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Chapter 1

Introduction

1.1 History and Background

Over the past twenty years, my advisor, Jeffrey Hoffstein of Brown University, in collab-
oration with Daniel Bump, Solomon Friedberg, Dorian Goldfeld and others, has made a
careful study of objects we now refer to as “multiple Dirichlet series.” These are Dirichlet

series of the form
e} [ee]
m1=1 mg=1 My ey,

We often think of this object as a Dirichlet series in one of the variables m; whose coefficients
are Dirichlet series in several other variables. The first example of such a series was originally
investigated by C.L. Siegel in 1956 (cf. [25]). He notes that the Fourier coefficients of a
half-integral weight Eisenstein series are roughly quadratic L-functions L(s, xyq) where xq4
is the quadratic character associated to Q(\/&) Upon taking the Mellin transform of the
Fourier coefficients, he obtains a series of approximate form

ZL(&Xd)’ (1'1)

dw
d

and suggests that this series should be viewed as a function of two complex variables.

Somewhat more precisely, if dy is a square-free integer, we can associate a primitive
quadratic character of conductor dg. Then extend the definition of the L-series to all
integers d by writing d = dod? with dy square-free and define

L(s,xa) = L(s, xd,)P(s,d)

where the P(s,d) are Dirichlet polynomials which complete the primitive L-series in order
to preserve functional equations for L(s, x4) as s — 1—s. These polynomials are precisely
the additional arithmetic terms in the Fourier coefficients of Siegel’s Eisenstein series and
its Mellin transform yields the appropriate definition of (1.1).

Now properly defined, the above multiple Dirichlet series takes the form

Z(s,w) = i L(S’iw’@l) _ f: L(s, ngllP(s, d)’
d=1 d=1

where d = dod3. This series also obeys a rather surprising additional functional equation
when the order of summation in the series is reversed: Z(s,w) = Z(w, s). Some care does
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need to be taken over bad primes to formulate this precisely. We can now write down two
exact functional equations for the object Z(s,w). They are

(s,w) = (1—s,w+s—1/2) and (s,w)— (w,s)

These two transformations generate a finite group of functional equations isomorphic to
the dihedral group of order 12. Interestingly, we can take the above properties as axioms
and solve for the correction factors P(s,d). One can show that these conditions uniquely
determine the Dirichlet polynomials P(s,d). This is truly miraculous as the correction
factors seem to be satisfying so many desirable conditions at once.

Classical growth estimates for L-series give a region of absolute convergence for this
multiple Dirichlet series. Applying functional equations to Z (s, w) transforms this domain of
convergence into a new domain, which has a non-empty intersection with the original. This
provides an analytic continuation to the union of the original domain and its translates. The
resulting region of convergence has convex hull equal to the entire space C2, so by Hartog’s
theorem, we obtain a continuation to all of C2. The process of continuation described above
was first observed by Bump, Friedberg, and Hoffstein. This raises the natural question:
which multiple Dirichlet series admit such an analytic continuation to the entire complex
space?

In response to this question, generalizations of the above were done in [3] and [4].
There, the numerators are quadratic twists of L-series associated to automorphic forms
on GL(2) or GL(3). In particular, they observed that in these cases (i.e., GL(m) with
m = 1,2,3), the completed multiple Dirichlet series possesses a finite group of functional
equations which permit the continuation to all of C? and this set of functional equations
uniquely determines the form of the correction factor P(s,d). However, for m > 4, the
group of functional equations is infinite and the uniqueness principle is lost, corresponding
to an inability to analytically continue beyond a line of essential singularities.

These methods have a number of applications. Standard Tauberian techniques (cf. [12])
may be applied to these series to obtain information about the L-series in the numerator
at the center of the critical strip, which give distribution information about important
arithmetic quantities. Non-vanishing results for quadratic twists of L(1/2, f, x4) were also
obtained for f, an arbitrary automorphic form on GL(m) for m = 2, 3. In the cases m > 4,
the prospect of continuing other multiple Dirichlet series past this line of singularities leads
to conjectures about mean values of products of L-series and in particular, would imply
the moment conjectures of Conrey, Ghosh, Keating, and Snaith (cf. [7] and [5]). Lastly,
continuation in the GL(3) case gives a new proof of the holomorphy of the symmetric square
L-function of an automorphic form on GL(3), as it is the residue of this multiple Dirichlet
series at w = 1 (up to particular zeta factors).

This doctoral thesis addresses the analytic continuation of the multiple Dirichlet series

Z L(Sh Xdo)L(527 Xdo)P(Sh 52, d)

N (1.2)

d

where the sum is over a restricted set of algebraic integers d in K, a number field containing
the cubic roots of unity, and xg4, is a cubic character associated to the primitive (cube-free)
part dy of d. (The precise statement of the result is included in the next section.) The
major obstacle to continuation is the determination of the appropriate correction factor
P(s1,s92,d). This is complicated by the fact that such a numerator has not yet been realized
as the Fourier coefficient of a metaplectic Eisenstein series, so its determination rests solely



on an appropriately defined axiomatic approach. Moreover, these Dirichlet polynomials
don’t have a functional equation in the variables s;, as in the quadratic case. The functional
equations for the cubic L-series as s; — 1—s; for ¢ = 1,2 introduce a cubic Gauss sum
(whereas, for quadratic characters, the Gauss sum was just the positive root of the associated
conductor), so the transformed object is of an essentially different form. As such, the
determination of these factors P(s1, s2,d) requires all the information able to be gleaned
from the functional equations and previously known one-variable cases. This is achieved
in the thesis and the finite group of functional equations corresponding to this multiple
Dirichlet series is exhibited. Previous attempts to determine this correction factor had
proven too unwieldy to exhibit exact functional equations; the new methods of the thesis
greatly reduce such computations.

Many of the same applications carry over to this case. Using a Tauberian theorem, we
can obtain the first known asymptotics for the second moment of cubic L-series. Previously,
these had not even been conjectured. We include a proof of these mean-value estimates at
the end of the thesis. The same correction factors with variables specialized so that s; = s
can also be used to complete the multiple Dirichlet series whose numerator is a GL(2)
automorphic form twisted by a cubic character. Upon taking the residue at w = 1, we
obtain the symmetric cube L-function of a GL(2) automorphic form, and a new proof of
the holomorphy of this object can be derived from the analytic continuation of the multiple
Dirichlet series [1]. The first such proof was obtained by Shahidi and Kim [16] in 1999.

1.2 Statement of Results

The main result of the thesis is the following.

Theorem 1.1. Let K = Q(v/=3) with ring of integers O. Given an integer d € Ok,
write d = dyd3dy with dy and dy cube-free. Let Xq, = Xd,Xd, denote the product of cubic
residue characters with conductor dids. Let 11 and o be primitive cubic Hecke characters
of a fixed conductor N|9. Define the function

L(s1, Xdo®1) L (52, Xao¥1)12(d) P(s1, 52; d, 1)
Ndw

Z1(s1, S2, w1, ¢2) = Z

deOg
d=1(3)

where P(sy1,s2;d,11) is a certain finite, Eulerian Dirichlet polynomial in two variables si
and so depending only on the indicated quantities. Then, letting A(s) = (2m) T (s)Cx (s),
the function

def

Z7 (81, 82, w; b1, 19) = 4(2m) 75172 (s1)(s2)(w)A(Bw + 351 — 2)A (3w + 3s2 — 2)

A(3s1 4 3s2 + 6w — 5)A(6w + 651 + 6s2 — 8) Z1(s1, S2, w; Y1, 12)

has a meromorphic continuation to a region of C3 containing the point (1/2,1/2,1/2).
Moreover, the function Zy(s1, s2, w; 1,1) is analytic in this region except for the following
18 polar planes:

s1=1, s1=0, s14+2s9+2w—3=0, s1+25+2w—2=0,
so=1, s9=0, 2s1+s3+2w—-3=0, 2s1+s52+2w—-2=0,
w=1, w=0, 251+2s04+3w—3=0, 2s1+2s9+3w—4=0,



w+s1+52—5/3=0, w+s1+s2—4/3=0,
w4+ s —7/6=0, w+ s —5/6=0,
W+ so—7/6=0, w+ 59— 5/6 = 0.

The determination of both the Dirichlet polynomial P(s1, s2;d, 1) and the polar planes
are intimately related to the method of analytic continuation. The characters 1 and o are
used to correct the theory at bad primes (namely, those dividing 9 in Of). Then ignoring a
finite number of bad primes, the reader may safely assume that these characters are trivial
upon the first reading and still retain all of the important analytic number theory content.

1.3 Outline of Methods: The Square-Free Heuristic

We will take great care in formulating this result precisely over the following chapters.
In particular, Chapter 2 contains all of the important definitions of the objects under
consideration. Here, we sketch the basic outline of the argument, postponing all of the
technical details for the main body of the work. As such, we will neglect notating all
congruence conditions in our sums and refrain from writing down Gamma factors associated
to L-series with perfect functional equations.

The method of multiple Dirichlet series is used to accomplish the continuation. Roughly,
the method uses a group of functional equations among Dirichlet series to extend the region
of absolute convergence for these series. As a first step, we need to understand the collection
of possible functional equations.

Our initial object Z;(s1, s2,w;11,19) inherits functional equations from the L-series in
the numerator. These functional equations behave well for primitive characters xq,. In
particular, if we restrict our attention to square-free integers and make further simplifying
assumptions that our sums are over relatively prime integers and there are no bad primes,
then all functional equations should be as nice as possible and we should be able to get a
simplified view of the essential picture from them. We call this collection of assumptions,
and the simplified picture they provide, the “square-free heuristic.” We use this extensively
throughout the thesis to motivate our constructions. (Of course, most of the work will go
into eventually removing these assumptions.) Using the “square-free heuristic” where all
our simplifying assumptions hold, then Z; (s, s2, w) can be manipulated as follows.

L(s1, xaw1)L(s2, xa1)¢2(d)
Z Ndvw -

d

L(1 — s1, xa¥1)L(1 — s, xath1)¥2(d)Nd'~*17*2G5(1, d)
Ndw

(m)Xa(n)1(n)2(d)G3(1, d)

Nmsan52Ndw+51+s2 1

Go(L, d)Xa(mn) i1 (m)e (n)y2(d)

NmstNps2 Nqw+si1+s2—1

Gﬁ(mznza d) Py (m)y (n)a(d)

Nm1—51 an—sgNdw—i—sl-‘rsz—l

(by Davenport-Hasse relation) =

I
SM iM aY.

m,n,d

def —
= Zo(1 —s1,1 —s9,w + 51+ 52 — 139, 109)



where G,,(m,d) denotes the normalized n'* order Gauss sum:

=5 (5) ()

We have decided to call this new series Zg according to the sixth order Gauss sum. Removing
the characters v; for clarity of notation, we may write

GG <m2n27 d)

Zolst,920) = 2 NyparNowaNd»

m,n,

Reversing the order of summation so that the inner sum is over integers d, then for fixed
m and n, the inner sum is seen to be the (m?n?)" Fourier coefficient of a metaplectic
Eisenstein series defined on the six-fold cover of an appropriate subgroup of GL(2) (cf. [18]
or [13] for a detailed survey of metaplectic Eisenstein series). Owing to the automorphy of
the Eisenstein series, the inner sum inherits a functional equation whose properties were
detailed by Kazhdan and Patterson in [17]. Applying this in the case of sixth order series,

Z G6(dn$ ) def Dg(w;m) = Dg(1 — w; m)Nm!/2~v
d

so we expect a functional equation for Zg into itself of form
Z6(81, SQ,w) = 26(81 4+ 2w —1,504+2w—1,1— w).

Additionally, we can interchange the order of summation in the original object Z; and
we have, under the square-free heuristic, that

ZL(Sl,del)L(S%del)%(d) _ Xa(mn)1(m)r(n)va(d)

a N dmmn NdwNms1Nns2
mn d
(by cubic recip.) = Z X NdwNm):f};\](ns)fQ( )
d,m,n
L mn
(summing over d) = (w, x " Tinbil);é; (5727%)1/11 (n)

m,n

From this altered form, we see that Zi(s1,s2,w;1,12) has an additional functional
equation as w — 1 — w. Performing this, we roughly obtain

Z L(w, Xmnt2)¢1(m)¢hr(n) Z L(1 — w, Xmn¥2)N(mn) 270G (1, mn)py (m)ihr (n)

Nms1Nns2 Nms1Nns2
m,n m,n

- ¥ Gs(d, mn)ih1 (m)r(n)¢y(d)

Nmw+s1—1/2Npw+s2—1/2Ngl-w

m,n,d

C Zy(w+ 51— 1/2,w+ 59— 1/2,1 — w; oy, o)

The resulting function is labeled Z3 according to the cubic Gauss sum in the numerator.



Again dismissing the additional characters v; for the moment, we may rewrite Z3 as

_ Gs(d, mn)
Zalorson®) = D RN
L. . . G3(d7M)051—52(M)
(rriting M =mn) = C%:/[ Nd¥NM st
M’:mn
N xaM)G(L Moy (N2
(more symmetrically) = C%\:/[ S
M=mn

where o (M) is the usual divisor function ), n¥. Recall that the cubic theta function,
realized as a residue of a metaplectic Eisenstein series on the three-fold cover of GL(2) (cf.
[23]), has as its m'" Fourier coefficient

7(m) = {G(l,ml)m;/Q if m= mlmé, mq square-free

0 otherwise.

Then substituting this back into the series Z3(s1, s2, w) using the square-free heuristic, we
obtain

)051—52 (M)NM(&*SQ)/Q
NM (s1+s2)/2

Z3(s1, 89, W) = Z Xa(M)T(M
d,M

M=mn
which can be regarded as the twisted Rankin-Selberg convolution of a cubic theta function
and an ordinary (non-metaplectic) Eisenstein series F(z, (s1 — s2 + 1)/2) (recalling that
the Fourier coefficients of Eisenstein series are just divisor sums). As such, we expect a
functional equation for Z3 into itself of form

Z3(31,52,w) = Z3(1 — 81,1 — so,w+ 251 + 259 — 2)

since the convolution of two GL(2) automorphic forms is a GL(4) automorphic form so we
have the resulting shift in the w variable.

The set of these transformations just discussed can be summarized in the following
diagram:

(1—s1,1—s2,w+s1+s2—1)

Z1(s1, 52, w)

Z1(s1, 52, w)

Z6(s1, 82, w) ) (s1+2w—1,55+2w—1,1-w)

interchange

NG

(s1+w—1/2,s0+w—1/2,1—w)

Z3(81a 527w)‘) (1—s1,1—s2,w+251+252—2)

These transformations are both involutions and so we may read two equalities from each
arrow of the diagram. For example, the top arrow gives both Z;(s1, s2,w) = Zg(1 — s1,1 —
s, w + 81+ 82 — 1) and Zg(s1, s2,w) = Z1(1 — 81,1 — s9,w + 51 + 59 — 1).

The eventual goal is to use these functional equations to obtain an analytic continu-
ation. We can determine regions of absolute convergence for each of these objects in the
diagram using classical estimates. Then the functional equations transform these regions
of convergence for Z3 and Zg into regions of convergence for Z;. The collection of these



transformed regions not only have non-empty intersection, but also have a convex hull equal
to all of C3. By the convexity principle for analytic functions of several complex variables,
this is enough to show that our function Z; (and in fact Z3 and Zg as well) is meromorphic
over all of C3. Further, we know enough about the naturally occurring poles of each of the
objects Z1, Z3, and Zg so that we can keep track of poles by applying these same functional
equations to the equations of the polar planes coming from each object. This is how we
arrive at the list of polar planes in the statement of the theorem.

The major obstacle to implementing the above strategy is the lack of exact functional
equations. We have relied heavily on the assumptions of the square-free heuristic in all of
the above arguments. For example, we would like our sum for Z; to be defined over all
integers d, but the L-series transform according to the conductor of the character y, which
must be a cube-free integer. In interchanging the order of summation above, reciprocity led
to perfect objects only after assuming that all integers were relatively prime and dismissing
necessary congruence conditions. It is the Dirichlet polynomials added to our object which
turn our rough outline of transformations into bona fide functional equations. In fact, the
coeflicients of these correction polynomials are determined by requiring that such functional
equations and interchanging summation are exact. We will spend great effort in detailing
this process in the following pages. Upon completion, we will find that the exact objects
take form:

L(s1,Xdy%1) L (82, Xdo®1)%2(d) P(s1, s2;d, 1)
Ndw

Z1(s1, 82, w;1P1,92) = Z

d
where the correction factor P begins

P(sy,s0:d,91) = ] [1= xao (0) (@1 (P)Np™" + 1. (p)Np~*2) + x> (p)¥7 (p)Np~*1 %2 + - -
p°||ds

Similarly, turning to the other form of the object Z; after interchange of summation. We
will write the product mn = mn,, mg where mn denotes the cube-free part of the product.

Then
L(w, Xmn, ¥2)1(m)1(n)Q(w;m, n, )
Nms#1Nns2

Z1(81, 82, w; 1, 19) = z

m,n

where the correction factor () begins
Q('LU7 m,n, ¢2) = H [1 - XMO (p),l/@(p)Npiw + Np273w + (53(771, n)Np3*3w + -
pP|lmng
co o bp(myn)Np TR ]
and (writing (m,n) < (a,b) if either m < a or n < b),
2 if (m,n) > (3,3)
d3(m,n) =<1 if (2,3) < (m,n) < (3,3) or (3,2) < (m,n) < (3,3)
0 otherwise

The existence of this d3 function in the above expression already attests to the combinatorial
complexity of these correction polynomials. We give these explicit first terms to orient the
reader to our set-up. However, we will not be able to give a closed expression for their form.
Instead we resort to other methods that will be described at the end of the introduction.



1.4 Additional Functional Equations and the Determination
of Polar Planes

Because 77, using either order of summation, contains L-series in the numerator with
arguments s; and so or w, then it has poles whenever any of these arguments take the
value 1. Now we need to determine all of the functional equations of Z; into itself. If we
reflect these polar planes at s; = 1 and w = 1 according to these transformations, then
we will determine all the poles associated to the L-series in the numerator. Recall that we
presented the diagram earlier:

(1—s1,1—s2,w+s1+s2—1)

)

Z1(s1, 82, w)

Zl(slu SQ)w)

ZG(Sl, Sg,w) ) (s1+2w—1,s24+2w—1,1—w)

interchange

) C

(s1+w—1/2,50+w—1/2,1—w)

Zg(Sl, S9, w) V—/ (1—s1,1—s2,w+2s14+252—2)

But Zg contains a sixth order Gauss sum in the numerator, so its cube-free part is
essentially the Dirichlet series associated to an Eisenstein series on the 6-fold cover of
GL(2). That is, the numerator took the form G(m?n?, d). Thus according to the Selberg
theory, as a sum over integers d, it has a functional equation as w — 1 — w and poles at
w = 1/2+ 1/6. Similarly, Z3 contains a cubic Gauss sum in the numerator and its cube-
free part is essentially the Mellin transform of a Rankin-Selberg convolution of a twisted
cubic theta function and a non-metaplectic Eisenstein series E(z,(s1 — s2 + 1)/2). As
mentioned previously, this object has a GL(4) functional equation as s; — 1 — s; so that
w — w~+ 281 + 289 — 2 and poles at 2s; — 1/2 = 1/2 + 1/3 according to the usual Fourier
analysis which transforms the argument of the Eisenstein series. We will address these
functional equations in detail later, but for now, we’d like to just list them and show how
they lead to poles. In total, our functional equations are (up to natural zeta factors to be
discussed later and up to finite correction polynomials which do not affect convergence):

A: Zy(s1,82,w) = Zg(l — 51,1 — so,w+ 81 + 52 — 1),
B : Zg(s1, 82, w) = Zg(s1 + 2w — 1,89 + 2w — 1,1 — w),
C: Zi(s1,s2,w) = Z3(s1 +w—1/2,s0 +w—1/2,1 —w),
D : Z5(s1, 82, w) = Z3(1 — s1,1 — sg,w + 251 + 259 — 2).
Each of these transformations is an involution. This implies that the total collection of func-

tional equations of Z; into itself is described by the set of transformations { ABA, ABACDC,
ABACDCABA,...} and {CDC,CDCABA,CDCABACDC,...}. This produces the fol-

lowing list of functional equations from Z; into Z;.

(81,82, w) — (81 + 282 + 2w — 2,251 + s9 + 2w — 2, =251 — 259 — 3w + 4)
(s1,82,w) — (1 — 51,1 — 89,1 —w)
(s1,82,w) — (3 — 51 — 2890 — 2w, 3 — 251 — s9 — 2w, —3 + 251 + 252 + 3w)

Applying this set of functional equations to the polar planes s; = 1 and w = 1 (the poles
associated to Zj in its original form with L-series in the numerator) produces the first twelve
poles in our list in theorem 1. That is, we obtain the polar planes

s1=1, s1=0, s14+2s9+2w—-3=0, s1+25+2w—2=0,
So=1, s0=0, 2s14+s9+2w—3=0, 2s1+s24+2w—2=0,
w=1, w=0, 2s1+2s+3w—-3=0, 251+ 2s0+3w—4=0,



We can similarly generate all of the functional equations of Zg. They are given by the
sets of transformations {B, BACDCA,...} and {ACDCA, ACDCAB,...}. This yields
transformations which all take w — 1 — w. Zg now has both the original polar plane
w = 2/3 and 1 —w = 2/3. These polar planes translate to polar planes of Z; via the
involution A taking w — w + s1 + so — 1, producing the pair of planes:

w+$1+s2—5/3=0, w+s1+s2—4/3=0.

Lastly, Z3 functional equations into itself are given by the sets {C,CDABAD,...} and
{DABAD,DABADC,...} and all take s; — 1 — s;. Then the polar planes are given by
s; = 2/3 and 1 — s; = 2/3 and translated to Z; by the involution C taking s; — 1 — s;.
This produces the final four planes in our original list in Theorem 1. That is, we obtain the
polar planes:

w+s —7/6=0, w+s —5/6=0,

w+sy—7/6=0, w+s9—5/6=0.

1.5 Mean-Value Estimates for Cubic L-Series

We want to determine the second moment of cubic L-series at the center of the critical strip.
To do this, we can set s; = s = 1/2 and then determine the number of polar planes of
Z1(s1, s2,w; 1,1) which contain a point of form (1/2,1/2,w). The values of w which occur
from these distinct planes will determine the asymptotic behavior of the second moment
according to standard Tauberian techniques. Revisiting the list of polar planes listed in
Theorem 1, the planes s; = 0,s1 = 1,s9 = 0, and s2 = 1 are the only planes which do not
include such a point (1/2,1/2,w). This leaves 14 remaining planes and one can check that
they have w values

{1,3/4 (2 times), 2/3 (4 times),1/3 (4 times), 1/4 (2 times),0}

Values of w which occur more than once indicate the possibility of a non-simple pole at
(1/2,1/2,w). According to a Tauberian theorem (i.e., the method of contour integration
using an appropriate smoothing function), this can increase the associated growth term at
X Be(w) by a factor of log(x)*~! where k is the multiplicity of the polar contribution at w.
Hence, using a sieving argument similar to that of Diaconu, Goldfeld, and Hoffstein in [7],
one can obtain estimates of the following form:

Theorem 1.2. For d corresponding to primitive cubic character xq,,

> (L(1/2,Xa)* P(1/2,1/2,d)e N X = ) X 4 X% 4 3 X*PF(log X)) + O(X'/?*)
ja|<X

where ¢y, ca, and c3 are explicit constants, with ¢y and co non-zero and F' is a polynomial
with deg(F') < 3.

Note that while the value (1/2,1/2,3/4) occurs with multiplicity two in the above list
of planes containing poles at (1/2,1/2,w), the residue at w = 3/4 of our object does
not contain a singularity, so the pole is in fact simple. We also remark that since the
continuation of our initial object was proved for any characters 1;, not just the trivial ones,
we may recompute the poles of the initial object and transform them according to functional
equations to form a different collection of polar planes. Then repeating the above procedure
produces asymptotics for L(1/2, xq1)? for some fixed character 1.
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1.6 QOutline of Method for Determining the Correction Fac-
tor

As discussed earlier, we begin by determining all the natural functional equations of our
initial object,

_ L(SlaXdo)L(827Xdo)P(81752vd) o L(U)vaO)Q(ZU,m,n)
Z1 (517 52, w) = Z Ndw - Z NmstNns2 ’

d m,n

(1.3)

Note that the original object comes in two forms according to the order in which summation
is performed and inherits natural functional equations from the L-series which occur in the
numerator of each. Note that there are even series arising from transforming just one of the
L-series according to the functional equation in either s; or so. The resulting series will be
given the names

Z4(81,82,w) d:ef Zl(l — 81,82, W+ S1 — 1/2)

and .
Zs(s1, 52, w) & Zi(s1,1 — sg,w+ 89— 1/2),

respectively. They have similar square-free heuristics which lead to additional functional
equations. We have refrained from mentioning them up to this point because their functional
equations are not essential to the continuation.

While the picture we outlined earlier works beautifully under the assumptions of the
square-free heuristic, it is unclear how we might go about solving for correction factors
P and @ to make these functional equations exact for series summed over all integers.
However, the series Z3 and Zg obtained using the square-free heuristic and defined by

GS (d7 mn) GG (m2n2a d)

Zalsnsnw) = D gmmengs 4 Zlnene) = Y g
m,n, m,n,
sq. free sq. free

have very natural generalizations to sums over all integers (taking the sums to be unre-
stricted over integers). This presents a tantalizingly simple and elegant possible solution.
We can begin with the series Zg summed over all integers and determine the correction
factor P(s1, s2,d) according to the transformation

Zl(sl,SQ,w) = Zﬁ(l — 81,1 — 80, w0+ 51+ 59 — 1).

Note that such a definition immediately gets us half of the functional equations we need since
we automatically get the additional functional equation for Zg into itself. Moreover, such
an approach can be shown to work in the slightly simpler case of a two variable Dirichlet
series whose numerator consists of a single cubic Dirichlet L-series. Unfortunately, the
correction factor determined by this definition does not behave well under interchange;
the polynomial Q(w;m,n) it determines does not satisfy the required properties so that it
inherits additional functional equations.

However, we can make more modest gains by reducing from the three-variable situation
to series containing two variables by taking limits as variables go to infinity. In Chapter 3,
we use these two-variable series to solve for a certain subset of coefficients of the correction
factors P and (). Chapter 4 contains a detailed discussion of the restrictions forced on P
and @ by the interchange equality (1.3).
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In Chapter 5, we show that a natural definition exists for the series Z4(s1, s2, w) exists
by building up from two-variable series. The definition we arrive at is similar enough to the
square-free heuristics to guarantee the predicted additional functional equation of Z4 into
itself and also defines the correction factor P(si,s2,d) via the involution Z(s1, s2,w) =
Z4(1 — s1,82,w + s1 — 1/2) with the appropriate properties to guarantee a well-behaved
interchange for Z;.

In Chapter 6, we show how this definition begets the additional anticipated functional
equations for Z, and Zg, and an asymmetric functional equation for Zs . The first, as
we just mentioned, is almost automatic while the latter two will take considerable work.
We then determine regions of absolute convergence for these series and finish the analytic
continuation by mapping these regions according to our functional equations.

We conclude in Chapter 7 by describing one way in which we can apply this result
to mean-value estimates using a Tauberian theorem by methods sketched earlier in the
introduction.



Chapter 2

Algebraic Preliminaries and
Definitions

2.1 Cubic Reciprocity and Gauss Sums

We begin by recalling some basic constructions of algebraic number theory which provide
the appropriate setting to define cubic characters. Let K = Q(y/—3) with ring of integers
Ok = Z|w] where w = %\/g is a primitive cubic root of unity. Recall that if a is an ideal
of Ok relatively prime to (3), then there is a unique generator a = 1 (3) such that a can

be decomposed as a product of “primary” primes (i.e. primes congruent to 1 mod 3).
Given any integer r and primary prime p in Ok, let (%)3 denote the cubic residue

symbol in Ok.

Theorem 2.1 (Cubic Reciprocity). If p1 and py are primary in O with Npy, Npy # 3,

and Npj # Npo, then
P2 def def [ P1
(2) ) = 0t 2 (2)
pP1/3 P2/ 3

This result can be extended multiplicatively to all pairs of integers r,d such that r,d =
1 (3). One can further check that 3 = —w?(1 — w)? and Ok has a group of units O with
six elements {+1, +w, +w?}. By definition, we have x,(1) = xp(—1) = 1 since (—1)% = —1.
Hence, the following result completely determines the character x4 for d =1 (3).

Theorem 2.2 (Supplement to Cubic Reciprocity). Suppose that p is a primary prime.
Then

1 fNp=1(9)
Xpw) =qw if Np=4(9)
w? ifNp=7(9)

-1 .
pT ifpeQ

1—w)=wm where m =
(=) {agl if p=a+bo

For a proof of these results, we refer the reader to section 9.3 of Ireland and Rosen’s
book [15]. Note that their discussion defines a primary prime to be congruent to 2 mod 3
for historical reasons. Their Proposition 9.3.5 shows that our definition is equivalent.

12
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Definition 2.1. For m,d integers in Og with (d,3) = 1, define the cubic Gauss sum

g(m,d) by . -
QW“”ZE%QDf(d)

r(d
where, for z € C, e(z) = exp(2mi(z + Z)) denotes the usual additive character.
Gauss sums will play an important role in the following chapters. As our essential

method is the interchanging of the order of summation, we will often decompose and re-
compose such sums. In particular, we will make extensive use of the following proposition.

Proposition 2.3. Given integers m and d in Ok, the cubic Gauss sum g(m,d) possesses
the following properties.

my

o g(mlmg,d) = <7)3g(m2,d) Zf (ml,mg) =1.

e g(m,didy) = (ZZ)

o For any o, > 0,

(Z;) g(m,dl)g(m,dg) Zf (dl,dQ) =1.
3 3

) ifa>3,8=0(3)
—Npf-1 ifa=0-1,6=0(3)
)= 4N lg(Lp) fa=3-1,8=1(3)
Np"tg(1,p) ifa=0-1,8=2(3)
0 otherwise,

g(p*,p

where g(1,p) = g(Xp), the usual cubic Gauss sum with character xp

Proof. The first is immediate. The second follows from a Chinese Remainder Theorem
argument. The third, also elementary, can be determined by a slight generalization of the
discussion in Chapter 2 of Davenport [6]. [

We will find it convenient to work with a slightly adjusted Gauss sum from the one
defined above.

