LOW-LYING ZEROS OF CUSPIDAL MAASS FORMS

NADINE AMERSI, GEOFFREY IYER, OLEG LAZAREV, STEVEN J. MILLER,
AND LIYANG ZHANG

ABSTRACT. The Katz-Sarnak Density Conjecture states that the behavior of zeros of
a family of L-functions near the central point (as the conductors tend to zero) agree
with the behavior of eigenvalues near 1 of a classical compact group (as the matrix
size tends to infinity). Using the Petersson formula, Iwaniec, Luo and Sarnak [ILS]
proved that the behavior of zeros near the central point of holomorphic cusp forms
agree with the behavior of eigenvalues of orthogonal matrices for suitably restricted
test functions. We prove a similar result for level 1 cuspidal Maass forms, the other
natural family of GLo L-functions. We use the explicit formula to relate sums of our
test function at scaled zeros to sums of the Fourier transform at the primes weighted
by the L-function coefficients, and then use the Kuznetsov trace formula to average
the Fourier coefficients over the family. There are numerous technical obstructions
in handling the terms in the trace formula, which are surmounted through the use of
smooth weight functions for the Maass eigenvalues and results on Kloosterman sums
and Bessel and hyperbolic functions.
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1. INTRODUCTION

The distribution of zeros of L-functions play an important role in numerous problems
in number theory, from the distribution of primes [Conl [Da] to the size of the class group
[CLL|Gol|GZ]]. In the 1970s, Montgomery [Mon]] observed that the pair correlation of the
zeros of ((s), for suitable test functions, agree with that of the eigenvalues of the Gauss-
ian Unitary Ensemble (GUE). This suggested a powerful connection between number
theory and random matrix theory (see [FM, [Hal] for some of the history), which was
further supported by Odlyzko’s investigations [Od1, /0d2]] showing agreement between
the spacings of zeros of ((s) and the eigenvalues of the GUE. Later studies by Katz
and Sarnak [KaSall [KaSa2] showed more care is needed. Specifically, although the
n-level correlations agree for suitable test functions [Hej, RS|] and are the same for all
classical compact groups, the behavior of the eigenvalues near 1 is different for unitary,
symplectic and orthogonal matrices. This led to the Katz-Sarnak Density Conjecture,
which states that the behavior of zeros near the central point in a family of L-functions
(as the conductors tend to infinity) agree with the behavior of eigenvalues near 1 of a
classical compact group (as the matrix size tends to infinity). For suitable test functions,
this has been verified in many families, including Dirichlet characters, elliptic curves,
cuspidal newforms, symmetric powers of GL(2) L-functions, and certain families of
GL(4) and GL(6) L-functions; see for example [DM1}, DM2, [FI, [Gaol [Gii, HM, HR]
ILS) [KaSa2l, Mil2, MilPel |OS) RR!| [Rol [Rub), [Yal [Yol]. This correspondence between
zeros and eigenvalues allows us, at least conjecturally, to assign a definite symmetry
type to each family of L-functions (see [DM2] for more on identifying the symmetry
type of a family).

For this work, the most important families studied to date are holomorphic cusp
forms. Using the Petersson formula (and a delicate analysis of the resulting Bessel-
Kloosterman term), Iwaniec, Luo and Sarnak [ILS]] proved that the limiting behavior
of the zeros near the central point of holomorphic cusp forms agree with the eigenval-
ues of orthogonal matrices for suitably restricted test functions. In this paper we look
at the other GL, family of L-functions, namely Maass forms. Specifically, we study
the family of level 1 cuspidal Maass Forms. We quickly recall their properties; see
[Mw2, IK [Liu, LiuYe2] for details. A Maass form on the group SLy(Z) is a smooth
function u # 0 on the upper half-plane H satisfying:

(1) For all g € SLy(Z) and all z € H, u(gz) = u(z), with SLy(Z) acting on H by

az a b\,
gz:Tj:flforg:<c d>,
(2) u is an eigenfunction of the non-Euclidean Laplacian A = —? (8‘9—; + g—;) ,

with Au = Au, where the eigenvalue A = s(1 — s);
(3) there exists a positive integer k such that u(z) < y* as y — +o0.

If u is a cuspidal Maass form, then for all 2 € H we have

1
/Ou<<(1] l{)z)db:O. (1.1)

The Selberg eigenvalue conjecture states that the eigenvalues of the Laplacian on a
congruence group are at least 1/4. Though open in general, it has been proved for
SLs(Z) (see for instance [DI]). This allows us to write A = s(1 — s) as \; = (5 +
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it;)(3 —it;) with ¢; € R. By Weyl’s Law, the number of \; = (1 +t;)(3 —it;) at most
xis £/12 + O(z'/?log x). In particular, this means that the average spacing between
eigenvalues ¢; around 7’ is on the order of 1/7".

If w; is a cuspidal Maass form on SLy(Z), it has a Fourier expansion

uj(z) = cosh(t Z\/_/\ Ky, (2w |n|y)e*™, (1.2)
n#0
and its norm o
xray
lolt = [ P (1.3)
SLo(Z)\H Yy

satisfies (see [HL, Iw1]])

NI < gl < Il (1.4)
for any € > 0. There are many ways to normalize u;. We choose to normalize u;
by having A;(1) = 1; while this is useful as it leads to the Fourier coefficients being
multiplicative, it causes some problems with the normalizations needed to apply the
Kuznetsov trace formula to average over these coefficients, and influences our choice
of weight function below.

We define the L-function attached to u; by

Lisiuy) = 380 (15)

1 -1
L— p28>
-1 -1
) (1_M) , (1.6)
ps

(p) satisfy
a;(p) + Bi(p) = A(p),  a;()Bi(p) = 1. (1.7)
We study the low-lying zeros of the L-functions associated to Maass forms. Our main

statistic for studying these zeros is the 1-level density, which we now describe. Let ¢ be

an even Schwartz function such that the Fourier transform gg of ¢ has compact support;
that is,

with Euler product

L(s,uj) = H

-

where the Satake parameters «;(p),

1—-

/N N

=

= /00 o(z)e” ™Y dy (1.8)

and there is a ¢ < oo such that gg(y) = 0 for y outside (—o, o).
The 1-level density of L(s, u;) is

1
1 (ug; ¢ Z¢<OgR > (1.9)

where p; = % + iry; are the zeros of L(s, u;), and log R is a rescaling parameter related
to the average log-conductor in the weighted family (to be defined carefully below). As
¢ is a Schwartz function, most of the contribution comes from the zeros near the central
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point, i.e., the low-lying zeros. To complete the determination of the symmetry type,
we’ll also need to study the 2-level density, which is defined similarly in §5]

Similar to how the harmonic weights facilitate applications of the Petersson for-
mula to average the Fourier coefficients of cuspidal newforms (see for instance [ILS,
MilMol]), we introduce a nice, even weight function hp to smooth the sum over the
Maass forms. The two most interesting cases to investigate is an expanding window
centered at the origin, or two windows at 7" with widths significantly smaller than 7'
(the narrower the better).

For definiteness, in this paper i will always refer either to the weight function

hir(r) = exp (—t*/T?) (1.10)
(which is proportional to a Gaussian centered at zero with standard deviation
T/v/2) or
1. (r=T 1. (r+T
= = — 1.11

where £ is a non-negative even Schwartz function, integrates to 1, has supp(ﬁ) C
(—1,1), and for some ) € (0,1) we have "~ < (1 —n)L and L = o(T/®). We
denote the size constraints on L by 577 < (1 —n)L = o(T'®).,

Remark 1.1. While there is no need to normalize hr, as we divide by the sum of the
weights, we chose the two normalizations above to simplify the main terms in the hy-
perbolic tangent integral in the Kuznetsov formula (see Lemma [2.6). In order to use
the Kuznetsov trace formula, there must be a 6 > 0 such that our weight function
satisfies: (1) hr(t) = hp(—t), (2) hy is holomorphic in [Im(t)| < 1/2 + 6, and (3)
h(t) < ([t| + 1)727%; both of our test functions satisfy these conditions. Note the
second test function has stronger conditions. This is due to the fact that we are study-
ing Maass forms concintrated around a growing height with a varying width, and the
support restriction on h forces the Kloosterman sum in the Kuznetsov formula to have
finitely many terms and hence converge. Our analysis can be readily modified to study
more general weight functions concentrated about 0.

