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Abstract. This is a survey of the structural invariants of the L-functions
in the extended Selberg class S*, covering some of their applications. In
particular, we deal with the applications to the functional equation of the
standard twist and to the classification of the functions in S* of degree
d = 2 and conductor ¢ = 1. Moreover, we give a new, purely algebraic,
definition of the structural invariants and provide an explicit expression
for them.
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1 - Structural invariants

For a function f(s) of a complex variable s = o + it we write f(s) = f(3).
Every L-function F from the extended Selberg class S* (see next section for
definitions) satisfies a general functional equation with multiple gamma factors

(1.1) V(8)F(s) = wy(1 = s)F(1 - s),

where |w| =1 and

(1.2) v(s) = Q° T T(Nss + uy)

j=1
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with @ > 0, 7 > 0, A; > 0 and R(p;) > 0. We refer to Selberg [23], Conrey-
Ghosh [2] and to our survey papers [3], [5], [19], [20], [21], [22] for further
definitions, examples and the basic theory of the Selberg class.

The v-factor in (1.2) is uniquely determined by F' up to a multiplicative
constant, see [2], but the data r, @, \;’s and pu;’s are not unique and their par-
ticular values can vary due to identities satisfied by the Euler gamma function.
For instance the classical vy-factor of the Riemann zeta function,

As) =770 (3).

can also be written as

(13) 2 (s) = st[lr ( n ”) ,

2m]~ 2mj

where
1/2

M 1
1 m;
o= (+1Im,
T J
j=1

and (l;,m;), j =1,..., M, is any ezact covering system, i.e. a family of pairs of
positive integers such that for every integer n there exists a unique 1 < 5 < M
with n = [;(modm;). It can be proved that (1.3) exhaust all admissible forms
of the -factor of the Riemann zeta function (see [6], Proposition 2.1).

By an invariant of F € 8% we mean an expression formed with the data of
the functional equation (1.1)-(1.2) which is independent of their particular val-
ues. Among the most important invariants we have the degree dp = 2 Z§:1 A,

introduced by Selberg [23], the conductor qr = (27)%Q? ITj-: A2 the root

number wr = w [, )\]-_QN(M’) and the H-invariants, introduced in [6] and [7];

the latter are defined as

9

(14) He() =2y Belt)
=1

where B, (z) is the nth Bernoulli polynomial. In this paper we deal only with
F € S of positive degree, hence with r > 1. We shall often denote dr and ¢r
simply by d and ¢; observe that Hr(0) = dr. An important role is also played
by Hp(1); we call it the &-invariant of F. So, by definition, £ = Hp(1) and,
moreover, we write

& =np +idpbp
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with real ngp and 6. We call 0 the internal shift of F'; the classical L-functions
have 8 = 0. The importance of these invariants is illustrated by the following
theorem, see Theorem 1 in [7].

Theorem 1. Two L-functions F and G from the extended Selberg class
St share the same ~y-factor if and only if qr = qg and Hp(n) = Hg(n) for
every n > 0. If in addition wp = wg, then F' and G satisfy the same functional
equation.

Because of this result, gp, wp and Hp(n), n > 0, are called the basic
invariants of F € S*. We also say that ¢ and Hp(n), n > 0, are the basic
invariants of the y-factor of F'.

So far we referred to the symmetric form (1.1) of the functional equation.
The latter can easily be transformed to the asymmetric invariant form

(1.5) F(s) = Sp(s)hp(s)F(1 — s),
where
T N '
(1.6) Sp(s) =2 [[sin(r(N\js + py)) = Y aze™ress
Jj=1 j=—N

with certain N € N, a; € Cand —1/2 =w_y < -+ <wy = 1/2, and

T

QU [T (T(N(1 =) +m)T(1 = Njs — py)).

Jj=1

w

(2m)"

hF(S) =

The above two functions are called the S-function and the h-function, respec-
tively; it can be shown that both are invariants.

The structural invariants dp(¢), ¢ > 0, which we are going to define now
and which are in the focus of this survey, are certain invariants which together
with degree, conductor and root number uniquely determine the h-function in
the asymmetric functional equation (1.5). So they play, in the case of (1.5), a
role similar to the H-invariants in the case of (1.1). Here we define, for integer
£ > 0, the structural invariants by

(1.7) dp(0) = W(Hp(2),...,Hr(+1),Hp(1),..., Hp({ + 1)),

where Uy( X1, ..., Xy, Y7,..., Y1) are the polynomials defined in the Appendix,
see (5.5) with parameters d = dp and § = fp. From (1.7) we plainly see that
the structural invariants dp(¢) are in fact invariants; we refer to the discussion
after Theorem 4 for further information on the definition of the dp(¢)’s. The
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following result is the analog of Theorem 1 in terms of structural invariants; it
follows from Theorem 4.