Definition 2.2. The normalized cubic Gauss sum G(m,d) is defined by

G(m,d) = \/1N7dg(m, d)

so that, in particular, |G(1,p)| = 1.

Note that Proposition 3 allows us to take any Gauss sum g(m,d) and compute its value
up to a unit G(1,dp) = G(x4,). The distribution of these values was originally wrongly
conjectured by Kummer and has a long history (see the “Notes” section of Chapter 9
in [15]). A precise expression for G(xg,) is now known (cf. [21]), though it will not be
important for us here.

Throughout the following chapters, an unindexed Gauss sum will contain a cubic char-
acter, though we will sometimes write g3(m,d) or G3(m,d) to emphasize this. We will also
have occasion to study the sixth-order Gauss sum gg(m, d), which is similarly defined as

in =3 (5,0 () e (5), (), (),

T
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The Hasse-Davenport Relates these Gauss sums of various residue characters of different
order.

Proposition 2.4 (Special Case of the Davenport-Hasse Relation). Given an integer
d=1(3), let G3(1,d) and G¢(1,d) denote cubic and sizth-order normalized Gauss sums,
respectively. Then

Go(1,d) = XV (2)2G3(1, d)?

where Xgl?’) denotes the cubic residue symbol with modulus d.

Proof. We refer the reader to p. 61 of Lang’s book [20] for a proof in full generality. To
obtain the above, we use an alternate formulation given in [8]. The relation we need is given
in the paper by (%) with their 7(y) and 7(¢) defined in our notation by G3(1,d) with cubic

residue character X&S) and G(1,d) with quadratic residue character Xf) O

2.2 Defining Cubic Triple Dirichlet Series

We can now state the definitions of the basic multiple Dirichlet series to be studied in
the subsequent chapters. Because the objects we consider are simultaneously packaging
so much information, we will make several approximations to our ultimate Dirichlet series
before offering a precise definition.

Definition 2.3. Let d = 1 (3) be an integer in O such that (d,6) = 1. Writing d = d1d3d3

. . .. d
with did3 cube-free, we can associate to d the primitive character X4, Xd, Ly Xdo- Further,
define the cubic L-series associated to d by

Le(s, Xdo) = X{i??g? = II [ — Xao (P)Np ] .

m=1 (3) P primary
(m,6)=1 6

As we have seen in the last section, cubic reciprocity is properly formulated for pairs
of integers m,d with m and d composed of primary primes. Then we can apply cubic
reciprocity to characters occurring in the following restricted sum over integers:

L L
Z(Sl,SQ,’LU) _ Z 6(81,Xd§1)df(82,><d0)
deOg
d=1 (3)
(d,6)=1

We will refer to this and all other similar series as “multiple” Dirichlet series owing to their
dependence on several complex variables. All such Dirichlet series in this thesis should be
summed over integers subject to the above three conditions, though for notational clarity
we may sometimes omit several of the conditions. The condition that (d,3) = 1 is clear from
cubic reciprocity. The condition that (d,2) = 1 results from considerations associated to
the Davenport-Hasse relation. These will be alluded to in the next section and considered
formally in Chapter 6.

While reciprocity works well on such a series, we pay a price for the restricted sums
when trying to write down the functional equation for the imprimitive L-series Lg(s, Xd,)-
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That is, we must reinsert missing Euler factors to obtain a perfect functional equation. Let
L*(s,x) = (2m)~°T'(s)L(s, x) where I'(s) denotes the usual Gamma function. Then we have

Lé(s,Xdo) = L7(85Xdo) (1 = Xdp (1 = w)37%) (1 — xgp(—2)477)
= L*(1—5,Xa))G(1,d1)G(1,dp) -
(1= xap (1= @)37*)(1 = Xap (—2)47°)(dudp) /> ~*
= L1 = $,Xdo)G(1,d1)G (1, d2)(1 = Xdo (1 — w)37*) (1 — xg (—2)47%) -
(1= g (1= )3 0911y (—2)a-(=9) 71 (g; dy) /25

where x4, (1 —w) is defined according to the supplement to the law of cubic reciprocity. The
above can also be re-expressed in the form

L (5. Xdo ) (1 = Xao (1 — @)37) 71 (1 = xq (—2)47%) = Li(1 — 5, Xa,)G (1, d1)G(1, da) -
(1= R (1= w)3™ N 711 — gy (—2)47 79N (dydp) /22

But
(1 —xq,(1— (,u)?)_s)_1 = 1+ x4,(1 —w)37°+ X30(1 - w)3_28 + Xgo(l — cu)3_3S +
1 _ _
= T3 (L Xao (1= w)377 4G, (1 = w)37]

since Xgo(l —w) = 1. We can do a similar rewriting for the Euler factor (1 — yg,(—2)47%)7L.
This suggests that the natural objects to begin with are finite linear combinations of L-series
with Euler factor at 3 removed together with cubic characters as above.

Let

@ (122 = xali-0) va@ () = a2

According to the supplement to cubic reciprocity, 1., can be extended to a cubic character
in (Ok/9)*. We will write ¥’ to denote the finite group of characters generated by the
following set

= (V1w Y_2).
Then given ¢ € ¥/, we want to study the adjusted multiple Dirichlet series

Le(s1, Xdo)Le(s2, Xdy)¥(d)
! —
Z' (81,82, w) = Z . N .
deOg
d=1 (3)
(d,6)=1

Using this new notation, we may write the functional equation for each of the L-series in
the numerator as

LZ(Saxdo) = Z C(va)Lg(l - 37Xdo)G(lvdl)G(lvdQ)w(d)(dldQ)l/Qis

pew’
(1 _ 373(173))71(1 o 473(173))71

where the ¢(s,1) are constants depending on the indicated quantities with ¢(s, ) << 1
on compact sets. We now make use of the reciprocity we have so carefully preserved for
Z'(s1, 82, w). Assume, for the following calculation, that our sums are taken over a collection
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of relatively prime, square-free integers so that reciprocity works perfectly for all pairs of
integers. Then

L3(s1,xa)L3(52, xa)¥(d)

Z/((Sl’ 527 ’LU) = Z "
deOk Nd
d=1 (3)
(d,6)=1
_ Xalmn)y(d)
Nd¥Nmst Nns2
dmneQg
d,mn=1 (3)
(dmn,6)=1
Xmn (d)¥(d) . .
dﬂﬂ%e:OK NdwNmsan‘SQ using cubiC reciprocity
d,mn=1 (3)
(dmn,6)=1
. Ls(w, xmn¥)
m,neOk Nm#1Nn2
m,n=1 (3)
(mn,6)=1

Now that we have interchanged the order of summation, we see that Z’(s1, s2, w) should
possess a functional equation as w +— 1 —w. Just as we saw with the functional equation in
s;, we will need to add characters from ¥’. Moreover, to make the preceding set of equalities
true over all integers, we add certain finite Dirichlet polynomials (or “correction factors” as
we will often call them) to our series. The nature of these Dirichlet polynomials will occupy
most of the discussion in what remains, so we postpone a rigorous explanation until the
next chapter.

With these considerations, our first fundamental multiple Dirichlet series is defined as
follows.

Definition 2.4. Let v and o be cubic characters with fized conductor N. Then a cubic
triple Dirichlet series Z1(s1,s2,w) is a series of the form

Zl(Sl,SQ,’U)) = Z L3(517Xd¢1)L3(327§§:U/]1)1/}2(d)P(SL52§d)
deOk
d=1 (3)
(d,N)=1
- ¥ L3(w, Xmnt2)¥1(m) 1 (n)Q(w; m, n)

Nms1Nns2

mne0k
m,n=1 (3)
(mn,N)=1

for finite Dirichlet polynomials P and Q) depending on the indicated variables and parame-
ters, resp., as well as the choice of ;.
2.3 Fourier Coefficients of Metaplectic Eisenstein Series

We have one final object to define. As presented in the introduction and revisited in the
next chapter more formally, the functional equations s; — 1 — s; lead to Dirichlet series of
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essential form

G(minj7d) 1 G(minj, d) o
= f 1,2}, 2.1
2 NoiNnoiNGw ~ 2= Novilie zd: Nd ori,j €{1,2} (2.1)

m,n, )

The inner sum is realized as the Fourier coefficient (of index m‘n/) of a metaplectic Eisen-
stein series (cf. [13]). The important consequence for us is that the above multiple Dirichlet
series, as the Fourier coefficient of an automorphic form, inherits an additional functional
equation as w +— 1 —w. This has been studied in [23] and [17]. According to the law of cubic
reciprocity, this twisted Eisenstein series is properly defined on the triple cover of I'(3), the
principal congruence subgroup of SLo(Z) consisting of matrices congruent to the identity
matrix mod 3. The complex upper half-plane H modulo the usual action of I'(3) by linear
fractional transformations can be regarded as a compact Riemann surface after adding a
finite number of points called “cusps” (to evoke the singular behavior of the surface there).
Fach cusp has an associated Eisenstein series and the collection of series are essentially
translates of each other by fractional linear transformations. Functional equations for these
Eisenstein series permute the associated cusps and this behavior is similarly reflected in
their Fourier coefficients. (For a careful presentation, see [18].)

For our purposes, we only need to use the resulting form of the functional equation for
the inner sum of (2.1) to a set of translates of similar series. This functional equation from
[23] is translated to our situation in Section 2 of [11] and will be discussed precisely in our
Chapter 5. Borrowing the notation of [11], the translated Fourier coefficients now take the
following form.

Definition 2.5.

iy de G(pumin?,d

D(w, um'n’) :fCK(3w—1/2) Z dew)
deOg
d=1 (3)
(d,6)=1

where = p(v) = w*(1—w)® according to the parametrized list of primitive cubic characters
whose conductor is divisible by (1 — w) given by

P(d) = (u)a(ldw)b) = xa(w*(1 — w)b) with a € {0,1,2} and b € {0,3,4}

The fact that these characters 1, listed for certain a and b, give a complete list follows from
a simple exercise using [15]. The zeta function in the above definition has been introduced
to cancel poles of the Dirichlet series. At times we will add a subscript to D(w, um*n?) to
emphasize the associated functional equations from Z;(s1, s2, w); this will be clear from the
context.

In addition, functional equations performed simultaneously in s; and so, together with
the Davenport-Hasse relation, lead to Dirichlet series of the following similar form.

Definition 2.6.

22d
De(wymn): (6w — 2) Glym®n?, d)
deO

SN

d=1
(d,6)

)
1
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where v = v(y) = w*(1 — w)?(=2)¢ according to the parametrized list of primitive cubic
characters whose conductor divides by 18 given by

o(d) = <°’a(1 - ‘;)b(_2)6> (@ (1 = )% (=2))  with a,c € {0,1,2} and b € {0,3,4)

Finally, we need to add these additional characters to the generating set of our finite
group of characters W',

Definition 2.7.

U=0'U{¢ | p) =w*(1l-w)’ ac{0,1,2},be{0,3,4}} U
0 | v(¥) = w1 —w)b(=2)% a,c € {0,1,2},b € {0,3,4}}

It is this set W that we take to be our finite set of characters from which we choose 1
and 15 in our definition of Z;(s1, s2,w). As we will see in later chapters, this will guarantee
that linear combinations of such series taken over all possible choices of characters will be
mapped by functional equations to other linear combinations taken over all such choices.



Chapter 3

Taking Limits of Dirichlet Series

3.1 A Naive Conjecture

Our eventual goal is an analytic continuation for the multiple Dirichlet series Z;(s1, s2, w)
which comes in two guises according to the order in which the summation is performed.
For cubic characters 11, 11,19 as defined in the previous chapter, the two forms are

Lg(s1, Lg(s2, d)P(s1,s2,d
Z1(s1, 82, w5 1,91, ¢%2) = Z 651, xap Y1) Lo 2&(25#1)%() (5, 52,d) (3.1)

deOg

d=1 (3)

(d,6)=1
. Le(w, Xmn, ¥2)¥1(m)1(n)Q(w, m, n) (3.2)
N Nms1Nns2 ’

mneO0k

m,n=1 (3)

(mn,6)=1

where d = did3d3 with x4, = Xd, Xdy» ™0 = mnymn3mn3 with Xmn, = Xmn, Xmn,, and
P(s1,s92,d) and Q(w, m,n) are finite Eulerian Dirichlet polynomials. The dependence of the
correction factors on the choice of the 1; has been suppressed in the notation. Heuristically,
the 1; may be completely ignored as they have been introduced in order to adjust the
reciprocity characters x at bad primes and provide no additional difficulty in the method
we will introduce.

As outlined in the introduction, we will obtain the analytic continuation for Z;(s1, s2, w)
by proving the existence of enough functional equations between Z; and other Dirichlet
series in three variables whose analytic behavior is known to us. We want to show that
Dirichlet polynomials can be introduced as weighting factors in the series Z; in order to make
our conjectural functional equations exact. The Dirichlet polynomials are natural choice
for two reasons. First, they are the simplest possible fix to our problem; the finiteness
condition implies that they do not influence the convergence of the series and the Euler
product preserves the multiplicativity of the numerator of Z; in both incarnations. But
more importantly, simpler two variable series which are similar to (3.1) arise naturally as
the Fourier coefficients of metaplectic Eisenstein series (cf. [13]).

In Sections 1.3 and 1.6, we noted that there should be natural functional equations from
the series Z(s1, s2, w) to other Dirichlet series using the functional equations of the L-series

19
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in the numerator. Under the square-free heuristic, we found that

def sq.:free an<d)G(1, mn)

Zi(s1+w—1/2,s0+w—1/2,1 —w) = Z3(s1, 59, W) , (3.3)
o Nms1Nns2Ndw
def sq. free G(mn2, d)
Z1(1 — 51,82, w+ 51— 1/2) = Zy(s1,82,w) = Z —_— (3.4)
o Nms1Nns2Nd¥
def f G(m?n,d
Zrlor 1= smwt 52— 1/2) ™ Zo(on, ) 2 3 LMD g
m,n,
def sq. free Gg (’I’)’LGz, d)
21(1—81,1—82,w+81+52—1) = Z6(81,52,ZU) = Z —_—. (36)
o Nms1Nns2Ndw

As we noted before, each of these series on the right-hand side have natural generaliza-
tions to series taken over all integers m, n,d which suggest additional functional equations
of all four Dirichlet series Z3, Zy, Z5, and Zg into themselves. Moreover, (3.3), (3.6), and
the pair of equations (3.4) and (3.5) are symmetric in s; and sg. This strongly suggests
that the correction factor P(si, s2,d) should be symmetric in s; and sy and the correction
factor Q(w, m,n) should be symmetric in m and n. Further, the existence of perfect ob-
jects under the assumption that integers are square-free suggests that the correction factor
P(s1,82,d) = 1 when d is square-free and Q(w, m,n) = 1 when mn is square-free. Because
we intend to eventually show that correction factors with such desirable properties exist,
we need to keep a running total of these assumptions.

Assumption 1. The Dirichlet polynomials P(s1,s2,d;¢1,1¢1) and Q(w,m,n;1s) should
satisfy the following properties:

o They are finite, FEulerian Dirichlet polynomials depending only on the indicated quan-
tities.

e P(s1,s92,d) = P(s2,s1,d) and Q(w, m,n) = Q(w,n, m).

e P(s1,82,d) =1 if d is square-free.

e Q(w,m,n) =1 if mn is square-free.

e They can be chosen so that the interchange equality (3.1)=(3.2) is satisfied.

e They can be chosen so that Zs, Zy, Zs and Zg, defined according to (3.3)-(3.6), satisfy
additional functional equations into themselves.

The obvious question arises: how can we find such correction factors? The square-free
heuristics in (3.4)-(3.6) above offer a tantalizing possibility. Unlike the Dirichlet series Zi,
the series Z4, Z5 and Zg restricted to square-free integers have natural generalizations as
sums over all integers—simply take the sums to be over all integers. We might naively
conjecture that we could begin with such a definition of either Z4, Z5, or Zg as the initial
object (with sums over all integers) and define Z;(s1,s2,w) (and hence implicitly define
P(s1,s9,d) as well) according to the associated involution.
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This idea has merit. For example, taking the definition of Z4(s1, s2,w) to be

def Z G(mn?, d)1 (m)1 (n)va(d)

Zy(s1, 82, w) = N N2 N (3.7)
m,n,deOk
m,n,d=1 (3)
(mnd,6)=1

is consistent with the initial definition Z4(s1, s2,w) = Z1(1 — s1, S2,w + s1 — 1/2). Indeed,
transforming the Dirichlet series Z4 in (3.7) by

(s1,82,w) — (1 — 81,82, w~+ 81 —1/2)

and interchanging the order of summation does result in a series summed over d whose
numerator is a product of the correct L-series multiplied by a finite, Eulerian Dirichlet
polynomial. Moreover, for double Dirichlet series (i.e. two-variable series) with one Dirichlet
L-series in the numerator, one can show that similarly completing a series suggested by the
square-free heuristic does lead to the right definition for the Dirichlet polynomials.

Before getting too excited, we immediately note that Z4, and Z5 are not symmetric in
s1 and s3, so they fail to meet one of the desired properties of Assumption 1 above. A more
careful inspection of Zg shows that it fails to provide an adequate definition of Q(w,m,n)
upon interchange. (Such a @ is not trivial at square-free mn.) Moreover, Z; and Zg lead
to different definitions of a correction factor P(sq, $2,d), and hence, an inconsistent set of
functional equations. However, the simple fact that these series, upon interchanging the
order of summation and transforming, do produce L-series multiplied by additional factors
is an indication that we are close to the correct interpretation of this picture.

3.2 A First Step

In this section, we take a first step toward a more refined conjecture. While it was too
ambitious to try to infer the form of an ideal three-variable object from the restricted sum
over square-free integers, we can make more modest claims upon careful study of the form
of these Dirichlet polynomials.

Having assumed that P(s1, s2,d) and Q(w, m,n) are Eulerian Dirichlet polynomials, we
may write

Pst,so,d) = [ 3 aig(do.p™Np 1799 = 37 g, o, (do, ds)Ney *' Ney ™

pe||ds %] erez|ds®

where d = dodg with dg cube-free. Similarly,

Q(w,m,n) = H Zbl(m,n,pﬂ)Np*lw: Z bg(m,n, M3)Nf™

pBl|Ms 1 fl1Mge

where mn = M()Mé3 with My square-free.

From this assumption, we see that if we take the limit of Z;(s1, s2, w) (written as a sum
over d) as Re(s2) — oo (which is valid since our sum is absolutely convergent for all values
of s1,s9 with Re(s;) > 1), we can obtain a simpler object which we understand. That is,

Z L6 (51, Xdo¥1) L6(52, Xdo¥1)02(d) P(s1, 52,d)
Ndv B

deOgk
d=1 (3)
(d,6)=1
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. Xdo (M) 11 (m) Xdo (n) Y1 ()2 (d) P(s1, S2, d)
Nms1Nns2Ndw
dmmneQgk
d,mn=1 (3)
so in the limit as Re(sy) — oo, the only non-zero terms are those associated to n = 1.
Hence, we have

Z Xdo (m)% (m)¢2(d)P(817 0, d)

lim  Zi(s1,s2,w) = Nms1 Ndw

Re(s2)—o00 dmeOr
d,m=1 (3)
(m,6)=1

where P(s1,00,d) is defined according to the Euler product form of P. That is,

P(s1,00,d) L T H Z:ai,j(do,po‘)I\Tp_isl_j‘(”2 = H Zai,o(do,pa)Np_isl

Re(s2)—00 — -
p*[|ds %] p*|lds i
Performing a similar limit calculation for Z; as a sum over m and n gives:

_ Xmo(d)wl(m)¢2(d)Q(wamv 1)
)= 2 Nms1Ndv

lim Z1(81,82,w
Re(sz)—c0 m,deOk

m,d=1 (3)
(d,6)=1

This limit reduces the interchange equality to

Z L (51, Xdy¥1)¢2(d) P(s1,00,d) Z Le(w, Xmo2)11(m)Q(w, m, 1)

deOgk Ndw meOg Nm81
d=1 (3) m=1 (3)
(d,6)=1 (m,6)=1

This is precisely the form of the one-variable interchange equality; the Dirichlet polynomials
P(s1,00,d) and Q(w,m, 1) are serving the same roles as the one-variable correction factors
to complete double Dirichlet series with cubic characters. However, we know from the one-
variable cubic case that there is a unique pair of correction factors P and @) which satisfy the
desired properties of assumption 1. If Py, 4,(s) denotes the one-variable correction factor,
then P(s1,00,d) = Py, d5(5) and Q(w, m, 1) = Py, m,(w) where it can be shown that

Payas(s) = T] [ = Xao (0)201(p)Np~*] (3.8)
plds

(This was done in general for nth order twists of Hecke L-series by Friedberg, Hoffstein,
and Lieman in [11]. There they write that the Dirichlet correction factor has form

Pigas(s) = > p(r3)Xdy (r3)¥h1(r3)

NrgNrp s~ ()

rirar3=ds

To translate into our case, set n = 3 and remove the zeta factor ((3w + 3s — 2) from their
original Dirichlet series Z(s, w) defined with one cubic L-series in the numerator. The result
is (3.8).)
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The form of these Dirichlet polynomials in one variable imply the form for our correction
coefficients a; j(dop, p™) of the two-variable P(s1, s2,d) when j = 0.

1 ifi=0a>0
aio(do,p™) = § —Xdo(P)Y1(p) fi=1,a>0 (3.9)
0 otherwise

for any value of d where d = dyd3d3 and ord,(d3) = . Similarly, this implies the form of
correction coefficients b;(m,n,p?) of Q(w,m,n) when n = 1.

1 ifl=0,8>0
bi(m,n,p”) = $ —xa,(P)tha(p) ifl=1,8>1 (3.10)
0 otherwise

for any value of m where m = mim3m3 and ord,(ms) = .

We can repeat our limiting argument by taking the limit of Z; as Re(s1) — oco. However,
our object is completely symmetric in s; and so, so this process gives identical information
to the above for the coefficients ag ;j(do, p®) of P and b;(1,n) of Q.

3.3 Taking Variables to Infinity

In the previous section, we determined information about the Dirichlet polynomials P and
Q@ by taking limits of the original series Zi (s, s2, w). This reduced Z; to a simpler object
in two complex variables which was much easier to study. Here we repeat this idea with a
subtle twist. First, we apply a transformation of variables as predicted in (3.3)-(3.6). Then
we take limits of variables to infinity to determine new information about the polynomials
P and @ and their coefficients. It is not immediately clear why the resulting object from
this process should be something familiar. This will be further explained in what follows.

3.3.1 A Careful Transformation of Z;(sy, s2, w)

We begin with a change of variables suggested by (3.4).

L L d)P d
Zi(s1, 50 w) = Z 6(51, Xdo¥1) 6(8271@?1}%)%() (51, 82, )7 ©
deOk
d=1 (3)
(d,6)=1

Z1(1—51,82,w—{—51—1/2) = Z
deOk
d=1 (3)
(d,6)=1

Le(1 = 81, Xdo¥1) L6 (52, Xdo¥1)2(d) P(1 — 81, 82, d)
Ndw+5171/2

_ Z L(1 — 81, Xdo®1) L(52, Xdo¥1)102(d) P(1 — 51, 82, d)

- w+s1—1/2
deOg Nd ' /
d=1 (3)

(d,6)=1

1= X (1 = w)hr (1 — w)3~0 =)
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_ L(s1, Xag®1) L(52, Xay 1) %2 (d)G(xa, )G (Xdy )G (1)1 (do) (Ndydg)*r—1/2
N Z Ndw+sl—1/2

deOg

d=1 (3)

(d,6)=1

- P(1 = s1,89,d) |1 — xay (1 — w)t1 (1 — w)3~ 071

Lo (51, Xdo 1) L (52, Xdo¥1)¥2(d) G (xay )G (Xap )G (1011 (da) (N d ) *1 1/
Ndw+51—1/2

d
d

(
(1= 51,59, ) [1 = xap (1= @) (1 = )37 07| [1— gy (1= w)in (1 - w)37]

(@
1

’6)

m
=

—~
w

)
1

IS

1

-y Xdo (mn®) by (m) b1 (n) o (d) G (xa, )G (Xay) G (11) Y1 (d) P(1 — 51, 52, d)

e Nm*1Nns2Nd® (Ndd3)1—1/2
d=1 (3)
(d,6)=1

' [1 = Xdo (1 = @)t (1 = w)3—(1—51)} 1= X (1 — w)epr (1 — w)?f‘“r1

Since our characters are cubic, we can rewrite the final Euler factor above as
[1— Xao (1 = w)thr (1 — w)3_51]_1 =
= (14 X1 - w)n(L— )8 4 (1 - whin(L— )32 [1 - 3]
so we have shown that
[1 =372 Z1(1 = s1, 82,0+ 51 — 1/2) = G(¢h1) [1 — Xy (1 — w)pr (1 — w)3—(1—81)]
[T+ Xao (1 = @)1 (1 — w)37" + xao (1 — w)tbr (1 — w)3721] Zy(s1, 82, 0)

where

_ Xdo (M) 1 (m)h1 (n) 2 (d) G (Xa, )G (Xap )1 (d2) P(1 — s1, 52, d)
Zy(s1, 82, w) = Z Nmsan52Ndw(Nd2d§)51_l/2 )

deOgk
d=1 (3)
(d,6)=1

Now for primes p t da, let d3 = p>*d}; with (p,d}) = 1 as usual. Then we have correction
terms of form

P(p)(sh S92, d) = [1 + ag‘?‘O)Np*a 4+t agi)_lﬁapr(iSafl)sl*30452 + agz%gaNp73as1f3a52:|
So

P(l — 81, 89, d) = H |:1 + ag‘?‘O)Np&—l 4t ag‘;)_L?)aNp—Sa-l-l-i-(Soc—1)51—3asg+
p|lds

(o) —3a+3as1 —3as2
G’Sa,SOch
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Incorporating the N(d%)sl_l/ 2 from the above denominator into the correction factor, we
have:
P(1=sy,s0,d) = ] Np**/27% 1]
p|lds
_ H [agz)’opr?)a/z i az(g)_LOprza/QHfm 4o
p*|lds

cee 4 a(()c’y?))aNp3a/273aS1f3a32

For primes p|da, again letting d3 = p3@d} with (p,ds) = 1, we have

P(p)(sh S9, d) — |:1 4 ag?éo)prm I a:(sz)73a+1Np73as1*(3a+1)s2_|_

a:(aoo‘l)+1,3a+1Np_(3a+1)sl_<3a+1)52
So
P(l — 51, SQad) — H [1 + agc’xo)Npsl_l + ..
p||ds
pld2
)y Np BB Bak ey of0) ek Gat s -Gt
Incorporating the (Ndad3)*1~1/2 from the above denominator into the correction factor, we
have:
P(1 —s1,89,d) = H NpBe/2+1/2=(Bat1)s1 4]
p*||ds
pld2
- H [ag‘zLLONp—?)a/z—uz + agi{ONp_%‘/Q“/Q—Sl 4o
p||ds
pld2

N a((fv?))aHNp?,a/QH/Q—(3a+1)51—(3a+1)32}

Rewriting Z4(s1, s2,w) to include this altered form of the correction factor, we have

Koo () (m) o1 (m) ()G () G (X Jn () T [abeloNp=/2 -

p*||ds
> -
Nms1Nns2Ndw
d,m,nelk
d,m,n=1 (3)
(dmn,6)=1
T [l o242 4 0l Np o212 L] ()
p°||ds

pld2
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3.3.2 The Limit as R(sy) — o0

If we take the limit of the above series as R(s2) — oo, then the only non-zero terms are
those with n = 1 and no contribution to terms with exponent so from the correction factor.
Hence, we are left with Z4(s1, 00, w) =

3 Xy ()1 (m)1h2(d) G (Xa, )G (Xap )11 (d2) 11 [aéi),oNP*B’a/Q L

d,;me0K Nm# N p®||ds
d,m=1 (3) plda
(m,6)=1
et aé?éO)Np?)aﬂfSasq H [aéi)ﬁ_l’opr?)aﬁfl/Q 4ot agféo)Np?)a/QJrl/Qf?)am (3‘12)
p°||ds
plda

Note that the result (3.12) above is the same series as Z;(1 — s1, 00, w+s; —1/2), the series
which results by first taking the limit as R(s2) — oo of Z1(s1, s2,w) and then performing
the translation. But, as we noted before,

Leg(s1, d)P(s1,00,d
Zi(s1, 00, w) = Z 6(s1 Xdolﬁl)&ﬁ;fu) (s1 )
deOgk
d=1 (3)
(d,6)=1

is just a double Dirichlet series for which we know that, under transformation (s1,w) —
(I =5, w4+ s —1/2),

G(m, d)p1 (m)o(d)
Nms1Ndw '

Zy(1—sp,00,w+s —1/2)= >
dmeOg
d,m=1 (3)
(m,6)=1
This functional equation is established in [11]. In brief, it exists because the two-variable
multiple Dirichlet series Z;(1—s;, 00, w+s1—1/2) is the double Dirichlet series which occurs
naturally as the Fourier coefficient of a metaplectic Eisenstein series on the three-fold cover
of GL(2).
Thus we may determine the correction coefficients al(%)(do,p) of P(s1,s2,d) found in
(3.12) via the following known equality

Z G(m,d)pr(m)ia(d)

dmeQk Nm81Ndw
d,m=1 (3)
(m,6)=1
Xdo ()G (Xay )G (Xdp )91 (da) 01 (m)1ha(d) (@) 30/
Z : : Nm521 Ndw H [a?)a,ONp T
dme0k p%||ds
d,m=1 (3) pida
(m,6)=1
‘_'+a((]C7Y())Np3a/2—3asl:| _ H [@§Z)+1,0Np_3a/2_1/2+"'+a((féo)Np3a/2+l/2_3asl (3.13)
p“|lds
plda

To solve for the unknown coefficients, we must decompose the series on the left-hand side
of (3.13) in terms of primes dividing d.
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Proposition 3.1. Decomposing the Gauss sum according to primes dividing d = dld%dg,
we obtain

Z G(m, d)y(m Z Pa(d)G(1,d1)G(1,d2) L(s1, Xdo¥1)%1 (d2)
NmslNdw Ndw
dme0g deOx
d,m=1 (3) d=1 (3)
(m,6)=1 (d,6)=1
11 (NP?"“/ 273050 — a0 (p)1r (p)NP*/ 2_1_(3a_1)81>
p*||ds
pldo
H Np3a/273a31 H Np3a/2+1/27(3o¢+1)s1
p*||ds p|lds
pld1 plda

Then, in conjunction with the above equality, we have

Corollary 3.2. Let a( )(do, p) be the coefficient of Np~%1=752 in, the pth Euler factor of the
Dirichlet polynomial P(sl, s2,d) depending on the indicated variables. Then

1 ifi=0,aa>0
0\ (do,p) = af (do,p) = § —xaP)1(p) ifi=1,a>0
0 otherwise

Proof of Corollary: Simply equating >_,,, mgzﬁll(Nde”(d) with Z4(s1,00,w) and can-

celling common factors at any fixed d, we have that

H (Np3a/2—3a51 ~ xao (P)¥1 (p )Np3a/2 1—(3a—1)s ) H Np3a/2 3as) _

P°|ld3 p°||d3

ptdo pld
H [agz)’ONp—Sa/Q+_”+a((féO)Np3a/2—3asl}
p°||ds
plda

and

H Np3a/2+1/2—(3a+1)31 _ H |:a’1(7>oo[z)+1,ONp_3a/2_1/2+"'+a((J?[())Npga/2+l/2_(3a+1)81}'

p°|lds p*||d3

pld2 pld2

Equating terms on both sides gives the result for a;9. By symmetry, we know the same
must be true for ag;. [

The reader will note that this is precisely the information determined by the limiting
process in the previous section. While it seems redundant to reprove this now, in the fol-
lowing chapters, we will need the fact that the decomposition of a Gauss sum results in the
determination of correction coefficients. Moreover, it will serve to motivate the assumptions
we will make over the rest of this chapter.