Remark 1.2. The upper bound for L is harmless, as we want to take the smallest possi-
ble value of L as we are trying to localize to eigenvalues near £1'; thus what matters is
the lower bound on L, not the upper (which with slightly more work we could increase).
The effect of L and T' is that only the eigenvalues within essentially L units of T' con-
tribute to the 1-level density. By Weyl’s Law, the average spacing between eigenvalues
around T is on the order of 1/T. Thus even for the smallest L we take we are covering
many times the average spacing, and thus are studying a large number of eigenvalues.
This scale is similar to what has been found in other problems (see for instance [Sar]).

We consider the weighted 1-level density of the family of cuspidal Maass forms on
SL2 (Z)

lim Di(¢,hr) = lim Z ”u ”2 (uj: 0). (1.12)
Z] ||u IP i
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That is, we care about averaging D (u;; ¢) over ‘families’ of increasing eigenvalues.
We use this weighting to facilitate applying the Kuznetsov Trace Formula (see for
example Theorem 16.3 of [IKI]), which says that for such normalized u;, we have

M)y ) + = [ romyrn ) —) g,
;HujH?M il )+47r/ )T ) e
= 6”_’”/_00 rtanh(r)h(r)dr + — 2 Z—S(m,n;c) /_OO J2ir (4WW) hr)r dr,

™ ) T c c cosh(7r)
(1.13)
where
T(m,r) = wtT(1)2 4 ir) " (1 + 2ir) " im 2 Z ( )
ab=|m|
c—1
S(m,n;c) = Z e2rilnatma) /e
gcd?:gﬁl
° (_1)m T\ 2mir
Toin() = , () 1.14
2ir () mz::()m!l"(m%—zr%—l) 2 (1.14)

(with z* the multiplicative inverse of  modulo c). As we have chosen to normalize
our L-functions so that \;(1) = 1, instead of normalizing so that the L?-norm is one,
our conventions differ from some authors. It is harmless to pass from one to the other,
though, as all we need to do is replace \;(k) with A;(k)/||u;||; as we always have a
product of two Fourier coefficients, we have ||u;||? in the denominator. See Chapter 15
of [IK] for a proofﬂ

Our main result is the following.

Theorem 1.3. Let ¢ be an even Schwartz function such that the Fourier transform <$
of ¢ has compact support in (—o,0), let hr be either hy 1 (equation (1.10)) or har
(equation (LI)), and let 7= < (1 —n)L = o(TY/®). Then the weighted 1-level
density of the family of level 1 Maass forms is

; DR

loglog R O(ToG/249=14) if h = hy p
log R O(ToG/29=m)  if h = hyr;

Zﬂ

|yl
= @w&owo(

I 2

(1.15)

IThere are many different normalizations (and frequently minor typos), and thus some care is needed
in comparing formulas from different works. For example, there is a typo in the definition of ¢(n, s) (it
should be ¢(2s)~!) in Chapter 14 of [IK], which is then used in the Kuznetsov formula in Chapter 15 of
[IKT; the typo would lead to evaluating the reciprocal of the Riemann zeta function on the critical line and
not the edge of the critical strip. While this factor is correctly stated in [Liul], there the author drops the
factor of 7 in the integral with tanh(r), and absent this factor the integral is trivially zero as the integrand
is now odd.
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this agrees with the scaling limit of orthogonal matrices for o < 1/6 if h = hyr and
o< %n for h = hy . As we may take 1 arbitrarily close to 1, we may take the support
in the second case to be arbitrarily smaller than 2/3.

Remark 1.4. We are able to obtain significantly better support for the second case as
the eigenvalues are concentrated in small bands about £T'. This assists us in bounding
the contribution from the Bessel-Kloosterman terms from the Kuznetsov formula, as this
forces the arguments we evaluate at to be quite large. The situation is markedly different
in the first case.

Unfortunately the 1-level densities of the three orthogonal groups are indistinguish-
able from each other if the support of gg is less than 1, though they are distinguishable
from the unitary and symplectic groups. While we expect the symmetry type of our
family to be governed by the distribution of the signs of the functional equation, Theo-
rem [1.3]is insufficient to prove this and determine which orthogonal group governs the
symmetry. N

Our support restriction for ¢ are due to bounds on non-contributing terms from the
Kuznetsov Trace Formula, which is significantly less tractable than the Petersson for-
mula (which is used to average over the Fourier coefficients for holomorphic cuspidal
forms). In particular, the small support comes from the Bessel-Kloosterman piece of
the Kuznetsov formula.

To surmount these difficulties and determine which orthogonal group is associated to
Maass form L-functions, we turn to the 2-level density. Miller [Mil1} Mil2]] showed that
while the 1-level densities for the three orthogonal groups are the same if the support
is less than 1, their 2-level densities are different for arbitrarily small support, with
the difference related to the percentage of elements with odd functional equation. We
therefore study the average 2-level density, which is given by

1 hr(t;) log R log R

Pt = o S 3 o (5 e (50
Zuje]: lujl|2 u;€F J J1#xj2

(1.16)

We find

Theorem 1.5. Let hy be as in Theorem g < (1 — n)L = o(TY8), ¢1, o be
even Schwartz functions such that their Fourier transforms have compact support in
(—o,0), and N(—1, F) denote the weighted percentage of Maass forms with odd sign
in the functional equation,

N(-1) = _ > ha(t;) (1.17)

hr (L) TR
Zj ||ij||J2 jiej=—1 Il
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Then with o < %77 (for hor) or with o < 1/12 (for hy 1), the 2-level density is

2
_ - 6:(0) | ~ L
Tlglgopz(ﬁﬁb%,hﬂ = H [ 5 "‘ﬁbz(o)} + 5 /OO |2[¢1(2)¢2(2)dz

(¢1( )¢1(0) 4 drn(0) — (¢1¢2)(O)N(—1,f)> :

(1.18)

and agrees only with the family of orthogonal matrices where the weighted distribution
of sign tends to N'(—1). As we may take 1) arbitrary close to 1, we may take the support
to be arbitrarily smaller than 1/3 for weight function ha r.

The paper is organized as follows. In §2] we discuss the explicit formula and derive
the expansion for the 1-level density, Lemma We review the Kuznetsov Trace
Formula in §3| analyzing many of the terms. We then calculate the 1-level density in
and the 2-level density in §3]

2. EXPANSION FOR 1-LEVEL DENSITY

The main result of this section is an expansion for the weighted 1-level density for
the family of Maass forms, which is given in Lemma [2.8] We first determine the 1-
level density for the L-function of a single Maass form. Recall that the 1-level density
(see (I.9)) is a sum over the zeros of the L-function of the form > H(p) for some

function H; later, we let H(s) = ¢(*5 log R) for ¢ an even Schwartz function with Fourier
transform compactly supported. We do not need to assume the Generalized Riemann
Hypothesis in the arguments below, though its veracity (the non-trivial zeros are of the
form 1/2 + i) leads to a nice spectral interpretation of the 1-level density. Here R is a
global scaling parameter, which we determine later in Lemma 2.5}

The L-functions satisfy a function equation:

A(s,uy) = n~°T (HEQHJ) g (HE% ) L(s,u;) = (~D9A(1 - 5,u;).

