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Selberg’s Eigenvalue Conjecture
and the Siegel Zeros for Hecke L-series

Erik Balslev and Alexei Venkov

The present paper is an improved and corrected version of our pre-
vious paper [B-V]. The result deals with odd eigenfunctions for all the
Hecke groups I'g(NN). This case does not seem to be accessible to meth-
ods based on the functional equation only. An important modification
is, that we have to restrict ourselves to proving the absence of eigenval-
ues in an interval (3 — C(IN), 3), where C(N) is an efficient constant,
depending on N, instead of (0, i) In the s-plane this corresponds to
the interval (3,3 + 6(IV)), where §(N) = logN and C is an explicit
constant independent of N. It is crucial for the proof that the interval
(1 — 8(N),1) is free from zeros of the Dirichlet series associated with
the cusp form eigenfunction with eigenvalue in (%, —;— + 6(N)). Here we
apply recent remarkable results by Hoffstein and Ramakrishnan [H-R]
on the absence of Siegel zeros, see also [G-H-L]. Any improvement of
these results will lead to an improvement of our results on the Selberg
conjecture. It is noteworthy that the method of singular perturbations
as opposed to previous methods leads to absence of eigenvalues in an
interval near the continuous spectrum.

We indicate the ideas of the basic steps of the proof, giving first a
few definitions.

Let I'(1) = PSL(2,Z) be the modular group and

T(N) = {y € T(1) |y = (‘012) - (é?) mod N, N € Z.,}

the principal congruence subgroup of I'(1) of level N. By definition
I' is a congruence subgroup of T'(1) if there exists N with the prop-
erty (V) C ' C I'(1). The group I' is a cofinite, discrete subgroup
of G = PSL(2,R). G acts on the hyperbolic plane (the upper half-
plane) H = {z € C | Imz > 0},2z = x + {y,y > 0, by linear-fractional
transformations, which are isometric relative to the Poincaré metric
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ds? = y~2(dz?® + dy?). Let F = I' \ H be the fundamental domain
for I' in H with the associated Hilbert space H(T') = L?(F';du), where
dy is the Poincaré measure dy(z) = d;#. The automorphic Laplacian

A(T) is the self-adjoint operator in H(T'), defined as the closure of A(T),
acting on smooth, ['-automorphic functions f by

- 5 O%f  O*f
AD)f=-Af=—y (6w2 + 5y2)

The p-measure of F' is finite, u(F) = [I'(1) : T, but F is not
compact; here [['(1) : I} is the index of T in I'(1). Then A(T') has
the continuous spectrum [%, 00) of multiplicity equal to the number of
inequivalent cusps of F', an infinite discrete spectrum of eigenvalues \; €
[%,oo), an at most finite point spectrum in (0, i) and the eigenvalue
Ao =0.

In his fundamental paper [Sel] Selberg conjectured that there are
no eigenvalues of A(T) in the inverval (0, 1).

In principle there are two possibilities for an eigenvalue A € (0, i) :
1) A corresponds to cusp forms 2} A is a pole of the Eisenstein series. It is
relatively simple to prove that there are no poles of the Eisenstein series
in (0, i) for the congruence subgroups considered. This follows from the
explicit expression for the determinant of the automorphic scattering
matrix for I'(N). (See [Hel], [Hu3]).

The question about eigenvalues A € (0, %), which correspond to cusp
eigenfunctions, is very difficult (see the survey paper of Sarnak [Sa] for
results and references). We mention here only several important results.
Let A;(T") denote the first non-zero eigenvalue of A(T'). Selberg proved
A > 1—?’6, using a sharp bound on Kloosterman sums due to André
Weil. Luo, Rudnick and Sarnak [L-R-Sa] improved this estimate for
even functions to A;(I') > 32+, using twisted Hecke L-series. There are
also combinatorial and geometrical approaches to this problem. These
methods work only for small levels N < 17, but give the desired result
([Hul]). The interesting situation is that these methods predict rather
A1(') — 0 when the genus of ' goes to co. So we have to use the
arithmetical nature of congruence groups in order to prove the Selberg
conjecture.

