THE LINDELOF CLASS OF L-FUNCTIONS, II

ANUP B. DIXIT AND V. KUMAR MURTY

ABSTRACT. In 2002, the second author [7] introduced a class of L-functions M, which con-
tains the Selberg class and forms a ring. In this article, we study this class and prove that
the invariant cj., which is the generalization of degree in the Selberg class cannot take non-
integer values between 0 and 1. We also study the ring structure of M showing that it is
non-Noetherian.

1. INTRODUCTION

In 1989, A. Selberg [9] introduced a class of L-functions S satisfying properties similar to
that of the Riemann zeta-function. The Selberg class can be regarded as a model for L-
functions coming from arithmetic and geometry. Many naturally occurring L-functions such
that the Riemann zeta-function, the Dirichlet L-functions and Dedekind zeta-functions are
members of the Selberg class. Since then, the Selberg class has been extensively studied
and many interesting properties on the structure of this class have been discovered. In [9],
Selberg made two key conjectures on this class which vaguely claim that distinct L-functions
in S do not interact with each other. These conjectures have far reaching consequences. As
shown by M. Ram Murty [8], the Selberg’s orthogonality conjecture implies the strong Artin’s
holomorphy conjecture. Despite its generality, the Selberg class has many limitations. It is
not closed under addition and many naturally occurring L-functions such as the Hurwitz
zeta-function, Lerch zeta-function or Epstein zeta-function are not members of the Selberg
class.

This motivated the second author [7] to introduce a class of L-functions M, which is defined
based on growth conditions. This class M contains the Selberg class and forms a ring. In
this article, we study this class by introducing an invariant which generalizes the notion of
degree in the Selberg class and prove that it does not take non-integer values between 0 and
1. We also introduce a method to construct non-trivial ideals of M and prove that M is
non-Noetherian.

2. THE SELBERG CLASS

The Selberg class S consists of meromorphic functions F'(s) satisfying the following prop-
erties.

(1) Dirichlet series- F' can be expressed as a Dirichlet series

oo

F(s) = ZM

which is absolutely convergent in the region PR(s) > 1. We also normalize the leading
coefficient as ap(1) = 1.
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(2) Analytic continuation - There exists a non-negative integer k, such that (s—1)*F(s)
is an entire function of finite order.

(3) Functional equation - There exist real numbers @ > 0 and «; > 0, complex numbers
Bi and w € C, with 2(5;) > 0 and |w| = 1, such that

O(s) := QSHF(ais+ﬁi)F(s) (1)
satisfies the functional equation
B(s) = wd(1-35).
(4) Euler product - There is an Euler product of the form

F(s)= TI Fu(s), (2)

p prime
where
e bpk
log Fp(S) = Z ks
k=1P

with b, = O(p™?) for some 6 < 1/2.
(5) Ramanujan hypothesis - For any € > 0,
lap(n)] = Oc(nf). (3)

The constants in the functional equation (1) depend on F. Although the functional equation
may not be unique, because of the duplication formula of I'-function, we have some well-defined
invariants, such as the degree dp of F', which is defined as

dF = 220@.

The factor @ in the functional equation gives rise to another invariant referred to as the
conductor gg, which is defined as

qr = (2m) " Q* [Ta;™. (4)

It is an interesting conjecture that both the degree and the conductor associated to elements
of the Selberg class are non-negative integers.

3. THE cLASS M

In [7], the second author defined a class of L-functions based on growth conditions. We
start by defining two growth parameters p and p*.

Definition 3.1. The class T. Define the class T to be the set of meromorphic functions F(s)
satisfying the following conditions.

(1) Dirichlet series - For R(s) > 1, F(s) is given by the absolutely convergent Dirichlet

series
o ar(n)
F(s) = Z —.
n=1 n

(2) Analytic continuation - There exists a non-negative integer k, such that (s—1)*F(s)
is an entire function of order < 1.
(3) Ramanujan hypothesis - [ap(n)| = O(n®) for any € > 0.
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Definition 3.2. Let F €T be entire. Define up(o) as

inf {)\ eR:|F(s)| < (5| +2)*, for all s with R(s) = a},
pr(o) =

oo, if the infimum does not exist.
Also define:
inf{)\ eR:|F (o +it)| <, (Jt| + 2)’\},
pp(0) = (6)
oo, if the infimum does not exist.

In the definition of p}.(0), the implied constant depends on both F' and o, whereas in
wup (o), the constant only depends on F' and is independent of o.