2.1)

Using this functional equation and contour integration, we have the following ‘explicit
formula’:

r <s+ej+z‘tj) r (s+ejfitj>

H(p) = — — log() + L /4 2 [H(s)+ H(1 — s)|ds
Z pr = 271 (2) & i <3+€j+it]’> o (s-‘re]-—itj)
P 2 —5 —5

(Z log p Z M) [H(s) + H(1 — s)]ds. (2.2)

2 (2) p*

2

The proof is standard, and proceeds similarly to that for other families; see for example
[ILS, RS]. The analysis is thus reduced to understanding the first integral, involving the
Gamma factors, and the second integral, involving the Satake parameters «;(p), 5;(p).
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2.1. Analysis of the Gamma factors.

Lemma 2.1. The Gamma term in (2.2)) contributes

1 1—\/ <S+€]'2+’Ltj> F/ <S+€j277,t]‘>
— —log(m) + —+ — [H(s)+ H(1 —s)]ds
211 (%) o (s+e]2+z ]> oT (8+6]2—’L J)
~ log(1+1t3) 1
= ¢(0)——L +0 . 2.3
#(0) log R - <log R) 23)

Proof. We shift the integral of the Gamma term in (2-2) to critical line. For s = 1 + iy,

H(1—s) = H(s) = ¢(¥28%). Since I has no zeroes or poles if Re(z) > 0, there is no
residue and the integrals are equal. We find

1 F/ <s+ej+zt ) (S+E‘7*’Lt >

o -1 + + H(1—s)d
271 (%) Og(ﬂ-) o <s+6g+ztj> <S+€j—lt]> ( ) ( S)] s
s+e;+it; s+€;—it;

! e I )
= o0 —log(m) + — + : 2H (s)ds

2me (1) o <s+ej2+ztj> 9 (s+61'2_1tj)

1 [ V(X9 iyt /(LS iy —¢. loo R
_ _/ (_ 10g(7r) + (41 ? 22(3/ ])) + (41 g QZ(y g)) ) qb (y og > dy

T ) M(z+3+iy+t) 2(3+F+2(y—ty) 21

€ i € 1t T
T \2N(3 + 5+ 5+ Z57) 201+ 5 — 5+ Z50) log R

(2.4)

The first integral in (2.4)) is O(1/log R) due to the rapid decay of ¢, and so does not
contribute. Therefore, we just need to consider the second integral. From equation
(6.3.18) of [AS]], we have for |z| > 1 with |arg(z)| < 7 that

—

1 |~ B
- - Don 25
I'(z) og(2) 2 " ; 2nz2n’ (2)

where the By,,’s are the Bernoulli numbers. Thus, for |z| > 1, we have

CC) _ gy so(
T " log( )+O(|Z|). (2.6)

For the first term in the second integral in (2.4)), we have

1 ¢ ity T
I ] 2.7
T AT TS Tigr” @.7)
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with ¢; > 0 and x real. Thus we have

N+—+m+? x) 1 it; in 1
1§:rR = log (4+ 5 + — —|—1 Ia )+O 7
P(i+ %+ %+ i2zo) og T+ 5+ 5+ Rl

(2.8)

for
F+i i, im

1. 2.
4 2 2 logR ~ @)

T

Since the only poles of the Gamma function are the non-positive integers and since our
z stays away from such integers, the denominators above are well-defined for our ¢, .
Expanding the logarithm in (2.8)), as ¢; € {0, 1} we get

F’(l+ﬁ+ﬁ+lo"g”R )

= log(1+1;) + O (log(2 + |z[)) . (2.10)
rt+3+%+ =)
Thus
/Oo (ﬁll—i_i—i_ﬁ—i_loig}z) 21
P 1 € x dx
°°2F71+J+ +1ZgﬂR) log R
v | o1+ 6) + 0 og(2+ fa))) oo
~ 1
— g s e 0 ()
~, log(1+1t) 1
- T s R : 2.11
¢(0) og R +0 e B @.11)

The second term in (2.4)) is handled similarly; the only difference is that we have —it;
instead of ¢¢;, which is immaterial since the integrals are from —oo to 0o, ¢ is even and
IT(a + ib)| = |T(a + b)|.

Combining, we find the Gamma terms contribute

s+e;+it; s+e€;—it;
1 () ()
5 [, | Tloe(m) + —— S | [H () + H (L= s)]ds
(3) or <#> or (y_)
log(1 +t;) 1

= 9 J

05 +0Q%R)

~ log(1+12) 1
= ¢(0)———=—+0 2.12

?(0) log R + <logR) ( )

2.2. Analysis of the Satake parameters.
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Lemma 2.2. The Satake parameters term in (2.2) contributes

27m (Zl ZM> [H(s) + H(1 — s)]ds

psk

_ ZZ p)+ B85 (p (b)) logp - (klogp
N — k/2logR log R

o 2)(p)logp~ (logp 2(\, (p?) — 1) logp ~ [ 2log p
B Z 1/2 ¢ +Z ¢
P p'2log R log 12 > plog R log R

1
+0 <logR) . (2.13)

Proof. Using contour integration to shift integrals, we have the following equality:

+6’“( ))1ogp~ (klogp
_ ZZ mlogR ¢<1og3)' 2.14)

p k=1

The proof of this equality is similar to that of other families; see for example [ILS, RS].

We can truncate this sum at k& = 2 since log p < p© for any € and |;(p)|, |5;(p)] <
p, where § < 7 /64 by work of Kim-Sarnak [KSa] (note that this bound does not depend
on u;). Thus the contribution from £ > 3 is

+5k (p))logp~ [ klogp 4pFip klogp
ZZ k/zlogR ¢(1ogR> < logRZZ k/2 (logR

p k=3

1 = phop*
vr 2.15
< g B gp 2 (2.15)

since ngS has compact support. Since § < 7/64 (though all we really need is § < 1/6),
then 1/2 —0> 1/3, and we have

= 1 P 1 1
= = P —— . 2.1
logR Z k/Q log R Zp: p31/2=0) 1 — 1/pl/2=9 © (log R) (2.16)
From @[) and @ we find
ZZ p)+ B (p ))logp(g klogp
— k/2logR log R

2. 2(af(p) + B} (p)) logp~ (klogp 1
- ZZ pF/2log R ¢<10gR> +O(10gR>' @17

p k=1

Noting a;(p) + 5;(p) = Aj(p) and a2(p) + B2(p) = A (p?) — 1 (see (I:8)) completes
the proof. U
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In §3| we handle the \; terms in (2.13)) by averaging over the family of Maass forms
by using the Kuznetsov formula. However, we can consider the —2 log p/plog R term
in the second sum in (2.13]) without resorting to the Kuznetsov formula, as this term is
independent of u;.

Lemma 2.3. The u;—independent term in 2.13) of Lemma/2.2] contributes
2 logp~ (2logp »(0) loglog R
= —4+0(————|. 2.18
logR; P ¢(logR 2 - log R (2.18)

The proof is standard and follows from the Prime Number Theorem and Partial Sum-
mation; see for instance Appendix C of [Mil2] or chapter 15 of [MT-BI].

