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AN EXPLICIT FORMULA FOR THE SECOND
MOMENT OF MAASS FORM SYMMETRIC SQUARE
L-FUNCTIONS
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Abstract: We prove an explicit formula for the second moment of symmetric square
L-functions associated to Maass forms for the full modular group. In particular, we
show how to express the considered second moment in terms of dual second moments
of symmetric square L-functions associated to Maass cusp forms of levels 4, 16, and 64.
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1. Introduction

Let us denote by {u;(2)}32, an orthonormal basis of the space of
Maass cusp forms for the full modular group. This basis can be cho-
sen such that w;(z) for j = 1,2,... are eigenfunctions not only of the
hyperbolic Laplacian, but also of all Hecke operators. Let \;(n) be the
eigenvalue of the n-th Hecke operator corresponding to the eigenfunc-
tion u;(z) and let x; = 1/4+¢ be the eigenvalue of the Laplace operator
corresponding to u;(z). The following Fourier expansion takes place:

uj(@ +iy) =y Y pi(n)Ki, (27|nly)e(nz),
n#0

where K, (z) is the K-Bessel function and pj(n) = p;(1)A;(n). The
symmetric square L-function associated to u;(z) can be defined by the
Dirichlet series

(1.1) L(sym® uj, s) := (2s)

, Rs>1.

Olga Balkanova’s research was funded by RFBR, project number 19-31-60029.
Dmitry Frolenkov’s research was supported by the Theoretical Physics and Math-
ematics Advancement Foundation “BASIS”.



612 O. BALKANOVA, D. FROLENKOV

This L-function admits an analytic continuation to the whole complex
plane and satisfies a functional equation.

In order to study moments of L-functions we introduce the normaliz-
ing coeflicient

_ P

7 coshrt;

Now we can describe our main result, which is an explicit formula for
the second moment of symmetric square L-functions. Let

(1.2) 2(h;u,v) == Zh L(sym® uj, s— ) L(sym® u;, s+ ),
where
(1.3) s =1/24u+v, s_-=1/2+4+u—w,

and h(t) is a function satisfying the conditions:

( h(t) is even;

(C2) h(t) is holomorphic in the strip [3(¢)| < A for some A > 1/2;

(C3) h(t)is of rapid decay, that is, h(t) < (1+[t|)72~¢ in the strip |3(¢)| <
A;

(C4) h(£(m + 1/2)i) = 0 for m = 0,1,...,M — 1, where 0 < M <
A—1/2.

@)
=

We denote by /\/lff)(h;u, v) the fourth moment of the Riemann zeta
function

(14) MO (s, v) = S0

s

 h(r)(s+ + 2ir)C(s+ — 2ir)C(s— + 2ir)C(s— — 2ir)
</ <0+ 2in)? o

Let H{(M, x—4) be an orthonormal basis of holomorphic Hecke new-
forms of an odd weight k& > 0, level M, and nebentypus x_4. Let
Bj(M,x—4) be an orthonormal basis of Hecke-Maass newforms of
weight 1, level M =0 (mod 4), and nebentypus x_4. Let 1/4 + t? be a
Laplace eigenvalue for the function f € Bf (M, x—4).
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For cusps b = 0o or b =0 of T'g(N) with N =0 (mod 4), let
(1.5) Mooo (N, u,v) = ML (N, u, v) + MIG (N, u, v)

with holomorphic and discrete parts given by

ML (N, 0) = 3 (RT(k) Z > e (P

E>1 LM= eHp (M
k odd M=0 (m )f (Myx—a)

x L(sym? f,s_)L(sym® f, 51 ) Poo, 0o,

PRGN GEEDS Y eop ()

k>1 L €HE (M
k odd M= 0(mod4)f (M.x—-4)

Sﬁlgglo(N u,v) :

XL(Sym2 f7 Sf)L(Sme fa 8+)P00,07

2 ¥p(ty)
> > s (D) —Cosh(;;f)

LM=N _ feB*(M,x_
M0 (mod 4) T 1 (M:x-4)

mgéfio(N7 u,v)

XL(Sym2f75*) (Sym f:3+) 00,003

MENw = P ()

h
FeBt ) cosh(rty)

M= 0( od 4)
X L(sym? f,s-)L(sym® f, s+ )Poc,0

Here the symmetric square L-functions are defined by (2.35), the coef-
ficient e¢ relates Fourier coefficients at cusps co and 0 (see (2.44)), and
Py .0, Pooo are some complicated expressions given by (2.57) and (2.58).
The functions ¥ p(t) and g (k) are the integral transforms of h(r)
defined by (4.4) and (4.9) subject to (2.23), (2.19).
Finally, we define the continuous part:

con . _ > ’lﬂD (t) sinh(mﬁ)
(1.6) M (Fiu,v) = — W

ami J_ o

o C(s4 + 2it)C(s4+—2it)(s—+2it)((s— — 2it)

T(x—1,1 % 2it)L(x s, 1 — 23) () dt.
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Theorem 1.1. For 0 < R(u) < 1/2, R(v) = 0, the following identity
holds:

Mo (h;u,v) + M (hsu,v) = FMT (u,v)

L(X—475+)L(X—478—) mcon(Fu U)

+ (271-)172uﬂ-2u(1 _ 2725_)(1 _ 272s+)

(17) +(1_2725+)71(1_272s,)71

(2ﬂ-) 1—2u2u

X (—41’57)?00700(4, u,v) + 2" 2 Mo 0(4, u, v)

(8 — 2875 28 ) Mg (16, u, v) + 16Mac 0(64, 1, v)),

where FMT (u,v) is defined by (6.1), s— and sy are given by (1.3), and
F = F(t) can be found in (5.46).

Theorem 1.1 is an analogue of the explicit formula for the fourth mo-
ment of Maass form L-functions obtained by Kuznetsov [29] and Moto-
hashi [34], [38]. Furthermore, a class of spectral identities of this kind
was proved by Biré [8].

Formula (1.7) can also be viewed as a new addition to the collection of
various reciprocity formulas expressing one moment of some L-functions
in terms of other moments. One of the most famous formulas of this
type, proved by Motohashi [36] (see also [37, Theorem 4.2]), represents
the fourth moment of the Riemann zeta function in terms of cubic mo-
ments of GL(2)-automorphic L-functions. It is quite natural that these
cubic moments can also be expressed in terms of the fourth moment of
the Riemann zeta function; see [18]. These results have recently been
generalized in various directions by Petrow [43], Blomer, Humphries,
Khan, and Milinovich [9], Nelson [40], Wu [49], Balkanova, Frolenkov,
and Wu [6], and Kaneko [24] (see also the references therein).

We remark that reciprocity formulas are also known for other families
of L-functions. In particular, during recent years enormous numbers of
such results have been discovered.

For example, the papers of Bettin [7], Conrey [15], and Young [50]
provide reciprocity formulas for the second moment of Dirichlet L-func-
tions.

For the family of automorphic L-functions, reciprocity formulas can
be classified into two types. The first type, called spectral reciprocity, is
concerned with L-functions associated to Maass forms of large spectral
parameter. The second type, called level reciprocity, is concerned with
twisted moments of L-functions associated to forms of large level.
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A recent example of the first type of reciprocity formulas was dis-
covered by Blomer, Li, and Miller [12] for the case of GL(4) x GL(2)
Rankin—Selberg L-functions. Another example, given by Humphries and
Khan [21], is concerned with a spectral reciprocity formula for some
mixed moments, which has applications in the study of arithmetic quan-
tum chaos for dihedral Maass forms. Furthermore, Kwan ([32]) obtained
a spectral reciprocity formula for GL(3) x GL(2) Rankin-Selberg L-func-
tions.

Now let us list some recent examples of reciprocity formulas of the
second type. Andersen and Kiral ([1]) proved level reciprocity for the
twisted second moment of GL(2) x GL(2) Rankin—Selberg L-functions.
Their result was generalized by Zacharias [51] to an arbitrary num-
ber field. Blomer and Khan (see [10] and [11]) proved level reciprocity
formulas for different twisted fourth moments of GL(2) automorphic
L-functions (in fact, in [10] a mixed moment of GL(3) x GL(2) and
GL(2) L-functions was considered). The results of [10] were generalized
by Nunes [41] to the case of a number field with the use of a quite
different adelic approach. Recently the result of [10] was also general-
ized to the higher rank case of the product of GL(n + 1) x GL(n) and
GL(n) x GL(n — 1) Rankin—Selberg L-functions independently in the
works of Miao [33] and Jana and Nunes [23].

Standard applications of reciprocity formulas include non-vanishing
results (see [12], [23]) and subconvexity estimates (see [10], [9], [11]).
Furthermore, in some cases reciprocity formulas allow one to deduce es-
timates on moments in short intervals. Unfortunately, Theorem 1.1 does
not produce any direct corollaries, as explained in Section 6. With a dif-
ferent method, Khan and Young ([25]) proved the best known estimate
on the second moment of Maass form symmetric square L-functions in
short intervals as well as a new subconvexity result for the given family
of L-functions in some range of the critical line.

The structure of the proof of Theorem 1.1 can be described as fol-
lows. We start by considering the left-hand side of (1.7) assuming that
R(u) > 1, R(v) = 0 (see Section 3). As long as these conditions are
satisfied, we can write the L-functions in (1.2) in terms of the Dirichlet
series (1.1). After that we can apply the Kuznetsov trace formula to
the sums of Fourier coefficients of Maass forms. As a result, we have to
work with sums of Kloosterman sums weighted by some special function.
However, similarly to [34] and [38], this function turns out not to have
sufficiently good behavior for our purposes. For this reason, it is required
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to modify the Kuznetsov trace formula via the process of regularization
described in Subsection 2.3. Consequently, we have to deal with

(m/n)”  S(m2,n%q) ds
2m Z Z (mn) 1/2+u+s - (4ﬂ—)s'

1
(O‘) g=1m,n=1 q °

Splitting the sums over m and n into arithmetic progressions mod-
ulo ¢, we obtain a product of two Lerch zeta functions (required infor-
mation about these functions is given in Subsection 2.1). For each of the
Lerch zeta functions we apply the functional equation. Subsequently, af-
ter some transformations, we reduce our problem to the study of the

sums ne 4+ 1d
K(n,l;q) = S(c2, d?, e( )
(n,1;q) > s e —,

c,d (mod q)

It turns out that this double sum can be written in terms of Gauss
sums, and consequently can be evaluated explicitly (see [2, Section 3]). As
a result, we have an expression for K(n,l;q) in terms of generalized
Kloosterman sums; see Subsection 2.2. Therefore, for R(u) > 1, R(v) =
0, the left-hand side of (1.7) can be written as a sum of generalized
Kloosterman sums (see Section 3). As the next step, for each of these
sums we apply a suitable version of the Kuznetsov trace formula formu-
lated in Subsection 2.5. To this end, it is required to verify that the result-
ing weight functions satisfy conditions of applicability of the Kuznetsov
trace formula. This is done in the first lemma of Section 4. Furthermore,
we need to make sure that the summands obtained after applying the
Kuznetsov trace formula on the right-hand side of (1.7) are absolutely
convergent. To this end, we prove some estimates on ¥p(t) and g (k)
in Section 4. The final step is to prove an analytic continuation of (1.7)
from the region R(u) > 1, R(v) = 0 to the region 0 < R(u) < 1/2,
R(v) = 0, which is done in Section 5. Combining all these results, we
complete the proof of Theorem 1.1 in Section 6.

