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FUNDAMENTAL PROPERTIES OF SYMMETRIC SQUARE
L-FUNCTIONS. 1

A. SANKARANARAYANAN

Dedicated with deep regards to Professor K. Ramachandra on his seventieth birthday

ABSTRACT. We improve the existing upper bound for the mean-square
of the absolute value of the Rankin-Selberg zeta-function (attached to a
holomorphic cusp form) defined for the full modular group in the critical
strip.

1. Introduction

A remarkable result of Selberg (see [57]) says that a positive proportion of
zeros of the Riemann zeta-function are on the critical line. Similar results were
obtained by Hafner for L-functions attached to cusp forms which are Hecke
eigenforms (see [12]). Another important problem is studying the growth of
the L-functions under consideration. In this connection, in a celebrated pa-
per [28], Iwaniec and Sarnak proved growth estimates for eigenfunctions of
certain arithmetic surfaces which break the bound that can be obtained by
convexity arguments. This raises the question of proving non-trivial (in the
sense of breaking the usual convexity bounds) growth estimates for general
L-functions. Of course, this is closely related to the Lindel6f hypothesis. We
should also point out here the important work by Iwaniec, and by Duke, Fried-
lander and Iwaniec (see [27], [9], and [10]), who show how one can break the
convexity bounds in different aspects, namely @ and r, for certain automor-
phic L-functions. For an excellent exposition of these results and for further
comments we refer to [56]. The problem of studying the difference between
consecutive zeros on the critical line was considered by various authors; see,
for example, [1], [5], [30], [31], and [54]. In [60], Shimura proved that the com-
pleted symmetric square L-functions can be continued analytically to entire
functions on the whole complex plane by establishing a functional equation.
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24 A. SANKARANARAYANAN

In recent times, there has been much interest in establishing the analytic con-
tinuation and a functional equation for various symmetric power L-functions
(see [59)]).

We always write s = o +it, 2 = z +iy. Let f(z) = > oo | a,e*™"* be a
holomorphic cusp form of even integral weight k& defined over the full modular
group SL(2,Z). We assume that a,, are eigenvalues of all Hecke operators
and a; = 1. Let oy, and 3, be the complex numbers defined by the equation

(1.1) 1—app™® +phT172s = (1 — appfs) (1 — ﬂppfs) .
The Hecke L-function attached to f is defined as

(1.2) L(s, f) = ann "

It is absolutely convergent in a certain half-plane and is continuable analyt-
ically to an entire function on the whole plane. For an arbitrary primitive
Dirichlet character ¢, the symmetric square L-function attached to f is de-
fined as

(1.3)  D(s) := D(s, f, )
= (1= d@azp™) (1= m)op~°) (1= ¢ %))

oo
= E ap2n” %,
n=1

(Here a2 is just a notation and does not mean the n2-th Fourier coefficient
of f.) Following the notation in [60], throughout this paper we assume that y
is a Dirichlet character modulo M and the trivial character when M = 1, and
that ¢ is an arbitrary primitive Dirichlet character with conductor r, and the
trivial character when r = 1.

Now, D(s) converges absolutely in Rs > k. The critical strip for D(s) is
k—1 < o <k, and the critical line is 0 = k — 1/2. We also note that from
Deligne’s work (see [7] and [8]) it follows that (see the “Note added in proof”
at the end of the paper)

(1.4) lanz| < (d(n))an_l.

1

The following are some fundamental questions about these L-functions:

1. Is D(k + it) different from zero for all ¢t € R?

2. If the answer to Question 1 is yes, can we establish a reasonable zero-

free region for D(s)?

Is it possible to establish mean-value theorems on certain lines?

4. If the answers to Questions 1 and 2 are yes, can we prove certain
“density theorems” for the zeros of D(s)?

@
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The answers to Questions 1 and 2 above are known (see Lemma 3.2 in [32]
and, for example, Exercise 3.2.11 of [49]). In fact, using the Fundamental
Identity (Lemma 3.1) of this paper combined with Lemma 3.2 of [32], it is
not difficult to establish a reasonable zero-free region. After Shimura’s work
(see [60]), the answers to the above fundamental questions form the basis
for any further progress. It should be mentioned here that mean values of
derivatives of modular L-series had been studied earlier by Ram Murty and
Kumar Murty in [50]. In this paper, we concentrate only on Question 3 above.
Results related to Question 4 above will form part IT of this paper, which will
appear elsewhere.