Proof of Proposition: We do this by case method. Suppose that p{ dy. Write d = p3*d’
with (p,d’) =1 and m = p¥m/ with (m/,p) = 1. Then

g/, p*d) _ g(prm’,d') g(pTm’,p**) _

NpPNE | JNT o JNp

G(m,d) = G(p”m’,pSad’) =
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3o Y a3
_ oI ) g ) s i 9P
Xd (p ) \/IW \/W Xdo (p ) ( ) ) Np?’a
So we may write
Z G(m, d)a(d)r (m) _ Z G(m/,d")ia(d Z Xdo ()1 () 9(p7, p**)
o Nms1Ndw y (Nm/) SlNdw Np7rs1 Np3a
' d= p30¢d/

But we know that

P(p*), if v > 3«
g(pvapga) =< —Np3*~l ify=3a—-1,a>0

0, otherwise.

In particular, if « =0 (i.e. p{d), then g(p”,p?’a) =1 and so

Z Xdo (D)1 (p7) g p%p Z Xdo (P7)01(p7)

YS1 YS1
>0 Np v>0 Np

L(p) (517 )Zdo&l%

the pth Euler factor of the L-series. Then substituting this information and removing all
such prime factors p such that pt dp, our initial series reduces to

G(m/,d")y2(d)yr o ()1 (07) S(p™)
Z m(Nm )ilNd’w HL(p) (51, Xao¥1) H (Z X pp*ml s — -

3a
m'.d p*|lds \7>3a Np

d=d'd} ptdo

Npi’)a—l Xdo (p(Soz—l)),(Zl (p(3a—1))
NpSO‘ Np(?)a—l)sl )

Examining the Euler factors in the latter product more closely, we see that

Z Xdo (D)1 (07) ¢(p**)  Np** 7! Xy (p Ba=1))ey (pBa-b)y

ol p751 \/Np3a \/Np?)a Np(30‘_1)51 )
_ B0%) o sasi e o 7 NPT xay (0)1(p)
= T Np ™21 L) (s1, Xa¥1) — SN NpioDor)”

Factoring the pth Euler factor of the L-series from each of the terms, we have

O(P*) \yy-sasi _ NP1 Xy () (p)

N /Nppe NpBa—Ds1) (1 — Xdo (p)lﬁl(p)Np_sl)> =

= L (s1, Xap1) (Np?’“/ 2780 — Xy (p)1 (PN H‘“’“‘”“)

Rewriting the above, we now have

d)i d d) b
I VS 7k | CUERR

d,mEOK mlvd

LP) (s1, Xao 1) (

d,m=1 (3) d'|d
(dm,6)=1 m’,d'|d3°
IT 2% (s1, Xar) - (Np?’a/g_?’asl — Xdo (p)%(p)pr/Q—l_(?’a—l)sl)
p°|lds

ptdo
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This completes the treatment of the case p 1 dy. We are now left to consider the remaining

sum
Z G(m,d)y1(m)ia(d)
NmstNdw '
m,d=dod?
ds,m|d3e

Now suppose that p|d;. Then, similar to the previous case, we may write d”’ = p3**1d’ with
(d,p) =1 and m = p?m/ with (m/,p) = 1. In this case,

g(pym’, p3a+1d/)
/Np3a+1Nd/
g’ p* ) g(pTm’, d')

/Np3a+1 VNd'

But g(p?, p3**1) = 0 unless v = 3. Hence we may write

G(m,d) = G(p'ym/,p?’aHd/) =

Xa (P** ) xp(d)

g(p'ym/’p3o¢+1d/) B g(p3°‘m’,p3o‘+1d') B Np3a / pd/)

/Np3oa+INg/ B /Np3e+INg/ /N 3a

Removing all such prime factors p such that p|d;, we have

3 G(m, d)y1(m)ia(d) _ > G (m, did')1(m)y2(d H NpBe/2-Bas:

Nms1 Ndw Nms1 Ndw
m,d=dod3 m,d p||ds
d3,m|d° di,d’|d pld
m|d3°

This completes the case where p|d;. Finally, we remove the primes p|ds from the remaining
sum. Write d’ = p3*+2d” with (d”,p) = 1 and m = p”m’ with (m’,p) = 1. Then

Von! p3Qt2 1"
G(m,dld’) _ G(p’ym/’pSaJerld//) _ g(p"m/,p dyd") 0

/Np3+2Nd; Nd"

unless v = 3a+ 1. In this case,

g(p’ym/,pga+2d1d") B g(p3a+1m’,p3a+2d1d”) B Np3a g(pm’,deld")
Np3a+2Nd; Nd” Np3+2Nd; Nd” \/Np3°‘ \/Np2Nd1Nd”

Then removing all such primes p such that p|da (so that we’ve exhausted all possible divisors

of m) we have

Z G(m,did)ep1(m) Z g(dy, d1d3)1 (d2)ea(d H NpPe/2—(3a+D)s1
s w / 2

m,d Nm*1Nd d=d d2d3 N/ Nedy p*|ds

dl\dd/'d pldz

m|d3®

:Z g(1,dy)g(1 dz)Nd2¢1(d2)¢2 H NpPe/2-(Bat1)s:
d

v/Ndidy P ids

pld2

Z G(1,d1)G(1, d2) 1 (do)iba(d H NpPe/2+1/2—(3a+ D)ss
d Nd p°||d3
pldz
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This completes the case p|d2 and we can now reconstruct the initial object.

Z G(m, d)ip1(m)ia(d) _ Z G(1,d1)G(1, d2) 1 (do)iba(d HL

Nms1Ndw Ndw (515 Xdo¥1)
d,m

H L) (s1, Xayth1) (Np3oc/2—3asl

p®|ld3

ptdo

—Xdo (P)NP*/ 2_1_(3a_1)51> [T nwierzmsess T Nploszet/z=Garien

p*|lds p°||ds
pld1 plda

Noting that, for primes p dividing dp, the pth Euler factor of L(s1,Xq,t1) is trivial, this
completes the proof of the theorem. []

3.3.3 The Limit as R(s;) — 0o

Recall that from (3.11), we had an expression for Z;(1—s1, so, w+s1—1/2) = Z4(s1, s2,w) =

Kt (mn2) b1 (m) 1 ()2 ()G (X )G (X )r (o) T |abelop /2 + -]

p°||ds
> e
Nms1Nns2Ndw
dmmneQg
d,m,n=1 (3)

' H {ai(%i)-‘rl oNp~3e/271/2 aéz),oNP_go‘/QH/Q_sl + - }
p*(|d3
pldo

If, instead, we take the limit of this series as the real part of the transformed variable
R(s1) — oo, then we are left with

Xdo (M%) U1(n) o (d)¥1 (d2) G(1,d1)G(1, da2) (@) ny—30/2
) Nn®Nav 11 {“zmoNp +

n,deOk p*||ds

n,d=1 (3) ptda

(d,6)=1

i():(3;)301\11) 3a/2— 30452:| H [a3a+10Np73a/2 1/2 4 gaa)-‘rl 3aNp73a/2+1/273a32

p*||d3
plda

Note that for square-free d with (n,d) = 1, after stripping away all of the characters v,

) G(n?,d)
this reduces to ( %:_1 Nn2Nge

d sq. free
hope to determine the above unknown correction coefficients using the equality

G(n?, d)ip1(n)a(d)
Z Nns2Ndw

Based on the results of the previous section, we might

= Z4(OO, 52, U}) =
n,deOk
n,d=1 (3)

(d,6)=1
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3 ) DOC, L) [T [ o
n,d

Nns2Ndw
p°||ds
pldz
”,_i_a:(sa;)’gapr?.a/%:’,asﬂ H [aéill,oNp’?’“/Q’””m+aéill,gaNp’Ba/“”z’?’a”
p°||ds
pldz

(3.14)

where the left-hand side is now the complete sum over all integers n,d =1 (3)

(d,6) = 1. While there is no one-variable situation to confirm this, we will adopt this
assumption in order to determine the above correction coefficients and attempt to find a
complete description of the agf;) which is consistent with this hypothesis and also satisfies
the other proposed axioms.

Proposition 3.3. Decomposing the Gauss sum according to primes dividing d, we obtain

Z G(n27d)¢1(n)¢2(d): Z G(1,d1)G(1,d2) L(s2, Xaot1)W2(d)ir (d2)

n,deOg Nn#2Nd* d N(dldQ)w
n,d=1 (3) d=d d3d;
(nd,6)=1
¢ p3a B - a/2—(3a s9/2—3aw
I N +(3a82)/2+3w. 11 (Xdo(p)1/11(p)Np3 /2~ (3a-+1)s2/2—30w_
ptdo P pido
P |lds Belds
o even a odd
Xdo(p)d)l(p)Np3a/2—1—(3a—1)82/2—3aw) . H Np3a/2—3a82/2—3aw
pld
Ve,
[T npGetb/z-Gashsa/z=Gattiw (35
plda
p®|lds
a odd

Before performing this analysis, we note the resulting implications on the correction
coefficients.

Corollary 3.4. Keeping the same notation as before and supposing that

G(n?, )1 (n)a(d)

Z Nns2 Ndw = Z4(OO7S2,U)) = §R(slll§li>oo Z4(31,32,w)
n,deOk
n,d=1 (3)
(nd,6)=1

we have the following determination of correction coefficients. If a is even, then if p t do,

Np3® — Np3*=L if ptdy,i = 3a/2

0 if p1dy,i# 3a/2

ai(;;)i(do’p) = 30, f T 0. # 3o/
' Np pr|d17’t = 30&/2,

0 if pld1,i # 3a/2.
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If a even and plda, aéZ)Jru(do,p) =0 for alli. If o is odd, then

Ko (P)01 () Np if ptda,i = (3a+1)/2
0l (do,p) = { —xao (p >¢<>Np3a1 if ptda,i = (3a—1)/2
0 if ptda,i# (3a+1)/2,(3ac—1)/2

If a is odd and p|da,

a

@ (go.p) = NPT i Pldeyi= (Ba+ 1)/2
3a+1,i\ 405 0 if plda, i # (3o +1)/2.

Proof of Corollary. This follows immediately by directly comparing the two sides of
the equality using the result of the proposition and the careful transformation in Equation

(3.14). O

Proof of Proposition. We proceed as before, doing this case by case according to the
divisibility of d by each prime p. First, suppose p { do. Write d = p3*d’ with (d’,p) = 1 and
n = p'n’ with (n’,p) = 1. Then

Z G(n?, d)1 (n)a(d) _ Z G((n')?,d)y Zzg (P, P**)Xdo (P*7 )01 (P7)
o~ Nns2 Ndw - (N 32 Ndw Pt Np3a/2+752+3aw
(n’d’,p)
since
29 (2 3 g/ 29 (/N2 ! 27 (02 3
G(nz’d):g(p ()%, pd) g~ ()%, d') g(p™ ()%, p™)

V/Np*Nd Nd’ Np3

)Gy L),

We can evaluate the Gauss sum g(p?7, p>®) according to the following case analysis.

o(p**)  if 2y > 3a,
g(p27’p3a) — _Np3a—1 if 2y = 3a — 1,

0 otherwise.

Then if « is even, we have

Zg (P>, P*)Xay @)1 (P?) Z (P**) Xao (P*7 )01 (p7)
Np3a/2+’ysz+3aw - Np3a/2+752+3aw

/>0 ¥>3a/2

P(p**)

= L(p) (327 Xdo ¢1) Np3a/2+3a52/2+3aw
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2v 3o\ o 2y o
If o is odd, we have Zg(p P Xdo (P )01 (P7)

= Np3a/2+’y82+304w
Y=
1 (30—1)8s/2— d(P°*)Xdo (P*7 ) b1 (p7
= —Xdo(p) 1 (p)Np**/2 71~ (B l)sa/2780w 4 R (Npga/gfr’ysz}ri’);@g )
v2(3at1)/2
P(P°*)Xdo (P) V1 (p)

= —Xao (p)1 (p)Np**/2 71~ GBeamma/2=sow o 1) (59 vy ahy) Np3a/2+ Ba+1)sa/2+3aw

- (52, Xdo¥1) | X (p)lh (p)Np3a/2—(3a+1)52/2—3aw_

Xdo (P)¥1 (P)Np30‘/2—1—(304—1)52/2—3aw}

Piecing this back together, we have completed the analysis of the case p 1 dy. Suppose
instead that p|d;. Then we may write d = p>**1d’ with (d',p) = 1 and n = p'n’ with
(n/,p) = 1. In this case,

g(pQ'y (n/)Q’ p3a+1d/)
/p3a+1d/
This requires « to be even. In this case,
g(p3a(n/)2,p3a+1d/) B Np3°‘/29((n’)2,pd’)
VNp3etiNg VNpNd

Lastly, if p|da, then we may write d = p3*+2d’ with (d’,p) = 1 and n = p7n/ with (n/,p) = 1.
In this case,

G(n% d) = =0 unless 2y = 3«

= NG ()2, pd).

g(p27(n’)2, p3a+2d/)
/Np3a+2Nd/

This requires « to be odd. In this case,

G(n% d) =

=0 wunless 2y =3a+1

g@* ()2 pPetd) NpBetD ()2, d)g((n')?, p)
v/ Np3a+2Nd’/ v NpNd'

NpPD2a((n)?,d)G ()2, p).

By removing all of the primes p from d such that p { dp, then primes from d which divide
d; and lastly, p such that p|da, we have

G(n?, d)yr(n)a(d) G(1,d1)G(1,d2) L(s2, Xdot1)th2(d)ih1 (d2)
2 NnszNdvw = 2 (did2)v

n,d a_
d=d,d%d}

¢>(p3a) - 3a/2—(3a+1)s2/2—3aw
11 Np3a/2+3asz/2+3aw 11 <Xd0(p)w1(p)Np -

pido ptdo
P |ds polids
« even a odd
Xdo(p)wl(p)Np3a/2—1—(3o¢—1)52/2—3aw> . H Np30l/2—3a82/2—3aw
pld1
p°||d3
o even
H NpBatl)/2=Batl)s2/2-Bathw (3 1)
pld2
p*||ds

« odd
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Comparing this with the assertion in the proposition, this completes the proof. [J

3.4 Additional Limiting Methods: A Rankin-Selberg Argu-
ment

We have determined all of the information about correction coefficients from limits of vari-
ables in
Z4(81, Sg,w) = Zl(l — 81,82, W+ S1 — 1/2).

Of course, we could similarly have transformed Z;(s1, s2, w) using the L-series in the variable
s2. We have named the resulting object Z5(s1, 2, w) = Z1(s1,1 — s2,w + so — 1/2). But
the result is just the same as Z4(s1, s2, w) with the variables s; and ss interchanged. Since
we already know that the correction coefficients must be symmetric in s; and ss, this gives
no new information about the coefficients.

On the other hand, we might begin with Z;(s1,s2,w) and transform both arguments
of the L-series, s; and s, according to the natural functional equations. What happens
when we take limits of variables in the resulting object Zg(s1, s2,w) = Z1(1—s1,1—s2,w+
s1 + s2 — 1) and compare with the Dirichlet series suggested by square-free heuristics? Do
we obtain new information about the correction coefficients? As we will demonstrate, the
answer is no.

Recall that in the opening section of this chapter, we found that considering only the
restricted sum over square-free integers, we have

L(1— L(1-—
Zi(1—s1,1—ss,w+s1+s2—1) = Z (1= 51 xa) LU = 83, xa) _

dwtsi+s2—1
d sq. free
L(s1,Xa)L(s2,x4)G(1,d)? GolmZnZ.d)
B N nonnae = 2
Z Ndw Nms1 Nns2Ndw 6(81, S9, w)
d sq. free i
sq. free

Then, at least for square-free integers, we have
Z G6(n2,d)

lim  Zg(s1,s2,w) « Z(00, 89, w) = Nns2Ndw

R(s1)—00
m7n7
sq. free

Taking this to be true for all integers, we can solve for correction coefficients using the
equality

Gg(n2,d)

lim  Zi(1—s1,1— )= .
e Zil—spl=spwtsits—1) < Nns2Ndv

n

We could decompose the Dirichlet series on the right according to primes dividing d as we
did for a similar comparison of
Gs (n27 d)

lim Z;(1 —s1,82,w+s1—1/2)=
R0 1L~ 1,52 1=1/2) Nns2Ndv
n,d
and show by direct examination that the resulting correction coefficients from the two
equalities are the same. However, we offer an alternate approach here using a Rankin-

Selberg unfolding argument. The result is posed for Dirichlet series without additional
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twists by ¢; in order to preserve the clarity of the method, but can easily be extended to
series with such additional characters added.

Proposition 3.5. The following Dirichlet series are equal:

Z Ge(m?,d) Z G3(m?, d)
macon NmsNdw macon NmsNdw
m,d=1(3) m,d=1 (3)
Proof. We first recall several definitions. The metaplectic Eisenstein series on the n-fold
cover of GL(2) has Fourier series

n s ((2ns —n _9s .
E™(z,5) = y* + M?f ¥ty Z A (s)Nm* V2 Ko,y (47 |m] y) exp(ma)
m##0
where K is a Bessel function and
gn(ma d)
A, (s) = —_—
(8) d (Nd)2s

More generally, one can define an Eisenstein series on a cover of an appropriately restricted
congruence subgroup I' of SL(2, Ok) where K is a number field containing n*” roots of unity.
For example, our series above with cubic Gauss sum is built out of Fourier coefficients of
Eisenstein series on I'(3), the principle congruence subgroup of level 3. It consists of 2 x 2
matrices in SL(2, Ok) congruent to the identity matrix mod 3. Then the Fourier coefficient
is precisely a sum over integers d =1 (3)

(d,6) = 1. For a detailed account of these Eisenstein series, we refer the reader to Kubota’s
book [18]. We further define the higher degree theta functions as a residue, O (z) =
Res2s:1+%E(")(z, s). So for n = 2, the Fourier expansion has form

O (2) =y + 32 W () explm)
m#0

where W (y) = yKy/3(4my) = y\/ge’“y and

(Nmg)'/2  if m = m3,
T2(m) = :
0 otherwise.
This is carefully written in [13]. Again, we should take the theta function to be on I'(3)

in order to appropriately restrict the sum over m to integers congruent to 1 mod 3. From
these definitions, we see that, in particular,

AW (5)Nms—1/2 Ty (m)
L(w, E™(z,s)) = Z m ” and L(w,0(2)) = -
meOk Nm meOg Nm
m=1 (3) m=1 (3)
(m,6)=1 (m,6)=1

so that the L-series of the Rankin-Selberg convolution of a cubic Eisenstein series and a
quadratic theta function has form

Agg) s—1/2
L(w,E(3)(zjs) X @(2)(2)) — Z T2<m) N(SBUNm _
mEOK m
m=1 (3)
(m76):1
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Am(s) Ga(m?, d)
Z Nm2w—2s+1/2 B Z Nd25—1/2Nm2w—2s+1/2
meQg m,deOk
m=1 (3) m,d=1 (3)
(m76):1 (d,G):l

Rankin-Selberg convolutions for GL(2) automorphic forms are discussed carefully in Section
1.6 of [2]. Notice that, up to a change in variables, we have realized one of the series in the
statement of our proposition via convolution. Recall that we produce such an L-series by

taking the Mellin transform
oo rl
//@(2)(Z)E(3)(z,8)y2wdu
0 JO

dxd
where dy = xgy. Substituting the form of the Fourier transforms yields
Y
(3)( )(Nm/)s—l/Q dxd
m w y
/ / Nm)1/2(Nm/)1/2 exp((m — m")z)y* Wy (|m| y)Wg( ‘m ’y '

Integrating over x, we obtain

* To(Mm gz)s m)s—1/2
/O Z 2(m)A ((N)TS:IZ ) QWWO(‘m’y)WEﬂm] );:g

Now letting y = |m| ™/, we have
(3) s—1/2 poo
To(m) Ay (s)(Nm W d
2 : 2( ) ( )( ) /0 y2 2”79( )WIE( )yy

Nmw

m

We often refer to the sum and integral as the arithmetic and infinite pieces, respectively,
where the arithmetic piece is used in the L-series of the convolution. This is the arithmetic
representation of the convolution we used in the L-series above.

Using the usual Rankin-Selberg technique of unfolding and refolding the integral, we
obtain an alternate representation of our original integral

copl o
/ / 8P () Bz, sy L _ / 8D (2) B (5, 5)y2w L
0 Jo Yy Yy

oo \H

where I', denotes the subgroup of I' stabilizing the cusp at oo which consists of all integer
translations and H is the upper-half plane. Now unfolding this integral, the above can be
written as

2 // SEEE s 5! // > OG0z 30 ()

YELs\L (1) YET o\

where D is a fundamental domain for I'\H. However, 0@ and E® are automorphic
functions on the metaplectic group; that is, @ (yz) = ka(7)0®)(z) and E®)(yz,s) =
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rk3(7)E®)(z, s), where k,, denotes the n** order Kubota symbol. Performing a substitution,
the above integral becomes

J[ @GOGy Y REs0E) = [[ 8OEE s B0 widn
D D

YET o \I'

Now unfolding the Eisenstein series E®)(z, s),

/ / 00 (2) E®) (2, s)EO) (2, w)dp = / / OO )EO (2 w) 3 rs(1)S(1(2) 2 du

YEL\T

| 3 FE

YEL\I

k2 (7)re(7)Ks(7)S((2)) *dpe

_ //@ (DEO (2, w)y*dp

YET o\

— // ;(2)(2)E(6)(z,w)y25d,u
T

dxdy

- exp((m — m/)a)y* Wo(|m| y) Wi (|m'| y)
T n? wa 12 s
- 2 (T

dy
Wo(|m|y)Wge(|m| y)?

As before, letting y = |m| ™' ¢/, we have

> Golm™. ) /000 v W (y)Wee(y )(Zy

Ny 2s—2w+1/2N2w—1/2

Tracing back along this long string of equalities among integrals, we can equate the
arithmetic parts of the convolution so that, for the respective L-series,

G6 (m Cl) N G3(m d)
Z Nm2s—2w+1/2N2w—1/2 — Z Nm2w—2s+1/2Ng2s—1/2
Finally, letting S = 2s — 2w +1/2 and W = 2w — 1/2, then W + 5 —1/2 =25 —1/2 and
1—S5 =2w—2s+1/2. Substituting this change of variables into the above gives the result.
[]

3.5 Limits at Infinity and the Coefficients of Q(w,m,n)

We have exhausted all of the limiting methods associated to functional equations in sq
and so. In this section, we will apply these techniques to the series Z; with the order of
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summation reversed. Recall that it takes form

Z L(w7Xm0¢2)¢1(mn)Q(w7m7n)

Z1(s1, 82, w) = N1 N2

m,neOg
m,n=1 (3)
(mn,6)=1

Remember that mn, denotes the cube-free part of the product of integers mn. This
object inherits a natural functional equation as w — 1 —w from the L-series with argument
w in the numerator. Accordingly, the above should be equal to

Z L(l - waYMO&Q)G(Lml)G(lvmQ)G(wQ)"ZQ(MQ)Q(wv m, n)

1/2— 1/2—
NmsanS2Nmn1/ wNan/ v

(3.17)

mneO0k

m,n=1 (3)

Just as we tried in the case of functional equations in the s; and s9 variables, we want

to attempt to relate this to some ideal Dirichlet series with additional functional equations.

Such a perfect series would determine the coefficients of @ and thus complete Z(s1, s2, w)

so that exact transformation properties hold. To find this object, we again rely on the

intuition provided by the square-free integers. If the above was summed over m,n which
were square-free, then neglecting bad primes and congruence conditions, we would have:

Nmsi+w—1/2Npse+w—1/2 — Nims1+w—1/2Nps2+w—1/2Nf1—w )
m,n m,n,d
The ideal object associated to the above should similarly be described in terms of the
variables (s; +w —1/2,s9 +w —1/2,1 — w), but we can perform a change of variables on
(3.18) with s; — s; + w — 1/2 and w — 1 — w (since this transformation is an involution)
so that the ideal object is expressed in terms of (s1, s2,w). Under the square-free heuristic,
we now have Z(s1 +w —1/2,s9 +w —1/2,1 —w) =

NmsiNns2Ndw Nm#s1Nns2Ndw

m,n, m,n,

if (d,mn) =1 for all m,n,d

Recall that we defined the resulting Dirichlet series as Z3(s1,s2,w) in (3.3). Then
Z3(s1, 82, w) contains a cubic Gauss sum in the numerator and its cube-free part is essentially
the Mellin transform of a Rankin-Selberg convolution of an ordinary (non-metaplectic)
Eisenstein series with a GL(2) automorphic form. More explicitly, we have

Gs(d, mn)

Zalorsnw) = D Nunmeng
- G3(d7 M)Uslfsz(M)
(writing M = mn) = C%\; Nd“Nms!
. . Xd(M)GZ%(laM)US1—82(M)NM(81752)/2
(more symmetrically) = ;\; N (51+52)/2

From this final incarnation, we see that the numerator is realized as a Rankin-Selberg convo-
lution of a twisted cubic theta function and a non-metaplectic Eisenstein series F(z, (s1—s2+
1)/2). This object has a GL(4) functional equation as s; — 1—s; so that w — w+2s1+2s9—2
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and poles at 2s; —1/2 = 1/2+1/3 according to the usual Fourier analysis which transforms
the argument of the Eisenstein series.

Simply taking this to be the definition of the Zj(s1,$2,w) under the transformation
with w — 1 — w turns out to be too simple to provide us with the rest of the necessary
functional equations. However, in taking the limit as R(w) — oo, we reduce to a much
simpler object. Here it is reasonable to assume that the Dirichlet series suggested by the
square-free heuristic yields the correct definition. Let us assume this is the case.

Now taking the limit as Re(w) — oo in the square-free case, all terms associated to d’s
with Nd > 1 vanish, and we are left with

lim Xmn(d)G (1, mn) _ G(1,mn) .
R(w)—o0 p Nms1Nns2Ndw¥ ~ Nms1Nns2

)1, ’

According to the above discussion, the appropriate generalization of this series to a sum
over all integers is a Rankin-Selberg convolution of an untwisted cubic theta function and
an HKisenstein series. We take this to be the ideal object and we require that it is equal to
(3.17) under the involution (si, s2,w) — (s1 +w —1/2,890 +w — 1/2,1 —w). That is, we
must find coefficients of Q(w,m,n) so that

lim Z L(“’?Xm()wQ)G(laml)G(l mn2)1/12(m”2)@(1 —w,m, n _ Z 7'3 mn
Re(w)—o0 o NmsanSQNmn /2N gw 3/2 Nms1 Nns2
(3.19)
where 73(m) denotes the m!" Fourier coefficient of the cubic theta function.
We want to take the limit of the left-hand side of (3.19) above. Recall that Q(w,m,n)
was expressed as

Q(w,m,n) H Zbl m,n,p’) = Z by(m,n, M3)Nf~™

pP||Ms L fIMge

where mn = MOM:E:’ with My square-free. The notation above also implicitly states that
B = ord,(mns) = ordy(Ms). Further, define 8o = ord,(mny) € {0,1}. We refrain from
indexing the 8 by p to streamline the notation. We may now rewrite the left-hand side of
(3.19) as

Z Xmn, (d)G(1,mn,)G(1, mny)G()2) 12 (mns,) Hpﬁ||M3 > bu(m, n, p?)Np =t

Bw=3/28 Ju

lim i/
mon Nms1Nns2 Nmn2 Nmng

Re(w)—o0

Hence, the terms that survive in the limit will be those which have Nd = 1 and are
also associated to by(m,n, p®) with [ — 38 — B2 = 0. Indeed, if I — 33 — 3 < 0, then these
terms go to 0 in the limit. If [ — 38 — B2 > 0, then the object does not converge. This
immediately implies that if our correction factor is to produce a coherent theory, we must
have b;(m,n,p”) = 0 for all | > 38 + 2. Now our (3.19) reads:

Z G(1, mny)G(1, mny) G(1h2) s (mns) H by m,n, p?)Np(—30-52)/2 — 3(mn)

Nms1Nns2 Nms1Nns2
m,n pB [| M3 m,n

To finish, we need an explicit determination of the right-hand side. To determine the
coefficient bzg(m, n,p?), we can fix a prime p with m and n chosen so that ord,(mn;) =
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ordy(Ms) = . But 73(mn), the fourier coefficient of the cubic theta function on the field
K = Q(+v/—3), has the following transformation properties:

3(mp?) = 0, 73(mp) = G(m, p)73(m), 73(mp®) = Np'/273(m)

This implies that if p|mng, then the right-hand side of our equation is 0, while G(1, mn,)
is non-zero, so by = 0. If p fmn,, then

G(1,mn G(1, mn,)Np?/2
§~ Gl 5~ G maNp

NmsiNps2 Nms1Nns2
m,n m,n

Cancelling common factors on both sides leaves:
bas(m, n, p”)Np~2/? = Np//2

And so,
b3ﬁ(m7 nvpﬂ) = Np2ﬁ

This completes the method of taking limits as we have exhausted all possible natural func-
tional equations of the initial object Z(s1, s2, w).