2. Preliminaries

Let f(s) denote the Mellin transform of f(z):

s) = /0OO f(2)z* " da.

For a complex number «, we define the divisor function

)= Y (2) =0 o)

ning=n

where

n) = Zdo‘A

dln
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The following identity holds:

(2.1) ; Téﬂ ) _ ¢(s)¢(s +C2(z'2rs))c(s — 2ir).

Let us also define the divisor function twisted by a character:

os(xin) = > _ x(d)d’.

d|n

For even n the following formula holds:

(2.2) os (x74; (g)Q) = 0s(x-1;n%).

According to [2, Lemma 2.2], the Dirichlet series

o0 . 2
Z(es) = Y 2
n=1

satisfies

1= 2% L(xos, = $)C(:)0(z — 25)

(23) Z(Z, 5) = 1 — 22s—2z C(2z — 28)

2.1. Lerch zeta function and Zagier L-series. The Lerch zeta func-
tion

(2.4) ¢(a, Bss) = n-§>0 (:(_:_Ii))sv e(z) = exp(2miz)
satisfies the functional equation (see [42, (25.13.3)]):
ra-s)

(2.5) ¢(a,0;5) = 2mi— (—te(s/4)¢(0,051 — s)+ie(—s/4)¢(0, —a; 1 — s)).

Similarly to the Riemann zeta function, the function ((a,0; s) (this par-
ticular case is called the Hurwitz zeta function) has a simple pole at s = 1
with residue equal to 1.

The Zagier L-series can be defined for s > 1 as

25) o= by(n
eule) = Gy o

where
by(n) := #{x (mod 2q) : 2> = n (mod 4q)}.
This L-series is closely related to moments of symmetric square L-func-

tions (see [4], [52]), as well as to the prime geodesic theorem (see [48],
[14]).
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If n = DI?, where D is a fundamental discriminant, then (see [48,
Lemma 2.1]) the following decomposition takes place:

26 e,.(s) =L 8 1-2s M(k)XD(k),
(2.6) (s) (xp )g::l f kz‘; p
where L(xp, s) is the Dirichlet L-function for a primitive Dirichlet char-
acter xp.
Values of Zagier L-series of index (n? — 4[2) can be expressed (see [4,
(4-9)]) in terms of sums of Kloosterman sums as follows:

oo

(2.7) £n2—4l2(8):<-(28)2# > 5(12,62;q)6<%>.

q=1 c (mod q)

Lemma 2.1. Foru,v # 0 and R(u — v) > 0 the following identity holds:

3 1 2 2, d .
Zlm > S(c,d,q)4<570,1+2v>
o

c,d (mod q)
1+ 20)C(1+ 20) Dx—1,1/2 + u— )
C(1+2u—2v) L(x-4,3/2+u+v)
Proof: Let Rv > 0 and R(uv —v) > 1. These conditions guarantee ab-

solute convergence of all series that arise in the proof. Applying (2.4)
and (2.7), we have

Zm Z S(CQ,dQ;q)C(a,O;H%)
q=1

¢,d (mod q)

= 1 =1
(2'9) = Z q3/2+u—u Z [142v Z S(ZQ’C
q=1 =1

c (mod q)

Z 412 1/2—|—u—v)
1+ 2u —20) REX '

Computing the sum over ! by applying (2.6) with D = —4, we find that
i L u2(1/24u—v)

l1+2v
=1
= L(X_4,1/2+U—U Z [1+2v Zf—2u+2v Z N 1/2+u v
=1 I kI (L/5)
(2.10)

=1 w(k)x—a(k

= L(X,4,1/2+U—U)C(1+2U)Z l1+2v 15;1;2+u4—(v)
=1 k|l

L(x-4,1/24+u—v)

= (2 2 T S o)
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Substituting (2.10) into (2.9), we prove (2.8) for ®v > 0 and R(u — v) >
1. Now since the right-hand side of (2.8) is analytic in the region u, v # 0
and R(u — v) > 0, the identity holds in this region due to the process of
analytic continuation. O

2.2. Kloosterman sums. The classical Kloosterman sum

S(n,m;c) == Z e(w), atc. =1 (mod c)
a (mod c¢) ¢

(a,c)=1

satisfies the Weil bound
(2.11) [S(m,n;c)| < To(c)y/(m,n,c)Ve.

Let us also define the generalized Kloosterman sums. To this end,
we need to introduce some more notation. We denote by I' = T'g(N) the
Hecke congruence subgroup of level N. The stabilizer of a cusp a is given
by

Io:={yeTl:va=a}.
In addition, for each cusp a, we define a scaling matrix o, € SLy(R),
which is determined by the following conditions:

0,00 = a, 0;11“.10‘, = {:I: (é T) n € Z} =T

Furthermore, we define one more matrix A, as follows: o 1\a0a = (.
Any Dirichlet character xy modulo N can be considered as a character
on I

XM =x(d), 7= (;V 2) er.

A cusp a is called singular with respect to x if x(Aq) = 1.

We denote by & the sign of x so that x(—1) = (=1)". If cusps a and b
are singular with respect to x, then the generalized Kloosterman sum is
defined by (see [26, Equation 2.3])

——— (am+dn
Sab(m,n;c;x) = > x(sgn(c))x(oayoy, 1)e<f)
v=(2 )€l uc\og 'Top /Teo
Note that the sum is non-empty only if |c| belongs to the following set:
(2.12) Cas(N) = {y >0 such that (%%)€ o, 'Top}.

Our computations involve the generalized Kloosterman sums only for
two cusps: oo and 0. It turns out that in these two cases the generalized
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Kloosterman sums can be expressed in terms of the classical Kloosterman
sums (see [26, (2.20), (2.23)]) as follows:

(2.13) Seo0(m,n;eV'N; x) = x(c)S(Nm,n;c), (¢, N)=1,

(2.14) Seo,c(m,mn;c;x) = Z e(w>i(b), ¢ =0 (mod N).
)

ab=1 (mod ¢ ¢
According to (2.12) and [26, (2.15)] we have
(2.15) Clooroo

(2.16) Coo0(16

Let us define the double sum
(2.17) K(n,l;q) == Z 5(027d2,q)e<

c,d (mod q)

ne + ld)
7{1 .

This sum appears naturally in the evaluation of the second moment
of symmetric square L-functions and can be expressed in terms of the
Gauss sums. Consequently, K (n,l;q) can be computed explicitly, as has
been shown in [2, Section 3].

Lemma 2.2 ([2, Lemma 3.2]). For odd q the following equality holds:
I,bn2 + 4 al>
K(nq) =ax-s(a) ) e(_M)

a,b (mod gq) q
ab=1 (mod q)
Lemma 2.3 ([2, Lemma 3.3]). Assume that q is even and n+1 is odd.
Then
K(n,l;q) = 0.
Lemma 2.4 ([2, Lemma 3.4]). Assume that q, n, and | are even. Then
K(n,l;q) =0 if ¢ =2 (mod 4), and

K(n,l;q) = 2ig Z x-4(a)e (7M>7

a,b (mod q) q
ab=1 (mod q)

if ¢ =0 (mod 4).
Lemma 2.5 ([2, Lemma 3.5]). Assume that q is even and n and 1

are odd. Then K(n,l;q) =0 if ¢ = 0 (mod 4). If ¢ = 2 (mod 4), then
r:=q/2 is odd and

K(n,l;q) = 2qx-4(r)S((8),n°%, (8),1% 7).



EXPLICIT FORMULA FOR THE SECOND MOMENT 621

2.3. Kuznetsov trace formula and regularization. At the end of
the 1970s Kuznetsov ([28]) discovered a formula that relates sums of
Fourier coefficients of Maass forms and sums of Kloosterman sums. As-
sume that m,n > 0. Then for any function h(t) satisfying the condi-
tions (C1)—(C3) we have

@18) St [ 2

_Oman [T . S(m,n;q) , [ 4m/mn
=3 /_OO rh(r) tanh(7r) dr + ; p qS( . ,
where 6, , = 1 if m =n and 6y, ,, = 0 if m # n, and ¢(z) is defined as
an integral transform of h(r):

(2.19) () = %/jo o () TPAT)

™ cosh(rmr)’

Around the same time, a similar result was proved independently by
Bruggeman [13]. The difference is that Bruggeman obtained a trace for-
mula only of type (2.18), while Kuznetsov proved also the inversion of
formula (2.18), showing how to evaluate sums of Kloosterman sums with
a given weight function.

It can be shown (see the proof of [37, Theorem 2.2]) that the Mellin
transform of the function ¢(z) is equal to
d(s) = 2% /°° rh(r)  T'(s/2+ir)

T J_oo cosh(mr) T(1 — s/2 + ir)

If the function h(t) satisfies not only the conditions (C1)—(C3), but also
the condition (C4), then for —1—2M < Rs < 3/2 the following estimate
holds (see [3, Lemma 4]):

(2.20) b(s) < (1+ |31

An application of the Kuznetsov trace formula (2.18) is the first step
towards explicit formulas for moments of L-functions attached to Maass
forms. After that it is required to sum the right-hand side of (2.18)
over m and n. To this end, it is helpful to separate the arithmetic part,
namely S(m,n;q), from the analytic part given by q&(MT\/m). This is

achieved by means of the inverse Mellin transform of ¢(x). As a result,
we have to work with multiple sums and integrals, containing the Mellin
inversion of ¢(s). It turns out that the estimate (2.20) is not sufficiently
good to secure the absolute convergence of the resulting expression. This
fact was first observed by Motohashi in the paper [34] (see also [38])
based on the work of Kuznetsov [29], where the absolute convergence
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issue was omitted. In order to avoid this problem, it is possible to reg-
ularize the Kuznetsov formula by subtracting from it several Petersson
trace formulas

221) 3 aprsmA ()_5mn+2mzlzwbh(4wim)

JeHz (1)

12¢(2)
(20 = 1)L(sym? f, 1)

for the spaces of holomorphic cusp forms of level 1 and weight 2[, where [
belongs to a set £, multiplied by suitably chosen constants ¢(1). The role
of these constants is to make the Mellin transform of the weight func-
tion (which appears in the sums of Kloosterman sums after subtracting
Petersson trace formulas)

Ey(w) = d(z) = Y e(l) -1 ()

leL

of =

decay faster than (2.20). This process is called regularization of the
Kuznetsov trace formula. The underlying idea of regularization was first
formulated by Murty [39] (see the concluding remark on p. 18 of [38]
about the Kuznetsov and Motohashi variants of regularization). Here
we describe the most general form of the regularized Kuznetsov trace
formula, proved by Kuznetsov in [31, Lemma 3.14].

