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Preface

The theory of L-functions of one complex variable has a long and colorful history
going back to Euler, Dirichlet, and Riemann, among others. L-functions associated
to representations of Galois groups (Artin L-functions) as well as geometric
L-functions associated to algebraic varieties (Hasse-Weil L-functions) have been
extensively studied in the last 60 years. There is now a grand unification theory
of L-functions of one complex variable, loosely called the Langlands program,
which conjecturally associates to each L-function satisfying certain basic properties
such as:

e Meromorphic continuation (with finitely many poles)
* Moderate growth

* Functional equation

e Euler product

an irreducible automorphic representation of a certain reductive group.

By comparison, the theory of multiple Dirichlet series (L-functions of several
complex variables) is much less developed. It is natural to try to extend the
Langlands program to L-functions in several complex variables satisfying the
bulleted properties above. One quickly sees, however, that it may not be natural
to assume the existence of Euler products in the theory of multiple Dirichlet series;
a notion of twisted multiplicativity has been introduced instead. Some important
progress in developing a theory of multiple Dirichlet series has been made in the last
two decades. The main achievements so far include the construction of Weyl group
multiple Dirichlet series, applications of multiple Dirichlet series to the problem
of nonvanishing of twists of L-functions, to convexity breaking, to moments of
zeta and L-functions, and to the connections to multiple zeta function values. In
order to get interested researchers together and outline the latest advances in the
subject, a workshop, Multiple Dirichlet Series and Applications to Automorphic
Forms, was held in Edinburgh from August 4 to 8, 2008. It was hoped that this
workshop would stimulate further research and lead to deeper insights into what a
theory of multiple Dirichlet series should be. This has, in fact, happened and is the
main motivation for publishing this volume which is focused on the more recent
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developments in the theory. The chapter “Introduction: Multiple Dirichlet Series,”
which opens this volume, gives an introduction to many of these developments.
We would like to take this opportunity to thank especially Nikos Diamantis, Ivan
Fesenko, and Jeffrey Hoffstein for their hard work and efforts in organizing the
Edinburgh workshop and all the participants for their enthusiastic support and
interesting talks. In particular, we thank Ben Brubaker, Alina Bucur, Gautam Chinta,
Adrian Diaconu, Nikolaos Diamantis, Ivan Fesenko, Paul Garrett, Paul Gunnells,
and Jeffrey Hoffstein for organizing and/or lecturing in the two minicourses at the
workshop. We are extremely grateful to ICMS for hosting the workshop and making
the stay in Edinburgh so enjoyable. We thank the EPSRC, the NSF, and the LMS for
financial support. Finally, we would like to thank all the authors who contributed to
this volume and also the referees for their timely and insightful contributions.

Stanford, CA, USA Daniel Bump
Chestnut Hill, MA, USA Solomon Friedberg
New York, NY, USA Dorian Goldfeld



Contents

10

11

Introduction: Multiple Dirichlet Series ..................................
Daniel Bump

A Crystal Definition for Symplectic Multiple Dirichlet Series.........
Jennifer Beineke, Ben Brubaker, and Sharon Frechette

Metaplectic Ice ...........c.oiiiiiiii i
Ben Brubaker, Daniel Bump, Gautam Chinta, Solomon Friedberg,
and Paul E. Gunnells

Metaplectic Whittaker Functions and Crystals of Type B .............
Ben Brubaker, Daniel Bump, Gautam Chinta, and Paul E. Gunnells

Littelmann Patterns and Weyl Group Multiple Dirichlet
Series Of TYPe D ......ooviii s
Gautam Chinta and Paul E. Gunnells

Toroidal Automorphic Forms, Waldspurger Periods and Double
Dirichlet Series......... .o
Gunther Cornelissen and Oliver Lorscheid

Natural Boundaries and Integral Moments of L-Functions ...........
Adrian Diaconu, Paul Garrett, and Dorian Goldfeld