The properties of Rankin-Selberg zeta-functions have been studied exten-
sively by many authors; see, for example, [24], [25] and [34]. After normalizing
the coefficients, the Rankin-Selberg zeta-function is defined by

(1.5) Z(s) = ((2s) Z aZntTh=s = Z cn”®  (say).
n=1 n=1

This Dirichlet series is absolutely convergent in the half plane o > 1 and can
be continued as a meromorphic function to the whole complex plane with a
simple pole at s = 1. It satisfies a nice functional equation (see [24]). For
example, in [24], Ivic studied mean-value theorems for Z(s) for a certain range
of o; from his work it follows that

(1.6) /OT Z (% + it)

for every € > 0. In [34], Matsumoto proved the following result (see Theorem
2 of [34]).

2
dt < T?*¢

THEOREM A.
(i) For1/2 <o < 3/4 we have

T
(1.7) / |Z(o + it)|*dt < T*~* (log T)"**
0
for any e > 0.
(ii) For 3/4 <o <1 we have
T 0o
(1.8) / | Z(o +it)]*dt =T Z ¢ 22 4 O(TO)+e),
! n=1
where
5 3 12 19
S 2% if—gggi,
o(o) = { 2 4 20
1- 12 1
60(1 — o) if +\/—9SU§1.

29 — 200 20
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In particular, Theorem A gives

(1.9) /OT Z (% + it)

which is a slight improvement of (1.6).

The aim of this paper is twofold. Firstly, we study the analytic properties of
the symmetric square L-functions. Secondly, exploring these ideas, we obtain
a nice improvement of Theorem A. For example, from Theorem 4.2 below it
is immediate that (unconditionally)

(1.10) /OT z <% + it)

for every € > 0. We also show (see Theorem 4.3) that, under the Lindelof
hypothesis for the Riemann zeta-function,

2
dt < T?(log T)'*e,

2
dt < T'1/6+e

T

(1.11) / |Z (1/2 + it)|” dt < T3/%*e
0

for every € > 0.

Acknowledgement. The author has great pleasure in thanking Professor
Ram Murty for fruitful and stimulating discussions. The author is grate-
ful to the Department of Mathematics and Statistics at Queens University
for its kind invitation and warm hospitality which enabled him to complete
this project. The author is highly indebted to the anonymous referee for his
valuable comments.

2. Notation and preliminaries

The letters C' and A (with or without suffixes) denote effective positive
constants unless otherwise specified. The constants need not be the same at
every occurrence. Throughout the paper we assume T > Ty, where Tj is a
large positive constant. We write f(z) < g(z), or f(z) = O(g(z)), to mean
that |f(x)] < Cyg(z). All implied constants are effective.

We set s = 0 + it and w = u + iv. In any fixed strip a < o < b we have, as
t — o0,

(21)  T(o+ it) = $7it=1/2g=7/2it+(in/2)(0=1/2) \ /o (1 L0 <1)> .
Let

_ _—3s/2p (8 s+1 s—k+2
(2.2) R(s) = n=35/2D (2) r ( —)r . D(s).

Then D(s) satisfies the functional equation (see [60])
(2.3) R(s) = R(2k — 1 — s).




FUNDAMENTAL PROPERTIES OF SYMMETRIC SQUARE L-FUNCTIONS. I 27

Also we note that if

— 1
(2.4) Ry(s) = n~(s—k+0/2p (%) C(s—k+1),
then ((s — k + 1) satisfies the functional equation
(25) R1 (S) = R1 (2/4} —1- 8).