Lemma 2.6. Let £ = {ly,...,Ixn} be a finite set of numbers such that
1<l <ly < <ly. Assume that h() is a function satisfying the
conditions (C1)-(C4). We define N coefficients c(l) as solutions of the
following system of linear equations:

(2.22) Z(l —1/2)*™(=1)'e(l) = %len /OO 2™ h(r) tanh(7r) dr,
lec —oo

where 0 <m <N — 1. Let

(2.23) Dpr(z) = () — Zc(l)ngfl(x).

leLl

Then for any m,n > 1 the following identity holds:

1 [ o2ir(m)o2ir(n) h(r)
(2.24) tha a3 (m)A; () + ﬂ/,w () ¢(1+ 2ir)P?

:ZS(mémq <4ﬂf >+2WZ(—1>ZC(1> S apdms(n).

q=1 leL fe€H (1)
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Furthermore, for max(—1—2M,1 —2l1) < Rs < 3/2 we have
(2.25) ar(s) < (14 SR 17,
If 0 < Rs < 3/2, then

b(s) —d(5) — 2 el T((s—1)/2+1)

T+ (1-9)/2)
(2.26)
= () - ZT/2) ;(—1)lc(l)1—‘(32 L z)r(s Ly z),
where
(227)  é(s) = M /Z rtanh(wr)h(r)T(s/2 — ir)T(s/2 + ir) dr.

The set of weights £ can be chosen as a subset of {2,3,4,5,7}. It is
known that for such values of [ the space of holomorphic cusp forms is
empty, and consequently on the right-hand side of (2.24) there will be
no sum over holomorphic cusp forms.

Note that the right-hand side of (2.24) does not contain any diagonal
term with dy, . This is because after combining (2.18) and sums of
Petersson trace formulas (2.21), the summands with J,, , canceled each
other out due to our choice of ¢(1), as in (2.22).

In addition, Kuznetsov ([31, (3.130), (3.131)]) proved an explicit for-
mula for coefficients ¢(I) defined by the system (2.22). More precisely,
he showed that

(2.28) (-Dle(l) = = /_00 my(r)rh(r) tanh(wr) dr,

where

_ 24 (k—1/2)% r* 4+ (k—1/2)?
(2.29)  mu(r) = 11 (k—1/22—(1—1/22 ,}1 k=Dk+1-1)
kAl k#l

2.4. Holomorphic cusp forms, Maass forms, and Eisenstein se-
ries. Let x be a primitive character modulo ¢,, where ¢, |N. We de-
note by Si(N, x) the space of holomorphic cusp forms of weight & > 0,
level N, and nebentypus y. The space Sg(N,x) is non-empty only if
k = k (mod 2), where & is the sign of x so that y(—1) = (=1)".

Let Hi(N,x) be an orthonormal basis of holomorphic cusp forms of
weight k > 0, level N, and nebentypus x. Let H} (N, x) be an orthonor-
mal basis of Hecke newforms of weight & > 0, level N, and nebentypus Y.
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Any f € Hj(N,x) is an eigenfunction of every Hecke operator T,,, with
an eigenvalue A¢(n). One has

(2.30) A = 3 (@ ( ).

d|(m,n)

According to Atkin—Lehner theory
Sk(N7X) = @ @ Szld(L7X)7

yLM=N FEH[(M,X)
M=0 (mod gy)

where
SPM(L, x) = span{l™?f(1z) : I|L}.
For the space S¢4(L, x) we choose an orthonormal basis constructed
in [46, Theorem 9], which provides us with the following decomposition:

(2.31) Hi(N,x)= H H H{f(g) ZE d)d/2 f( }’

LM=N €H} (M L d
M=0"(mod ax) f (M,x) gl lg

where the coefficients £,(d) are defined explicitly on p. 2490 of [44] and
f € Hi(M,x) is L*(To(N)\H) normalized.

Consider a singular cusp a and let o, denote a scaling matrix for a.
Then the form f € Hi(N, x) admits the following Fourier expansion:

f(oaz)i(0a, 2 Z pf“ m)*%e(mz),

m>1

where i(0q, 2) 1= cz+d for o = (). If fis a newform, then p;_(n) =
pr. ()Af(n). Using the definition of f(9) in (2.31) one has

(2.32) P (n = Y &dVdrs(n/d)ps. (1).

d|(g,n)

We denote by A, (N, x) the space of Maass cusp forms of level N,
nebentypus x, and weight ~ € {0,1} such that x(—1) = (—1)* and by
B (N, x) an orthonormal basis of this space. Let B(N,x) be an or-
thonormal basis of Hecke newforms of weight « € {0,1}, level N, and
nebentypus x. Any f € BX(N,x) is an eigenfunction of every Hecke op-
erator T),, with an eigenvalue Af(n). According to Atkin-Lehner theory

AV»(N7X) = @ @ Azld(L7X):

LM=N €B* (M,
M=0 (mod gy) FEBL(M.x)

where
ASM(L, x) = span{f(dz) : d|L}.
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For the space A%9(L,y) we choose the basis constructed in [20,
Lemma 3.15], which provides us with the following decomposition:

(233) BN = ][ 1T TIFY =D et dyse

LM=N €Bj}(M,x) d|L lld
M=0 (mod qx)f (M) dl !

where the coefficients £ (I, d) are defined explicitly in [20, Lemma 3.15]
and fe€B}(M,x) is L?(To(N)\H) normalized. Note that coefficients &£ (1,d)
in (2.33) coincide with &,(d) in (2.31), that is, £({,d) = &q(1).

Let 1/4 4+ t? be a Laplace eigenvalue for the function f € B, (N, x).
Any f € B, (N, x) has a Fourier—Whittaker expansion of the form

f(o_nz)efznargz(aa ,z) Z pfu W\m\ iy
m#0

Here z = z + iy and W) ,(z) is a Whittaker function (see [19, Sec-
tion 9.22]). If f is a newform, then p;_(n) = ps._(1)Af(n). Using the
definition of f(9) in (2.33) one has

(2.34) pra(n)= > &L AVIA(n/1)ps (1)

l|(d,n)

For f € H{(N,x) or f € BX(N,x), a real character x (mod N),
and Rs > 1, the associated symmetric square L-functions can be de-
fined ([47]) by the series

2
M) L)

1 =1

gk

(2.35) L(sym® f,s)=¢"(2s)

1

where
(M) =TTa-pro
pIN

For the Hecke congruence subgroup I' = I'o(N) and nebentypus x
with k = 1, we define the Eisenstein series associated to a singular
cusp c¢ as follows:

Ee(z,8) = Y X(Mi,—1,(2) (S(oc'2))%,
~yel A\

where o, is a scaling matrix for ¢ and

. L CZ+d _ _targ(cz+d) _[a b
j’Y(Z)_|CZ+d‘_e I ’7_ c d .

The Fourier—Whittaker expansion for the given Eisenstein series is ob-
tained in [2, Theorem 2.3]. Here we just state the final result.
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Theorem 2.7. Assume that ¢ is a singular cusp with respect to x and a
1s an Atkin—Lehner cusp. Then the following Fourier—Whittaker expan-
sion holds:

E (042, 5)jo, (2)71 = dacy” + Pa,c(0, 3)y175

+> paclm, $)e(m)Wim _, ,,(4mlmly),
m#0

where

I
Pu,c(07 S) = 7%(?0,((0585)()7
_ w%i|m|* 7!

pac(m,s) = m%,c(”% 5,X),

Sea(0,m; ¢
¢a,c(m737X) = Z u

025
c€C¢ a(N)

2.5. Kuznetsov trace formula for generalized Kloosterman
sums. The Kuznetsov trace formula for generalized Kloosterman sums
(defined in Subsection 2.2) can be found, for example, in [27, Section 3.3],
[16, Section 4.1.3], and [2, Section 2.5]. Here we state only the case of
odd characters (i.e. kK = 1) required for our computations.

Assume that the function 1) € C'*° satisfies the following conditions:

(2.36) $(0)=4'(0)=0, ¥V (z) < (1+2)7>7", ;j=01,23,

for some 7 > 0.
Let us define the integral transforms appearing in the Kuznetsov trace
formula:

(2.37) i (k) = 4i* /Ooo Jk,l(x)w(x)d%
(238)  wnl)= oy | Uala) + Tsel@)ot) T

where J,(z) denotes the J-Bessel function of order v. For m,n > 0 let

(2.39) Kap(m,n,N;¢) = Z Sab(m’cn;C;X)lﬁ(M Cmn).

c€Cq p(N)
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Then the Kuznetsov trace formula for generalized Kloosterman sums
takes the following form:

(240) Kﬂ;b(m7 n, va) :Hﬂyb(m, n, N§¢)+Da,b(m7 n, N;w)+cﬂ;b(m7 n, N;¢)7

where

(2.41)  Hap(m,n,N;¢):= Z Z Yu (k)L (k)pso (m)py, (n),

k>1  fEH(N,x)

k=1 (mod 2)
o Yp(ty)
(242)  Day(m,n, N;gp)i= > cosh (1 )Pfa( )Ps, (1),
fE€BK(N,x)

(243) Cu,b(m,nyN;'l/)) = Z i _oo %ﬁzigt)m*itnit

¢ sing.

X ¢a,c (M, 1/2 4+ it, x)do,c(n,1/2 + it, x) dt.
The summation in (2.43) is taken over all cusps ¢ of I' = I'y (V) that are
singular with respect to .

Later we will apply (2.40) only for a = co and b = oo or 0. In these
cases using the special choice of bases (2.31) and (2.33) one can rewrite
(2.41) and (2.42) in terms of Hecke eigenvalues Af(n). Applying (2.32),
(2.34), and the relation [45, (6.9)] (see also [22, (13.43)])

(2.44) Pfo(n) = copso(n), with [eo| =1
we obtain

(245)  Hoomo(m,n, Nsv)= Y > ST D vu(k)

k>1 LM=N  feH}(M,x) g|L
k=1 (mod 2) M=0 (mod gy) i ) gl

xL(K)p o) (M)p (o (1),

(246)  Heoo(m,n, N;v)= Y > > > vulk)

k>1 LM=N  feH} (M) g|L
k=1 (mod 2) M=0 (mod gy) k ) gl

xL(K)gop o) (M) p o) (n),
where p ) (n) are given by (2.32), and
(2.47)

D°0700(m7n7N;,¢)): Z Z Z COSh pf(d)( )pféé” (n)7

LM=N €Bx(M,x) d|L
]\/[EO(moqu)f (M) dl

(2.48)
Doco(m,n, N;p)= Y > Zcosh Eoﬂf@(m)/)fég)(”),

LM=N eBX(M d|L
M=0 (mod qx)f (M.x) 4|
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where p ) (n) are given by (2.34). Note that (2.46) and (2.48) match

exactly with [45, (6.27), (6.25)].
If d is an even power of 2, then we define 64(d, s) := 1. If d is an odd
power of 2, we let

>

£(2)
92s/2 "

(2.49) or(d,s) :== )\Qfsi(/z)’ o7(d, s) :=

Finally, let

Poo,oo - oo,oo(sfaSﬂLvL;f)

(2.50) _ ZZZmég(dﬁd%d%éﬂdh5_)5f(d2’8+)7

glL d1lgd2lg
and

Poo,O - Poo,0(5—75+7L;f)

1—s_ 1—s

=SS S G @) (da)dy * dy ? 6p(dy,5-)5;(day s )-

g|L dilgdalg

Lemma 2.8. For N = ML = 2% g|L, and f € H};(M, x_4) with 4|M
one has

Py (M?)p @ (n?)

ms, nS+

(2.51) ¢M(2s-)¢M(2s1) >

m,n=1

= |pfoo (1)|2P00700L(Sym2 f7 S*)L(Sym2 .f7 8+)7

Py (M2)p (@) (n?)

ms, nS+

¢M2s)¢M(2sy) >

m,n=1

= 01 (1) PoooL(sym? f,5_ ) L(symZ f, 51).