A Trace Formula of Special Values of Automorphic L-Functions.....
Bernhard Heim

The Adjoint L-Function of SUpj ...,
Joseph Hundley

Symplectic Ice ...
Dmitriy Ivanov

On Witten Multiple Zeta-Functions Associated with Semisimple
Lie Algebras IIL ...
Yasushi Komori, Kohji Matsumoto, and Hirofumi Tsumura

vii



viii Contents

12 A Pseudo Twin Primes Theorem............................cooiiiiiint. 287
Alex V. Kontorovich

13 Principal Series Representations of Metaplectic Groups Over
Local Fields. ... s 299
Peter J. McNamara

14 Excerpt from an Unwritten Letter......................ooooiiiiiiiii 329
S.J. Patterson

15 Two-Dimensional Adelic Analysis and Cuspidal Automorphic
Representations of GL(2) ... 339
Masatoshi Suzuki



Chapter 1
Introduction: Multiple Dirichlet Series

Daniel Bump

Abstract This introductory article aims to provide a roadmap to many of the
interrelated papers in this volume and to a portion of the field of multiple Dirichlet
series, particularly emerging new ideas. It is both a survey of the recent literature,
and an introduction to the combinatorial aspects of Weyl group multiple Dirichlet
series, a class of multiple Dirichlet series that are not Euler products, but which may
nevertheless be reconstructed from their p-parts. These p-parts are combinatorially
interesting, and may often be identified with p-adic Whittaker functions.

Keywords Weyl group multiple Dirichlet series ¢ Crystal graph ¢ Solvable lattice
model ¢ Whittaker function * Metaplectic group ¢ Yang—Baxter equation

This survey article is intended to help orient the reader to certain topics in multiple
Dirichlet series. There are several other expository articles that the reader might also
want to consult, though we do not assume any familiarity with them. The article [20]
which appeared in 1996 contained many of the ideas in an early, undeveloped form.
The articles [9, 26], which appeared in 2006, also survey the field from different
points of view, and it is hoped that these papers will be complementary to this one.
Further expository material may be found in some of the chapters of [14].

Since approximately 2003, there has been an intensive development of the subject
into areas related to combinatorics, representation theory, statistical mechanics, and
other areas. These are scarcely touched on in [9, 20, 26] and indeed are topics that
have largely developed during the last few years. However, these combinatorial
developments are discussed in [14] as well as this introductory paper and other
papers in this volume.

D. Bump (2<)
Department of Mathematics, Stanford University, Stanford, CA 94305-2125, USA
e-mail: bump@math.stanford.edu

D. Bump et al. (eds.), Multiple Dirichlet Series, L-functions and Automorphic Forms, 1
Progress in Mathematics 300, DOI 10.1007/978-0-8176-8334-4_1,
© Springer Science+Business Media, LLC 2012
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Preparation of this paper was supported in part by NSF grant DMS-1001079. We
would like to thank Ben Brubaker, Solomon Friedberg, and Kohji Matsumoto for
their helpful comments.

1.1 Moments of L-Functions

The subject of multiple Dirichlet series originated in analytic number theory. If {a,,}
is a sequence of real or complex numbers, then a typical Tauberian theorem draws
conclusions about the a, from the behavior of the Dirichlet series Zn a,n . If
the a, are themselves L-functions or other Dirichlet series, this is then a multiple
Dirichlet series.

One may try to study moments of L-functions this way. For example, Goldfeld
and Hoffstein [37] considered a pair of Dirichlet series whose coefficients are

Ziw.s) =Y Aa(s)d[*™>, (D

+d>0

where the coefficients A, (s) are essentially quadratic L-functions. More precisely,
if d is squarefree

Ly (25 — 4. xa)

A= o

and

A —4s —2s
ak2(8) _ Z ra(d)u(ds)d; 4 +3/2d3 254172,

Ay(s
d( ) d1d2d3=k

dy, d; odd
where p is the Mobius function and y, is the quadratic character y,(c) = (%) in
terms of the Kronecker symbol. The subscript 2 applied to the L-function and zeta
function ¢ means that the two parts have been removed.