Therefore if Di(s) = ((s — k 4+ 1)D(s), then D;(s) satisfies the functional
equation

(2.6) R(s)R1(s) = R(2k — 1 —s)R1(2k — 1 — ),

and we see that R(s)R;(s) extends D;(s) to an analytic function in the whole
plane except for a simple pole at s = k. We define

(2.7) £(s)=—(s—k)(2k —1—s—Ek)R(s)Ry(s).
Note that
(2.8) E(s) =&(2k —1—s).
We write
(2.9) D(s) = x(s)D(2k — 1 — s),
where
2k—1-s 2k —s k—s+1
e G )l G e

O T )

From (2.1) and (2.10) it follows that, for a < o < b, we have as t — oo,

(2.11) (5) = Co (I, o)t 6h—60—3) (#) - (1 L0 G)) ,

where C5 is a certain constant depending only on k and o. From the maximum-
modulus principle and the functional equation, we obtain

(2.12) D(o +it) < [t|2*=) log|t|
uniformly for k —1/2 < o <k, |t| > 10.

3. Some lemmas

LEMMA 3.1 (Fundamental Identity). We have

,700 787(2(87]64»1)
fls):=> amn™" = m‘l’(s)a

n=1
where i
\IJ(S) _ H (1 + 2pk—1—s _ aIij—s +p2k—2—2s) )

P
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Proof. We note that a,, is multiplicative and satisfy the equations

(3.1) pr = Aplpr—1 — pkilaprz
and
(3.2) pk_laprs = —apr—1 + Apapn—2.

From this we deduce first

o] Cl2-

_ 2 —s 2, —2s pJ

(3.3) f(s) = H L+ayp™® +a,ep ™+ E . o
p J=

Next, computing the expression (3.1)2 — p¥=1(3.2)? gives the relation

(3'4) a2>\ - (a2 *Pkil) a?,A—1 erkil (a?; - pkil) a2x72 - pg(kil)af,xfa =0.

P P P
Here
(3.5)
00 %2,]' 7§: (ag—pk’_l)a;j,l _pk—1<a12)_pk—1)a?ﬂ_72 +p3(k_1)af,j,3
. pjs - ¢ pjs
7j=3 J=3
© 42 © g2
2 k—1y, — pI k—1/,2 k—1y, —2 p?
= (a —p" p~* ijs —pF M aZ —pFhp? ZW
Jj=2 j=1
[e%s} 2
+p3(k71)735 LM
P
[ee} 2
_ 2 k—1\ —s  k—1-2s/,.2 k-1 3(k—1)—3s Api
= ((a —p" p~* —p (ap —p" ") +p ijs
j=0

1+ afjpfs + af)zp*% — (af, —pFhp=s
o ai(a?) 7pk;71)p72s + (a?) pkfl) k—1-2s

Let
o) (l2j
X=1+ af,pfs + af)zp*% + Z p%
j=3
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and
Y = (a}% _pkfl)pfs _ pk71723(a12, _ pkfl) +p3(k71)73s
From (3.4), (3.5), and the above arguments, we observe that

(3.6) X=XY +1+pr1-s

Therefore we obtain

37 £ =T] Lept
. 1-— (a}% —pk—L)p—s +pk7172s(a12) —ph—1) = p3k—1)—3s

P
k 1—s 1
B H (1 +p k—1—s (1 + 2pk_1 s a2p_5 +p2(k—1)—25))
2 _ a1
_ M\P(s),
¢(2s — 2k +2)
where
(3.8) U(s) = H (1 + 2pk—1=s — agp—s +p2(k_1)_23)*
P

This proves the lemma.

REMARK. This lemma is essentially due to Ramanujan. For a proof of
the above lemma in the case of Dirichlet series attached to Ramanujan’s 7
function see, for example, [52] and [53].

LEMMA 3.2 (Montgomery-Vaughan). If h, is an infinite sequence of
complex numbers such that Y > n|h |2 is convergent, then

o

/T+H
T n=1

Z hnn—it

Proof. See, for example, Lemma 3.3 of [39], or [46].

dt = |ha|*(H + O(n)).