Proof: Substituting (2.32) instead of P (n?) and pf(g>(m2) we reduce
the problem of evaluating (2.51) to

(2.52)  ¢M(2s-)¢N 25 )l (VP DD Eg(di)Eg(d2)Verda

dilg dalg

- - Ap(m?/dy)As(n?/ds)
2 2 o
m=1 =1
m?2=0 (mod d;) nzz()n(mod do)
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Since g|L|N and N is a power of 2, d; and dy are either 2271 or 22/,
Suppose that d; = 227. In this case the condition m? = 0 (mod d;)
means that m = 0 (mod v/d;). Therefore,

N S Ap(m?/dy) _ (N(2s-) <~ Ap(m?/da)
D Y/ PR
(253) m?2=0 (mod dy) !
_ L(sym?f,s_)

If d; = 2%%1 then m = 0 (mod v/2d;) and since it follows from (2.30)
that Af(2m) = A¢(2)Af(m) we obtain

S_ S_
m=1 m ’/Qdii/Q m=1 m
m?2=0 (mod dy)

Meso) S Ap(m2/dy) _ (V(2s-) <~ Ar(2m?)

(2.54)
_ Ly f.s N @)
2d;~"*

Combining (2.53) and (2.54) one has

(2.55) N(2so) > M:L(synﬁﬂs,)éﬂdl,s,),

ms—
m=1
m?2=0 (mod dy)

where 67(d1, s1) is defined by (2.49). In the same way

oo 2
256) e 3 AT  psym? 5007 (d, 1),
n2=0 (mod ds)

Substituting (2.55) and (2.56) to (2.52) we prove (2.51). The second
relation can be proved in the same way. O

The same formulas also hold in the case of Maass forms, since the
expressions (2.32) and (2.34) coincide due to &f(1,d) = &q(1).

When L is a power of 2 and 4|M we can evaluate Py oo and P
explicitly in terms of Af(2) since in this case we need only the values
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of £,(d) for g and d being a power of 2. These values are given on p. 2490
of [44] and for v > 1 are equal to

51(1):1’
2\ —1/2
v (2) = (1- AIE)
oy O (@
e = 22 (1-B)

and zero in all other cases. Therefore, the summands in (2.50) are non-
zero only for dy and ds being equal to either g or g/2. Hence using (2.49)
we obtain for g being an even power of 2

— = 1—s_ (2 2\ 1/2

dilg
and for g being an odd power of 2

. Ar(2)  Ap(@)
— 25_/2 273_/2

> &(d)d 7 dp(dr,s-) =g 2 (1= B@Ey
2

dilg

Therefore,

2
Poo,oo =1+ (1 - |Af(2)| )O_ev +s4 (L)

2 1-2=
(2.57) IO NP YIC) A @) 3@ )
(257/2 275,/2)(2%/2 >=547/2) od

e, (L)
(22 0" a+ay (L),
(1 ) 2

where

O EEED SIS D SIS

gL glL
logy g is even logy g is odd

Similarly we find that

A2 ov
Pw,0:1+<1_#)0175_+5+([’)
2

(258) ()\f(2) _ Ar(2) )()\f(Q) _ Ar(2) )
El 2 —s 2 s 2 —s 2
25—/ 973/ \ 954/ 2= +/2) od e, (D).
2

(1 - Pl .
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2.6. Eisenstein series for I'g(4), I'g(16), and I'g(64). For our pur-
poses, it is required to consider only the case when level is equal to 4, 16,
64, cusps are 0o, 0, and nebentypus is x_4. More precisely, the following
Kloosterman sums arise in our case:
Koo,oo(mQ,nQA;w), Koo,o(mQ,nQA;w),
Kooo(m?,n%,16;¢), Koo o(m®,n?, 64;1).

After the application of the Kuznetsov trace formula, we obtain (2.43).
Consequently, we need to compute Fourier coefficients of Eisenstein series
for all singular cusps. This was done in [2] and here we just state the
final formulas.

Lemma 2.9 ([2, Lemma 5.1]). The following cusps of T'o(4) are singular
with respect to x_4:

0, oo.
The following cusps of T'o(16) are singular with respect to x—4:
0, 1/2, 1/4, 1/8, 1/12, oo.
The following cusps of T'y(64) are singular with respect to x—4:
0, 1/2, 1/4, 1/8, 1/12, 1/16, 1/24, 1/32, 1/40, 1/48, 1/56, co.

For convenience, we introduce some notation:

5o (m) = {1 if n|m

0 otherwise’

_ T1-2s(x-a3m)
(2.59) s(m):= T

— T(X*4)O'2571(X74; m)m172s
(2.60) t(m) == e |

where 7(x—4) is the Gauss sum which is equal to 2i.
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Lemma 2.10 ([2, Lemma 5.6]). Let N =64 and a = co. Then

(2.61) boo,0(m, 8, x—1) =x-1(—1) (m)

82s

¢oo,1/2(m, S, X_4) — X—4(_1)6<%> Ségr:) ,

T
(2.62) qbooyﬁ(m,s,x,4):X,4(—T)e<—mT> Sé’;:), T=1,3,
(2.63) ¢m,ﬁ(m,s,x,4):x,4(—r)e(_"%) Sé?:)’ T=1,357,

(2.64) d)oo’L(m,S,X_4):X_4(—T)454(m)e(—m—T)S(m), T =13,

() - g (5)

16 m
(2.65) qboo,oo(m,saxfﬁl):W&(S(m)t(f})'

Poo

,3% (m7 S, X*4) =

Lemma 2.11 ([2, Lemma 5.7]). Let N =64 and a =0. Then

() - w5

(2.67) o, & (M8, X—4) :454(m)e("117T) s(m) T=1,3,

(266) ¢O,0(m787X—4):

¢0,1/2(m7 S, X*4) =

(2.68) qso,s%(m,s,x_zl):e(mT)s(m) T=1,3,57,
(2.69) %,ﬁ(m,s,xﬂ):e(mnr)

¢0,3%(m757X*4):e< ) 82s

s(m)

(270) (}50,00(7’774,8,)(_4): 825 .
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Lemma 2.12 ([2, Lemma 5.8]). Let N =16 and a =0. Then

ot (7):

m

s alim.s.x-0) = gazoatm () = rgrmontme (7).

(271) ¢0,0(m>S>X*4):

(2.72) o, 1 (M, 8,X—4) :e<mTT> ng), T=1,3,
¢0,§ (m, S, X—4) =€ (%) 54(1727:) )
(2.73) D0,00(M, 8, X—a) = Sigz)

Lemma 2.13 ([2, Lemma 5.9]). Let N =16 and a = co. Then

s(m)

(2.74)  doo0(m, s, x-1) = x—a(=1)bo,c0(m; 5, X-1) = x-a(~1) yEral

Boealim, s, o) =xa (1), (5, x-0) = x-a(- e ) 2.

(2.75) Poo, 2 (M8, X—1) = X-a(=T)¢g _1__(m, 5, x~1)

=)

mY \ s(m
:X74(—T)€<—T) §25)> T=1,3,

d)ooyé(mvsaxfﬁl):¢0,1/2(masaxf4
2 m 4 m
- Zan(2) - (),
(2.76) oo (my 5, x—1) = do.0(m, 5, X_1) = (164)2364(771)15(%).
Lemma 2.14 ([2, Lemma 5.10]). Let N = 4. Then
(2.77) Bo,0(m, s, x-4) = tf;;?» B0,00 (M, 8, X—1) = S;’Z),
(2.78) Poo,0(m, 5, x—1) =X-4(—1)¢0,00 (M, 8, X-4),

(279) (ﬁoo,oo(mwgvxfél):¢0,0(m>S>X*4)'
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Corollary 2.15 ([2, Corollary 5.11]). For N = 64 we have
(2.80) b
For N =16 we have
(2.81) b

(m?,s,x_4) = ¢0’%(m2, s,xX-4) = 0.

L
’32

1(m?,5,x-4) = @ 1 (m*, 5,x-4) = 0.
3. Explicit formula for large values of u
Consider the second moment of symmetric square L-functions
(3.1) Ma(hju,v) Zh t;)a; L(sym® uj, 1/24+u—v)L(sym® uj, 1/24+u+v).
J

We introduce the notation

Our(1/2 - u+w)

(42 Ruv= =

C(1 4 2u)¢(14+2v)¢(1 + 2u + 2v)

Lica,1/2 +u—w)
L(X*473/2 +u+ 1})7

(3.3) I(z):= % /( : dar(s)(cos(mv) + sin(m(u + s)))

xI'(1/2—u+v—s)(1/2 —u—v—s)z’ds,

where max(—1 —2M,1 —2l;) < a3 < 1/2 — R(u). Furthermore, let
(3.4) o(x) = 2 I(z).

Theorem 3.1. Assume that 1 < R(u) < 1/2 4+ min(l + 2M,2l; —
1),R(v) =0. Then

Mo (h;u,v) = =M (hyu,v) + R(u,v) + R(u, —v)
Jr(j 2s4)C i (m/n)"

(35) (271— 1 2uﬂ-2u -, mn 1/2+u

(—4ZK00700(7TL y 1 7477/})+21_2uKOO,O(m27n274;w)

H(8=27 =2 ) Ko o(m?, 0, 16;0) + 16K 0(m?, 7, 6451) )

where the definitions of sy, s_ are given by formulas (1.3), Mic)(h; u,v)
by (1.4), and Kqp(m,n, N;v) by (2.39).

Proof: In order to evaluate (3.1) we use the series representation (1.1)
for L-functions and apply the regularized Kuznetsov trace formula (2.24)
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with £ C {2,3,4, 5,7} (which corresponds to weights {4, 6,8,10, 14}). As
a result,

(3.6)  Moa(h;u,v)=—M" (h;u,v) + ¢(25-)¢(254)TS (u,v),

(3.7) TS(u,v) = Z (;;Z)/Siiu Z S(m ;In iq) ¢N<47r;nn).

m,n=1 q=1

Note that to obtain M\ (h;u,v) we applied (2.1).