Theorem 2. Two L-functions F' and G from the extended Selberg class
St share the same h-function if and only if dp = da, qr = qaq, wp = wg and
dp(0) = dg(0) for every £ > 0. If in addition Sp = Sq, then F and G satisfy
the same functional equation.

The definition of H-invariants and structural invariants may seem compli-
cated at first sight, especially in the latter case. Nevertheless, it will become
clear later on that they are very useful in the Selberg class theory. These in-
variants are also natural objects from the point of view of certain asymptotic
expansions, as the next two theorems show.

Theorem 3. Let F € S* with degree d > 0 and ~-factor v(s). Then for
|arg(s)| <7 — 0 with any fired 0 < § < m we have

1 1 1
log~(s) =~ ids log s + 3 (log g — dlog(2me)) s + §§F log s + c(v)

1 & (_1)n+1
— -— —H 1)s™™
+2nzln(n+1) it 1)s,

where

.
1 T
(18) ) =Y (s~ 3 ) o, + § og(zm
j=1
and =~ means that cutting the sum at £ = M one gets a meromorphic remainder
which is < than the modulus of the M-th term times 1/|s| as |s| — oo.

We refer to equation (2.8) in [7]| for Theorem 3. We remark that c(v) in
(1.8) depends on the particular form of the ~-factor and is not an invariant
of F. This agrees with the fact that the v-factor of F' is determined only up
to a multiplicative constant. Thanks to Theorem 3 we may conclude that the
modified v-factor

Se(s) = (2n) 720 [T (3T s+ )

=1
is an invariant, but here we shall not use nor prove this fact.

Theorem 4. Let F € S with degree d > 1. Then for |arg(—s)| < 7 —§
with any fired 0 < § < m we have

1/d

d(%—s) 0o
(1.9) he(s) ~ S (‘;m) > dr(Or(als; =),
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where = has the same meaning as in Theorem 3 and for £ =0,1,... we write
d+1 ¢

1.10 =8¢ —i6 ith =———.

(1.10) s; = s¢—i0p with sy 54 pi

Expansion (1.9) was proved in Section 3.2 of [16] with unspecified coeffi-
cients dp(¢), there denoted by d;(F), and was used to define the structural
invariants. The approach in this paper is different, but of course it leads to
the same objects. Indeed, our present definition of the structural invariants is
purely algebraic, and the fact that the coefficients of asymptotic expansion (1.9)
are values of certain polynomials at H-invariants as in (1.7) requires justifica-
tion. Actually, (1.7) is a closed formula for the coefficients eventually arising
from the various expansions involved in the proof of (1.9). A sketch of the proof
of Theorem 4 is given in Section 4 below.

The asymptotic expansion in Theorem 4 is somehow non-standard and is
crucial for the applications we are going to present here. The original motivation
for such an expansion came from an attempt to extend to the whole class S* a
technique employed in [15] to obtain, in a special case, the functional equation
of the standard twist. The goal was achieved in [16], and it turns out that the
structural invariants are important in a number of other questions.

The present survey is organized as follows. In Section 2 we recall some
basic definitions and facts on the Selberg class. In the subsequent section we
discuss the applications of structural invariants to the functional equation of the
standard twist and to our recent result giving a full description of L-functions
from S* of degree 2 and conductor 1. In Section 4 we present sketches of some
proofs, while the Appendix contains the construction of the polynomials ¥, in
(1.7).

2 - Definitions and basic facts

We first recall several definitions which we shall use later on; we write
f(s) = ¢ to mean that f(s) = c identically. The extended Selberg class S*
consists of the Dirichlet series

o a(n)
F(S) - Z ns ’
n=1
F(s) # 0 and absolutely convergent for o > 1, such that (s — 1)™F(s) is entire
of finite order for some integer m > 0, and satisfying a functional equation of
type (1.1). Note that the conjugate function F has conjugated coefficients a(n).
The Selberg class S is, roughly speaking, the subclass of S of the functions with
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Euler product and satisfying the Ramanujan conjecture a(n) < n°. As already
pointd out in the previous section, we refer to Selberg [23], Conrey-Ghosh [2]
and to our survey papers [3], [5], [19], [20], [21], [22] for further definitions,
examples and the basic theory of the Selberg class.

We write mp for the order of pole of F' at s =1 and

(2.1) 3 (837”1)”1

m=1

for its polar part. We remark that since the H-invariants depend only on
the data r, @, \j, uj of y-factors (1.2), we may define such invariants for any
y-factor, without referring to functions F € S!. More generally, the same
holds for any invariant depending only on the data of ~-factors. Clearly, the
invariants of a ~-factor (s) coincide with the corresponding invariants of any
F € S* having 7(s) as y-factor. The invariants of y-factors are usually denoted
replacing the suffix F' by ~.