2.3. 1-Level Density Expansion. Combining the analysis of the Gamma and Satake
parameter terms in the explicit formula, we’ve shown

Proposition 2.4. The [-level density for a single level 1 cuspidal Maass form equals

~ log(1+13)  ¢(0) 2)(p)logp~ (logp
Di(uj;0) = ¢(0) logR] + 9 _Z pl/2log R (logR>

20 (p?)1 21 loglog R
-y Jogpz (Zlogp) | (loslos ) =) 1)
> D log R log R log R
Before we use this proposition to obtain the average weighted 1-level density, we first
discuss the scaling constant R. Its purpose is to normalize the low-lying zeros for com-

parison between different families and with the random matrix ensembles. Specifically,
we choose it so that we have a mean spacing of 1 near the central point, or the average

of the first term in ll 9) is gg( 0). Explicitly, we need to pick R such that

i) log(1 4 t3)
= 1+ o0(1). (2.20)
zy ) Z I, H2 log 7 1)

The formula clearly suggests that we take R = T2. The proof requires the use of the

Kuznetsov trace formula, and depends on a result to be proved in the next section; we

give the rest of the argument here in order to be able to write down the final version of

our 1-level densityﬂ

Lemma 2.5. Let hy be as in (I.10) or (I.11). If R = T? and g < (L—=n)L =
o(TV/®), then [2.20) holds, with the little-oh term at most O (1/log R).

Before proving the above lemma, we first state a needed result.
Lemma 2.6. Let hy be as in (1.I0) (i.e., hy 1) or (LII)) (i.e., hor). Then

oo 2 3 —
/ rtanh(r)hy(r)dr = " +00) %f hr = I (2.21)
_ LT + O(l) if hT = h27T.

o0

ZActually, we’ll see the proof for hy 1 does not require the Kuznetsov trace formula, as the |¢;] are
tightly localized around 7" — oo and thus there is no appreciable variation in the log(1 + t?) factors. The
situation is different for h; 7, as there log(1 + tf) varies greatly over the range. While with more careful
book-keeping one may be able to avoid using the trace formula here, it does not seem worth the effort as
we need to use the trace formula elsewhere in the proof.
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Proof. We prove the second claim; the first follows similarly. Note that tanh(r) is odd
and
tanh(r) = 1+ 0(e ) (2.22)

for r > 0. As hr(r) is an even function and tanh(r) and r are odd functions,

/_C:rtanh(r)hT(T)dr = Q/OOOrtanh(T)hT(T)dr
_ 2/Owr<%h(rzT) i
_ 2/0 r(éh(rlT) "

_ /OO (rL + T)h(r)Ldr + O(1) + O(1)

—-T/L

1
2
1
2

_ LT/ h(r)dr + O(1) = LT +O(1),r
where we used the facts that & is an even Schwartz function (so [ rh(r)dr = 0), h
integrates to 1, and the relative sizes of 7" and L. O

Proof of Lemma[2.5] We first give the proof for Ay = hy . Unfortunately we cannot
just apply the Kuznetsov formula (see (I.13)) with test function ho,r(t;)log(1 +t3), as
our test function is supposed to have compact support (though we can argue along these
lines for h; 7, as we have weaker conditions there). Instead, we note that hy r(t) =
sh((t = T)/L) + h((t + T)/L), with 577 < (1 —n)L = o(T"/*) and h a non-
negative even Schwartz function. Thus the only t; that contribute are those near £77;
we are quite safe if we only consider |[t;| — T| < LT%/?12, as the contribution from the
t; further away from +7" is negligible and we have good control over the norms ||u;||
(see (I.4)). For these restricted ¢;, we have

log(1+1}) = logT? + O (L/T?PM) = logT* + O(T%*). (2.24)

We now remove our restriction on the ¢;’s, and restore the sum to all values. We find
that

g(1+1t3) og(T?) + O(T~*/%))
1 o
= - rtanh(r)hp(r) log(T?)dr + O(LT~Y%)
+ O (Le™* log (T e™*) log(T?)) ; (2.25)

here we used the analysis from the proof of Lemma[3.1|below to bound two of the terms
from the Kuznetsov formula. The proof is completed by using Lemma[2.6|to replace the
integral with LT log(T?). Taking R = T2, we see equation (2.20) follows immediately
(as the main term of the sum of the weights is LT"). This completes the analysis for
hQ,T.

We sketch the proof for Ay = h; . We apply the Kuznetsov trace formula with
weight function h; 7(t) log(1 4 ¢?). The analysis is similar. We can wait to expand the

h (T IT)) (1+O(e2))dr

h (rZT» dr+ 0 (/Ooore—%dr)

(2.23)
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logarithm until the hyperbolic tangent integral term, which can be directly evaluated as
tanh(r) is odd and equal to 1 + O(e™?"):

/ rtanh(r)hy 7(r) log(1 +r*)dr = 2/ r (140 (e™)) e log(1 + r2)dr
- 0

o0

= / log(1 4 u)e " du + O (log* T
0

T4
= / [log + log(TQ)} T+ 0 (log2 T)

Vieer b T?
= T*log(T?) + O(T?). (2.26)
Therefore
1 h log(1 + 2 log T2 1
Ry 2 |1!5(H2) gl(o R 2 - g7+ O (10 R) ’ 227)
20 T 5 1Y & 8 g
and so if R = T2, the sum in (2.27) is 1 plus O(1/log R). 0

Remark 2.7. We do not need to use the Kuznetsov trace formula to derive (2.25)), as all
that matters is that up to a negligible error the left hand side is log(T?) times the sum
of our weights. We use the Kuznetsov trace formula here to keep the argument similar
to the analysis for hy v, where we do need the trace formula.

Our above results immediately yield

Lemma 2.8 (1-Level Density Expansion). Let hy be as in (I.10) or (I.T1)), and assume
siegr < (L=n)L = o(T"/®). Let ¢ be an even Schwartz function whose Fourier
transform has compact support. The weighted 1-level density of the family of level 1

cuspidal Maass forms is

1 hp(t;
Di(¢,hr) = hT_(tJ)Z Z(TiQ)Dl(Ugaﬁb)

1 2logp A(lOgP)Z
o hr(t;) Z 1/2 2
Zj Mu;l2 P p/*log R log K HUJH
1 2logp ~ (2logp hr(ti) | o
B As
75 g (i) 2 Tl M0

loglog R
Ol ———|. 2.28
+ ( o R ) (2.28)

Proof. We can pull out the O(log log R/ log R) term from the sum over u; as the implied
constant does not depend on u; and hT(timj % is positive so that oscillation does not

;) log( 1+t2) .
Tog I with

make this sum larger. We used Lemma [2.5|to replace hT(t ) Z] ||u ||2
J

I gl

¢(0) plus errors subsumed by the other error terms. Finally, we can interchange the sum
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over j and p in the last two sums in (2.28) since the sum over p is a finite sum as ¢ has
compact support. U

Therefore, to find the weighted average 1-level density, we need to evaluate the last
two sums in (2.28)), which are all sums over the Fourier coefficients of the u;’s. We do
this in Sections [3] and [4] by using the Kuznetsov trace formula for Maass cusp forms,
which handles such sums.

3. KUZNETSOV TRACE FORMULA

3.1. Expansion. Recall that {u;} is a basis for the space of level 1 cuspidal Maass
forms, and that the Fourier expansion of u; is

u;(z) = cosh(t Z\/_)\ K (27 |n|y)e*™ . 3.1
n#0
We normalized u; by setting A\;(1) = 1.
Recall from (1.13)) that for such normalized u;’s, the Kuznetsov trace formula states
that

Z Hu H2 m)Aj(n) = Anr(m;n) + Bugp(m,n) + Cup(m,n),  (3.2)
where
— hT(T’)
Almen) ) (e
By, (m,n) = ;;n/ rtanh(r)hr(r)dr
Cn(mom) = 2310 / " D (47T”m") rhi(r) g 33
= ¢ —o0 c cosh(rr)

with 7, S, Jo;, defined in @D Since \;(1) = 1, we have the crucial observation that

Z TR Z o S0 G

and so we can study the last three sums in @ via the Kuznetsov formula. To find
these three sums in the cases required by Lemma [2.8] we use the Kuznetsov formula
in the cases (m, n) equals (1,1), (p, 1) and (p?, 1) for the 1-level density, while for the
2-level density we must additionally consider (py, ps2), (p?,p2) and (p?, p3) (where po
may or may not equal p;). We either use the weight function hr(t) from (I.10), which
is even and is essentially a Gaussian at the origin, or from (I.11]), which is even and has
two bumps centered around 7" and —7'. We also take L such that o <(1-nL=

o(T®).