The next step is to show that the assumptions of the theorem guar-
antee absolute convergence of the triple sum in (3.7). Indeed, estimating
the absolute value of (2.19) we show that ¢(z) < 2~'/2. Moving the con-
tour of integration in (2.19) to the line I(r) = § = —A+e€ and estimating
the absolute value of the resulting integral, we have ¢(z) < 229. Com-
bining these two estimates for ¢(x) and using the standard bounds for
the Bessel function Jy_1 () < min(2?~1, 2=1/2), we infer that for ¢ > 1
(see (2.23))

(3.8) ®pr(z) < min(z®, z~?).

Applying (2.11) and (3.8), we conclude that the triple sum on the right-
hand side of (3.6) is absolutely convergent for ®(u) > 1. Using the inverse
Mellin transform for the function @ x(z), we conclude that

1 . >0 m/n)® = S(m?, n? ds
(3.9) TS(u,u):%/(a> dn(s) > (m(n)l/ﬂiwz ( d (n)

1-s
m,n=1 qg=1 q

where —1/2—R(u) < o < —1/2. These limitations on « are sufficient for
absolute convergence of the sums and the integral in (3.9). Consequently,
we can change the order of summation in (3.9) such that the outer sum
becomes the sum over q. After that we split the sums over m and n into
arithmetic progressions modulo ¢. This allows us to apply (2.4) in order
to obtain the Lerch zeta functions
O O e
1/24u+s
m=c (mod ¢) n=d (mod q) (mn)

1 c d
:WC(;,O;1/2+u—v+s>(j<a,0;1/2+u+v+s>.

Therefore, (3.9) can be written as

1 . N |
TS(uw):%/ @N(S)ZW > S dho)
(a) q=1 c,d (mod q)
c d ds
xCl —,0;1/24u—v+s —,0;1/24+u+v+s .
(o )e(§o/ )iy
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Moving the contour of integration to the left, specifically to the
line N(s) = oy with max(—1 — 2M,1 — 2l;) < a1 < 1/2 — R(u), we
cross the poles of the Lerch zeta function at the points 1 = 1/2 —u+wv
and s; = 1/2 — u — v. Let us denote the contribution of these poles
as Ry (u,v) and R;(u, —v), respectively. Then

e}

(3.10) TS(u,U):Rl(u,v)—i—Rl(u,—v)%/ éN(s)ZqQ%H

(a1) g=1

X Z S(c2, d q)((E,O; 1/2+u—v+s)((é, 0; 1/2—|—u+v+s> ds .
Mt q q (4m)°
c,d (mod q)

Computing the residue at s; = 1/2 — u + v, we find

Da(1/2 — u+v) & 1 2 2 d
Rl(u7v): (471')1/2_“""” § 1 q5/2+u+u E S(C 7d vq)C 57071"'2” .
o

c,d (mod q)

Applying (2.8), we show that

Ri(u,v) = Dpr(1/2 —u+v) C(1+2u)¢(1 +2v) L(x—4,1/2+u —v)
vy = (47)1/2—utv C(142u—2v) L(x-4,3/24+u+v)

Consider the integral in (3.10). For each of the two Lerch zeta functions,
we apply the functional equation (2.5). Consequently, we obtain four
combinations with different signs of the products

¢(0,%c/q;-)¢(0, £d/q; ).

Changing the variables —c into ¢ and —d into d yields a unified expression
of the form

¢(0,¢/q;-)¢(0,d/q; ).
More precisely, we show that

Z S(CQ,dQ;q)C(g,O;1/2+u—v+s>((g,0;l/2+u+v+s)

c,d (mod q)

ra/2—u4+v—s)r'(l/2—u—v-—s)

(27{-)1—211—23

X Z S(cz,dZ;q)C<0,2;1/2—u—|—v—s>((0,g;l/Q—U—U—s>.

c,d (mod q)

= 2(cos(mv) + sin(m(u + s)))
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Writing the definition (2.4) for the Lerch zeta functions we have

Z S(CQ,d2;q)<(§,0; 1/2+u7v+s>C(g,0; 1/2+u+v+s)

c,d (mod q)
r1/2—u+v—sIr1/2—u—v—2s)
(271-)17271,725

(mn) m/n 9 2 md + nc
D S T )

m,n=1 ¢,d (mod q) q

(3.11) =2(cos(mv) + sin(m(u + s)))

Substituting (3.11) into (3.10) and using (2.17), we prove that

TS(u,v) = Ri(u,v) + Ri(u, —v)

+2(2m)” 7t Y (TS:)/EZH quiguK(mm;q)I(w),

m,n=1 q=1 q

where I(z) is defined by (3.3). In order to evaluate K(n, m;q) we apply
Lemmas 2.2-2.5, showing that

(3.12)
TS(u,v) = Ri(u,v) + Ri(u, —v)

+20e2m 7t Y (Tfl”;)/ﬁg_u 3 qffzuz(”m”>

m,n=0(2) q=0(4) q
a(m/2)% + b(n/2)?
D SRR LR
a,b (mod q) q
ab=1 (mod q)
et = (m/n)Y = x—alq) L mmn 4,bn® +4,am?
+2(2m) Z (mn)1/2—v qit2u [< q ) Z e(— q
m,n=1 q=1 a,b (mod q)

ab=1 (mod q)

+2(2m) 7t > 7(77(2)/1727:” > Q:Icfo(:)I(w)S(UTmQ,ﬁrnQ;r).

q
m,n=1(2 =2
@ (h2)=1
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Changing the variables a and b into —a and —b and using (2.14) and
(2.15) for the first sum in (3.12), (2.13), and (2.16) for the second sum
n (3.12), we have

(3.13)
TS(u,v) = Ri(u,v) + Ri(u, —v)

N ppN . > %w(@)sw,m%,n?/wx-4>

2u mn) 1/24u
m,n=0(2) YEC oo, 00 (4)

+M i _(m/n)" S lzp(m)so@,o(m2,n2§7;xf4)

2u 1/24u
m s () veComntiey TN T

2u—1 (m/n)" 2x-a(r) ,( ™mn 2 2,
+2(2m) > (mn)1/2—u > gt I q S((8),m”, (8),n%m),
m,n=1(2) (;13)2:7“1

where (z) = 22“I(z). In order to write the third sum in (3.13) similarly
to the first and the second sums, we split the summation over m, n into
four different cases using the following relation:

)ORED S IETD VD b SED DI SN

m,n=1(2) m=1ln=1 mn=0(2) m=0(2)n=1 m=1n=0(2)

In the sums over even m we change the variable m into 2m (and we do
the same with sums over even n). Then

(3.14)
2(271')2u_1 Z (ngZLI)/17jg—u Z 2§;f2(:)I(%)S(T)rn27@rm2gr)

m,n=1(2) (Q§)QT1
r,2)=

16(2m)% 1 & (m/n)® 1 (7mn 2 o2
= 2 2—1 (mn)1/2+u Z ;1/1 Ty Soo,0(m”, 17575 X 1)

YECo0,0(64)

2172 (o)l SN (m/n)Y 1 (7mmn
+ r2u Z (mn)t/2tu Z §¢ y

m.n=1 YEC o 0(4)

X Soo0(m?,n*;v; x—1)

_25/2—u+v(2ﬂ,)2u—1 i m/n Z lw p——
ﬂ—2u m,n=1 mn 1/2+“ v v

= v€Co0,0(16)

X Soo0(m?,n*;v; x—1)

_25/2_“_“(271)2“_1 i (m/n)? Z lw Tmn
7T2u mn 1/2+u ~ y

mn=1 V€Cs0,0(16)

X Soo.0(m?,n*;v; x—4).
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Substituting (3.14) into (3.13), and using (2.39) and (3.6), we finally
prove (3.5). O

4. Special functions arising after applying the
Kuznetsov trace formula

The next step in the proof of Theorem 1.1 is the application of the
Kuznetsov trace formula (2.40) to the summands on the right-hand side
of (3.5).

In this section, we show that the function (3.4) satisfies the conditions
of applicability of the Kuznetsov formula. Furthermore, we show that its
integral transforms (2.37) and (2.38) decay fast enough for the right-
hand side of (2.40) to be absolutely convergent. For that exact reason,
we introduced the regularized version of the Kuznetsov trace formula in
Lemma 2.6.

Lemma 4.1. For max(2,2l;—1-N) < 2R(u) < min(2l;—3,20;—N) and
R(v) = 0, the function () from (3.4) as x — 0 satisfies the following
estimate:

(41) d)(x) < ml/?%’?ﬁ(u)fs7

and for x — oo we have

1 » 1
(4.2) P(z) < 2 T aR(w) PV () K poy et
where j = 1,2, 3.

Proof: Applying (2.25) and the Stirling formula

(4.3) D(o 4 it) < [t|” " exp(—n|t]/2), |t| = oo

for estimating the Gamma functions, we prove that the function under
the integral in (3.3) is bounded by (1 + |Ss|) 1= 2R =R()-N " Accord-
ingly, the integral (3.3) is absolutely convergent for R(s) > —2R(u) — N.
Therefore, in (3.3) the contour of integration fts = a can be chosen such
that (we assume that the parameter M appearing in the condition (C4)
is sufficiently large)

max(l — 201, —2R(u) — N) < a < 1/2 — R(u).

Note that the conditions of the lemma imply that 1 —2{; > —2R(u) —N.
In order to prove (4.1), it is sufficient to move the contour of integra-
tion in (3.3) to the right on the line R(s) = 1/2 — R(u) — € and estimate
the absolute value of the integral.
In order to prove the first estimate in (4.2), we move the contour of
integration to the left on R(s) = 1 — 2l; + € and once again estimate the
absolute value of the resulting integral.
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In order to prove the second estimate in (4.2), we first differenti-
ate (3.3) with respect to x. The resulting integral converges absolutely
for R(s) > 7 — 2R (u) — N. Note that the conditions of the lemma imply
that

1-2L <j—2R(u) —N <1/2 — Ru.
Moving the contour of integration to R(s) = j — 2R(u) — N + € and
estimating the absolute value of the resulting integral, we prove the
second estimate in (4.2). O

Let us choose the parameters N and [/; in Lemma 2.6 in the following

way:
N=3, 1,=3.

Then Lemma 4.1 implies that for 1 < $(u) < 3/2 — ¢ and R(v) = 0 the
function 1 (x) from (3.4) satisfies the conditions (2.36) of applicability of
the Kuznetsov trace formula.

Next, we estimate the transforms (2.37) and (2.38) of the function ¢ (x)
from (3.4).