For o > 0 and ¢ > 1 the standard twist of F € S* is defined by

F(S, Oé) = Z aquz)e(_anl/d)’ 6(.%') — 627riz’
n=1

and the spectrum of F' is

1/d

Spec(F) ={a > 0:a(ny) # 0} = {d(%) :m € N with a(m) # 0},

where
(2.2) Ne = qd " %? and a(ng):=0if ng ¢ N.

Finally we recall some basic results from the Selberg class theory. Every
F € S* has polynomial growth on vertical strips. Moreover, the standard twist
F(s,a) is entire if o ¢ Spec(F'), while for a € Spec(F) it is meromorphic
on C with at most simple poles at the points s = s} in (1.10) with residue
denoted by pg(a). It is known that all F' € S* have pg(a) # 0 for every o €
Spec(F'). Further, F(s,a) has polynomial growth on every vertical strip. We
refer to [9], [12] and [13] for these and other results on F(s,«) and, more
generally, on the nonlinear twists of the functions in S*. We finally recall that
Spec(F') is an infinite set, since the functions F' with positive degree cannot
be Dirichlet polynomials, and that there are no functions in S* with degree
0 < d < 1, see [4]; hence the functions of positive degree actually have d > 1.
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3 - Applications of structural invariants

The first application of the structural invariants deals with the functional
equation of the standard twist; we need further notation to state the results.
With v, as in (2.1) and with the notation in (2.2) and (1.6), we consider the
functions

& = (—1)Mlogh (2mia)Tm—1-h) (g
- \—ds m g y1et S
R(s,a) = (2mia) ™4 Zd ’ymz —1)—h) ( ),
m=1 =0
hence R(s,a) =0 if F(s) is entire, and for £ =0,1,...
(3.1) .
N d(1—s—sy)
Mrdw (1-s ( ) in(2—w;) (Mo 1/d
(s, ) Z ’ Z ns <1 e ( n ) ’

j=—N n>1

where the symbol ” in the inner sum indicates that the term n = n,, is omitted
if j = —N. Hence Fy(s,a) is well defined since 1 + et (3 =) (%)Ud # 0
always. Note that if o ¢ Spec(F) we may omit °, since a(n,) = 0 in this case.
Note also that the inner sum in (3.1) is a general Dirichlet series with complex
frequencies, absolutely convergent for ¢ > 1, and

d(1—s—s} ) il
(3.2) <1+eiﬂ(é—wa‘> (%)W) 7 d0=s—sp) log (1437 (2) V)

where the branch of log(z) for z € H\ {0} has argument in [0, 7], H being the
upper half-plane {z € C: ¥(z) > 0}. Let finally

d—1
€g:T+€+i9F.

With the above notation, the functional equation of the standard twist is
given by the following theorem.

Theorem 5. Let F € S* with d > 1 and let o > 0. Then for any integer
k >0 and s in the strip sp4+1 < 0 < s, we have

(s.0) =~ (q”d>d(_8) f: (O (A(1 — 5) — e) Fo( )
F(s,a — dr(O'(d(1 —s) —eyp) Fyp(l — s,
(3.3) V2r \ 27d s F et

+ R(1 — s,) + Hi(s, ),
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where the function Hy(s,a) is holomorphic in the above strip and meromorphic
over C with all poles in a horizontal strip of bounded height. Moreover, there
exists 0 = 0(d) > 0 such that for any o € [Sg+1, Sk N (—00,0) we have

Hy(s,a) < [t|7? as |t| — oo.

Note that functional equation (3.3) is a kind of general form of the functional
equation satisfied by the Hurwitz-Lerch zeta functions; indeed, the standard
twist of the Riemann zeta function corresponds to a special case of such zeta
functions. Actually, such a similarity holds for all F' € S* of degree d = 1, since
their standard twists are again related with the Hurwitz-Lerch zeta functions.
However, the proof of Theorem 5 goes along different lines, and will be outlined
in the next section. The function R(1 — s, «) is present in (3.3) only if F' has a
pole at s = 1, while the terms Hy(s,a) may be regarded as error terms. These
terms are not present in degree 1 as well as in other special cases with degree
d > 1, for example for the L-functions associated with half-integral weight cusp
forms; see [15], which also includes a discussion of the cases where such a simpler
form holds. Actually, if there exists an integer A > 0 such that Hy(s,a) = 0 for
every k > h and o > 0 we say that F(s, «) satisfies a strict functional equation.
In Theorem 4 of [16] we showed that a strict functional equation exists if
and only if there are only finitely many nonvanishing structural invariants or,
equivalently, if and only if F' has a y-factor of type

with @ > 0, N > 1 and suitable integers n;. It is an interesting open question
to establish if there exist L-functions, other than the above mentioned ones,
having a vy-factor of this type.

Theorem 5 is complemented by the following result, giving the properties
of the functions Fy(s, a) involved in (3.3). As one can guess from the definition
in (3.1), after expanding the left hand side of (3.2) these functions are close to
suitable “stratifications” of F(s).