3.6 A Summary of Assumptions on the Correction Factor

We need to show that correction factors exist which satisfy all of the necessary properties to
guarantee exact functional equations. To close the chapter, we now summarize the collection
of assumptions we have placed on these Dirichlet polynomials P(s1, s2,d) and Q(w, m,n).

Assumption 2. The Dirichlet polynomials P(s1,s2,d;91,v¢1) and Q(w,m,n;1s) should
satisfy the following properties:

e They are finite, Eulerian Dirichlet polynomials depending only on the indicated quan-
tities.

e P(s1,892,d) = P(s2,s1,d) and Q(w,m,n) = Q(w,n, m).

e P(s1,s92,d) =1 if d is square-free.

e Q(w,m,n) =1 if mn is square-free.

e They can be chosen so that the interchange equality (3.1)=(3.2) is satisfied.

e They can be chosen so that Zs, Zy, Zs and Zg, defined according to (3.3)-(3.6), satisfy
additional functional equations into themselves.

o If we expand P and @ as Euler products of form
P(s1,s0,d) = [[ Y ai;(do, p™)Np~ 17952
p%|lds 1.J

and

Q(w)m’n): H Zbl(m’napﬂ)Np_lw

pPl|Ms
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then the coefficients a;j and by should agree with the coefficients determined by the
limiting methods. In total, these are

1 ifi=0,a>0
agf’(‘))(do,p) = a[()?;)(d(),p) = —Xdo(PWl(p) lfl —lLa>0
0 otherwise
and
Np* — Np**~1,if p do,i = 30,2
@ (do,p) =4 ° if ptdo,i # 3ar/2
3a,i ’ Np3a ifp‘dl,i = 304/27
0 if pldi,i # 30r/2.

If o even and p|da, aéﬁrl’i(do,p) =0 for alli. If « is odd, then

Xdo (P)¥1 (P)Np>® if ptda,i= (3a+1)/2
0l (dosp) = § —xao (D)1 (PINP*L if ptda,i = (30— 1)/2
0 ifptde,i# (3a+1)/2,(3a —1)/2

If « is odd and p|da,

o Np3*+l  if plda,i = (3 +1)/2
afe)s i(do, p) = {

0 if plda,i # (3a+1)/2.

and
bsg(m, n,pﬁ) = Np?? if pf mny, for any choice of m,n with ord,(mn) = (3.

b35+1(m,n,pﬁ) =0 if plmn,, for any choice of m,n with ord,(mn) = .



Chapter 4

Preparing to Interchange the
Order of Summation

4.1 Restrictions on Coefficients from Interchanging Summa-
tion

Now that we have determined information about the correction factors imposed by func-

tional equations in the variables s; and w, we want to examine the effects of the interchange

inequality on the form of the correction coefficients for both P(s1, s9;d) and Q(w;m,n).
Recall that Z1(s1, s2,w) took the form

Z L6 (51, Xdo¥1) L6 (52, Xdo¥1)12(d) P(s1, 52, d)
Ndw

deOgk
d=1 (3)
(d,6)=1

But since the correction factor can be expanded as

P(s1,59,d) = [ D ais(do,p™)Np= 792 = 3" ag, ,(do, d3)Nej *'Ney ™2,
pa2|‘|‘cgs 1,5 erez|(dad3)™>®
pe 2

we may rewrite Z; as

Xd (mn)¢1 (m”WQ(d) —s —s
Z1(51)827w) = Z ONmsansszw Z a€17€2(d07d§)N61 1N62 ?
m,n,d€Ok erez|(dads)>
m,n,d=1 (3)
(mnd,6)=1
— Z Z Xdo (mn)wl(mn)d@(d)aehm (d) (4 1)
N NM#s1NNs2Ndw .

M,NeOk d=1 (3)
M,N=1(3) mei=M
(MN,6)=1 mnes=N
ei|(dads)*>®
where, in the last step, we have combined all contributions associated to the variables s;
and sy. Note that if (d, M N) = 1, then e; = e3 = 1 since we require ejea|(dads)®, so in
particular, ae, e,(d) = a1,1(d) = 1 for all such d. Motivated by this reordering, in what
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follows we will renormalize the correction coefficients according to the following definition.
Define ae, ¢, (d) by

def _
Geyen(d) = Xao (€1€2)101(€1€2) ey 0 (d).

Note that for all of the coefficients we have determined (compare, for example, Assumption
2 which concludes Chapter 3), the renormalized coefficients @, ¢,(d) are real-valued. This
further suggests that such a definition is natural. Incorporating this notation into (4.1), we
have

3 Z Xdo (MN)1h1 (M N )ips(d) e, e, (d) (4.2)
NM#$1NNs2Ndw ’
M NEOK d=1 (
M,N=1 (3) me1= M
(MN,G):I nea=N
ei|(dad3)>
Moreover, if (d, MN) = 1, then x4,(MN) = xpmn,(d) by cubic reciprocity, where M.N,,
denotes the cube-free part of the product M N. Reinterpreting the sum over all integers d
as a sum over integers d relatively prime to M N multiplied by all possible powers of divisors

of M N, we can rewrite the above (4.2) as

> 3 XM, (d)P2(d) > Xper+2az (M N )1 (M N) 2 (p®)
NMs1NNs2Ndw Np—aw
M,N=1(3) d=1(3) P a>0
(MN,6)=1 (d,MN)=1 PF1|| M a=a1+2a2+3a3
p*2||IN

> ales) ()
C1,C2

c1<k,ca<ks
0<c1,c2<3a3+az

Performing this sum over d such that (d, MN) = 1, we have Z;(s1, $2,w) =

Z Ly (w, XN, ¥2) H Z Xper+2az (M N )1 (M N)a(p®)

NM3s1NNs2 Np—aw
M,NeOg P a>0
M,N=1 (3) pF1||M a=a1+2a2+3a3
(MN,6)=1 kaHN

> alin o) (43)
C1,C2
c1<k1,c2<ko
0<c1,c2<3a3+a2
where Lz n(w, xpmn,) denotes the L-series with Euler factors corresponding to p|3M N
removed. Compare this with the form of Z;(s1, s2, w) with the order of summation reversed.

With the outer sum over m and n, we defined the Dirichlet series Z;(s1, s2, w) =

L6(waXmo¢2)Q(wam»”) LG(W,XMO¢2) 3 lw
Z Nms1 Nns2 - Nms1 Nns2 ]._[ Z bl (m7 n,p )Np

mneQk m,n p/BHMg >0

m,n=1 (3)

(mn,6)=1

If we abuse the previous notation slightly, and substitute M = m and N = n from the
formulation of Z;(s1,s2,w) in (4.3), we obtain the similar looking

Z L3mn(w>an0¢2) Xpo1+202 (mn)wl(mn)¢2(pa) 2 : a(ag)( a)
Nms1Nns2 II Z Np—aw cuez P

macOx » a>0 c1,¢2

m,n=1 (3) pF1lm a=a1+202+3a3 cLSk oSk

()~ palln PRenesaster
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L6 w anodﬁ) Xmo(p)ﬂ@(p)
_Z Nms1Nns2 H [1_ ] '
pF1|m
p*2|In

Xpoi+202 (mn)h1 (mn)iba (p®) (as) (0
Z Np—aw Z ac1,cz (p )
a>0 c1,¢2
a=ai+202+303 c1<ky,ca<ka
0<c1,c2<3a3+a2
by adding back in the missing Euler factors corresponding to primes p|mn. This implies
that, in order for the interchange equality hold, for any choice of m, n with p*1|m and p*2|n,

~ Xmn, (P)V2(p) Xpo +2a2 (mn)ah1 (mn ) o (p®)
E b B\Np~—lw — |1 - 2B M7 p
1(m,n,p” )Np [ Np© aE>o Np—ow
a=a1+2a2+3a3

~Q (07
> all) (™) (44)
C1,C2
c1<ky,ca<ks
0<ci1,co<3az+az

We now exploit our previous investigations of the coefficients b;(m,n;p?). Recall that
in the previous chapter, we determined that

bsg(m, n;pﬁ) = Np?8, bl(m,n;pﬁ) =0 if [l > 38, for any choice of m,n

According to the latter result, the contribution from the right-hand side of (4.4) at Np~!
must be 0 for [ > 38 + Bo.

If k1 +ko # 0 (3), then p|mny, so the inverse of the Euler factor above is trivial. Then, in
this case, our condition on the vanishing of the b; implies that for fixed o = a1 4+ 29 + 3as
with o > 303,

Xport2as (mn)pr (mn)a(p®) > a3 (p™) =0  if o> 303 (4.5)
Clﬁgi:giﬁkz
0<c1,c2<3az+a2

If instead k; + k2 = 0 (3), then this inverse of an Euler factor may appear non-trivially.
Fix an o > 303 with @« = a3 + 2a3 + 3a3 and a — 1 = 41 + 272 + 3v3. (We have been
forced to introduce notation for the decompositions of both @ and o — 1 since they may
change depending on the residue class of » mod 3.) Then by determining the contribution
to Np~*" on the right-hand side of (4.4), we have:

Xportoz (mu)r (mn)a(p®) > @, (") —
c1 S’i:gzﬁh
0<ci1,c2<3a3+a2

Ximmy (P)02(P) Xpr +202 (mm)fr (mn) oo (p™ 1) - Y- aly @) =0,
1 Sgi :22 <kg
0<c1,c2<3t3+t2
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Note in particular that the cubic characters attached to each sum match identically. Fac-
toring these from both terms, we obtain

Xper+az (mn )1 (mn) Yo (p®) > al%), (") - Yoo ale V| =o.
c1,C2 C1,C2
c1<k1,ca<kz c1<k1,c2<ks
0<c1,c2<3az+az 0<c1,c2<3t3+t2
(4.6)

The characters v; appearing in (4.5) and (4.6) will always be non-zero as our primes are
congruent to 1 mod 3. However, since p|mn, then if either a; or ag # 0, these identities
(4.5) and (4.6) are trivial. But if @ = 0 (3), then our two identities reduce to the combined
result, for fixed o = 33 > 303 and any fixed k1, kg > 0,

S ae Ve itk + ke =0(3)

Yoo @9,0M) =1 a<kak (4.7)
c1,c2 e 0§01_7027§3t_3+t2 )
c1<ky,ca<ks 0 if k1 + ko #£0(3)

0<c1,c2<3az+az

These sums, as written with their large list of restrictions, are rather unwieldy. With a
little work, we can determine necessary conditions which are much simpler to comprehend.
As usual, this will depend on the residue of k1 + k2 mod 3 and we break our analysis into
cases accordingly. Suppose first that k1 + k2 = 0 (3). Then using the above equality (4.7)
when o = 3as > k1 + ko = 303, we have

- ~(a=1)/ a—1
YA, = ) al) et h (4.8)
c1,c220 c1,c220
c1<k,c2<ks c1<ky,ca<ka
where the last condition on the sums in (4.7) is redundant in this case, and hence omitted.
But if k1 +ko = 0 (3), then for p*||m and p*2>~1||n, we are in the simpler case of (4.7) where

C1,C2

Z ala) (p*) =0 since 3ag > 303 and k1 + ko — 1 =2 (3).

c1,c220
c1<ky,co<ko—1

Using this relation on both sides of the above equality (4.8) to remove these terms, we are

left with
> oal,em =Y alllhee (4.9)
0<er <y 0<cr<ks

for 3ai3 > ky + ko. Moreover, the cases p*~!||m and p*2||n and p*1~!||m and p*>~!||n have
similarly simple stability relations where sums of correction coefficients are 0. Comparing
the relation from each case using (4.7) yields:

Z &g?,)kz (p*) =0 for a =33 > 303
c1<k1—1

Removing these terms from the previous equality (4.9) at last yields the desired result that,
for a fixed choice of d with p /do, a,(fll) (p*) = a,(;f;i)(pa_l) for all @ = 3a3 > 33 when

k2
ki +ko=0 (3)
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In fact, this information tells us something about all the correction coefficients regardless
of their residue class mod 3. Proceeding inductively, consider the case where ki + ko = 1.
The coefficients included in such a sum must be 0 according to the stability relation. But
we know the coefficient of weight 0 (that is, coefficients corresponding to choices of ki, ko
such that k; + ko = 0) is stable, so similarly coefficients of weight 1 (i.e. k; + ko = 1) must
be stable. Similarly for weight 2, the coefficients sum to 0 and the same principle holds. In
fact, it is clear that it will hold for all weights 3k+1 and 3k+2 and since all the previous
coefficients are inductively stable, then the fact that the sum of these coefficients is 0 proves
the induction hypothesis needed to show stability for all coefficients.

We now repeat this process in the case where 3ag = 303 = k1 + ko. In this case, we
know from taking the limit at infinity of the w variable that bsz(m,n; p?) = Np?’. Since
k1 + k2 = 0 (3) in this case, then from interchanging the order of summation, we have the
relation, for k1 + ko = 33 = « so that the analogue of (4.6) has trivial cubic characters,

~ (3 33 ~(B3—1)/,.3B3—1 2/3:
> Al ey - > alnhethh =N (4.10)
1,220 c1,c22>0
c1<ky,ca<ks c1<ky,ca<ks

Just as before, the case where p*'~1||m and p*?||n has k1 + ko — 1 = 2 (3) so it satisfies
the simpler relation that the sum of twisted correction coefficients is 0. Subtracting these
terms from (4.10) by the identical method to the above gives a much simpler relation.

(Bs)

2
ey oy (P .

353) o (1(5371)

—1
k1 ko (pﬁ )

=D

We must ensure that these conditions are satisfied when we make our determination of
the a; ; in the subsequent chapter. If they are satisfied, then we are guaranteed that the b
vanish for large enough [ which shows that our correction factor Q(w;m,n) is finite. Lastly,
we need to ensure that the size of the b; are not so large as to affect the convergence of
the entire object Za(s1, s2,w) and the convergence of the new object given by an additional
functional equation with w — 1 — w performed on Zs. This is the goal of the next section.

4.2 Growth Conditions on the Polynomial Q(w;m,n)

By determining bounds on the size of the correction coefficients with respect to the power
of primes dividing m and n, we will achieve two important ends. First, we will be able
to show that the convergence of the correction polynomial does not interfere with the
determination of a region of absolute convergence for the entire object Z;(s1, s2, w). That
is, the growth estimates on the L-series are the limiting factors which determine the region of
absolute convergence. Second, we will obtain enough control over the object Z3(s1, s2,w) =
Z1(s1+w—1/2, s9+w—1/2,1—w) to obtain an additional functional equation Z3(s1, s2, w) —
Z3(1—s1,1—s9,w+ 281 + 2s9 — 4) which extends the region of analytic continuation! This
is detailed in Chapter 5.

Our intuition on the correct bound for the size of the coefficients again comes from
taking the limit as ®(w) — oo and R(s;) — oo. In taking the limit in the variable s, we
found that the coefficient of largest size is the one associated to the highest non-vanishing
power of p~", namely bsg, (1,n; p?) = p??. Similarly, taking the limit in s5, we determined
the largest coefficient is b3g(m, 1;p%) = p*’. Then taking the limit in w, we found that
b3, (m,n;p?) = p*% independent of the choice of m,n such that ordy(mn) = 3. This
leads us to conjecture that the largest coefficient for any choice of m and n might similarly
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be bsg, (m, n; p?). We take this as an assumption and determine the consequences for the
correction coefficients of P(sq, s2,d).

Assumption 3. Given a fized = ord,(mn), we have for any such m and n,
‘bl(m,n;pﬁ)‘ < p?t for dlll.

where the implied constant is independent of B and .

Note that the assumption is already known for [ > 33 according to the limiting methods
of the previous chapter. There we found bgg(m,n;pﬁ ) = Np?% and by(m,n;p?) = 0 for
I > 303 and any choice of m and n. Hence we only need to guarantee this assumption for
0 <! < 3033. But using (4.4), and repeating our simple trick of subtracting and adding the
contributions of similar terms, we find that for any choice of m,n with p*||m and p*2||n,
k1,ko > 0, and any [ > 0,

bu(m, ;%) — bi(m,n/ps pP~1) = bi(m/p,n:p? ) + by(m/pon/pip® ) =l L ()

Hence, our assumption will follow from a simple inductive argument if we can show that
for any value of k; and ks,

‘a,(jf’b (pl)‘ < Np? for all L. (4.11)

4.3 Summary of Necessary Conditions on Correction Coeffi-
cients

We now collect all of the assumptions we have made on the form of the correction factors
P and @ and their coefficients. This is the final revision to such a collection and each will
be demonstrated in the following chapter.

Assumption 4. The Dirichlet polynomials P(s1,s2,d;1¥1,¢1) and Q(w, m,n;1s) should
satisfy the following properties:

o They are finite, Fulerian Dirichlet polynomials depending only on the indicated quan-
tities.

e P(s1,892,d) = P(s2,51,d) and Q(w,m,n) = Q(w,n, m).

o P(s1,s92,d) =1 if d is square-free.

e Q(w,m,n) =1 if mn is square-free.

e They can be chosen so that the interchange equality (3.1)=(3.2) is satisfied.

e They can be chosen so that Zs, Zy, Z5s and Zg, defined according to (3.3)-(3.6), satisfy
additional functional equations into themselves.

o [f we expand P and @ as Euler products of form

P(SlaSQad) = H Zai,j(d07pa)Np_i81_jS2

pa||d3 Za]
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and

Q(w,m,n) =[] D_w(m,n,p")Np~

pPl|Ms 1

then the coefficients a; j and by should agree with the coefficients determined by the
limiting methods.

For fivred « = 3z > 303 and any fized k1, ko > 0, the normalized correction coefficients
0tea (0%) of P(s1,52,d) satisfy (4.7)

The normalized correction coeffients satisfy a mild growth hypothesis. Precisely, for
any value of ky, ko > 0,

’&l(cll),kz (pl)‘ < Np* for all .

where the implied constant is independent of [.



Chapter 5

The “Ideal Object” Approach

5.1 Polynomial Combinations of Double Dirichlet Series

5.1.1 An Improved Definition for Z,(s;, 2, w)

As we saw in (3.4) in Chapter 3, the heuristic obtained from sums of square-free integers
for the functional equation (s, s2,w) — (1 — s1, s2,w + s1 — 1/2) suggests that

G(mn?,d)

def
21(1—81,82,11)4-81—1/2) — Z4(81,327w): m

m,n,

But this failed because it does not lead to symmetric contributions to the correction factor
P(s1,s9,d). However, the suggested series does possess the desired functional equation
Zy(s1,82,w) — Za(s1+w—1/2,s9+2w—1,1 —w). We would like to determine a function
of three complex variables which retains this functional equation but also defines a correction
polynomial which satisfies the required properties of the previous sections.

Because the correction polynomial P(s1, s2,d) is Eulerian, we can restrict our attention
to powers of Np~5! or Np~%2 in Z4(s1, $2, w) and still obtain complete information about the
aggfg)(do, p) which comprise the Dirichlet polynomial P. Even in this special case, the form
suggested by our previous heuristic is not consistent with our required properties. That is,

Zy(s1,w; p¥) := [ Np~*s2 coefficient of Zy(s1, so,w) | #

G(mp2k7d)@l(mp2k)w2(d) def . 9%k
Z Nms1 Ndw - D4(81,w,p )

m,d

since it again fails to give symmetric contributions for the a; ;.
In order to satisfy the functional equation (s1, s2,w) — (s1+w—1/2,s9+2w—1,1—w),
the terms in Zy(s1, w; p*) must satisfy

Z4(51, w;pk)Np—kS2 — Z4(81 +w— 1/2’ 1— w;pk)Np_ksz_%w""k.

Our basic assumption, which motivates the collection of functions we consider, is that there
aren’t very many objects which possess this functional equation. In fact, the only such
functions with the correct transformation properties indicated above should take form:

Z G(mp** =L d)p1 (mp®~1)aa(d)
Nms1Ndw

2k 2k

S Ris1w: 2K)D(s, s 1) = 3 Ry, s 28)
=0 1=0 m,d=1 (3)
(md,6)=1

49
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where the R;(s1,w;2k) are finite Dirichlet polynomials in Np™*1 and Np~ with the property
Ry(s1,w; 2k) = Np/2 W R (51 +w — 1/2,1 — w).

Note that the transformation condition on each of the R;(s1,w) immediately implies the
desired transformation property for Zy(s1,w; k). A further hypothesis on the Dirichlet poly-
nomials Ry(s1, s2, w) guarantees that such combinations are especially nice: all monomials
Np~#179% occurring in R;(s1,w;2k) must have i < j. We will discuss the ramifications of
this assumption in later sections.

In short, we have just proposed that the correct definition for Z4(s1, s2,w) is only a
slight generalization of the one suggested by the square-free heuristics and still possesses all
the essential characteristics. With this in mind, we will spend the rest of the chapter trying
to prove the following result:

Theorem 5.1 (Main Theorem, Version 1). For every value of k > 0, there exists a
finite collection of finite Dirichlet polynomials Ry(s1,w;2k) for 1 =0,...,2k, satisfying the
properties:
1) Ry(s1,w; 2k) = Np!/2~ "W Ry (51 +w — 1/2,1 —w), and
2) All monomials Np~*1=7% occurring in Rj(s1,w;2k) must have i < j
so that the definition
2k
Zu(sr,wip") ST Ry(s1,w;2k) D sy, wi p* )
=0

defines a consistent set of correction coefficients az(f;-?’)(do,p) of P(s1,82,d) such that the
following properties hold:

1) The correction factor is a finite, Eulerian Dirichlet polynomial

2) The correction factor is symmetric in the variables s1 and ss.

3) The correction factor is trivial if d is cube-free. More specifically, each Euler factor
at the prime p depends on the divisibility of d by powers of p°.

4) The values of the coefficients agree with those determined by the method of taking
variables to infinity.

5) Large collections of the a; j sum to 0 according to (4.7).

6) The coefficients a; j satisfy mild growth conditions according to (4.11).

We will begin the proof of this theorem in the next section. While the current statement
of the theorem strongly reflects the thinking process used to obtain it, it is quite difficult to
conceptualize a strategy for its proof. To conclude this section, we will work to simplify this
statement into an equivalent but more combinatorial claim and prove several supporting
lemmas which describe basic constraints on the form of these linear combinations.

5.1.2 Deconstructing Dy(s;, w;p)

We begin this process with a more careful description of the decomposition of a generic
Gauss sum object D4(31,w;pl). Again, we’ll want to use the method of decomposing the
series according to the primes dividing d. This follows identically to the previous decom-
position of D(s1,w) used in the method of taking variables to infinity. The only difference
is the analysis at the distinguished prime p, so we begin our decomposition of Dy4(s1,w;p!)
with this.
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Proposition 5.2. The p-th Euler factor of the series Dy(s1,w;p!) as a Dirichlet series in
d (called the p-part of Dy(s1,w;p')) is given by the following cases. First, if ptdg, then the
p-part takes the form:

Xdo(pl)u_)(pl)L(p)(sl Xdod_)l)
Y Xao ()10 LW (51, Xagwor) (Np**/? — NpP@s/ 2 )Np—3esty

0<3a3<l

Z L(p)(sl’ Xd(ﬂ;z_)l) (Np3a3/2—(3a3—l)s1—3a3w — Xdo (p)"l}l (p)Np3a3/2—1—(3043—1—l)31—3a3w)
3az>l

If p|dy, then the p-part of the series is

Z Np3a3/2—(3a3—l)31

3az>l

If p|da, then the p-part of the series is

Z Np3a3/27(3a3+17l)31
3asz+1>1

Proof: Pick and fix a value of dg. As a first case, suppose that p { dy. Then write d = p>*3d’
with (p,d') = 1 and similarly, write m = p¥m’/ with (p,m’) = 1. Then

G(p'm, d)p1 (mp')ipa(d)

Da(si,wip') = ) Nrms1Nd®
m,deO gk
m,d=1 (3)
(md,6)=1
— Z G(pl+’y(m/)7p3a3d/)’(vz_)l(pﬂy—i_lm,)wQ(d) (5 1)
() (NN |
@z y>0

But
gt (m)), pPord)  g(pttr(m), d’) g(p! T (m), pP3)
/NpasNd/ VNI’ /Np3es

g(m/,d) (™7, p**) _ Xay (@) (! d,)g(p””,pg‘%)
VNI /NpPes V/Npas

Then we may rewrite the above (5.1) as

G(pH'y(m/),pgan/) —

= Xdo (pl+’y)

G(m/, )i (m Xao (P71 (P g(p117, pP3)
D4(31;w§pl> = Z s Z Z : s14+3azw
m/,d'=1 (3) <Nm ) ' (Nd/) @3>0 | v>0 Npysr+ies V Np3a3

(m/d’,6p)=1
But we know that

d(p323), if{+v>3a3
g7, p3es) = { —Npdes—1 if [+ y=3a3—1,a3 >0

0, otherwise
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so we can evaluate the bracketed sum above according to a similar case method. That is,

HYYah, (DY I+v p3as
summing the geometric sum, we obtain Z Xao (P71 (P 7) 907, ) =

>0 Npysi#sasw v/ Np3as

% 4’(1’ “3) —3azw .
Xd()( )1/)1( ) (817 Xd0¢1) 3 Np 3 if Z 3043
Np>*3
_ ) e
=< LY? (817 Xd0¢1) /7N Sas

Yo (P 3az— 1)%( 3az— 1)MNZ¢*(3&3*1*051*30‘3W if [ < 3as

where L(p)(sl, )Zdod_q) denotes the pth Euler factor of the indicated L-series. By removing
this factor from both terms in the latter case I < 3as3, we have some cancellation which
leads to the somewhat simpler looking cases for our sum:

—(Baz—1)s1—3azw _

Z Xdo H—'y 1/}1( l+'y) g(pl+'y7p3a3)
Xdo (P01 (p) if az =0
)Zdo (pl)il (pl)(Np3a3/2 . Np3a3/2—1)Np—3a3w if 1> 3as
(Np3a3/2—(3a3—l)s1 — Xdo (p)%(p)Np3o‘3/2_1_(30‘3_1_l)31))Np_30‘3“’ ifl< 33

= LW (s1, Xay01) -

Substituting this into the above equation for D(sy,w;p') gives the result in the case p { do.
If, instead, p|di, then we may write d = p3*3+1d’ and m = pYm’ as before. Then

g(ler'Ym/, p3a3+1d/)

/Np3a3+1Nd/

G(pl+7m/7p3a3+1d/) —

= 0 unless [ + v = 3as.

In this case,

/Nplas+INg/ v NpNd’

Hence, substituting this into the original series, we have

30030,/ 3a3+1d’ " nd
G(pl+7m/,p3a3+1dl) = g(p m,p ) =N 3a3/2w Np3a3/2G( ,pd/)

T G(p'm, d)y1 (p'm)ia(d) _ 3 G(m/, pd )1 (m) e (pd') S Npfes/2-GasDes
N1 Ndw (Nm/)*1 (NpNd')®

myd=1 (3) "

(md,6)=1 (m'd’,6p)=1

3a3>l

Lastly, if p|da, then write d = p3*3+2d’ and m = pYm/. Then G(p!™'m/, p3*3+2d') = 0
unless | +v = 3as + 1. In this case,
g(p3a3+1m/,p3a3+2d/)

/Np3a3+2Nd/

_ g(p3a3+1m,,p3a3+2) g(p3a3+1m/,d’) - d/
- \/W Nd' Xd’(pQ)XP< )
ag29(msp) _ o g(m/, d’)

= Np3o‘3/ 2G(m/,p)G(m/,d’")  (using cubic reciprocity)

G(pl—&-ym/’ p3a3+2d/)
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Now substituting this result into the original series, we get

Z G(p'm, d)1 (p'm)iba(d)

Nms1Ndw
m,d=1 (3)
(md,6)=1
Z G(m/,d)G(m/, p)p1(m/ )1 (p)a(d'p?) Z NpPos/2—(Bas+1-D)s1
(Nm/)51 (NpQNd/)w
' Sag+11
(m,dl76p):1

Note that the p-part of this series is precisely the one given in the statement of the propo-
sition, and the result follows. [

5.1.3 The Coefficient of Np=*%2 in Z,(s, 55, w)

Recall that our goal in the previously stated theorem was to find an appropriately chosen
linear combination of Dirichlet polynomials R;(s1,w;2k) and series containing Gauss sums
Dy(s1,w; p?*~!) so that the definition

%
def _
Za(s1,w;p") = E Ry(s1,w; 2k) D (s, w; p** 1)
=0

leads to well-behaved correction coefficients of P(s1,s2,d). Now that we know the general
form of terms arising from Dy(s1,w;p') for any choice of I, we turn to a careful investigation
of the other side of this definition: the coefficient of Np~%52 in Z,(s1, 52, w). As we discovered
earlier in (3.11), the expanded form of Z,(s1, s, w) is

Koo (mn?) o (m) o1 (m) ()G () G (X Jin () T [aberamp=/2 -]

p“|ld3
> -
Nms1Nns2Ndw
dm,ne0k
d,m,n=1 (3)
(dmn,6)=1

T [t e ] (5
pYlds
pldz
Using this form, we’d like to determine the terms which contribute to the coefficient of
Np~Fs2 for a distinguished prime p. Note that this immediately implies that n is a power
of p.
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Grouping all such terms we have, for p 1 da, Z4(s1, s2,w) =

3 Xdo (M) Y1 (m)a(d) 1 (d) G(1, d1)G(1, dp) 11 [(as)

a3a3,0Nq_3a3/2 +--

Nms1Ndw
d,m=1 (3) q*3||ds
(dm,6)=1 gfd2
q#p
ot ag‘fg)Nqi”as/?] H [aéiilrl,oNq_?’”’/Q_l/Q bt aéﬁi),oNq?’"‘S”“/?_(3“3“)51 4. ]
q*3||ds
qld2
a#p

k
Z Xdo (ka—Qj)wl (pk—]) Z aZ(:J;S)Np—3oc3/2+(3oc3—z)—(3a3—z)51 (5'3)
j=0 i

If p|da, we have the very similar looking expression for Z4(s1, s2,w):

Z Xdo (m)h1 (m)2(d) 1 (d2)G (1, d1)G(1, dy) H [a(a3)

3a3,0Nq_3a3/2 + -

Nms1Ndw
d,m=1 (3) q*3||ds
(dm,6)=1 qfd2
q#p
"+a(()?403)Nq3a3/2] H [a:(sf;)ﬂ,oNq_g’%/Q_lm+"'+a:(szi),oNqsag/%l/?_(3a3+1)31]
q°3||d3
qlda2
q#p
Z Xdo (p2k—23)¢1 (pk—]) Z CLEZS)Np_3a3/2_1/2+(3a3+1_2)_(3a3+1_2)sl )
j=0 i

Notice that the sum over d and m is precisely the series we investigated in taking the limit
as R(s2) — oo and all of the products over primes ¢ # p similarly involve the identical
correction coefficients and associated Dirichlet monomials. But as we argued in Chapter 3,
we know by comparison with the two-variable situation that this should just be D(s1,w;1)
where the sum is taken over integers relatively prime to p. Hence, in the case where p 1 d,
we may rewrite the above (5.3) as

LP) (1, Xao 1)

Z G(m, d)1 (m)a(d)

mStdvw
m,d=1 (3)
(md76p):1

k
Z Xdo (ka—2j>w1 (pk—j) Z CLEZ{?’)Np—3a3/2+(3a3—z’)—(3043—1')51 —3azw
§=0 i

A similar rewriting can be done for the cases p|d; and p|ds. Now recall, for example, that
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in the case where p { do, the series Dy(s1,w;p') could be rewritten as

> G<m}§%i§§2f?(d> (a0 (061 (0 L) (51, Xty 1)+

m,d=1 (3)
(md,6p)=1

Z Xdo (pl)ﬂ_)l (pl)L(p) (817 Xdod_}l)(NpE}ag/Q - Np3a3/2—1)Np—3oc3w+

0<3a3<l

Z L(p)(slvidod;l) (Np3a3/2*(3043*l)3173a3w_

3asz >l

Xdo (P) 1 (p)Np**s/ 2‘1‘(3‘13‘1‘”51‘3”3“’)}
Then, in the case where p { dy, the desired equality

Z 317w p ZRZ Slaw Qk (Sl7w;p2kil)

is equivalent to the following relation, after cancelling common terms on both sides.