Lemma 4.2. For0 < R(u) < 3/2—3§ and R(v) = 0 the following identity
holds:

zpD(t):% /( ) Da(s)D(1/2 —u+v—s)
s+2u . s+2u .
(4.4) XF(l/Q—u—v—s)F< 5 -l-zt)f‘( 3 —zt)

X (cos(mv) +sin(r(u + 5))) sin (M) 252 g,

where —2R(u) < a < 1/2 — R(u). Furthermore, for |t| — co we have
1
()N
Proof: Substituting (3.4), (3.3) into (2.38) and using the formula (see
[17, (1), p. 326]) for 0 < Rs < 3/2

~ s—1 *i s i $/2 — it) cosh (mt) sin | ==
[ Cnale) + Joaalea ! da=Zr(s 2+ )0 (s/2 = it cosh () (2)

we prove (4.4). Estimating the absolute value of the expression under the
integral in (4.4) by using (2.25) and Stirling’s formula (4.3), we conclude
that

Un(t) < (1+[t]) /

—o0

(4.5) Pp(t) <

< exp(=m(ly +t[+ [y —t] = 2[y))/2)
(1 + |y|)1+2§Ru+N+a

X(l + |y+t|)§Ru+(a—l)/2(l + ‘y _ t|)§Ru+(a—1)/2 dy.
Estimating the last integral, we show that (4.5) holds. O
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For the sake of convenience, we introduce the notation

To(u,v)=— /(0) b ()N(1)2 —u+ v —3)

(4.6) xF(l/Q—u—v—s)F(S+u+”+1/2)r<s+3u7v71/2)

2 2
x (cos(mv) + sin(m(u + 5))) sin(w) ——

Lemma 4.3. For 0 < R(u) < 1/6 and R(v) = 0 we have

(e, ST /2 - Sk T o= 2
(4.7) xD(1/2 —u+v)(cos(mv) +sin(m(1/2—2u-+v)))
X sin(w) + Io(u,v).

Proof: Tt follows from (4.4) that

Up(t)sinh(mt) N
t cosh (mt) 2“_1_8—#/@%( JP(1/2 —u+ )T(1/2 )
stutv+1/2 s+3u—v—1/2
XF( 3 )1"( . )

X (cos(7v) +sin(m(u+s))) sin (W) 25 +2u g

where 1/2 — 3R(u) < a < 1/2 — R(u). Next, we move the contour of
integration to the line Rs = 0, crossing a pole at s = 1/2 — 3u + v.
Computing the residue at this point, we prove (4.7). O

In a similar way we prove the following statement.

Lemma 4.4. For 0 < R(u) < 1/6 and R(v) = 0 we have

1 p(t) sinh(rt)

=227 $ 0 (1/2 — 3u — v)T(2u)T (2u + 2
Fcosh () 7 ~(1/ 3u — v)['(2u)T'(2u + 2v)

2it=1—s,

(4.8) xI'(1/2—u—w)(cos(mv)+sin(m(1/2—2u—v)))

x sin(M) + Io(u, —v).
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Lemma 4.5. For 0 < R(u) < 3/2 -6 and R(v) = 0 we have

_ 22u+1ik

(4.9) (k)=

Y /(a)@N(S)F(l/Q—u+v—s)F(1/2—u—v—s)

I((k—142u+s)/2)
“T((k+1-2u—1s)/2)

where max(l — 20,1 — k — 2R(u)) < a < 1/2 — R(u). Moreover, for
k — oo the following estimate holds:

(cos(mv) + sin(m(u + 8)))2° ds,

1 1

(410) T/JH(k) < W + k’27ll

Proof: Substituting (3.4), (3.3) into (2.37) and using the formula (see
(17, (1), p. 326])

oo o1, 27D ((k—1+438)/2)
/0 S S (T S ) R

we prove (4.9). Estimating the absolute value of the expression under
the integral in (4.9) by applying (2.25) and Stirling’s formula (4.3), we
infer

(4.11) Yu (k) < /700 (1 + |y|) I +arN+2Ru(f 4 |y[)l-a—2Ru

Since we are interested in the case k& — oo, it is possible to choose
a =1 —2l; + e. Estimating the integral (4.11) for this a, we complete
the proof of (4.10). O

Estimates (4.4) and (4.10) guarantee that the series (1.5), arising after
the application of the Kuznetsov trace formula, are absolutely conver-
gent.

5. Contribution of the continuous spectrum
Recall that (see (1.3))
sy =1/24u+v, s =1/24u—o.
Let us define

L(X—47 5+)L(X—47 S—)
C(254)¢(2s-)

 Slse o+ 2it)¢(s — 2it)(s— + 2it)(s— — 2it)
L(X_4, 1+ 2it)L(x_4, 1 — 2it) '

(51) PL,g(uﬂ}ﬂf) =
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Applying the Kuznetsov trace formula (2.40) to the right-hand side
of (3.5), we obtain the following sum as a part of the continuous spec-
trum:

Gy = S25E25) 51

(27{')172”7{'2“ msS—ns+

m,n=1

(5.2) X (~4iCos oo (M, 0%, 4315) + 2" Cog 0(m?, 0, 455)

(8= 2875~ 2875 O 0 (m2 02 16; 90) + 16Coo.0(m? 0 64; ¢)).

For the sake of convenience, we also define

o0
Ga.c(m2,1/2 +it, x—a)do.c(n?,1/2 + it, x — 4)
Da,b 7N7t): Z : ms— +2it SJ: 24t
m,n=1

Then it follows from (2.43) that for Cy p(m?,n?, N;1b) we have

[e'e]

1
(5.3) Z mCma(m2,n2,N;w)
m,n=1

1/)D t) sinh(7rt) ZDub Nit)d

47r t cosh mt)

> ¢ sing.

Lemma 5.1. For R(u) > 1/2, R(v) = 0, the following identity holds:

oo

1
(54) D e Cooe(m® 0, 450)
m,n=1

= o0 1/JD(t) Sinh(ﬂ't) PL@(’U,,’U,t)Fl(t)
4w J__ tcosh(mt) 4(1 —2725-)(1 —2725+)

dt,

where

(55) Fl(t) _ (1 o 2—2it—s_)(1 . 22it—s+) + (1 o 22it—s_)(1 . 2—2it—s+).
Proof: By Lemma 2.9 the following cusps are singular: 0, co. Applying
(2.79), (2.77), (2.60), and (2.3), we infer

(1 _ 2—2it—s,)(1 _ 22it—s+)
41 —27%-)(1—27%)

Using (2.78), (2.77), (2.59), and (2.3), we show that

. _ (1 _ 227;t—s_)(1 _ 2—2it—s+)
(5.7) Doo,0(0,458) = Pr¢(u,v,t) =27 )1 =257

Finally, it follows from (5.6), (5.7), and (5.3) that (5.4) holds. O

(5.6) Doo,00(00,45t) = Pr.c(u,v,t)
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Lemma 5.2. For R(u) > 1/2, R(v) =0, we have

oo

1
(58) > mcoo,o(m?nﬂ;w)
m,n=1

i o0 ’l/JD(t) sinh(mﬁ) 7iPL,C(u,v,t)F2(t)

— dt
4 tcosh (wt) 4(1—2725-)(1—2725+) 7

— o0

where
(59) Fg(t) — (1_2—2it—s,)(1_2—2it—s+)22it+(1_22it—s,)(1_22it—s+)2—2it.

Proof: By Lemma 2.9 the following cusps are singular: 0, co. Applying
(2.79), (2.77), (2.60), (2.59), and (2.3), we show that

72(1 _ 2722‘t75_)(1 _ 272it75+)
22721‘15(1 _ 27257)(1 _ 272s+) :

As a consequence of (2.78), (2.77), (2.60), (2.59), and (2.3), we infer

—’L(]. _ 22it75,)(1 _ 22it75+)
22420t (] — 27 25-)(1 — 2725+

(5.10) Doo,0(00,4;5t) = Pr ¢ (u,v,t)

(511) Doo’o(o,ﬁl;t) = PL‘(’U,,’U,t)
Finally, substituting (5.10) and (5.11) into (5.3), we prove (5.8). O

Lemma 5.3. For R(u) > 1/2, R(v) = 0, the following identity holds:

(oo}

(512) 30— Cao(m® 0, 16:9)
1

_ i > 1/JD(t) sinh(wt) *iPL,C(u,'L},t)Fb(t) dt
Cdm tcosh (mt) 8(1—2725-)(1 —2725+)’

oo
where

1— 221'1575_)(1 _ 22itfs+) N (1 _ 2722‘1575_)(1 _ 272%73_*_)
22it+s+ 272it+s+

Fs(t)= (

(1 _ 2—2it—s,)(1 _ 2—2it—s+) N (1 _ 22it—s,)(1 _ 22it—s+)

(5'13) + Q—2it+s_ 92it+s_

(1 _ 272#75,)(1 _ 272it75+) (1 _ 22it75,)(1 _ 22it75+)
B o—dit+sy +s_ o dittsy +s_ )

Proof: By Lemma 2.9 the following cusps are singular:
0, 1/2, 1/4, 1/8, 1/12, oo.
As a direct consequence of (2.81) we have

(5.14) Doo.0(1/2,16;t) = Do 0(1/8,16;t) = 0.
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First, consider ¢ = 0. Applying (2.71), (2.74), (2.60), (2.59), and (2.3),
we show that

' B —i(l _ 22it—s,)(1 _ 22it75+)
(5~15) Doo,0(0,165t) = Pr¢(u,v,1) 23S F2L(] — 225 )(1 — 2-25+)

Second, consider ¢ = co. Applying (2.76), (2.73), (2.60), (2.59), and (2.3),
we show that

Z(]. 272#75_ )(1 _ 272it75+)
23+s 721t(1 _ 2725,)(1 _ 27254,) °
Third, consider ¢ = 1/(47) for T = 1, 3. It follows from (2.75) and (2.72)
that

(516) Doo,0(00,165t) = Pr.¢(u,v,t)

o]

1 . .
> W¢m,l/4r(m2, 1/2 +it, x—1)¢o,1 /a7 (n*, 1/2 +it, x—4)

m,n=1

_ x-4(=T)
16L(x—4, 1+ 2it)L(x—a,1 — 2it)

2 2 2 2
o2it(Xx—4;m )02t (x—a;n") [ (m” +n7)Y
X Z e T2ty 2t e( 1 .
m,n=1
If m and n have the same parity, then
2 2 ‘r
Z X_ﬂ;fﬁ(%) —0.
T=1,3
If the parity of m and n differ, then
2 2
Z Xdl(iﬁr)e(%) = _9;.
r=1,3
As a result,
—1
8L(x_1,1+ 2it)L(x_a, 1 — 2it)
Uzit(X—4§m2) 0'72it(X74§n2)
< 3 Tba) v seles
m=1(2) n=0(2)
2 2
024t X 4; M ) 0'72it(X74§n )
vy cbogn) 5 cbog)),

m=0(2) n=1(2)

Doo,0(1/4,16;5¢) + Doo,0(1/12,165t) =

Using (2.2), we find that

ms,+2it ms,+2it ms,+2it

T oait(x—a;m?) i oit(x—a3m*) 3 ooit(x—a3m?)
m=1

m=1(2) m=0(2)

(5.17)

o 2
1_2—5 —27,t Z 024t X 4; M )
ms— +2zt :

m=1
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The sum over odd n can be treated similarly. Applying (2.3) in order to
compute the sums over m and n, we derive the following expression:

(5.18)

s __92it—s_ __9—2it—sy
Do 0(1/4, 165 )+ Do 0(1/12, 165 8) = Pp ¢ (u, v, £) — L2 )(1-2 )

2(1—272-)(1 —272+)

1— 275,72# 1— 275++27Lt
X 984 —2it + 95— +2it .