4. Mean-square upper bounds on certain lines

K. Chandrasekharan and R. Narasimhan [4] showed that, whenever a Di-
richlet series has a functional equation, an approximate functional equation
holds, which has a nice form provided the coefficients of the Dirichlet series
are positive. This result can be used to study mean value theorems. Even if
the coefficients are not positive, such an application is still possible in some
special cases.

K. Ramachandra observed that using only the functional equation one can
prove reasonable upper bounds for mean-values on certain lines, and he has
used this idea in many of his papers (see, for example, [43] and [44]). In this
section we use the same idea to prove the following result.
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THEOREM 4.1. ForT <t <2T,T > Ty, we have

2T
(i) / |D(s1)|?dt < T%/*(log T)*"

T
.o = 2 > |an2|2 3/4 17
(ii) DGt = TZ S+ 0 (T (log T) ) ,

2T
Ap2
(iii) /T |D(s3)|?dt =T E 2|k+ * O ((logT)'?),

lT
n=17 o8

where s =k —1/24it, so =k —1/4+it, s3 =k + (1/logT) +it, and the
implied constants depend on the weight k.

Proof of (i). Let Y and Y; be two parameters satisfying 10T <Y,Y; < T4,
to be chosen appropriately later. Let ¢; = (logT)~!. By Mellin’s transforma-
tion, we have

(1) 5= ey

[~
i

= - / D(s1 4+ w)Y"T'(w)dw + O (Y%‘Fﬁefc(log T)2)
Rw=1/2+e€
|v\§(logT)2
1
= D(s1) + Sy / D(s1 +w)Y"T(w)dw
T
Rw=—1+4+2¢1
|v|<(log T')?

+0 (Y%“ —C(log T) )+0 (Y2+ETC —C(log T)? )
= D(Sl) +I+0 (Y%+€e—C(IOgT)2) +0 (Y%-‘reTce—C(logT)z) ,

say, upon moving the line of integration to *w = —1 4 2¢;. Now,

1
Rw=—1+2¢1
|v|< (log T)?

- / X(s1 +w) (Q1 + Q2) YT (w)dw

Rw=—1+2¢1
[v|<(log T)?

=1 + Iy,

where

_ § :anznsl—i-w—2k+17 sz E an2nsl+w—2k+1.

n<Yy n>Yp
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We note that in I, R(s1 + w) = k — (3/2) + 2¢;. We have
(43) Z an2nsl+w—2k+l — Z an2nsl+w—2k+1

n>Yp Y1<n§Y110

+0 Z (d(n))2nk—1+k—g+261—2k+1

n>Y 0

_ E an2n51+w—2k+1 + O (Y1—5+2051) ,
Y1 <n<Y!0

where we have used inequality (1.4). Using Holder’s inequality and a theorem
of Montgomery and Vaughan (see [39]), we get

(4.4)
2T 2T
/ I *dt < / / X(s1 + w)
T T
Rw=—1+42¢1

|v]<(log T)?

™ ( Z e n51+w—2k+1> Y“’F(w)dw

YO0>n>Y;

2
dt

7+20€e —2v,—10+4+40¢;
4 Ty 2y,

2

< (logT)? dt

T6+20€ /2T+(log T)?

s1+Rw—2k+1
an2N
Y2 Z n

T—(ogT)? " |y<n<2U

7+20€e —2v,—10+40¢
+ TTH0ay 2y,

T6+2061 ‘a R |2
2 n
< (logT) V2 EU: U<2;2U (=372 "
T JrT7+20qY72Y1—10+40€1
T6+20€1 (d(n>)4n2k—2n
2
< (log T) Y2 Z n2(2k—1—(k—%+251))

U U<n<2U
+ T7+20€1 Y—2Y1—10+4O€1

T6+20e; Clos V1 ‘
Y2 > (logYy)'*(2yy) e

Jj=0

T;-‘r ()6]]/‘- ]f—10+4061
2 2

< (log T)2T6+2061Y72Y1—1+461 (log Y1)15 4 T7+2061Y72Y1_10+4061.
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Also we have