Goldfeld and Hoffstein applied the theory of Eisenstein series of half-integral
weight to obtain the meromorphic continuation and functional equations of Z .
They showed that there are poles at w = % and %—s, then used a Tauberian argument
to obtain estimates for the mean values of L-functions. For example, they showed

Z L (l, Xd) = c1x log(x) +c2x + O (x%+£)

2
1<=+d<x
d squarefree

with known constants ¢; and ¢;.
Note that Z+ is a double Dirichlet series (in s, w) since if we substitute the
expression for the L-function L(w, y.), we have “essentially”
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1 5 —ZW d 5z 5 —zW
ZsGon = XL (2= 3o )1l = (£l @
d

cd

Equation (2) gives two heuristic expressions representing the multiple Dirichlet
series with the intention of explaining as simply as possible what we expect to be
true and what form the generalizations must be. Such a heuristic form ignores a
number of details, such as the fact that the coefficients are only described correctly if
d is squarefree (both expressions) and that ¢ and d are coprime (second expression).
Later, we will first generalize the heuristic form by attaching a multiple Dirichlet
series to an arbitrary root system. The heuristic version will have predictive value,
but will still ignore important details, so we will then have to consider how to make
a rigorous definition.

To give an immediate heuristic generalization of (2), let us consider, with
complex parameters sy, . .., Sx, and w a multiple Dirichlet series

1 1
ZL(ZSI_E,Xd)"'L(zsk—Est) jd |2 A3)

fork =0,1,2,3,....1If one could prove meromorphic continuation of this Dirichlet
series to all s with w; = %, the Lindelof hypothesis in the quadratic aspect would
follow from Tauberian arguments. A similar approach to the Lindeldf hypothesis in
the ¢ aspect would consider instead

/ooz(al +it)---C(op £it)t2Vde, 4)
1

where for each zeta function, we choose a sign =+; if k is even, we may choose half
of them positive and the other half negative. This is equivalent to the usual moments

T
/ (o £it)---¢ (o £it) dt,
0

which have been studied since the work in the 1920s of Hardy and Littlewood,
Ingham, Titchmarsh, and others. It is possible to regard (4) as a multiple Dirichlet
series, and indeed both (3) and (4) are treated together in Diaconu, Goldfeld, and
Hoffstein [32]. See [31] in this volume for a discussion of the sixth integral moment
and its connection with the spectral theory of Eisenstein series on GL3.

Returning to (3), there are two problems: to make a correct definition of the
multiple Dirichlet series, and to determine its analytic properties. If k = 1,2,
or 3, these can both be solved, and the multiple Dirichlet series has global
analytic continuation. In these cases, the multiple Dirichlet series was initially
constructed by applying a Rankin—Selberg construction to Eisenstein series (“of
half-integral weight”) on the metaplectic double covers of the groups Sp(2k) for
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k = 1,2, and 3. No corresponding constructions could be found for k > 3, but since
Rankin—Selberg constructions are often tricky, which did not constitute a proof that
such constructions may not exist undiscovered.

In [20], a different approach was taken. If k& > 3, then it may be possible to
write down a correct definition of the multiple Dirichlet series, and indeed this has
essentially been done in the very interesting special case k = 4. See Bucur and
Diaconu [19]. Nevertheless, the approach taken in [20], which we will next explain,
shows that the multiple Dirichlet series cannot have meromorphic continuation to
all 5, and wif k > 3.

The analog for (3) of the second expression in (2) would have the form

> (i) (i) len |27 e | T2 |d 22, )
C1 Ck

d,cpsesCr

It will be helpful to associate with this Dirichlet series a graph whose vertices are the
variables d, ¢y, ..., c,. We connect two vertices if a quadratic symbol is attached to
them. Our point of view (which is justified when rigorous foundations are supplied)
is that due to the quadratic reciprocity law, we do not have to distinguish between
(%) and (%) Thus, for heuristic purposes, the graph determines the Dirichlet series.
If k = 1,2, or3, the graph looks like this:

C3
d e e, d o ‘. d< ©)
C2

We could clearly associate a multiple Dirichlet series with a more general graph, at
least in this imprecise heuristic form. The interesting cases will be when the diagram
is a Dynkin diagram.

Here, we will only consider cases where the diagram is a “simply laced” Dynkin
diagram, that is, the diagram of a root system of Cartan type A, D, or E. A simply
laced root system is one in which all roots have the same length, and these are
their Cartan types. More general Dynkin diagrams are also associated with multiple
Dirichlet series, and we will come to these below.