Theorem 6. Let F € S* with degree d > 1, a > 0 and £ =0,1,2,... Then
Fy(s, ) is an entire function, not identically vanishing. Moreover, uniformly
for o in any bounded interval, as |t| — oo we have

Fy(s,a) < e2dt|¢]c)

with a certain c(o) > 0 independent of ¢ and «, satisfying c¢(o) =0 for o > 1.
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We are not going to present the proof of Theorem 6, for which we refer to
Section 2 of [16]. From the proof of Theorem 5 we obtain the following explicit
expression for the residues py(cr) of F(s, ) at the potential poles s in (1.10),
when a € Spec(F').

Theorem 7. Let F € 8% with d > 1, a € Spec(F) and £ =0,1,.... Then

d_gg*
pela) = O W izieprasp) g/*\* " a(na)
d /27 2md 1-s7 "

Ng
In particular, the set of poles of F(s,«) is independent of o and equals {s} :
dp(l) # 0}.

Although obtained as a by-product of the proof of Theorem 5, the explicit
expression of py(a) in Theorem 7 is important in various situations, since it
connects the polar structure of the standard twist to the structural invariants.
Again, we are not going to present the proof of Theorem 7, since it requires
entering the details of the proof of Theorem 5; the interested reader is referred
to Section 3.7 of [16].

Finally we turn to the application of structural invariants to the classifi-
cation of the Selberg class. It is generally expected that the class S coincides
with the class of automorphic L-functions, but a proof of this statement ap-
pears to be very difficult at present. In particular, it is expected that there
exist no F' € § with degree d ¢ N; this is known as the degree conjecture and
is expected to hold in the wider setting of the extended class Sf. The degree
conjecture for S* is known for degrees 0 < d < 1, see e.g. Conrey-Ghosh [2] and
our paper [4]. A short proof in this case follows at once from the polar structure
of the standard twist F(s,«). Indeed, for a € Spec(F’), F(s,a) has a pole on
the line 0 = (d+1)/(2d) > 1 for 0 < d < 1, a contradiction. The next case
1 < d < 2 is definitely more difficult and was first settled in [10], after partial
results in [8]; a shorter proof has been recently devised by Balasubramanian-
Raghunathan [1]. The classification of the functions of degree = 1 in S and
S* has been obtained in [4]; in the case of S, it turns out that such functions
are the Riemann zeta function and the shifts of the Dirichlet L-functions with
primitive characters. Another proof was obtained by Soundararajan [24]. The
next open case is d = 2. Here one expects that the members of S are the
L-functions associated with the Hecke and Maass eigenforms of any level, while
there is no standard guess on the nature of the functions of degree d = 2 in
S* note that the level of a form coincides with the conductor of the associated
L-function. Recently, in [17] we classified the functions in S* with degree d = 2
and conductor ¢ = 1; a first step, dealing only with the class &, was taken
in [11] using different arguments.
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In order to state our last result we need to introduce a normalization. We
say that a function F € S* is normalized if its internal shift #p vanishes and
the first nonvanishing Dirichlet coefficient equals 1. Normalized functions have
two nice properties. Indeed, on the one hand every F € S* with d = 2 and
q = 1 can be normalized by means of a simple procedure, so we may consider
only such functions without loosing generality. On the other hand, it turns out
that normalized functions have real coefficients, hence the functional equation
reflects F'(s) into F(1—s) rather than into F(1—s) as in the general case. This
is important, since the functional equation of the L-functions L(s) of the level
1 forms, once suitably normalized to fit S¥, reflects L(s) into L(1 — s).

The classification of the functions in S* with degree d = 2 and conductor
q = 1 is carried out by means of the numerical invariant

xr = Hp(l)+ Hp(2) +2/3,

where the Hp(n) are the H-invariants defined by (1.4). For example, a simple
computation shows that
(k—1)

Xp=""(F—"" or Xxp= —2kK

2

when, respectively, F(s) = L(s + %, f) with a holomorphic cusp form f of
level 1, weight k& and first nonvanishing Fourier coefficient 1, or F(s) = L(s, u)
with a Maass form u of level 1, weight 0, eigenvalue 1/4 + k2 and first Fourier-
Bessel coefficient 1. Our result shows, conversely, that the value of xyp detects
the nature of any normalized F' € S* of degree 2 and conductor 1.

Theorem 8. Let F € S of degree 2 and conductor 1 be normalized. Then
xr € R and

(i) if xp > 0 then there exists a holomorphic cusp form f of level 1 and even
integral weight k = 1+ \/2xF such that F(s) = L(s + 551, f);

(ii) if xr = 0 then F(s) = ((s)?;

(iii) if xp < O then there exists a Maass form u of level 1, weight 0 and with
eigenvalue 1/4 + k% = (1 — 2xr)/4 such that F(s) = L(s,u).