We further extend the definition of ur and p} to all the elements in the class T as follows.
Suppose F' € T has a pole of order k£ at s = 1. Consider the function

9 k
G(s) = (1—§) F(s). (7)
Clearly, G(s) is an entire function and belongs to T. We define
pr(o) = pc(o),
Wi(0) = 1 (o).
Intuitively, (o) does not see how F'(s) behaves close to the real axis. On the other hand,
wup (o) captures an absolute bound for F'(s) on the entire vertical line R(s) = o.
It follows from the definition that
pp(o) < pp(o)
for any o. From the above definition, we immediately conclude the following.
Proposition 3.3. Let FeT. Foro>1+e,
pr(o) =0
pr(o) <pe 1.
for any € > 0.
Proof. Since F € T, it is given by a Dirichlet series F'(s) = ¥,, an/n®, which is absolutely

convergent for ¢ > 1 and hence bounded in the region ¢ > 1 + ¢, with the bound depending on
F and €, but independent of o. Hence, we have the proposition. O

Note that pp(o) and pj.(o) are always non-negative for all o. This is because py(o) =0
for o > 1 by Proposition 3.3. Hence, if up(o1) < 0, then by Phragmén-Lindeldf theorem,
pr(o) <0 in the strip o1 < R(s) < 0. Thus, we get a vertical strip where F(s) is bounded
and tends to 0 as J(s) — oo. This is a contradiction. By a similar argument, we also conclude
that pur (o) is always non-negative.

If F €S, by the functional equation (1), using Stirling’s formula, we have (see [7], Sec.2.1])

1
pp(o) < Edp(l - 20) for 0 <0. (8)
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Using the Phragmén-Lindel6f theorem, we deduce that
1
up(o) < 5dp(1 —o) for0<o<1.
The same results hold for pp up to a constant depending on F'. To see this, we use the
functional equation for F,
F(s) = Ap(s)F(1-5%),

where

$) = w0128 i F(O‘j(l_S)JfBj)
Ap(s) =w@ jl:[l Mot 8)

Using Stirling’s formula, we get

Lemma 3.4. For F €S andt > 1, uniformly in o,

1/2-0-it .
Ap(o+it) = (OzQQtdF) exp (itdF"‘M)(wﬁ-O(l)),

where
k 2005 k
o= Haj 7 and6:=22(1—2ﬁj).
7=1 J=1
By Lemma 3.4, we conclude that
1
pr(o) < 5dp(1—20)+0(1) for o <0. 9)
and
1
ur(o) < §dp(1 -0)+0(1) for 0<o < 1.

Thus, for F' €S, these parameters pp(o) and pj.(o) are well-defined (i.e., pp(o), pp(o) <
o0). We use this behaviour of p and p* to introduce a growth condition. This leads to the
definition of class M.

Definition 3.5. The class M. Define the class M (see [7, sec.2.4]) to be the set of mero-
morphic functions F(s) satisfying the following conditions.

(1) Dirichlet series - F'(s) is given by a Dirichlet series

i ap(n)
)
n=1 n®

which is absolutely convergent in the right half plane R(s) > 1.
(2) Analytic continuation - There exists a non-negative integer k such that (s—1)*F(s)
is an entire function of order < 1.

(3) Growth condition - The quantity (’ﬁg;)) is bounded for o < 0.

(4) Ramanujan hypothesis - |ap(n)| = O(n) for any e > 0.

Notice that in the condition of analytic continuation, we have to force the complex order to
be < 1. In case of the Selberg class, this condition is implicit due to the functional equation.
We now define some invariants for M, which generalize the notion of degree in S.
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Definition 3.6. For F' ¢ M, define

2
CFp = limsupMF—w),
0<0 1-20
2015(0)

¢ = limsu .
P 120

By the growth condition, ¢y and c}. are bounded for F' € M. Moreover, since p}.(0) < pp(o)
for all R(s) = o, we have
cp <cp.
Note that cr and cy are > 0. Using the Phragmén-Lindelof theorem, we have

pr(0) < ser(i-0),

* 1 *
pp(o) < §CF(1 -0)
for 0 < 0 < 1. We mention a few examples below.
Example 1. Any Dirichlet polynomial F' belongs to Ml and cr = ¢ = 0.

Example 2. Any Dirichlet series F' which is absolutely convergent on the whole complex
plane has ci = 0.

Example 3. The Riemann zeta-function ((s) is in M and c¢ = cz =1.
Example 4. If F' is an element in the Selberg class, then F also belongs to M. Moreover,
cr = ¢ and is given by the degree of F.
The proof of Examples 3 and 4 will follow from Proposition 3.12.
Example 5. Linear combinations of elements in the Selberg class S are in M.