1
4.5 I = — x(s1 +w Ap2n T2 YO () dw
2
i
Rw=—1+2¢€; n<Yi
[v|<(log T))?
1
=5 / x(s1 +w) Z Apen®1TO2REL L Y OD () dw
i - =
[v|]<(log T)?
4 O(TCG_CIOgT)2),
upon moving the line of integration to fw = —%. Using again the Montgo-

mery-Vaughan theorem and inequality (1.4), we obtain

2T T3 (2T+(logT)? 2
(4.6) / IIl\th<<(1ogT)27/ S apent R gy

T T—(log T)? n<Yvi
T3 la,2]?n
2 n
< (logT) v Z n2@k—1—(k-1))

n<Yi

TS (d(n))4n2k71
2
nng

T3
< (log T)27(log Y1),

Now,
N2 gy
S = ; s e ,
and so
T 2 = |an2? —2n/Y
n=1

)

n<Y/2

|an2‘2 Yy 2041
+0 Z n2k—1 \

n>Y/2
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2a+2
|an2|2 |an2|2 Y
+0| > k1t T > 21\,

n<Y/2 n>Y/2

< T(logY)*® + Y (log V)"

with a = k. Using inequality (1.4), we find that

d(n))*
(4.8) Z —(ngkz)l n?*=2 < (logV)?,
n<Y/2
1 d(n))* o
(4.9) v Z (ngkz)l n?*~2n < (log V).
n<Y/2

Choosing a = k — 1, we have

2k—1 (d(”))4 ok—2 1
(4.10) Y > n2k—1 " 2h—T
n>Y/2

< y2k-1 i Z <d7(:2112)4

J=0 U<n<2U, U=2iY/2

- 1
2k—1 15
<Y E E ﬁU(log U)
J=0U=2iY/2

< (logY)'s,

(4.11) Z Mn%_2n < Y(logY)*™.

Similarly to (4.10), we obtain, by choosing a suitable a (say, a« = k)

4 2a4-2
(4.12) 3 ()" 21 (%) : < Y(logY)®.

n>Y/2

Part (i) of the theorem now follows if we choose Y = Y] = T3/2,

Proof of (ii). Let Y and Y7 be two parameters satisfying 107 < Y,Y; <
T4, which will be chosen appropriately later. Let ¢ = (logT)~'. Since
the proof of (ii) is similar to that of (i), we only give a sketch. By Mellin’s
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transformation, we have

(4.13)
I — an2 —-n/Y
S=3 e
n=1
S / D(so+w)Y*T(w)dw + O (Y%‘*‘fe—c(logT)z)
21
Rw=1/2+¢
\v|§(logT)2
1
= D(s2) + i / D(sg 4+ w)Y"T'(w)dw + O (Y%JFEQ*C(lOgTV)
i
Rw=—1+2¢€1
|v|§(logT)2
+0 (Y%JrETCefC(logT)z)
=D(so)+1+0 (Y%+€e—0(1ogT)2> L0 (Y%JreTCe—C(logT)Z) 7
say, upon moving the line of integration to ®w = —1 + 2¢;. Now,
1
Rw=—142¢;
[v]<(log T)?
=1 + I,
where

Q?) — a 2n52+w72k+1 Q4 — a 2n52+w72k+1
E n ) E n .

n<Y; n>Yp

We note that in I, R(sg +w) = k — (5/4) 4+ 2¢;. We have

(4.15) Z apan2 el — Z et =2l 4 O (Y, 25+200)

n>Yp Yy <7LSY110

)

where we have used inequality (1.4). Using Holder’s inequality and a theorem
of Montgomery and Vaughan (see [39]), we get as in the proof of (i)

2T N
(4.16) / \L|2dt < (log T)>T*5t20ey 2y, 274 (g ;)15
T

5.54+20e1 v —2v—5+40¢1
+T Y2y .
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Also, we have

(4.17)

L =— / X(s2 +w) Z a,L2nS2+w72k+1 YT (w)dw

__s n<Yy
Rw=—3

[v|<(log T)?
+0 (TcefclogT)Q) ,

upon moving the line of integration to ®w = —3/4. Using again the Montgo-
mery-Vaughan theorem and inequality (1.4), we obtain