In case (iii) we can specify the parity ¢ of u by means of the root number wp

of F', namely
1—
€= wr

2

Clearly, if F € S* with d = 2 and ¢ = 1 is not normalized, we may first
normalize it and then use Theorem 8 to detect its nature. Therefore, every
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such F is closely related to one of the L-functions in Theorem 8. Moreover,
it follows that every F' € S as in Theorem 8 is an automorphic L-function.
We also remark that quite possibly the method of proof of Theorem 8 can be
extended to cover the case of other small integer moduli g > 1.

As already pointed out, the structural invariants dp(¢) and the explicit
expression for the residues py(«) in Theorem 7 play an important role in the
proof of Theorem 8, an outline of which is given in the next section. We conclude
by remarking that a new and crucial ingredient in the proof of Theorem 8 is that
the structural invariants lie, in the special case at hand, on a certain universal
family of algebraic varieties; see Section 4.3 for some details. We guess that
a similar phenomenon should hold in general for the functions F € Sf, i.e.
the invariants dp(¢) should lie on certain algebraic varieties to a large extent
independent of F. If true, this could explain why L-functions satisfy only
functional equations with very special I'-factors, and in particular could shed
some light on the general structure of the Selberg class.

4 - Outline of the proof of Theorems 4, 5 and 8

In this section we give a sketch of the proof of Theorem 4 and outline those
of Theorems 5 and 8. We refer to the original papers for detailed proofs of
Theorems 5 and 8; precisely, Theorem 5 is Theorem 2 in [16] while Theorem
8 is Theorem 1.1 in [17]. Since in this paper we changed the definition of the
structural invariants dp(¢), using (1.7) rather than the asymptotic expansion
(1.9) as in [16], strictly speaking Theorem 4 is a new result. However, such
expansion of hp(s) is actually the same as that in Section 1.3 of [16].

4.1 - Sketch of the proof of Theorem 4

The proof is based on Stirling’s formula, which we write in the form

1 1 e -1 V+IBV 1
o8 T(s +.0) = s+ 0.~ )slogs s+ logom) + 3 (= () ©

r=1

uniformly for |arg(s)| < m — 0 for every 0 < 0 < 7, where ~ has the same
meaning as in Theorem 4. Hence for |arg(—s)| < m — § we have
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(4.1)
log(whp(s)) = (1 — 2s)log Q — rlog(2m)

+ Z (log D(=Xjs + Xj +11;) + log T(=Ajs + 1 — 1))

j=1
%(l—s)log 1 —ZiSi ilo )\-+(—ds+1d—id9 )log(—s) +ds
2 (27T)d j:1 /’LJ g ] 2 F g
_i 1 ZT: Bu-&-l()‘j—i_ﬁj) i BV+1(1_Nj) i
— v(iv+1) = A A sv

Using the well-known formulae

By(x+y) =) <Z> Bi(z)y’™* and B,(1—z)=(-1)"B,(z)
k=0

we see that the double sum in (4.1) equals

00 v+1
(4.2) %Z 1/(1/1—|—1) ((_1)V+1HF(I/ +1))+ Z <V—]: 1) Hp(k) + d) i.

v=1 k=1

Moreover we have the expansion

d+1
logl'(—ds + % —idP)

d d 1
(4.3) ~ (—ds + 3~ idf) log(—s) + ds(—ds + 5~ idf) logd + 3 log(2m)

X1 By (B —idd) 1
B I; v(iv+1) av s

Gathering (4.1)-(4.3) we obtain the formula

heto) = (& >d>%_s

V2r 2md
[(d(s}; — s)) exp (Z P,(Hp(v+1), Hiil), . Hp(v+ 1)> |
v=1

where the polynomials P, are defined in (5.3) below and have hidden parameters
d = dp and 0 = 0. Applying the power series expansion of the exponential
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function we rewrite the last formula as

(4.4)

windid? 1-s
o)~ 2 () TG 9)

 VN(Hp(2),...,Hp(N +1),Hp(1),..., Hp(N + 1)
x> o 7

N=0

where Vp =1 and for N > 1 the polynomials V are defined as in (5.4) below,
again with hidden parameters d = dp and 6 = fp. Using the Lemma in the
Appendix we obtain

(4.5) Z ‘LN ~

with polynomials R, as in such Lemma, with parameters a = d and b = 1 —dsg.
Moreover,

(—1)fRe(VA, ..., V)
(ds+1—ds)e

Mg

~
Il

1

1T d(s5 )

(46) rw¢—m=ﬂ®+h%$e

Finally, gathering (4.4)-(4.6) and recalling the definition of the polynomials W,
n (5.5) and of the structural invariants in (1.7), we arrive at (1.9) and the
result follows. O