Now the required identity (5.12) follows from (5.14), (5.15), (5.16),
(5.18), and (5.3). O

Lemma 5.4. For R(u) > 1/2, R(v) = 0, we have

[eo]

(519) Z ﬁcm’o(m27n2764;'¢’)
1

m,n=

_ i o 1/1[) (t) Sinh(ﬂ't) 7’L'PL’< (u, v, t)F4(t) dt

4w J_ tcosh(mt) 16(1 —2725-)(1 —272s+)’
where
F4(t) —_ (1 _ 22it—s,)(1 _ 22it—s+)(1 _ 2—2it—s,)(1 _ 2—2it—s+)
(1 _ 272%73_)(1 _ 22'21575_)(1 _ 22itfs+)
+ 92it+2s 4
(1 _ 272it757)(1 _ 22it75,)(1 _ 272it75+)
+ 9—2it+2s4
(5.20)

(1 _ 2—2it—s+)(1 _ 22it—s+)(1 _ 22it—s,)
+ 22it+2s_

(1 _ 272%73_*_)(1 _ 22it75+)(1 _ 272it75_)

+ 272it+25,

(1 _ 22it757)(1 _ 22it75+) N (1 _ 272%75,)(1 _ 272it75+) '

+ 22it+s++s, 2—2it+s++s,

Proof: By Lemma 2.9 the following cusps are singular:
0, 1/27 1/(4T4)7 1/(8T8)7 1/(16T4)7 1/327 00,

where T4 = 1,3 and Tg = 1,3,5,7. Let us split each of the sums over m
and n into two parts depending on the parity of the summation variable.
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Then
(521) 'DOO,Q(C, 64; t) =& (C; t) + Slo(c; t) + Eo1 (C; t) + goo(c; t),

where

gkj(t;t): Z Z ¢<>07€(m271/2+itaX*4)¢0»C(n271/2+itaX*4)

ms— +2itns+ —2it

m=k(2) n=3(2)

Let us compute &11(c;t). Since the summation is taken over odd n,
Lemma 2.11 implies that

(5.22) E11(0;t) = E11(1/258) = E11(1/(4Y4);5 ) = 0.

Since the summation is taken over odd m, Lemma 2.10 shows that
(5.23) E11(1/(16T4);t) = E11(1/32;t) = E11(o0;t) = 0.
Therefore, we are left to compute

> En(1/(8Ts)it).

YTg=1,3,5,7

Next, we apply (2.63), (2.68), and (2.59) for evaluation of the Fourier
coefficients. In order to compute the sum over Tg we use the equality

T .
> et ) =
Tg=1,3,5,7

The sums over m and n can be treated using (5.17) and (2.3). As a
result,

(5.24) Z E11(1/(8Ys);t)

Ts=1,3,5,7
(1 _ 2—2it—s+)(1 _ 22it—s,)(1 _ 22it—s+)
6(1—272-)(1—27%+) ‘

(
Combining (5.22), (5.23), and (5.24), we have

(5.25) > &ulge)

¢ sing.

= Ppc(u,v,t)

—i(l _ 2—2it—s,)
1

)—i(l _ 272itfs,)(1 _ 2—2it—s+)<1 _ 22it75,)(1 _ 22it—s+)

=P, t
L,((U, v, 16(1 — 2—23,)(1 — 2—23+)

Now let us compute E1p(c;t). As a direct consequence of (2.80), we know
that

(526) 510(1/2;t) = 510(1/32; t) =0.
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Since in &£10(c;t) the summation is taken over odd m, then it follows
from (2.64) and (2.65) that

(527) 810(1/(16T4); t) = 510(00; t) = O.
Applying (2.61), (2.66), (2.59), (2.60), (5.17), and (2.3), we infer

—Z(]. _ 272#75_)(1 _ 22it75_)(1 _ 22it75+) .

(5.28) £10(0;t) = Pp¢c(u,v,t) 16(1 — 2725 )(1 — 2 25+ )22+ 25y

Next, we compute

Z 510(1/(4T4), t)

T4=1,3

In view of (2.62) and (2.67), it is required to work with the following

sum: ) )
> X74(—T4)€(T4;n )e(T;g )

T,=1,3
Note that m is odd and n is even. If n = 2 (mod 4), then
Tym? Tyn? T
>, x74(—T4)e< 44m )6< fg ) =Y x74(—T4)e(74) —0.
YT4=1,3 YT4=1,3
If n =0 (mod 4), then
Tym® Tyn? T
Z’ x—4(—T4)e< T )e( fg > = Z X‘4(_T4)6<T4> - 2.
T,4=1,3 T4=1,3

Using this as well as (2.62), (2.67), (2.59), (5.17), and (2.3), we conclude
that

(5.29) Z E10(1/(474);t)

T4=1,3

—i(l _ 2—2it—s,)(1 _ 22it—s,)(1 _ 2—2it—s+)

= PL,C(UH v, t) 16(1 _ 2—23_ )(1 _ 2—25+)2—27;t+2s+

Consider

> E0(1/(8Ts)st).

Tg=1,3,5,7
By (2.63) and (2.68) it is required to compute the sum
T 2 2
Z X74(—T8)€(W>-
Tg=1,3,5,7

We kn20w that m is odd and n is even. Note that for odd m we have
e(TSTm) = e(%). If n =0 (mod 4), then

> X—4(—T8)€(M>: > X—4(—Ts)e<%):0.

Yg=1,3,5,7 Yg=1,3,5,7
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If n =2 (mod 4), then

3 x-dﬂ&;k(%) - ¥ X_4(7Ts)e(%) —0.

Tg=1,3,5,7 Tg=1,3,5,7
Therefore,
(5.30) > E0(1/(8Ys)it) = 0.

Tg=1,3,5,7

Combining (5.26), (5.27), (5.28), (5.29), and (5.30), we have

(531) Z glo(t;t)

¢ sing.

_-1_2—2it—s, 1_22it—s, 1_2_2“_3+ 1_22it—5+
Py (=L )( )(( ), ( ))

16(1 _ 2—23_ )(1 _ 2—25+) 2_2it+25+ 22it+25+
Let us compute Ep1(¢;t). According to (2.80)
(532) 501(1/2;t) = 501(1/32; t) = 0.

Since in &p1(c;t) the summation is taken over odd n, then by (2.66)
and (2.67)

(5.33) E01(0;t) = E10(1/(474);t) = 0.

Similarly to (5.30) we show that

(534) Z 501(1/(8T8); t) =0.
Tg=1,3,5,7

We now proceed to evaluate

D> En(1/(16T4);t).

T4=1,3
According to (2.64) and (2.69), it is required to compute the sum

(5 ) ()

T,=1,3

We know that m is even and n odd. If m = 2 (mod 4), then

Yam? Y 4n? T
i (SEHE) - () o
Ty4=1,3 YT4=1,3
If m =0 (mod 4), then

3 X_4(—T4)€<Tigl2>e(rzn2> =¥ X_4(—T4)e<%> = —2i.

T4=1,3 T4=1,3
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Using this in combination with (2.64), (2.69), (2.59), (5.17), and (2.3),
we conclude that

(5.35) > Eou(1/(4Ta);t)
T4=1,3
72(1 _ 227.'2&73_)(1 _ 22it75+)(1 _ 2727;7:—3_*_)
16(1 _ 27257)(1 _ 272s+)22it+2s,
Applying (2.65), (2.70), (2.59), (2.60), (5.17), and (2.3), we have

_1(1_272#75_)(1_22it75+)(1_2—21t—s+)
16(1 — 2725—) (1 — 27 25+ )22t +2s—

Summation of (5.32), (5.33), (5.34), (5.35), and (5.36) gives
(5.37) D Eioleit)

¢ sing.

) _,L-(l_272it75+)(1_22it7.§+) (1_272%73,) N (1_22%73,)
16(1 _ 2—23, )(1 _ 2—23+) 2—2it+23, 22it+25, °

Let us compute Eyo(c;t). According to (2.80)
(5.38) Eo0(1/2;t) = Eoo(1/32;t) = 0.
It follows from (2.61), (2.66), (2.59), (2.60), and (2.3) that

—’i(l _ 22it—s,)(1 _ 22it—s+)

16(1 _ 2—25,)(1 o 2—25+)24it+2s++s, ‘
By (2.65), (2.70), (2.59), (2.60), and (2.3) we have

_2(1 _ 2—2it—s,)(1 _ 2—2it—s+)
16(1 _ 2723_)(1 _ 272s+)274it+23_+s+ °

= PL,g(u, v, t)

(536) 5()1 (OO; t) = PL,g(u7 v, t)

:PL7C(U, ’U,t

(539) Eoo(o;t) = PLyg(u,U,t)

(540) 500(00;t) = PLyg(u,’U,t)

We proceed to evaluate

> Eoo(1/(8Ts);t).

YTg=1,3,5,7
By (2.63) and (2.68) we need to consider the sum
T 2 2
Z X74(_T8)6<W)

YTg=1,3,5,7

provided that m and n are both even. In this case
T 2 2
> x-d—T@e(%) —o,
Tg=1,3,5,7

and therefore,

(5.41) > Eo(1/(8Ts)it) = 0.

Tg=1,3,5,7
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Let us compute

> Eoo(1/(4T4);1).

T4=1,3

By (2.62) and (2.67), it is required to study the sum

5 cal-Tae( T )e( L)

T4=1,3

provided that both m and n are even. If n = 0 (mod 4), then
Tsm2 Tan _
Z‘ X_4(—T4)e( 1 )e( 16 ) =0.
Ti=1,3
If n =2 (mod 4), then
Tgm2 Tg’l’b2 _ .
Z, x74(—T4)e< 1 >e< 16 ) = —2i.
T,=1,3

Combining this with (2.59) and (2.3), we show that

(5.42) > Eoo(1/(4Ta);t)

T4=1,3

_1(1 _ 227.'1&75_)(1 _ 22it75+)(1 _ 272it75+)

= PL,C(U7 v, t) 16(1 _9—2s_ )(1 _ 2—25+)22it+s,+5+

Similarly,

(5.43) D Eoo(1/(16T4);t)

T4=1,3
—Z(]. _ 272it75+)(1 _ 22it75_)(1 _ 272it75_)
16(1 — 2725-)(1 — 225+ ) 2itFs—Fs1

= Pr¢(u,v,t)

Summing (5.38), (5.39), (5.40), (5.41), (5.42), and (5.43), we infer

(544) Z 500(@ t) = PL,C(uvv7t) 16(1 _ 2—25j)2'(1 _ 2728+)

¢ sing.

" ((1 _ 227Lt757)(1 _ 22it75+) n (1 _ 272#75,)(1 _ 272it75+)>.