3.2. Approximating Terms in the Kuznetsov Trace Formula. By approximating
Ap,(m,n), Bp.(m,n), Cp,.(m,n), we have the following lemma. In addition to deter-
mining the scaling for R, it allows us to execute the sums over the Fourier coefficients
for the n-level densities, and is the key ingredient in the analysis. The hardest part of
the argument is bounding the contribution from the Cj,..(m, n) terms.
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Lemma 3.1. For m € {1,p1,p3}, n € {1,p2,p3}, hr as in (I.1I0) or (I.T1), and
< (1—=n)L = o(T®),

zﬂmw ()

_T
2logT

B ‘“”;;—’;W + O ((log 3mn)>T"/*(mn)"/*) if hy = har
‘5("‘7}# +0 (LGW/QL log (Tﬁleﬂ'/l‘) (mn)1/4 log(3mn)) if hy = h27T-
(3.5)

Proof. We first consider Aj,..(m, n). Note that we have the following equality for 7:

(m,r)r(n,r) = w0(1/24ir) T (1/2 —ir)~1¢(1 4 2ir)~1¢(1 — 2ir) " (mn) ™12

> 6 XG)

ab=|m| ab=|n

sin(m(5 + ir)) ay —ir anir
- Wﬂ((l—l—%r)—;;(mn)l/? 2. (6) > (E)

ab=|m| ab=|n|

— e +C(2)jf)(|7;€7)nn)1/z abZ <%)_ > (%) (3.6)

=|m| ab=|n|

where we used the functional equation for I' in the second equality.
Because of our choices of m and n, the sums over the divisors are bounded by 18.

Furthermore, |((1 + 2ir)| > 1/log(2 + |r|) (see for example [Liul]). If A = ho 1, then
for any € > 0 we have
hg T(’I“)
A = ’—d
ta;o (1:1) ) cosh(7r) "

(R e,
- O(A L+ >ummwd>

L+L

) )

(mn)1/2 /OO [|ul*+ (T'/L) h(u)Ldu)

T/L

LYt 4 LTe LT*
= O|———) =0(——5 3.7
(o) = 0 () o
where the rapid decay of h implies [ |u|h(u)du = O(1). A similar calculation shows

1+e
Apyp(m,m) = O <L> . (3.8)

(mn)1/2
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For By, (m,n), in the proof of Lemma[2.6| we showed in (2.21)) that

Lo QW by =
B, (m,n) = — rtanh(r)hr(r)dr = § 7Toa) £ = (3.9)
—00 p=)

Finally, we consider the Bessel-Kloosterman piece C’hT(m, n), which is the most
delicate part of the analysis and the heart of the proof. We first consider hy 7, and argue
as in [Sar]. As this is a lower order term, there is no need to compute optimal constants
or expansions. We first consider the integral term in (3.3). As the two summands from
ho 1 are handled similarly, we only consider the h((r — T")/L) part. We are left with
studying

L(L, T;m,n) = /OOJQZ-T<47T‘/_) () g

~ c cosh(7r)

B o A Am/mn (Lr +T)h(r)
B /_ Jai(erem) ( c > cosh(m(Lr +T))Ldr' (3.10)

o0

We have (see equation (9.1.10) of [AS])

(2/2 227’ > 2/2 227’ Z/4)2k
Joir = 3.11
2ir(2) 1+ 2ir) * kIl I'(1+ k + 2ir)’ .11
and by Stirling’s formula
T(z+1) ~ (2/e)2/*V2r (3.12)

(as we only care about the main term, this asymptotic expansion suffices, and simplifies
some of the algebra).

We briefly summarize the proof. We insert our approximations into the integral, cal-
culating the main and error terms. We eventually end up with the main term as a Fourier

transform of / evaluated at £ log <mc/%>; as supp(h C (—1,1), this restricts which ¢

can contribute, and leads to a finite contribution from the resulting Kloosterman sum.
Unfortunately, we need to be very careful in dealing with the error terms. The reason is
that it is not enough to obtain that I.(L, T'; m, n) is small relative to T'; this is easy. The
problem is we must have sufficient decay in c so that the resulting c-sum converges (and
we gain a factor of ¢!/?*¢ from using Weil’s estimate for the Kloosterman sum). We ac-
complish this for the main term by interpreting the integral as evaluating the Fourier
transform of h outside (—1, 1) unless ¢ is small. In the analysis below, we ignore all
error terms in order to highlight the argument. We finish the proof by showing how they
can be handled in Appendix [A] with their contribution bounded by the error from the
main term if c is small, or by a very small (in both c and T') error if c is large.

A standard analysis shows that it suffices to keep just main term in the Bessel ex-
pansion (we can just repeat the following for each term and then observe the resulting
sum is dominated by the first term), and the rapid decay in h allows us to truncate the
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integral to — VT to \4/7, and thus

I.(L,T;m,n) ~

/4@ (27 /i c)2Er+T) 2(Lr + T)h(r)Ldr
22 Lr + T)/G)Qz Lr+t) (QZ(L’I“ + T))1/2\/% em(Lr+T) 4 e—m(Lr+T)

. \/;/ ( T/ )21 D) JTr T h(r)Ldr

(Lr+T)

B \/7/T+L\/> 7T€\/_ 2iu 1/2h _T @
N m L L

Foru € [T — LVT, T + LV/T), |[u — T| < LT"/4, and thus we have
1/2 I
1/2
) — T2 40 <T1/4> (3.14)

—2iu —2iulog(T+u—T) — 672iu10gT72iu10g(1+u;T)

u—"T

U1/2 — (T+U—T)1/2 _ TI/Z(

and

—2iulog T—2iu™ +O(u(u T)2/T?)
72iulogT72i(T+u7T)%+O(L2/T1/2)

—2iulog T—2iu+2iT+O(L? /T1/4)

. L?
_ 6—2m10g(eT) 2iT (1 +0 <T1/4)> (315)

Substituting (3.14) and (3.15)) into our asymptotic (3.13)), and ignoring for now the error
terms, yields

(&
(&
= €
(&

T1/2p-2T [T+LYT T\ it 1o <
I(L, T;m,n) ~ - (E N _) ¢’ ! g("‘/%)du

_ h
Vi T-LYT L L

1/2 ,—2T poo - c
- T/ 4e h (E _ Z) e—2mu;10g<m/%)du
N T L L

/22T —27ri%10g(ﬂcim> /L T
_ S Lh (— log (C—)) (3.16)
Nz s T/mn

by the Fourier Transform identity

o0 ) ) 1~
/ h(au + b)e ™Vdy = 627”33/—‘h (Q) . (3.17)

00 | a

We have therefore shown that
~ (L cT
h 1 — 3.18

As ﬁ(:c) vanishes if |z| > 1, the only ¢ that contribute are those with £ log <#%> <1,

\I(L, T;m,n)| < LTY?

or ¢ < my/mnT '™’ This gives us the main term of the contribution from the Bessel
term; we show the errors introduced by our approximations are negligible in Appendix

Al

e—m(Lr+T) gm(Lr+T) + e—m(Lr+T)

(3.13)



