar notation. We note that the geometric expansion in [JCO1]
has 0(2%) next to I(0, f) rather than I(co, f). This is because K¢(t1,ts) is
integrated against Q(t;t)~" rather than against Q(t7 'ty).

In this section we compute the period integrals I(g, f) for f chosen as in
Section 3.1. First we make the necessary local calculations in Sections 4.1 and
4.2 and then we bring together the local calculations to write down the geometric
side of the global relative trace formula in Section 4.3. We note that the choice
of local function f, is intrinsic to G(F,), as is the parameterization of the
double cosets. Hence for simplicity we can fix the following identifications for
the remainder of this section.

For v ¢ ¥,

0,={(5 D)}m={(5 o)} wheree =1itupon

€y =y if v | M,

and
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and for v € X,

{5 )e-( )

For v that splits in F, let E, = F, ® F,. For v ¢ X, let 7, be such that
Og, = Op,[1y] and 7, is a uniformizer in E, if E,/F, is ramified. If v is inert
in F, let wg, = w,. If v ramifies, let wg, = 7,. If v splits let wg, € O, be
such that v(N(wg,)) = 1. For a valuation v of F that is not split in F, let vg
be the corresponding valuation on E. Let

1
Rv = {(O{ 6’;5) = (— (OFU +w:}l(flv)oEv> e +6 c OF,U +w’lf}L(Qv)0EU} .
Ty

5 = Tv)w:}(ﬂv)

This is a maximal order in D, such that R, N E, = Op, + wg(Q”)OEU.
For the rest of this section we will drop the v from our notation and let
n = n(,) when it is clear that we are working locally.
4.1 Irregular cosets
First we compute the orbital integrals associated to the irregular cosets.

Lemma 4.1. Let v divide . Then

(0, fu) = vOl(F)\F) (1 + @) O, ) *.

10, f,) = /F\E fo ((8 2)) Q,(a)da

= vol(F,;\F, (1 + wg(Q“)OEU))X.

Proof. We have

O

Lemma 4.2. Let v divide 1. Then

I (oo, fu) = 0.
Proof.
I(c0, f,) = / b ((2 wg“)) Q,(a)d” a.
FJ\E;
Clearly
(2 %) eam
because Z, R} only contains matrices, g, where v(det g) is even. O

Before we compute the irregular orbital integrals for finite v away from I,
we need the following technical lemma.
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Lemma 4.3. Let v be a finite prime not dividing M. Let a = aq + ba7y, and
B =uag+bsTy. Then FR}aR) = FRXBR) if and only if

v(N(a))—2min{v(as), U(w;"(ﬂ"’)ba)} = v(N(B))—2min{v(ag), v(w;"m“)bg)}.

Proof. For the proof we can take D = M (2, F') and embed F as

a+bTrg/p(r) bw™"
—bw"N(T) a '

We set R = M(2,0F), then we have RN E = Op + w"Og. We recall that

GL(2,F) = | | F*R* (w 1) R%,

m>0

_(a b x px (@ x
g—(c d)EFR ( 1>R,

m = v(det g) — 2min{v(a),v(b),v(c),v(d)}.

Thus we see that

E‘—>M(2,F):a—|—b7i—><

and

if and only if

a=a+br e FXRX (w 1)3*,

if and only if
m =v(N(a)) — 2min{v(a),v(w™"b)}.

For f, € H(G(F,), Z,R}) we have
1(0, fv) :/ fo(a)Qy,(a) d*a
EX\EY

= Vol(F)\F) (O, + @i ) 0g, ))I(f.),

where
f(fv) = Z fv(a)Qv(a)'

€FX (Op, ) 0g, )X \EX

For finite v away from N, <(1) 6

toet)= [ fofa(] §))w@a

_ / £ (a) Qu(a)d*a
FX\EX
=1(0, fo).

In the following three lemmas, we compute I (fy) for v inert, ramified and split
in F.

) € R}, and hence
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Lemma 4.4. Let v be a finite prime not dividing N, which is inert in E. For

fo € H(G(F,), Z,RY),

. [R0) when n({2,) =0
I(f”)_{fvu) fol+ 7@y ™)) when n(Q,) > 0.

Proof. Recall that n = n(€,). We note that a set of representatives for F*(Op+
w"Og)*\E* is given by

{14br:b€O0p/pptU{a+T:a€pr/pE}.
Applying Lemma 4.3 we see that
Zfl—i—Tw Z QL +b7)+ f(r Z Qa+ 7).
k=0 bE(P/Pl) " a€pr/pE
The lemma follows by the observation that

0, f0<k<n-1;

dooQ+br) =4 -1, ifk=n—1;
be(pk /p7) > 1, if k=mn,
and that
Z Qa+71)=0.
acpr/PE

O

Lemma 4.5. Let v be a finite prime which is ramified in E. For f, € H(G(F,), Z,R}),

T _ fv(l) (Tv)f’u(Tv) when TL(Q,U) =0
1) = {fv(]‘) fo(l+ 1w n(Q“) 1) when n(§2,) > 0.

Proof. We note that a set of representatives for F*(Op +@"Og)*\E* is given
by
{1+b7:b6€O0p/prtU{aw+7:a€ Op/pp}.

Applying Lemma 4.3 we see that
:Zf(lJrka) Z QL+b7)+ f(w+7) Z Q(aww + 7).
k=0 be(ph /pn)x a€OF /p}
The lemma follows by the observation that

0, f0<k<n-1;
Yoo +br) =4 -1, ifk=n—1;
be(pk. /pm) X 1, if £k =n.
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And that )
S Qawm+7) = { g(m if n = 0;

, if n > 0.
a€OF/pk
O

Lemma 4.6. Let v be a finite prime which is split in E. Let f, € H(G(F,), R}).
When n(Q,) = 0 we have

j(fv) = Z Qv(a)fv(a)a

a€EY [FXO%,
and when n(Qy,) > 0 we have
i(fv) = fv(l) - fv(l + va:}(Qv)_l)'

Proof. In this case we take R = M (2, OF) and embed F as
v~ (5 =G0,

By Lemma 4.3 we have

(a,b) € F* R* (fﬂo (1)> R~

if and only if m = v(ab) — 2min{v(a), v(w"(a —b))}. We recall

I(f) = > f(@)Q(a)

a€EF* (Op+wn( D Og)X\EX

= > Qa,1)f(a,1).

a€Up\FX

Thus we see that if n = 0 then
I(f) = f) + > (=™, 1) + U™, 1) f(@™,1).
m=1

On the other hand if n > 0, then only a € Ug contribute to the sum, thus

I(H= Y. Qa1)f(al)

aEU;\UF
= f(]-a 1) - f(]- + wn—17 1)

O

We now compute the irregular orbital integrals at the archimedean places.

Lemma 4.7. Let v € ¥o. Then I (0, f,) = vol(F\E)).
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Proof. We have

10, f,) = /F,UX\EJ fo ((8 2)) Q,(a)d*a

= vol(FX\EX).