22it+s,+s+ 272it+s,+s+

Substituting (5.25), (5.31), (5.37), (5.44) into (5.21), we prove (5.19).
This completes the proof. O

Substituting (5.4), (5.8), (5.12), and (5.19) into (5.2), and using (5.1),
we prove the next lemma.
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Lemma 5.5. For R(u) > 1/2, R(v) =0, the following identity holds:

w.v) = L(X*478+)L(X*435*) con .0
(545) C( ? ) (271—)172u7-‘—2u(1 _2725,)(1 _ 2—2s+)wz (F7 ’ )7

where M (F;u,v) is defined by (1.6), and
(5.46) F(t)=Fi(t)+27 "2 Fy(t)+(1—27 /27 v o7 /27wy B () L By (t),

where F;(t) are defined by (5.5), (5.9), (5.13), and (5.20).

Now using (5.45) we can obtain an expression for C(u,v) which is
valid in the region 0 < R(u) < 1/2, R(v) = 0.

Lemma 5.6. For 0 < R(u) < 1/2, R(v) = 0, the following identity
holds:

(5.47) C(u,v) = S_(u,v) + S+ (u,v)
L(X—478+)L(X—475—)

T e T 2*2s+)9ﬁcon(uiv)7
where I (F;u,v) is defined by (1.6), and
X%C(l +sy =5 )C(2s- —1)¢(s— + 54— 1),
501 Ry 7
L(x-4,5-) e

me(l +5- —s0)C(2s1 —1)C(s— + 54 — 1),

727411721172((3 . 22u+1 _ 2)241)

!
A~
—_
| |
@.‘%
~_
Il

+(3 . 22u o 5 . 24u+1 o 1)22'0 + 22u + 24u+1)’
F(l — st ) _ _gdu2u=2((g2u | plutlyyiv

+(3 . 22u _5. 24u+1 _ 1)221/ 4 3. 22u+1 _ 2)
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Proof: In the integral (1.6) we make the change of variables z = 2it,
getting

_ Leaso)Lleas) -l
C(U, U) = (271,)1,2/%1,2”(1 j 9—2s_ )(1 _ 2725+) g
* Yp(z/(2i)) sinh(rz/(21))
(5.50) X )T 2)(2) cosh (w2/(20))
% <(8+ + Z)<(8+ - Z)C(S— + Z)C(S— — Z) F(Z/(Q’I,)) dt.

L(X*‘h 1+ Z)L(X74, 1- Z)
Note that the product of the Riemann zeta functions in (5.50) has four
poles (see (1.3)) at the points
(5.51) z=1/2—uxtv, z=1/24uztw.
Changing R(u) from R(u) > 1/2 to R(u) < 1/2, these poles “jump”
through the line of integration, resulting in additional residues (see [2,

Lemma 6.4]). Computing the residues at the points (5.51) and using the
fact that F(¢) is an even function, we prove (5.47). O

6. Proof of Theorem 1.1 and concluding remarks
Consider
(6.1) FMT (u,v) :=R(u, v)+R(u,—v) +S_(u, v) +S(u, v) =S (u, v) — S (u,—v),
where R(u,v) is defined by (3.2), Si(u,v) is given by (5.48) and (5.49),

and
3 1/2 —u+4vY\ ¢(1/2 + u +v)¢(2u — 20)¢(1 + 2v)((2u)
(6.2) S(u,v) ,2}1( % ) (B/2—utv)

Theorem 6.1. For 0 < R(u) < 1/2, R(v) = 0, the following formula
holds:

Mo (h;u, v) + M (hu,v) = FMT (u,v)

L(X,47S+)L(X,47S,) con
+ (271—)1—211.71—211.(1 _ 2—25,)(1 _ 2—25+)m (F7u7v)

(1 _ 2725,)71(1 _ 2725+)71
(27r)1—2u7-[-2u

(6.3) +

X (741'9)100700(4, u,v) + 2" 72 Moe 0(4, u, v)

(8 — 2575 — 2801 0(16, u, ) + 16Mo0 0 (64, u, v)),

where Map (N, u, v), MO (F,u,v) are defined by (1.5) and (1.6), respec-
tively.
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Proof: Applying the Kuznetsov trace formula (2.40) to (3.5), using the
expressions (2.45), (2.46), (2.47), (2.48), and finally applying Lemma 2.8
we have that for

1< R(u)<3/2, RMW)=0
the following identity holds:
Mo (h;u, v) + M (h;u,v) = R(u, v) + R(u, —v)

L(x-4,8+)L(x-4,5-)

+ (271')1_21‘71'2"'(1 _ 2—25,)(1 _ 2—2s+)

M (Fyu, v)

(1 _ 2725_)71(1 _ 272s+)71
(271-)172u7l-2u

(6.4) +
x (741'93?00,00(4, u,v) + 21 Mg 0 (4, u, v)

(8 — 2875 — 25 )M 0(16, u, ) + 16DTa0.0(64, u, v)).

From the estimates (4.4) and (4.10) we conclude that the summands
Map (N, u,v) on the right-hand side of (6.4) are holomorphic functions
of variables v and v. In order to continue analytically the formula (6.4)
to the region 0 < R(u) < 1/2 we can apply (5.47). Similarly, it is pos-
sible to replace Mff)(h; u,v) by /\/lff) (h;u,v) + S(u,v) + S(u, —v). The
function FMT (u,v) is holomorphic in u and v since the left-hand side
of (6.3), as well as all summands (except FMT (u,v)) on the right-hand
side of (6.3), are holomorphic in both variables « and wv. O

The most difficult and most important case is © = v = 0, which we
discuss in more detail. It would be natural to expect that FMT(0,0)
contains the main term for the moment My (h;u,v). Unfortunately, as
we show below, this is not the case. In this sense, FMT(0,0) can be
called a “fake main term”.

It is known [5, Theorem 1.3] that if h(r) is a smooth characteristic
function of the interval (T, 27), then

(6.5) Ma(h;0,0) < T?log” T.
Lemma 6.2. The following asymptotic formula holds:
(6.6) FMT(0,0) = e(l)as + O(T),

leL

where a; are some absolute constants and c(l) are defined by (2.22),
(2.28), (2.29).
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Proof: Using (6.2) and properties of the Riemann zeta function, we have

| oy = 28/DCO)
w00 (S (wr0) + 8w, —v) = 225

W1/ () Ca/2) ¢ ¢B32)Y, (1
X( (2 G 2 c<3/2>>h(4z'))'

Consequently, the summands S(u,v) + S(u, —v) have a negligibly small
contribution to FMT(0,0). Using (3.2), (5.48), (5.49), (4.8), (4.7), and
some properties of the Riemann zeta function, it can be shown that

lim (R(u,v) + R(u, —v) + S—(u,v) + S¢(u,v))

u,v—(0,0)
3

=S ()P (1/2) + daTo(0,0) + dy 2

: 5;16(0,0)
7=0

’
v=0

where d(j), da, d3 are some absolute constants, and Iy(u,v) is defined
by (4.6). Therefore,

3

FMT(0,0) = > di(5)®5 (1/2) + d216(0,0) + a2 1, (0,v)

—A
o +O(T™).

v=0

j=0

It follows from (4.6), (2.23), and (2.27) that

3

10(0,0) = - /OOO r tanh(7r)h(r) /( ) (s/2 — ir)D(s/2 + ir)[2(1/2 — s)

><1"(8 +21/2)1“(8 _21/2) (1 4 sin(rs)) sin(ms)2>* ds dr + > e(1)bu (1),

leL
where by () are some constants independent of T'. Estimating the abso-

lute values of the integral over s by using Stirling’s formula (4.3), we
show that this integral can be bounded by (1 + |r|)~!. As a result,

10(0,0) = > e()bi (1) + O(T).

lec
Similarly,

%10(0,1)) = 3" etyba(l) + O(T).

v=0 lel
Therefore,

3

(6.7) FMT(0,0) = > di ()@ (1/2) + > e(Dbs (1) + O(T).

3=0 leL
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It follows from (2.26) that
(6.8) Zdl 9P (1/2) = zg:b4(l)c(l)+23:d1(j)<;3(j>(1/2).
=0 =0
Applying (2.27), we show that
(6.9) Zdl D(1/2) = O(T™).

Substituting (6.8) and (6.9) into (6.7), we complete the proof of (6.6).
O

From (2.28) and (2.29) we derive that c(l) = Pan—1(T"), where
P, onr—1(z) is a polynomial of degree 2" — 1. Consequently, (6.6) implies
that

(6.10) FMT(0,0) = Qan—1(T) + O(T),

where Qop—1(x) is some polynomial of degree not exceeding 2N — 1.
Comparing (6.10) to (6.5), we see that FMT(0,0) is not a suitable
candidate (even taking into account the possible vanishing of the leading
coefficients of the polynomial Qaar—1(x)) for the role of the main term
in the asymptotic formula for the second moment My (h;0,0) because
the expression in (6.10) does not contain powers of log T

We remark that the coefficients ¢(l) arise in all summands on the
right-hand side of (1.7). Applying (4.5) and (4.10), at the price of a
negligibly small error term we can truncate the summations in (1.5) up
to k,t; < T4 and integration in (1.6) up to |t| < T# (here A > 0 is a
sufficiently large number).

In the remaining finite sums and in the integral, we can separate
the parts containing c(l). To this end, we substitute (2.23) into (4.4)
and (4.9), and separate from the functions ¢¥p(t), ¥ g (k) parts contain-
ing c(l)7 namely

¥ )+ ep(tt), vu(k + > cWpu (s k).
leL lec

It can be shown that the functions ¥p(l;t), ¥ (l; k) are of very rapid
decay in t and k. Accordingly, the moments (1.5) and (1.6) with the func-
tions ¥p(I;t), ¥ (l; k) are bounded by some absolute constants (without
logarithmic growth in T'). Therefore, these expressions do not qualify to
be a main term in the asymptotic formula for Ms(h;0,0).

To sum up, the summands from the right-hand side of (1.7), arising
after the application of the regularized Kuznetsov trace formula (2.24),
do not contain a main term for Ms(h;0,0). Therefore, it is reasonable



EXPLICIT FORMULA FOR THE SECOND MOMENT 657

to ask if it is possible to use the standard version of the Kuznetsov trace
formula instead of the regularized one.

For example, in the case of Maass form L-functions, the answer to this
question is yes. However, for the standard version to work it is required
to apply a trick and study, instead of the moments

Myen(n) = 3 ;1" (s, 1/2)h(),

the following modification:

Maign(n) =Y ;o5 L" (u,1/2)h(t;),
J
where €; = %1 is a sign of Maass form ;. Since L(u;,1/2) =0 for ¢; =
—1, these two moments coincide! It seems that this trick with €; was first
applied by Motohashi [35] to study the second moment of Maass form
L-functions. Later Kuznetsov ([30]) used the same technique to prove an
asymptotic formula for the fourth moment of Maass form L-functions.
However, this approach does not work for

Z h(tj)ajLQ(sme Uy, 1/2).
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