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ABSTRACT. We prove a general subconvex bound in the level aspect for Rankin—Selberg L-functions
associated with two primitive holomorphic or Maass cusp forms over Q. We use this bound to
establish the equidistribution of incomplete Galois orbits of Heegner points on Shimura curves
associated with indefinite quaternion algebras over Q.
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1. INTRODUCTION

In this paper, we pursue the program—initiated in [KMV02] and continued in [M04a]—of solving
the subconvexity problem for Rankin—Selberg L-functions in the level aspect. The subconvexity
problem is the following: given two primitive cusp forms f and g, we denote by ¢ and D, x; and
Xg, 7f = @' 7pp and m, = @' 7y, respectively, the level, nebentypus, and GLg(Ag)-automorphic
representation attached to f and g; finally, we denote by

L(f®g,s)=L(ry @my,s) = H L(myp @ mgp, S)

p<oo

the associated (finite) Rankin—Selberg L-function as it is defined in Jacquet’s monograph [J72] (see
also [C04]).

As in [KMV02, M04a], we are interested in providing non-trivial upper bounds for L(f ® g, s)
when g is (essentially) fixed, Rs = %, and ¢ — 4o00. Using the local Langlands correspondence, one
can verify that the conductor Q(f ® g) of L(ny @ my, s) satisfies the bound

(aD)*/(¢,D)* < Q(f ® g) < (¢D)*/(q, D),
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hence the subconvexity bound we are seeking is a bound of the form

L(f®g,s) <qi?,

for Rs = %, with some absolute § > 0, the implied constant depending on |s|, g and the parameter
at infinity of f (i.e., the weight or the Laplacian eigenvalue).

In [KMVO02], the problem was solved under the following assumptions:

e f is a holomorphic cusp form;
e the conductor ¢* of xrx, is at most q%_" for some 1 > 0, the corresponding exponent §
then depending on 7.

Of the two conditions above, the second is the more serious. It was essentially removed in [M04a]
under the assumptions:

e ¢ is a holomorphic cusp form;
® XfXg is non-trivial.

The main objective of the present paper is to remove the assumption of g holomorphic; we prove

Theorem 1. Let f and g be two primitive (either Maass or holomorphic) cusp forms of level g, D
and nebentypus X5, Xg, respectively. Suppose that x x4 s not trivial; then for Rs = % one has

(L.1) L(f®g,s) <qi?,

with § = ﬁ = 0.000377 ..., and with the implied constant depending polynomially on |s|, D and

on the parameters at infinity of f and g (i.e., the weight or the Laplacian eigenvalue).

Remark 1.1. More precisely, the subconvex exponent % — § can be replaced by

1 (1-20)2
1.2 S
(12) 2 1616 °©

for any € > 0. Here 6 stands for an approximation towards the Ramanujan—Petersson conjecture
for weight zero Maass forms (see Hypothesis Hy below). While the current best approximation
towards the Ramanujan—Petersson conjecture—due to Kim—Shahidi, Kim and Kim-Sarnak [KS02,
K03, KS03]—is rather strong (¢ = ¢ is admissible), we see from (1.2) that in order to solve the
present subconvexity problem any 6 < % would have been sufficient. Note also that for simplicity we
decided to exhibit a uniform subconvex exponent: when the conductor of s is small (i.e., smaller
than ¢" for some fixed n < 1), better subconvex bounds are admissible (we leave it to the reader to
determine the dependency of such bounds in terms of the parameter 7: cf. the exponents given in
Theorem 4).

Remark 1.2. The method of proof of Theorem 1 can also be applied (with some non-trivial modifi-
cations) when ¢ is an Eisenstein series; the most interesting one being the non-holomorphic Eisenstein
series of full level:

g(z) = agE(z, 8)js=1 = 2y/ylog(e"y/4m) + 4@2 7(n) cos(2mnz) Ko (2mny);
s
n>1
in this case, L(f ® g,s) = L(f, s)? is the square of the standard Hecke L-function of f. When x is
primitive (which, in some sense, is the most difficult case), the subconvexity problem for L(f, s) was
solved by Duke—Friedlander-Iwaniec, in a series of difficult papers [DFI97a, DFI97b, DFI01, DFI02]:
one has

(1.3) L(f,s) < g~ o,

for s = %, where the implied constant depends polynomially on |s| and the parameters at infinity
of f. In a future work [BHMO5b], we shall use a modification of the methods of the present paper
(using the original §-symbol method of [DF194a]) to give a fairly different proof of (1.3), valid when

X7 is non-trivial and with a significantly improved subconvexity exponent.
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Note that besides achieving a subconvex exponent in the level aspect, a not so small portion
of our effort is directed towards checking the polynomial dependency of the bounds of Theorem 1
with respect to the remaining parameters of f and g'. This (seemingly minor) aspect turns out to
be important in several situations: namely for the problems in which subconvexity is applied not
only to an individual L-function but to a whole family so that polynomial control in the remaining
parameters indexing the family is crucial. A typical example is the present subconvexity bound
(1.1), which relies ultimately on a family of subconvex estimates for twisted Hecke L-functions over
a whole Hecke eigenbasis of automorphic forms of small levels (see Sections 5.4 and 5.6). Another
example is given in Remark 1.4.

1.1. Equidistribution of Heegner points. A remarkable feature of the subconvexity problem is
that in several occasions a subconvex bound is just sufficient to bring a full solution to some natural,
apparently unrelated, questions; it is in particular the case with several equidistribution problems.
This was first pointed out by Duke [D88] in the context of Linnik’s problems on the distribution of
integral points on the sphere and on the distribution of Heegner points on the full modular curve
(see also [IS00, S94, SO1, M04b] for further effective or potential applications of subconvexity to
other equidistribution problems).

In fact, one of the main applications of the subconvex bound of Theorem 1 is to provide some
further refinements concerning the equidistribution of Heegner points on modular curves. For this
introduction, we describe our results in the case of the full modular curve X (1), which is the origi-
nal case treated in [D88]. Recall that as a Riemann surface, Xo(1) ~ P! is defined as the quotient
SL2(Z)\(HUQU{oo}), where H is the upper half-plane and SLy(Z) acts by linear fractional trans-
formations. We denote by du(z) the probability measure on Xo(1)(C) induced by the normalized
hyperbolic measure %dz# on H. The map z — C/(Z + Zz), where z € H, induces a bijection
from SL2(Z)\H—the points of X((1)(C) excluding the cusp at infinity—to the set of isomorphism
classes of elliptic curves over C. We write ¢ for the inverse of this bijection. For an imaginary
quadratic extension K/Q with maximal order Ok of discriminant —D, we denote by Ell(O) the
set of (C-isomorphism classes of) elliptic curves with complex multiplication by Ok. By the theory
of complex multiplication, these curves are in fact defined over H, the Hilbert class field of K, and
the Hilbert class group Gk := Gal(Hg/K) ~ Pic(Ok) acts simply transitively on Ell(O); hence
El(Ok) = {E?, 0 € Gk} for any E € Ell(Ok). The set of Heegner points (of conductor 1) with

CM by K is the image of the embedding Ell(Ok) & Xo(1)(C). Since by Siegel’s theorem,
[El(Ok)| = |Pic(Ok)| > D? ¢ = 400 as D — 400,

one may wonder how the Heegner points are distributed on X((1)(C) as D grows. This question
was investigated by Linnik [L68]: by means of his pioneering ergodic method, Linnik proved, under
an additional congruence condition on —D modulo some fixed prime, that @(EII(OK)) becomes
equidistributed relatively to the measure du(z) as D — +oo. This restriction was removed by
Duke [D88] by using quite different techniques; namely by exploiting a correspondence of Maass
to relate the Weyl sums associated to this equidistribution problem to Fourier coefficients of half-
integral weight Maass forms and by proving directly non-trivial bounds for them (using a technique
introduced by Iwaniec [I87]). The connection of this problem with subconvexity comes from the
work of Waldspurger [W81] on the Shimura correspondence, which shows that non-trivial bounds
for these Fourier coefficients are in fact equivalent to subconvexity bounds for the central values of
twisted L-functions
L (g & XK, %) <<g Déi[sv

where g ranges over the (weight 0) Maass eigenforms on X(1) (possibly Eisenstein series) and xx
denotes the quadratic character (of conductor D) corresponding to K; the latter bound was proved
in [DFI93] for g holomorphic and extended to Maass forms in [H03a, M04a], thus providing another

I particular, when g is holomorphic of weight kg, (1.1) depends polynomially on kg which is not the case for the
bound proven in [M04a).
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approach to Duke’s theorems. Our main application is to strengthen these results by proving the
equidistribution of smaller Galois orbits of Heegner points:

Theorem 2. For any continuous function g : Xo(1)(C) — C, there exists a bounded function
gq : RT — R which satisfies

lirrb gg(x) =0
such that: for any imaginary quadratic field K with discriminant —D, any subgroup G C Gk, and
any E € Ell(Ok), one has

1
(1.4 & Sl E) = [ gl

= Xo(1)(C)

<ey([Gk - G}D_W).

This result states the equidistribution of orbits of Heegner points by subgroups G of G of
index satisfying [Gk : G| = O(DW); this is a special instance of equidistribution for short orbits
of Heegner points on Shimura curves associated to indefinite quaternion algebras® over Q and is
meaningful in the context of the André—QOort conjectures. At this point, we refer to Section 6 for
definitions and proofs of more general cases, and simply say that the equidistribution property is
a consequence of deep Gross—Zagier type formulae established by Zhang [Z0la, Z01b, Z04] which
connect the Weyl sums associated to this equidistribution problem to central values of Rankin—
Selberg L-functions. The proof that these Weyl sums are small follows from the subconvexity bound
(1.3) and from the bound (1.1) of Theorem 1.

Remark 1.3. The exponent 5 in (1.4) comes from the subconvex estimate (1.3) of [DFI02,
Theorem 2.4], which is used to bound the Weyl sums corresponding to the Eisenstein spectrum. In
particular, for functions g contained in the span of the Maass cusp forms, only Theorem 1 is used
and (1.4) holds with the stronger exponent ﬁ. In Section 6 similar equidistribution problems
for compact Shimura curves are considered. As such compact Riemann surfaces have no Eisenstein

spectrum, the analogue of (1.4) holds with this stronger exponent as well.

Remark 1.4. The polynomial control can be used to give more quantitative information on the
equidistribution of Heegner points, that is, to bound their discrepancy. For instance, it is natural to
consider, as in [LS95], the spherical cap discrepancy

1 3
Dgp(G):= sup |— 1—=Vol(B)|,
BCXo(1) |G| % T
o(E)eB

where the supremum is over all the geodesic balls B C X(1) and Vol(B) = [, %. Using the
bounds of Theorem 1, [DFI02] and the approximation arguments of [LS95, Section 5], one can show
that there exists an explicitly computable n > 0 such that, under the notations and assumptions of
Theorem 2, one has

Dg(G) < [Gk : G) D™ =w0m ",
where the implied constant is absolute (but not effective).

These equidistribution results admit analogues in the case of real quadratic fields. In his recent
Ph.D. thesis, Popa [P03] established formulae analogous to those of Gross—Zagier and Zhang: for
example, his formulae relate the central values of Rankin—Selberg L-functions (of automorphic forms
against theta functions attached to narrow class group characters of a real quadratic field) to some
(twisted) integrals of modular forms along geodesic one-cycles on a Shimura curve. The subconvexity
bounds of [M04a] and of the present paper then can be used in conjunction with these formulae to

2For definite quaternion algebras, there is also an analogue (see [DS90]), in which the role of the Shimura curves
is played by ellipsoids in R (of positive curvature!); this is closely related to the application discussed in [MO04a].
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study the distribution properties of (orbits of) these cycles either on the curve or in the homology
of the curve, generalizing former results of Duke [D&8].

1.2. Outline of the proof of Theorems 1. The beginning of the proof closely follows [DFI02,
Mo04a]. By a standard approximate functional equation, one is reduced to estimate non-trivially

partial sums of the form

3 Ap(m)Ag(n) ) (3) ,

n>1 \/ﬁ N
where A¢(n) and Ay(n) denote the n-th Hecke eigenvalues of f and g, W denotes a rapidly decreasing
function (depending essentially on the infinity types of f and g), and N is of size about ¢q. As is
customary in the subconvexity problem, we bound such sums using the amplification method, by
evaluating their amplified second moment over an orthogonal basis of automorphic forms of level
[g, D] containing f (considering a slightly larger family of forms with level [g, D] rather than ¢ is a
trick very useful to simplifying the computation; this trick also occurred in [M04a] and in a slightly
different yet related context in [GZ86, Z01a, Z01b]). Then we analyze the amplified second moment
by applying Kuznetsov’s trace formula forwards (i.e., from sums of Fourier coefficients of modular
forms to sums of Kloosterman sums) and by applying Voronoi’s summation formulae to the Fourier
coefficients of g. We arrive at sums whose archetypical example is of the form

(15) Z(Z,l;q, Y) = ZGXfXg (h, [q,DD Z Ag(m))\g(n)w <ZL,£'> )
h

I{m—n=h

where Gy, (h; q, D]) denotes the Gauss sum, ¢ < L? is an integer coming from the amplifier (of
length L), L is a very small (positive) power of ¢, ¥ < ¢, and W is a bounded rapidly decreasing
function. The sum X(¢,1;¢,Y) splits naturally into the contribution of the h = 0 term, which in
our case is zero by the assumption that xfx, is not trivial, and our main problem is to evaluate the
remaining terms. From the bound for Gauss sums, the trivial bound is given by

E(fj 1;q, Y) <Lge \/qT‘q%_E

for any € > 0, where ¢* denotes the conductor of x¢x4; on the other hand, in order to solve our
given subconvexity problem, we need a bound of the form

(1.6) 2(6,1;4,Y) <4 ¢

for some § > 0, uniformly in ¢ < L?; thus one sees, from this crude analysis, that the problem gets
harder as ¢* gets larger. For h # 0, the innermost sum

3 AmAg (m)w (7: g/)

{m—n=h

is called a shifted convolution sum (the case h = 0 corresponding to a partial Rankin—Selberg
convolution sum), and the problem of bounding non-trivially such a sum (the trivial bound being
<, Y17¢) is known as the Shifted Convolution Problem. There are at least two ways to handle this
problem:

o The first one is via the §-symbol method® which has been used for instance in [DF193, DF194a],
in [KMV02], and—in a different form—in [J99, HO3a, HO3b]; the method builds on a formula
for the Kronecker symbol &gy, —n—p in terms of additive characters of small moduli (i.e., of size
~ /Lq instead of £q). Plugging this formula into the shifted convolution sum separates the
variable m from n; then a double application of Voronoi’s summation formula for g yields a
linear combination of Kloosterman sums in a short range. In this case, Weil’s bound (in fact,
any non-trivial bound) for the Kloosterman sums suffices to solve the Shifted Convolution
Problem.

3a descendent of the classical circle method with the Kloosterman refinement
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e The second one was suggested by Selberg [S65] in 1965; it was worked out in some cases by
Good, Jutila and others but was made effective and general by Sarnak in [S01]. It builds
on the possibility of decomposing spectrally the shifted convolution sum above, in terms
of a basis of automorphic cusp forms (and Eisenstein series) of level Df and of their h-th
Fourier coefficient. The solution of the Shifted Convolution Problem then follows from fairly
non-trivial estimates for certain triple products (cf. [S94, BR99, KSt02]) and from a(ny)
non-trivial approximation to the Ramanujan—Petersson conjecture, by which we mean that
the following hypothesis is satisfied for some 6 < % (in fact, Hy is now known for § = =

(KS03)): o

Hypothesis Hy. For any cuspidal automorphic form m on GL2(Q)\ GL2(Aq) with local
Hecke parameters agrl)(p), af?) (p) for p < oo and ,usrl)(oo)7 ugrz)(oo), we have the bounds

|a£rj)(p)| < poa j=12
(resp. [Rpl (00)] <0, j=1,2)
provided T, (Tesp. Tso) is unramified.