Lemma 4.8. Let v € X,. When o # 0 we have

a —p
fv (B a >
ky—|mq,|—1

—W ; (1)i<k'u + T;Ly — 1) <kv — T;Lv - 1) (BB (am)t-—1- (g)—mv ,

when m, = 0 we have

and when m, # 0 we have

0 =B\ _

Proof. Let 7 be the discrete series representation of PGL(2,R) of weight 2k.
Recall that €2 is the character of C* given by

e (2)°

where m is an integer with |m| < k. We have

D*(R) = {(g _aﬁ> € GL(2, C)}.

Viewing D*(R) C GL(2, C) gives an irreducible 2-dimensional representation
V of D*(R). We take 7’ to be the representation of G(R) which corresponds
to 7 via the Jacquet-Langlands correspondence. Thus

7 = Sym** 2V @ det~F 7V,

We realize 7’ on the space of homogeneous polynomials in z and y of degree
2k — 2, with g acting by

™(9) 1@ ax + By, y — —Br + ay.

We set, for 0 < i < 2k — 2,



so that

Hence we have

We have, for g € G(R),

" (9)vmtk—1, Vmtk—1)
flg) = omtr ooey)

We compute that

a —f
f(ﬁ a>
k—

|m|-1

1 (kK -1 E—m—1 o 4 '

:W Z (_1)1( +7? ) ( TZn )(Bﬁ>zam+k—l—zak—m_1_,
=0

and the lemma now follows. U
From the definition of I(co, f,) we have,
Corollary 4.9. Forv e X,
_ VOI(FUX \Ej)(_l)kvilv if my = 0;
I(c0, fu) = { 0, otherwise.

4.2 Regular cosets
Recall that

b abxe
I f, :/ v((_“_ ))Q ab)d* bd* a.
(&) e \\abe @ ()

By a change of variables this equals

/ \ / fv <(8 2) ’sz) Qy(&)dx dea
F\E) JE!

1 xze,

X
== 1).For:c€Ev,welet

where v,, = <

I(z,E}) :={z € E} : 3a € E} such that av,. € R} }.

In this section we compute I(&, f,) under certain simplifying assumptions, and
provide a bound on |I(&, f,)| in all cases.
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4.2.1 Exact calculations
We begin by calculating I(&, f,,) when v divides .

Lemma 4.10. Let v divide 9. Then

0 if v(€) <0
> 1.

I¢ fo) = {vol(FvX\EUX)Q if v(§)

Proof. Tt is easy to see that avy,, € F*R* exactly when v(z) > 0. Hence v(§)
must be greater than or equal to one. O

We now establish a vanishing result for I(¢, f,) for finite v away from .

Lemma 4.11. Let v be a finite prime not dividing N. Suppose that f, is the
characteristic function of the double coset FX RXyR)X forvy € R,. Ifv(l—¢) >
U(DE/FC(Q) det('y)), then I(§7 fv) =0.

Proof. Clearly av,. € FRXvR) if and only if there exists a A € F,* such that
Navyz, € RXyRY. If this matrix lies in R yRX, then v(A\?aa(1—¢)) = v(det(y))
and Aa € (?—T#OE' Thus the orbital integral is zero unless v(1 — &) <
v(0g/pe(2) det(y)). O

In the next two lemmas we compute (£, 1,) when €, is unramified.

Lemma 4.12. Let v be a finite prime not dividing N, not split in E and such
that n(Q,) = 0. If v ramifies in E, assume that the characteristic of the residue

field of F, is odd. Then I(&,1,) equals

if (1 =&) >v(E/r)
ifo(l—€) <0
if v(1 —¢) =v(dg/r) > 0.

vp(1-=¢§)

VOl(F,\F U, ) vol(FS\ET )y (wp, * )%

= = O

Proof. We look at our orbital integral,

I(f,l):/FX\EX [Ell(a’ym)Q(a)d zd* a.

By the definition of R*, a7, lies in F’* R* if and only if there is a A € F'* such
that

1. v(\%aa@) = —v(1 —¢§)

3. Aa(1+ zz) € Op.
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If v(1 -¢&) <v(dg/r), then

1(67 1) = / vg(1—§) / —vp(1—=¢) Q(a)dxadxz
{ 2 Og} JF

zEEL:ltz2€wmy XN\FXw, 2 Ug

vE(1—€) vE(1—€)

= vol <z€E1:1+xz€wE 2 OE> VOI(F”\F*Ug)Qwy *

The lemma now easily follows if v(1 — &) < 0.

It now remains to calculate vol({z € E' : vg(1 4+ x2) > 1}) when v ramifies
in £ and v(1 — §) = v(d0g/r). In this case we can take 7 = /w. Since the
volume only depends on zZ we can assume that € U}. Hence we can write
x = x1 + 2o/ with 1 € U} and zo € Op. We write z = aa~! with
a = a1 + agy/w. Then

l+zz=a"'(a+za)
=a! (061 — aoVw + (21 + z2v/@) (a1 + 042\/75))
a ! (1 (14 21) + aowow + (a1z2 + a2(21 — 1))V@) .

Hence we have vg(1+xz) > 1 if and only if vg(«) is odd, from which we deduce
that

vol({z € E' 1 vp(14+22) > 1}) = %VO](El).
O

Lemma 4.13. Let v be a finite prime which is split in E and such that n(Q,) =
0. Then

0 ifv(l =€) >0
I(€,1,) = (vol (Ur,))” x { (v(€) + 1) ifo(l—¢€) =0
Q,(6,1) 219 0, (@2,1)  ifu(1-€) <0.

Proof. Let x = (x1,22) and k = v(1 — £). We look at our orbital integral,

1(€.1) :/FX\EX /E 1 ((ajx “Zx» Q(a)d* zda.

A matrix in the integrand of this integral lies in F’* R* if and only if there is a
A € F* such that

1. v(\%a@) = —v(1 —¢§)
2. da € O
3. Ma(l+zz) € Op.
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It is easy to see from these conditions that if v(1 — &) <0,

—k—l4v(z2)

Q(a)d*a / *b.
Zw/FX\F>< wlUp Xxw—k=lUp) Z m,w m)UF

m=—v(x1)—1
Itk =0,
I(¢,1) = (v(&) + 1) vol (Ur)*.
If k£ <0, then v(x122) = k and

—k

1(6,1) = Q@2 1) vol (Up)* .

=0

O
Finally, we compute the regular orbital integral for v archimedean.
Lemma 4.14. Forv € ¥, and £ € F,, with £ <0 we have
g kv—|my|-1
_VOI(FX\EX) ky +my — 1\ (ky —my — 1 i
Proof. By definition of f, we have
a 0 b 0 _
fo ((0 5,) Y <O B)) = Qv 1(ab)fv(7)'
Applying Lemma 4.8 gives the result. 0

4.2.2 Bounds on I(£,1,)

We now bound the regular orbital integral in the remaining cases. For a place
v of F', we fix © € F, such that £ = ¢,2Z.