In this paper we are concerned with the Hecke groups I'g(N) =
{(ZS) € I'(1) | N|c} and, what is more important for our method, with
skew-symmetric (odd) eigenfunctions

(1) v;i(—2) = —v;(2)
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This skew-symmetry is allowed here, because the map z — —% com-
mutes with the Laplacian and maps I'-automorphic functions to I'-auto-
morphic functions. If we are interested now in the smallest positive
eigenvalue A, with eigenfunction v; satisfying (1), then in many cases
one can prove Aj > i—, using the very strong Cheeger’s inequality

4T

1
)\>—(1+M—(l—)j)

4
where A is the eigenvalue of the function v with nodal domain D. But we
don’t know if we can apply this method in the general situation of the
group I'g(N). Huxley ([Hu2]) mentioned several examples with genus
0 and 1, where this approach gives \; > i, but he also considered an
example of a skew-symmetric eigenfunction for some discrete group of
genus zero with A\; < %. (In that case I is a non-congruence group).

In this paper we consider a different method of studying small eigen-
values corresponding to eigenfunctions satisfying (1), based on a singular
perturbation of A(T') by a group of characters. This kind of perturba-
tion was introduced and studied by Wolpert, Phillips and Sarnak in
order to investigate the embedded (discrete) eigenvalues of A(T") (See
[W1], [P-Sa)).

Our main result is the following:

Theorem. The operators A(T'o(N)) have no odd eigenfunctions cor-
responding to eigenvalues A = s(1—s) for s € (%, % + %), where C' is

an efficient constant independent of N.

Proof. It suffices to prove the result for odd new forms for general
To(N), using the fact proved by Maass that it holds for I'(1).

We first indicate the main steps of the proof. Let I' = T's(N).
We consider a family of selfadjoint operators A(T;x,) defined by the
Laplacian acting on functions f(z) satisfying

f(v2) = xa(V)f(2),7 €T,

where the x(7) are one-dimensional, unitary representations (charac-
ters) of I', depending on a real parameter a € [0,¢),& > 0 small, and
xo = 1. Thus, A(T';1) = A(T). The domain D(A(T;xq)) is a dense
subspace of L2(F), varying with a. Using the idea of Phillips and Sar-
nak [P-Sa], we can transform these operators to operators acting on
functions which are purely I'-automorphic. For such a function f, i.e.
f(z) = f(yz),y € T, we define

g(z) = f(2)exp 27riaRe/z w(t)dt = f(2)Q(z, )

Z0
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where zp € H is some fixed point in general position and w(t) is a
holomorphic I'-automorphic form of weight 2. We define the character
Xa by the formula

YZo
Xa(7) = exp 2mia Re/ w(t)dt.
20

Then we have
9(v2) = Xa(7)g(2),y €T.

Applying the negative Laplacian —A = —4y2£;—2 to the function
g(z) we obtain that the operator A(T;x,) is unitarily equivalent to the

operator
L(a) = = A+aM + o®?N

where M = —4y?mi(w & —wga%), N =4y*7? |w|? and w = w1 +iws ,
| w |?= w?+w2. The domain D(L(c)) equals Q(z,a) ' D(A(T'; xo)) and
L(a) = Q(,a) tA(T; xa)S2(-, @). Note that M maps odd functions to
even and even to odd.

Let us consider in more detail the characters x, and define the form
w.

Let x be a one-dimensional unitary representation of I'. We call
x singular in the cusp z; of the canonical fundamental domain F' of I’
if x(S;) # 1 and S; is the generator of a parabolic subgroup I'; C T,
which fixes the cusp z;. Otherwise x(S5;) = 1, and x is non-singular in
zj. The total degree k(T'; x) of non-singularity of x relative to I is equal
to the number of all essential cusps of F' (i.e. pairwise non-equivalent),
in which x is non-singular. If k(T;x) < h then the representation is
singular and the operator A(T;x) has an absolutely continuous spec-
trum [%,00) of multiplicity k(I';). Here h is the number of pairwise
inequivalent cusps of F. This definition agrees with the notion of singu-
lar perturbation, since a character x, which is singular in the cusp z;,
removes the corresponding part of the continuous spectrum. A cusp, for
which the representation x is singular, is called a closed cusp, otherwise
it is open.