4.2 - Qutline of the proof of Theorem 5

For simplicity we assume that 6 = 0. We start with the smoothed standard
twist

Fx(s,0) = afg)e"”dw(a%
n=1

where X > 1 is sufficiently large, o > 0 and
1
(4.7) zx (o) = bd + 2miav.
Clearly, Fx (s, ) is absolutely convergent over C and for every a > 0 we have
lim Fx(s,a)= F(s,a) for o > 1.
X—o00

Our aim is to obtain a suitable expression for Fx (s, «) and then to investigate
the limit as X — oo for s in certain regions inside the half-plane o < 1.
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For —c < 0 < 2, where ¢ > 0 is sufficiently large, by Mellin’s transform we

have
1

w
Fx(s,a) = — F(s+ =)' w)zx (o) “dw.
270 J(d(et2)) d
For k > 0 we consider the ranges
(4.8) o € Iy, where Ty, is an arbitrary compact subinterval of (—c, sg).

For s as in (4.8) and a suitably chosen u; € R, we shift the line of integration
in the above integral to R(w) = uy, apply the functional equation of F' in the
form (1.5), use the Dirichlet series expansion of F'(1 — s — w/d) and switch
summation and integration, thus obtaining that

_Xa(n) 1 o4 OV (s 4 ) (w) (K@) -y,
(4.9) FX(S’Q)_;nls omi /mk) b (s + ) Sp (s + )T (w)( ) d

+ Rx(1—s,a) + Ry x(s, ),

where Ry (1 — s, ) is the residue at w = d(1 — s) and Ry x (s, @) is the sum of
the residues at w = —v with 0 < v < dsy.

Next we plug into the integral (4.9) the asymptotic expansion of hp(s) in
Theorem 1 and get

WF ql/d 2mde ol i deos > a(n)
Fx(s,0) = = | 5 %dF“)j_ZN“je Y

n=1

(4.10) 1 iy . g
X v " ( (s¢—s) — w) (w)zjx (a,n) w

+ H](\Zk))((s, a)+ Rx(1 —s,a) + Ry x(s, )

where, recalling (4.7),

1/d —iTw;

zx(a)e
2mdnl/d

q

(4.11) zjx(o,n) =
and H ](\Z’“))((s, «) is the term coming from the error arising after cutting at £ = M
the asymptotic expansion of hgr(s). Note that the integral in (4.10) is of type
1
(4.12) 5= [ T(€—w)(w)n “dw =TE)(1+n) "¢,
211 (c)

valid under the conditions

0<ec<RE) and |argn| <.
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Actually, the asymptotic expansion of hp(s) was specially designed to fit (4.12),
which represents one of the few cases of a Mellin-Barnes integral with an explicit
expression in terms of elementary functions. Plugging (4.12) into (4.10), after
a series of computations we arrive to the following expression

. l/d —ds .
(4.13) Fx(s,a) = \/7 (27rd> % dF(E)F(d(Se — S))F&X(l — s, )

+ Rx(1—s,a)+ Hy x(s,a)
valid for k > 0 and o € Zj N (—o0, —26), § > 0 being sufficiently small, where

(41 Fix Z s S W (14 =m0
n=1

and Hy x(s,a) comes from a suitable treatment of error terms. This is the
expression for Fx (s, «) alluded to at the beginning of this proof.

The next step is to let X — oo in (4.13), but this requires some care.
Indeed, as we already pointed out, the limit of Fx (s, «) is F(s,«) when o > 1,
but (4.13) holds in the range Z; N (—o0, —2d). Moreover, in view of (4.11), the
limit of the terms (1 + zj x(a,n))*=5¢) in (4.14) is not always well defined,
since the term 1 + z;j x (o, n) vanishes as X — oo when « € Spec(F), n = nq
and j = —N; we call it the critical term. To overcome these problems we
first compute Fx(s,«) in a different way, looking at it as the twist of F'(s, )
by e~m"*/X and using its expression by means of Mellin’s transform. After a
suitable shift of the integration line, this gives

(4.15) Fx(s,a) = F(s,a) + Xx(s,a) + Ix (s, a),

where Ix (s, «) is a harmless term and

k
(4.16) Sx(s,0) = dpy(e)T(d(sg — ) XU,

The term (4.16) is very important since eventually will cancel the contribution
of the critical term in (4.14), thus allowing to let X — oco. Indeed, comparing
(4.13) with (4.15) and computing separately the contribution of the critical
term in (4.14), we obtain

%—ds k

wi gV B
(4.17) F(s,0) = Nors (27”1) ;dF(f)F(d(Se =) Fex(1—s,0)

+ Rx(1 —s,0) + Hy x(s,0) — Ix(s,a) + Xx (s, @) — Bx (s, a),
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where Y x (s, o) comes from the critical term and Fyx(1—s,a) equals FZX(I —
s, ) minus the critical term.