Lemma 4.15. Let v be a finite prime. Then
16, 1,)] < vol (F7\(1+ @) 0p, ) F ) vol (I(z, EY))

Proof. By definition,

1) :/ / 1(avy.,)(a)d* ad™ 2.
I(z,EY) JFx\Ex

For each fixed 2z € I(x, E') we know that there exists an a,, € E* such that
Gz.Ver € R*. By a change of variables with a,_,

1(£,1)] S/ / 1(a)d*ad” 2.
I(z,EY) JFX\EX

The lemma now follows by the fact that RN E = Op + @w"Opg. U
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Corollary 4.16. Let v be a finite prime not dividing N which is not split in E.
Then

11(¢,1,)]
< vol (F”X\(l +w$m“)oEv)XFvX) vol ({Z €E) vp(l+az)> 1”5(12_5)}) :

Proof. If av,, € F*R* then there must be a A\ € F* such that v(\%aa) =
—v(l —¢) and Aa(l + zx) € Op + w"Og. Thus

I(x,BY) C {z €eE tvp(l+az2) > ”’3(12_5)}

Lemma 4.17. Let v be a finite prime which is split in E.
Ifv(1 - &) <0, then

1€ 1) < (1) + 1) vol (FA\(1L+ =)0, ) FY ) vol (Ur,).
If v(e(Q)) > v(l =€) >0, then

w(l

vol (FUX\(I + wg(Q“)OEv)XFvX) vol (El Ne '(1+w 7 (’)Ev)> , ifv(l =€) is even;
0, if v(1 =&) is odd.

[1(&, 1) S{

Proof. Let a = (a1,a2),x = (21,72),2 = (b,b7 1) and k = v(1 — £). We take
7 =(1,0). We look at our orbital integral,

1(€.1) :/FX\EX [E 1 ((ajx aff)) Q(a)d* ad* =.

It is easy to see that ay,, € R* if and only if the following conditions are
satisfied:

1. as € #OF

2. aj € (—ag + Op) Nw k—v@)y,

3. as(1+x2b7 1Y) € Op

4. a1(1+ x1b) € az(1 4+ 22071) + @"Op.

For the intersection in condition (2) to be nonempty, we must have either v(az) =
v(ar) = 5 or —k > v(az) > 0 and v(a1) = —k — v(as).
Thus if ¥ > 0, then we must have v(az) = v(a;) = 5 and hence,

v(1=¢)

1
I(z,E') CE'N ;(1 +w= 2 Og,).
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If kK <0, then —k > v(az2) > 0 and v(a1) = —k —v(az). In this case we must
have v(agw2b~1) > 0 and v(ajz1b) > 0. Thus v(agrs) > v(b) > —v(ayz1). Thus

—k I4v(z2)

vol (I <> Y vol(Up) = (Ju(&)] + 1) vol (Ur).

=0 m=k+l—v(z1)

For the last equality we are using the fact that if k < 0, then k& = v(x122).
We complete the proof by applying Lemma 4.15. O

‘We now bound the volume term that appears in the results above.

Lemma 4.18. Assume that v is unramified in E. Then,

vol(E NUg,)(1 + |v(zz)|), if k=0 and v split;

1 1 & vol(EL), if k=0 and v not split;
vol(B, N2 (14, 08,)) < (o1(E1)g%(1 + )7 if k>0 and v inert;
vol(EXNUg, g k(1 —q; Y)Y, if k>0 and v split.

If v is ramified in E there exists a constant C(E,, F,) such that,
vol(El Nz '(1+w*0g,)) < C(E,, F,)q*
for all k > 0.
Proof. First we assume that k = 0. We note that when E/F is not split we
have

vol(EY), if z € Op;
0, otherwise.

vol(E' Nz~ '0g) = {

Next we assume E/F is split. We write E = F @ F and « = (x1,22). Then we
have
r710p = {(a1, a2) s v(a1) > —v(z1), v(az) > —v(zr2)}.

Let (y1,y2) € E*. Then we have v(y1y2) = 0 and hence y € %(’)E implies that
—v(z1) <v(y) < v(z2).
Hence the intersection is empty if v(zZ) > 0, and if v(zZ) < 0 then
vol(E* Nz~ '0g) = (1 + |v(27)|) vol(E* NUgk).

We now assume k > 0. If we assume that E! Nz~ (1 +@*Og) # 0 then we
clearly have

vol(E' Nnz71(1 + @ Op)) = vol(E' N (1 4+ w*Op)).
So we need to compute the order of

(E'NUg)/E*N (1 +@"0p) “5(E'NUR)(1+ @*0gr)/(1 + @*OF).
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Now we have
(E'NUg)(1+w"Op) ={z € Ug: N(z) e N(1+=*Og)} .
Hence we are looking to compute the size of the kernel of the map
N :Ug/(1+w"Og) — Up/N(1 + @ OF).
When E/F is unramified quadratic this map is surjective and we have
#Up/(1+@"0p) = ¢ (1 - ¢7%)

and
#Ur/N(1+w"Op) = #Ur /(1 + " Or) = ¢"(1 - ¢ ")

and hence the kernel has order ¢*(1 4+ ¢~!). Next we assume that £ = F & F,
then the norm map is surjective and its kernel has order ¢*(1 — ¢~ 1).

Finally we assume that E/F is ramified. We write the discriminant as
Op/Fp = pt*l. From [Ser62, Corollaire 1, pg 93] we deduce that when ¢ is even
and k > %,

N1+ @*0p) =1+ o**20p,

and when ¢ is odd k > %,

N1+ @"0p) =1+ o Op.

Since #Ug/(1 + @w"Og) = ¢**(1 — ¢7') we see that when k > %, the order of

the kernel of N : Ug/(1+@*Og) — Up/N(1+w*Og) is at least ¢"~ = . Thus
there exists some constant C’'(E) such that for all £ > 0 the order of this kernel
is at least C'(E)q". O

The following lemma is a direct consequence of Corollary 4.16 and Lemmas
4.17 and 4.18, and the fact that

VOl(EJ\E (1 + w0 ") O, )*) = vol(Ur, \Ug, )a, " L(1, 1,).

Lemma 4.19. Assume n(€,) >0, and let k = ve=8)  There exists a constant
C(Ey, F,) that is equal to one for all v unramified in E and such that

1(6,10)] <q, " L(1,90) vol(Up, \Ug, ) vol(E}, N Ug, )C(E,, F,)

¢, *L(1,m,) whenk >0
x<1 when k <0 and v is not split
1+ |vp(€)] when k <0 and v is split.
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4.3 Global calculations
We recall that

I(fy= Y I(f)+vol(AFE*\A) [1 (0, f) + 5(Q)I (o0, f)] .

¢£€eNEX

We now apply the local calculations of the previous sections to this global dis-
tribution. We denote by

Leg(f)= Y. I 1),

ECeNEX
and
Tinreg(f) = VOUAREX\AL) [1(0, f) + 6(Q%)1 (o0, f)] -

Thus

I(f) = Treg(f) + Lirreg(f)- (3)
We begin by computing Iiyreq(f)-
Proposition 4.20. For f as defined in Section 3.1,
irves () = Q[F'Q]“L%%W'TF <1 +a025m) ] (—1)’@'?’—1) 15,
where (M) =0 if N # O and §(Ofp) = 1.
Proof. By Lemmas 4.1, 4.2, 4.4, 4.5, 4.6 and 4.7, and Corollary 4.9,

VEX oo

Vol(AFEX\AZ) [1(0, f) + 6(2)I (o0, )]
is equal to

2L(L,n)I () ] vol(FX\F) (14w @0, ) ) T vol(F)\E)) (1+ 8(2%)5(M)(~1)*1).