We shall see this later, when we prove that M forms a ring.

Another example of L-functions in M, which are not constructed from linear combination
of elements in S are the translates of Epstein zeta-functions.

Example 6. For a given real positive definite n x n-matriz T, the Epstein zeta-function is
defined as (see [3], [4])

(T,s):= > (VTv)™.

OxveZ™
This series is absolutely convergent for R(s) > nj2. It can be analytically continued to C
except for a simple pole at s =n/2 with residue

Wn/Q

T (n/2)V/det T
Moreover, it satisfies a functional equation. Let
(T, s) := 7?0 (s)C(T, ).
Then,
(T, s) = (detT)—1/2¢(T—1, g - s).

Thus, the function ((T,s +n/2-1) is an element in M. The growth condition is satisfied
because of the functional equation and further we have c¢(T sinj2-1) = CZ(T,s+n/2—1) =2.
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Example 7. If F(s) belongs to M, then all its translates given by F'(s)+a also belong to M.
If F(s) is analytic at s =1, then the scalar shifts F(rs) also belong to M for a € C and real
r > 1. Furthermore, if F is analytic at s =1, then for R(a) >0, F(s+a) is also in M. In all
the above cases, they have the same values of crp and cj,.

In order to ensure that M is closed under addition, we need to establish that these invariants
cr and ¢}, in fact satisfy an ultrametric inequality.

Proposition 3.7 ([7], Prop. 1). For F,G e M,
crg <cp+cg and cpig <max(cp,cq).
Similarly,
crg <cp+cen and  cpog <max(cp,ch).
In fact, if crp > cg (resp. cp >cg), then
criG = cF (Tesp. Cp,q =Cp)-

Proof. The proof of the above inequalities for ¢z follows immediately from the definition of
py.- This is because, for any fixed o and [t| > 1, we have

|F(0 +it)| <o [t/F(O)7e,
for any € > 0. Therefore, for any F,G € M, we have
|FG(o +it)| <o |t|"}(0)+“5(")+6.
Similarly,
[(F + G) (0 +it)] <, |t|FF@)re 4 |grclo)re
& [t[mex (e (), ng (o)) e,

Incorporating this into the definition of ¢}, we are done. By a similar argument, we also get
that cpg < cp + ca.

We are left to prove cp g < max(cp,cg). For a fixed o, without loss of generality, assume
pur(o) > pa(o). For s =0 +it and any € > 0, we have

[(F+G)(s)| <|F(s)]+]G(s)
< (|s| + 2)NF(U)+€ +(|s] + 2).UG(0')+5
< 2(|s| + 2)rF@)e,
Hence, from the definition of ur we get,
log 2
log(|s| +2)°

Using the above inequality in the definition of cp, we get

prsc(o) < pp(o) +

cprg <max(cp, cq).

It follows from the above Proposition 3.7 that M forms a ring.

The degree conjecture for the Selberg class claims that the degree of any element in S
must be a non-negative integer. The question arises if we can make similar claims about
these invariants cr and cj.. As it turns out, cp can take non-integer values. In fact, one can
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manufacture functions in Ml with any arbitrary positive real value of cg, as we shall see in
(14). But, we expect the analogue of the degree conjecture to be true for the invariant cJ.

Conjecture 1. If F e M, then c}. is a non-negative integer.

In this direction, following the argument of Conrey-Ghosh [2], in which they showed that
the degree dr in the Selberg class cannot take non-integer values between 0 and 1, we obtain
the following result.

Proposition 3.8 (Corrected version of [7], Prop. 3). Suppose F' € M. Then cp <1 implies
cp=0.

Proof. Let F e M. For o> 1, let F(s)=Y,2, af;L(sn). Then we know that,

- -nr _ 1 -5
flx):= nZ::laF(n)e =5 /(2) F(s)'(s)z %ds,

where the integration is on the line fR(s) = 2.

By the growth condition and convexity, F' has a polynomial growth in |¢| in vertical strips.
Thus, moving the line of integration to the left and taking into account the possible pole at
s=1 of F(s) and poles of I'(s) at s =0,-1,-2,---, we get that

fay = 0BRSS FED oy (10)

2

|
n=0 n.

where P is a polynomial. By the definition of c¢f, we have
|F(—n)| « n%CF(l"'Qn)‘*'E.