Z Np—3a3w ZXdo 2k— 23 (pk—j) Za(a3)Np—3a3/2+(3a3—i)—(3a3—i)51

7]
a3>0 )
2k ~
= > Rulsr, w3 2K) [Xao 0 )1 () +
=0
Z - ( 2k— l)qﬁ ( 2k—l)(Np3a3/2 _Np3a3/2—1)Np—3a3w +
0<3a3<2k— l

Z <Np3a3/2—(3a3—l)sl—3a3w — Xdy (p)¢1 (p)Np3a3/2—1—(3a3—1—l)51—3a3w>
3az>2k—I

Following the identical procedure and making the same corresponding cancellations

in the cases p|d; and p|ds, we arrive at a completely combinatorial equivalent version of
Theorem 2.

Theorem 5.3 (Main Theorem, Version 2). Let p be a fized prime. Then for every
k > 0, there exists a choice of finite Dirichlet polynomials Ry(s1,w;2k) for 0 <1 < 2k in
the variables Np™®1 and Np~™", with Ry(s1,w;2k) = Npl/Q_lel(sl +w—1/2,1 —w), so
that, if p 1 do,

Z Np~ 3a3wzxd0 2% — 2; 1(pk—j) ZGEZB)NP—3Q3/2+(3Q3—i)—(3a3—i)51

az>0
:ZRl(sl,w;Qk) a0 (0" () +
=0

S R (R (PR (NP2 - NpPos /2L Np e
0<3as<2k—1

Z (Np3a3/27(3a37l)3173a3w — Xdy (p)T/Jl (p)Np3a3/2717(3a3717l)5173a3w>
3az>2k—I
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if p|di, then

i

k
Z Np7(3a3+1)w Z Xo (p2k72j)wl(pk7j) Z a;c;s)Np73a3/2+(3a371)7(3%4)51 _
§=0

a3z3>0

2k
— Z Rl(sla w; 2]{?) Z Np3a3/2—(3a3—(2k—l))51—(3a3+1)w
=0 3a3>2k—I

and if p|da, then

k
Z Np73oz3w Z Xdo (p2k72j)1/}1 (pkfj) Z az(?;}i)Np73a3/271/2+(3a3+17i)7(3a3+17i)51 _
J=0 i

a3z3>0

2k
_ Z Rl(sl; w; 2]{5) Z Np3a3/2—(3a3+1—(2k—l))31—(3a3+2)w
=0 3az+1>1

define a consistent set of correction coefficients a§33)(do,p) of P(s1,s82,d) such that the
following properties hold:

1) The correction factor is a finite, Eulerian Dirichlet polynomial

2) The correction factor is symmetric in the variables s1 and ss.

3) The correction factor is trivial if d is cube-free. More specifically, each Euler factor
at the prime p depends on the divisibility of d by powers of p>.

4) The values of the coefficients agree with those determined by the method of taking
variables to infinity.

5) Large collections of the a;; sum to 0 according to (4.7).

6) The coefficients a; ; satisfy mild growth conditions according to (4.11).

We have now reduced the main theorem of the chapter to a purely combinatorial question
about a finite induction of certain finite Dirichlet polynomials R;(s1,w;2k).

5.1.4 Lemmas on the Form of the Dirichlet Polynomials

These lemmas will further restrict the form of the Dirichlet Polynomials R;(s1,w;2k) used
in proving the Main Theorem according to the properties we wish them to satisfy.

Lemma 5.4 (Congruence Property). The Dirichlet multipliers Ry(s1,w;2k) used to
define the correction coefficients of P(s1, s2,d) must only contain powers of Np~* which are
congruent to 0 mod 3.

Proof: The Dirichlet polynomials must be chosen to solve for the correction coefficients
in the pth Euler factor coming from Z4(s1,w;p*). These contributions are listed in the
statement of the Main Theorem above. The only terms involving Np~® in Zy(s1,w; p¥)
are of form Np~(B3+9w where ¢ = ord,(dp). Hence, the Dirichlet polynomials R;(s1, w;2k)
must be chosen so that the only those powers of Np~" appear on the right-hand side. Since
each Dirichlet polynomial R; is associated to a distinct set of monomials in Np~™! and
Np~™, this immediately implies that there can be no nontrivial power of Np~™ occurring in
R; which is not congruent to € mod 3, else it would appear on the left-hand side. []
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Lemma 5.5 (Transformation Property). Suppose that we have a Dirichlet polynomial

of form | |
Rl(81, w, 2k) = cmNp7]52*3m’LU + . + CMNpiJSQ?ng

for some fized j > 0. Then Ry(s1,w;2k) = Np(/2=wli=3M+m) R (s 4w —1/2,1 — w; 2k).

This will follow from an easy formula describing how each of the multipliers transform
under (sy,w) — (s1 +w—1/2,1—w). Note that since powers of Np™/%! remain fixed under
this transformation, we must only check that for each R;(s1,w), terms of a fixed Np~/52
transform into each other up to a power of Np/2=%_ Hence, in conjunction with the previ-
ous result, this lemma applies in full generality to the Dirichlet polynomials R;(s1, w;2k).
Proof: Suppose, for a given fixed 7 > 0, that Np~3" is the smallest occurring power
of Np™ in R;(s1,w;2k) and Np~3M¥ is the largest such power. Then, under the transfor-
mation (s1,w) — (s1+w —1/2,1 — w), the terms

CmNp—jsl—?)mw NS CMNp—jsl—SMw _
¢, NplU/2=8m)—jsi=(=3myw 4 . Npli/2=8M)=js1—(j=3M)w
In particular, if this Dirichlet polynomial is to transform into itself up to a power of Np'/2=%,
then the largest negative power of Np~™” on the right-hand side must transform into the
largest negative power on the left-hand side. Hence, the term e Npld/2=3m)—js1—(j—3m)w

must be taken to ¢y Np=75173Mw by a power of Np'/2=%. Equating these, we find that this
factor must be Np(1/2-w)li=3(M+m)] 7]

As an immediate corollary, any single term ¢;Np=7%27" with j > 0 and ¢; # 0 appear-
ing in the Dirichlet polynomial implies that the entire polynomial transforms by at least
Np=(+3))/2=(G=U+3))w  Note that the transformation property also provides a relation
between ¢, and cjps, though we will not be concerned with that here.

The previous lemma gave an indication of how the transformation property for the
Dirichlet polynomial restricts the possible choices for R;(s1,w;2k), since each such R; must
transform by Np'(1/2=w) " In the above notation, this means that m, M, and 7 must sat-
isfy 3M + 3m — j = [l. The following lemma shows how the other required property of
R;(s1,w;2k), namely the condition that each monomial Np~%1=7% has i < j, places restric-
tions on the form of the coefficients of the correction factor P(sq, s2,d).

Lemma 5.6 (Stability over as). Suppose that the correction coefficients of P(s1,s2,d)
are defined by a choice of Dirichlet polynomials Ry(s1,w;2k) according to the Main Theorem.
Given an integer k > 0, then for any i,7 > 0, we have

“z(',c;cg)(do,p) = al(-f;fw) (do,p) if 3ag > 2k
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Proof: Recall that, according to the Main Theorem, we have for p { do,

k
Z Np~3asw Z P22y (pk—])z a(za)Np—3a3/2+(3a3_,)_(3%_1)51
az>0 =0 i
2k
= Rilsuwi2k) [Xap @)+ Do Xap(p)(Np*/2 — NpPea/ZrhNpieay
1=0 0<3a3<2k—I

Z (Np3a3/27(3a37l)5173a3w — Xdo <p)¢1(p)Np3a3/2717(3a3717l)5173a3w> (54)
3as>2k—I

Similar but far simpler equalities hold for p|d; and p|d2. The lemma will follow from showing
that the value of

k

iXd()(ka_Qj k —j Za(as Z 2k 23 (pk—j)za(géa-&-r)
§=0

7=0 )

for any r > 0 whenever 3as > 2k. We do this by studying the right-hand side of the above
equality. Pick any value § with 33 > 2k. Then contributions on the right-hand side to
Np 3% come from products of monomials Np~i1=3M ip Ry(s1,w;2k) with bracketed terms
involving Np~37" such that A+~ = 3. We want to show that 3y > 2k —1; this will guarantee
that the contribution from the bracketed terms in (5.4) comes from the final sum. But the
appearance of the monomial Np~*1 73\ implies that R; transforms by at least Np—3 v,
Indeed, since i < 3k for all appearing monomials Np~#1 73k then writing down the list of
terms in R; including Np~%! we have

C(i, m, Z)Np—isl—:’)mw 4t C(i, )\’ Z)Np—i81—3>\w NN C(i, M, Z>Np—i81—3Mw

with m < A < M, and the c¢(i,7,1) constants depending on the indicated quantities. Ac-
cording to the transformation property, this transforms by Np~(GM+3m—iw > Np=3 \w gjnce
i < m. So R; transforms by at least Np~3*_ But then 3\ < [ since R; transforms by Np—
by definition. Putting this all together, we have 3y = 33 -3\ > 36 —1 > 2k — . In short, all
contributions of bracketed terms to Np~3%% come from the sum over 3y > 2k — [. Writing

down the total contribution to Np~2%% from the right-hand side, we have

Z Z C(i, )\, l)Np_isl—fi)\w

YHA=8 1

coming from R;(s1,w;2k)

|:Np3’y/27(3'yf(2k7l))8173'yw — Xdo (p)i/ll (p)Np3’y/2717(37717(2k7l))5173'yw

~
coming from the sum over 3y > 2k — [ from bracketed terms

where ¢(i, \, 1) is the constant from R; associated to the indicated monomial. For any fixed
power of Np~51, we have a finite number of terms contributing to, say, Np~(36-9)s1=35w o
any ¢. This set of terms, according to the equality in the Main Theorem, should correspond
to terms on the left-hand side of form:

Z 2k 2] 1(pk—j)agg)Np—3ﬂ/2+(3ﬁ—i)—(35—2’)51—36w
=0
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To finish the argument in this case, note that the contribution to Np—3(#+)® on the right-
hand side comes from products of terms including the very same ), ¢(i, A, [)Np~#s1 =3\ from
R; but now paired with Np=30+D® from the bracketed sums. (The Dirichlet polynomials
can’t contain a power of Np~3(3+1Dw gince this would transform by at least Np—3(8+Dw and
we chose § > 2k.) Hence, all terms contributing to Np—3B+Dw from R; are in one-to-one
correspondence with terms of R; contributing to Np~=3%%*. However, to add to a total of
Np—3(8+Dw the contribution from R; must now be paired with bracketed terms containing
Np—30+Dw  So the total contribution to Np~33+Dw on the right-hand side is now just
expressed as

Z Zc(i,)\,l)Np—iﬁ—SAw '

YH+A=8 ¢

coming from R;(s1,w;2k)

|:Np(3'y+3)/2f(3'y+37(2k7l))5173(7+1)w_ ( )wl( )Np (3y+3)/2—1—(3y+3—1—(2k—1))s1 —3(v+1)w

Xdo \P

coming from the sum over 3(y + 1) > 2k —

Now it is clear that, comparing contributions at § and 8 + 1, terms in this finite
sum with associated monomial Np~(38+3-1s1=3(B+1)w 16 the same as those associated to
Np~(38-9s1-36w 1yt with an additional factor of Np®/2. In the case of 3 + 1, the equality
in the Main Theorem gives terms on the left-hand side of form

2k 23 7j)a(ﬂfrl)pr?)(ﬂnLl)/2+(3ﬁ+37i)f(3ﬁ+37z‘)sl73(ﬁ+1)w
[2¥}

1 (p*

Mw

:0

Comparing the terms on the left-hand side at (3, we see that the identical coefficients appear
with an associated monomial that also differs by a factor of Np3/2. Hence the contribution
to

k
Z Xdo (p2k_2j)7p1 (p ) (:C;Jrl)
j=0
is stable from ( to 6 + 1. Since the same argument would show a stable contribution if
k were replaced by k& — 1, then the a; ) coefficient must also be stable in this case. This
completes the case where p|dp.

Rather than repeat this argument for the cases p|d; and p|d2, we merely note that
the same procedure can be identically carried out provided that we can guarantee that all
contributions from the right-hand side’s bracketed terms come from the sums with 3as >
2k — [ and 3as + 1 > 2k — [, respectively. But all the other coefficients are 0 in these cases,
so this condition is automatically satisfied and the claims follow by identical argument to
the above. [

5.2 Proving the Existence of a Consistent Set of Correction
Coefficients

5.2.1 Outline of the Method

The object of this chapter is to determine a natural definition for Z4(s1,w;p*), the coef-
ficient of Np~#%2 in Z,(s1,s2,w). As previously discussed, we want this series to satisfy
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the transformation property Zy(s1,w;p*) = Zy(s1 +w — 1/2,1 — w; pF)p*=2+®_ since this
will lead to a simple proof that Z4(s1,s2,w) = Zy(s1 + w —1/2,89 + 2w — 1,1 — w). Our
investigations in the earlier sections led us to conjecture that taking the definition

G(mp*~t, d)

2k
Za(s1, w; p") ZRI s1,w; 2k) (sl,w;pgk_l) = ZRl(sl,w;Qk) N N g

for appropriately chosen Dirichlet polynomials R;(s1,w;2k) would produce such a series
with all the necessary properties. After analyzing both sides of this definition, we reduced
this conjecture to the existence of a finite set of Dirichlet polynomials R;(s1,w;2k) so that a
given set of equations can be solved in a consistent way. We stated this as the Main Theorem;
its proof is the sole goal of this section. We restate the theorem here as a reminder.

Theorem 5.7 (Main Theorem). Let p be a fized prime. Then for every k > 0, there
exists a choice of finite Dirichlet polynomials Ry(s1,w;2k) for 0 < 1 < 2k in the variables
Np~*t and Np~*, with R;(s1,w;2k) = Np/>" "W R (s; +w—1/2,1—w), so that the definition

G( 2k—1 d)

Z 317w p ZRZ S1,W; 2k’ (sl,w;pzk ! ZRI S1, W; 2k NmsiNdwv '’

or equivalently, the definition according to the following case method: ifp\do,

Z Nyp~3asw Z Xdo (D 2k 23 l(pk—j) Z al(::]z;)Np—3a3/2+(3a3—z‘)—(3a3—z‘)sl
az>0 i
2k

— ZRl(sl,w;ZkJ) [)Zdo(P% l)@z (p 2k l)

=0

Z = ( 2k— l)& ( Qk—l)(Np3a3/2 _Np3a3/2—1)Np—3oc3w +
0<3a3<2k—I

Z (Np3a3/27(3a37l)5173a3w — Xdy (P)dfl (p)Np3a3/2717(3a3717l)3173a3w>
3az>2k—1

if p|di, then

k

Z Np—(?)oag—i-l)wz)zdo(pﬂc—% k —J ZG(QS)N —3a3/2+(3a3—1)—(3az—1i)s1
az>0 j=0

2k
— Z Rl(sla w; Qk) Z Np3a3/27(3a37(2k7l))817(3a3+1)w
=0 3az>2k—1

and if p|da, then

Z Np~ 3a3wzxd0 2% — 2] l(pk—j)Zal(gé;)Np—3a3/2—1/2+(3a3+1—i)—(3a3+1—i)51
7

a3>0

2k
— Z Rl(sla w; 2]{3) Z Np3a3/27(3a3+17(2k7l))517(3a3+2)w
=0 3az+1>1
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defines a consistent set of correction coefficients agzg)(do,p) of P(s1,82,d) such that the
following properties hold:

1) The correction factor is a finite, Eulerian Dirichlet polynomial

2) The correction factor is symmetric in the variables s1 and ss.

3) The correction factor is trivial if d is cube-free. More specifically, each Euler factor
at the prime p depends on the divisibility of d by powers of p>.

4) The values of the coefficients agree with those determined by the method of taking
variables to infinity.

5) Large collections of the a;; sum to 0 according to (4.7).

6) The coefficients a; ; satisfy mild growth conditions according to (4.11).

Both formulations of the theorem will be useful to us: we want to remember that the
structure of the right-hand side is largely dictated by the presence of the series containing
Gauss sums, but also that this ultimately reduces to a finite set of terms corresponding to
any choice of d and corresponding 3. Before settling on this definition of Z4(s1,w;p*), we
attempted to show that the series

= Zy(s1,w; p*)

Z G(mp2k7 d)
— Nms1Ndw

as was suggested by the square-free heuristic. In our new notation, this would mean that
Ro(s1,w;2k) =1 for all k and Ry(s1,w;2k) =0 for all [ # 0. As we remarked earlier, there
were immediate problems with this. However, the assumption that Ry(s1,w;2k) = 1 seems
reasonable and we make this more precise in the following discussion.

Assumption 5. Keeping all of the previous notation as before, so that Ry(s1,w;2k) denotes
a finite Dirichlet polynomial with specified transformation property, which serves to define
the coefficients of the correction factor P(sy,s2,d). Then Ry(s1,w;2k) = 1.

Justification: We know from the transformation property, together with the assumption
that all monomials take form Np~#1 /¥ with ¢ < j, that the value of Ry(s1,w;2k) must
be a constant. However, we don’t know that it is non-zero. If we take Ry(s1,w;2k) = 1,
what does this imply about the coefficients a( )(do p)? Choose as to be the largest integer
such that 2k > 3as. Then referring again to the terms involved in the equality of the
Main Theorem, for p { dy we have a right-hand side contribution from the | = 0 term of
Xdo (p?F)hy1 (p?F) (NpPas/2 — Np3es/2—1)Np—3a3w  Comparing this with the left-hand side, this
implies that

2k: 23 1(p2k—2j) (as) Np—3a3/2 = Xao (p 2k)¢1( 2k)(Np3a3/2 Np3a3/2—1)‘

3as,g

Mw

:O

Recall that by taking the R(s;) — oo, we found that

Np3as — Npdas—1 if ag is even, j = 3asz/2.
ag 9 (do.p) = Xdo (P)11(p)Np3es if ag is odd, j = (3ag +1)/2.
a7 —Xdo (P)Y1(P)Np?*3~1 i a3 is odd, j = (33 — 1)/2.
0 otherwise.

Substituting these values into the left-hand side reveals a perfect match of character values
and powers of primes for both even and odd as. One can show that no other single choice



62

of Ry(s1,w;2k) and attached Dirichlet series will provide the same data, but it is difficult
to rule out the possibility of a complex combination of them. Ultimately, this is of no
concern to us. The important point is that, because all of the right-hand side contributions
from choosing Ry(s1,w;2k) = 1 are known to occur on the left-hand side, then setting
Ro(s1,w;2k) = 1 is a viable choice which will reduce our work when we try to find a
consistent determination of the a; ; according to the choice of these Dirichlet polynomials.

5.2.2 Proof of the Main Theorem

We are now ready to show that appropriate choices for the rest of the Dirichlet polynomials
Ry(s1,w;2k) for I > 0 exist.

Proof of the Main Theorem: First note that since the contributions on the right-hand
side of our definition are all determined locally for each prime p and will contain a finite list
of terms for each as provided that R;(s1,w;2k) is finite for each I. Hence, the correction
factor determined by this process with automatically be finite and Eulerian, satisfying the
first property.
The collection of agz.?’)(do, p) determined by the choice of R;(s1,w;2k) will be consistent
provided that we can prove the following inductive step. We must show that the coefficients
determined by the Np=*s2 coefficient (i.e. the choices of Rj(s1,w;2k) for I = 0,...,2k)
agree with the coefficients determined by the Np~(:+1)s2 coefficient (i.e. the choices of
Ri(s1,w;2k +2) for [ =0,...,2k +2.)

Suppose that we have a consistent set of coeflicients determined by the choices of

Ry(s1,w;2t) for t < k. According to the definition in the Main Theorem, these R;(s1,w;2t)
(as)
Z7‘73
quire that the agoj{s)(do,p) are symmetric in ¢ and j, then we have in fact determined all

will determine the coefficients a; >’ (dp,p) for j < k and any 4,3 > 0. Further, if we re-

agf;.s)(do, p) with either i or 7 < k. Now let’s look more closely at the implied conditions on
Ry(s1,w; 2k + 2).

According to the equality in the main theorem, the sum total of terms of the form
Np~(Bas—t)s1=3asw 4n the right-hand side (in the coefficient of Np_(k“)s?)) should corre-
spond to the set of terms

k+1

> %o (021 (0Pl (do, p)Np 3/ 2B )
7=0

on the left-hand side. If ¢ > k, then this list of terms includes the previously undetermined
coefficient agfﬁl(do, p) (note this is the only term in the list which is previously undeter-
mined since we require symmetry in the indexes i and j), so the right-hand side need not
conform to any prescribed value in these cases. However, for ¢ < k, this is not the case.
For all such terms Np~(as—i)s1—3asw the Jeft-hand side has been completely inductively
determined so we must ensure that terms on the right-hand side appropriately agree with
these values.

At first glance, this appears quite difficult since we must have agreement over all values of
a3. However, according to the lemma on stability in ag, the Np~*+Ds2 coefficient produces
coefficients which are stable with respect to a3 whenever 3ag > 2k + 2. Moreover, the sums
of correction factor coefficients we are trying to agree with, agz‘"’)(do, p) with i or j < k, are
stable for 3ag > 2k. Hence, if we agree with contributions from the left-hand side for these
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terms up to the smallest oz such that 3oz > 2k + 2, then we are done, since the right-hand
side will be forced by its structure to produce the correct stable values of a( o3) (do, p) for all
ag ever after.

In short, our conclusion is that we have a consistent determination of Dirichlet polyno-
mials R;(s1,w; 2k + 2) which produces a correction factor symmetric in the variables s; and
so if we can correct for the previously determined terms associated to Np~ (Bas—1)s1—3azw
for 3as < 2k + 2 and 0 < ¢ < k. Our plan is to do this by induction on . That is, we
correct for all of the terms containing Np~(3@3=)s1 without worrying about the effect on
terms containing Np~(Gas—(i+1)s1

We do the case i = 1 to begin. Then we need to match all of the potential left-hand
side contributions to Np~(Bes—1)s1=3asw o1 a]] a3 > 0. These terms occur in the form:

k
Z Z Xdo (p2k72j),¢’)1(p2k 2])ag ; )(d(), p)Np73a3/2+(3a371)7(3a371)51f3a3w
a3>0 j—0

But we know that, in general, the coeficients of a( )(do, p) are stable in a3 for 3as >
2min{i, j}. Moreover, a( 3)(d0, p) =0if j > 3 and

k
D Xy ) ()i (do. ) = 0
Jj=0

if £ > 3 and ag > 1, by our previous assumptions. Hence, we only need to correct for this
term if g = 1 and & = 1,2. If k = 2, then we take the contribution from the left-hand
side, call it (i, g, 2k)Np~Bas—s1=3asw — (1 1 4)Np~21-3% and match it on the right-
hand side using ¢(1,1,4)Np~25173% D(s1,w; 1) which possesses the correct transformation
property at k = 2 and gives the correct stable contribution for every as ever after. The
case k = 1 is more of a problem. No terms have a transformation small enough to be added
to a Dirichlet polynomial. Instead, we will show in the examples of the subsequent section
that we do not need to correct for these terms.

We pick and fix a value ¢ and find potential contributions from the left-hand side to
Np~(Bas=9s1 whenever ag < 2k+5. In general, we know that these terms occur in the form:

k+1

Z ZX 2(k+1)— )&( (k+1)— ) (aa)(d p)N —3as/2+(3az—1i)—(3az—1i)s1 —3azw
a3>0 j=0

But we know that, in general, the coefficients of a( )(d[), p) are stable in a3 for 3as >
2min{i, j}. So, in particular, these coefficients in the above sum are stable in a3 for 3ag >
2i. If ag is such that 3as < 2i, then we look to add a term to the right-hand side of
form c(i, ag, 2k + 2)Np~Bas=idsi=3asw for some constant c. If such a term occurred alone
in one of the Dirichlet polynomials, it would transform by 6as — (3as — 7)) = 3as + i.
If 3as + ¢ < 2k + 2 then this is a legitimate transformation size to occur in a Dirichlet
polynomial and we may add the term to the appropriate series containing a Gauss sum
as c(i, a3, 2k 4+ 2)Np~Bas—isi=3azw ), (5, qp; p?k+2=(Bas+i))  The terms generated by this
addition on the right-hand side obviously include the desired term. All subsequent terms
produced by this addition have higher values of a3 and correspond to terms Np~(Bas—r)s1
with r > 1.
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However, it may be the case that even though 3as < 2¢ and ¢ < k, we still have
3ag + ¢ > 2k 4+ 2, in which case we need to work a little harder to correct the missing
term. In general, the class of terms we may add to a Dirichlet polynomial containing
Np~(Bes—i)s1—3asw take the form

pr(3a37i)s1 (cmpr?)mw 4ot CMpr?)Mw)

for some appropriately chosen coefficients ¢y, . .., cyr, with m < as < M, and 3asz—1i < 3m.
Such a collection of terms transforms by 3M + 3m — (3as — i). This is minimized when
M = a3 and 3m chosen as close to 3ag — i as possible, so that 3m — (3as — i) < 2. In this
case, the set of terms transforms by 3a3+2 < 2i+2 < 2k + 2. So there is always some such
collection of terms which can be attached to a series containing Gauss sums. Precisely, for
any such collection of terms which transforms by less than 2k + 3, it should look like

Np—(3a3—i)s1 C(iv as, 2k + 2>Np—3/2(a3—m)—3mw 4ot C(’i, s, 2%k + Q)Np_3a3w -

e C(i, as, 2k + Q)Np3/2(M7a3)73Mw D(Sl, w;p2k+27(3M+3m7(3a37i)))

where c¢(i, ag, 2k + 2) is the coefficient of the left-hand side term Np~(Bes—i)s1—3asw {5
which we are trying to correct and the other monomials have corresponding coefficients to
guarantee that the terms transform into itself. Unfortunately, in adding this term, we have
introduced some lower order terms which are jeopardizing the validity of our induction. To
fix this problem, if m < asg, then also add the following term to the right-hand side:

o pr(?;agfi)sl |:C(i, as, 2%k + Q)prB/Q(agfm)fiSmw 4.
<o tc(i, s, 2k + 2)Np_3/2_3(°‘3_1)w D(sq, w;p2k+2_(3a3_3+3m_(3°‘3_i)))

Notice we have simply removed the top terms from previous terms in the Dirichlet polyno-
mial. This has the effect of reducing the transformation property by 3(M — a3+ 1), so it is
associated to a Gauss sum series with prime power correspondingly shifted by 3(M —as+1).

Lastly, we must check that when ag is chosen to be the smallest integer such that
3ag > 2i (that is, the smallest value of ag for which we have stability ever after), we can
similarly correct for terms appearing on the left-hand side. In this case, 2i < 3az < 2i + 3.
Again, we can perform the same type of addition of terms as in the previous case, but only
if 3az +3m — (3ag — i) < 2k + 2. Note that we can find the minimum transformation of
such terms according to the following case method:

2 +2 ifi=1(3)
minimum size of transformation = 3a3 +3m — (3ag — i) =< 20 +3 if i =0(3)
2 +4 ifi=2(3)

Since we know that ¢ < k, this gives us a means for correcting left-hand side contributions
for all ¢ excepting ¢ = k in the cases where i = 0, 2(3).

However, we do want to be careful in selecting these additional monomials so that the
corrected value gives a stable collection of correction coefficients at every ag ever after. To
ensure this, consider the collection of terms added to one of the R;j(si,w;2k + 2) which
corrects for a; j at a fixed 7. This set of terms should contain c(3az)Np~(3es=isi=3asw fo;
some appropriately chosen constant ¢(3as). If this collection of terms transforms by less
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than 2k then it will be associated to a Gauss sum series Dy(s1, w;p") with & > 3 and hence,
will not produce the stable set of terms we want. Then add a collection of terms containing
c(3a3)Np?/2—Bastd—i)s1—Bas+3)w - that js Np3/2-31-3w . [ previously used term }. This
will give the appropriate stable contribution for a;; at a3 + 1 and the collection of terms
transforms by at least 3 more than the previous collection. Repeat this process until ag is
so large that this transforms by at least 2k. Then the following final additions, covering
all possible cases, give the desired stability in ag for the a; ;. Suppose that the collection
of terms added to an R; contains the desired term Np~(3@3—)s1=3a3w anq transforms by
at least 2k. Then to guarantee stability in the a; ; for all successive a3, add the following
terms:
[c(m)Np—(?)ag—i)sl—?)mw 4ot C(3a3>Np—(3a3—i)51—3a3w:| G(m, d)

if transforming by 2k + 2,

[C(m)Np*(3a37i72)s173mw+'__+C(Sag)pr(?;a;;fifQ)sl7(3043—3)10] G (mp, d)—
[c(m)Np‘““?"’“@“‘?’mw +o c(3a3)Np‘(3“3‘i—5>51—<3“3—6>w} G(mp®, d)
if transforming by 2k + 1, and
[c(m)Np_(3a3—i)31—3mw+_”+c(3a3)Np3/2—(3a3—i)sl—3a3w} G (p?m. d)

if transforming by 2k.