Now we are ready to let X — oo. It is not difficult to show that, as X — oo,
the sum on the right hand side of (4.17) tends to the corresponding sum in (3.3),
Ix(s,a) > 0and Rx(1—s,a) — R(1—s,a). Moreover, two technical lemmas,
see Lemmas 3.1 and 3.2 in [16], show that Hj, x(s,a) — Hy(s,a) and Hy(s, o)
satisfies the required bounds. Finally, the remaining two terms in (4.17) are
first rewritten in the form

k k

Sx(s,0) =Y ar(s,a) X9 and Sx(s,a) = Y ag(s,a) XU,
£=0 =0

and then shown to be equal by an inductive argument. Hence these terms
cancel in (4.17), thus concluding the proof of Theorem 5. O

4.3 - Outline of the proof of Theorem 8

A good deal of information about invariants comes from the transformation
formula for nonlinear twists, which we studied in [10], [11], [13], [14]. Indeed,
roughly speaking, the transformation formula gives different outputs if the same
nonlinear twist of a function F € S* is written in formally different ways, and
this phenomenon imposes constraints on the invariants. So we start the proof
of Theorem 8 with a fully explicit version of such transformation formula for
the following nonlinear twist

o

Fsi )= 3 e pm,a)), .0 =ntavi,
n=1

in the special case of normalized F € S* with d = 2 and ¢ = 1. This is done

in Lemma 4.2 of [17] and requires delicate computations. Since F'(s; f) coin-

cides with the standard twist F(s,«) thanks to the periodicity of the complex

exponential, the output of the transformation formula is an identity of type

M
(4.18) F(s,a) = Z Win(s,)F (s + %,a) + Hy(s, @),
m=0

where o € Spec(F'), M > 0 is any integer and H(s, ) is holomorphic for
o > —(M —1)/2. Moreover, the functions W, (s,«) with m > 1 are quite
complicated but explicit polynomials in the (s, a)-variables whose coefficients
involve, among others, the structural invariants dg(¢), while Wy(s,a) = 1.
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As a consequence, (4.18) shows that the sum of the terms from 1 to M is
holomorphic for ¢ > —(M — 1)/2. Thus, in particular, its residue at s = sy
(see (1.10)) vanishes. Recalling the polar structure of the standard twist, this
gives at once that

M
(4.19) Z Wi (sar, @) par—m(a) = 0.

m=1

But, thanks to Theorem 7, in the case at hand the residues pp/—,(a) have a
simple explicit expression, again involving the structural invariants. Therefore,
after a careful computation, from (4.19) we deduce that for any N > 2 the
structural invariants satisfy

(4.20) Qn (dr(0),...,dp(N)) =0,

where Qn(Xp,...,Xn) are certain quadratic forms independent of F'; see
Proposition 4.1 in [17]. This is the universal family of algebraic varieties al-
luded to in the last remark of Section 3. Since dr(0) = 1, (4.20) and the special
shape of these quadratic forms allow to express any dp(¢) with £ > 2 in terms
of dp(1), by an algorithm completely independent of F. Hence all dp(¢) are
determined by dr(1), and a further computation shows that

(4.21) ap(1) =xr — 5.

Moreover, dr(¢) € R for every ¢ in the case at hand.

The next step of the proof is the introduction of the virtual ~v-factors

(2m) 7 T'(s + p) with p > 0
(4.22) ~(s) = . o
w—sr<s +€2+ m)r(s +52 m) with ¢ € {0,1} and x > 0,

which clearly are the «-factors of the L-functions associated with the normalized
Hecke and Maass forms, respectively. Denoting the invariants related to such
~v-factors by means of the suffix v, a computation shows that

212
4.23 =
( ) Xy {_21%2.

Although not every virtual y-factor corresponds to an existing L-function, it
turns out that the invariants d,(¢) satisfy the same properties of the dp(¢).
Hence by (4.23) and the y-analog of (4.21) we have that the set {d,(1) :
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v virtual v-factor} coincides with R. Thus to any F we associate a unique
virtual y-factor such that d,(1) = dr(1), and hence by the above reported
properties we have that d,(¢) = dp(¢) for every £ > 0. In turn, this implies
that hp(s) = wphy(s). Thus, in view of (1.5), F' satisfies the functional equa-
tion

(4.24) Y($)F(s) = wpR(s)y(1 —s)F(1 —s), R(s) =

where ~ is the virtual ~-factor associated with F. Now we observe that if
R(s) = 1, then (4.24) becomes a functional equation of Hecke or Maass type,
thus Theorem 8 follows at once from the classical converse theorems of Hecke
and Maass.

The last step is therefore proving that R(s) = 1. This step is quite technical
and involves a non-standard use of certain period functions, in the sense of
Lewis-Zagier [18]. Indeed, given F' and its virtual y-factor, we consider the

Fourier series
oo

f(z) = Za(n)n)‘e(nz), z € H,

n=1

where A = p or A = ik according to (4.22), and its period function

U(2) = f(z) =2 P (=1/2).