Using Stirling’s formula, i.e,
nl ~n" e (2m) 72,

we get

(-2)"

If ¢p < 1, then the series in equation (10) converges absolutely for all values of z. Hence,
the function f(z) is analytic in C\{z < 0 : z € R}. But, this function is also periodic with
period 27¢ and so it converges for all . Thus, the function

f@=§wmwm

‘F(—n)

n
cp+l [ e|z|nF
T <n 2 — .
n!

n

is entire. Taking z = -1, we get that
> ar(n)e”
n=1

is convergent and thus, ap(n) = o(e™). So, the coefficients have exponential decay and
therefore, ap(n)n® « 1 for all k > 1. Hence, we have that

S ap(n)

is absolutely convergent for all values of s. Therefore, 17.(¢) = 0 for all o and hence ¢}, =0. O
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We can completely characterize all F' € M such that ¢, = 0. These are precisely all the
functions, which when multiplied by a suitable Dirichlet polynomial give a Dirichlet series
which is convergent on the whole complex plane. We invoke the following theorem of Landau
to prove this result.

Theorem 3.9 (Landau, [5] Chapter VII, sec. 10, Thm. 51). Let F'(s) be an entire function.
Suppose F(s) has a Dirichlet series representation

ooan

F(s)=)>) —,
(=2
which is absolutely convergent for R(s) > 1. Also, suppose that
an =0(n%)
for all positive €. If
F(s)=0(|t)") (8>0)
uniformly in the half plane R(s) >, then the Dirichlet series is convergent in the half plane
R(s) >m, where
= LE, ifn+B>0
n+p8, ifn+p6<0.
Using the above Theorem 3.9, we get the following result classifying all elements in M with
cp =0.

Proposition 3.10. Suppose F € M and let

2
H(s)=1-—.
(5)=1-
If ¢, = 0, then the Dirichlet series given by
=) bn
H(S)kF(S) = Z 2
n=1 n®

1s absolutely convergent on the whole complex plane, where k is the order of the possible pole
of F(s) at s=1.

Proof. Let F € M. Suppose o¢(F') is the abscissa of absolute convergence for the Dirichlet
series associated with F'. If the Dirichlet series is not convergent on the whole complex plane,
then we have o¢(F') > —oo. Note that

G(s):=F(s+o09(F)-1)

is in M whose abscissa of absolute convergence is 0o(G) = 1. Therefore, without loss of
generality we assume that the Dirichlet series F'(s) = Y2 a,/n® has abscissa of absolute
convergence oo(F') = 1.

Since ¢y = 0, we can choose a 01 <0 such that

F(oy +it) = O(([t] +2)“ />0y,
for any € > (0. Using the Phragmén-Lindel6f theorem, we get
1 1-o
F(o +it) :0((\ty+2)6(5‘“1)(ﬁ) (11)
2¢1(1-01)

for o1 <o <1. Let o be fixed. For any €; >0, choose € = 7= 575y in (11) to get

|F(o+it)| = O((Jt]| +2)).
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Suppose F(s) has a pole of order k at s = 1. Define

9 k
G(s):= (1 - 5) F(s).
G(s) is analytic on the whole complex plane and G € M with the Dirichlet series representation
b
G(s) = =
(s) n; e

with abscissa of absolute convergence at oo(G) = 1. Also cf. = ¢ = 0 by the definition of uJ.
Moreover, for o1 << 0 and any € > 0, we have

|G(o +it)] = O([t[)
uniformly for ¢ > o1. By Theorem 3.9, we conclude that the Dirichlet series representation of

b
G(s)=2. —;
n=1T
converges in the half plane 2R(s) > o1 + €. Therefore, the abscissa of absolute convergence is
00(G) <01 +1+€<1, which contradicts the assumption that og = 1.
Hence 0¢(G) = —oo and the Dirichlet series representation of

b
G(s)=> —
n=1 ns
is convergent on the whole complex plane and the proposition follows. O

Next, we show that the analogue of the degree conjecture given by Conjecture 1 holds
between 0 and 1, i.e., ¢}, does not take non-integer values between 0 and 1.

Theorem 3.11. If F'(s) € M, then ¢}, <1 implies ¢}, = 0.