18 NADINE AMERSI, GEOFFREY IYER, OLEG LAZAREV, STEVEN J. MILLER, AND LIYANG ZHANG

We substitute this bound and c-restriction into the expansion for Cj,.(m, n) and use
Weil’s bound for the Kloosterman sum (S(m, n;c) < ged(m,n, c)'/?7(c)c/?, where
7(c) < ¢ is the divisor function). For the 1-level sums, n = 1 and writing p for p; we
have m € {1,p, p*}, while for the 2-level sums m € {1,p;,p?} and n € {1, p,, p3}.
We first handle the case when n = 1, which includes all the sums that would arise in the
1-level density and some that occur in the 2-level; note this implies ged(m, n,c) = 1.
Using standard bounds for sums of the divisor functimﬂ yields

Chp(m,n) = %ZM/_OO T (4#%) rhr(r) dr

= c c cosh(7r)

~ (L T
(7 ()
T T/ mn

[e.e]

T<C) ng(m> n, 6)1/2 1/2
D e

c>1
my/mnTlem/L
< LTV Y o

- o172
< LTY? (7r\/mnT’1e”/L)1/2 log (m/mnT’le”/L)
< Le™*log (T_le”/L) (mn)*log(3mn). (3.19)

We want this to be smaller than the main term, which is L7 and arises from the hyper-
bolic tangent integral; thus L cannot be too small. A close to optimal choice is to take
sigr < (1—m)L,s0e™/?b < T,

We now consider the case when ged(m, n) = p. There are two sub-cases: p|c and
pk c. The contribution from the terms where pl ¢ is identical to the previous argument, as
in that case gcd(m, n, ¢) = 1. We now handle the terms where p|c. We re-write ¢ as pc/,
and note gcd(m, n,c)'/?/c'/? = 1/cY/2, and 7(pc’) < 7(c’). We thus have the same
sum as before, except now ¢’ only goes up to 1/p what ¢ did, and thus the error term
here is subsumed in the previous error term. The argument is similar if gcd(m, n) = p?,
and we again obtain the same error term. This completes the analysis of C},,, when
h - h27T.

Unfortunately, a similar calculation fails for h; = hy . The difficulty is that the

resulting term is now
o 414/ h(r/T
2Im / J%T< z mn) rh(r/T) (3.20)
0

c cosh(mr)

The problem is that for 7" large, h is essentially 1 in the integrand, and we lose the 7'-
decay. Trying to use integral formulations of the Bessel and Gamma functions do not
lead to tractable sums for bounding purposes. We thus resort to a different argument.
We instead use equation (16.56) of [IKI], which gives

Chy(m,n) = O ((log 3mn)2T7/4(mn)1/4) . (3.21)
By combining the terms Ay, (m, n), By,.(m,n), Cp,.(m,n) and noting that A,.(m, n)
< Ch.(m,n), we obtain the desired result. U

SWe use Y, 7(c)/c'/? < 2'/?log x, which follows from partial summation and standard bounds
for sums of divisor functions; see Chapter 1 of [IK]].
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4. 1-LEVEL DENSITY

To determine the weighted 1-level density, we need to evaluate the last two sums in
(2.28), which we do in the following lemma.

Lemma 4.1. Let hT be as in (I.11), R = T? and T/L > logT Then

2logp A(logp>
hr(t;) > P2 Z 2 o
Z] HZ E5 logR" \log R Hu]H
1 210gp (21ogp)
= o(1). 4.1
hr(t;) Z Z 2 O(
>, i 4 plog ™\ log R Hu H

Proof. We first determine 3", % i ” ‘2 , which is used to normalize the weights in (4.1]) by
having them sum to 1. As \;(1 ) = 1, we have by Lemma[3.1]with m = n = 1 that

Z Hugl\2 Z Hu H2 0D

T2/7r +O(T™) The =l 4
LT/7T2 + O(Leﬂ—/QL IOg (T‘le“/L) if hT = hQ’T. .
Therefore the reciprocal of this sum is
1 _ 7r2/T2—|—O(1/T9/4) if hy = hip 4.3)
> }ILIQTL](T\JQ) 72 /LT + O ((LT)'T~'e™*log (T e™L)) if hp = hag.

We first do the case when hy = hy r and then discuss the minimal changes needed if
hT = hl,T-
Now we consider the first sum in (4.1] - By Lemma (3.1{with m = p,n = 1, we have

Z ||u ||2 Z Hu H2 (1) = O(Le™* log T - p!/*7e). (44)

AsR=T% 575 <(1-nlL = o(TY/8) and supp(¢) C (—0,0), the prime sum in

@T) is overp<T2" and
2log p A<logp)
h t) Z 1/2 Z 2 J
>, ”Z B S P logR log R ||u ||
1 2logp |~
— 0o —
(LT) Z pt/2log R ¢

pSTZG

logT —1/4+e
Tn Z p

P§T2a
= O(T*G/49=110g T). (4.5)

Note this sum is negligible so long as 0 < %77 (and < 1), so by taking 7 arbitrarily
close to 1 we can get o arbitrarily close to % We could also obtain such support by

log p 1— 1
O (LT Mog T - pt/4te
(128 |otarsear 09
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taking L even larger; for example, if L > % then eP?/2L < T/ loglogT « T¢ for
any € > 0.

The second sum in (#.1)) may be handled similarly. Using m = p*,n = 1 in Lemma
3.1} for any € > 0 we have

—_ /2L 1/4+€ 1/2+€
Zuu 2 Zuu 2 AN (1) = O(LeT* log T p 1 - p!/79). (4.6)

As R =T? and supp(qb) C (—o0,0), this time the prime sum is over p < T and we have
> ’rT (L) plogR log R ||u ||2

1 2logp ~ (2logp
= 0(+= O (Le™* log T - p'/**¢
(LT) p;; plogR(b(logR (Le oesp )

=0 (T‘" log T Z p_1/2+6>

p<T?

-0 (TJ(1/2+6)—T]) 7 4.7

and thus this term is negligible for o < 5 /2 —- Not surprisingly, the support restriction
is weaker here than in the previous sum (we sum over fewer primes and divide by a
higher power of p); once 1 > 1/2 this term does not contribute for support less than 1.
If now hr = hy r, then the arguments above are trivially changed; we simply need to
replace Le™ 2 log T with T7/4, and the size of the family is now of the order 72 instead
of LT. The net effect is to replace 7" with T~'/ (up to a factor of log T", which
is immaterial). The main error term is now O(T27(/4+<)=1/4) "which is negligible if
o <1/6. O

We can now prove Theorem[I.3]and determine the 1-level density.

Proof of Theorem The proof follows immediately by substituting the results of Lemma
into the 1-level density expansion of Lemma O

5. 2-LEVEL DENSITY

Miller [Mill, IM1l2] noticed that while the 1-level density is unable to distinguish
the three orthogonal groups if the Fourier transform of the test function is supported in
(—1,1) (though it can distinguish these from unitary and symplectic), the 2-level density
is different for each of the classical compact groups for arbitrarily small support. The
difference between the three orthogonal groups is entirely due to the distribution of
signs of the functional equations. Thus, in order to determine which orthogonal group
corresponds to our family, we now compute the 2-level density. As our goal is simply to
uniquely identify which orthogonal group can correspond to our family, to simplify the
exposition we simply concentrate on obtaining a small window of support about zero;
with a very small amount of additional work one could obtain explicit bounds on the
support.
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The weighted 2-level density is

log R log R
Dy(¢, hr) = w ZH H? 3 o <% )@(Og vh), (5.1)