When it can be applied, the latter approach is less elementary but (now) more powerful than the
d-symbol method (in part because Weil’s bound for Kloosterman sums corresponds to Hypothesis
Hy, while H z is currently known); it is in particular the case when g is holomorphic [S01, M04a]
or for unbalanced shifted convolution sums (i.e., when h is small compared to the typical sizes of
the variables m and n [SO1], or when one of the variables m and n is much smaller than the other).
In the case of Maass forms and in a balanced situation (i.e., when h is comparable in size with
the other variables m and n, as is the case in the present paper), realizing the spectral expansion
of the shifted convolution sum is not so immediate (cf. [HO3b]). This technical problem is very
similar to the kind of difficulty Kuznetsov dealt with when he established his formula with arbitrary
test functions on the Kloosterman sum side: in other words, the spectral expansion of the shifted
convolution sums has to include contributions from the full automorphic spectrum (i.e., including
contribution from the discrete series). In a recent paper, Motohashi [Mo04] has produced such a
spectral expansion—confirming the above expectations—but there are several technical issues that
need to be addressed before one can apply it to the present problem; we will return to this in the
forthcoming work [HMO5].

In fact, the two methods discussed above turn out to be closely related and in this paper we exploit
this connection to obtain the spectral expansion by following a rather indirect path. Our starting
point is the d-symbol method or, more precisely, another variant of the circle method due to Jutila
[J92, J96]: this variant gives us the extra luxury of selecting the moduli of the additive characters
to be divisible by D{ and hence provides us with considerable simplification in the forthcoming
argument—it was also employed by the first author in [H03a] to give a simplified solution of the
subconvexity problem for the L-function of a Maass form twisted by a character. We then apply
the Voronoi summation formula twice getting a sum of Kloosterman sums of moduli divisible by
D/{. Finally, we expand spectrally this expression by applying Kuznetsov’s formula a second time
but backwards (i.e., from sums of Kloosterman sums to sums of Fourier coefficients of automorphic
forms) transforming the shifted convolution sum into a weighted sum of the h-th Fourier coefficient
over a Hecke eigenbasis of automorphic forms of level D¢. Note that this process is (of course) not
involutory and that in this way we encounter not only Maass but also holomorphic forms. Of course,
this is just another way to realize (up to an error term) the same spectral expansion of the shifted
convolution sums discussed in the second method above. There are, however, some differences: in
particular, triple products of automorphic forms are absent from our argument as well as the delicate
issue of showing their exact exponential decay; instead, we use more elementary estimates on Bessel

transforms?.

4Nevertheless, the two approaches are closely related via representation theory and Bessel models.
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In any case, the spectral expansion alone is insufficient, even under Hypothesis Hy, to get the
bound (1.6) when ¢* is large, but now we can proceed as in [M04a] by combining the spectral
expansion with the averaging over the h variable and by exploiting the oscillation of the Gauss
sum. The problem turns out to be reduced to a collection of subconvexity problems for the twisted
L-series L(%) ® X rXg4,S) as ¢ ranges over a basis of Maass forms, holomorphic forms and Eisenstein
series of level D¢, a question which has already been solved (but at this point we need strongly the
polynomial dependency with respect to the auxiliary parameters).

Remark 1.5. The process of applying Kuznetsov’s formula backwards—after an application of the
d-symbol method—for the resolution of the shifted convolution problem was carried out by Jutila
[J99] in the full level case (D¢ = 1); for general levels, where exceptional eigenvalues cannot be
excluded, this possibility was already considered in [DFI94a], but not pursued further—and in fact,
this was not really crucial by comparison with our present problem—cf. loc. cit. p.210: “We shall
use Weil’s bound for Kloosterman sums rather than the spectral theory of automorphic forms since
the latter approach would require us to deal with the congruence subgroup T'o(ab) facing intrinsic
difficulties with small eigenvalues. The results obtained this way would not be good enough for large
a,b.” We remark that the last sentence is now obsolete but only because of the progress made in
direction of the Ramanujan—Petersson conjecture (more precisely, because Hypothesis Hy holds for
some 0 < i) We also note that, applied to our present situation, this process is nevertheless robust:
Theorem 1 would remain valid (with a weaker subconvex exponent) even under Hypothesis Hy for
any given 6 < % The reason is that we need to solve the Shifted Convolution Problem either for
a few individual h’s but of relatively large size (when ¢* is small), or for h’s varying in a wider
range but then on average (when ¢* is large), or for any intermediate case in between these two
configurations, thus keeping the distortions created by small eigenvalues limited. In other words,
we don’t need to resolve an individual Shifted Convolution Problem for a small h. We also note
that in a recent preprint [Bl04], V. Blomer gave a striking application of Jutila’s method to the
subconvexity problem for twisted L-function. His argument does not seem sufficient to solve the
present subconvexity problem in full generality, but it can be combined with the one of this paper
to obtain a somewhat stronger subconvex exponent in Theorem 1. See [BHMO5a] for a first step in
this direction.

1.3. Recent developments regarding the Subconvexity Problem. During the final stage of
preparation of this paper (Summer of 2004), new striking cases of the subconvexity problem have
been announced by J. Bernstein and A. Reznikov on the one hand, and by A. Venkatesh on the
other hand; these results are now available in print [BR05, V05]. More precisely, Bernstein and
Reznikov considered the subconvexity problem in the spectral parameter aspect and established
a subconvex bound for the central value L (my ® Ty ® myr, 3) of the triple product L-function
associated to three Hecke-Maass cusp forms (over Q), two of which (¢’ and ¢”, say) are fixed
and the remaining one (¢) has large Laplacian eigenvalue. In a different direction, A. Venkatesh
considered the subconvexity problem in the level aspect for automorphic L-functions over a general
number field F.Amongst other cases, he obtained subconvex bounds for the standard L-function
L(m,s), the Rankin—Selberg L-function L(m ® 7/, s), and the central value of the triple product L-
function L (TI' Q' @n’, %), where 7’ and 7" are some fixed cuspidal automorphic representations
of GL2(AF) and 7 is a cuspidal automorphic representation of GLy(A ) with large conductor and
trivial central character: in particular, these bounds generalize, to any number field, the subconvex
bounds obtained in [DFI193, DFI94a, KMV02]. The proof of these new subconvexity cases build on
soft but powerful methods which are very different from the ones developed so far: indeed these
methods are geometric in nature, and rely on the expression of the central values of automorphic
L-functions in terms of periods of automorphic forms; then, the subconvexity problem becomes
tantamount to bounding non-trivially these periods. This is achieved by using a beautiful mix of
representation theoretic, analytic and/or ergodic theoretic arguments. This is in sharp contrast with
the former approaches (like the one presented here) where the relationship between central values
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and automorphic period is exploited, but only after the subconvex bound has been obtained (via the
method of amplified moments for instance), to deduce an equidistribution result from subconvexity.
Although these alternative approaches are very different from the ones coming from analytic number
theory, an astute reader will nevertheless identify some common patterns on each side: this is
especially striking when one compares [V05] with say [DFI94a] or [KMV02]. In fact, it seems
plausible that one can pursue the analogy further so as, for example, to incorporate some features
of the present paper within the framework developed in [V05]: this would yield to a generalization
of Theorem 1 (which is not covered by the results of [V05]) to GLy-automorphic forms on a general
number field.

The present paper is organized as follows. In the next section we collect and recall several general
facts on the analytic theory of automorphic forms (like Voronoi summation formulae and estimates
for Fourier coefficients of modular forms); the material presented there is mostly standard but on
several occasions we have not been able to find the proofs of several estimates given in the generality
required by the present paper, so we have provided proofs on these occasions. Section 3 reduces our
subconvexity problem for Rankin—Selberg L-functions to an estimate for sums of shifted convolution
sums of type (1.5). As this reduction is entirely similar to Section 2 of [M04a], we skip most of
the details. Sections 4 and 5 constitute the technical core of the paper: there we resolve the given
shifted convolution problem by combining Jutila’s variant of the circle method with the Kuznetsov
trace formula and subconvexity estimates for twisted L-functions. Section 6 contains the application
of our subconvexity bounds to the problem of equidistribution of short orbits of Heegner points on
Shimura curves associated to indefinite quaternion algebras over Q.
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2. REVIEW OF AUTOMORPHIC FORMS

2.1. Maass forms. Let k& and D be positive integers, and y be a character of modulus D. An
automorphic function of weight &, level D and nebentypus x is a function g : H — C satisfying, for

any vy = <Lcl Z) in the congruence subgroup I'g(D), the automorphy relation

9y (2) =y (2) Fg(v2) = x(d)g(2),

where
az+b d () cz+d
z = an z) = ——
K cz+d & |cz + d]
We denote by Lj(D,Y) the L2-space of automorphic functions of weight k& with respect to the

Petersson inner product

= exp(iarg(cz + d)).

dxdy
2

(91,92) = / 0 ()75(2)
To(D)\H




THE SUBCONVEXITY PROBLEM FOR RANKIN-SELBERG L-FUNCTIONS. II 9

By the theory of Maass and Selberg, L (D, x) admits a spectral decomposition into eigenspaces of
the Laplacian of weight &

o2 0? 0
Ap = — — + — iky—.
k=Y <8m2+8 2)” Yo
The spectrum of A has two components: the discrete spectrum spanned by the square-integrable

smooth eigenfunctions of Ay (the Maass cusp forms), and the continuous spectrum spanned by the
Eisenstein series {Ea(2, 8)}a, s with »s = 1} any g € Lg(D, x) decomposes as

9(2) = Z<g’uJ Ju; (2 +Z4m/ ga (*, ) Ea(z, ) ds,

720

where ug(z) is a constant function of Petersson norm 1, By (D, x) = {u;};>1 denotes an orthonormal
basis of Maass cusp forms and {a} ranges over the singular cusps of I'y(D) relative to x. The
Eisenstein series Eq(z, s) (which for Rs = £ are defined by analytic continuation) are eigenfunctions
of Ay with eigenvalue \(s) = s(1 — s).

A Maass cusp form g decays exponentially near the cusps. It admits a Fourier expansion for
each cusp with its zero-th Fourier coefficient vanishing; in particular, for the cusp at oo, the Fourier
expansion takes the form

+oo
(2.1) 9(z) = Y pg(m)Woo i s, (4mlnly)e(nz),
n=—oo
n#0
where W, 5(y) is the Whittaker function, and (% +it) (3 —it) is the eigenvalue of g. The Eisenstein
series has a similar Fourier expansion

Ea(2,§ +it) = 0acooy® % + ga (% + i)y~ + Z pa(ns OW a sy (4n[nly)e(na),

n;éo

where ¢q (5 + it) is the entry (0o, a) of the scattering matrix.

2.2. Holomorphic forms. Let S, (D, x) denote the space of holomorphic cusp forms of weight k,
level D and nebentypus Y, that is, the space of holomorphic functions g : H — C satisfying

9(v2) = x()(cz + d)*g(2)

b) € I'g(D) and vanishing at every cusp. Such a form has a Fourier expansion

d

for every v =

at oo of the form

Zpg )(47n) 3 e(nz).

n=1

We recall that the cuspidal spectrum of L (D, x) is composed of the constant functions (if k¥ = 0,
x is trivial), Maass cusp forms with eigenvalues Ay = (3 + ity)(5 — it,) > 0 (if k is odd, one
has Ay > ) which are obtained from the Maass cusp forms of weight x € {0,1}, k = k(2) by
ka’{ applications of the Maass weight raising operator, and of Maass cusp forms with eigenvalues
A= é(l — é) 0,0 <1<k, I =k(2) which are obtained by £ applications of the Maass weight
raising operator to weight I Maass cusp forms given by 3'/2g(z ) for g € §;(D, x). In particular, if
g € Sk(D, ), then y*/2g(z) is a Maass form of weight k and eigenvalue £(1— £). Moreover, we note
that our two definitions of the Fourier coefficients agree:

pg(”) = pyk/Qg(n)'



10 G. HARCOS AND P. MICHEL

In the sequel, we set

(2.2) . {1 +|ty]  for g a Maass cusp form of weight 0 or 1;
) g =

1+ kg; L for g a holomorphic cusp form of weight k.

2.3. Hecke operators. We also recall that L£;(D,x) (and its subspace generated by Maass cusp
forms) is acted on by the (commutative) algebra T generated by the Hecke operators {T},},,>1 which
satisfy the multiplicativity relation

TTo= Y X(d)Tmy.
d|(m,n)

We denote by T(P) the subalgebra generated by {T}(n,p)=1 and call a Maass cusp form which is
an eigenform for T(P) a Hecke-Maass cusp form. The elements of T(P) are normal with respect to
the Petersson inner product, therefore the cuspidal subspace admits a basis formed of Hecke—Maass
cusp forms. For a Hecke-Maass cusp form g, the following relations hold:

(2.3) Vipg(dn) = py(£1)Ag(n) for (n, D) =1,

where A\4(n) denotes the eigenvalue of T;,, and

(2.4) Vimpgm)Ag(n) = 3 x(dpy (5 5) 1/
d|(m,n)

(2.5) Vinnpy(mn) =S~ x(duldip, (%) \/fxg (5)-

d|(m,n)
The primitive forms are defined to be the Hecke-Maass cusp forms orthogonal to the subspace of
old forms. By Atkin—Lehner theory, these are automatically eigenforms for T and the relations (2.3)
and (2.4) hold for any n. Moreover, if g is a Maass form not coming from a holomorphic form (i.e.,
if ity is not of the form il*Tl for 1 <1< k,l=Ek(2)), then g is also an eigenform for the involution
Q11it, x of [DFI02, (4.65)], and one has the following relation between the positive and negative

Fourier coefficients:

(2.6) pg(=n) = ggpg(n) forn =1
with

L(%+ity+%
(2.7) £ = iM
I(3 +ity — 3)

(cf. [DFI02, (4.70)]).
A primitive form g is arithmetically normalized if py(1) = 1.

2.4. Voronoi summation formulae. The modular properties of a cusp form g € L (D, x) trans-
late into various functional equations for Dirichlet series

D(gv €, S) = Z \/ﬁpg(n)e(nl‘)nis

attached to additive twists of the Fourier coefficients py(n). When 2 = ¢ is a rational number in

lowest terms with denominator ¢ divisible by the level D, the functional equation is particularly
simple.
If ¢ is induced from a holomorphic form of weight I, then by Appendix A.3 of [KMV02] (see also

[DI90]), ) e iaT (s ]
D(g,?s) =i'x(a) (ﬂ) WD (g,—c,l—s).
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If g is not induced from a holomorphic form, then
a ks [ C\172s a _ a
(28) D (9, s 5) = i*x(@) (;) {q’:zt(s)D (ga s 1 - 3) + \I/k,it(S)D <an Py - 3) } )

where \I/flt(s) are meromorphic functions depending at most on k and it, % + t2? is the Laplacian
eigenvalue of g, and @ = Q11 is the involution given in (4.65) of [DFI02]. In fact, we can assume
that Qg = g for some € = £1, and reduce the above to

O Y e £ A - aq_
(29) D <g, C,s) =1i"x(a) (w) {\I/k’it(s)D (g, C,l s) +eWy, . (s)D (g, > 1 s) } .
For k =0, \I/,fzt(s) are determined in Appendix A.4 of [KMV02] (see also [M8&8]):

F <1fs+it) F (17877;25) F (27S+it) F (2787“)
+ _ 2 2 2 2
(2.10) Vo i(s) = T (52T (%) T (TEs=i) T (Lt )

For k # 0, we will express \I/kizt(s) in terms of the functions ®; (s, it) defined by (8.25) of [DFI02]:
P(3+it+5%)
T(5+it— %)

Our starting point for establishing the functional equation is the identity

*° d
@) afin =Y [T W W) byt
1/, 5 2 y
(2.12) W—S Oog(m +iy)y57%d—y = (s it)DH(g x,8)+ P, (s it)Dfl(g x,s)
: 4 o y k\°> )y k ) sy ALy 9 ),

where
2Di1 (ga z, S) = D(gv z, 8) + D(gv -z, 3)'
In deriving this identity we use (2.1), (2.6), and (2.7) with the sign ¢ = £1. The modularity of g

implies, for any y > 0,
a 1 A a 1
g ( + y) =i"x(a)g <— + ) :
c ¢ c oy

We integrate both sides against y*~ 2 dy—y to obtain, by (2.12),

1-2s a
Y oF(sinD* (g,%5) =i*x(@) (£) T Y01 - si)DF (9.~ 1 -5 ).
k (571) gvcas ? X(a) T — k ( 557’) g, 07 S

+
The analogous equation holds when « is replaced by —a:

te(. i a o (T +e L\ 1y a
g@k (s,it)D*! (g7—g,s) =i"x(—a) (;) gq’k (1—s,it)D*! <ga 271 - S) .
Using that D*!(g, —x,s) = £D*'(g, z, s), and also that y(—1) = (—1)*, we can infer that
1-2s a
@i (s,4t) DF! (g, 9, s) = i*x(a) (E) @fs(_l)k(l - s,iL‘)Di(_l)’c <g, —9,1 - s) .
‘ c 7r ’ c

It is important to note that the functions @fs(s, it) are not identically zero by k # 0 and Lemma 8.2
of [DF102] (cf. (8.32) and (8.33) of [DFI02]). Therefore we can conclude that

Dut)- Y0 (02)

_ +e(~1)F : _
ik (m E)l 2 @}, (1- Sth)D:I:(fl)’“ _e
¢ X(a) (7‘(‘ g (I)%E(S,Zt) g, C7 S

Combining this equation with

2D*! (g,—Z,l—s) :D(g,—ccl71—s):|:D(g,Z,l—s>,
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we find that (2.9) indeed holds with the following definition of \Iliit(s):

i (1 — s,it) N oM (1— s,it)

oV (syit) @ TV (s,it)

This formula works for k # 0 and complements (2.10) which corresponds to k = 0.