Proof. Let ¢}, < 1. If the Dirichlet series representation of F'(s) = Y., an/n® is convergent on
the whole complex plane, then ¢}, = 0. Now, suppose Y, a,/n® absolutely converges in the
half plane R(s) > a. Since F e M, a < 1. If a < 1, we can consider the shift F'(s+a —1) such
that its half-plane of absolute convergence is PR(s) > 1. Hence, without loss of generality, we
assume

Fs)=y &

n=1
has abscissa of absolute convergence oo(F') = 1. If F has a pole of order k at s = 1, we consider

9 k
G(s):= (1 - 5) F(s).
As discussed in the proof of Proposition 3.10,

G-y 2

s
n=17

also has abscissa of absolute convergence at oo(G) = 1. Moreover, cf. = ¢}
Hence, for any € > 0, we have a o1 <0, such that

Gor +it)| = O((lt]+2)F (M 2mowe). (12)

Using Phragmén-Lindel6f theorem on the strip o1 < R(s) < 1, we get

fed

Gl +it)]| = O((|t| +2)C?(5“’1)(f%)“) (13)
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for 0 > 0;. By Theorem 3.9, we conclude that the Dirichlet series of G(s) converges in the
half plane

D‘i(s)>o+c}(%—01)( 1_U)+61

1-01
for o1 <o <0 and € > 0. Since ¢ < 1, by (12), picking o highly negative and choosing o <« 0
such that o — cj.o0 < -2, we have

cp(1-0)
2(1 - 0'1)

« (1 l1-0 . .
a+cF(——01)( )=(0—0F0)+CF—
2 1—0’1

<-1.

Therefore, the Dirichlet series of G(s) converges on fR(s) > —1. Since the abscissa of abso-
lute convergence for the Dirichlet series of G(s) is 09(G) = 1, we know that the abscissa of
convergence o.(G) > 0, which leads to a contradiction. O

We finally show that if F' € S, then cr and ¢}, in fact coincide with the degree of F' in the
Selberg class.

Proposition 3.12. Let F' e M, and suppose that F' has a functional equation of the Riemann
type as in the Selberg class. Then cp = dp, where dp is the degree of F' in the sense of the
Selberg class.

Proof. For simplicity, assume F' has only one I'-factor. We have
Q°T(as +b)F(s) = wQ*T'(a(1-5) +b)F(1 -5),

where a, Q) are non-negative real numbers, b € C with 2(b) > 0 and |w| = 1. We know from (8)
that cp < dp. So we only need to show that cp is at least dp. We shall first show it for the
Riemann zeta-function and use this template to prove it in general. Substituting s = 1 -2k
for any integer k£ > 0 in the functional equation for ((s) gives

7~ (20/2¢(1 — op)T (%) = R C(2R)T(R).

Thus, we get
C(1 -2k = PRI (R)
r(/2-k)
Evaluating the right hand side, we have
272k ()~ 1)1(2k)!
(—4)kK!
Since ((2k) is bounded, using Stirling’s formula we conclude that
C(1 =2k~ (2k)*2 4,

where A <« k*. Thus, we conclude that c¢ = 1 simply by considering the values taken by ¢ on
the real line.

Imitating this proof in general, substitute s = 1 — ck for any integer k > 0 and any positive
constant ¢, such that a(1 - ck) + b is not an integer. The functional equation gives

QYT (a+b-ack) F(1-ck) =wQ*T(ack + b) F(ck).

C(1-2k) -

((2k).

Thus, we get

_w Q** 1T (ack +b) F(ck)

F(1L=ck) I'(a+b-ack)
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Repeatedly using the identity I'(s + 1) = sI'(s) and then using Stirling’s formula, we get
|F(1 = ck)| ~ |ack + b|?*+¢" 4,

where A « k¥ and ¢’ is a constant independent of k. Thus, we conclude that ¢p = 2a, which
is the degree of F. O

Moreover, if ' € M satisfies a functional equation of the Riemann type, then ¢} is also the
same as the degree dp of F. This is an immediate consequence of Lemma 3.4.

In the absence of a functional equation, cp and ¢}, can be very different. For F' € M, it can
happen that ¢ is 0 and cF is arbitrarily large. We exhibit examples below of Dirichlet series
which are absolutely convergent on the whole complex plane and hence have cj, = 0, yet take
large values of cp.

Let
[oe) -n

F(s):ZenS.

n=1

This Dirichlet series is absolutely convergent on the whole complex plane. But at the negative
integers we have,

F(-k) =Y ek ~ flme‘ttkdt:F(k+1) +o(1).
n=1

Using Stirling’s formula, we conclude that cp = 1. Moreover, F"(s) is in M for any integer
r >0 and cj- =0 and cpr = 7. In fact, if we start with the Dirichlet series

F(s) = ie"’rns, (14)

by a similar argument we see that, for any real r >0, cp =7 but ¢ = 0.

4. THE LINDELOF CLASS

Let My and M be the subsets of M with cp = 0 and ¢}, = 0, respectively. Note that both
My and My form subrings of M, which follows immediately from Proposition 3.7. Therefore,
all the non-zero elements of My (resp. M) form a multiplicatively closed set. Call it Moy
(resp. Myg).