Z] [lu; ||2 J J1#£+Ej2

where ¢(z,y) = ¢1(z)p2(y) and 1, bo are both supported in (—o, ). The analysis is
simplified by adding back the j; = £, terms and then subtracting these off. This allows
us to use the explicit formula twice for the sum over j; and js, while for the subtracted
off term (from j; = 475), we essentially have a 1-level density. The only problem is
that if the functional equation is odd, then there should only be one j; corresponding to
j1 = 0 and not 2, and thus we need to add back this contribution. Defining

1 hr(t;)
N(-1) = —— E J 5.2)
T SR 2 TP

(the weighted percentage of Maass forms in our family with odd functional equation),
we consider the modified version of the 2-level density (where we allow the j; = +75
terms)

. 1 h _
Zj flui I J
where
$:(0)  ~  log(1+13) loglog R
Di(uj,¢;) = é ) +¢¢(O)TR] O ogR
B Z logp logp\ 3 2Aj(p2)logp$ 2log p
1/2 logR log R . plogR 7"\ logR
(0 ) ~log(1+13) loglog R
N 2 +9:(0) log R +0 log R
- 51(%‘7 sz‘) - 52(Uj, ¢z’) (5.4)
with
._ 2)j(p)logp~ (logp
Sl(u]a ¢z) T zp: p1/2 logR gbz logR
2);(p*) logp~ (2logp
iy Pi = i . 5.5
Sa(uj, 6:) Z e P\t (5.5)

Note that in (5.3), we can have the complex conjugate of D; (u;, ¢2) since ¢ is real. We
do this so that we can apply the Kuznetsov formula, which has a complex conjugate
over one of the A;’s.

We can obtain the 2-level density from the modified 2-level density by subtracting
off the contribution from j; = =+j5, which is

1 Br(ts
Dy (¢, hr) = 2Di(d1¢2, hr) — (¢1¢2)(0)W Z ‘|2(1|5’gQ)’ (5.6)
J TugllZ drej==1 """
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note here that the test function is ¢; (u)¢2(u), and the last term on the right-hand-side
is the weighted percentage of Maass forms with odd sign in functional equation, which
we denote by N'(—1). We have

Lemma 5.1. For hr = hor, if 33507 < (L —n)L = o(T*®) and o < §n, the weighted
2-level density is

= 1 1+ t2 c(z c(% :
Dy(¢,hr) = 3 hT(tJ) Z [ ||2) H [ OgITR) - S1<)(Uj7¢i) - 52()(%‘,@25@‘)]
i Tl g T =
- Duors hr) + (G100 ON(-1) 40 (EET ) 67

where c(1) is the identity map and c(2) denotes complex conjugation. Taking 1 to be
arbitrarily close to 1, we get the result for o < 1/3.
For hp = hy , the result holds for o < 1/12.

Proof. Our arguments above proved (5.7), except for the presence of a O(log log R/ log R)
inside the product over 7. We now show that term may be removed from the product at
the cost of an error (of the same size) outside all the summations.

As the O(log log R/ log R) is independent of u;, these terms are readily bounded by
applying the Cauchy-Schwarz inequality. Letting S represent any of the factors in the
product over i in (5.7), the product involving this is O(loglog R/ log R):

loglogR)
hr(t;) z : 2 <
> ”; 25 HuJH log R

1/2 1/2
<loglog R)2 1 Z hr(t;) S|
s R \CRE))] [T
1/2
10g10gR>
< O( . . pPLa . (5.8)
. 2
log R >, ”3 i 4 ||uj||

We now analyze the four possibilities for the sum involving |S|?. If S is either

:(0 )M or O (M) , this sum is trivially O(1), and thus the entire expression

log R log R
is O (bi E’%R ) We are left with the non-trivial cases of S = S; or § = S,. To handle

these cases, we rely on results that we will soon prove: for hy = hy r, if 30 < 1, from
Lemma [5.4] we have |S;|> = O(1) and from Lemma [5.5] we have |9;|*> = o(1). Note
that we use these lemmas for ¢ = ¢, ¢, instead of the usual ¢ = ¢, ¢,, but this does not
affect the proofs. Similarly, for hy = hy 7, these statements hold if o < 1/12. ]
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By symmetry, it suffices to analyze the following terms to determine the 2-level den-

sity:
.00 log(1 +2)\
hT(t Z H2 ( ) lOgR

Zﬂ Hu > 3
A log(1+t§)
S, (U'7¢2), k € {].,2}
hT(t Z 2 E\Wj
Z] Hu ”2 ] || 1OgR
= hT(t Z HQSk (uj, 61)Se(uz, d2) k.l € {1,2}. (5.9)
J ugl2 J

We now analyze these terms.

Lemma 5.2. For hr as in (I.1I0) or (I.T1), R = T? and < (1 —n)L = o(T"?®),

QIOgT
we have
: log(1+2)\> ~ -~ 1
) ——F5") =¢1(0)6:00) + O ——% ).
hr(t;) Z 2 P ( > 1 2
> H1Tz # 5 || log R loglog R

(5.10)
Proof. The proof is analogous to the proof of Lemma [2.5] O
Lemma 5.3. [f R =T? 5705 < (1 =)L = o(T"®), and o < 31 (for ha) or o < §

(for hy ), the gbl( )S1(u;, ¢2) and q/ﬁ\l(O)Sg(uj, ¢2) terms are O(loglog R/ log R), and
thus do not contribute.

Proof. The proof is almost identical to the application of the Kuznetsov trace formula
to prove similar results for the 1-level density, the only change being that now we have

the modified weight function hp(t;) log(1 + 7). O
Lemma 5.4. For hy = har, if 557 < (1 - n)L = o(T*®) and o < i1, then
_— L~ loglog R
S S =2 dz4+0 | —— | .
= - Z w0050 =2 [ el ()0 (FEZE )
(5.11)

Taking 1 to be arbitrarily close to 1, the statement holds for o < 1/3.
For hy = hy 7, the result holds if o < 1/12.

Proof. We give first give proof for hy = hg 1.
Z ||2 51 Ug7¢1)51(%7¢2)

X;(p1)Aj(p2) logprlogpa ~ (logp\ ~ (logps
=4
Z ||“ HQ Z 172172 log? R o1 log R 02 log R

D1,p2 1 P2

log p1 log pa ~ log D1 log po
=4
2 1/2 72 1ok \logk ) \logR an M)

p1 p2

(5.12)



24 NADINE AMERSI, GEOFFREY IYER, OLEG LAZAREV, STEVEN J. MILLER, AND LIYANG ZHANG

As before, we apply the Kuznetsov formula to the inner sum. Since the formula has a
dpy.ps» We need to split this sum into the case when p; = p, and the case when p; # p,.
We first show that the p; # p, does not contribute. As R = T2, the prime sums are over
distinct primes at most 727, If p; # p,, then using Lemmanfor hT = hg, we have
1 logpylogps ~ (logpy log p ~—
4
Z 1/2 1/2 log? R o1 log R log R Z I ]||2 Ai(ps)

pi1#p2 P

logpilogps ~ (logp1> (logp2> 27 /2L 1/4
- ¢ ¢ O ((log pip2)?Le™*  log T - (p1p2) Y
p% P10 1 Vg ) 2 \og ) © (leEmir) (o))

1 log®pylog? ps
7 /2L
= 0| Le logT > /4 14 |00? R
pi#pa<T20 P1 P2 :

1 log®p; 1 log® p
o w/2L
= O | Le logT | > i log R > i log R

p1<T?e
= O (Le™* log T - T2/ 20 (/1)) (5.13)

Since we are dividing by LT +0(1) and 577 < (1—7)L (so the e/l term is bounded

by T'~7), this term does not contribute if 20(3/4) + 20(3/4) < 7. As before, we can
take 7 to be arbitrarily less than 1, and so the term does not contribute if ¢ < 1/3.
The case p; = p2 does contribute. Using Lemma 3.1} we get that

log p1 log ps ~ ([ log py log D2 3
4
2 1/2 7 1ok O \ogk) ” \oeR ZH ]||2 e

p1 P2
1log“p ~ [ logp logp LT
=4) - — + O (L™ 1og T - p'/**) ) .
;mogQRd”(logR % log ) G +O (e lox T 2127