Using the calculations of [DFI02] we can express \I/,fzt(s) in more explicit terms. First, we use
(8.34) of [DFI02] to see that

\ij,it(s) =

n Ol (1—s,it) | @' (1 —s,it)
\Ilk zt( ) = 1 - 1 3 .
D, (s, —it) D, " (s, —it)
Then we refer to Lemma 8.2 of [DFI02], the functional equation (8.36) of [DFI02], and the deter-

mination of the constant ¥ = v; = £1 in that functional equation (p.534 of [DFI02]) to derive
that

. 1— s+zt 1—s—it ‘ T 2—s+it T 2—s—it
\Ijiit(s) = " al T (5t zt; Esgft) ):':ZkFEI+SZit§FEI+Sz+it§’ k even;
L I S LI R

\I/ii (S) =1 s—1 541 s—1 s+1 ’
. PO () D591 ()
Note that by (2.10) this formula is also valid for k& = 0.

We can simplify the above expressions for \I!f ;+(s) using the functional equation and the dupli-
cation formula for T':

L(s)I(1—s) =

s

D(s)D(3 +s) = /m2'7°0(2s).

sin(rs)’
For even k, we obtain

\Ilzzt(s) = fr 2% (1 — s+ i) D(1 — 5 — it){— cos(ms)};
(2.13) Upy(s) = 771270 (1 — s+ it)D(1 — s — it) {cos(mit) }.

For odd k, we obtain
Uf(s) = 777120 (1 — s+ it)D(1 — s — it) {sin(ms) };
Up(s) = 77120 (1 — s + i) (1 — s — it) { — sin(it) }.

These identities enable us to derive a general Voronoi-type summation formula for the coefficients
pg(n) of an arbitrary cusp form g € Li(D,x). Special cases of this formula already appeared in
[M88, DI90, KMV02].

(2.14)

Proposition 2.1. Let D be a positive integer, x be a character of modulus D, and g € Li(D,x)
be a cusp form with spectral parameter t =t,. Let ¢ = 0(D) and a be an integer coprime to c. If
F € C®(R*™") is a Schwartz class function vanishing in a neighborhood of zero, then

(2.15) 5" Vin(me(n2) Fn) = X Je(#02)7*(55):

n=1

In this formula,
D(%+it— %)

P;(n) = pg(”)v p;(n) = PQg(n) = 1—‘(% it + g)pg(_n)a

and
[o e}

(2.16) FE(y) = F(LI?)J;: (4m\/zy) dz

0
where
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Jif () = 2mil Jy_1 (z), J, (z) =0,

if g is induced from a holomorphic form of weight [;

Jif(x) = () {Ygzt )+ Y_git(x)}, J, (z) == 4ch(mt) Kai (),

if k is even, and g is not induced from a holomorphic form;
L]

JJr { 2t ( Y_ou(z)}, J, (x) == —dish(mt) Ko (z),
if k is odd, and g is not induced from a holomorphic form.

We outline the proof for non-holomorphic forms g. We represent the left hand side of (2.15) as
an inverse Mellin transform

1 A
g \/ﬁpg(n)e<ng)F(n) = —/ F(s)D (g, g, 5) ds.
c 2m c
n>1 (2)
By the functional equation (2.8), the right hand side can be rewritten as
1 N c\ 1—2s a
— [ F (f) Ut (D (g -2 1—s)d
3@ [ e (2) T WD (91 -5 s

vz [ R0 (5) T wnu (@51 o)

By changing s to 1 — 5 and shifting the contour, we see that this is the same as

gt [ P03 () -5 (o-55)
i x()Qjm/mﬁ(lg) (&) v (1-2)p (Q%a >d2

Using (2.13) and (2.14) it is straightforward to check that

gyt $ =
ifwi, (1-3) = 20 (),

(2.17)

so that I —
P(1-5) i, (1-3) =20 FEl) (5) = 20 FE A ),

where F7 is the Hankel-type transform of F given by (2.16). In particular,

1 - s\ fcy\sL s sds 1 n
-k + -5 +
T !
" 2w o) 2) \x kit 0T ) T T T \@
and this shows that (2.17) is equal to the right hand side of (2.15). But (2.17) is also equal to the
left hand side of (2.15), therefore the proof is complete.

2.5. Spectral summation formulae. The following spectral summation formulae form an impor-
tant tool for the analytic theory and the harmonic analysis on spaces of modular forms.

The first one is Petersson’s formula concerning the case of holomorphic forms (cf. Theorem 9.6 in
[195]): let BI(D,x) denote an orthonormal basis of the space of holomorphic cusp forms of weight
k > 1, level D and nebentypus Y.

Proposition 2.2. For any positive integers m,n, one has

(2.18) 4nl(k — )vmn > pr(m)ps(n) = dmm + 21 % Y

fEB(D,x) c¢=0(D)

Sy (m,n;c) Jes

(=)

c
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Here Sy (m,n;c) is the twisted Kloosterman sum

S mmic)i= 3 x(@)e (mm:”x) .

z(c)
(z,c)=1

Let By (D, x) = {u;};>1 be an orthonormal basis of the cuspidal part of Li(D, x) formed of Maass
forms with eigenvalues \; = % +t? and Fourier coefficients p;(n). The following spectral summation
formula is a combination of [DFI02, Proposition 5.2], a slight refinement of [DFI02, (14.7)], [DFI02,
Proposition 17.1], and [DFI102, Lemma 17.2].

Proposition 2.3. For any integer k > 0 and any A > 0, there exist functions H(t) : RUiIR — (0, 00)
and Z(z) : (0,00) — RUR depending on k and A such that

(2.19) H(t) > (1 + [t])F 16t
for any integer j > 0,

z A+1
29 i) 1 143.
(2.20) x () < <1+x> (1+z)17;

(here the implied constants depend only on A and j, that is, they are independent of k) and for any
positive integers m,n,

VIS 5 )+ Y 1 L[ womn e

=1
(m,n;c) 4m\/mn
=cadm,n .
— cabmn + z ( v )

c=0 (

Here cy > 0 depends only on A.

It will also be useful to have an even more general form of the summation formulae above, namely
when Z(x) is replaced by an arbitrary test function. This is one of Kuznetsov’s main results (in the
case of full level). His formula was generalized in various ways, mainly by Deshouillers-Iwaniec (to
arbitrary levels), by Proskurin (for arbitrary integral or half-integral weights); see also [CPS90] for
an illuminating discussion of this formula from the representation theoretic point of view. In this
paper, we will only need the trivial nebentypus case [I87, Theorems 9.4, 9.5, 9.7]. To save notation,
we set Bo(D) = {u;};>1 (resp. BY(D)) for an orthonormal basis of the space of weight 0 Maass cusp
forms (resp. of the space of holomorphic cusp forms of weight k) of level D, and trivial nebentypus.

Theorem 3. Let m,n, D be positive integers and p € C°(R*T). One has

e = % m"%(”f’”’%): :Z PR -1) Y Frm)estn)

c=0(D) fEB”(D)

N +o00 A
+3 Cf((;;i)p (m)p;(n) + —Z/ Pa(m, t)pa(n,t) dt,

j=1

and

e 3 S, (1)

c=0 (D)

5 2 s+ =5 [ 2 )t
ch(rt;) am ch(nt)
i>1 !

a — 00
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where the Bessel transforms are defined by

ple=1):= [ ol 1<x>;;

dx
2.22 - Y, v oz,
(2.22) /0 o(x 2ch { 2it () + Y_24e( )} o
o d:zc
(2.23) = | w(@)dch(mt)Kai(2)—

0
Remark 2.1. The kernels in (2.22) and (2.23) can be expressed alternately as

x) + Y_Qit(x)} = x) — J_Qit(x)};

-7
" Iy " g
2ch(7rt){ 2t 2sh wt) {JM(

4Ch(7Tt)K21t { 2zt I—Qit(x)}'

2.6. Bounds for the Fourier coefficients of cusp forms. In this section we recall several (now)
standard bounds for the Fourier coefficients of cusp forms; references to proofs can be found in
Section 2.5 of [M04a].

If g is an L2-normalized primitive Maass cusp form of level D, weight x € {0,1} and eigenvalue
1 +t2, then from [DFI02] and [HL94] we have for any & > 0 (cf. (2.2)),

ch(m 12 ch{m V2
(2.24) (Dug)‘e(}g;")> <e |pg(1)] <e <Dug>5(}}§ﬁ)) :

If g € Sk(D,x) is an L?-normalized primitive holomorphic cusp form, then

(Dk)~* (DE)®
(DT(k))*/? (DT(k))M/2

For Hecke eigenvalues, Hypothesis Hy gives in general the individual bound

(2.26) Ag(n)] < 7(n)n’.

(2.25) Le |pg(1)] <

Note that this bound remains true when n is divisible by ramified primes. Moreover, if g is holo-
morphic, it follows from Deligne’s proof of the Ramanujan—Petersson conjecture that (2.26) holds
with 8 = 0. Hence for all n > 1 and for any £ > 0 we have by (2.3)

/
(n Dty ) (*;g;;“) W for g Lu(D,), 5 e (0,1):
(2.27) Vnpg(n) <. (nDk)* g
(DI (k)72 for g € Sk(D,x).

The implied constant depends at most on ¢ and is effective. In fact, for a Maass cusp form g of
weight k£ € {0, 1}, Rankin—Selberg theory implies that the Ramanujan—Petersson bound holds on
average: one has, for all X > 1 and all ¢ > 0,

(2.28) > Mg(n)]* << (DpgN)EN.
n<N

It will also be useful to introduce the function
)= |Ag(d)
d|n

This function is almost multiplicative,

(mn)"Fo4(mn) < o4(m)og(n) K (mn)oy(mn),
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and satisfies (from (2.28))
> 0y(n)? < (DpgN)“N,
n<N
for all N,e > 0. In the above estimates, the implied constants depend on € but not on g.
In several occasions, we will need a substitute for (2.27) when ¢ is an L2?-normalized but not
necessarily primitive Hecke—-Maass cusp form. This estimate can be achieved on average over an
orthonormal basis, and this is sufficient for our application.

Lemma 2.1. Assume that Hypothesis Hy holds. Let Bo(D,x) = {u;j};>0 denote an orthonormal
Hecke eigenbasis of the space of Maass cusp forms of weight 0, level D and nebentypus x. For any
n, T > 1, one has

”|Pj(n)|2 em2, 20
2.29 _ DT)T
(2:29) 2. (e < @DTITRY,
u;€Bo(D,x)
[t;1<T

and for any m, N,T > 1, one has

mn|p; (mn)|* 2 £y 20
(2.30) >y ch(rt,) < (mNDT)*T*Nm
u; €Bo(D,x) n<N
[t;|<T

Here the implied constants depend at most on €.

Proof. Inequality (2.29) is a straightforward generalization of Lemma 2.3 in [M04a]. For (2.30),
combine (2.5), (2.28), (2.29), and note that 6 < :

mnlp;(mn)[? md|p;(md)[? 2
it LoV s
2 X ) T 2 2 a2 W)
u;€Bo(D,x) "<N d|(mD)*> u;€Bo(D,x) n<N/d
[t;1<T d<N |¢;1<T (n,mD)=1

<e (MNDT)*T*Nm* Y~ d*~' <. (mNDT)*T°Nm*

d|(mD)>
d<N

O

Lemma 2.2. For k > 1, let BY(D,x) C Sk(D,x) denote an orthonormal basis of the space of
holomorphic cusp forms of weight k, level D and nebentypus x. For any T > 1, any n > 1 and any
€ >0, one has

(231) S It Y nlosn)? < mDK) K,
k<K fEB(DX)
where the implied constant depends at most on €.

2.7. Bounds for exponential sums associated to cusp forms. In this section we prove uniform
bounds for exponential sums

(2.32) Sg(a, X) = Z Ag(n)e(na)
n<X
associated to a primitive cusp form g. Our goal is to arrive at

Proposition 2.4. Let g be a primitive Maass cusp form of level D, weight k € {0,1} and Laplacian
etgenvalue i + tg. Then we have, uniformly for X > 1 and a € R,

D Ag(n)e(na) < (DpgX) DuzX'?,
n<X

where the implied constant depends at most on ¢.



THE SUBCONVEXITY PROBLEM FOR RANKIN-SELBERG L-FUNCTIONS. II 17

Remark 2.2. This bound is a classical estimate and due to Wilton in the case of holomorphic forms
of full level. However, we have not found it in this generality in the existing literature. One of our
goals here is to achieve a polynomial control in the parameters of g (the level or the weight or the
eigenvalue). The latter will prove necessary in order to achieve polynomial control in the remaining
parameters in the subconvexity problem. Note that the exponents we provide here for D and p, are
not optimal: with more work, one could replace the factor Dp?X 1/2 above by (DuzX )1/2, and in
the D and pg aspects it should be possible to go even further by using the amplification method.

First we derive uniform bounds for g(x + iy).
If g is an L2-normalized primitive Maass cusp form of level D, weight x € {0,1} and spectral
parameter it = ity, then we have the Fourier expansion

(2.33) gz +iy) = Z Pg (n){Wgzt (4mny)e(nz) +egW_x it (47my)6(_”$)}a
n>1

where e, = £(it)" is the constant in (2.7). The Whittaker functions here can be expressed explicitly
from K-Bessel functions:

2y1/2
Wo,it(4y) = N Ki(2y);
2y
(2.34) Wi u(dy) = W{K%+it(2y) + K1, (29) )
, 2y
ZtW—%,it(‘ly) = 7{K%+it(2y) - K%—it(2y)}'

By the Cauchy-Schwarz inequality, we have
o+ in)l? < 30 P S (g 2 (0 )2 4 g W o) )
Yy lg Y m2e Y it Y gW—£.it Y .

m2=1 n>1

Combining this estimate with (2.3), (2.24), (2.28), (2.34) and the uniform bounds of Proposition 7.2,
we can conclude that

(2.35) Y g(z +iy) < (Dug)QED_1/2ugy_1/2.

For small values of y, we improve upon this bound by a variant of the same argument. Namely,
we know that every z = x +iy can be represented as Sv, where 8 € SLy(Z) and Sv > @ Ify < @,
as we shall from now on assume, 3 does not fix the cusp oo, hence the explicit knowledge of the

cusps of I'g(D) tells us that it factors as § = d, where v € I'g(D) and ¢ = (Ccl I) € SLy(Z) with

¢ # 0 and ¢ | D. We further factor d as 0,7, where o4 is a scaling matrix for the cusp a = a/c (see
Section 2.1 of [I95]) and 7 fixes co. An explicit choice for o4 is given by (2.3) of [DI82]:

__(a/IED] 0
t [2,D] 1/ay/[c?,D])"
This also implies that

= (0 )

therefore the point w := 7v has imaginary part

(2.36) Sw > ¢/[c?, D).