In the last remaining case, where i = k and k& = 0,2(3), these terms can be corrected
for by a similar addition and subtraction of similar terms as above. Matching the transfor-
mations appropriately, then we have the result. This completes the induction.

Notice that we have satisfied all the desired properties, since the decision by the previous
lemma to fix Ro(s1,w;2k) = 1 for all k, together with the base case of the induction,
guarantee that our inductive process will always agree with the coefficients determined by
methods of taking variables to infinity. They also give the appropriate stability conditions
by construction. In particular, if g = 0, this forces all coefficients to vanish except for
ap,0 = 1 in this case. Hence, the correction factors are trivial if d is cube-free. Moreover, by
appropriately choosing the first undetermined coefficient in each step of the induction, we
can guarantee that the coefficients sum to zero in precisely the appropriate range according
to the stability of the Gauss sum for 3ag > 2k. Such a choice is further consistent with
the mild growth hypothesis by simple induction. The fact that the Dirichlet polynomial
combinations lead to additional functional equations for Z4, Z5, and Zg will be the topic of
the next chapter. The astute reader will now notice that all of the conditions of Assumption
4 have been verified. []

5.3 Examples: Computing the Polynomials R;(sy,w;2k) for
Small &

The previous section gave a proof that there exist combinations of Dirichlet polynomials
Ry(s1,w; p?*) and Dirichlet series Dy(s1, w;p? ") for I = 0,..., 2k which define each prime
power coefficient Np~#%2 of Z,(s1, w;p*). The combinatorics involved are difficult to grasp
in such generality and it is rather spectacular to see the fully realized Dirichlet polynomials
actually occurring in practice. For these reasons, we will compute several examples for
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small k, remarking at both the coefficients they determine and the relative uniqueness of
the process as we compute each case.

Case 0: k=0. For this case, we want to find the coefficient of 172 in Z,(s1, s2, w).
According to our set-up, this should be

Ro(s1,w; p**)Dy(s1,w;p**) = Ro(s1,w; 1) Dy(s1,w; 1)

for some appropriately chosen Dirichlet polynomial Ry. Recall that for each such Dirichlet
polynomial, we required Rj(si,w;p?*) = Ry(s1 + w — 1/2,1 — w; p?*)Np/?~"_ So in our
case, we must have

Ro(s1,w;1) = Ro(s1 +w —1/2,1 —w;1)

which immediately implies that Ry must be constant. This constant must be 1 in order
to satisfy the desired properties of the correction factor, including triviality for cube-free
integers among others.

Of course, we already knew this must be the case since the coefficient of 1752 was al-
ready determined by letting R(s2) — oo in Section 3.2.2. There we determined that the

ideal object should be Z G(m}\?)qﬁg;?;’bz(d)
m

But this is just Dy(s1,w;1) in our

m,d=1 (3)
(md,6)=1
current notation.

Case 1: k=1. Here we seek the coefficient of Np~%2 in Z4(s1, s9,w). Translating into
a statement about Dirichlet combinations, we want to find polynomials Ry, R; and Re so
that

2
> Rils1,w; p) Da(s1,w;p* ™)
=0
agrees with the correction coefficients determined in the case k = 0.
Again, Ry must be a constant. Moreover, according to the transformation requirement,

Ri(s1,w;p?) = Ry(s1 +w —1/2,1 — w; p>)Np'/2~v

and
Ro(s1,w;p?) = Ra(s1 +w — 1/2,1 — w; p*)Npt—2*.

But by Lemma 9, since terms of R;(s1,w;p?*) are known to contain only those powers of
Np~™ congruent to 0 mod 3, then there are no Dirichlet polynomials Ry and Ro which
satisfy the transformations above. All such Dirichlet polynomials transform by a larger
power of Np™™. Ry must then be 1 to satisfy the required properties. So, in summary,
Ro(s1,w;p?) = 1 and Ry(s1,w;p?) = Ra(sy, w;p?) = 0.

Does this provide a definition of correction coefficients which agree with those deter-
mined by the case k = 0?7

To answer this question, we need to refer to earlier propositions in the chapter citing
the form of Dy(s1,w;p?), particularly with respect to the Euler factor in the correction
term corresponding to the distinguished prime p. We also need to recall the combinatorial
dictionary between such factors and the corresponding correction coeflicients.
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According to Proposition 6.5, for example in the case of p { dg, the p!" Euler factor of
the correction polynomial coming from Dy(sq,w;p?) is

Xdo (p2)7211(p2) if asz = 0.
Np3a3/27(3a3*2)5173a3w — Xdo (p)wl(p)Np3a3/2717(3a373)5173a3w if g > 1.

Following Theorem 8, this should be equal to terms coming from the coefficient of Np~*2

—3asw

coming from Zy(s1,s2,w). For each a3 > 0, we have terms associated to Np of form

1
§ 2 2] 2 2] Zaas d[), 3a3/2+(3a3—i)—(3a3—i)51 —
7=0

_ Z |:Xd0( )1#1( ) Oéd)(do p> 4 a(l )(do,p)} Np73a3/2+(3a371)*(3013*1')31

S1
’

Comparing the two sides of this equality, we have by matching coefficients of Np~

o (201 (p2)alss) (do, p) + al’; (dosp)| = %o ()1 (?) if ag =0,
Yo (P21 (p2)a) (do, p) + a5 (do, p)| = Np? if ag > 1,
X0 (0201520l (do. p) + 0l (do. p)| = —xap (D)1 (p)NP? if @5 > 1,
-Xdo (p*)n (p2)a5%3)(d0,p) + agff’)(do,p)- =0 in all other cases of i, as.

The only pair of coefficients determined by the previous case (k = 0), is
Ko (0) 61 (07)ay (do,p) + 0 (do, )]

But a((&f’)(do, p) = 1 for all az. Hence for a3 = 0, this implies a(()?%(do,p) = 0 and for
az > 1, a(a3)(d0, P) = —Xdo(P)¥1(p). The important point is that this agrees with the

determination of a( 3)(d07 P) = —Xdo(p)¥1(p) from the case k = 0. Since all other occurring
pairs of coefﬁcients contain at least one undetermined coefficient, we need not worry about
consistency in these cases.

Thus far, we have seen that the Dirichlet polynomials agree with our original proposed
definition of

2 7, 2
Z4(s1, 89, w) = Z G(mgégzéléggdﬁ@(d)

m,n,d

inherited from the square-free heuristic. The next case will show this is not the correct
object and that non-trivial Dirichlet polynomials can occur.

Case 2: k=2. We want to determine the coefficient of Np=252 in Z4(s1, s2,w). Again,
according to our earlier results, this means we must find Dirichlet polynomials Ry, ..., R4,

so that
4

Z Ry(s1,w; p*)Dy(s1,w; p*~t)
=0
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agrees with the correction coefficients determined in the cases ¥ = 0 and £ = 1. In our
analysis of the k£ = 1 case, we determined that Ry is always constant, and Ry and Ro must
always be 0. Remember that, according to the required transformation property,

Rs3(s1,w;p") = Ry(s1 +w — 1/2,1 — w; p*)Np*/273v

and
Ru(s1,w;ph) = Ra(s1 +w —1/2,1 — w; p*)Np2~ 4.

Then no term involving Np~6% can occur in either polynomial as it immediately implies the
transformed series differs by at least Np>=6%. One can check that this restricts R3 and Ry
to the following.

R3(s1,w;p?) = c(1+ Np3/2_3w) + coNp™35173%  for any constants ¢; and cg,
Ry(s1,w;p?) = c3Np~ 213w for any choice of constant cs.

Writing Ry = ¢q for any constant c¢g, our task is now to solve for the undetermined constants

o, - - -, c3. To find these values, we need to again refer back to the relevant propositions ear-

lier in the chapter, remembering that R; is associated to the Dirichlet series Dy(s1, w; p*~?).
By Proposition 6.5, in the case p 1 dy,

Dy(s1,w; p*) =
Yo ()01 (p*) if a3 =0,
= Xdo (p*) 1 (p*) (Np*/? — Np¥/271) if oy =1,

Np3a3/2_(3a3_4)51_3a3w ~ Xdy (p)¢l (p)NPSag/Q—l—(3a3—5)s1—3a3w if a3 > 2.

Dy(s1,w;p) =
_ {Xdo (P)1(p) if ag =0,

Np3a3/2—(3a3—1)51—3a3w — Xdo (p)d}l (p)Np3a3/2—1—(3&3—2)51—304311) if g > 1.

Dy(s1,w;1) =

. 1 if a3 = 0
= Np3a3/2—(3a3)51—3a3w — Xdo (p)wl (p)Np3a3/2—1—(3a3—1)51—3a3w if g > 1.

Following Theorem 5.3, this should be equal to terms coming from the coefficient of
Np~2%2 coming from Z4(s1,s2,w). For each ag > 0, we have terms associated to Np—3@3%
of form

2
Z 4 2] 4 2j Za(aa) 0, )N 3a3/2+(3a3—i)—(3a3—i)51 _
§=0
Z[m( Jou (")l (do, p) + Xy (7)1 (7)) (do, p) + al'3” (do, p)
Np—?)ag/2+(3a3—i)—(3a3—i)51
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Comparing the above terms with the proposed combination of Dirichlet polynomials and
Dirichlet series, we have by matching coefficients of 17°! at ag =0,

Xato (01 (ph)aly (do, p) + Xao (0201 (pP)al ) (do, p) + als(do, p) =
CoXdy (p4)1;1(174> + €1 Xd, (p)% (p)

But we have already determined the left-hand side coefficients by the case k = 0. From
this, we know a(()?% =1 and ago()) = aéo()) = 0 in this case. This reduces the above equality to
simply:

Xao (P11 (p*) = coxta, (0*)¥1 (p*) + c1Xdo ()01 ()

This implies ¢y = 1 and ¢; = 0, since the ¢; are constants independent of the choice of dy. To

—351730) and ¢3 (where Ry(s1, w;p?) =
—3s1—3w

solve for cg (where we now know R3(sq, w;p*) = coNp
c3Np~25173%) we should examine the terms on both sides which are coefficients of Np
and Np~29173% _regpectively.

For the coefficient of Np™35173%_ we have

_ (1 _ _ n
Ko (9) 1 (6)abi0 (o, p) + X (%) (52) ] (do, p) + a3 (do, )| N2 = Xy (p)eb1 (p) c2)
as no other combination of Dirichlet series and Dirichlet polynomials produces a term
containing Np~=3%173%_ Again, we have determined all the correction coefficients on the left-
hand side from the case k = 0. We know aé}g =1, aé}% = —Xd, (P)¥1(p) = —Xa, (P?)¥1(p?),
(1

and ap45 = 0. Substituting these values, we see that the left-hand side is 0, so co = 0 as
well.

The last coefficient to check is Np~25173%  which will determine ¢z and complete the
case k = 2. Comparing contributions, we have

_ _ - 1 1

[Xdo( )wl( )al O(d()v ) + Xdo (P2)¢1(p2)agg(dom) + a(lg(do,p) Np1/2 =C3
as no other combination of Dirichlet series and Dirichlet polynomials produces a term
containing Np~2%173%_ However, we've determined all of the correction coefficients on

the left-hand side by the case k = 1. There, we found that a( )(do,p) = —Xdo(P)V1(p),

ag }(do,p) = Xd, (p)¥1(p), and a( )(do, p) = Np? (remembering that a; ; = a;;). Substitut-

ing into the left-hand side, we are left with Np®/2 = ¢3. In summary, we have just determined

that the coefficient of Np=252 in Z(s1, s2,w),
Zy(s1,w;p?) = Dy(s1,w; p*) + Np* 272173 Dy (51, w; p).

We leave it to the reader to check that this does indeed agree with all previous determina-
tions of the correction factor, noting that we have already checked many of these conditions.



Chapter 6

Functional Equations and Analytic
Continuation

6.1 Overview

We have worked hard to guarantee the existence of Dirichlet polynomials which lead to
a definition of the correction polynomial P(si, s2,d) possessing many desirable properties.
Now we are ready to reap the rewards. We first show that the form of Zy(s1, s2, w) as a col-
lection of series containing Gauss sums leads to a functional equation into itself. Exploiting
the symmetry in the variables s; and s3, we can show a very similar result using the trans-
formation in the so variable. Most importantly, we will also show that the the definition
of Zy(s1,s2,w) leads to a definition of Zg(s1, s2, w) which has a functional equation into
itself. It is this last functional equation which will provide a continuation of Zi(s1, s2, w)
to a half-space. Finally, we show that our original assumptions forced by the interchange
equality give an additional functional equation. This provides a continuation to a slightly
larger region, and this will be sufficient for our moment information in the final chapter.

6.2 Functional Equations Related to s; — 1 — s;

Recall that Z;(si,s2,w) contains L-series with arguments s; and sg in the numerator,
and so it should inherit a natural functional equation as each of these variables s;
1 —s;. To further elucidate this property, we defined Z;(s1, s2, w) according to the equality
Z1(s1, 82, w) = Za(1 — s1,82,w + s1 — 1/2), where Zy(s1, s2,w) is defined implicitly by its
value at each of the prime powered coefficients Np=*52 for any prime p and any k > 0.
We use the notation Z(si,w;p¥) to denote this coefficient. In the previous chapter, we
showed that for any fixed prime p and non-negative integer k, there exists a set of Dirichlet
polynomials R;(sy,w; 2k) such that Ry(s1,w;2k) = Np/2~ "R (1 — sy, w + s — 1/2; 2k) and
2k
Zy(s1, w; p¥) = Dy(s1,w; p**) + ZR;(Sl,w; 2k) Dy (s, w; p?* )
I=1
so that the resulting Z;(s1, s2, w) has correction coefficients with all the required properties.
Here Dy4(s1,w;p") denotes the Dirichlet series

Di(s1,wip") =Y G(mprgc)zgfw(nng)%(d)

m,d

70
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with G(m,d), the usual normalized cubic Gauss sum of modulus d.

6.2.1 Reformulating Results of S. J. Patterson

According to Patterson (cf. [P]), the inner sum taken over integers d has a functional
equation as w — 1 —w. We now formulate this precisely, translating from his results to our
notation. Let

D, ) = Cre3w—1/2) 3 D gy 1yg) o GOV
d=1 (3) d=1 (3)
where 1 corresponds to p = (1) as in our Definition 5 of Chapter 2. Further define
D*(w, pm) = (21) 72T (w + 1/6)(w — 1/6)D(w, um).
Then Patterson shows that
D*(w, pm) = (1 — 33/273w) (1 — 33w=5/2)=137/2=9w [y )L/2-w
[9;0(1 —w, pm) + D*(1 — w, pm)(e(um) + e(—pm) + 2 - 33/2*3“’)} (6.1)

where
* b(1/2—w) wa(l_w)b * a b
Difwm)= S 3 L) b ) D (w0, (1~ )P pam)
2<b<5+ordi—u (1)
a=0,1,2

and the 7(a,b, u) are explicit constants given in [23]. Translating back to our set-up, we
may write

(w, pm) Z ¢1(w, ¥, w)tp(m) D™ (w, p(p) wm)

Ppew

where the ¢1(w, v, p) are related to the 7y(a,b, u) via (6.1) in the natural way where the
constants ¢1(w, 1, u) << 1 for w with $(w) bounded. Substituting this into (6.1), we obtain
the stream-lined functional equation

D*(w, ppm) = (1=3%273)(1=3%=5/2) "L (Nm) 27 Y ™ g (w, 4, p)3p(m) D* (1w, () prm)
YeEW
(6.2)
where the constants ¢o(w, ), 1) are slight variants of the ¢;(w, 1, u) according to (6.1) and
similarly satisfy ¢o(w, 9, u) << 1 for w with R(w) bounded.
We note that a similar result can be obtained for the Dirichlet series summed over
d relatively prime to 6. However this adds additional Euler factors corresponding to the
primary prime (—2) which further complicates the notation. Since we will not be concerned
with the precise formulation of this functional equation (but rather the one for Zs into
itself), we will carry out the functional equation for the series summed over all d = 1 (3)
and refer the reader to [11] for a precise formulation of the Euler factors corresponding to
additional bad primes.
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6.2.2 A Functional Equation for the Prime Power Coefficients

Now we must show that (6.2) implies that each of the series D4(s1,w;p") has functional
equation roughly of the form

Dy(s1,w;p") — Da(sy +w — 1/2,1 — w;p")Np™/2"v.

Because these functional equations permute the additional twists 1;, we will now introduce
them into the notation for D, to emphasize the dependence on the 1;’s. Write

Da(s1,w;p",1,2) & Da(s1,w;p") = > G(mp'", d)r (mp")¢ha(d)

— Nms1Ndw
We will further define
Di(si,wip’ nab) = (2m) 220 ()T (s +w - 1/2)
> D*(w, p(yp2)m) 1 (mp")
Nmst
m=1 (3)
. G(mp", )1 (mp")a(d
= 1—‘D4 (817 UJ)CK(?)UJ - 1/2) Z ( Ngnsil(\]dw ) 2( )
m,d
= I'p,(s1,0)C(k(Bw —1/2)Da(s1,w; p", 1, P2) (6.3)

with
Tp, (s1,w) & (2m) 7257w/ (s D51 + w — 1/2)(27) " 2*T\(w + 1/6)T (w — 1/6).

Moreover, define

Zi(s1,w; b n,00) E Tp,(s1,w)C(Bw — 1/2) Za(s1,w; o, b, ) (6.4)
2k
- ZR[(Sl,w;ka)DZ(Sl,w;kail,wl,wQ)
(=0

Using this newly defined notation, we want to show the following result.

Proposition 6.1. Keeping all of the notation as above,

Zi(s1,wi p 1, 4Pe) = Y Za(s1 4+ w — 1/2,1 — w; p¥, 4p1ad, 4hgyp)NpF—2Fv (6.5)
Ppew

Proof: Applying the functional equation (6.2), we have the above (6.3) equal to

(27r)—251—w+1/2f(31)f‘(31 +w—1/2)(1 — 33/2—3w)<1 _ 33w—5/2>—1
*(1—w m mo" Vb (mp” r/2—rw m1/2*“’
3 ba(w, () Y D*(1 — w, p(th2) p(yp)m)3p (mp” ) b1 (mp” )Np N

Nmst

e m=1 (3)

So we have at last shown that

DZ(SD w;pr’ ¢17¢2) = FD4(515 w)C;((?ﬂU - 1/2)D4(517W;PT,¢13¢2)
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= Z ¢2(w7¢7 M(wQ))DZ(Sl +w — 1/2, 1— w;prj¢1&’w2¢)NpT/277ﬂw

pew
Moreover, we have engineered the R;(s1,w; p**) so that
Ry(s1,w; p*) = Ry(s1 +w — 1/2,1 — w; p?*)Np!/2-1w
and each R;(s1,w;p**) is paired with Dy(s1, w; p? % b1, 109). In total, we have
Ry(s1,w; p**) D (s1,w; p** ' b1, o) = Ry(s1+w—1/2,1—w; p**)Np'/2~H

> da(w, v, (1)) Di (51 +w — 1/2, 1 — w; p** ™ hrah, 4hop)NpPh=1/2= (Rl
Ppew

= Rl(sl +w — 1/2, 1-— w;p%)
D balw, v, p(tha)) Di(s1 +w — 1/2,1 — w; p* ~ hrah, i) NpF—2E

Ppew

Since Z4(s1, w;p*) is built from a finite sum of these combinations of Dirichlet polynomials
and Dirichlet series, we must have

Zy(s1,w; 0", 1, 02) > Y da(w, b, p(1h2)) Za(s1 +w — 1/2,1 — w; pF, 4p1ad, 4hoggp)NpF—2Fv
YPevr
(6.6)

where the above is an equality upon adding the Gamma factors I'p, (s1, w)(j (3w — 1/2)
previously defined. [l

6.2.3 A Global Functional Equation for Z,(sq, s2, w)

To determine a functional equation for the entire series Z4(s1, s2, w), it suffices to show the
analogue of (6.5) for any arbitrary integer N,

Za(s1,w; Nopt, o) — 3 Zasr +w — 1/2,1 — w; N, dyah, dooth NN 22,
Ppew
Indeed, if this is true, then regarding Z4(s1, s2,w) as a sum over N of form
Zy(s1,w; N)
Zy(s1,82,w) = Z T NN
N=1(3)
the global functional equation
Za(s1, 82, w31, ) = Y Za(s1 4w —1/2, 89 + 2w — 1,1 — w;thr3), Pat))
Pew
follows. We record this formally in the following result.
Proposition 6.2. Define the completed Dirichlet series associated to Z4(s1,S2,w) by
ZZ(Sla wy N)
NNs2

* d —259—
Zi(s1, 82, w31, 2) = (2m) 722720 (5D (s + 20 — 1) >

N=1 (3)
Then there exists a functional equation

Zi(s1, 80, w1, 09) = Zi(s1+w —1/2,89+ 2w — 1,1 —wigheh, o). (6.7)
Ppew
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Proof: Recall that by transforming Z;(s1, s2, w) under (s, s2, w) — (1—s1, S2, w+s1—1/2)
we obtain Z4(s1, s2,w) =

Ko () ()1 () 2(d) G ()G () () T [alilgNp2/2 + -]

p“|lds
> e
Nms1Nns2Ndw
dmmneOk
d,m,n=1 (3)

T [t gy ]
pe|lds
plda
We want to find the coefficient of NN ™2 (noting that additional terms with exponent so
occur in the correction factor), for an arbitrary integer N. Suppose N = p’fl - -pkr. Then
the coefficient of NN %2 in Z(s1, s2,w) is

Zxdo m)1(da)G(1,d1)G(1, dy) [ix (2D ) g, (p20 D)

ms1dw
1=0

Zagi)(do’pr)NpT3a/2+(3ai)(3ai)s1] H |:a’:(32),0Nq73a/2 +. (a)Nq3a/2 3a31} .
i q*||ds
qtda N
H [a:(%a)Jrl Oqu:sa/%l/z TR a(()?é())Nq3a/2+1/27(3a71)51}
q%||ds
Q\dz
atN

But we know that each of the bracketed terms corresponding to primes p dividing N sat-
isfy the equality written in the second version of the main theorem of Section 5.1.3. In
abbreviated form, it reads

ZXdo (p2*=D) Za ) (do, p) p30/2+Ba—i)—(Ba=i)s1 _
ZRl(sl,w; 2k) [p—part of Dy(s1,w; p**7h)
From this identity, it is clear that the NN %2 coefficient of Z4(s1, s2,w) is
Z4(s1,w; N) Z ZRll s, wiph') - Ry, (s1,w; p) Dalsy, wipp =1 - gl

11=0 1»=0

where N = p’fl ---pfr. We simply take all possible products of Dirichlet polynomials
R(s1,w; p%) occurring in the coefficients of the primes p dividing N. Then decomposing

the Gauss sum series Dy(s1,w; p?kl ho.. p%kr_lr), we have exactly the desired contribution
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for each prime divisor p?*~!. For those primes ¢ not dividing N, D4(s1, w; p%kl_ll cop2hr=ley

behaves just like Dy(s1,w;1) and we see that our product terms associated to these primes
q in the above expression are identical to those from the method of taking variables to
infinity, which (as shown in Section 3.3.2) come from precisely D4(s1,w;1). Now ap-
plying the functional equations of the previous section to Dirichlet series with numerator
Dy(s1, 10;]9%’“41 o2kl by ahy), it is further clear that, given the transformation prop-
erty of each of the Dirichlet polynomials Ry,

Za(s1,w; N1, 109) = Y Za(s1+w = 1/2,1 = w; N, g1, o)) NN'22.
pevw

Moreover, according to our definition in the statement of the proposition,

* def 980—2w Zi(s1,w; N
Z3 (s, s2,w;1,10) = (2m) 72272 H D (59) sy + 2w — 1) Y 4(NlN82)’
N=1 (3)
the global functional equation
Zi(s1, 89, w1, ) = Y Zi(s1+w—1/2,50+ 2w — L1 —wighh, o)) (6.9)

Pew
follows. [

6.3 Functional Equations Related to sy — 1 — s

In the previous section, we showed that using the natural functional equation s; — 1 — s1
for the L-series L(s1,xd4,) In Z1(s1, 52, w) leads to a definition of Z;(s1,s2,w) = Za(1 —
s1, 82, w + s1 — 1/2) where Zy(s1, s2,w), in turn, possesses a functional equation into itself.
Now that we have fixed a definition of Z;(s1, s2,w) by choosing Dirichlet polynomials which
determine the form of Z(s1,w; p*), we now explore the consequences for the other natural
functional equation so — 1 — s9 associated to the other L-series occurring in the numerator
of Z1(s1,s2,w). Recall that we defined Z5(sq, s2, w) according to

Z5(51,52,w) d:ef Zl(sl, 1-— S92, W + Sg — 1/2)

Because the az(-(;.)(do,p) which comprise the correction factor P(s1, s2,d) are symmetric in

the indices ¢ and j, the original object

Zi(s1, 59, 0) = Z L(Sl,Xdo%)L(Sz,>§;1u1j1)¢2(d)P(81782,61)
d=1(3)

retains its symmetry in s; and s;. Then we may similarly define the Np=*s1 coefficient of
Z5 according to

2k
Z5(82> wapk) = D(527 w;ka) + Z Rl(82> w; 2k)D(527 w;ka_Z)
=1
where all of the earlier notation has been preserved in the above equation and the Dirichlet
polynomials R;(s2,w;2k) are exactly those polynomials chosen to satisfy
2k
Za(s1,wip") = Dst,wip™) + 3 Ryls, w; 2k) D(s1, wi p? 1),
=1
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Then repeating the arguments in the previous sections’ Proposition 6.1 and Proposition 6.2
with the roles of s; and so interchanged, we may obtain the analogue of (6.7) for Z5. Again,
introducing 1;’s into the notation to emphasize the dependence of the functional equation
on the choice of the v;, we have that

25(51,827w;¢1,¢2) - Z ¢2(wa¢7H)Z5(51 + 2w — 1732 +w— 1/27 1- w;qﬁll/;a%?/)),
Ppew

where the constants ¢o(w, ), u) are slight variants of the ¢;(w, 1, u) according to (6.1) and
similarly satisfy ¢o(w, ), ) << 1 for w with R(w) bounded. Again, we can make the above
an equality by adding the analogous Gamma factors so that

% def *
ZE(s1,82,w) = Dp,(s2,w)(Ge (3w — 1/2) Z5 (51, 52, ).

6.4 Functional Equations Related to (s, s2) — (1 —s1,1 — s9)

Just as in the previous sections, we recall the definition a new object according to the
transformation of L-series in the numerator of Zj(s1, s2,w). In Section 3.1 we defined
Zs(s1, 82, w) according to

Z1(1—s1,1 —sg,w+s1+s2—1) def Z(s1, s2,w)

Recall that from the square-free heuristics of Chapter 1, we find

e L(s1,xa) Ls2,xa) — ~— L(1 = s1, Xa) L(1 — 59, xa)Nd' ~*17%2G3(1, d)
21(3178271”)”% Ndw _Zd: Ndw
Gg(m?n?,d)
lefsanlfSQNderaJrSQfl

(by Hasse-Davenport relation) = Z

m,n,d
Then we have

Go(m?n?,d)

def
ZG(Sl,SQ,'LU) :e Zl(1_81,1_52,w+81+52_1)% Z m

m1n7

For fixed m and n, the inner sum of the above Dirichlet series taken over integers d is
the Fourier coefficient of a metaplectic Eisenstein series on the six-fold cover of GL(2).
Accordingly, it should have a functional equation roughly of the form

Z6(81,82,'w) — Z6(81 +2w—1,89 +2w —1,1— w)

Unlike the previous section, in which Z5(s1, s2,w) inherited the anticipated functional equa-
tion into itself almost immediately from the definition of Z4(s1, s2,w), we will have to do
significantly more work to realize the functional equation of Zg into itself. In Section 3.1,
we mentioned that defining

Ge(m?n?,d)
26(81’ 52, w) - Z Nml-siNpl-s2Nqw+si+s2—1
d

where d ranges over all integers

leads to a determination of the correction factors which does not provide an analytic con-
tinuation to the whole plane, and worse, is inconsistent with the definition of Z4(s1, s2,w)
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we have offered above. Based on the definition of Zy(s1, s2,w), we might expect that par-
ticular combinations of Dirichlet polynomials and Dirichlet series similar to those used to
define Z; would provide a definition of Zg(s1,s2,w) which possesses the appropriate ad-
ditional functional equation. For any such potential combination, we must check that it
is consistent with our previous definition of Z4(s1, s2,w). Then we are guaranteed that
the correction coefficients are consistently defined and will thus retain the desired list of
properties. As before, we reduce this to a question of combinatorics. To formulate these
questions, we will need a careful analysis of our original series under the transformation
(s1,82,w) — (1 — 81,1 — s9,w + s1 + s2 — 1). First, we make the above assertions more
precise.

6.4.1 Formulating the Consistency Claim

We want to show the following claim.

Theorem 6.3. There exist Dirichlet polynomials Tj(so, w; p**) satisfying the transformation
property Tj (s, w; p?*) = Tj(s2+2w—1,1—w; p?*)Np! =2 such that the coefficient of Np~Fs1
in Zg, Zg(so,w; pk), takes form

k

Zg(s2,w; ) =) " Tj(s2,w; p**) De(s2, w; p? D),
1=0

where Dg(sq,w; p>*=D) is defined by

G (p*n?, d)ip1 (p*n?)iba(d)
Nns2Ndw '

Dg(sg,w; p™) = >

n,d=1 (3)

It requires some explanation to determine exactly what needs to be shown to prove this
theorem. We defined Z;(s1, s2, w) according to the relation

Z1(1 — 81,892, w 4 81 — 1/2) = Zy(s1, $2,w)
and then subsequently defined Zg(s1, s2,w) by the relation
Zs(s1,82,w) = Z1(1 — 81,1 — s9,w + s1 + s2 — 1).
Then by definition, we have the relation
Zg(s1,82,w) = Zy(s1,1 — sg,w + s9 — 1/2).