2

2T ) ) T3 2T+ (log T') n _
(418) / |Il‘ dt < (log T) YS/Z / Z an2n52+ w—2k-+ dt
T T—(logT)? n<Yi

3

T
< (logT)? Y3/2(

log Y1)*®
Now,
A2 7n/Y
S Z néz ’

and, as in the proof of (i), we obtain

2 |an2|
(4.19) /T |S[2dt = TZ Yy

+0 (TY_l/Q(log V) + YY2(log Y)15) .
Part (ii) of the theorem now follows by choosing Y = Y; = T3/2.
Proof of (iii). Part (iii) of the theorem follows from Lemma 3.2.
We are now in a position to prove the following result.
THEOREM 4.2. Suppose that the inequality
¢ (% + it> < t(logt)

holds for some k > 0 and all t > 10. Then:
(i) For1/2 <o < 3/4 we have

2T
/ |Z(o’ + z't)|2dt < T%+(4K+2)(1—0)(log T)17(3—4a')+2
T
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(ii) Let
5
~2(6 — 4k)

14

and

29— 100 + /10002 + 4200 — 159
- 0 :

0

For 3/4 < o <1 we have

2T o]
/ |Z(o +it)|?dt =T Z C,nzn,% +O(T%)+e),
T

n=1
where
§—20 if§<a§19,
2 4
%=1 300 - o)
—0
_— ] <og<l1.
17—tv—100 JVSOS

Proof of (i). From Lemma 3.1, we have the relation
Z(s—k+1)=((s—k+1)D(s).

After normalizing the coefficients we find that

(4.20) Z(s) = ((s)D(s + k —1).
Let
2T A
(4.21) J(o,\) = (/ |f(a+it)|1/’\> . A>0.
T

Then Gabriel’s convexity theorem (see p. 203 of [61]) asserts that for a <
o< p

(4.22) J(0.pA+ q) < (0, N9 (B, ),
where
8—o o—«
4.23 = = .
(4.23) P=5a 155,
We choose the parameters as follows:
1 3 1 1
f(S)_D(S+k_1)7 05_57 ﬂ_Z» )\_57 :U’_E

Then p+ g = 1 and pA + gu = 1/2. From (i) and (ii) of Theorem 4.1, using
(4.22), we obtain, for 1/2 < o < 3/4,

T 1/2
(/ |D(U+k—1+it)|2dt> < Qs,

T
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where

2T 1 2 %(3740) 2T 1 2 %(4072)
05 = / D(kJrz't) dt / D<k+it> dt .
T 2 T 4

This implies that

2T 3—4o

(4.24) / |D(o + k — 1 +it)|?dt < (T3/2(10g T)”) T2
T

< TO=49)/2(1og )1 T(3—40),
From the assumption of the theorem it follows that for 1/2 <o <1
(4.25) (o 4 it) < t**1=9) Jogt.
Also, notice that

2T
(4.26) / |Z(o +it)|*dt
! 2T
< <T2%T |¢(o + it)|2) (/T |D(c+k—1+ it)|2dt> .
From (4.24), (4.25), and (4.26), part (i) of the theorem follows.

Proof of (ii). We only sketch the proof, since the details can be found in
[34]. The function Z(s) satisfies the functional equation

(4.27) Z(s) =A1(s)Z(1 — s),
4s—2 (L = s)D(k — 5)

where
TG+ k1)~ <2t7r) (1 o (D)

for t > to. From the definition of v, we have 5/12 < v < 1/2. Therefore, from
(4.28) and part (i) of Theorem 4.2, we find that

(428) A (s)] = \m)

2T 2T
(4.29) / |Z (v +it)|2dt ~ / t8N Z(1 — v +it)|2dt
T T

< A8V (F+(Ar+2)v)+e
< T%e,

If we write

E:C;I =Cz+ A(x)

n<lz

then, combining (4.29) with the method of Lemma 13.1 of [23], we obtain

X
(4.30) / |A(y)|dy < X1H2re,
1
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Following the arguments of [34] and using (4.30), (ii) follows.