Observe that

(2.37) 9(2)| = lg(dv)| = |g(oaw)| = [A(w)],
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where h := g| 5, is a cusp form for the congruence subgroup o 'To(D)o, of level D, weight x and
spectral parameter it, = it,. We argue now for h exactly as we did for g, except that in place of
(2.3), (2.24), (2.28) we use the uniform bound

> nlpn(n)]* < pp," ch(mty) X.
1<n<X

This bound follows exactly as Lemma 19.3° in [DFI02] upon noting that ¢, for the cusp a = a/c (see
Section 2.6 of [195]) is at least [¢, D/c] > 1 (cf. Lemma 2.4 of [DI82]). The analogue of (2.35) that
we can derive this way is

(Sw)h(w) <z 7 (Sw) ™2,
By (2.36) and (2.37), this implies that
(2.38) g(x +iy) <= (Dpg)*D'2pl/.
Note that this estimate was derived for y < ?, but it also holds for all other values of y in the light
of (2.35).
With the uniform bounds (2.35) and (2.38) at hand we proceed to estimate the exponential sums
Sy(cv, X). By applying Fourier inversion to (2.33), we obtain, for any o € R,

D(5+it+ %)

pg(n) {W;,it(ﬁhmy) + mw—g,u (47my)} e(na) =

/0 {g(a+ B +iy) £ g(—a — B+ iy) }e(—np) dB,

where the & on the right hand side matches the one in (2.7). Then we integrate both sides against
(ﬂy)a%y to see that

A 1
(2.39) Rl — [ Gu(re(-ns) a5
where
7.[.1/2+s dy

(2.40) Ga(B) = 1p,()®L (L + =, it,

The function ®1(s,it) is defined in (2.11), and is determined explicitly by Lemma 8.2 of [DFI02].
For k € {0, 1}, this result can be seen more directly from the explicit formulae (2.34). At any rate,

) /Ooo{g(a+ﬁ+iy) + g(—o —ﬁ+iy)}ysg-

D) (3 +e,ity) < K/%Eg (355 + ) =< p{=1/2= ch =12 (rty),
so that by (2.24) we also have
Py (VB (4 +c.ity) e (Dprg) ™/~
The integral in (2.40) is convergent by (2.35) and (2.38). Moreover,

> . . LAy .
/ {g(a+ B+iy) £ g(—a—B+iy)}y n <. (Dpg)? D1/2M2/2~
0

Altogether we have obtained the uniform bound

(2.41) Go(B) <c (Dpg)*Dp2, a€R.

®In this lemma, |s;| should really be |s;|'~%. In fact, this is the dependence that follows from Lemma 19.2 of
[DFI02]. We also note that the proof of the latter lemma is not entirely correct. Namely, (19.12) in [DFI02] does
not follow from the bound preceding it. Nevertheless, it does follow from the exponential decay of the Whittaker

functions (cf. our (2.34) and Proposition 7.2).
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For X > 1, we introduce the modified Dirichlet kernel

DB, X):= Y e(-np).

1<n<X

It follows from (2.39) that

= M) _ "G,y

n<X

Combining (2.41) with the fact that the L*-norm of D(3, X) is < log(2X), we can conclude that

Ag(n)e(na)
Z gnlﬁ <e (DNQX)EDH?y
n<X

Finally, by partial summation we arrive to Proposition 2.4.
For completeness, we display the analogous result for holomorphic forms that can be proved along
the same lines.

Proposition 2.5. Let g be a primitive holomorphic cusp form of level D and weight k. Then we
have, uniformly for X > 1 and o € R,

Z Ag(n)e(na) < (DEX)SDEY2X1/2
n<X

where the implied constant depends at most on ¢.

These estimates are useful to derive bounds for shifted convolution sums on average which will
be used later on: the following lemma is similar to Lemma 3 of [J96] (see also Lemma 3.2 of [Bl04]).

Lemma 2.3. Let g be a primitive (either Maass or holomorphic) cusp form of level D. For any
X,Y = 1, for any nonzero integers {1,¢s, for any sequence of complex numbers a = (ap)nez, and
for any € > 0, one has

an Y Agm)Ag(n) << (XY Dpug) Dy (XY)'?Ja5.
h€Z m<X, n<Y
Zl’rI’L*ézn:h

Remark 2.3. Of course this lemma will be applied to sequences a supported in [—H, H| with
H = |t;|X + [62]Y.

Proof. The estimate follows by combining Proposition 2.4 or 2.5 with the Cauchy—Schwarz inequal-
ity and the Parseval identity:

Zah Z Ag(m) / Zahe (ah)S,(bra, X)Sy(lre, Y) dav

h€Z  m<X, n<Y h€Z
élm—lzn:h

<o (XY pgD)*D*pd(XY) 1/2/ > ane(ah)

heZ
<. (XY 11y D) D2 (XY) ' Jall2.
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3. RANKIN-SELBERG L-FUNCTIONS

Given two primitive cusp forms f and g, we denote by ¢ and D, x; and x4, 7y = ®/ Tfp
and T, = ®' Tg,p, Tespectively, the level, nebentypus, and GL2(Aq)-automorphic representation
attached to f and g; the Rankin—Selberg L-function of f and ¢ is the Euler product of degree 4
given by

_ . _ 2 _aﬂf®7rg,i(p) !
L(f®g,s) =Ly @mg,5) = [[ Llnrp @mgps) = [[ [T (1- "=

S
p<oo p<oo i=1 p

(say); it is the associated (finite) Rankin—Selberg L-function as defined in Jacquet’s monograph [J72]
(see also [C04]).

Remark 3.1. Although we will not use this fact, it was proved by Ramakrishnan [R00] that L(7f ®
74, s) is automorphic: there exists a GL4(Aq)-automorphic isobaric representation ¢ & 7, whose
L-function coincides with L(m; ® mg, s).

For p 1 (g, D), the local parameters {r;r,,i(P) }i=1,....4 have a simple expression in terms of the
local numerical parameters of 7y and 7, at p. Namely,

i oy i(p)r, i (0)\
L(myp ® Tgp, ) :HH <1 — e — ) )
i=1j=1 p
where
; R W ORREIRI) A NN NP VI ()
) = T (1= 2220) " = 5 ),
. (™ : Ao(n)
B O, (P B q(n
Ly =[] (1- 22 ®) = 3 2,
Jj=1 n|p>
In general, inspecting the possible cases one can verify that for ¢ =1,...,4,

‘O‘w]r@mg,i(p)‘ < p20-

The local factors at the finite places are completed by a local factor at the infinite place of the form

4

LOO(f ® g, 8) = L(Trf,oo QR Mg, 00, 8) = HFR(S + :U/7Tf®7'l'g7i(oo))? FR(S) = 77_5/21_‘(8/2)'
=1

Again, one can verify that fori =1,...,4,
(3.2) Ritr ;@m,,i(00) = —20.
The L-function L(f ® g, s) satisfies a functional equation of the form
AMf@g,5)=e(f® A Dg1-3)
with [e(f ® g)] =1 and
Af©9,5) = QUf ©9)"*Loo(f @ 9,5)L(f @ 9,5),

where Q(f ® g) = Q(7y ® my) is the conductor of the Rankin-Selberg L-function. By the local
Langlands correspondence, one can verify that Q(f ® g) satisfies

(¢D)?/(¢,D)* < Q(f ® 9) < (¢D)*/(g, D).
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3.1. Approximate functional equation. For s on the critical line Rs = %, we set

4
P = H|S + Mﬂf@ﬂg7i(oo)|l/2;
=1

The local parameters fir, gr, :(00) can be computed in terms of the local parameters at oo of mf
and 7,; in particular, one can check that (cf. (2.2))

P < (I8 + py + pg)*.

Note that (3.2) and 6 < I imply that P > 0. By standard techniques (see [M04a] for instance), one
can show that for s with Rs = % and for any A > 1, one has a bound of the form

2g(IV)] N -
VN (HPQ(f@g)l/?) ’

where N ranges over the reals of the form N =2, v > —1, and L;g4(N) are sums of type

Liag(N) =) Ar(n)Ag(m)W ()

(3.3) L(f®g,5) <alog’(qDP+1)) L
N

for some smooth function W (z) = Wi a(x) supported on [N/2,5N/2] such that
(3.4) eI WY (2) <ja P?
for all 7 > 0. In particular, Theorem 1 follows from

Proposition 3.1. Assume Hypothesis Hy and that x X, is nontrivial. For any 0 < e < 1072 and
any N > 1 satisfying

(3.5) N < (¢DP)'*,
one has

(A—20)dtw
202

Lf®g(N)
VN

The implied constant depends on € and polynomially on uy, pg, D and P.

<. qlooaq% -

Indeed, for any 0 < € < 1073 by a trivial estimate and by taking A sufficiently large, we see that
the contribution to (3.3) of the N’s such that N > (¢DP)'+/200 is bounded by

<. (gDP)".

For the remaining terms, we apply Proposition 3.1, getting
c 3 1 (1—26)54y
L(f ®9,5) < [s|,usopy,0 47 108" (qDP +1)q2~ 202

el (=205
Le,lsl,ppong,D T 2 202

3.2. Amplification. Asusual, the bound for L ;g4 (N) in Proposition 3.1 follows from an application
of the amplification method. For this one has to embed f into an appropriate family. In preparation
of this, we change the notation slightly and write x for the nebentypus of f and rename our original
primitive form f to fo. We note that when fy is a holomorphic form of weight £ > 1, then
Fy(z) == y*/2fo(2) is a Maass form of weight k and of course Ly g,(N) = Lp,gy(N), so we may
treat fo as a Maass form of some weight k£ > 0. As an appropriate family we choose an orthonormal
basis By ([q, D], x) = {u;};>1 of Maass cusp forms of level [, D] and nebentypus x containing (the

old form) fo/(fo, f0>[1q/2D] (note the enlargement of the level from ¢ to the l.c.m. of ¢ and D) .
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Remark 3.2. As was emphasized in [DFI02], the replacement of the holomorphic form fy by its
associated weight k Maass form is not a cosmetic artefact but turns out to be crucial when k is
small. Indeed, for small k, the c-summation in the Petersson formula (2.18) does not converge
quickly enough (and Petersson’s formula does not even exist when k = 1!): the reason is that when
k is small, the holomorphic forms of weight k& are too close to the continuous spectrum. On the
other hand, when k is large (k > 10° say), we could have chosen for family an orthonormal basis
of the space of holomorphic cusp forms of level [¢, D] and nebentypus y containing (the old form)

fo/{fo, f0>[1q/33]7 see Remark 3.3 below.

For L > 1 (a small positive power of q), let Z = (z1,...,¢,...,x) be any complex vector whose
entries x, satisfy
(3.6) (l,gD)#1 = xz,=0.

For f(z) € Ck([q, D], X) either a Maass cusp form or an Eisenstein series Eq(z, s), we consider the
following linear form:

Lgy(Z,N) Zx/ Z Z ZW (adn)g(n)vaenpys(aen).

de=/{ ab=d

As explained in Section 4 of [M04a], it follows from (2.3) and (2.4) that for our original primitive
form f = fo, Lygy(&, N) factors as

(3.7) Lpyog(@ N) = pg (1) | Y 2ed g, (0) | Lpyeg(N).
<L

Thus we form the “spectrally complete” quadratic form
- 1 S oAn |2
= S ) L@V + 3 3 [ O LN
J a

where H(t) is as in Proposition 2.3, and the parameter A used to define H(¢) will be chosen sufficiently
large. Our goal is the following estimate for the complete quadratic form.

Proposition 3.2. Assume Hypothesis Hy for any 0 < 0 < % With the above notation, suppose
that xxg is nontrivial and let ¢* > 1 denote its conductor; moreover, suppose that g satisfies

(3.8) w|D = ¢ {(w,D/w),

then for any 1 < L < q, any 0 < ¢ < 1072 and any N satisfying (3.5), there is A = A(e) as in
Proposition 2.3 such that

Q(Z, N) <. ¢ N {|| 7|3 + |Z]|3 L ¢ %}

with )
46 — 90 — 220 1-—20
op = S E— 0g = 9 Otw-
Here
11 := D lael,  1Z15 =) lwel?,
(<L (<L
and iy := % is the convezity breaking exponent of Theorem 5. If g does not satisfy (3.8), then
Q(F, N) <c ¢'"° N {|[Z]5 + ||ZIF (L2 q % + Lt g% 4 Lo4rg~%)}
with
1
031, := 9 + 46, (53q 125—9,
7+ 100 + 462 14460

L= oarg) 0 YT raye)
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In these inequalities the implied constant depends on € and polynomially on pg, D and P.

Proof of Proposition 3.1. As explained in Section 4 of [M04a], Proposition 3.1 now follows from
Proposition 3.2. Indeed, by (3.7) and by positivity, in particular by (2.19), one has

2

(tf0)|pf0 2 -
TpA L N)|" < Q(Z,N).
o el o T |2 0] [Enes I < Q@)
Moreover, for a Maass cusp form fy of weight k& € {0,1}, we have, by (3.7), (2.19) and (2.24),
H(tsy)lps (1)1 (gD + tg|)~°

(fo, fo)qTo(q) : Tollg, DN = g, DI(1 + [t£[)*”

where the implied constant depends at most on €. When fy comes from a holomorphic form of
weight k (i.e., ty, = £i%52), we have, by (2.19) and (2.25),

H(ts,)los (VI (¢D + |tg,|)~ce=CF
(fo, fo)alTo(q) : To(lg, DI)] [, DI + [tg[)*C

for some absolute positive constant C' > 0, the implied constant depending at most on €. We suppose
first that g satisfies (3.8); by Proposition 3.2, we have

2

ST e, (O] |Laeg(N)|* <pugop.pe D2q (1 + [t7, )1 g, DIN {73 + |Z|3 L0 g%},
<L

where the implied constant depends at most polynomially on pg, D and P. The result follows by
choosing the (standard) amplifier (z1,...,z1) given by

Aro@X(p) if €=p, (p.gD)=1, VL/2<p<VL;
Xg = —x(p) if €=p% (pgD)=1, VL/2<p<VIL;
0 else.

Indeed, from the relation Az, (p)? — Ag, (p?) = x(p), we have

for L > 5(log¢D)?, and from (2.28) we have
1Z]l1 + 1173 < (¢D(1 + [tg,]) L) L2,
where the implied constants depend at most on . Hence we have
Lpyog(N) Ly Dok 1+ \tfo\)SeCk/2q52E(qN)1/2 (L71/4 i LéL/zqfaq/z) .
By choosing

28q

L =Lo:=q™c > g

o‘w

we conclude the proof of Proposition 3.1 when g satisfies (38) When ¢ does not satisfy (3.8), one
can check that for 0 < 0 < % and for 6iy, = % one has

Lot/ 2o/ 4 [ore2g=0ua/2 < [V,

so that Proposition 3.1 holds in that case, too. ([l
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Remark 3.3. The above estimates prove Proposition 3.1 with a polynomial dependency in py,, fiq,
D, P except possibly when fj is a holomorphic form of weight k& in which case the dependency in
115, = 1+ %51 is only proven to be at most exponential. This comes from the fact that I'(k)/H (i%51)
is bounded exponentially in k rather than polynomially. We could probably remedy this by making
a different choice for the weight function H(t); another—more natural—way is to consider, instead
of Q(&, N), the quadratic form

Q"#FN):= Y T(k)|Lreg(@ NP,
reB([q,D],x)

where BJ! ([, D], x) is an orthonormal basis of the space of holomorphic cusp forms of level [¢, D] and
nebentypus y containing (the old form) fo/(fo, f0>[1q<3)]~ If k is large enough (k > 108 say), Q"(Z, N)
can be analyzed (by means of the holomorphic Petersson formula Proposition 2.2) exactly as in the
next section, and Proposition 3.2 can be shown to hold for Q"(#, N) with the same (polynomial)
dependencies in p4, P and D only. Then the argument above (using (2.25)) yields Proposition 3.1
with a polynomial dependency in k¢, as well.

3.3. Analysis of the quadratic form. We compute the quadratic form Q(Z, N) by applying the
spectral summation formula of Proposition 2.3. Q(Z, N) decomposes into a diagonal part and a
non-diagonal one:

QEN) =Y Zrwn, > plar)u(az)xxg(@as)x(bibs)Ag(b1)Ag(b2)

£y,02 arbre; =0,
a2b262:Z2
% SD <a1 b1 €1> 7N> + Z %SND ((al bl 61) ,N;C)
a2 b2 e =0 ({@.0]) v b
(3.9) = caQ"(Z,N) + QP(Z,N),
say, with
a; by e T 7
sP <(a; b; e;) ,N> = Z Ag(m)Ag(n)W (ardym)W (azdan),
ajei;m=—azean
and

_ 4 \/— _
CZ/\g(m)/\g(n)SX(alelm,agegn;C)I( T alazelegmn> W (ardim)W (agdan).
Here we have put d; := a1b; and dy := asbs. The diagonal term is easy to bound and the arguments
of [M04a, Section 4.1.1] yield

- g (51)09(62) 2 —(12
(3.11) QP(#,N) <z (GNP N > |war, [wae,| 2= <g.c (¢NP)* N |3
d,by,05 bl

for any € > 0.