V<00 vES o
Recall that for v € ¥,
vol(F\E,)") = vol(R*\C*) = 2,
and for v finite we have

vol(Up, \Ug, ), if v ¢ S(Q);

W(F\FX (14 0g )*) = n
VOB (e O0m)™) =\ ol \Us )™ @ L(1 ), if v € S(Q).
The proposition now follows. O

We now consider the regular terms in the trace formula. For each v € ¥
we let ¢, denote the corresponding embedding F' < R. We note that £ € e N E*
if and only if
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1. 1y(§) <O forallv e En,
2. v(&) is odd for all v | M, and
3. ny(&) =1 for all finite v t 9.

We define
Xp:{WERP:w;W&’R}.

For f, € H(G(fy), R}') we define
n(fy) = max {vy(dety) : v € Xy, fp(v) # 0}

and set J(f,) = p"fr).
We denote by S(2,M, f,) the set of £ € e NE* such that

1. v(§) > 1for all v | N, and
2. (1=8)7" e (c«(Q)og,rI(fp) "
Lemma 4.21. We have

Ireg(f) = Z I(gvf)

£eS(Q,0, fp)

Furthermore, the set S(Q,M, f,) is finite, and empty when |N| > dp/r(c(Q)|I(fo)|)"F.

Proof. The fact that I,.4(f) is supported on S(Q,M, f,) follows from Lem-
mas 4.10 and 4.11. Suppose now that £ € S(Q,M,f,). We fix 0 # z €
C(Q)DE/Fj(fp), then
1-8&tz=meO0p
and hence
m—x

€= .

m

We now take v € ¥, and consider ¢, : F' — R, then since ¢,(§) < 0 it follows
that
|to(m — )| < [eo(z)].

The finiteness of S(Q2, N, f,,) now follows from the finiteness of
{y € Op : [tu(y)| < |to()] for all v € T and z € «(Q)0p/rI(f,)} -

We note that since v(§) > 1 for all v | 91 we also require m — z € M. Hence
S(2,M, fp) is empty whenever

{y € Op : [tu(y)| < |to(z)| for all v € T and = € ¢«(Q)0p,/rI(fp)} NN = {0},

which is clearly the case when |N| > dg,p|c(Q)3(f,)|"*. O
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Corollary 4.22. For N sufficiently large, e.g. for M with absolute norm at
least dp ) (C(Q)|3(fp)|)hF, we have

2l QL L(1, 1) Loy (1,1)v/[AF] (
V() /[Ag]

1(f) = L+6(@)sm) ] (1)’“”1> L(fp)-

VEX oo

We note that under certain simplifying assumptions we can explicitly com-
pute the regular terms in the geometric side of the trace formula.
We define, for integers k and m with |m| < k, polynomials

Prm(z) = (1_# k_i_l (k + " 1> <k - 1) o

For an ideal a C O we define
Rg(a)={bC Op: Ng,p(b) =a}.
For non-zero ideals a, b € Op we define
o(a,b) =#{cCOp:cla+b}.

When €2 is unramified we regard its finite part as a character on the group
of fractional ideals of F'.

Proposition 4.23. Assume that Q is unramified, f, = 1, and E/F is unram-
ified at the even places of F'. Let d € O be a generator of 0p,r. Then we have
I(f) equal to the sum of

AP QL1 )\ /TAR] <1 5(Q2)6(N -1 k“1>
T +6(@%)6m [] -1

VEY oo
and

o |A _ _ n
(RIS | R0 oo (+4) @510 [T Prome (( ))

a€Rg((n+d)) VED oo ntd

with the outer sum taken over the finite set of n € N such that
1. ny (1 + %) =1 for allv [ dg/r, and
2. 1y(n) lies between —u,(d) and 0 for all v € L.

Proof. Let £ € eNE* and let v be a finite place of F. When v splits in E we
have, with the notation of Lemma 4.13,

e v(1-¢)>0= I f,) =0,
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e (1 =& =0=1I(§ f») = (1 +v(§)) vol(Ug,)?,
e v(1—&) < 0= I, f,) = X 1"O (!, &l @1 vol (U, )2.

When v N is inert and unramified in F we have {2, trivial and, by Lemma
4.12,

e v(1-&)>0=I( fu) =0,
e v(1—¢)oddand <0= I(¢, f,) =0,
e v(l—¢)evenand < 0= I(£, f,) = vol(Ur,\Ug,)?.
When v | 91 we have Q, trivial and, by Lemma 4.10,
° v(§) <0=I(S, f,) =0,
o v(§) > 1= I(§, fo) = vol(Ur,\Ug,)*.
When v is odd and ramified in E we have Q2 trivial and, by Lemma 4.12,
e v(l1=&)>1= I f,) =0,
o v(1-§) =1=I(&, fo) = vol(Ur,\Uk,)*Q(wg,) ",

vp(-§)

e v(1-¢) <0=I(& fo) =2Qwg,)” = vol(Up,\Ug,)*.

And at v € ¥, we have, by Lemma 4.14,

I(&, fu) = vOl(Fy\ES)* P, e, (10 (8))-
As in the proof of Lemma 4.21 we note that if I(£, f) # 0 then we have

n
n+d

f =
with n € 9. Furthermore such an element lies in e N E* if and only if
e Rp(nM~!) and Rg((n + d)) are non-empty,
o, (1+ %) =1forallv|0g/p, and
e 1,(n) lies between ¢,,(0) and —¢,,(d) for all v € B.

Suppose now we fix such an n. We have

I(gaf) :Hj(gva)v

and we now determine the contribution to this product from each place v de-
pending on its behavior in the extension F.
For a finite place v of F' and an ideal a C O we define

REU(CL) = {b C OEU 5NEU/FUb = CLOFU}.
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The contribution from the places v | N is,
[ volUr\UE,)?|Re, (9 1)),
v|N
and furthermore for such v we have Rg, ((n + d)) = {Og,}. For finite v { N
which are inert in £ we get
[ volUr\UE,)*IRe, (0)|RE, (0 + d))|.
v, inert
For finite v which split in F we get
[[ volUr\Us)IRe, ()] D Qu(a),
v<00,split a€Rg, ((n+d))

since for such v when v(1 — £) = 0 we have v(£) = v(n) and v(n + d) = 0, and
when v(1 — &) < 0 we have v(n) =0 and |v(§)| = v(n + d). For v ramified in E
the contribution to I(¢, f) is

o(p/p,(n+d) [[ vol(Ur\Ug,)?|Re,(n)] Y Qu(®5)p0),
UlaE/F a€Rg, ((n+d))

since for such v, Q2 is trivial and v(1 — §) = v(dp/p) — v(n + d). Finally for
v € Xoo we have I(E, f,) = 4Py, m, (to(n/(n + d))).

Putting these local calculations together gives the sum in the statement of
the Proposition and combining it with the calculation of the irregular terms
from Proposition 4.20 gives the result. 0

5 A measure on the Hecke algebra

The goal of this section is to find the measure x such that for f, € H(Gp, Zy Ry ),

2
i(f) = / @

where T (fp) is defined in Section 4.1. We begin by recalling standard facts
about distributions on Hecke algebras which come from the Plancherel formula;
alternatively see [Ser97, Section 2].