There is ambiguity in the definition of Z4 and Zg according to transformations of Zy
because the correction factors have not been determined. However, once we assert a form
for Z4, we need to guarantee that Zg has a definition which gives the same correction
coefficients and still possesses an additional functional equation into itself.

In a previous section of this chapter, we showed that

NN %2

5 Ri(s1, w; N)G(cm, d)i (em)ia(d)

Zy(s1,80,w) = Y Noe N

N=1(3) | m,dc,l
cl=N?
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This was equivalent to showing that the coefficient of Np=2%2 in Z4(s1, s, w), for any prime
p and any positive integer ks, satisfies

2ko
Zy(s1,w;p™) = Z Ry, (s1,w; p?*2) Dy(s1, w; p**2—12)
12=0
Expanding these Dirichlet polynomials into a more explicit form, we may rewrite our series
Z4(s1,w; p™?) as
2ko

Z Z “hilz [Npgvll/zigvllw Tt Npsvll/%gvllw] Np 151 Dy (51, w; p?F2~12)

lo=0
Vll+7)11 —li=l2

Then, in particular, the coefficient of Np—*151=%252 myst have p-part equal to the p-part of

2ko
2— 92—
Z ( E E Cly,lo [Npsvll/ Bugw +- Np?)Vll/ 3Vllw]
l2=0 11=0
Viy+o, —lhi=l2

. D4 ('U), kaJQ—lQ-i-kl -l )

These are finite sums so we may reorder the terms according to fixed powers of Np—F1s1

rather than Np~*2%2. Hence, the p-part of the above must be equal to the p-part of
Z4(82,w;p’“) =

= Z E Cly [Np?’”’l”‘?’“llw + oo NpPVi/28Viw Np =2 Dy (55, w; pM h)
=0
V11+v11 —la=l
Note these pieces of the Dirichlet polynomials in sy satisfy the correct transformation prop-
erty to that each of the terms corresponding to Dy(s2, w; p* ) transform by Np~%. This
shows that there is a collection of Dirichlet polynomials Sj(s2,w; M) so that

Zy(s1, 82,w) = Z Z Sl(827w;M)G(Cn%d)l;l(cnz)%h(d) NM 51

Nns2Ndw
M=1 (3) | nd,cl
M

since each of the prime pieces which determine the correction coefficients match the prime
power contributions of Z4(s1,w;p"*). This new formulation of Z4(sq,s2,w) behaves well
under the transformation (si, se,w) — (s1,1 — sa,w + so — 1/2). Now it is clear that we
need only show that there is a choice of Dirichlet polynomials Tj(s2, w; p?*) as in the theorem
so that

k

Zg(s2,w;p") =Y Ti(sa,w; p™*) De(s2, w; p** ) (6.10)

1=0
k
B 251(1*32,w+82*1/2;1?k) (p"'n?, d)1 (p"'n?)eha(d)
- l Nnl-s2Ndwts2— 1/2
nd
We can then stitch these sums together, just as we did for Z4(s1, sz, w) in the previous
section, to obtain a complete object Zg(s1,s2,w) which possesses the correct functional

equation into itself.
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6.4.2 Analysis of Dg(sy, w; p**)

In order to prove our claim, we need to analyze both components of the above equation
(6.10). We first analyze the left-hand side by interchanging the order of summation in

D6(82’ w; p2k> — Z GG (pzkn2, d)d;l (pkn)¢2(d) .

Nns2Ndw
n,d=1 (3)
In its current form, we can see the functional equation as w +— 1 — w by thinking of this
series as an outer sum over n so the inner sum over d looks like the (p?*n?)** Fourier

coefficient of a metaplectic Eisenstein series. But we want to compare this series to Z4 via
Z1. Interchanging the order of summation so that the outer sum is over d, we will see L-
series coming from Dg(s2, w; p%) and this will provide the link. We have already analyzed
the series Dg(s2,w;1) in Chapter 3 when taking limits of variables at infinity. As we have
seen before, the analysis of Dg(s2,w;p?*) will only differ at the prime p.

Proposition 6.4. Fiz a positive integer k. Then the series Dg(so,w;p?*) takes on the
following forms according to the residue class of ord,(d) mod 6.

Ge(1,d1)Ge(1, d2) L2, Xay¥1)¥1 (d2)p2(d1d3)

D6(527 w’ka’) = Z

7 (Ndldg)w
d=dod3
same product terms as
H those coming from Dg(sa,w; 1)
q prime
q*7||ds
a7#p
Z gb(pSA)Np—(6)\—2k)52/2—6)\w) + Z Xdo (pk),&l(pk)Qs(pw\)Np—ﬁ)\w if Opo(d) =0 (6)
2k26>\ 2k§6>\
Z Np3)\—(3)\—k)52—6)\w if ordp(d) =1 (6)
3)\)\216 - -
> Xao (p)h1 (p)NpPAHI=BAHRIR =0 [1 — 5 (p)epy (p)Np~]  if ord,y(d) = 3 (6)
3)\+)\12k
Z Np3)\+2—(3)\+2—k:)32—(6)\—1—4)11) lf ordp(d) =5 (6)
3>\+)\22k
0 otherwise.

Proof: Pick and fix a value of dy. Suppose p t dy with ord,(d) even. Then write
d = p%d’' with (p,d’) = 1 and n = p”n’ with (p,n’) = 1. So

G (p?+27(n/)2, pPd )1 (P70 ) o (d)
(Nn/) $2 (Ndl)wNp"/sg +6Aw

Dy(s2,w;p™) = Y

n,d=1 (3)
But

o2 ()2, p ) = ge(P** 21 ()2, pAd) _ go(p** TP ()2, ') go(p*F ()%, pP)
’ VNpPN’ Nd’ Np©A
2k+2~y 6
_ = 2k+2v ne o\ 96(p )
= Xdo (p )G6(<n ) 7d ) Np6>‘
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where xq4, still denotes the familiar cubic character. Then we may write

3 Go((n)2, d)n (n')yo(d')

D6(527w§p2k) = (Nn/)s2 (Nd')w

n,d
k+'y wl k+’y)g (p2k+27 p6>\)

Z Z Xdo 6 ) Np—vsg—fi)\w
Np6)\

A>0v>0

We know, moreover, that

(™),  if 2k + 2y > 6)
ge(P*F T2 pP)y = { “NpSA-1 if 2k 4+ 2y = 6\ — 1

0, otherwise

where the middle case is evidently empty according to parity. Then we may evaluate the
innermost sum according to the following case method:

Z Xo (0" )01 (p kﬂ)g(i(p%””’va)N —ys2—6Aw _
pri)\ p

_ Jo*)xa, M) (0 F)YL®) (59, Xaotp1)Np~0M, if 2k > 6
H(PPN)LP) (59, Xap o1 )Np~ (6A=2K)s2/2-67w) if of )

Bringing all of this analysis together, we have that for p { dy with ordy,(d) even,

Daisa, i) = 3 SO D) 1010y )
n,d

S0 ¢@PNp O ERn2m0w) LN () () o (0% ) NpT A

>0 | & k
2k<6) 2k>6)

This completes the first case depending on the divisibility of dy. Suppose now that p|d;.
Write d = pS*1d’ with (p,d’) = 1 and n = p'n’ with (p,n') = 1. Then

3 G (p* 27 (n')?, pPA 1 )by (p" 71 ) a (pd))

c2ky
D6(52,U},P )— (Nn/)52(Nd/)wNp'ySQ+(6)\+l)w

n',d’
(n'd’,p)=
)\,'y>0

But
G@(p2k+27(n’)2,p6>‘+ld/) =0 unless 2k + 2y = 6

If this is the case, then we have
g6 <p6)\ (n/)Q’ pﬁ)\Jrld/)
v NpSA+iNg/

Np® gs((n')2,pd') . 5y N2
N NG = Np**Ge((n')”, pd')

G6 (p2k+2'y(n/)2’ pG/\—i—ld/)
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Then
Go((n')%, pd )1 (n) e (pd') —(3A—k)sa—
D . n2ky E > Np3A (3A—k)s2—6 w
6(527 w;p ) ~ (Nn/)s2 (Nde/)w P
(n’d’jp):l 3>k

Suppose instead that p { dp but that we may write d = pS*3d’ with (p,d’) = 1 and n = p”n/
with (p,n’) = 1. Then

Z G (p2k:+27 (n/)Q 7 p6)\+3d/)¢1 (pk+7n/)¢2 (d’)

.2k —
DG(Sz,w,P )_ (Nn/>52(Nd/)wprsg+(6)\+3)w

n',d'
(n'd' p)=1
A20

But
Ge(p* 27 (n)2, pP3d') =0 unless 2k + 2y =6A +2 (ie. y =3\ +1— k)
If this is the case, then we have

6A+2(,,1\2  6A+3 7
6(p n')=,pd
GG(p2k+2y(n/)27p6>\+3d/) _ 96( (n') ):

/Np6A+3Nd/
s (p6A+2 (n’)2 , p6>\+3) g6 (p6>\+2 (n’)2, d/)
Np6A+3 Nd’

= Xdo(P”)

= Xd (p) Np6>\+2 96((n,)27d,) gg((n/)2,p)

= Xdo(P)NP TG ((n)%, d)

Then

Gﬁ((n/)Q,d’)@Z)lan’)¢2(d) Z Np3A+1-(BA1-k)s2—6Aw
— (Nn/)*2(Np*Nd’)*
(n’Z’ﬁ):l s sk

Dy (2, w; p**) =

Anticipating the removal of an Euler factor of a cubic L-series from the above sum, we may
rewrite this as

Z Gs((n)?, d)r (n)ya(d)

D (s9,w; p**) = LW (59, Xayt1)

2 T wea
(n'd',p)=1

> Xao ()b (p)NpM - BAFI=R =G0 [1 g4 (p)ehy (p)Np~*2]
3)\+)\12k

Suppose lastly that p|ds and that we may write d = pS*t°d’ with (p,d’) = 1 and n = p”n/
with (p,n’) = 1. Then

S G W N i)

. m2ky —
D6(S27w7p )— (Nn/>52(Nd/)wNp752+(6)\+5)w

n',d’
(n'd' p)=1
Ay20
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But
Ge(p* 27 (n)?, pP5d') = 0 unless 2k + 2y =6\ +4 (e. y =3\ +2— k)

If this is the case, then we have

g6 (p6A+4 (n/)27 p6/\+5d/)
V/NpOPNG
6A+4 n' 2’ 645 6A+4 n Z,d/
_ Xt(ifj)(pB))—(éﬁ)(d/)QG@ (n')%, ") gs (P ()%, &)
/Np6>\+5 Nd'

6A+4 n2 g N2
_ o6 a4y (6) 5\ (6)( 7\ _P g96((n")", d') g2((n')", p)

Xdo (p )Xd/ (p )Xp (d)\/w \/IW \/W
= Np**2Gs((n)2,p)Gs((n')?, d')

GG (p2k+2y (n/)2 , p6>\+5d/)

=

where the superscripts (6) denote a sixth order character. Then

$ Go((n')?, p)Go ()2, &) (p°n') o (p°d)

2k
D6(82,w,p )— (Nn/)SQ(Np5Nd/)'LU

n'.d
(n'd' ,p)=1
. Z Np3)\+2—(3>\+2—/€)82—6)\’w

A
32>k

Note that this completes our case analysis, since all other cases involve an integer d with
ordy(d) even and ord,(d) # 0 (6), so there is no choice of n so that the Gauss sum
Gs(p**n?,d) is non-trivial. It is clear that, according to the rules for decomposing Gauss
sums, the analysis at all other primes ¢ # p yields the same finite collection of terms as
Dg(s2,w;1). [

6.4.3 Analysis of Dy(sy, w; p**)

Now we want to do the identical procedure on the Gauss sum series coming from the Np—#s1

coefficient of Zy(s1,s2,w). Rather than state the results of this process at the outset, we
launch headlong into the argument and summarize our findings at the end of the section.

Pick and fix a value of dg. As a first case, suppose that p { dy. Then write d = p3®d’
with (p,d') = 1 and similarly, write n = p¥n’ with (p,n’) = 1. Then

G n® (P n2)a(d) _ = GOMD )R PR ) (2 ()
A ) _ 9
D4(527U/,p ) - Z NnszNdw - Z (Nn/)52 (Ndl)wNp'ysg+3aw
n’d n’,d’
a,v20

(6.11)
But

k+2v(,,1\2 Sad/ k+2v(,,7\2 d’ k+2v(,,\2 .3
G2 ()2, prady = ST pd) g ()", &) g ()7 )

V' Np3eNd Nz Np3a

= Y4 k+2'y>g((n,)27d,) g<pk+2’y’p3a) _ Xdo(p

VNd'  Npe  /Npe Np3e
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Then we may rewrite the above (6.11) as

G((n')?, d)r((n')*)¢a(d)

CnEY —
D(s2, wip") = Z (Nn/)s2 (Nd/)w
n',d
(n'd',p)=
Z Z Xd k+2’y wl( k+2’y) g(pk+2'y’p3a)
so+3aw o
a>0 |7>0 Npe2 Np?
Since
1, fa=0

d(p>), it k+2a > 3«
—Np=l ifk+2y=3a—-1,a>0

0, otherwise

g(pFt2 p3) =

this reduces to

G / k+ 7 k42~
D(sg,w;p") = Z ( d’ 1> Xeo )i (p )4

Y S2
n',d’ (N ~>0 Np
( /d’ 7p)

+Z Z Xdo k+27),¢_}1( k+2’Y) ¢(p3oz) B Np3a—1 Xdo (p(Ba—l))&l (p(3a—1))
Np7s2+3aw \/NPSa \/Np?)a NpBa—1-k)s2 /2+3aw)

(6.12)
a>1l | k4+2v>3a

where the last term only occurs if 3o — k — 1/2 is a positive integer. This is best expressed
as a series of cases depending on the choice of o and k. That is, if a > 0,

Z Xd k+2w)&1( k+2w) ¢(p3a) B Np{ia—l Xdo(p(?)a—l))d’}l(pwa—l))

Mt Np'ysz-l-?)aw \/Np?’o‘ \/Np?’o‘ Np(3a—1—k)52/2+3aw)

\/(R%Xdo( PF)1(PF) L) (s, Xy 1), if k> 3a

\/(I\%Np (Ba—k)s2/2 (p )(SQ,XdO@Dl), if 3a — k even

— 3cx f
e o Py (INp™C LRI . 1) —
(p)p1 (p)Np~(Ba—1-k)s2/2, if 30 — k odd

Note that in the last of the three cases, where 3a — k is odd, we may extract the pth Euler
factor of the L-series from both terms to obtain

L(p)(327Xdowl)[Np?)a/Qxdo(p)ﬂl(p)pr(3a+lfk)82/2_Np3a/271Xd ( )wl( ) —(Ba—1— k)52/2

Putting this all back together again we have

F(SQ; b, k? Oé)
Np3aw

Z G((n)?,d )1 ()i (d')

(»)
(Nn/)s2(Nd')» L@ (s, xapth) | Y

a>0

D(sg,w;p") =
n',d’
( /d/,p)
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where
(p3) if k>3
\/ﬁxdo( )1/}1( ), 1 Z o
ﬂNp (Ba—k)s2/2 it 3ac — k even

F(523p7k7a) = VNP&X _
Np**/2xq, (p)iby (p)Np~ (Bet1=k)sa/2

Np**/2= x4, (p) a1 (p)Np~ Be=1=k)s2/2 - if 30 — k odd

If instead p|di, then we may write d = p3**1d’ with (p,d’) = 1 and let n = p'n/ with
(p,n’) = 1. Then

Di(sp,wiph) = 3 CEnE DVn 0 )il @)

n,d Nn#2Ndv
_ Z G (P21 ()2, P2t )y (0P 2 ()2 aba (pd))
- n'.d (Nn’)52 (Nd’)wNp”/SZ-l-(?)a—l—l)w
a,y>0

But
G"2(n')?, p*>*Td') =0 unless v = (3a — k)/2 with v integral
If we can choose such a v, then
G ()%, p*Hd )y (n)iha (pd')
.ok — ’
D4(32,w,p ) - Z (Nn’)SQ (Nd/)wNp(3a—k)52/2+(3a+1)w

n',d’
a>0

_ Z )2, pd )by (n') o (pd') Z Npa/2-(3a—K)sa/2-3aw
Nn 52 (NpNd')w

/ !
d 3a>k:

/

Finally, if p|d2, then we may write d = p>**2d’ with (p,d’) = 1 and again let n = p'n
with (p,n’) = 1. Then

G(p*n2, d)iby (PFn2)ea(d
n,d
Z G(pk-l—?W (n/)27p3a+2d/)1/’]1 (pk+27 (n/)2)¢2 (p2d/)
n'd (Nn/)s2(Nd')wNp7s2+Bat2)w
a,y>0
But

G ()2, p**2d) =0 unless v = (3a + 1 — k)/2 with v integral
If we can choose such a ~, then

G(p** T (n')2, p**F2d )y (p(n)?) o (p*d)

D4(82,w;pk) = -~ (an)sz(Nd/)wNp(3a+1fk)52/2+(3a+2)w
a>0
_ ZG(( )2, pd)G((')?, p) 1 (p(n)?) o (p*d)
n'.d (Nn )82 (NpQNd’)

. Z Np(3a+1)/27(3a+1fk)32/273aw

a
3a>k
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Incorporating our previous decomposition of the remaining series in each case (from the
arguments used in taking limits of variables at infinity), we have shown:

Proposition 6.5. Fix a positive integer k. The series Dy(sa, w;pk) takes on the following
forms according to the residue class of ordy,(d) mod 3 and the parity of k.

G(1,d1)G(1.da) L(s2, Xdy¥1)¥1(d2) 12 (d1d2)
Da(sg,wip*) = > o :
y (Nd;ds)
d=dod3
same product terms as
H those coming from Dy(s2,w; 1)
q prime
q*1||ds
q#p
( F(so;p, k
Z(E’ﬁ;w’ @) if ordy(d) = 0 (3)
a>0 p
Z Np3/2~Ba—k)sz/2=3aw if ordy(d) =1 (3), 3o — k even
30ca2k’
Z Np(SOH-l)/2—(3a+1—k)82/2—(3a+1)w Zf O'f’dp(d) =9 (3)7 3a — k odd
3at1>k
where
j}(@XCIO( )'¢1< )7 if k > 3a
o) Np~(Ba—k)s2/2 if 3o — k even

F(SQ;pvkva): \/N Sox
Np®/2x 4o (p)tb1 (p)Np~ Bot1=R)s2/2

—Np*/2 x4y (p) i (p)Np~Bo=17R)e2/2 i 30 — | odd

Recalling the key equality of Theorem 6.3, we want to ultimately compare series involv-
ing Dg(s2,w; p*") for various powers of r with series involving D4(1 — so,w + s3 — 1/2;p")
for various r. To this end, we perform the transformation of variables (s, w) — (1 —s9,w+
s9 — 1/2) on the form of Dy listed above.

Proposition 6.6. For a fized positive integer k, the series Dy(1 —sq,w+s9—1/2; p¥) takes
on the following forms according to the residue class of ordy(d) mod 3 and the parity of k.
First, if k is even, we have

Z Go(1,d1)Ge(1.d2) L(s2, Xdot1)

Dy(1 — s9,w + 59 — 1/2;p%) = (Ndyda)™

d
d=dod}

same product terms as
IT D11 = s2,w+ 52— 1/2;1) | ¢ (6w + 35, — 3) -

q prime
q*1||d3
q#p
F(1— s9;p,k, ) , _
> NpaGutes 172 if ordy(d) = 0 (3)
a>0

Np3tk/2=@tk/2)s2=601w if ord (d) = 1 (3), j1 = |
Np#i2+h/2=@2tk/Ds2=6120if ord,(d) = 2 (3), jo = | 252
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where Cg) (6w + 3s9 — 3) denotes the pt" Euler factor of the indicated zeta function and

F(1 = sy;p,k,q) o(p**) _ 3-350—6 30/2—3ass—3
— 1 _ N S2 w N o QaS2 Oc’w_|_
O;) NpBa(wts:—1/2) Z \/W Xao ()1 (0") | P ] Np

3a<k
¢( 3j1)Npk/Q—(3j1+k‘/2)52—6j1w[ _Np2—382—6w:| +

NpBi2+k/2=(3ja+h/2)s2=6j2w do(P)¥1(p) [1 — Xao (p)¥1 (p)Np~ 2] (6.14)

with j1 = {%j and jo = L%J. If instead, k is odd, we have

Ge(1,d1)Ge(1.d2) L(s2, Xdo¥1)¥1(d2) 2 (d1d3)
D - — N k e 6 0 2
1(1 — sg,w + 59— 1/2;p") zd:‘ (Ndyds)™
d=dod}

same product terms as
[T [Pa1—s2,w+s2—1/2:1)| (i (6w + 352 — 3) -

q prime
q*1||d3
q#p
F(l_SQ;pvkaa) . .
Z>:o Np3a(w+sz—1/2) if ordy(d) =0 (3)
N;)3j1+k:/2—(3j1+k/2)52—6j1w if ordy(d) = 1 (3), ji = |53 (6.15)
Np3j2+k/2—(3j2+k/2)52—6j2w Zf ord (d) =9 (3) _ L%J

Proof: We will limit ourselves to the case where k is even, as the odd case follows by
identical methods. From the previous proposition, we have that

G(1,d1)G(1, do) L(s2, Xdg¥1)¥1(d2) b2 (drd3)

Da(sz,wipt) = )
. (Nd1dz)®
d=dod}

same product terms as terms corresp. to
Dy(s2,w;1) disting. prime p

q prime

q@4||ds

q7#p

Performing the translation on the sum over dy, we have

G(1,d1)G(1,d2) L(1 — s2, Xao1)¥1(da) b2 (d1d3)
Dy(1 — sg,w+ s — 1/2;p%) = § 0
4( 2 2 / ) y (NdldQ)w-i-sQ—lﬂ
d=dod}

2. G(1,d1)*G(1,d2)> L(s2, Xy 1)1 (d2) b2 (drd3) (Nd1dz) ™~/
(Ndldg)w+52_1/2

d
d=dod}

by the functional equation for the cubic L-series. The above can be made exact by introduc-
ing the appropriate Gamma factors, but we omit them here to reduce notation. Canceling
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common factors and using the Hasse-Davenport relation (introduced in Section 2.2), this
reduces to

Z Ge(1,d1)Ge(1, d2)L(s2, Xdo¥1)¥1 (da) Y2 (d1d3)
P (Ndldg)w
d=dod?

Now on the level of correction factors, we simply transform those corresponding to primes
q # p. For those terms corresponding to the prime p, it is evident from the previous
proposition that each case depending on « and k contains a geometric sum from which we
can factor the zeta Euler factor (j (v )(6w + 3s2 — 3). Doing this in the case for k even leaves:

F 52; D, ka a .
Z 7( Npow ) if ordy,(d) =0 (3)
a>0

Np0i1/2=(61=k)s2/2=61wif oprd,(d)
Npb72/2-(62-k)s2/2~632w i ord (d) = 2 (3),jz=LT4J

|||
—~
w2
~—
.

—

I
—
ey

where

n . 3a
Z F(827p7 k7 Oé) _ Z ¢(p ) )Zdo (pk)il(pk) [1 o Np3—382—6w] Np—3aw+

N 3aw
a>0 p

¢(p3j1 )Np_(ﬁjl_k)s2/2_6jlw [1 o Np2—352—6w] +
Np a0 () (p) |1~ o (P)a ()N (6.16)

But the Euler factor has variables fixed by the translation (s2,w) — (1 — s2,w + s2 — 1/2).
So simply substituting the appropriate variable changes in the above case analysis gives the
result. []

6.4.4 Proving the Existence Theorem for Zg(sq, s2, w)

At last, we have all the ingredients necessary to prove our theorem. We restate it in its
equivalent form here for clarity.

Theorem 6.7. There exist Dirichlet polynomials Tj(so, w; p**) satisfying the transformation
property Tj(so, w; p?F) = Ty(s2+2w —1, 1 —w; p?*)Np! =2 such that the coefficient of Np~Fs1
in Zs, Zg(so,w; pk), takes form

k
Zo(s2,w;p%) = > Ti(sz, w; p”") De(s2, w; p”* 1)

251(1—82,w+sz—1/2;p’“) (" "n?, )i (P 0P (d)
Nnl-s2Nqw+s2— 1/2

Proof: From the previous analysis of both Dg(s2,w;p") and Dg(1 — sa,w+s9 —1/2;p") in
the preceding sections, we see that the two sides of this equation are identical up to a finite
number of terms corresponding to the distinguished prime p. Indeed, comparing the results
from Proposition 6.4 and Proposition 6.6, we find that the sums over cube-free integers
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dp match. Further, comparing the contributions over primes ¢ # p in Proposition 6.4 and
Proposition 6.6, they correspond to the correction terms Dg(s2,w;1) and Dy(1 — s, w +
s9 — 1/2;1) respectively. But translating from Z;(s1, s2,w), we find that

Pp(l — S1, 1-— Sg,d)

DG(SQ;U}; ].) = (Nd2d§)w+sl+827l

:D4(1 — S92, W + S92 — 1/2).

These contributions are equal according to the Rankin-Selberg argument of Section 3.4
(remembering that the correction coefficients are symmetric in s; and s, so the argument
applies here as well). Moreover, note that the Euler factor for the zeta function {(6w+3sy—
3) in Proposition 6.6 can similarly be removed from Dg according to the cases listed in the
proposition. This Euler factor is fixed by the transformation (s, w) — (1 —s2,w+s2—1/2)!
Now comparing the list of finite terms that remain, the number of independent variables
on the left-hand side corresponding to choices of coefficients of the 1; exactly match the
number of equations given by the right-hand side according to choices of S;, and the range
of prime powers p~®2 and p~% are the same for Dy and Dg, so a solution exists. We note
that it may not be unique according to degenerate conditions among the equations, but we
only need to guarantee its existence here. [

Corollary 6.8. Let Zg(so, w;p"), the coefficient of Np~F51 in Zg(sy, 50, w), be defined ac-
cording to the previous theorem. Then

Ze(s1, 52, w) = Z4(1 — 51,1 — s, w~+ 51 + 50 — 1)

Proof. First note that we may write

ZG S92 w; M
Zoonsn) = 3 Al
M=1 (3)
where
oy ki
Ze(s,w; M) =Y+ > T (s9,w; pi™) -+ T, (s, w; i) D (s, w; pt ~ 1 - p2r=2ir)
L=0  1,=0

for any M = p’fl ---pfr. We simply take all possible products of Dirichlet polynomi-
als Tj(s2,w;p?*) occurring in the coefficients of the primes p dividing N. This follows
by an identical argument to Proposition 6.2. Then decomposing the Gauss sum series
Dg(s2,w; p%kl_% - p2kr=2lr) " we have exactly the desired contribution for each prime divi-
sor p?*~2 For those primes ¢ not dividing M, then Dg(ss, w;p?kl*m1 - p2kr=2lry behaves
just like Dg(s2,w;1) and we see that our product terms associated to these primes ¢ in
the above expression are identical to those from the method of taking variables to infinity.
We have a similar formulation for Z4(1 — s1,1 — so,w + s1 + s2 — 1) by combining terms
according to the case method of Proposition 6.6. Then decomposing according to primes
dividing d, it is clear that the result is a collection of factors which agree by comparing a
finite number of distinguished prime powers according to the previous theorem. [
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6.4.5 The Additional Functional Equation for Zg(sy, sz, w)

In Section 6.2.1, we reformulated results of Patterson which led to an additional functional
equation for Z4(s1, s2,w) as a series built from Fourier coefficients of metaplectic Eisenstein
series. Here, we again have a series Zg(s1, s2, w) built out of such Fourier coefficients. This
Dirichlet series is built out of Fourier coefficients of metaplectic Eisenstein series now on
the six-fold cover of GL(2). For this, we can use the work of Kazhdan and Patterson in
[17], which generalizes the previously cited [23], to obtain a functional equation roughly of
the form

Zo(s1, 52, w30h1,102) — ¥ Zg(s1 4+ 2w — 1,59+ 2w — 1,1 — w;¢hra), o).
Ppew

Define

Dg(w, vn) e Cr (6w —2)

d
( )

where v = v(v) as in our Definition 2.6. Further define

G(vn,d)
Ndw

w

1(3)
6)=1

IS

D (w,vn) = (2r) 75T (w — 1/3)I(w — 1/6)T(w)T(w + 1/6)I'(w + 1/3) Dg(w, vm).
Then according to [17], Corollary I1.2.4, translated into our notation by [11] in Section 2 of
their paper, we have a functional equation for D§(w,vn?) as w — 1 — w as follows.

Di(w,vn) = (1 — 3376W)(1 — 4376wy (1 — 36w=3)=1 (1 _ 46w=3)=1(p)1—2w
> d(w, b, v)1h(m)Di(1 — w,v(y)ym?)

Ppew

for constants ¢(w, ), v) << 1 for w with R(w) bounded.
Then we may write our two-variable series Dg(s2, w; p*", 11, 12) in terms of these series
studied by Kazhdan and Patterson.

Dii(s2,w; p*" 41, 1h9) = (2m) 2272 D (59)T (52 + 2w — 1)
> D (w, v(2)n*p* )1 (n*p™")

Nns#2
n=1 (3)
(n,6)=1
so that we may write
k
Zj (sa,w; p™* 1, 1by) =Y Ti(s2, w3 p*F D (2, w; p* 1)
=0

Now applying the identical methods used in Section 6.2.2 and Section 6.2.3 to our series
Zg composed of combinations of Dirichlet polynomials and Dirichlet series of the same
essential form as Dg above, we have the following result.

Proposition 6.9. Let

Zék(52) w; m25 ¢17¢2)
Nmst

Z§(s1, 52,0311, ) = (2m) 72 2D (51)0 (51 + 2w — 1) Z
n=1 (3)
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Then Zg(s1, s2,w;¥1,12) satisfies the functional equation

Zék(slv 527w;¢1a¢2) = Z ¢(’w,’¢},7/)Zg(51 + 2w — 1752 + 2w — 1a 1-— w;%?ﬁﬂffﬂ/))
pew

for constants ¢p(w, ¥, v) << 1 for w with R(w) bounded.