We now construct explicitly the forms w, which are important for
our investigation. It is not difficult to see that if w(z) is a cusp form,
then the representation x, is non-singular for a € (0,€). We consider
three different types of group I'g(n) and define for each type a form w
as follows. Let P(z) be the classical holomorphic Eisenstein series of
weight 2

Plz)=1-24 Z a1 (n)e?™nz,

n=1
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Case 1. I' =Ty(p; ... pn), where p1,...,p, are different primes.
Since I' C T'g(p1p2). we can use the form

(2) w1(2) = P(z) — P(p12) — p2P(p2x) +p2P(P1P22)

associated with the group I'o(p1p2).

Case 2. T' = ['4(p2N), where p, is a prime and N an integer.
Since I' C T'o(p3), we can use the form

(3) wa(2) = P(z) — (po + 1)P(poz) + poP(F§ )

Case 3. I' = I'g(po), where po is a prime. Using that I'g(po) D
To(pd), we can apply the method of case 2 with the same form
wo.
The representations x, generated by the forms w defined in (2) and
(3) are regular in the cusp oo and singular at least in two other cusps,
a € (0,¢). Note that in case 3 we actually work with the group T'o(p?).
We assume now, that there exist small eigenvalues of A(T"), 0 <
A << Ap < 1 and let d; = dim N(A(T) - X;).

Lemma 1. The resolvent R(T',a, A) = (A(T, a)—A)"! converges strongly
to R(T,A) = (A(T) — A)71 for all X in the resolvent set of A(T), uni-
formly on compact sets.

For S\ # 0 this follows from the fact that E(T,a,pu) — E(T, )
strongly as & — 0 for p € R, where F(u) denotes the spectral projections
(cf. [K]). Then, using the following important Lemma, we obtain the
result also for A real.

Lemma 2. The number of eigenvalues A;j(c), counting multiplicity,
near the small eigenvalue A of A(T'), is bounded for o small by the mul-
tiplicity of .

The proof of Lemma 2 is based on the Selberg trace formula. A
similar result is known in the case of pinching geodesics, see [He2] and
[W2].

This follows from the explicit expression for the Fourier decomposi-
tion of the eigenfunction in a closed cusp.

Lemma 3. A cusp form of A(T') corresponding to a small eigenvalue
can not be the limit as o — 0 of residues of Fisenstein series of the
operators A(T; Xa)-
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This Lemma is very important. The proof is based on the Maass-
Selberg relation, which we state for several cusps as follows: We denote
by Ei(z;xa;s) the Eisenstein series in the cusp z; with the constant
term truncated at y = Y and by k the number of open cusps. The
entries of the scattering matrix of A(T;x.) at s are denoted ©;n(s; Xa),
in=1,...,k

Then

/ Ei(2;Xa; ) Ei(2; Xas; 8')dpu(2)
F

B Ys+s'—1 _ Z:,:l (Pin(s; Xa)‘Pni(sl;X—a)Yl_s—SI
- s+s —1
0ii(8;Xa) Y ™ — 0ii(s'; Xa) Y%
s —s

+

Remark 1. This result does not follow for embedded eigenvalues in
the same way, because the first term on the r.h.s. in that case plays a
role.

Lemma 4. Let A be a small eigenvalue of multiplicity k with eigenspace
consisting of odd eigenfunctions. Then there is a basis {f1,...,fx} of
the corresponding eigenspace and eigenfunctions fi(a) with eigenvalues
Xi(a) of A(T, a) such that for o — 0.

file) =fi + afi1 + o(e)
Ai(e@) =X+ o(a).

Moreover, fi1 = f](0) is exponentially decreasing in open cusps and
at least decreasing like y'~° in closed cusps. Also for a # 0 the eigen-
Junctions of A(T,xa) corresponding to small eigenvalues are exponen-
tially decreasing in all cusps.

Proof. The expansion to first order follows from Kato’s perturbation
theory [K], using Lemma 2. Here we use that M f; is small because f;
is a cusp form, so fi; = —RA\Mf; is in L?(F), where R} is the reduced
resolvent of A(T') at A.

It then follows from Fourier expansion that f; decays exponentially
and decay at least like ' ~° in closed cusps and from Lemma 3, that f;
and f;1 decay exponentially in open cusps.

Finally, A\;; = A[(0) = (M f;, f;) = 0, because f; is odd and M {; is

even.
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Lemma 5. Let A € (0, ) be an eigenvalue of A(T') with eigenfunction
f, and let E = E(z,s) be the Fisenstein series of A(T") corresponding to
the cusp at oo evaluated at A = s(1 — s).