5.1 An application of the Plancherel formula

We assume throughout this subsection that F' is a non-archimedean local field
of characteristic zero. We let ¢ denote the order of the residue field of F. We
let G’ = PGL(2, F) and K = PGL(2,0p). We fix a Haar measure on G’ which
gives K volume one. For n > 0 we denote by f, the characteristic function of

w” 0
k(% O«
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For s € iR let w4 denote the unramified principal series representation of G’
unitarily induced from
a 0
(6 7)

For f € H(G', K) and x € [—2,+2] we define

f(.T) = TI'TFS(.]C),
where z = ¢° + ¢~*. We have (see [RR05, Lemma 9]) fo = 1 and for n > 0,

fn(m> _ q% (qns _,'_q—ns + (1 _ q—l)(q(n—2)s +q(n—4)s 4. _|_q—(n—2)5:)) ) (4)

On the interval [—2, +2] we take the Sato-Tate measure

V4 — 22
foo = —— dx
27
and the spherical Plancherel measure on PGL(2, F),
g+1

Mg =

oo

(a7 +q72)% —a?
By the Plancherel formula we have,

Lemma 5.1. For all f € H(G', K) we have

2
f(é ?) :/_Qf(f) Mg,
w™ 0

In particular we note the following corollary.

and

form > 0.

Corollary 5.2. We have

(5 ) ror (5 ) =y [ fwasatorsa

(6 ) -1(5 )=/ fwn

We define for § € C a distribution

A5:f»—>25"f(w0n (1))

nez

and

on H(G', K). Then we have the following.
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Lemma 5.3. For f € H(G',K) and 6 with || =1,

[ (1-¢")
o= /_2 I (1—8q 22+ 0% 1) (1~ 6" e +62¢7")

Hoo-

Proof. This follows by a short calculation using Lemma 5.1, Formula 4 and that,

()= 7))

Alternatively, one can argue as in [RR05, Section 6] in the case § = 1. O

5.2 The distribution I

For a, 8 € C we let p(c, B) denote the unramified representation of GL(2, F},)
with Satake parameters {a, 8}. For x € [-2,+42] we define o, € C to be such
that o, + a, ' = x; of course a, is not well defined, however, all constructions
below will depend only on x, and not on the choice of ;. We then define

V4 — x?

d
2 *

Hp,E.Q = L(1/2,p(063¢, O‘;l)EP ® Qp)

where p(a, o ')p, denotes the base change of p(ag,a; ') to GL(2,Ey). We
note that,
L(1/2, p(o, a; "), ® Q) =1, when €, is ramified and,
L(1/2, plas, a5 ') g, @ Qp) =

(1 - 2Q(wp,)gp * + Uwg, ) g, ) (1 - Q(#p)q;? + mq};l)713 for p split,

(1 + Q;u_l)z - IQQp_l)flv for p inert,

_1
(1—2Qwg, )gp * + q;l)*l, for p ramified,

when €2, is unramified, where wg, is defined in Section 4. We note that

/2 { L(1,ny), if Q is unramified at p;
Hp,E.Q =

9 1, otherwise.

We note for future reference the relationship between u, o and the spherical

Plancherel measure p, on PGL(2, F}) is given by

L(1/2, p(aw, a; ), @ Q)
L(l? p(Oéw, aﬁ_l)a Ad)

Py, B0 = L(2,1F, ).

We recall I(f,) is defined in Section 4.1.
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Lemma 5.4. For all f, € H(G(F}), ZpRy') we have

ffz fp(@’) Hp,E,Q

f(fp) = L(1777p) )

if Q is unramified at p and we have

2
I(f,) = / h@) mea.

if Q is ramified at p.

Proof. We fix an isomorphism D, — M (2, F},) and an embedding E, — M (2, F},)

such that M (2,0p,)NE = Op +w;f(Q")(9Ep as in the proof of Lemma 4.3. We
now prove the lemma on a case by case basis.

First we assume that n(€,) > 0. Then we have, by Lemmas 4.4, 4.5, 4.6
and Corollary 5.2,

I(fp) = fo (3 (1)) —fo (7}3 (1)) /21}(:@)%.

On the other hand in this case we clearly have up g0 = too-
Next we assume that p is unramified and inert in E and € is unramified at
p. Then from Lemmas 4.4 and 5.1 we have

2 2
I(f,) = / @, = / @

Next we assume that p splits in F and 2 is unramified above p. We write
Q = (X, x™'). Then from Lemmas 4.6 and 5.3 we have

m 2
I(fs) = > x(@y) (wo'“ ?) = [2 Jo (@), .0

meZ

Finally we assume that p is ramified in F and 2 is unramified at p. Then
from Lemma 4.5 and Corollary 5.2 we have

1) = f (3 ﬁ’) +9(r)f (f;’ ‘f) -/ 22 Fo @it

6 Main results

‘We now combine the calculations of Sections 3 and 4 to obtain the main results
of this paper.
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6.1 Average L-values

By Propositions 3.9, 4.20 and Lemma 4.21 we see that we have an exact formula

for L(1/2, 75 © Q)
,TE ® 7
2 Tifmaq )
TEF (M, 2k)

in terms of orbital integrals. We now write down the formula precisely under
certain further assumptions for which we have computed all the necessary orbital
integrals.

Combining Proposition 3.9, Corollary 4.22 and Lemma 5.4 we get the fol-
lowing.

Theorem 6.1. Let E be a CM extension of a totally real number field F. Let
I C Op be an ideal such that each prime dividing N is unramified and inert
in E and that the number of primes dividing M has the same parity as [F : Q].
Let Q : ARE*\AY — C* be a character which is unramified outside of N
and such that for v € X the weight m, of Q, is strictly less than k,. Let

fo € H(G(Fy), ZyRy). Then for || > dp/r(c(Q)[3(f;)))"

2lF:Ql /1 2k — 2 L(1/2,7r Q) ;
B (k+m— 1) 2 Tomag )
TEF(M,2k)

s equal to

4 Ap|FLS@VE} (1, ) <1+5(92)5(‘ﬁ) 11 (—1)’“”‘1> /22 Fo@)p. .0

VEX oo

\/W 2m
_4C(k:,Q,fp)LS(Q)(1,77) L2 1r \/|ATH%*1 H 2k, — 1’
VEX o

where J(fy) is defined before Lemma 4.21, C(k,Q, f,) is defined in Lemma 3.6
and the measure iy p.o 15 defined in Section 5.2.

We note in particular that when f, is the identity in H(G(Fy), Zy Ry ) the
second term in the theorem above is equal to

A AF| 2L (1, ) <1 +6@2)5) [ (_1)kv1> ,
VEX o

We recall that by the Ramanujan conjecture ay(m) € [—2,2] for all 7 €
F(M,2k); see [Bla06] for the most general version. The distribution of the
ap () has been considered by Sarnak [Sar87] and Serre [Ser97]. In [Ser97] it is
proven, when F' = Q, that as 91 — oo the set

{ap(m) : m € F(M, 2k)}
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becomes equidistributed with respect to the measure

gp+1 V4 — z?