6.5 Functional Equations Related to w— 1 — w

In the previous sections, we have been considering functional equations for Zi(si,s2,w)
when expressed in the form

L(s1, Xdo®¥1)L (82, Xdy¥1)Y2(d) P(s1, 52, d)

Z1(s1, 82, w) = Z N ;

deOg
d=1 (3)

We now consider the form of Z;(s1, s2, w) upon interchanging the order of summation:

Z L(w, Xmny¥2)P1(mn)Q(w, m, n)

Nms1Nns2

mne0k
m,n=1 (3)

Here, as noted previously, the natural functional equation comes from transforming w +—
1 — w in the L-series in the numerator. Using the functional equation for the L-series, we
have

Z L(l - w, YMO@Q)G(L ml)G<17 m2)1;2(m2)1/}1 (mn)Q(wv m, 77,)

Z1(s1, 82, w) =
=t (3 Nm#t Nns2Nmn, ™ Nanny >~

(6.17)
so if we define Z3(s1, s2, w) according to the relation

23(81,82710) = Z1(81 +w — 1/2,82 +w — 1/271 — w)

then from (6.17)

> L(w, X, $2) G (L, mn )G (L, ming ) (mng) 1 (mn) Q(1 — w;m, n)

Z ) ) =
3(81, 82, w) Nm#1Nns2 (Nmn,Nmn3)w—1/2

m,n=1 (3)

where m,n range over all integers. If we instead use the square-free heuristic (where all
integers are both square-free and pairwise relatively prime, and we neglect the characters
;) in an attempt to detect additional functional equations, we may write

L(w, Xy )G (1, mn) Xomn ()G (1, mn)

Z3(s1, 82, w) = Z N Nns2 = Nd*Nms1Nns2

m,n
Writing M = mn and taking a sum over divisors of M, this becomes
Xur(d)G(1, M) Y " Np ==

> ot _ 5 X))o ()
NM3s1Ndw — NM3s1Ndw

m,n
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where o4, _s, (M) is the usual divisor sum with indicated variable. In more symmetric form,
we may write this as

B XM(CZ)T(M)US e (M)NM(SI*SQ)/Q
Z3(81, SZaw) - Z NM(;1+322)/2Ndw )

This shows that, for square-free integers, the numerator is realized as a Rankin-Selberg
convolution of a twisted cubic theta function and a (non-metaplectic) Eisenstein series.
This series has an additional functional equation into itself; it reads

Zg(Sl,SQ,w) = Zg(l — 81, 1-— So, W + 281 + 282 — 2).

We would like to show this functional equation for the full object Z3(s1, s2, w) summed over
all integers (rather than just the square-free integers). Unfortunately, an exact functional
equation would require significant additional information about the correction coefficients
of Q(w;m,n). We need to guarantee that such coefficients are compatible with a definition
of Z3 in terms of Dirichlet series similar to the square-free object above which possess
the desired functional equation. This can be done by methods similar to those used in
exhibiting a Zg functional equation from the definition of Z; done in the previous section.
To execute this, however, we would have to follow the definition of Z4 back to Zy, then
through the interchange of summation, and over to Zs using the transformation w +— 1 —w.
This is a difficult bit of combinatorics. Fortunately, we only need an (inexact) asymmetrical
functional equation for the purpose of analytic continuation (as we will make clear in the
next section).

6.5.1 An Asymmetric Functional Equation
Recall that in the previous section, our careful transformation of Z;(s1, s2, w) under
(s1,82,w)— (s1+w—1/2,89+w—1/2,1—w)

resulted in a series Z3 defined by

Z L(w, YMOQ/_JQ)G(L mny)G(1, mn2)1/72(M2)¢1 (mn)Q(1 — w;m,n)

Z =
3(s1, 52, w) Nms1Nns2 (Nmn,Nmn3)w=1/2

m,ncOg
m,n=1 (3)

where m, n range over all integers. Note further that the correction factor Q(w;m,n) took
form

B3
Qwim,n)= [ D_bve' m,n)Np.
pP3|jmn, =0

Hence rewriting this as a sum over divisors R of mns, we have

Q(1 — w;m,n) Cw e
(Nmn,Nmn3)w—1/2 - Z b(R,m,n)NR (Nmn,Nmns3) /
- Rlmn§mny

B Z b(R,m,n)NR~1/?
- (Nmn,Nmnj /NR)w—1/2

Rlmn3mn,
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Reinserting this into the form of Z3(s1, s2, w), we now have

L(w, Xy, ¥2) G (1, mny ) G(1, ming ) (mny) 1 (mn)b(R; m, n)NR™1/2
Nm#1Nns2(NmnyNmn3 /NR)w—1/2

Z3(s1, 82, w) = Z

m,n,R
3
R|mn3mn,

If we further simplify with an eye toward the square-free heuristic, we can write mn = M
so that mlwgwg = M1M22M§’ Z3 can now be written
Xt ()2 (d)G(1, M1)G(1, M)
Zysrssw)= Y Xt (d)ha(d)G(1, My)G(1, 32)¢2(m2)¢1(mn)
NdwNM 1 (NMyNM3 /NR)w—1/2

M,Rd
R|M3 M,
mn=M

Z b(R; M /n,n)NR™/?Np® %2
n|M

Anticipating a functional equation in s; and s2, we want to reorder this series as an outer
Dirichlet series in w and an inner series in s; and sy with the desired form. Then set
D = dMgMg’/R and sum over all integers D and all M; from M = M1M22M§ Separate
the inner sum into a sum over (M, D) =1 and a sum over M|D>. If (MaMs, D) = 1, then
R= MQM??. But we know from previous investigation that b(MQMg’, m,n) = 0 if My is non-
trivial (cf. Chapter 1). So My = 1 in this case and R = M3. Moreover, b(M3,m,n) = NM?3
for any choice of m and n, so that b(M;,m, n)NR-1/2 = NM31/2. This leaves Z3(s1, s2,w) =

Z Pa(d) Z Xy (d)G (1, M) xar, (d) G (1, Ma)iho(Ma)ihy (M)

NDw N st
D M|D®>
D=dM>M3/R RIM3 M,
mn=M
Koo (M) (M)G(1, M) Mg/ S~ =
. -1/2 - n|M=M M3
> oCms R 2t S G
n|M (M,D)=1 3

mn=M

(6.18)
since (d, M1) = 1 so that xar, (d) = xa(M1) = xp(M1) = Xp,(M;1). For the inner sum, using
the notation o;(M) = 3,,, Nn?, noting that G(1, Ml)NM?}/2 is precisely the M*™" Fourier
coefficient 73(M) of the cubic theta function, and also symmetrizing the denominator with
respect to s1 and s9, we have

Z Pa(d) Z Xy (d)G (1, M) xar, (d) G (1, Ma)iha(Ma)ihy (M)

NDw NMs1
D M|D>
D=dMzM3/R R|M3 My
mn=M
X (M1 (M)73(M)og, s, (M)NM 2
z:b(R;M/n,71)1\1}2_1/21\17151_82 Z Xy (M P (M) )10;12 (M)
n|M (M,D)=1 NM ™

mn=M
(6.19)
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The inner sum can now be viewed as an (imprimitive) Rankin-Selberg convolution of a
twisted cubic theta function and an ordinary (non-metaplectic) Eisenstein series. (Recall
that the ordinary Eisenstein series defined on a congruence subgroup of GL(2) has divisor
sums as Fourier coefficients.) Precisely stated, the Eisenstein series is E(z, (s1 —s2 +1)/2).
The primitive convolution of this form has functional equation

S1+ s2 81 + S2

L(2

,E X 0O3® XD0¢1)ND3_251_252

,E x©3® Xxp,11) = L(1 -

It is now more evident that, in order to achieve a perfect functional equation, we would
ultimately need to realize the entire Dirichlet series above in terms of the Rankin-Selberg
convolution. As mentioned in the previous section, this requires a more detailed knowledge
of the correction coefficients b(R; M /n,n) coming from the polynomial Q(w;m,n), which
can be obtained with significant effort using an existence argument. Instead, we perform the
functional equation on the inner sum (after adding in missing Euler factors) and estimate
the size of the rest of the series to obtain convergence estimates. These will be sufficient for
our applications.

Adding in the missing Euler factors in the convolution to the inner sum of (6.19), we
obtain

Z a(d) Z Xy (d)G (1, My) xar, (d) G (1, My)iho(Ma)ihy (M)

NDw NMs1
M|D>
D=dMz M3 /R R|IMZ M,
mn=M
X Do (M) (M)75(M)os, —oy (M)NM 2
Zb(R;M/n,n)NR*IQNnSl*” Z XDO( )d}l( )7—3( Zi; 2( )N 2
n|M M NM ™z
mn=M
_ i /3/2 308 33@
1 ZXDO(p)%(p)Np s, —s, (P77 )Np*" 2 (6.20)

3 s1+s9
p|Ds |80 Np*P ™

where the inner sum is now over all integers M, indicating that the convolution is indeed
primitive. We leave the series in this form here and note its convergence properties in
section 9, where we complete the final step of the continuation.

6.6 Domains of Convergence

In this section, we prepare for the analytic continuation via functional equations by deter-
mining domains of convergence for the Dirichlet series discussed previously, but now cleared
of all poles. Then we can apply convexity results to appropriately holomorphic functions.

Anticipating the collection of functional equations we will employ to obtain the contin-
uation, we set

Ty (s1, 82, w) dof (2m) 85178827 8WHOD (o T (59)T'(w + 51 + 89 — 4/3)T(w + 51 + 59 — 7/6)
D(w+s1 4+ 52— DI(w+ s1 4+ 52— 5/6)T(w + s1 + s2 — 2/3)
D(s1+w—1/2)T(s2 + w—1/2)(w)

A(Bw + 3s1 — 2)A(Bw + 3s2 — 2)A(3s1 + 3s2 + 6w — 5)A(6w + 651 + 6s2 — 8)
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where
A(s) = (2m)°T'(s)Ck (s)

and further define et
73 (s1,82,w) = T'1(s1, 82, w) Z1(51, 52, w)

This accounts for all of the normalizing zeta factors used to cancel natural poles in defining
our Dirichlet series Z3, Z4, Z5 and Zg and the image of their arguments under the involutions
we plan to use. We are now ready to proceed with the continuation.

First, our bounds on the size of the correction coefficients of P(s1, s2,d) show that the

series ;. % converges for R(w) > 2/3 so the convergence of Z;(s1, so, w) is limited
3

by bounds on the L-series rather than the correction factor. Using the usual upper bounds

for L(s, xd,4¢1) obtained by the functional equation s — 1 — s and Phragmen-Lindelof

convexity in twisted aspect, we have that the function
s1(1 — s1)s2(1 — 52) 21 * (81, S2, W)
converges absolutely (and uniformly on compact subsets) in the region given by

R(s1) >1,  R(s2)>1, R(w)>1,;
0<R(s1) <1, 0<R(s2) <1, RN(w)>2—-R(s1)/2—R(s2)/2;
R(s1) <0, RN(s2) <0, RN(w)>2—R(s1)— R(s2);

This we obtain by applying both functional equations for the L-series in s; and so. Ad-
ditional regions of convergence can be obtained by taking the union of the above domain
with that obtained from convexity and functional equations in one variable, but this is not
the most expeditious path to a complete continuation, so we omit them here.

Interchanging the order of summation for Z; (s, s2, w), the analogous estimates on the

Q(w;m,n)
mng ngsangSZ
verges for R(s1) > 2/3 and R(s2) > 2/3. Hence the convergence of Zi(s1, s2,w) is limited
by bounds on the L-series in w. Repeating the method above, we find that

size of the correction coefficients of Q(w;m,n) show that the series > con-

w(l —w)Zy * (s1, 82, w)
converges absolutely (and uniformly on compact subsets) in the region given by

R(s1) > 1, R(s2) > 1, R(w) > 1;
R(s1) + R(w)/2 > 3/2, R(s2) + R(w)/2>3/2, 0<RN(w) < 1;
R(s1) +R(w) >3/2, R(s2)+ R(w) >3/2, RN(w) <0

Combining this information, we have that
s1(1 = s1)s2(1 — s9)w(l — w)T'1(s1, s2,w) Z1(81, S2, W)

is a holomorphic function absolutely convergent on the union of these two domains. (We
obtain the analytic continuation to the union since these regions intersect in the domain
given by R(s1), R(s2), R(w) > 1.)

Similarly, the Dirichlet series Zg(s1, s2, w) contains a 6th order Gauss sum which appears
as a Fourier coefficient of an Eisenstein series on the six-fold cover of GL(2). This series
was investigated by Patterson [23] and subsequently by Kazhdan-Patterson [17]. Again, by
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estimates on the size of the correction coefficients, the domain of convergence is restricted
by the bound on the series involving Gauss sums. According to Kazhdan-Patterson, these
bounds imply that the series (w — 2/3)(w — 4/3)Zs(s1, s2, w) converges absolutely (and
uniformly on compact subsets) in the region given by

R(s1) > 1, R(s2) > 1, R(w) > 1;
R(s1) + R(w) > 2, R(s2) +R(w)>2, 0<R(w)<1;
R(s1) +2R(w) > 2, R(s2) +2R(w) > 2, R(w) <0;

Before interchanging the order of summation to obtain Gauss sums, we had a realization of
Zs(s1, 52, w) as a Dirichlet series containing products of L-series. Then using the functional
equation of these L-series again, together with Phragmen-Lindel6f convexity, shows that the
function s1(s; — 1)sa2(s2 — 1)Zg(s1, S2, w) converges absolutely (and uniformly on compact
subsets) in the region given by

R(s1)>1, R(s2)>1, R(w)>1;
0<R(s1) <1, 0<R(s2) <1, N(w)>2—NR(s1)/2—R(s2)/2;
R(s1) <0, R(s2) < 0, R(w) > 2 —R(s1) — R(s2);

Again, we can continue the holomorphic function
s1(s1 —1)sa(sy — 1)(w —2/3)(w — 4/3) Zs(s1, $2, W)

to the union of these two domains.

6.7 Analytic Continuation to a Half-Plane

Our ultimate goal is a continuation of the function to all of complex three-space. Because of
the difficulty of visualizing these domains in three-space (and even as tube domains drawn
in terms of their real parts in real three-space), we will perform our arguments in the plane
spanned by the lines s; — so = 0,w = 0 and s; = s = 0. In this section, we show that
the convexity estimates of the previous section, upon mapping them between Z; and Zg
via functional equation, yield a half-plane contained in this plane. Because the functional
equations and domains of convergence are symmetric in s; and sy for Z; and Zg, this poses
no real difficulty. Now thinking of the analytic function on the half-plane as a function of
two variables, s = s9 = s and w, any extension of this region has a convex hull equal to
the entire space. By a convexity theorem of several complex variables (see Hormander),
this guarantees an analytic continuation of our function to the whole plane. Once this is
achieved, any additional region of continuation into either half-space cut by the plane will
similarly give a convex hull in three-space which is the entire half-space. Showing this for
each half-space gives a continuation to the entire plane.

Here we take a first step toward this by continuing the function Z;(s,w), defined by
Z1(s1,82,w) setting s; = s9, to a half plane. Then by the convexity estimates in the
previous section, we have that

s2(1 = 5)2w(l — w)Z1(s,w)
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converges absolutely in the region given by

R(s) + R(w) > 3/2, R(w) < 0;
R(s) + R(w)/2 >3/2, 0<R(w) <1,
R(s) > 1, R(w) > 1,
0<R(s) <1, Rw)>2—R(s);
R(s1) <0, R(w)>2—-2R(s);

As indicated in the figure below, the convex hull of this region is given according to the
following boundary lines:

{(s,w) | R(w) > max(2 — 2R(s),2 — 4/3R(s),3/2 — R(s))}

Similarly define Zg(s,w) by setting s1 = so in Zg(s1, S2, w). From our earlier convexity
estimates on Zg(s1, s2,w), we have that

s3(s — 1)} (w — 2/3)(w — 4/3) Zs(s, w)

converges absolutely in the region given by

R(s) + 2R(w) > 2, R(w) < 0;
R(s)+R(w) >2, 0<R(w) <1
R(s) > 1, R(w) > 1,
0<R(s) <1, Rw)>2-R(s);
R(s) <0, R(w)>2—-2R(s);

Since all of our functional equations are linear combinations, we can determine the result
of applying A : Z1 — Zg by determining the image under A of any two collinear points on
the piece-wise linear boundary. Here A : (s,w) +— (1 — s,w + 2s — 1). Then

(—=1,4) — (2,1), 0,2) — (1,1),
(3/2’0) - (_1/27 2)7 (5/27 _1) - (_3/2’3)

Now we take the resulting points and the boundary defined by the lines between them and
map them under B : Zg — Zg where B is given by B : (s,w) — (s + 2w — 1,1 — w). This
gives

(2,1) — (3,0), (1,1) — (2,0),
(_1/27 2) - (5/2’ _1)’ (_3/27 3) - (7/27 _2)

Because the function Z; converges on the above region, the function Zg(s,w) converges
on the union of the original region from convexity and the two transformed regions under
the functional equation. The convex hull of this region is the set of points describing a
half-plane:

{(s,w) | R(w) > 3/2 — R(s)}

Because this line is fixed by the transformation A, we have the identical half-plane of
absolute convergence for the function Z(s,w).
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6.8 Completing the Continuation

Recall that after manipulating Z1(s; +w — 1/2,s0 + w — 1/2,1 — w) def Z3(81, 82, w) we
ended up with the equation (6.19). We recopy this below but now under the assumption
that s; = so = s (that is, we restrict to the plane s; = s9 according to our strategy for
continuing 7).

3 Pa(d) T Xy ()G (L, Mi)xar, (d)G(1, Ma) o (Ma)yy (M)
NDw NM =
M|D%>
D=dM; M /R R|M3 M,
mn=M

Zb(R7 M/n7n)NR_1/2anl—32 L(S,E % O3 ®)2D0¢1)
n|M
XDo (p)q/jl (p)Npﬁ/20'51_82 (p3ﬁ)Np35¥
| H Z 1te (6.21)
NP

p|Ds | 5>0

We want to find the domain of convergence for this series upon taking absolute values.
Since the divisor function o¢(/N) has growth bounded by NN€ for any € > 0, then the
geometric sums in the product converge for R(s) > 1/3. Taking absolute values on the
middle sum reduces this to

N M 8

M|D> n|M

R|M3M;

mn=M
Using our convergence assumption on the coefficients b(R; M /n,n) first stated at the end of
Chapter 4 and proven via the existence argument in Chapter 5, we have that the coefficients
b(R; M/n,n)NR™'/? <« NM?(NM3)~1/2 = NM'/2, so this sum will converge for values of
s such that £(s) > 1/2.

Finally, the L-series L(s, E' X ©3® X\ p,%1) converges absolutely for R(s) > 7/6 according

to a trivial estimate on the size of the Fourier coefficient of the cubic theta function. Recall
this L-series satisfied the functional equation

L(S, Ex0O3® XD()I/}I) — L(l —s,Ex03® )Zpowl)NDg_zls

Then according to the Phragmen-Lindel6f convexity bound, we have a continuation in s such
that the growth in NDy in the vertical strip —1/6 < R(s) < 7/6 is bounded by ND7/3 >,
This implies that the entire multiple Dirichlet series Z3(s1, s2,w) converges absolutely in
the region given by

R(s) >7/6,R(w) >1; 1/2 < R(s) <7/6,R(w)+ 2R(s) > 10/3.

From the functional equations between Z; and Zg, we were able to obtain a region of
convergence in the plane s; = sy = s which extended to the half-plane R(w) + R(s) > 3/2.
Now using the functional equation Zi(s + w — 1/2,1 — w) = Z3(s,w) according to the
definition of Z3, convergence for Z; in the half-plane R(w)+R(s) > 3/2 implies convergence
for Z3 in the half-plane R(s) > 1. This overlaps the region given above, so now taking the



98

convex hull of their union, we have an analytic continuation for Zs(si,s2,w) up to the
half-plane ®(s) > 1/2. Applying the functional equation one more time from Z3(s,w) to
Z1(s,w) gives a continuation of Zj(s,w) up to the half-plane R(w) + R(s) > 1.

Now using the fact that Zi(s1,s2,w), as a function of three-variables, converges abso-
lutely for R(s1) > 1,R(s2) > 1,R(w) > 1, the two-variable estimates immediately give a
continuation to the convex hull of the region bounded by the half-spaces R(w) + R(s1) >
1,R(s2) > 1 and R(w) + R(s2) > 1, R(s1) > 1.

6.9 The Determination of Polar Planes

Because 77y, using either order of summation, contains L-series in the numerator with
arguments s; and ss or w, then it has poles whenever any of these arguments take the
value 0 or 1. Now we need to apply all of the functional equations of Z; into itself used to
obtain the continuation. If we reflect these polar planes at s; =0, s;, =1, w =0 and w =1
according to these transformations, then we will determine all the poles associated to the
poles coming from L-series in the numerator of Z;(si, s2, w). Recall that we presented the
diagram earlier:

(1—s1,1—s2,w+s1+s2—1)
Zs(s1, s2,w) 3 (s14+2w—1,52+2w—1,1—w)

Z1(s1, 52, w)

Z1(s1, 52, w)

interchange

(s1+w—1/2,59+w—1/2,1—w)
Z3(s1, 82, w) 7)) (1=s1,1—s0,w2514+252—2)

),

But Zg contains a sixth order Gauss sum in the numerator, so its cube-free part is
essentially the Dirichlet series associated to an Eisenstein series on the 6-fold cover of GL(2).
That is, the numerator roughly took the form G(m?n?,d). Thus according to the Selberg
theory, as a sum over integers d, it has a functional equation as w — 1 — w and poles at
w=1/2+1/6 (cf. [13]). Similarly, Z3 contains a cubic Gauss sum in the numerator and
its cube-free part is essentially the Mellin transform of a Rankin-Selberg convolution of a
twisted cubic theta function and a non-metaplectic Eisenstein series E(z, (s; — s2 + 1)/2).
As mentioned previously, this object has a GL(4) functional equation as s; — 1 —s; so that
w — w~+ 281 + 289 — 2 and poles at 2s; — 1/2 = 1/2 + 1/3 according to the usual Fourier
analysis which transforms the argument of the Eisenstein series. In total, our functional
equations used to obtain the continuation are given by the transformations:

A Zy(s1,82,w) — Zg(1 — 81,1 — s9,w + s1 + 52 — 1),

B : Zs(s1, 82, w) — Zg(s1+2w— 1,89+ 2w —1,1 —
C: Zi(s1,82,w) — Z3(s1 +w—1/2,s9 +w—1/2,1—
D Zg(Sl,SQ,w) — Zg(l — 81,1 — 52,w+231 +282 — 2).

w),
w),

Each of these transformations is an involution. This implies that the total collection of func-
tional equations of Z; into itself is described by the set of transformations { ABA, ABACDC,
ABACDCABA,...} and {CDC,CDCABA,CDCABACDC,...}. This produces the fol-

lowing list of functional equations from Z; into Z;.
(81,82, w) — (81 + 282 + 2w — 2,281 + S92 + 2w — 2, =251 — 289 — 3w + 4)
(s1,82,w) — (1 —s1,1 — 82,1 — w)
(81,82, w) — (3 — 81 — 289 — 2w, 3 — 251 — S92 — 2w, —3 + 251 + 259 + 3w)
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Applying this set of functional equations to the polar planes s; = 0,1 and w = 0,1 (the
poles associated to Zp in its original form with L-series in the numerator) produces the first
twelve poles in our list in theorem 1. That is, we obtain the polar planes

s1=1, s1=0, s14+2s9+2w—3=0, s1+25+2w—2=0,
so=1, s9=0, 2s1+s83+2w—3=0, 28+ 83+2w—2=0,
w=1, w=0, 2s1+28+3w—-3=0, 25 +2s0+3w—4=0,

We can similarly generate all of the functional equations of Zg. They are given by the
sets of transformations {B, BACDCA,...} and {ACDCA,ACDCAB,...}. This yields
transformations which all take w — 1 — w. Zg now has both the original polar plane
w = 2/3 and 1 — w = 2/3. These polar planes translate to polar planes of Z; via the
involution A taking w — w + s1 + so — 1, producing the pair of planes:

w+ 81 +s2—5/3=0, w+s1+s2—4/3=0.

Lastly, Z3 functional equations into itself are given by the sets {C,CDABAD,...} and
{DABAD,DABADC,...} and all take s; — 1 — s;. Then the polar planes are given by
s; = 2/3 and 1 — s; = 2/3 and translated to Z; by the involution C taking s; — 1 — s;.
This produces the final four planes in our original list in Theorem 1. That is, we obtain the
polar planes:

w+s —7/6=0, w+s —5/6=0,

w+sg—7/6=0, w+s9—5/6=0.

Because we did not explicitly require the use of the functional equations involving Z4
and Zs, the natural polar planes coming from these objects must, in fact, not appear as
poles of the object Zi(s1,s2,w). Letting A(s) = (2m)"*I'(s)(x(s), we obtain the following
theorem:

Theorem 6.10. Let K = Q(\/—3) with ring of integers Ok . Given an integer d € Ok,
write d = dld%dg with di and do cube-free. Let x4, = Xd,Xd, denote the product of cubic
residue characters with conductor dids. Let 11 and 9 be primitive cubic characters of a
fized conductor N|9. Define the function

L(s1, Xdot1) L (52, Xdo¥1)12(d) P(s1, 82 d,1)1)
Ndw

Z1(s1, 52, w; 1, 2) = Z

deOg
d=1(3)

where P(s1,s2;d,11) is a certain finite, Eulerian Dirichlet polynomial in two variables s
and so depending only on the indicated quantities. Then defining

. d
Z1 (51,82, w31, v2) :efFl(Sl,82,w)21(81,827w;¢17¢2)
where

I'i(s1,s2,w) &f

(2) 8818527 8WHOT (s D (59)T(w + 51 + 59 — 4/3)T(w + 51 + 59 — 7/6)
D(w+ sy 4 s2— DI (w+ s1+ s2 —5/6)(w + s1 + s2 —2/3)
I(si+w—1/2)'(s2 +w —1/2)(w)

ABw + 3s1 — 2)A(3w + 3s2 — 2)A(3s1 + 3s2 + 6w — 5)A(6w + 651 + 652 — 8),
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73 (s1, 82, w;1,%2) has a meromorphic continuation to a region of C3 containing the point
(1/2,1/2,1/2).

Moreover, the function Zy(s1, s2, w; 1,1) is analytic in this region except for the following
18 polar planes:

s1=1, s1=0, s14+2s9+2w—3=0, s1+25+2w—2=0,
so=1, s0=0, 2s14+s9+2w—3=0, 2s1+s0+2w—2=0,
w=1, w=0, 2s1+28+3w—-—3=0, 251+ 2s0+3w—4=0,

w+ s +52—5/3=0, w+s+sy—4/3=0,
’UJ+81—7/6:0, w+81—5/6:0,
w+sg—7/6=0, w+ s2 —5/6 =0.



Chapter 7

Mean-Value Estimates for L-series

To finish, we offer one application of the resulting continuation. By specializing to the line
(1/2,1/2,w), we can count poles of Z(1/2,1/2,w) according to values of w. Then inserting
this function of one variable into an integral transform, we get mean-value estimates using
contour integration.

Proposition 7.1. Let o > 0 be a positive real number. Then

1 o+100
F(x) = / I(w)z¥dw = e 1/*

27 ) o—ioo

where T'(w) denotes the usual Gamma function.

Proof: The result follows from a simple exercise in contour integration, showing that
the Gamma function and e~!/* are inverse Mellin transforms of each other. Given any value
for x, then moving the line of integration to the left to the line #(w) = —R and taking the
limit, the integral along the line R(w) = —R goes to 0 according to the damping of the
Gamma function and we pick up poles at each of the negative integers from the Gamma
function and the residue there is given by

-1 k,.—k
z FRes,— _4T(2) = (i;lx
Then summing over all such negative integers k, we obtain e~'/% and the result follows. [J

It follows that

% 22;0021(1/2,1/2,w)r(w)chzw: > L(1/2,x4,)°P(1/2,1/2,d) e N/"
d=1 (3)
since
1 2+i00
30 fy Z1(1/2,1/2,w)I'(w)z"dw =
241400
- : L0112, %0, P(1/2,1/2, )T (w) (5 dw

2-ic0 4=1 (3)

and |Z1(1/2,1/2,w)| << [t|¥ for some k. (The latter assertion can be seen by a Phragmen-
Lindel6f convexity argument similar to the one used in the previous chapter together with
arguments given in Proposition 4.11 of [7].)
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Now moving the line of integration to R(w) = 1/2 + €, we need to account for any
poles with 1/2 < R(w) < 2. Recall that we determined that Z;(s1, s2,w) is analytic for
these points (1/2,1/2,w) except for points occurring on the polar planes. They satisfied
the equations:

s1=1, s1=0, s14+2s9+2w—3=0, s1+250+2w—2=0,
so=1, s0=0, 2s14+s9+2w—3=0, 2s1+s0+2w—2=0,
w=1, w=0, 2s1+28+3w—-3=0, 251+ 2s0+3w—4=0,

w+ s +5—5/3=0, w+s+sy—4/3=0,
’w+81—7/6:0, w+81—5/6:0,
w+sg—7/6=0, w+ s2 —5/6 =0.

We now want to find the planes containing points with s; = s3 = 1/2. The planes s; =
0,s1 = 1,s9 = 0, and s3 = 1 are the only planes which do not include such a point
(1/2,1/2,w). This leaves 14 remaining planes and one can check that they have w values

{1,3/4 (2 times), 2/3 (4 times),1/3 (4 times), 1/4 (2 times),0}

Values of w which occur more than once indicate the pole may be non-simple at (1/2,1/2, w).
Estimating the integral on the line R(w) = 1/2 + ¢, we find that

1 1/24e+i00
— Z1(1/2,1/2,w)[(w)z¥dw << z'/?>Te,
2m 1/2+e—ico

since Z1(1/2,1/2,w) has polynomial growth in ¢ along this line which is damped by the
Gamma function so that our growth estimates depend solely on the size of x.

The poles contribute ¢z + cox®/* log x + cg3/4 + C4x2/3F(log x) where ¢, ¢, ¢3, and ¢y
are explicitly computable constants according to the residue of the associated poles and F'
is an explicit monic polynomial of degree 3 with real coefficients depending on the precise
form of the correction factor. Hence we have shown the following:

Theorem 7.2. According to the contour integration methods above,

> L(1/2,X4,)°P(1/2,1/2,d)e X = ¢; X + 0o X3/* 4 3 X3 F(log X) + O(X'/?*)
d=1 (3)

where c1,ca, and c3 are explicit constants with c¢q,c2 non-zero and F(X) is a polynomial
with deg(F) < 3.
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