Then
(4) 16) = [ (M) B 9)du(z) =0
Proof. From Lemma 4 follows for i = 1, ..., k the first order perturba-
tion equation
(5) AV fi+ Mf =XM1+ Mf

(4) then follows from (5) by Lemma 4.

The integral I(s) was introduced by Phillips and Sarnak in connec-
tion with the study of embedded eigenvalues. The second part of the
proof of Theorem 1 consists in proving that I(s) # 0 in the interval
(1,14 6(N)) for new, odd cusp forms and ' = I'¢(V), in contradiction
to (4).

We first consider the groups I' = TI'g(NV) for general N. We recall
some important properties of non-holomorphic new forms for I'. We are
interested here in cusp forms which are eigenfunctions for the operator
A(T"). Let us denote the closed subspace of H(I") generated by all such
eigenfunctions by Ho(I'). The space Ho(I') decomposes as a direct sum
of the subspaces of even and odd functions,

Ho(T) = M5 (T) & Hg (T).

A function f € Hy (T') is defined by f(—Z) = — f(z). This involution
is well-defined in the space of I'- automorphic functions; it commutes
with the Laplacian and also with the Hecke operators T}, which we
define as follows for primes p, according to whether p{ N or p|N

=p L S z+n ¥4 or
L f(2) =p (Eof( ) 4 it )) for pf N

z+n)
p

forp| N

p—1
T,f(z)=p " ) f(
n=0

For general n the operators T;, are defined using the T}, and their
multiplicative properties. These operators T, have important multi-
plicative properties and commute with each other and with A(T"). Also
ToHg (I') C Hy (I'). We then consider a common basis of eigenfunc-
tions for all the operators T,, and A(T") in Hy (T'). Let f be such an
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eigenfunction with eigenvalue A; then we have the Fourier expansion

F2) = £(2,5) = 3 bayiKe_y @ [ | 9™ | z=ctiy
n#0

where b, = —b_,, , A(T)f = Af , A = s(1 — s) and K is the modified

Bessel function,

Tpf(52) = 3 by + 7 2bu, WKy (@ [ 0| )27 pI N
n#0

Tof(52) = 3 bup/iK,_3 (2 | m | g)e™ins PN
n#0

where b,,, =0if p{n.

The structure of old and new Hecke forms plays an important role
(see [A-L], [W1]). We consider the subspace of new odd Hecke cusp
forms H;  C H,y (T'). The normalized eigenfunctions f € H, (T') have
the follovs’/ing additional properties of the Fourier coefficients b,,:

b1=1
brp = bpby + by, =0 for pt N
(6) bpn =0 for p,p? | N
bpn, # 0 and by, = byb, for p| N and p*t N

Let us assume as before that f(z, ) is a non-trivial Hecke eigenfunc-
tion in Hg y corresponding to the eigenvalue A = s(1 — s) of A(T), <
s< 1,

fz,2) = an\/ﬂKs_%(Zw | n | y)e2mne,

n#0
Let w(z) be any of the forms wy and wadefined by (2) and (3),

— Z ane27rinz‘
n=0
The integral I(s) is well defined and given by

I(s) = 47ri/1:‘y2(w(z)g£ + w(z)%)E(z, s)du(z).

We will now show that for s € (3, 2 + 6(N))
(7) I(s) #0



Selberg’s eigenvalue conjecture and the Siegel zeros 27

We investigate this integral first for Res > 1 by unfolding the in-
tegral as Phillips and Sarnak do for I'g(4) (see [P-Sa]). After some
standard calculations we obtain

I(s) = —2(2m) >+ / Y TEK, i (y)eVdy- Z H’f-
0

The multiple to the Dirichlet series is never zero for % < s < 1, because
the integrand is positive. Hence in order to prove (7) we have to study
the Dirichlet series

3

Wi

o +
n=1 n

We introduce the L-series

and the function

1 .3
Q(s) = 7~ *N*/2T (SJ“S; + 2)F <3 s; + 2) £(5).

It is known that the function Q(s) is entire and satisfies the functional
equation

Q1 — s) = £9(s).