1 -1 2
(a5 +qp 2)* —a® 7

My = dz

n [—2,2]. That is, for all J C [-2,2],

1
lim —————~ 1= pp(J).
oo #F (N, 2k) wegfxg,zk) '
ap(m)ed

We note that p, comes from the spherical Plancherel measure on PGL(2, F}).
Using Theorem 6.1 we obtain a variant of this equidistribution result where
we include a weighting by LP(1/2, 75 ® Q).

Corollary 6.2. Let J C [—2,+2]. Then we have

1 LP(1/2, 75 ® Q)
1 — Z /S TE ST
ot oo 1] > LP(1, 7, Ad)
TEF(M,2k)
ap(m)ed

equal to

gL (22 0\ s
Tl PR B AL S RO IZCE PRI E))

Here the limit is taken over squarefree ideals M prime to ¢(Q2) and such that
each prime dividing N is inert and unramified in E and the number of primes
dividing M has the same parity as [F : Q].

Proof. This result follows by an application of [Ser97, Proposition 2] to Theorem
6.1. O

We note when € is trivial and F' = Q, we recover the main result of [RR05].
From this result we conclude the following.

Corollary 6.3. There are holomorphic cusp forms m on PGL(2)/F of square-
free level and fized weight such that ay () lies arbitrarily close to £2 and L(1/2, 1g®

Q) £ 0.

It is worth remarking that one could consider the average by normalizing by
|F (M, 2k)| rather than [N]. In order to have a finite limit with this normalization
we need to add the technical restriction that 9| ], e (1 ﬁ) ~ N|. For FF = Q
this condition reduces to ¢(N) ~ N where ¢ is the Euler totient function. Using
the well known fact that [F(N, 2k)| ~ 2521 (N) as N — oo we get the following
statement.
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Corollary 6.4. Let F'=Q and J C [-2,+2]. Then

_ 1 LP(1/2, 15 @ Q)
1 - - 2N mee e R
a2

Lr(1,m, Ad)
TEF(N,2k)
ap(m)eS
s equal to
24 2% —2 \ '
= LU (1 VL(2.1 J
] (O (L0 L2 10, )y ()

where the limit is taken over squarefree N such that o(N) ~ N and each prime
dividing N is inert and unramified in E and does not divide c(2).

In principal, one could use the formulas developed in this paper to study the
average computed by summing over the space of cusp forms and normalizing by
the dimension of this space. Averaging in this way may remove the condition
that p(N) ~ N.

Finally, when €2 is unramified we have the following exact formula for all
levels by combining Propositions 3.9 and 4.23.

Theorem 6.5. Let E be a CM extension of a totally real number field F'. Let
N C Of be an ideal such that each prime dividing M is unramified and inert in
E and such that the number of primes dividing 9 has the same parity as [F : Q.
Let Q : AREX\A} — C* be a character which is everywhere unramified and
such that for v € X the weight m, of , is strictly less than k,. Assume
furthermore that E/F is unramified at the even places of F'. Let d € Of be a
generator of 0gp. Then, with C(k,Q,1,) defined as in Lemma 3.6,z

<2k 2> 5 L(1/2, 75 ® Q)
Vel dE/FmHAM2 k+m-1/ oo L(1,7, Ad)

4L(1,n)? 1
+C(k7Q7 1P) §( n> 1 H 2kﬂ- 17
‘AF|2L(27 1F> v|N T = WESG U

1s equal to the sum of

L(1,m)\/|AF| 1+ §(02)8(M 1 k,,-l)
SONED)] /7|AE|< +0(27)4( )Uel;[x( )

and

o |AF| n
|A |Z |Rg(nM™ |0(DE/F,(n+d)) Q(@E/Fa H Py, omy | Lo T d ,

aERp((n+d)) V€D

with the outer sum taken over the finite set of n € M such that
1. n, (1 + %) =1 for allv |[dg/p, and
2. 1y(n) lies between —i,(d) and 0 for allv € B
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6.2 Subconvexity

We now apply our calculations of the relative trace formula to the problem of
subconvexity.

Let 7 and o be cuspidal automorphic representations of GL(2, Ar). The
convexity bound for L, (1/2,m X m) is that for € > 0,

Lfl'n(]./Q,’iTl X 7T2) < C(T(l X 7'(2)%+6,

where C(m1 X mg) = Cfin(m X m2)Coo(m1 X m2) is the analytic conductor of
m X m; see [IS00a, Section 2.A]. Cpn(m X mg) is the conductor of m X mo
and Cy (71 X m3) depends only on the infinity types of w1 and ma; we refer to
[ISO0a, Section 2.A] for the precise definition. We note that when m and mo
have disjoint ramification Cn(m1 X m2) = (Cin (71)Cin(m2))?.

The problem of beating the convex bound, with 75 fixed, has been the study
of many authors. When F = Q and 7; and s have trivial central character the
convexity bound was beaten by Kowalski, Michel, and VanderKam [KMV02],
with the central character condition being relaxed by Michel and Harcos [Mic04],
[HMO6]. In the case that €2 is trivial, so that the L-function factors as L(s, 7g) =
L(s,m)L(s, ™ ® n), the convexity bound was beaten by Duke, Friedlander and
Iwaniec [DFI94] in the level aspect over Q with 7 fixed and 7 varying. For
number fields other than Q the first subconvex result was obtained by Cogdell,
Piatetski-Shapiro and Sarnak [Cog03] in the case of a fixed Hilbert modular form
twisted by a ray class character. Further extensions of these subconvexity results
to cusp forms on arbitrary number fields have been obtained by Venkatesh
[Ven05].

We now continue with the usual assumptions on © € F(M, 2k) and  as in
Section 2. We denote by oq the induction of €2 to an automorphic representation
of GL(2, Ar). Hence,

L(s,mg ® Q) = L(s, 7 X 0q).

We have Cy;p(m) = |0 and, by the formula for the conductor of an induced
representation (see for example [Sch02, Section 1.2]), Cfin(0q) = dg/rpc(Q).
Thus, Crin(m % 00) = (|N|dg,rc())?, and the convexity bound in the level
aspect is given by

Lin(1/2,7 X 0q) <p,e (‘m‘dE/FC(Q))%+€'

We now proceed to apply our work to the problem of beating convexity for
these L-functions. By combining our calculations of the relative trace formula,
together with the bounds on the orbital integral integrals from Section 4.2.2,
we will get an estimate for L, (1/2,m X 6q) (Theorem 6.8 below) which beats
the convexity bound as 7 and 2 vary in a hybrid range.

The relative trace formula provides an expression for the first moment of
L(1/2,7m x oq) averaged over m € F(M, 2k). The size of this family is approxi-
mately |91| while the conductor of the L-function is (|M|dg,rc(2))?, this allows
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us to obtain estimates which beat convexity when |9 is of size around +/c(£2).
We note that over Q, Michel [Mic04] and Harcos-Michel [HMO06] in their work
on subconvexity for L(s,m; X my) average over the family of modular forms of
level [Cin(m1), Cfin(m2)] and bound the second moment of the L-function. By
shortening the family we are able to get away with an estimate for only the first
moment.