3.3.1. The non-diagonal term. We transform (3.10) further by applying the Voronoi summation
formula of Proposition 2.1 to the n variable. We set e := (azeq, ¢), ¢* := c/e, €* := azey/e, so that
(c*,e*) =1, and by (3.6) we have (e,¢D) = 1, hence D|[g, D]|c*. Again, the arguments of [M04a,
Section 4.1.2] yield, for a cusp form g,
b P — —
SND (<a1 ! 61) 7N;c> = eXgl(e )Zsj Z )\g(m))\g(n)GXXg(alelmIee*n;c)Ji(m,n),
+

a2 b2 €2 m,n>1
9 =
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where ¢/ = 1 and ¢, = #1 is the sign in (2.7) (for g not induced from a holomorphic form) and
_ 00 ArrJarageresa dme/yu
T (ny) = W(aydya) / W (asdyu)T <WM) JE <7fyu> d
0
We consider the following (unique) factorization of c:

c=c, where ¢ := H ptr(e).

ple
vp(c)<vp(azez)

Then
(F,¢) =1, Ale, (cFe) =1,
and a calculation in [M04a, Section 4.1.2] yields

ND (a1 b1 er A
(3.12) S (<a2 b 62>,N,c>

)xxq(C qu<f>z

1(f)xg ()X (F /1) D xSt (arere™ f £ e),
+

fleb I
where f*:= f/(aye1, f) and
(3.13) YE(arere” f'f*,e) ZGqu SE(arere™ f'f*,e)
h
with
Sit(arere™ f'f* e) = > Ag(m)Ag(m)TE(f f*m,m).

ajere* f' f*mFen=h

3.3.2. Bounding X* (ajere* f'f*,e). Since xx, is not the trivial character, Gyx,(0;5¢)So = 0, and we
are left to evaluate (3.13) over the frequencies h # 0. This will be done in Theorem 4.
First we analyze the properties of J*(z,y); to simplify the notation we set

a:=aydy, b := asds, d := ajazeies.
Lemma 3.1. Let

d\'*N be? N

0:=— — Z:=P+0 Wy = —— Xo:=—
(ab) c ) + ) 0 62N’ 0 a )

bc? dN d (1+6?
Yy :=PWo(1+0%) =P?( -+ — | = P>~ Xo.
0 o(1+67) e2N + ae? e? 02 0

For any 1,5,k > 0, any € > 0 we have

i

i, 0 a + 'L+gN ) A+l Yy —k YO Oqte
xyaxzﬁj (zy)<<Z b(1+@) 170 1+?0 ? ,

where

0 ISty if g is a weight 0 Maass cusp form;
S otherwise.

Here the implied constant depends on ¢, i, j, A and polynomially on ug; A is the constant which
appears in (2.20). Note that Sty = 0 when g is a Maass form of weight 1. Recall also that as a
function of x, J(x,y) is supported on [Xo/2,5X0/2].
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Proof. We have .
T (x,y) = W(azx) / W (bu)Z (Wh) J;F (Wa) du
0

with
dmv/dzu 4/ e2yu Y 1/2 y 1/2
Wy i= —— ~ 0, Wy i= ——"— ~ | =— > = .
c c Wo Yo
The latter integral can be written as a linear combination (with constant coefficients) of integrals of
the form -
W(ax) / {W(bw)Z (W) W5V YW3 J, (W) du,
0
where Y, ()
x
y S ch(nt) K (2) }
Tula) € { iy KoL)
with v € {£2it,} if g is a Maass form of weight 0; or
Y, ()
J,(z) € {Sh L sh(ﬂt)Kl,(a:)}
with v € {£2it,} if g is a Maass form of weight 1; or
JV(LL') = Jkg,1($)7
if g is a holomorphic form of weight k4. Using (7.1) we integrate by parts 2k times (where we may

assume that k = 0 for y < Y)). We obtain, using also Propositions 7.1 and 7.2, (2.20), (3.4) and
that u ~ N/b,

N A+1 Y\ A
+ Y
(3.14) JT¥(w,y) <ae 3(1 +0) (14—@> <1 + Y0>

W —2|SQtg|—e
2 o ] .
<1+W2) if g is a Maass form;

kg—1
(JVV@Z) ’ <1 if g is holomorphic.

For the higher derivatives, the proof is similar after several derivations with respect to the variables

T, Y. |
We proceed now by bounding ¥ (ajeje* f/f*,¢). We set
d
Iy ;== ajeief f* = gf’f*, I, :=¢;
1y d 5 (1462
X:=—Xy=-X Y =LYy=P X
Frpe0 = 0 2Yo ( o2 ;

q:=Cond(xxe) =¢*, c:=c,  F(z,y):=T(ffz/liy/la).
By a smooth dyadic partition of unity, we have the decomposition

A+1
P =30+0) (11g) X i),

Y>1
where Y is of the form 27, v € N, Fy(x,y) is supported on [X/4,4X] x [Y/4,4Y] and satisfies

R Y, o % —k Y 04+
1 byt —_F iine 2714+ = —
(3.15) Y i oy v (2,y) <ijke ( + Y) (Y)

for any i, j,k > 0 and any ¢ > 0. The sum %*(1;,12) decomposes accordingly as

A+1
NE (1, 1) = %(1 +0) (1?@) 3> Gy (hi€)Shy (11, 12)

Y>1 h
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with
Sny(ilz) = > X (m)Ag(n)Fy (lym, lan).
11 milgn:h

We want to apply Theorem 4 (to be proved in the forthcoming section) to the h-sums above.
Given € > 0 very small, we see by trivial estimation and by choosing A large enough (we will take
A =1000/¢ + 100), that the total contribution of the SNP (..., N;¢) such that © < ¢~¢ is negligible;
hence in the remaining case we have the easy inequalities

o' < ¢, © < LN/e, 14+ 0O < 2¢°LN/e, 11y < (LE)?,

X <dN/e < L?Nje,  Y/X <¢*P? Y <¢*P?L>NJe.
We will also use the trivial bound 6/(1 + ©) < 1. We introduce a parameter Yp,;, to be deter-
mined later, and denote by EﬁiféYm;n (11,12) (resp. E}i’>Ymm (13,12)) the contribution to Y% (I4,12)
of Y < Yiin (resp. Y > Yim). For Y < Y, we apply the ”trivial” bound (4.4) to the sums
> n Gyx, (h;€)Shy (11,12), and find that (since I3l = df’ f* and 6, < 0)

LN L2NN\Y? (dNYu N2/ Y\
Eli/gymm(11712) <Pg,e qlochcl/2< o2 ) ( df’ f* ) (Y)

L2+29N2+9

1/2—6

10
(3.16) Crge 4N T TR Vi

For Y > Yiuin, we apply Theorem 4 and for this we set (cf. the next section)

Mz = 13 + 30, mr =1, mx =0, my =1, my/x =4,

1+ 260 1 — 260 — 204y
M = 5 Mg ‘= - 5
and
114 36 1 1 2
=—— =—————, Dx:=——— Dy :=0, D =——
7 2(1+6) F A1+60) T T4+ TV VX 1+6°
0 1—20 — 264y Mg
D i = ———m D, = — = —
N 2(1+6)’ a 4(1+6) 2(1+6)’
15+ 760 3+20
= 14+20)Dy = —— = 1+20)0D;7 = —
Nz =1z + (14+20)Dy 21 +0) ner :=mr + (14+260)Dy, 05 0)
— mix+(1420)Dy — 720 =y =1 = +(14+20) Dy y = ——
2x ‘= Mmx X = 401 +9), N2y =My =1, 7Tey/x ‘=Thy/x Y/X =7 1o
14260 1—20 — 204y Mg
= 1+20)De = ———— = 1+20)D, = = .
M2¢c 771(:""( + ) c 2(1+9)7 M24 771q+( + ) q 4(1+9) 2(1+0)

It follows from (3.6) that 1313 is coprime with q = ¢* | ¢ and also with D, therefore if the cusp form
g satisfies (3.8) then Theorem 4 yields, by (3.15),

LN
E$>Ymin (11; 12) <<P7g,€ qloaN?

LN mz LQN my +n1y/x+0 e B e
X(() (ch)2n1L< ) Y;er): my/x 9(5}) ! (q*)mq

C e

N2z 2 N2y +nM2y/x +0
()7 aepm (EF) v e (5 <q*>"2q>,

& € &
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ie.,
( b)3_29
+ 10e 26450 A719+40 \C) 2 *\n1q 7y~ (4+0)
EY>Ymin (11’12) <<P7!]a5 q N<L N 540 27446 (q ) quin
e c 2
1 2
324190+402 2341304202 (Cb) T+0 _ 7420446
] ] *\7)2 4(14-0)
+L 20+0 N 2059 34204602 16476 (q ) quin .
e 1+ c2(1+0)

A comparison of the second portion of this bound with (3.16) suggests the choice

564226 38+9149 (Cb>%e_% (f*) 2(1;»6) c_ 10<§46 1—29g25tw .

Yom:=L 9 N (¢")
Note that ¢ < ¢°LN and ¢* < ¢ imply that Yy, > 1. With this choice, one has

by =5—=260
+ 10 10-996—2262 19-580—1462 (c ) 18 NG
YF(Ii,l2) €pgeq °N| L 9 g i i i (q*)%a
() S g g
46270 —2202 37-220—1462 (cb)QBM NG
L ’ N ’ 7+20+402 1346 13-160—862 (q ) ¢ ’
I8 e 9 C 6
(f*)
where
5 (1 29)1—29—25tw
T 18
We note that by f*|f|c’|e|c and (e,qD) = 1,
ef(f*)° GOl o 13-400-862
Z Z c2 ) 811004202 13+0 1-400-802 <Leq ¢
=0 (1a.D) flo (ff) o e

and
2—46

* NS 25-160—862
> ) R

c . 742044602 1346 13-160—86
¢=0([¢,D]) fle* (f*) 7 Teto e

Collecting all the terms (see (3.9), (3.12), (3.13)) and using also ¢* < ¢, we deduce that for g
satisfying (3.8) and for N < (¢DP)'*e,

QP (&, N) <pge ¢ " F|[TNL g0

with ) )
5L::20+4672797229 :46799722197
9 9
13 — 400 — 862 19 — 580 — 1462
5(1 = — — 6(1*
6 9
_ 25160 80> 37220 140>
- 6 9 T
1-—20
= Ot -
9 t

For g not satisfying (3.8), an additional term occurs whose contribution to QND (Z,N) is bounded
by (cf. Theorem 4)
<<P,g,5 quOE”fH%N (L53Lq—53q + L54Lq—54q)

with
1
53L :9+497 53(] 225—0,
5 T+ 100 + 462 _1+46
LT T re) 0 M ey

The above estimates together with (3.11) conclude the proof of Proposition 3.2.
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4. A SHIFTED CONVOLUTION PROBLEM

Our main point is to solve the following instance of the shifted convolution problem: let y be a
primitive character of modulus ¢ > 1, 1 < ¢ =0(q), ¢1,¢2 > 1 be two integers, and g be a primitive
cusp form of level D and nebentypus x,. We assume that g is arithmetically normalized by which
we mean that its first Fourier coefficient (see (2.1)) p4(1) equals one and consequently, by (2.3), that

Ag(n) = Vnpy(n)
for any n > 1.
Given X,Y, Z > 1 and a smooth function f(u,v) supported on [1/4,4] x [1/4, 4] satisfying || f|lcc =
1 and .
ot o it
50 B jf(u v) KL Z
for all 4, j > 0, where the implied constant depends only on i and j , we consider F(z,y) := f(%, &)
which is supported on [X/4,4X] x [Y/4,4Y] and satisfies

oY
—F
‘/L‘ y 8 ay] (.T,

(4.1) y) < 29

for all 7,7 > 0, the implied constant depending at most on i and j.
We consider the sum

Er, taie) = Gy(hie)Sit(h, L),
h#0

where G, (h; c) is the Gauss sum of the (induced) character x (mod c) and
(4.2) Sl )= Y Ag(m)Ag(n)F(Lym, ton).
Zlm:FfQ’ﬂ:h

Our goal is
Theorem 4. Assume Hypothesis Hy. Set
P = CD/j,g€1£2Z(X + Y),

and assume (as one may by symmetry) that Y > X. Let 0y = % be the power saving exponent
of Theorem 5, and let Doy, be

1-20—25y 1

_ 11436 1 __6 _
Dopt := Z 72040 (£1£2) A0 ¢ 20F0) g AAF0) (X/Y)TX o)

Suppose that
UJ|D£11€2 - qT (’U.),Dglgg/’LU),
then the following upper bound holds:

Ef(fl,fm )<<QEPEZ13+39(€152) q2 —0— 6°W(Y/X) (1+Dopt)1+26-

On the other hand, if q|(w, D010y /w) for some w|Dlly (in which case q < (Dl1ls)? ), the above
bound holds up to an additional term bounded by
< P*Z*(c, 0105)7 (£1£2)7Y 2 (1 4 Doy ).

In these bounds, the implied constants depend at most on € and g. The latter dependence is at most
polynomial in D and pg, where D (resp. ig) denotes the level (resp. spectral parameter given in

(2.2)) of g.

Remark 4.1. It is crucial for applications to subconvexity that the sums of the exponents in the
X, Y, c, q variables are strictly smaller than 2: indeed, one has

1 1
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and

w000 (o) < (-0 0) (- ava) =2

The proof of this theorem will take us the next two sections. For the rest of this section and in
the next one, we use the following convention: - - <, ... means implicitly that the implied constant
in the Vinogradov symbol depends at most polynomially on D and p,.

By symmetry, we assume that Y > X. Considering the unique factorization

c=q¢c, (d9)=1,  {¢*
we have
Gyx(hic) = x(c")Gy(h;qq")r(h; '),
where
r(h;c) = > dp(c'/d)
d|(c’,h)

denotes the Ramanujan sum. Moreover, Gy (h; gq") = 0 unless ¢’|h in which case
Gy (hiqd') = X(h/q')d Gy (1;q),

hence we have

(4.3) Zi(fl,ﬁg;c) x(c")qd' Gy (1;9) Zdu "/d)x ZX hq,d (01, £5).

dlc’ h+#£0

Observe that by (4.1), (4.2) and (2.28) this implies the trivial bound
SEl i) < ¢ Py d Y [Ag(m)][Ag(n)]

dlC/ m<<X/E1
TL<<Y/£2
q'd|t1mFLlan

<dd?3d S (M) + A m)]?)

d‘C/ m<<X/€1
q'd|timFlan

(61627 )
L

<. P€q1/2 7
142

XY.

When g is large a better bound can be obtained from an application of Lemma 2.3: integrating by
parts, we obtain

S5 (01,625 ¢) <qq1/22d// Ol | oo F (b3, boy) SIDD Am)rg(n)| dady
dle’ (RF)2 h#0 m<z, n<y
LimTFLlan=dq'h

< 22 ¢ Zd max Z Z Ag(M)Ag(n)

do SN o <tat ey | m<n) n<y

y<<Y/Z2 £1m¥€2n h

X+Y 1/2 1/2
R PED2 422 / 1/2 d
< %C: Mz
26 2,4 72,.1/2 12 (XY 12
(4.4) <. PEDYA 22X + Y)Y <€1£2) .
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On the other hand, an application of the §-symbol method of [DFI194b] yields (cf. [M04a, Section 7.1],
[HO3b, Theorem 3.1}, [KMV02, Appendix B])

SE (b, bas€) L0 PEZAGMRX VY2,

For our given subconvexity problem, one typically has ¢ ~ v XY, X ~ Y and ¢1/5 is a very small
power of Y.

4.1. A variant of the J-symbol method. In the next two sections, we only treat the case of the
“47 sums (i.e., Z;(El, l3;¢) and S;[ (£1,£5)), the case of the “—” sums being identical; consequently,
we simplify notation by omitting the “4” sign from X} (...) and S,
We shall assume that
Y > (4D¢145)?,
for otherwise the bound of Theorem 4 follows from (4.4). We denote by D(g, ¢1,¥{2,q'd) the h-sum
n (4.3); to simplify notation further, we change it slightly and replace X by x and ¢'d by d and set

D(g,t1,02,d) Z X (h)Sha(tr, l2) = Z x(h) Z Ag(m)Ag(n)F (€ym, Lon)¢(dh).
h;éO h;éO élmfégn:dh

As in [DFI94al, we have multiplied F(¢;m, ¢an) by a redundancy factor ¢(dh), where ¢ is a smooth
even function satisfying ¢|_sy,2y] = 1, supp¢p C [-4Y,4Y] and #)(x) <; YU Of course, this extra
factor does not change the value of D(g,¥1,¢s,d), but will prove to be useful in the forthcoming
computations.