We define the Lindeldf class [7] by localizing at these sets,

£ = MyiM.
£ = M, M.

Elements of the rings £ and £* satisfy growth conditions coming from M. Moreover,
after multiplication by an entire Dirichlet series, they are analytic on C and have Dirichlet
series representation which is absolutely convergent on $R(s) > 1. This is a consequence of
Proposition 3.10. Since a Dirichlet polynomial is entire and has many zeroes, elements of these
classes £ and £* may have many poles. But for any F' € £ (resp. £*), one can always find a
right half plane, where F' does not have a pole. Note that Sc M c £* ¢ £ and Sn My = {1}.
Further since M is a ring, the group ring C[S] is contained in M.

We extend the definition of the function cp (resp. cz) on £ (resp. £7). If G € £ (resp. £7),
then G = F'/u, where p1 € Mg (resp. M) and F' € M. We define ¢ = cf (resp. cf = ¢}). Note
that this definition is compatible with the definition of cr based on the growth condition. We



12 ANUP B. DIXIT AND V. KUMAR MURTY

first check that the function cp (resp. c¢J) is well-defined on £ (resp. £%). If we write G = H /v
for some other H € M and v € M, and suppose cy > cp, then cp,_p, = cy. But, by definition
cFy-Hy = 0, which leads to a contradiction. Thus, c¢r is well-defined on £. Moreover, we also
have that a non-zero F' is a unit of £ if and only if cp = 0. We use the same argument to show
that ¢} is well-defined on £7.

5. RING THEORETIC PROPERTIES OF M, £ AND £*

The classes of L-functions M, £ and £* form rings. Moreover, since they consist of meromor-
phic functions, they form integral domains. We further show that the ring M is non-Noetherian
and non-Artinian.

Proposition 5.1. M, £ and £* are non-Artinian.

Proof. Consider F' € M with ¢} > 0. Let (F') be the ideal generated by F' in M, which is
clearly a non-trivial proper ideal of M. We have the following strictly decreasing sequence of
ideals in M given by

(F)2(F?) 2 (F?)---. (15)

Thus, M is not Artinian. Moreover, (F') c M generates a non-trivial ideal I ¢ £ and I* € £*
and we have strictly decreasing sequence of ideals.

I21%213,
2?2 (1)
Hence, we conclude that £ and £* are non-Artinian. O

Now we show that M is non-Noetherian.
Lemma 5.2. If F(s) e M and F(s) is entire, then Fy(s):= F(s+ so) €M for R(sg) > 0.

Proof. Again, properties (1),(2) and (4) in the definition of M hold clearly. We only need to
check the growth condition.

Cp.
- 20 o<0 1-20

cp, = limsup
0<0

0

Lemma 5.2 shows that shifts of entire functions in M also lie in M. Recall that in S, vertical
shifts of entire functions in S lie in S. In case of M, we no longer have to restrict ourselves to
only vertical shifts.

Proposition 5.3. M is non-Noetherian.

Proof. As earlier, we prove this by explicitly constructing a strictly increasing infinite chain
of ideals. For s # 1, let

I;:={FeM:F(s)=0}.
Then, I forms an ideal of M. Define

Kl = m I_Qk.
k=1
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We know that L(s,x) € K, where x is any even primitive Dirichlet character, because it
vanishes at all negative even integers. By Lemma 5.2, L(s+2n,x) € M and it vanishes on all
even negative integers except {-2k : k <n,k € N}. We define

Ki = m I_Qk.
k=i
Clearly, K1 ¢ Ko € K3 C ..... Since we have exhibited that the function L(s + 2n,x) belongs
to K41 but not K,,. Thus, we get

Ki§KygKs6 ...

Therefore, M is non-Noetherian. Il

We are not yet able to show that £ and £* are non-Noetherian, although we expect it to be
true. Note that the ring C[S] is a subring of M. We expect that C[S] is also non-Noetherian.
Indeed we show below that this is a consequence of Selberg’s orthonormality conjecture. This
was already known due to Molteni [6].

Definition 5.4. An element F' +1 €S is said to be a primitive element if it cannot be further
factorized in'S i.e., if F = F1Fy with F; €S, then either F1 =1 or Fp =1.

Selberg’s orthonormality conjecture states that:

Conjecture (Selberg’s Orthonormality Conjecture). Let F,G € S be any two primitive el-
ements, whose Dirichlet series expansion on R(s) > 1 is given by F(s) = ap(n)n™® and
G(s) =ag(n)n=®. Then,

D ap(F)ap(G) _ [ loglogz+O(1), if F=G
= D 0(1), if FF+G.
Proposition 5.5. Selberg’s orthonormality conjecture implies that C[S] is non-Noetherian.