Recall that € is a unitary character on the idele class group of E that is
trivial when restricted to A}, unramified above 9 and has weight |m,| strictly
less than k, for every infinite place v of F. We let S(Q) = {p1,p2, ..., pm } denote
the places of F' above which 2 is ramified, ¢(€2) the norm of the conductor of
Qin F and ¢(Q) the absolute norm of ¢(Q). Let m = [S(Q)],¢(Q) =[], p>™
and Np/QPpi = ¢i-

In the remainder of this section we fix F and allow 91 and €2 to vary. We
recall that D ramifies precisely at the infinite places of F' and the places dividing
N. Therefore as N varies, D varies and hence the image of E in D depends on
M. However F as a field extension of F' does not depend on . For the bounds
we prove in this section, the < g notation refers to constants that only depend
on E as a field, such at /|Ag|, and thus have no hidden dependence on 91.

We begin with a necessary technical lemma which we will require in the
bounding of the geometric expansion of I(f). For a € F and integers r;,t; > 0
for 1 <i<mlet

Str,n(a) ={y € N:vy, (y) = ri,vp, (y—a) = ti, [t (y)| < [to(a)],i =1,...,m,v € Bo }.
Lemma 6.6. S, «,)(a) is empty unless for each i =1,...,m,

1. ri <wvp,(a) and t; =r; or

2. r; > vp,(a) and t; = vy, (a) or

3. r; = vp,(a) and t; > vy, (a).

In addition,

F)|N,
|S(7’i)v(t7‘,)(a)| < frfax?{Ll,i/}Q (aIiLx{rm,tm}
INF/Q(Mpy -Pm )l

where ¢(F') is a constant that only depends on F.

Proof. Tt is clear that S,,) ,)(a) is empty unless conditions 1, 2 or 3 hold for
each ¢. We now proceed to prove the bound following the ideas of the proof in
[Lan94, §V.1, Theorem 0].

Since S(;.,),«,)(a) is finite there exists an integer n such that

n < 1S4, (@)] <n+1.

Pick a vg € Y. Identify F,, with the real line. By the condition |, (y)| <
|tvo (@)], Sery),(t:)(@) is contained in the interval centered at the origin of length
2|ty, (a)]. By the Pigeon Hole Principle if we divide this interval into n equal
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subintervals there must be at least two distinct elements z,y € S(;.,),,)(a) such
that x and y are in the same subinterval. Thus

a0 = )] < 22

For all v € ¥, with v not equal to vg,
lto(@ — )| < 2|eu(a)l.

We also know that

|z —ylp, <q; "
and
= ylp, = 1z —a) = (y—a)lp, <q; "
Thus
2=y, < g ",
For v|M,
|z —ylv < [y
Thus .
) (PP L7
v n|Npyq(py it _piaxdrmtnty)
Hence
2N q(a)]

(mprlnax{rl g1} . .pzax{rm tm }) ‘

O

We now proceed to bound the regular terms in the trace formula. By Lemma

4.21
Leg(f)= > 1))

£eS(Q,M,1y)

where S(€,91,1,) is the set of £ € eNE* such that v(§) > 1 for all v|2 and

(1-&)~" € (¢(og/r)~". Theset S(Q,M,1,) is approximately of size C(QI);I?/F .
However in the following Lemma we can take advantage of the bounds on the
local orbital integrals given in Lemma 4.19, which improve as ¢(Q) increases, to

get a good bound on I,4(f).

Lemma 6.7. Assume that ', E and k are fized and f, = 1,. Then for all
e >0,
c(§)°

I, ¢ .
| eg(f)| <<F,E,k, |‘ﬁ|
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Proof. Let Ay, ..., A, be a fixed set of representatives of the ideal classes of F'.
Then for any ideal J of Op there exists an i such that 2A;J is principal. Let
a € F be such that

QOF = Q[zc(Q)DE/F

for some ¢. Then

NF/Q((L)
C(Q)dE/F

For £ € S(Q,91,1,) we have,

<c(F)=max{||: 1 <i< hp}. (5)

gzgy:: ,

for some y € D such that |¢,(y)| < |ty (a)] for all v € Xo. Hence we can partition
these y into the sets S(.,),+,)(a). Thus

T ED 3 S0 35 55 DI SIS SRR NI | W)

11207220 7 >0t1>06>0 >0 yES() . 1) (a) i=1
(6)

First we consider the integrals I(&,, f5(?). For an ideal a C O we define
Ry (a) = {6 C Op : Ng, /5, (605,) = aOp, for v ¢ S(2) and p,, 1 b for v € S(Q)}.
By the proof of Proposition 4.23 we see that

1(&,, F5)| < CEB) Ry VIIRE D ((y — a)II(E fx ), (D)

where C(FE) is a constant depending only on E. Furthermore, from Lemma
4.14, it is clear that

[1(&y, fo.)| < C(k), (8)

where C'(k) is a constant depending only on k.
Let o¢(x) denote the number of divisors of z. For any ideal a € O,

IR ()] < 00(Nryq(a)F Y <, |Npq(a)l-. (9)

For any y € S, (1,)(a), [to(y)| < [ty(a)] and [y (y —a)| < |ty(a)] for all v € X
Thus [Np/q)| = [,ex )] < [Nr/q(a)| and similarly |[Np/q(y — a)| <
|Nrjq(a)l-

By (7), (8) and (9),

1(&y, F5D) <pp ke INp/qla)l (10)
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Combining (6) and (10) we have,

Lreg(F)| <ppge Nejal® Y > o> 3> > [ HE £

11207220 T >0t1>0t2>0  tm>0yES(,,) (1)) (a) i=1

(11)
To bound |I(&,, fy,)| we first note that
Op, (1= &) = vp,(a) — vy, (y — a).
Thus by Lemma 4.19, for y € S, +,)(a),
[ —Upl(a)
C(Ey, Fy)g; 7“L(1 nw)?q; 2 0 <71 <vp,(a)
(& o)l < C(Ey, Fy)g; ™ L(1,m,)(1 +t; — 1) ri = vy, (a) (12)

C(EIHF ) nlL(l ﬁv)(l + 7 — Uy, (a)) T > 'Upi(a)

where C(E,, F,) is the constant in the statement of Lemma 4.19. In particular,
C(Ey, F,) =1 if v is unramified in E.

Because the bounds in Lemma 6.6 and (12) depend only on r; and ¢; for
each 1,

|NF Q | — maxq7i,t;
| reg( )‘<<FEke|NF/ ( |N// m‘ Il E E { t}|I(£yr f?fp)
i=17r;>0t;,>0

(13)

where we choose ¥y, ;, to be any element in F},, such that vy, (yr,+,) = r; and

Up, (ymﬂfi - CL) = t;.
Again by Lemma 6.6 and (12), for i fixed

3o a Iy, L )

r; >0t;>0

< Z C(E'U,FU) niL(l 77@) q q;n

vy, (@)>r;>0

+ Y C(Ey,Fy)g “L(,n) (A4t —vp,(a)g; " + > C(Ey, Fy)g; ™ L(1mu)(1+ 715 — vy, (a))g; "
ti>vp, (a) ri>vp, (a)

ri—vp,; (a)

< Z C(Ey, Fy)q; " L(1, m)%q 4 ¢ +2 Z C(Ey, Fy)g; " L(1,m0) (1 + £ — Upi(a))%‘_z

ri>0 £>vp, (a)
o [ L) 20

—n =22 L(1, 1, 2q; *

< C(Ey, Fy)L(1,mu)g; ™ —5 T
v v v)44 1_qi1/2 (l_qi 1)2

o, —tpi(@)
S 25% " 2 C(E’LHFv)

< 2%¢;*™C(E,, F,).
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Finally we can bound the product of these terms over 1 < i < m. We note
that
25O < 5o (c()FQ <« ().