We detect the summation condition /ym — fon — dh = 0 by means of additive characters:

97617627 / G 01] d

with

@) = Z x(h) Z Tg(m)Ag(”)F(glma fgn)qﬁ(dh)e(a(ﬁlm — lon — dh)).

h#0 m,n>=1

As in [HO3a], we apply Jutila’s method of overlapping intervals [J92, J96] to approximate the char-
acteristic function of the unit interval I(a) = 1jg,1j(v) by sums of characteristic functions of intervals
centered at well chosen rationals: for this we consider some C satisfying

YV2< oY
and a smooth function w supported on [C/2,3C] with values in [0, 1] equal to 1 on [C, 2C] such that
w® (z) <; C~% we also set

§:=Y N := D145, L:= Z w(c)p(c).
c=0(N)

Note that C > 4D/¥1 {5, hence L satisfies the inequality
(4.5) L. C* /N >, . C?¢/(l1{y)
for any £ > 0. The approximation to I(«) is provided by

0)= gz 3 w(@) Y 1psein(o)

c=0(N) a(c)
(a,c)=1

(which is supported in [—1,2]), and by the main theorem in [J92] one has

T 2 CQ+ 2e 2 Y
(4.6) e (@) = I(0)Pdo <c =75 <. O ((ate)? 5.
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Next, we introduce the corresponding approximation of D(g, {1, {a,d):
Dlg.trstad) = [ Gla)(a)da,
[-1,2]

then it follows from (4.6) that

~ - Y1/2
|D(g, 1, b2, d) = D(g, b1, by, d)| < [T = 12| Gll2 <ge Coole——|Gll2-
4.2. Bounding ||G||2. We factor G(«) as
= Zx(h)qb(d —adh) Z Aq( JF(€ym, lan)e(a(lym — lan)) =: H(o) K (),

h#0 m,n=>1

say. By Parseval, we have

v\ /2
161 < K e < () 1
Integrating by parts shows that (cf. (2.32))

o) = U4y // FOY (012, loy)S,(—lia, 2) Sy (—Laa, y) dady,
R+

where by (4.1),
2

F(l’l)(glx,fzy) < Xy

and by Proposition 2.4,
Sy(—lrc, 1) Sy (—laa,y) <ge (wy)'/?,
so that 2
XY
1K oo €g.e (XY)°Z%( -
{145

Collecting the above estimates, we find that

- yv\1/2 y1/2
D—D <, P22 (LX) (=) —,
’ d C
therefore the contribution of this difference to X, (¢1, f2; ¢) is bounded by
X1/2Y3/2
(4.7) Lge P2 Z2(005) 22—
4.3. Bounding D. We have
-1
D= Z s,z
c=0 (N)
(a, c) 1
where ' '
—adh — alim —alan
Js,e = zh:x(h)e < p ) 2 n)\g(m))\g(n)e < (1: > e ( 02 > E(m,n,h)
and

o
E(z,y,z) := F(lyz, égy)qﬁ(dz)% /5 e(a(tiz — by — dz)) da.

By applying Proposition 2.1 to the variables m,n (cf. (2.3), (2.6), (2.7)) and by summing over a, ¢,
we get (observe that the factor X4 (@) from the m-sum is cancelled by x4(@) coming from the n—sum)

- + 7.+
= E Eg e, D™,
+,+
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where e = 1 and ¢, = £1 is the sign in (2.7) (for g not induced from a holomorphic form),
g g
~ 1 — S(dh, Fim £ l3n; c)
(8)  DEEi= L3N mm) Y S x(h) . £ (m,n, i )
m,n c=0(N) h
and

g

4 47l
£ (. m, his ) = M // By, h)T* (ﬁlc Wm‘) g (Mc mf) drdy.
(RT)?2

4.4. Estimates for £¥* and its derivatives. Notice that the definition of E and the various
assumptions made so far imply that

(4.9) E(z,y,z) =0 unless o~ X/l1, y~Y/ly, |dz| <4Y.
Moreover,
o Zi+3 pi pd gk
(1'7 7k) .. é
(410) E J ($7 y? Z) <<l,],k Xin+k7 )

so that for any fixed h
ZHI T AR XY

(1,5,k) o
(4.11) [ B8 (e, B) |1 <k Xiy itk ,

and therefore
i+ pi—1pi—1 jk—
ZHig e dR XY
Xiyitk
Next, we evaluate E¥% (m, n, h; ¢) and its partial derivatives: depending on the case, E¥%(m, n, h; ¢)
can be written as a linear combination (with constant coefficients) of integrals of the form

IECI) <k

v/ 4l ./
(4.12) M// E(z,y,h) 1.0, <m> T, <7T2ny> dzdy,
C (R+)2 C C
where (
Y, (x)
{J1.,(2), Jo(2)} C {Ch et ch(wt)K,,(x)}
with v € {£2it,} if g is a Maass form of weight 0; or

{J1p(2), J2p(x)} C {s)}/lu((;f))’ sh(ﬂt)K,,(m)}

with v € {£2it,} if g is a Maass form of weight 1; or

Jiu(@) = Jou(x) = Jg,—1(2),

if g is a holomorphic form of weight .

In order to estimate (4.12) efficiently, we integrate by parts i (resp. j) times with respect to z
(resp. y), where i (resp. j) will be determined later in terms of m (resp. n) and e. Using (7.1),
we see that £%%(m,n, h;c) can be written as a linear combination (with constant coefficients) of
expressions of the form

€1€2w(c) Ele —2 62\/5 2j‘// 8i+j —v .y
— 'K h B 2
c c c (R+)? Oa:zayﬂ{ (@, 5, R) W, W, }

X WY T, i (W) Jo 45 (W) dady,

where {v1, 0} C {£2it,} (or 11,10 = ky — 1) and

_Anliy/mx VmbO X W e dmla/ny  A/nbyY

Wi :
! c C 2 c
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in view of (4.9). Using (4.11) and Proposition 7.2 in the slightly weaker form
Jl V1+Z(W1) <<z € /J’H_E (]— + Wfl)
Tooras(Wa) e it (1 W5 )22 (1w 2,

we can deduce for any 4,5 > 0 that

i+2\%tg|+a( —1/2
b

1+W1)

o 02 02 1/2 g 02 02 1/2 J
gi,i h: i PE QZ i+j =
(mn.hie) Sige P 2]\ x4\ Gomx tnY " \Gny (m, ),
where
@18) =mm = (15 ) (14 SV (1 XY () )L
' - ’ o C €1mX ZQTLY C 02 ’
This shows, upon choosing i and j appropriately, that £%%(m,n, h; c) is very small unless
ZZC'2 2202
(4.14) d|h| < 4Y, c~C, m <, Pfi, n < Pai,
61 62
and in this range we retain the bound (by taking i = j = 0)
(4.15) EEE(m,n, hye) <. PEE(m,n).
The partial derivatives
ik AL
h 975 &€= (myn, ;)

can be estimated similarly. We shall restrict our attention to the range (4.14); the argument also
yields that outside this range the partial derivatives are very small. By (7.2), the above partial
derivative is a linear combination of integrals of the form

ks (w
By, (Zt ) Ocks ( >//R+ 8]17 .’t Y, )WlkIW2szl,V1*k1 (Wl)J27V2*k2(W2) dxdy,

where Ry, is a polynomial of degree < k and the integers ki, ko, k3 satisfy
ki + ko 4+ k3 < k.

Therefore we obtain

k
Jck(gi,i)(O,o,j,k)(m n,hic) ;e P° (d|h|> ,U]; <1+ \/gng n \/eény> =(m, n)

(4.16) Kjke PE(PUSZ) E(m,n).

5. EXPANDING THE c-SUM

Our next step will be to expand spectrally the c-sum in (4.8) as a sum over a basis of Maass and
holomorphic forms on I'g(N). To do this we use the complete version of the Petersson—Kuznetsov
formulae given in Theorem 3. We only treat D=, the other terms being similar. To simplify
notation further, we denote D™~ by D and £~ by £. The shape of the sum formula depends
on the sign of the product h(¢1m — €on) when it is nonzero. So our first step will be to isolate the
contribution of the m,n such that ¢ym — fon = 0 (the contribution of the h = 0 is void since we

assume that x is non-trivial). Thus we have the splitting

D=D"+ D"+ D,

S R 3 S wm e

lim=Flan c=0(N) h

where

)5(m,n, h;c)
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with
r(dh;c) = S(dh,0;¢) = Z ule/c)d
c’|(dh,c)

the Ramanujan sum, and

Dre=t Y N Y Y S A g

£1m—~Lan#£0 c=0(N) h
+h(l1m—~Lan)>0

LS X)) DEm, )

lim—~Lan#0

with
Di(m,n) = Z Z x(h)wg(m,n,h;c);

¢=0(N) £hh/>0 ¢
here we have set h' := {1m — fon # 0.

5.1. Bounding D° . We set ¢} := £1/({1,02), l} := €3/ ({1, Ls), then

D= 2 S N (lmA(tm) S0 TS (W)l ) (Em, tym, hise),

m>=1 c=0(N) h

and the c-sum equals
/
h:c //)

5 i) c
C”
CII

C,
— R)E | tym, £ym, ———
Z X <(Cl,d)> ;X( ) ( oM, €4, (C/7d)
Combining partial summation with (4.16) and Burgess’ bound

¢'=0(N/(c",N))
3 () <. B2
h<H

we find that the h-sum is bounded by
(¢, d) Y2y 3/16=( pt , ()Y dd
Xh:x(h) e PE (C/ iz O Em, ym) =2 (¢, d)Y

—

! d 1/2 Y1/2
(C> )) q3/16:( l27,n7€/11,n)7

and the c-sum is bounded by

1 _(d, 0149)/2 Y1/2 _
Z - Z x(h) - < P? (. Gita) 77 gl ;) 773 CV2B382(tm, 0 m).
¢e=0(N) h 12

In summing over the m variable we may restrict ourselves to some range
(01, bo)m g0 PEZ*(C?]Y),

as the remaining contribution is negligible. If Y/X <, . P¢ Z2, then we split the m-sum into three

[61,62]m<C2)Y C2 /Y[l ,L2]lm<C2/X C2/ X[l £2lm< g, P<Z2(C2)Y)

and combine (2.5), (2.28), (4.5) and (4.13) to infer that

) 3 (d,€1€2)1/2 3/16XY3/2 —0y,0—1 —3/4y,—1/4 —1/4y,—3/4
D <<9’5P6d1/2[gl7g2]1—9q o (X YO 4 XY +ZX77Y )

parts,
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FY/X >,. PcZ?, then we split the m-sum into two parts,
>+ > e
[61,£2)m<C2)Y C2/Y <[l f2]lm< g, PEZ2(C2)Y)
and infer similarly that

(d, 6:05)" 2 5,16 XY/
A2y, 610 o1

In both cases we conclude that

D° <ge p3¢ (X—9Y9—1 + Z3/2—29X—9Y9—1) .

(d, €1€2)1/2 3/16X3/4Y3/4

0 4e
D <<g’s P Zd1/2[€1,€2]179q 01/2

Finally, returning to our initial sum X, (¢1, {2;c), we see by (4.3) that the contribution of the DO
terms is bounded by (remember that we have reused the letter d in place of ¢'d)
(C7£1£2)1/2 1/2 3/16X3/4Y3/4

5¢
(5.1) <ge P27 [@1,62]170 cyq C1/2

Remark 5.1. Notice that in the (important for us) case ¢ ~ ¢ ~ X ~ Y (remember that C' > Y'1/2),
Burgess’ estimate is used crucially in order to improve over the bound Y?2.

5.2. Preliminary truncation. We perform a dyadic subdivision on the h variable. By (4.15) and
(4.16), we can decompose E(m,n, h;c) as

g(ma n, h7 C) = Z gH(m7 n, ha C)a
H>1

where H = 2", v € N, and Eg(m,n, h; ¢) as a function of h is supported on [-2H, —H/2|U[H/2,2H)|
and satisfies

(5.2) W FERTI) (m,n, hic) < e PE(PRUZ) S (m, n).

Accordingly, we have the decomposition D= > u>1Dn.

5.3. Bounding ﬁi(m,n) We shall assume that H < 8Y/d for otherwise Dy = 0. We split Dli{
into two more sums getting a total of 4 terms, Dlril,’jE say, where

D = T > )" N(m)Ag(n) D3 (m,n)

with
- 1
Dg(m,n) = > x(h) > ES(dh,h’;c)EH(m,n,h;c).
e1hh/>0 ¢=0(N)

We only consider b;;+ (the term corresponding to h,h’ > 0), the other three terms being treated
in the same way. We proceed by separating the variables h and ¢ by means of Mellin transforms:

we have
47/ dhh' 1
ﬂ) /@H(m,n; s;r)h™%ds,

()

" 2mi

En (m,n,h;

where

r xT

oo dmvdzh'\ L dx
wr(m,n;s;r) = Eymn,z;—— |z
0
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is a smooth function of r compactly supported in the interval (27“%{”, 367%5”“). Hence taking

’
dxy'dhh’ Vcdhh , we have

- S(dh,h;c 4mv/dhh'
DE (m,n =5 /Z x(h QWH (m,n;s,c> ds.

C
h>1 c= O(N)

T =

We are now in a position to apply the Kuznetsov trace formula (2.21) to the innermost c-sum. We
obtain a sum of 3 terms,

(5.3) Dj(m,n) = /THOlO(m n;s)ds + —/TMaaSS m,n;s) d8+ — /TE‘SCn m,n;s)ds,

2mi
(2) (2)
where
TH (myn;s) =4 > @u(m,n;sio)(k—D0(k) Y VIpp(W)L(f ® x, ;)
k=0 (2) FEBR(N)
Maass . L @H (m’ n;s; *)(t])
T2 (m,n;s) := 42 ch(rt;) \/ﬁpj(h )L(u; ® x, s;d),
jz1
isen 1 T Ga(m,n; s;%)(t) :
TS (m, n; s) 1= ﬂ;/_oo W\/ﬁpa(h’,t)L (Ea(% +2t) ®X,s;d) dt,
and

Z x(h rﬂf(dh)

h>1

L(f ® x,s;d)

Our next step will consist of shifting the contours of integration in (5.3) to the left up to Rs = % and
of bounding the three integrand on these contours. For this we will need to bound the various twisted
L-functions L(f ® x, s;d) on the line s = % and the various Bessel transforms @ g (m, n;s; *)(k—1),
Gu(m,n;s;*)(t) and @g(m,n;s;*)(t). This will be done in the next two sections.

5.4. Bounds for twisted L-functions. In this section we seek nontrivial bounds for the Dirichlet
series L(f ® x, s;d) when f(z) has trivial nebentypus and is either a holomorphic Hecke cusp form
(i.e., f € BE(N)) or a Hecke-Maass cusp form (i.e., f = u; € Bo(N)) or an Eisenstein series
f(2) = Ea(z, § +it).

5.4.1. The case f cuspidal. Denoting by f the primitive (arithmetically normalized) cusp form (of
level N’|N) underlying f, we have the further factorization

Lfexsd=| 3 w > A

h|(dN)> (n,dN)=1
x(h)Vdhp7(dh X(@AF(P)  xolp 7
-y AR ) (- XA 0@ ) ),
h|(dN)> pldN P P

where o denotes the trivial character modulo N’ and

_ g X
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is the twisted L-function of f by the character x. In particular, we see by (2.29), (2.31) and

Hypothesis Hé that L(f ® x, s;d) is holomorphic for fs > %7 and for Rs = % one has

dhp ¢ (dh ~
> WA ),
Bl(dN)

(5.4) L(f®x,5;d) <. (PN)*

For L(f.x,s), one has the convexity bound (cf. (2.2))
L(fox. ) < (slusNa) o]/ [N, ¢*] /.

For large ¢, we obtained in [BHMO5a], by combining the techniques of [DFI93] and the spectral large
sieve of [DI82], the following improvement.
Theorem 5. Assume Hypothesis Hy. Let f be a primitive cusp form of level N (holomorphic or
a weight 0 Maass form), and let x be a primitive character of modulus q. For Rs = % and for any
€ > 0, we have

L(fx,8) < (Islins Ng)|s|" uf N4gH /20
The implied constant depends at most on &, and an admissible choice for the exponents is

1—20 1 126 1+ 46
Oty 1= ———, A= —3, B := 9+ 120 , E::3 + .
8 16 16 16
Remark 5.2. This result was established previously with the following smaller exponents di, (and
some positive A, B, E):

1 120
54 - 10+46
5.4.2. The case [ Eisenstein. When f(z) is of the form Fq(z, 3 + it), the computations of [M04a]
show that bounds for L(f®Y, s; d) are reduced to bounds for products of Dirichlet L-functions. More

precisely, we recall (see [DI82, Lemma 2.3]) that the cusps {a} of I'((/N) are uniquely represented
by the rationals

1
[H03a, HO3D], 6 = g5 [MOda],  uw [B104].