We recall that a Coxeter group is a group with generators oy, ..., 0., each of
order two, such that the relations

O'<2 = 1, (O','O'j)n(i’j) =1

give a presentation of the group, where n (i, j) is the order of 0;0;. We may associate
with the Coxeter group a graph, which consists of one node for each generator o;,
with the following conditions. If n(i, j) = 2, so that 0; and 0; commute, there is
no edge connecting i and j. Otherwise, there is an edge. If n(i, j) = 3, it is not
necessary to label the edge, but if n(i, j) > 3, it is labeled with n(i, j). (In Dynkin
diagrams, it is usual to interpret these labels as double or triple bonds.) We will
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consider only the case where n(i, j) = 2 or 3. In these cases, the Coxeter group is
finite if and only if the diagram is the finite union of the Dynkin diagrams of finite
Weyl groups of types A,, D,, or E,.

As we will now explain, the group of functional equations of a multiple Dirichlet
series such as (5) is expected to be the Coxeter group of its Dynkin diagram. For
example, consider (5) when k = 3. We collect the coefficients of ¢y:

2. (i) (i) (i) 1|27 feal 720 220 |2
C1 C2 C3

d.ci1.c2,c3
= ¥ () (&) ettt 21apt [Z (£) |c1|%-231] |
doges \C2/ \C3 — \a
This equals
d d 1
Z (_) (_) |C2|%—232|c3|%—253|d|%_2WL (251 — E, )(d) .
d,Cz,Cg, CZ C3

The functional equation for the Dirichlet L-function has the form
1 1-2s 1
L 2s1—§,)(d =(x)|d|" "L 2(1—s1)—§,)(d ,

where () is a ratio of Gamma functions and powers of 7. This factor is independent
of d, so we see that the functional equation has the effect

1
(51,82, 53, W) —~ (1 — 51,582,853, W+ 5] — 5) .

In the general case, let the variables be si, ..., s,. Thus, if we are considering (5),
then » = k + 1 and s, = w, but we now have in mind a general graph such as a
Dynkin diagram, and r is the number of nodes. We have a functional equation which
sends s; to 1 — ;. If j # i, then

Sj if i, j are not connected by an edge;
8§j > | (N
Si +8;— 3 if i, j are connected by an edge.

These functional equations generate the Coxeter group associated with the diagram,
and its group of functional equations is the geometric realization of that group as a
group generated by reflections.

We may now see why the Dirichlet series (3) is expected to have meromorphic
continuation to all s; and w when k < 3 but not in general. These are the cases where
the graph is the diagram of a finite Weyl group, of types A,, A3, or D4. If k = 4, the
graph is the diagram of the affine Weyl group Dil), and the corresponding Coxeter
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group is infinite. The meromorphic continuation in (sy, s2, 3, sS4, w) cannot be to all
of C° since the known set of polar hyperplanes will have accumulation points.

We have now given heuristically a large family of multiple Dirichlet series,
one for each simply laced Dynkin diagram. (The simply laced assumption may be
eliminated, as we will explain later.) Only three of them, for Cartan types A4,, A3,
and Dy, are related to moments of L-functions. The case k = 3, related to Dy,
was applied in [32] to the third moment after the combinatorics needed to precisely
define the Dirichlet series were established in [21].

Although only these three examples are related to quadratic moments of
L-functions, others in this family have applications to analytic number theory.
Chinta gave a remarkable example in [25], where the As multiple Dirichlet series
is used to study the distribution of central values of biquadratic L-functions. The
distribution of nth-order twists of an L-function was studied by Friedberg, Hoffstein,
and Lieman [36], and it was shown in Brubaker and Bump [7] that these could
be related to Weyl group multiple Dirichlet series of order n. (In this survey, the
Dirichlet series we have considered in this section correspond to n = 2, but we will
come to general n below.)

One may also consider the Dirichlet series that are (heuristically) of the form
L(w, 7, xq)|d|™", where 7 is an automorphic representation of GL;. If k = 2,
then there is considerable literature of the case, where n = 2; see, for example, [6]
and the references therein. If k = 2 and n = 3, there is a remarkable theory in [17];
there is a finite group of functional equations, which transform the Dirichlet series
into various different ones. If k = 3 and n = 2, then there is also a finite group
of functional equations; see [21]. The papers cited in this paragraph predate the
recent development of the combinatorial theory, but the combinatorics of multiple
Dirichlet series involving GL; cusp forms is under investigation by Brubaker and
Friedberg.