Proof. It was observed by Selberg in [9] and Bombieri-Hejhal in [1] that distinct elements in
the Selberg class are linearly independent over C. We show that Selberg’s conjecture implies
that distinct primitive elements in the Selberg class are algebraically independent. Since
there are infinitely many primitive elements in S, we conclude that C[S] is non-Noetherian.
Selberg’s orthonormality conjecture implies that the factorization into primitive elements in
the Selberg class is unique, see [2]. Suppose, Fi, Fs, ..., F}, are distinct primitive elements in S
satisfying a polynomial P(x1,x2,...,x,) € C[x1, 22, ...,z ]. By linear independence of distinct
elements in S, we conclude that not all terms in the polynomial expansion of P(F1,..., Fy,)
are distinct. Thus, we have relations of the form

FMFg2  Fon = For b pbe (16)

where not all the a;’s are the same as the b;’s. But, both left hand side and right hand side
in (16) are elements in the Selberg class. This contradicts the unique factorization. g

Since C[S] ¢ M and we know that M is non-Noetherian, the above proposition can be
thought of as some indicative evidence towards the validity of unique factorization into prim-
itives in the Selberg class.
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5.1. Primitive elements in M and £*. The notion of primitive elements in S can be
extended to the class Ml and £*.

Definition 5.6. We say that an element F € £ (resp. M) is primitive if ¢j, >0 and F = F1 F,
implies that either cp, =0 or ¢y, =0.

Note that every element F' € £ (resp. M) with ¢}, = 1 is primitive, which directly follows
from Theorem 3.11. But this is not quite true for £. This is because we could have an entire
Dirichlet series F'(s) with cg > 0, which can be written as a product of infinitely many entire
Dirichlet series []; Fj(s), each of which have cg, > 0 for each i. Hence, we avoid defining the
notion of primitive elements for the class £.

We now show that every element in M and £* can be written as a product of primitive
elements. We follow the same argument as in the case of the Selberg class S.

Proposition 5.7. Let F € £ (resp. M), then F(s) can be be written as a finite product of
primitive elements in £* (resp. M).

Proof. Let F € £ (resp. M) and suppose
F=0F,,

where Fy, Fy € £ (resp. M). By properties of ¢, we know that ¢ < ¢ +cp,. If cp <1,
then by Theorem 3.11, c}i = 0. Hence, we cannot factorize F' indefinitely into non-units (i.e.
elements with ¢* > 0). Therefore, F'(s) has a factorization into primitive elements. O

With the above notion of primitivity, we may ask whether this factorization is unique.

Conjecture 2. Every element F € £* (resp. M) can be uniquely factorized into primitive
elements.

Assuming unique factorization, we conclude the algebraic independence of distinct primitive
elements in M and £*.

Proposition 5.8. Conjecture 2 implies that linearly independent primitive elements in £*
(resp. M) are algebraically independent.

Proof. The proof follows similar approach of Proposition 5.5. Let F,G € £* be linearly inde-
pendent primitive elements satisfying a polynomial equation P(F,G) = 0. From Proposition
3.7, we conclude that if the terms in the polynomial with largest ¢* value, say d, must cancel
each other. In other words, if P(z,y) = ¥, , @mnz™y", then

Z A F"G" = 0.
mcpt+neg=d
Since F' and G are linearly independent, we also have that d > 0. Cancelling the common
factors, we get an expression of the form
FF= 5 by, FmG",
m<k,n

where each term in the RHS has a factor of G and hence F¥/G € £* (resp. M). This contradicts
the unique factorization for F*. Hence, F' and G are algebraically independent. U

We now show that M, £ and £* are closed under differentiation.

Proposition 5.9. If F' € M, then F' € M. This is also true if we replace M by £ or £*.
Moreover, cp > cpr and ¢ > Cpy.
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Proof. It F € M, then the properties (1),(2) and (4) clearly hold for F’. We only have to
check the growth condition. Suppose f(z) is a meromorphic function on C. If f is bounded
on the half plane {z : R(z) < =Ny} by M, for some Ny > 0, then f’(z) is also bounded on
the half-plane {z:9R(z) < —Na}, for some Ny > 0. We can see this by using Cauchy’s formula

namely,
Fla)= - f f(2)