5tw =

{E : w|N, wu Euw},

w

where, for each w|N, U, is a set of integers coprime with w representing each reduced residue class
modulo (w, N/w) exactly once, and in the half-plane St < 0 we have for h # 0 (see [DI82, (1.17)
and p.247]),

7.(.%+it|dh|it (w, N/w) it 1 5
[dhlpa(dh.t) = F(;Ht)( wN ) ( > T > €<—dhw>

7, N/w)=1 S(yw), (Syw)=1
dy=u mod (w,N/w)

with analytic continuation to 3t = 0. The congruence condition on & can be analyzed by means of
multiplicative characters modulo (w, N/w):

1 1)
Y ogem Y[y

(v N/w)=1 S(yw), (8,yw)=1
6y=u mod (w,N/w)

1 - $() :
Ay, 2 VW 2 S Geldhow)
For each character ¢» mod (w, N/w), we denote by w* its conductor and decompose w as
w=www", w'| (w*)>, (w"”,w*) = 1.
Accordingly, the Gauss sum factors as
Gy (dh; yw) = (yw") Gy (dh; w*w')r(dh; yw”) = Surjanw' Y (yw” )Gy (dh/w'; w*)r(dh; yw”).
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Hence the inner sum on the right hand side equals

> 2 Gutanow) -

(7. N/w)=1

Ouranw'(dh/w")p(w") Gy (1; w*) ¥?(7) " V¥ (a)
LIN) (42,1 + 2it) %O e (dh; yw') % 2t |
(4N Jw) =1 (a,N)=1
where the superscript (N) indicates that the local factors at the primes dividing N have been
removed. We deduce from here the inequality

[dhpaldh, t) <. (P(1+ |t]))° /2 (mp) dP0) (w0, N/w)

(wN)1/2
(5.5) < (P(1+ [t]))® ch?(xt)(dh, N)'/?,
and also the identity
T gt/ o  Nw)\ 2T
L @x.s:d) = I (3 +it) <( ’wj\]]\; )>
L1 /Gy (1w Y (—ud/ (d, w) b (w”) ( ! >
e((w, N/w)) (w'/(d,w"))*=*LWN) (42,1 + 2it) ~ \ (d, w’)

% mod (w,N/w)

x(h)y(h) Y (y) [ dhw' ¥*(a)
X Z T ops—it Z ,yl+2itr ((d, wl),’yw ) Z a2it

h>1 | N> al ddh/
(v, N/w)=1 (a,(N;;)l
Now the h-sum factors as
Z Z | = LN (s — it) L) (xp, s + it)
(h,dN)=1 R|(dN)o°
x(h)¢(h) P (7) dh ¥*(a)
X pe—it Z ,Yl+2itr (d,w)’ yw' Z a2it

h|(dN)oe [N ’ a|(ddf;/>

(v, N/w)=1 (a,N)=1

We can see that the second factor is holomorphic for s > 0 and is bounded, for any £ > 0, by
<. (dN)*(d,w")(w")' =% in this domain. Hence L(f ® ¥, s;d) has meromorphic continuation to
the half-plane {s, s > 0} with the only possible poles at s = 1 +it. The latter poles occur only if
q divides (w, N/w).

By Burgess’ bound

L(xt, s — it)L(xt, s + it) < (|s| + [¢]) (qu™)"/>71/5%e,

we infer that for Rs = %,

) w, N/w)'=1/8(d, w _
L (Fa(e 3 +it) ©x,:) < (14 [DNG)* 2G| + o) L) o

e (L4 [E)Na)* ch/2(mt) 15| + 1) (d. N)q/*~1/%,
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Remark 5.3. In the special case where ¢|(w, N/w), the residues of L (Ecl (z, % + it) ® X,s;d) at
s=1=1t (t # 0) are bounded by

(d, w)(w, N/w)
(wN)1/2

(5.6) < (14 [t)Ng)" ch'/(nt)(d, N)'/2,

and the same bound holds for res,—; (s — 1)L (Ea(z, 3 +it) ® x, s;d) if t = 0.

ress—14it L (Ea(2, 3 +it) @ x, 8:d) <. ((1+ [t))Ng)® ch/?(rt)

5.5. Bounds for ¢y (m,n;s;r) and its Bessel transforms. We also need to exhibit bounds for
Su(m,n;s;*)(k — 1), ¢u(m,n;s;*)(t) and pg(m,n;s;*)(t). For this purpose, we first record an
estimate for ¢y and its partial derivatives. Using (5.2) and several integrations by parts, we see
that for any j, k > 0 and Rs > —3,

oF ) .
(5.7) rh oo (m s sir) e PE(PIugZ) R |s| I (m, ) H™,

where E(m, n) is defined in (4.13); moreover, as a function of r, v (m,n; s;r) is supported on

! A
<2vdgh ,36Vd§h> — (R,18R),

say. We will apply these bounds in conjunction with the following lemma; as this lemma is an
immediate generalization of Lemma 7.1 of [DI82], we do not reproduce the proof.

Lemma 5.1. Let ¢(r) be a smooth function, compactly supported in (R,18R), satisfying
o (r) < (W/R)'

for some W > 1 and for any integer i > 0, the implied constant depending on i. Then, fort > 0
and for any k > 1, one has

(5.8) H(it), Blit) < m for 0<t < i;
69 o0, 90, @0 < AN for >0
. . ~ w 1 R
610) e, o0 s < () (7 + 1) for t21
k
(5.11) ¢(t), ¢(t), @(t) <k (T) (tll/z - ?) for t > max(10R,1).

Proof. The inequalities (5.8), (5.9), (5.10) can be proved exactly as (7.1), (7.2) and (7.3) in [DI82].

The last inequality (5.11) is an extension of (7.4) in [DI82], but we only claim it in the restricted

range ¢ > max(10R,1). On the one hand, we were unable to reconstruct the proof of (7.4) in [DI82]

for the entire range ¢t > 1; on the other hand, [DI82] only utilizes this inequality for ¢ > max(R, W)

(cf. page 268 there, and note also that for ¢ < W the bound (5.10) is stronger). For this reason we

include a detailed proof of (5.11) in the case of @(t). For ¢(t) and @(t) the proof is very similar.
We may assume that k = 25 + 1 is a positive odd integer. The Bessel differential equation

P2 B iy () + 1Ky (r) = (1% — 41%) Ko ()
gives an identity

(5.12) ¢(t) = (Dep)* (1),

where
Dugtry = (L) or (20
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This transform D;p is smooth and compactly supported in (R, 18R), and it is straightforward to
check that

1(Dep) oo < (W/t)*(W/R)' for ¢ > max(10R, 1).

By iterating (5.12) it follows that
¢(t) = (Dip)" (1),

where D] is a smooth function, compactly supported in (R, 18R), satisfying

(D) |00 <js (W/t)% (W/R)"  for t>max(10R,1).
We bound (D) (t) by (5.10) and obtain

. WA\ /1 R

o(t) < (t) (t1/2 + t) for t > max(10R,1).

|

5.6. Putting it all together. We now use the results of the preceding two sections to conclude
the proof of Theorem 4. We start by estimating the contribution of the Maass spectrum to D;’J“:

1 3 1 aass aass

7 g )\g(m))\g(n)%/T}}/I (m,n;s)ds = 2—7” / E n)TH2SS (m, n; 5) ds.
m,/n}l (2) (1/2) m, n>1
h'>0 h'>

With some Ty > max(10R, 1) to be determined later, we further decompose T35 (m, n; s) as

Maass Maass Maass
TMaass( T 4T

H,<T, (m,n;s) +Tqy >To (m,n;s),

corresponding to the contributions of the eigenforms u; € By(N) such that |¢;| < Ty and |¢;] > T,
respectively (observe that the first portion contains the exceptional spectrum whenever it exists).

Setting W := Pu3Z, we can apply (5.8) and (5.9) to ¢ = @u(m,n;s;*) in the light of (5.7).
Using also (5.4) and Theorem 5, we obtain, for any j > 0,

m,n;s) =

Wi

e Ee S mn) (o) H 220

THE5 (m,m; 5) <o (PTp)°

TS,

I\sz )| IVahpi(dh)| \ 1+ |log(R/W)| + (R/W)~2I3t
> ~ch(nt;) 2 hi/2 1+ R/W

By several applications of the Cauchy—Schwarz inequality and the bound (2.29), we can see that

VI pi(R)] |[Vdhpi(dh)]
2 ch(rt;) > SV

Iti|<To h|(dN)>

(5.13) < (mnPTy)* (W d)’T2.

[t:|<To h|(dN)o®

In addition, since H < 8Y/d and R = 2v/dHR'/C, we have
Lt [log(R/W)|+ (R/W) 2300y (w227 (v 12
1+ R/W : h'Y d '

Hence by summing over m,n and using (2.28) and (4.13), we find that

S e T s s)| <
hm<&,, . PEZ3(C?/X)
lon<ky . PEZ3(C?)Y)

o Wi cdoreN v\ |,
(PTO)S ZS+20| |] — 5(6162)Ad0€1£2 ( ) (d) q1/2 5thOB+2.
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For TMaass (1 - s), we use (5.11), (5.4) and Theorem 5: we obtain, for any j > 0 and any k > 1
H,>T, s 10y 2)y ) ) Yy J Yy )

J

TII}/I’B;B‘%E (m, n; S) e pe E(m, n) (£1£Z)AH1/2q1/276tw

[sji=Fe
VR pi(h)| Vahpi(dh)] \ | pee (W[ 1 R
X|tIZ>T ch(rt;) h(%v:)oo h1/2 8] ti t?/2+ti '
[ 0 3

We take k > 3/24 B + ¢ to ensure the convergence of the sum over the {u;}, and then we sum over
m,n using (2.28) and (4.13). As before, we may restrict ourselves to some range

hm <, P°Z*(C?*/X)  and  flon <, PCZ*(C?*)Y),
the remaining contribution being negligible. In this range
N <, PPZ3C?/X)  and R<,. P°Z(Y/X)V?
therefore we obtain, using also (5.13),

S RN T ()| kg (PTo) 254

lim<,,c PEZ3(C?/X)
lon< gy, PEZ%(C?)Y)

W agp (N (YN s (W' g (L 207/ )12
X |S|j7E76 (Elgg) d m y E q ?0 TO T1/2 + TO .
0

Summing up and using also (4.5), we infer that

1 N aass Wj

I Z Ag(M)Ag(n)TH*%(m, n; 8) <jikog.e (PTO)GEZH%Mj_iE_E(fl@z)AdQ
m,n>1
h'>0

6 3
o (CN (XN premsqmee [4 o (W' (00X 200/x)1 20
Y d 0 Ty 7/ T :

Ty := max(10R, WY'V¥) <, . WYVE(Y)X)1/?

and taking k very large (in terms of €), the above becomes

Upon choosing

j+B+2
jge pl3e 73+26 m;EiE (EIEQ)Ade—l/qu/z—étw (Y/X)(B+2)/2Yl/2_901+29.
S

We use this bound with j > 1+ F + ¢ (to ensure convergence in the s-integral), and integrate over
s. In this way we obtain that the contribution of the Maass spectrum to DT is bounded by

<ge P14sZ3+20WE+1+B+2 (€1€Q)Ad971/2q1/275tw (Yv/)()(B+2)/21/1/27GC«1+207

hence by (4.3) the global contribution of the Maass spectrum to X, (¢1, £2; ¢) is bounded by (remem-
ber that we have reused the letter d in place of ¢'d)

(5.14) Kge PHEZ13439(4,0,) N30 /2000 (Y ) X))y V200120

Similar arguments (using also (2.31) and (5.11) for ¢) show that the same bound holds for
the holomorphic and the Eisenstein spectrum (in fact in a stronger form). For the Eisenstein
portion, however, an additional term might occur, coming from the poles of L (Ea (27 % + it) R X, s)
at s = 1+ ¢t. This additional term occurs only if ¢|(w, N/w) for some w|N (in particular ¢ <



THE SUBCONVEXITY PROBLEM FOR RANKIN-SELBERG L-FUNCTIONS. II 43

N2 = (Dty3)"/?) and (by (5.5), (5.6), (5.9), and (5.7) with j = 1+ for § > 0 small) contributes
to Dig(m,n) at most

Y
<g.e PEWE(m,n)(d, 4142)1/2@’,5142)1/25,
and the contribution of these residues to X, (¢1, f2; c) is bounded by

(5.15) Kge PEWZ (e, 0162)'2q"PY O <y P77 (e, 0162)? (112) ?Y C.

Collecting all the previous estimates, we obtain that X, (¢1,¢2;c) is bounded by the sum of the
terms in (4.7), (5.1), (5.14), plus the additional term (5.15) if ¢|(w, N/w) for some w|N. To conclude,
we discuss now the choice of the parameter C.

A comparison of (5.14) with (4.7) suggests the choice

1—20—245

Copt = Z_721(114;369) (glgz)_4(1l+s) c” 2(1ie) q_ 4(1+9)tw (X/Y)%Xﬁ(lie) Y1/2 —. DoptY1/2,
say. Clearly, Copy < Y and the condition Copy > Y1/2 is fulfilled if and only if

224660 20 1-20—26¢w 8

(5.16) X > Xop =2 5 (Lly)scTq v Y,
Under this condition it follows from Y > X, ¢ > ¢ and 6y < % that

q3/16X3/4y3/4 3 X1/2Y3/2
C1/2 = Copt ’

opt

so that (5.1) is bounded by (4.7) (when P? is replaced by P5%). Therefore, we obtain Theorem 4
when (5.16) is satisfied (cf. (5.14)):

EX (61 , 62; C) <<97€ P245213+39 ([162)01/2+9q1/2_0_6“’" (Y/X)4YD1+26,

opt

plus the additional term (5.15), if ¢g|(w, N/w) for some w|N, which equals
P74 (¢, 0102) Y2 (0142)2Y Copy = P¥ Z% (¢, £102) Y2 (£102) Y2V 32 Dy

If (5.16) is not satisfied (i.e., X < Xopt, hence Dopy < 1), we choose C' = Y1/2 = Y12 max(1, Dopt).
We see that (4.7) is bounded by (5.14) whose value is given by

<<g,s P24€zl3+39 (éléz)cl/2+0ql/27975tw (Y/X)4Y
The diagonal contribution (5.1) is bounded by

(c, ly02)1/?
[0y, £2]1 9
Translating X < Xopt into

g poey C1/2q3/16X3/4Y1/2 < Pss2(5152)%1/2(13/16)(1/4(X/Y)1/2Y

X(X/Y)S g 222+69 (f1£2)020q1726726tw,
and using also ¢ > ¢ and 0y < %, we can see that
q3/16X1/4(X/Y)2 < Z(11+39)/2(£1£2)1/4C6q1/27076tw.
It follows that (5.1) is bounded by
<ge P56Z(13+30)/2(6182)1/4+001/2+9q1/27075m (Y/X)S/QY
In particular, if (5.16) is not satisfied, then (4.7), (5.1) and (5.14) are all bounded by
P246213+30 (€1€2>C1/2+0q1/279755w (Y/X)4Y
Finally, if ¢|(w, N/w) for some w|N, the additional term (5.15) equals
P45Z4(C, €1€2)1/2(£1£2)1/2y3/2.
This concludes the proof of Theorem 4.
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6. HEEGNER POINTS ON SHIMURA CURVES

In this section, we establish equidistribution results for incomplete orbits of Heegner points on
Shimura curves associated with indefinite quaternion algebras over Q. We consider only the case of
compact Shimura curves (corresponding to non-split quaternion algebras) and give afterwards the
necessary modification needed to deal with the case of modular curves Xy(q).

6.1. Indefinite quaternion algebras. For more background on Shimura curves and Heegner
points, we refer to [BD96, Da04, Z02, Z04].