REMARK. Using the classical value k = 1/6, Theorem 4.2 gives

2T 1
A —+it)
(s

which is far better than (1.9). The best known value for « is k = S5 + € (see

[21]). We also mention that part (i) of Theorem 4.2 improves upon part (i)
of Theorem A only in the range 1/2 < o < (3 — 8k)/(4 — 8k), since

2
dt < T'/5(log T)',

1
54—(4/-@4—2)(1—0) <4—-4o
holds only when o < (3 —8k)/(4 — 8k) < 3/4.

THEOREM 4.3. If the Lindeldf hypothesis holds, i.e., if for every positive

constant €,
1 .
¢ 5 + it | < t°,

then the inequality
2T )
/ |Z(0 +it)|Pdt < T2 20 -0)Fe
T

holds for every positive constant € in the range 1/2 < 0 < 3/4 — e.
Proof. This follows from part (i) of Theorem 4.2 upon taking x = e.

THEOREM 4.4. Assume that

2T 1 ‘
/T ¢ (5 +Zt>

holds for some fized integer 7 > 1 and every positive constant €. Then we

have
2T 1 )
Z | =41t
fl (s

25
dt < T'*e

2
dt <« TB/2)+1/i)+e,

for every e > 0.
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Proof. From (4.20), on using Holder’s inequality, we obtain

< +zt)
1
( +zt>D<k—§+zt> dt
25 \'9 / or 1 2 /(j—1) \ G-D/i
zt> dt) (/ D <k — =+ z't> dt)
T 2
1 2/3j 2T 1 2j 13
k—§+lt> /T C(§+Zt) dt
oT 1 2 (G-1)/j
><</ D(k——+it> dt) .
T 2

By (2.12), we have
1
(4.32) D(k = 3 +it) < t3/4(logt).

(4 31)

2

max
T<t<2T

The asserted estimate now follows from the assumption of the theorem, part
(i) of Theorem 4.1, (4.31), and (4.32).

REMARK. From Theorems 4.2, 4.3 and 4.4, we see that the mean-square
upper bound for Z(1/2 + it) depends on

(1) the growth estimate of the Riemann zeta-function on the line o = %,

(2) the higher moments of the Riemann zeta-function on the critical line

1
g = 3

(3) the growth ebtimate of the symmetric square L-function D(s) on the
line 0 =k — 5, and

2 )
(4) the higher moments of the symmetric square L-function D(s) on the

lineazk—%.

In this connection we would like to point out the important work of Heath-
Brown (see [15]) and of Ivic and Motohashi (see [26]). On the one hand,
a general theorem of Ramachandra (see [47]) implies the mean-square lower

bound
1 2
24+ 0)

(4.33) /T N

logT

dt >T————.
> loglogT
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On the other hand, it is not hard to see that, under the assumption of the
Lindeldf hypothesis for D(s) on the line o = k — , i.e., the estimate

1
(4.34) D (k -3 + it) <Lt
for any small positive constant €, we have

(4.35) /jTAZ<%-+w)

This suggests the following conjecture.

2
dt < T1H10¢,

CONJECTURE. We have

(4.36) /T Tz (% 4 z’t)

with some positive constant A.

2
dt < T(logT)*

Note added in proof. In fact, we have

D(s):=¢(2s — 2k +2) <i a;2n3> ,

where
larz| < d(n®)nF=t.
From our definition (1.3), it follows that
by, = ap2 = Z l2k_2a:12
12m=n

and that b, is a multiplicative function. It is not difficult to see that

J
byl <PED 3 a1 3T 1PN =P ()]
a=0 2b+a=j

since for every fixed j there is at most one solution to the equation 2b+a = j
for every fixed a. (For j < 4 the inequality follows by an easy computation,
and for j > 5 it can be proved by considering separately the cases when j
is even and odd.) This implies (in our notation) the final inequalty of (1.4),
namely

lage] < (d(n))? nb~"
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