Also, because C(FE,, F},) = 1 unless v ramifies in E,

m

[[cE.. F) <ert.

i=1

By these facts,

" — max{r;,t; } C(Q)6
H quz I(flﬁ fPL) <<€;F;E C(Q) : (14)
=1 r; ti
Combining (13) and (14) and applying (5) we conclude
c(Q)°
|Ireg(f)‘ <<F,E,k,e |(‘.TJ
O

Finally we combine the spectral expansion for I(f), Proposition 3.9, together
with the calculation of Ij,e4(f), Proposition 4.20, with the bound on I..4(f)
established above. In the theorem below the term |9|'*¢c(Q)¢ comes from the
irregular term and |9|¢¢(Q)2 ¢ comes from the bounds on the regular orbital
integrals.

Theorem 6.8. Fiz a totally real number field F and a CM extension E of F'.
Let N be a squarefree ideal in Op such that the number of primes dividing N
has the same parity as [F : Q] and such that each prime of F dividing N is inert
and unramified in E. Let Q be a character of ARE*\A} which is unramified
above M and has weights at the archimedean places strictly less than k. Then
for any € > 0,

N|TFe(Q) + [N ()2,

Lyin(1/2,m X 0q) <F,E ke
for all m € F(N, 2k).

Proof. We note that with the weight k fixed there are only finitely many possi-
bilities for the archimedean type of €2, hence it suffices to prove the same bound
for the completed L-function.

We take f, = 1, then from the spectral expansion for I(f) we have, by
Proposition 3.9,

Ls((1,7)° 4[F:QJ( 2k — 2 ) y L2 e9)

kim-1) o< - L(m Ad)

I
S NEN Py T

(15)
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On the geometric side, we recall that we have written

I(f) = [irreg(f) + Ireg(f) (16)
in Section 4.3. By Proposition 4.20 we have,

()
Iirre < € 9 ].7
lirea(N| e s (17)
and by Lemma 6.7 we have, for all € > 0,
c(Q)€
lreo] e g (18)
Hence, combining (15), (16), (17) and (18), and noting that
1
- - @ @00< 22‘5(9” < gnlc( 2[F:Q] <. C 0 6’
Lo @) = < 00(c(2)) (€)
we get,
L(1/2,mg ® ) 1
—_ - 7 )¢ Q)zte, 1
Z L(1,7, Ad) KB ke [Me(Q) + ()2 (19)
TEF(N,2k)

Now using positivity of L(1/2,7g ® Q), which is clear from the period for-
mula, we have

L(1/2,7p ® Q) L(1/2,7g ® Q)
NS T e S S B eVl
L(l,7, Ad) — Z L(1, 7, Ad) (20)
TEF (M, 2k)
for any m € F(M, 2k). We now use that for all € > 0,
L(1, 7, Ad) <. |5 (21)

cf [IK04, Theorem 5.41]. Hence by (19), (20) and (21) we have, for all € > 0,

(1/2,7p ® Q)

L =+e
L(1/2,75 @ Q) <. |M° L(L 7, Ad) <LF,E ke M| Fee(Q)C + |‘ﬁ|€c(Q)§+ .

O

Finally we explicate how this Theorem gives a subconvex bound as 91 and
Q vary in certain ranges.

Corollary 6.9. For 0 <t < % and € > 0,

1

Lyin(1/2,m x 0) <pp ke ((Q)N])2 77,
for m e F(M, 2k); with N and Q satisfying the conditions of Theorem 6.8 and

(Q)TEFS < M < o(Q) T
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Proof. To beat convexity we need,

—t

[N

91 Fe()" < |92 1e(Q)

and
1

M|e()2H < |9z te() 7

Thus we need seior s
c(Q) T2z < M| < () TF2T2e

We note that the range for || is non-empty provided ¢ >t > 0. O

6.3 Classical reformulation

To finish we work out Theorem 6.1 in the case F' = Q classically. We fix an
imaginary quadratic field E = Q(v/—d) of discriminant —d and let y_4 = (_—d)
denote the associated quadratic Dirichlet character.

Let N be a squarefree integer which is the product of an odd number of
primes p satisfying x_4(p) = —1. For a positive integer k we denote by F(N, 2k)
the finite set of normalized newforms of level N, weight 2k, trivial nebentypus
and which are eigenforms for all the Hecke operators. On F(N, 2k) we take the
Petersson inner product defined by

or AT dy
5

_ . 2
(. f) = / o

We note that,
22k

where 7y denotes the automorphic representation of GL(2, Ag) generated by
f. We denote by L(s, f) the completed L-function of f, which has a functional
equation relating the value at s to 2k — s.

We now fix a character Q : EX\Af — C whose restriction to Ag is trivial.

At infinity we have
z m
Do 12— (:) ,

Z
with m € Z. We recall that when € does not factor through the norm map
N: AL — AQ there is a modular form gq of level dc((2), weight 2|m| + 1 and
nebentypus x_q4 such that

L(l, TF, Ad) =

L(s,gq) = L(s, Q).

For f € F(N,2k) we let L(s, f X gq) denote the completed Rankin-Selberg L-
function which satisfies a functional equation relating the value at s to 2k +
2Im|[+1—s.

We recall the well known facts that for the completed L-functions, L(2, 1q) =

5 and

h_q
u_gVd’

L(la X—d) =
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where h_4 denotes the class number of E and u_q = #05 /{£1}.

Taking into account that the gamma factor for L(k, f) is 2(27)~*T'(k) and
the gamma factor for L(k + |m| + 3, f X gqa) is 4(27)"**T(k + m)I'(k — m),
we now apply Theorem 6.1 to get the following following averages for the finite
parts of the L-functions.

Theorem 6.10. Let N be a squarefree integer as above with N > d. Then we
have

u—d\/a Z szn(]-7f)szn(]-af & X—d) _ h—d <1 i 12h—d >

82 erOva) (f, f) u—qp(N)

where ¢ denotes the Euler totient function. When k > 1 we have

W Z Lfin(kvf)Lfin(kaf(@de)
2m (47)2k—1 (f. f)

=h_gq.
fFEF(N,2k)

For a character Q as above which does not factor through the norm we get for
N > de(§2),

(2k = 2)u_gvV/dLgq) (1, x-a) 3 Lyin(k + |m| + 3, f X go)
2m(4m)2h—t (£, f)

=h_q4.
fEF(N,2K)

We note that when the level is prime the first part of this Theorem agrees
with Duke’s asymptotic result [Duk95, Proposition 2] and the first and second
parts agree with Michel and Ramakrishnan’s exact formula [MR]. One can see
[MR, p.5] for explicit examples verifying that this formula agrees with known
data.
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