Let g > 1 be a square-free integer with an even number of prime factors, and let B be the
(indefinite) quaternion algebra over Q ramified exactly at the primes dividing ¢~ ; for each place v
of Q, B, := B(Q,) is either the unique quaternion algebra over Q, if v divides ¢—, or is isomorphic
to M2(Qy); for such v (in particular, for v = c0), we fix an isomorphism ¢, : B(Q,) — M2(Q,).
We set

0:=Bn ][] 0.,
vF#00
where O, is the unique maximal order of B, if v|g~ or O, = ¢ }(M2(Z,)); this is a maximal order
of B. More generally, for ¢t coprime with ¢~ and for v finite, we consider the set of matrices

x ok
Mso(q") = {g € My(Zy): g = (0 *> (mod q*)} ;
and we denote by O,+ C O the sub-order of conductor ¢:
Oyt ={2€0: ¢y(x) € Man(q™), vlg™}.
In the sequel, we put ¢ :== q*q~.

The group To(q~,q") = qboo(OqXJr) is a discrete cofinite (in fact, cocompact, since ¢= > 1)
subgroup of GLa(R), and one associates to it the complex algebraic (Shimura) curve® Xo(q~,q")
with complex uniformization”

Xo(g~,q")(C) == [H" UH]/Tolq™,q"),

where H*™ U H™ denotes the union of the upper and lower half-planes equipped with the standard
GL2(R) action; there is a natural identification of this space with Hom(C, B, ), GL2(R) acting by
conjugation, and under this identification one has

(6.1) Xo(g™.¢")(C) ~ Hom(C, Bso) /6 (O},

We denote by £(q~,q") the L2-space of functions on X(¢~,¢")(C) equipped with the standard
(Petersson) inner product induced by the Poincaré measure % on HT). As for the case of the
modular curve (¢— = 1), this space is generated by eigenfunctions of the automorphic Laplacian
(Maass forms): it has a purely discrete spectrum. As in the case of modular curves, Xo(¢—,q") is
also endowed with an algebra of Hecke correspondences T(9) defined over Q and generated by Hecke
operators T}, ((n,q) = 1); there is a basis of £(¢™,¢") consisting of Hecke-Maass eigenforms.

6.2. Atkin—Lehner theory. We need to describe more precisely the structure of such a Hecke—
Maass eigenbasis. For ¢'|¢*, we have 7(¢"/¢') degeneracy morphisms, defined over Q, (vg.d)ajq+ /g
say,

Vq/,d . XO(q_7q+) - Xo(q_vq,)

d 0 =1 0 ,
(0 1) M2,1;(q+) < O 1> - M2,1)(q )

61n fact, by Shimura theory, Xo(q¢~,q™") is defined over Q.
"When g~ =1, the quotient below needs to be compactified and yields the standard modular curve Xo(q).

induced by the inclusions
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Atkin—Lehner theory can be extended to the general case of quaternion algebras: as usual, one says
that an L?-normalized Hecke eigenform on X¢(g¢~, ¢") is new (of level ¢*) if it is orthogonal to all
the functions of the form v}, 1, where ¢’ ranges over all the divisors of ¢ distinct from ¢, v ranges
over the Hecke-Maass eigenforms on Xo(q™,¢'), and d ranges over the divisors of g7 /¢’. If ¢~ # 1,
one has the orthogonal decomposition

(6.2) Lq,q") = P P Cwyage da*/d),

q'lgt 9q

where g, ranges over the set of L?-normalized new forms on Xo(¢~,¢"). Moreover, multiplicity one
remains valid: by a result of Zhang [Z01a], the Hecke eigenspace of L(q~, ¢") containing a new form
(of level ¢™) is one-dimensional, and, more generally, the dimension of C{vy a9q' dlqt/q') equals

(gt /).

6.3. Heegner points. Fix an embedding of Q into C. Let K C Q be an imaginary quadratic
number field of discriminant —D coprime with ¢, and denote by Ok its ring of integers. The
Heegner points (of conductor 1) in Xo(¢,q")(C) are by definition the images under (6.1) of the
conjugacy classes of optimal embeddings of O into O,+ (i.e., the ¢» € Hom(K, B) such that
() N Oy = H(O)).

We denote by H,- ,+(K) the set of Heegner points. This set is non-empty if and only if

(Heegner) Every prime factor of ¢~ is inert in K and every prime factor of g™ splits in K,

a condition which we always assume in the sequel. When non-empty, H,- ,+(K) is endowed with
a natural free action of Pic(Ok), the Picard group of Ok; the orbits under this action are called
orientations. There are 2¢(9) orbits each of size

|Pic(O)| >. Dz ~¢

by Siegel’s theorem. In fact, the Heegner points are defined over Hg, the Hilbert class field of K,
and the Galois action of Gk := Gal(Hg /K) corresponds to that of Pic(Og) ~ Gk via the Artin
map.

The following theorem gives the equidistribution of orbits of Heegner points under subgroups of
G of large index.

Theorem 6. For any continuous function g : Xo(q¢~,q7)(C) — C, there exists a bounded function
gqg : RT — RY, depending only on q~,q", g, which satisfies

lim e4(x) =0

x—0

such that: for any imaginary quadratic field K with discriminant —D satisfying the Heegner condi-
tion, for any subgroup G C G . and for any Heegner point zg € Hy- 4+ (K), one has

<ey([Gk : GID~527),

LS e - / 9(2) djty- g (2)
|G| pu Xo(g—,q1)

where dji,- 4+(z) denotes the normalized hyperbolic measure on Xo(q~,q")(C):

1 dxdy

dprg— 4+ (2) == with Vol(Xo(q~,q™)) ::/
¢ Vol(Xo(g~,q%)) > ’ Xolg=.at)(C) Y

dxdy

5

In particular, for any imaginary quadratic field K C C satisfying the Heegner condition and for any
subgroup G C Gg of index satisfying [Gk : G] < |GK|ﬁ, the orbit G.zg becomes equidistributed
on Xo(q~,q") relatively to piy— 4+(2) as D — +oc.
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Proof. By Weyl’s equidistribution criterion and the spectral decomposition (6.2), it is sufficient to
prove that for any q'|qJr any d|qT /¢, and any primitive Maass form g on X(q™,¢’), one has

S v aslef) = on(Gr - GID) s D 4o
IG |
ocG
Here
Vg a9(20) = 9(vg,a(20)) = 9((vg.a20)7);
Indeed, one can check (e.g., by using the adelic formulation of vy 4 and of the Heegner points given
in [BD96]) that v4 420 is a Heegner point on X(¢~,¢’) and then, since vy q is defined over Q, it
commutes with the Galois action. This reduces us to the case where g is an L?-normalized Maass
newform of level ¢*.
By Fourier analysis, one has

|G| Z Z() | Z w(U)g(Zg)

ceG wGAK oceGg

Yg=1
We invoke now a deep formula of Zhang [Z01a, Z01b, Z04] which expresses the (square of) the inner-
most sum in terms of central values of Rankin—Selberg L-functions. More precisely, we denote by g
the (unique) arithmetically normalized primitive Maass form for I'g(q), having the same eigenvalues
as ¢ for the Laplace and the Hecke operators T, (n,q) = 1 (which exists by the Jacquet—Langlands
correspondence), and by fy(2) the theta series associated to the class group character v; the latter
is a weight one holomorphic form of level D with nebentypus the Kronecker symbol x . One has the
following formula of Zhang (which generalizes formulae of Hecke, Maass, Gross—Zagier and others):

o _ \/5 ~ 1
UEXG:K Y(o)g(z0)| = WL(M ®3,3)

2

If 4y factors through the norm Nk ,q (i.e., ¢ is of order 2), f,, is an Eisenstein series; in this case,

where X1, x2 are Dirichlet characters such that x1x2 = xx. Otherwise, fy is a cusp form. Hence,
either by Theorem 5 (in the former case) or by Theorem 1 (in the latter), we infer that for any € > 0,

Gk : G| 1__1 e 1 1
|G| Z ZO <, |g | }Dg 5296 &g o D 5295[GK . G} :Og(D 5297[GK . G])’

since |G| >. D2~ for any & > 0. O

Remark 6.1. As in Remark 1.4, the polynomial control in the remaining parameters for the sub-
convexity bound can be used to bound the discrepancy and obtain

Vol(B) 1

D, (G):= sup — | Kt o |Gk : G]D 5207 1

zo( ) BCXo(q-.a%) |G| Z Vol XO q q+)) qt.,q [ K ]
zOEB

for some absolute constant 1 > 0 (independent of g7¢™).

6.4. Heegner points on modular curves. When ¢~ = 1, X((1,¢") is the usual modular curve
Xo(q). We suppose for simplicity that ¢ is square-free. In that case, Theorem 6 continues to hold
with the exponent 52—197 replaced by ﬁ, the reason for this weaker exponent coming from the
existence of the continuous spectrum and a weaker subconvexity bound for the corresponding L-
function. As the proof is similar, we merely sketch it. The only difference with the cocompact case
is that one has to deal with the extra contribution coming from the Eisenstein spectrum. Indeed,
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the treatment of the discrete spectrum is identical to the one given above (except that the Jacquet—
Langlands correspondence is the identity). For the Eisenstein spectrum, the same reasoning reduces
the problem to the verification that, for any class group character v, the twisted Weyl sum satisfies

(03 3 W(0)g(=§) <y DT as D — 4oo,

ceGk

where g ranges over the Eisenstein series Fq (z,% + it) associated to the various cusps a of Xy(q),
and ¢ ranges over R. Elementary computations (similar to the ones in Section 5.4.2) show that
E, (z7 % + it) is a linear combination of Eisenstein series of the form

Vi g BXX (2, 5 +it) = BXX (v a2, 5 + it),

where
S

X5X — - Y
EXX(z,5) = > X(m)X(”)m
(m,n)€Z*—{(0,0)}
q'lm
is the Eisenstein series associated to the pair of characters (x,%), x ranging over the primitive
characters of modulus ¢’ such that (¢’)?|q, and d ranging over the divisors of ¢/(¢’)?. Since we have
assumed g square-free, ¢’ = 1,  is trivial, and EXX(z,s) is the full level Eisenstein series E(z, s).
Since v1,q(2§) = (v1,420)7 and since vy gzo is a Heegner point on X(1), it is sufficient to show
(6.3) for E(z, 1 +it). In that case the twisted Weyl sums have a well-known expression (see [GZ86,
p.248] for example)

Y |L(fy 4 it) |

> P(0)E(zf, 5 +it) 5

oceGg

hence (6.3) follows from (1.3).

2
_|0kI VD
)

7. APPENDIX: BOUNDS FOR BESSEL FUNCTIONS

In this appendix we recall some basic facts concerning Bessel functions and prove uniform bounds
for Bessel functions of the first kind (Proposition 7.1) and of the second and third kinds (Proposi-
tion 7.2).

For s € C, the Bessel functions satisfy the recurrence relations

(¢°7u(@)) =2 Tima(@),  (@2Vi(@)) =2Via(@),  (Ku(2)) = —a Ko (a).

In particular, if » > 0 and H, denotes either Jg, Y or K, then

(71) (/2 Ha (/) = £02/2)(r/E) Ha (),
and for any j > 0,
0 (5) - s ()00 () () 400 ) s ).

where each @Q); is a polynomial of degree i whose coefficients depend on ¢ and j.

Proposition 7.1. For any integer k > 1, the following uniform estimate holds:

k—1
—z <z <l;
Je1(z) < { 27T (k=3)
ka—1/2, 1<z

The implied constant is absolute.
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Proof. For x > k2, the asymptotic expansion of J,_; (see Section 7.13.1 of [074]) provides the
stronger estimate Jy,_1(r) < 2~ '/2 with an absolute implied constant.
For 1 < x < k2, we use Bessel’s original integral representation (see Section 2.2 of [W44]),

27
Te1(z) = %/0 cos((k — 1)0 — zsin0) do,

to deduce that in this range
| Jho1(x)] <1< ka2,
For the remaining range 0 < x < 1, the required estimate follows from the Poisson-Lommel
integral representation (see Section 3.3 of [W44])

l‘k_l

IS

Jr—1(x) )/ cos(mcos@)sin%ﬂ@d&. O
0

Proposition 7.2. For any o > 0 and any € > 0, the following uniform estimates hold in the strip
|Rs| < o
(1—|—|C\‘ss|)g+am_"_5, 0<z<1+4]Ss;
e I 2y (1) < (1+[Ss]) "2, 1+ Ss| <2 <1+ 5%
z=1/2, 1+ s]? <.

o+e _
s L4+ Ss))"2a777f, 0<a <1+7[Ss/2;
7r|\ss\/2K ( ’ =X )
e sl2) K &
@) {e””””‘”'/?xl/z7 1+ 7Ss]/2 < .

The implied constants depend at most on o and €.
Proof. The last estimate for Y; follows from its asymptotic expansion (see Section 7.13.1 of [O74]).
The last estimate for K follows from Schléfli’s integral representation (see Section 6.22 of [W44]),

K.(z) = /O == h() o (st) dt,

by noting that
ch(t) > 1+4t%/2 and |ch(st)| < e”".

We shall deduce the remaining uniform bounds from the integral representations

=k [ (55 () () o
(o) = o [1(U50) T (M5 eos (Flu-9) ()

where the contour C is a broken line of 2 infinite and 3 finite segments joining the points

—& — ioo, —e—i(2+2[Ss|), o+e—i(2+2[Ss]),
oc+e+i(2+2Ss]), —e+i(2+2[Ss]), —€ + i00.
These formulae follow by analytic continuation from the well-known but more restrictive inverse
Mellin transform representations of the K- and Y-Bessel functions, cf. formulae 6.8.17 and 6.8.26
in [E54].
If we write in the second formula

cos (g(w - s)) = cos (gw) cos (gs) + sin (gw) sin (gs) ,
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then it becomes apparent that the remaining inequalities of the lemma can be deduced from the

uniform bound
w— 8 w+ 8 T\ W T ToTE T €
r r (7) d - _— e
< 2 ) ( 2 ) 2 w'<<‘<1+|%s|) +(1+|%s|>

/ e‘n’max(|%s\,\$w|)/2
c
By introducing the notation
G(s) = e"I¥120(s),

M, (z) :/C G(“’;s)a(“’;“") (g)_w duw

the previous inequality can be rewritten as

x —O0—E& x £
7.3 M, U L _r )
(7.3) (2) < *5(1+|Ss|> +<1+|%s|>

Case 1. |Ss] < 1.

If w lies on either horizontal segments of C or on the finite vertical segment joining o 4 ¢ + i(2 +
2|Ss]), then w + s varies in a fixed compact set (depending at most on o and ¢) disjoint from the
negative axis (—oo, 0]. It follows that for these values w we have

w— S w+ s
G( 2 )G< 2 ><<0-’61’
(] w+s T\ "W e
G( . )G( ) )(2) Koo T,

and the same bound holds for the contribution of these values to M, (x).
If w lies on either infinite vertical segments of C, then

)

ie.,

S(w £ )| = |Sw| > 1,

whence Stirling’s approximation yields

w—S WS\ _n o —e-1
G( 5 )G( 5 >,\8|\sw| .

It follows that the contribution of the infinite segments to M;(z) is <5 z°.
Altogether we infer that

M,(z) ge 2777 + 25,
which is equivalent to (7.3).

Case 2. |Ss| > 1.
If w lies on either horizontal segments of C, then

[S(w £ )| < [3s],

whence Stirling’s approximation yields

w— 8 w—+ s\ o~ [Rw—1
o(%52)o(25)

w—s wHs\ [T\ 1 /Ss] R
o(7) e () B e ()

It follows that the contribution of the horizontal segments to My (z) is

ie.,

Lo |c\xys|71+a+s$7crfs + |$S|717€1‘€.
If w lies on the finite vertical segment of C joining o + & & i(2 + 2|Ss|), then

Rwts)>e and max |S(w £ s)| < [Ss],
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whence Stirling’s approximation implies

a(P=35\ g (wts |Ss]7+e/271/2 i min |S(w £ 5)| < 1
2 2 7% Qs|o et if min |S(w =+ s)| > 1.

It follows that the contribution of the finite vertical segment to M (x) is

<<07€ |Ss|a+axfafs.

If w lies on either infinite vertical segments of C, then

|S(w £ 5)| < |Sw| > |Ss],

whence Stirling’s approximation yields

w—S WHS\ _ |a —e—1
6(52) ¢ (M) = fowr e

It follows that the contribution of the infinite vertical segments to M(z) is

Loe |Ss|7F2C.

Altogether we infer that

M,(z) <o IS8T e 2™ + |Ss| 5 2f,

which is equivalent to (7.3).

The proof of Proposition 7.2 is complete. O
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