Then we proceed to the analysis of the function f(z), involving the use the
properties of certain Mittag-Leffler functions and of the three-term functional
equation

() =+ D)+ e+ ) ()

satisfied by ¢(z). We refer to Sections 6 and 7 of [17] for the rather tricky and
delicate arguments leading to the conclusion of the proof. Here we only recall
that, assuming by contradiction R(s) # 1, the aim of such arguments is to
obtain the analytic continuation of f(z) to a region of type —dg < arg(z) < 7
with some §p > 0. But f(z) is periodic of period 1, so it is in fact an entire
function. On the other hand it is not difficult to prove that f(z) cannot be
entire, and this contradiction concludes the proof of Theorem 8. U

5 - Appendix: construction of the polynomials V¥,

We need the following lemma. Note that, notwithstanding a similar nota-
tion, the polynomials @) in the lemma are different from the quadratic forms
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in (4.20). We shall use the Pochhammer symbol (z)¢, defined by

1 if £ =0
(2)e = z+1).. . (z4+L0—1) if£>0.

Lemma. Leta andb be fizred and not simultaneously vanishing. Then for
every N > 1 there exist polynomials

R(X1,....X) (1<C<N)
and a polynomial
QN(Xl,...,XN,T) with degTQN(Xl,...,XN,T)SN—l,

such that
N N ¢
Z& _ (=) Re(Xq,...,Xp) n QAn(Xy,..., XN, T)

Py k =t (aT +b)g TN(aT +b)n

(5.1)

The polynomials Ry and Qn depend only on a and b and are uniquely deter-
mined.

Proof. We define the polynomials Ry, 1 < ¢ < N, and @y inductively.
For N=1 we set

Ri(Xy):=—aX; and @Q1(X1,7T):=0bX;.
Now suppose, for N > 2, that polynomials Ry(X1,...,Xy),1 </ < N —1, and
Qn_1(X1,...,XN_1,T) = En_1(X1,..., Xn_ )TN 24,  +E1(X1,..., Xn_1)
satisfying (5.1) are already defined. Then we put
Ry(X1,..., Xn) = ()N (" Xy + aBEn_1(X1,..., Xn-1))
and

QN(Xl, R ,XN,T) = QNfl(Xl, R 7XN717T)T(G/T+ b+ N — 1)
+ Xn(aT + b))y — (—DNRy(X1,..., XN)TV.

Then degy Qn(X1,...,XN,T) < N —1 and (5.1) holds. This shows the exis-
tence of Ry, 1 < /¢ < N, and Qu for all N > 1.
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To prove the uniqueness let us assume by contradiction that for a certain
N we have two representations of type (5.1), say

ixk )R (X, X)L QP (X, XN, T)

pa Tk — i (aT +b), TN@T +b)y

(5.2)

with 7 = 1,2. We may suppose that N is minimal with this property. Then
RMV(Xy,..., X)) = RO (Xy,..., X)) for 1 <0< N—1but RY(X1,..., Xn) #
Rg\?) (X1,...,XnN). Subtracting both sides of (5.2) we therefore obtain
Qg\lf)(Xla cee 7XN7T) - Q%)(le . 'aXNaT)
= (-1)NTN (RE@)(Xl,...,XN) —R%)(Xl,...,XN)>.
Thus
2 1 1 2
N = degr ((~DVTV(RY ~ BY)) = degr(QF - @)
< max(degy QY degr Q) < N — 1,

a contradiction proving the lemma. O

If we want to stress dependence on a and b we write
Ry(X1,...Xy) = Ry(X1,... Xy a,b).

Let now d > 0 and 6 be real parameters. For v > 1 we define the following
polynomials, depending on d and 6,

(5.3)
P,(X,Y1,....Yo11) =P, (X, Y1,...,Y41;d,0)

. 1 v s v+1
':21/(y—{—1)<(_1) X—;( i >Xk:+00(l/,d,c9)>,

2B, 5 1
co(v,d,0) = tlly(ds()) —d and s5= drl_ i0.

where

Moreover, for N > 1 let
VN(Xl,...,XN,Yl,...,YN+1) :VN<X1,...,XN,Yl,...,YN+1;d,0)

(5.4) =y %Z S Py (X0, Yase o Yo 41:d,0).

1<m<N .V121 vm2>1j=1
vi+...+vm=N
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With this notation we can finally define the polynomials Wy, £ > 0, setting
\IJO(YI) .— did9
and for £ > 1

55) Up( Xy, . X, V1,000 Y1) = V(X .o, X, Y, .00, Yo, d, 0)
= didaRE(‘/l(XlaYhYé)) .. '7W(X1> s 7Xfayiv s 7YV€+1))7

where the R,’s are as in the Lemma with parameters a = d and b = 1 — dsg,
whereas the polynomials Vi, 1 < k < ¢, are computed with parameters d and 6.
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