- 211 JC(e,a) (Z —a)2 ’

where C'(¢,a) is the circle of radius e centered at a and f is analytic in the interior of C'(e,a).
Since f(z) is bounded by M on C(¢,a), we get

o)< 2L
€

If we choose No > Ny + 2, for every point in {z:9R(z) < —Na}, we can set € > 1, and thus get
f'(2) is bounded by M in the region {z:9R(z) < —Na}.
Now, if F'(z) € M, then by the growth condition we know that for any € > 0,
__ F(2)
9(2) = i aoywe

is bounded in the half-plane {z : R(z) < —=N1}, for some Nj > 0. Therefore, we have for some
Ny > 0, in the half-plane {z:9R(z) < —Na},

F(z) ’ F/(z)ZcF(1—20)+e _ (ZcF(1—20)+e))’F(Z)
zer(1-20)+e B

= <
»2cp(1-20)+2¢ M

- |F/(z)||z‘cF(l—2o)+e <M’Z|2CF(1_20)+26+

(zera2) | o).

If we fix o, then
|FI(Z)||Z|CF(1—20')+6 < M,|Z|2CF(1_QU)+26.
Hence,
|F/(Z)| < M//|Z|CF(1—2O')+€'

Thus, we get the growth condition on F’(z). Moreover, we also conclude that if F' € M,
then cpr < cp and ¢} < ¢ The proof of the statement for £ (resp. £%) follows by proving
the fact that the derivative of a unit in £ (resp. £*) is also a unit in £ (resp. £*). Then,
for any F € £ (resp. £*), we can find a unit v € £ (resp. £%), such that vF' € M, after which
we can use the above argument to say (vF)" € £ (resp. £%). But (vF)' =v'F +vF" and thus
F’e £ (resp. £).

O

6. IDEALS IN £ AND £¥

As a first step to understanding the ideal theory of £ (resp. £*), we construct some non-
trivial ideals of £ (resp. £*.) We use the following proposition for the construction.

Proposition 6.1. If F(s) is a non-constant entire Dirichlet series, then F(s) cannot have
zeroes on any arithmetic progression,

S={a,a-d,a-2d,..}, (17)
where d e R* and a € C.
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Proof. First, we show that if

Ooan

F(s)=) —

(s) n; e

is convergent on the whole complex plane, it cannot have zeroes on non-positive integers. In
other words, it cannot vanish on {0,-1,-2,-3...}. Since, Y77 a,n~? is entire, we have

1
lan| < v (18)

for all k € N. Define
f(2):=>" anz™.
n=1

By the root test and using (18), we conclude that the power series f(x) defines an analytic
function on the whole complex plane. Consider the Taylor series expansion around x = 1,
given by,

f() = io ba(z—1)", (19)
where,
p - S
n!

Now, suppose F(s) takes zeroes on all non-positive integers, we have
F(-k) = Z apnt = 0,
n=1
for all ke Nu{0}. In particular, we get by = F'(0) =0 and b; = F(-1) = 0. In general,

by = i (Z)an.

n==k

We write it as,

i (Z)an _ i n(n - 1)..1.{:(!n—k+ 1)am (20)

n==k n=1
where the first (k —1)-terms of the right hand side of (20) are 0. Moreover, each term in the
right hand side is a polynomial in n of degree k. Since, >;7; ann® is absolutely convergent
for all k, we can rearrange the terms in the summation. Thus, we get,

by = Z(k)an:COZan+clZnan+...+ck2n Qnp,

n=1 n=1 n=1 n=1

where ¢;’s are some real constants. Therefore,
bk = COF(O) + ClF(—l) + ...+ CkF(—k) = 0,
for all k. Hence, f(x) is identically zero, which leads to F'(s) being identically 0.

We deduce the general case of an arithmetic progression S as in the statement of the
proposition, by considering

oo

Fi(s):=F(sd+a)=Y.

n=1

a, 1
no nsd :
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This function is no longer a standard Dirichlet series but it converges for all s € C and vanishes
at all non-positive integers. Now, consider the series

. an _pd
)= 3 2
Choosing the principal branch of log, the function f(z) is well-defined and absolutely conver-
gent on C\R<. The rest of the proof is similar as above. O

Consider the ideal in M given by,
IS = ﬂ ISa
seS
where I, is as in Proposition 5.3 and S is an arithmetic progression as in (17). Ig is non-empty
since it contains elements in S. By Proposition 6.1, Is does not contain any non-zero entire
Dirichlet series. By definition,

£ (resp. £%) = MaéM ( resp. Méo_lM),

where Mg and M, consist of Dirichlet series which are convergent on C, up to a Dirichlet
polynomial (by Proposition 3.10). Hence, Is generates a non-trivial ideal in £ (resp. £%).
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