1 log*p ~ (logp> <logp)LT
— 4 - = 4 O (Le 7T/2LT(1/2+6)(20‘)
; plog? R¢1 log R 02 log R ( )

po<T?20

(5.14)

As 5ir < (1-n)L, e™/2l < T'=", the error term does not contribute if 1/2(20) < 7.
Taking n to be arbitrarily less than 1, we see that the error term does not contribute if
o<1

When we divide by the sum of the weights (which is LT /72 + o(1)), we are left with
a prime sum. A standard computation (using partial summation and the Prime Number

Theorem, see [Mill]] for a proof) yields

1log?p ~ ([ logp logp L~ ~ loglog R
;plogQRgzsl <1ogR z log R /_m|z’¢1<z>¢2(z) e log R

(5.15)

Dividing by the weights, we get the desired result when hy = ho 7.
The case when hp = hy r is done in exactly the same way except we now use the
first part of Lemma [3.1]for hy = hy 7. O
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Lemma 5.5. If R = T? and 5777 < (1 =)L = o(T"/®), the contribution from the

Si(wj, ¢1)Se(u;, ¢2) terms are O(loglog R/ log R) if (k, ) = (2,2) (in which case we
may take o < 1 for hy = har and o < 1/4 for hy = hy7) or (k,£) = (1,2) (in which
case we may take o < 1/2 for hy = hor and o < 1/8 for hy = hy 1)

Proof. The proof is similar to the previous lemma, following again by applications of
the Kuznetsov trace formula. The support is slightly larger as the power of the primes
in the denominator are larger. U

In the above lemmas, the worst restriction on the support is that o < %n (for ho 1)
and 0 < 1/12 (for hy 1), coming from the S;(u;, ¢1)S1(u;, ¢2) term; it is typical in
problems like this for these arguments to yield the 2-level with a support one-half that
of the 1-level density.

Proof of Theorem[1.5] The proof follows immediately from substituting the above lem-
mas in the 2-level density expansion of Lemma 5.7 O

APPENDIX A. BOUNDING ERRORS IN BESSEL-KLOOSTERMAN TERMS

We complete the proof of Lemma [3.1] by showing how to handle the error terms.
There are two sources of error, arising from truncating the original integral and from
approximating the resulting expressions. The second is readily handled. Instead of
approximating the terms in (3.14) and (3.15)), we instead Taylor expand, and use the
identity that the Fourier transform of u™h(u) at w is proportional to h(™ (w); as  is
compactly supported, so too is its n'" derivative, and we again can use our compact
support to restrict c. A standard error analysis shows that the errors from these series
expansions are subsumed in the other errors, as now we can exploit the additional 7'-
decay. It is important that we only take finitely many terms in the Taylor expansions,
as otherwise the big-Oh constants could depend on infinitely many Taylor coefficients.
Fortunately it suffices to consider only finitely many terms, as a finite but large number
can gain us any desired power of T', as L/T/® = o(T~/®) and h is Schwartz (and so
decays faster than any polynomial in the input).

We need a little more care in truncating the integral in (3.13)). In we truncated
the integral at +v/T. If ¢ < T? for some fixed § > 0, then the excised integration
is negligible as the rapid decay of h gives us any desired power savings of ¢ in the
denominator, due to the fact that we are evaluating at more than 7/4/L > T'/® units
from 7. It is essential that ¢ is fixed; if ¢ = €T, for example, then while the point of
evaluation is far away on the scale of 7', we would only have an arbitrary logarithmic
savings with respect to c.

We are left with the contribution from large c. We may take 6 = 2013, so c large
means ¢ > 1723, Instead of bounding the error from truncating the integral in (3.13),
we instead bound the integral in terms of ¢ and 7. Using the standard property that
['(1 — 2)I'(1 + z) = wz/sin(7z), and keeping only the first term in the expansion for
Joir from (3.11)) (as before, the higher order terms give significantly less contributions
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which are subsumed in the zeroth order term), yields

/oo <4W\/m)2”’ sin(2mir)L(1 — 2ir) rh((r — T)/L)dr

Ic,main(Ta L7 m, n) =

. 2% 2mir cosh(7r)
1 00 9 2ir
_ _/ ( Ty mn) sinh(7r)['(1 — 2ir)h((r — T')/L)dr,
T J_oo c
(A.1)
as
. . —27r __ 27r - wr __ ,—TTr r -7r
sin(2rir) (e e™)/2 Z,(e e +eT™) 2i sinh(7r).
COSh(ﬂ'?”) (ewr_i_efm“)/2 et 4+ e
(A.2)

We now shift the contour in (A.I]), moving r to r — gz If wetake 0 < £ < 1,1in pgr‘_
ticular k£ = 3/4, then we do not pass through any poles. Further, the factor (@)

2ir 3/4
becomes <2ﬂ‘éﬁ> (2”\£%> , which gives us plenty of additional c-decay. So long

as the integrand is bounded, we will win, as ¢ > 7293, Shifting the contour, we find

ZVITITA N A LT
) L)

c 0

inh 3 (L o) n (2T 5 s
sin 7rr—87rz 4—27" 7 (A.3)

Straightforward algebra shows
3 3 3
sinh (m“ - ém) = —isin (%) - cosh(mr) + cos (g) - sinh(7r) (A4)

(and sinh(7r) and cosh(7r) both grow like e™"! as |r| — oo). Also, by Fourier Inver-
sion, the fact that the support of 4 is contained in (—1, 1), and integrating by parts twice
we find

— — § 1/\ S r— 1
h(TT) _ / B ez (= v gy

1

r—T 3\ [~ S
- ( L _8_L> /_1h"(y)62 S

.\ —2 1
_ (?“ - T 31 ) / /ﬁ//(y)ewri(%)ye?ﬂryMLdy

1
[c,main(Ta L7 m, TL) = - (

™

L 8L .
L? 3
/AL
ST TeEto/6C
L2751
< (A.5)

(r—T)*>+9/64

where the last inequality follows from the assumption that ﬁ < (1 —n)L. We
substitute our bounds into /. ain (L, T; m,n), and note that standard properties of the
Gamma and hyperbolic functions give |cosh(7r)I'(1/4 — 2ir)| < r~Y/4. To see this,
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by Stirling’s formula (I'(2) = 2*~'/2¢7*y/27(1+O(1/z))) and the series expansion for
arctangent (arctan ¢ = ¢ + O(¢) for ¢ small) we have for r > 0 that

D(1/4 —2ir) = (1/4 — 2ir)Y/472r=12o=WA=20) /o (1 4 O(1/r))

, —1/4+2ir ,
_ ( Ar2 4+ 1/16 e—z(7r/2—arctan(1/8r))> 6—(1/4—217")\/% (1 + O(l/?“))

< ol <€—i(7r/2—1/8r+0(1/r3)))2"

< T71/4€f7rr71/4+0(1/7"2) < 1A=

Y

as sinh(7r), cosh(mr) < €™, our claimed bound follows. The proof for < 0 follows
similarly. We find

3/8 0 L2T§(1fn)
Ic,main(L; T7 m, n) < (mn> / ( -

3/ r—T)2+9/64dT
(mn)?’/SLZT%(l_”)
3/ :

Remembering that we only need this estimate for ¢ > T%%13, we see the contribution

these Bessel integrals in the sums weighted by Kloosterman factors are negligible, as
we will have a ¢>/*~¢ in the denominator. O

(A7)
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