In this series b,,, = 0 if p? | N. Hence we have

®) I HZ

p|N,p24N k=0 P Nk=0P

k:(s+

The second product in (8) is the same in all three cusps. We shall
prove that it is different from 0. We have

a,rb o1 (p*) 1 & b pb.
HZ :(’;erk) HZ pk<sl+ 3) pl;lv1—p ,;(pk(ié)_pk(i%))'

PN k=0 P pIN k=0
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Now the calculation is well known and is similar to that of Phillips
- Sarnak for ['g(4). The last product equals

1 T .
HI_—p[(l—pr (42) 4 p=2e=1) 1 p(1—byp~ (=3 yp=2et1) =1} =
PIN
T
(1 — byp=(o+2) 4 p=25=1)(1 — hp~(s—%) 4 p—2s+1)

We have
1 1
[[a-p72)= [[a-p2)" 0, S<s<i.
oIV ¢(2s) 2
pIN

The L-series corresponding to the Hecke form f is well known and
is given by

1 1
L(f’s) - H 1-— bpp—s +p—2s ’ H 1- bpp—s

ptN p|N

Hence we obtain the result
1 1

with
A(s) = [T =p7>) 7 A = bpp™* 1)1 — bp~°73).

pIN

We have A(s)(¢(2s))"* #0 , 3<s<l

It is clear also that L(f,s+ 3) # 0 for 1 < s < 1; this follows
from the convergence of the Euler product for L(f,s). Then we apply
Theorem C' of Hoffstein and Ramakrishnan [H-R| and the functional
equation for L(f,s) to L(f, s — 3), using the fact that f is a new Hecke
form of weight zero.

We now consider the first product in the formula (8). We want to
prove that this is not 0. Here we treat the three cases separately.

Case 1. T'o(pip2...pn). We apply the form w; given by (2) to
the eigenfunction f.

This form is regular at co and belongs to I'g(p1p2) and there-
fore also to the subgroup T'y(p1ps . . . pr). For new forms f, which
belong to To(p1p2 . .. pn), the conditions (6) are satisfied.
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The product in question contains besides a factor, which is
clearly non-zero, the following two factors in which the form w,
depends essentially only on p; and po,

oo
a ch llc aplzcbplzc
k(s+ ) ? k(s+1)
k=0 P k=0Dy

It is clear that for each k

k
apk = —24p7

From that follows that the first sum is equal to

N

It turns out that

ayx = —24 for all k.
2

Hence the second sum equals

#0

1— bP2
s+2
Py

Case 2. We apply the form w, given by (3) to the function f.
The first product in (6) is of the form

apkbplc
k 1
PIPAN P3N Fy phet)

because bp,, = 0 and by, = 0 if p? | N.
From the definition of wq follows

(—24)taye = o1(p*) for p | PN, p* { P3N.

Then
oo k 1—2

- _ P P 1-p
k(s+ ) 242 pk(s+3)

Case 3. For the new form f, which belongs to I'g(po), we have

k=0 P
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bhh=1
bap — bubp + by, =0 p# o
bpn :bnbp 7é 0 P =Do

The form f is not new for the group I'¢(p?), but that is not
required in what follows. The function f will now be considered
as belonging to the Hilbert space for I'g(p3). The first product
in (6) is now

apg bp’g

9) 1)
=0 p§(3+2)

We have

(k=0) ay=-24

agy = { (k=1) ap, = ~24o(po) — (po +1)(~24)o(1) =0

1—pk+1 1—pF 1—pk—
(>1) —24 (5= — (po+ )R +po ) =0

From this we obtain that the series (8) equals —24 # 0.
From this follows the Theorem.

Remark 2. One may ask why by this method we cannot prove non-
ezistence of embedded eigenvalues A corresponding to odd eigenfunctions,
contradicting known results. The answer is no because in this case the
proof of Lemma 5 breaks down, while the proof of (7) is still valid. Due to
a result of Selberg [Se2] on the existence of resonances of the operators
AT, ) accumulating at every point of the continuous spectrum of A,
however, it is not clear what (7) implies since asymptotic perturbation
theory does not apply here.
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Added in proof. The theory developed here can be established for
Hecke groups with real primitive characters. In that case there exist
regular perturbations given by holomorphic Eisenstein series of weight 2.
The perturbation theory in that case is in fact simpler than for the
singular perturbations considered in the present paper. For example,
the proof of Lemma 4 is immediate.
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