A double Dirichlet similar to that in [36] was considered by Reznikov [53].
This is the Dirichlet series > L(s, x")|n|™", where y is a Hecke character of
infinite order for Q(i). Using a method of Bernstein, he proved the meromorphic
continuation of this multiple Dirichlet series and determined the poles. Despite the
similarity of this multiple Dirichlet series to that of [36], this series does not fit the
same way in the theory of Weyl group multiple Dirichlet series.

While the origins of our subject are in analytic number theory, our emphasis in
this paper will not be such applications, but rather on emerging connections with
areas of combinatorics, including quantum groups and mathematical physics, and
the theory of Whittaker functions. As we will see, the problem of giving precise
definitions of the multiple Dirichlet series, even when the general nature of the
Dirichlet series is known, is a daunting combinatorial one. Early investigations,
such as [21,25], took an ad hoc approach substituting computer algebra or brute
force computation for real insight. This is sufficient for applications on a case-by-
case basis but also unsatisfactory. In recent years, the combinatorial theory has been
examined more closely, and its study may turn out to be as interesting as the original
problem.
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1.2 A Method of Analytic Continuation

Let us consider a double Dirichlet series which might be written

Zy(51.52) = (%) Zy(s1.52), Zy(s1,5) = ZAlp(n,m)n_“m_”.
n.m

Here, (x) denotes some Gamma functions and powers of w. The Dirichlet series
is allowed to depend on a parameter ¥ drawn from a finite-dimensional vector
space £2. It is assumed convergent in some region C such as the one in the following
figure, which shows the region for (2). We have graphed the projection onto R?
obtained by taking the real parts of s; and s».

—
N [
I
=

Collecting the coefficients of m ™2 for each m gives a collection of Dirichlet
series in one variable s; which have functional equations. These may be with respect
to some transformation such as the following, which is a functional equation of (2):

1
o1 (s1,82) > [ 1 —s1,81 + 52— 7))
More precisely, there may be an action of o7 on £2, or more properly on M ® £2,
where M is the field of meromorphic functions in s; and 5, such that the functional
equation has the form

1
v (1 — 851,81 4+ 52— 5) = Zy(s1.52).

Thus, ¥ +— oV is a linear transformation of the vector space §2 which, when
written out as a matrix, could involve meromorphic functions of s; and s,. This is
the scattering matrix. In some cases, these meromorphic functions are holomorphic,
or even just Dirichlet polynomials in a finite number of integers. For example (2),
we would take polynomials in 271 and 27%2.



This gives the meromorphic continuation to the convex hull of C U o,C.

hull(CU ¢,C)

D. Bump

Similarly, we assume that collecting the coefficients of the other variable gives

another functional equation, which in example (2) is

1
0y @ (81,8) — (s1 +sz—§,1—sz).

The functional equations may be iterated, so we get analytic continuation to the the

union of hull(C U ¢,C) with hull(C U 0,C) and o, hull(C U 6,C):

®)
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At this point, there are two ways of proceeding, one better than the other. We
could continue to iterate the functional equations until we obtained meromorphic
continuation to a region such as this:

There are two problems with this. One is that we have not obtained the meromorphic
continuation in the area near the origin. The other is that we have obtained two
different meromorphic continuations to the region 010,01C = 0,010,C that is
darkly shaded. We do not know that these two meromorphic continuations agree.
This agreement, the braid relation, should be true in a suitable sense, but in fact
since there is a scattering matrix involved, we must be careful in formulating it. We
want an action of W on ¥ extending the one already mentioned for o; such that
Z 5 (s1, 52) satisfies

ZywyW(si,52)) = Zy(s1,52), )

and the braid relation means that 010,01 (¥) = 0,0102(¥).

A better procedure is to use a theorem in complex variables, Bochner’s convexity
theorem [5], to assert meromorphic continuation once one has obtained meromor-
phic continuation to a region such as (8) whose convex hull is C2. Bochner’s theorem
is as follows: let U be an open subset of C", where r > 2 that is the preimage of
an open subset of R” under the projection map; such a set is called a tube domain.
Then, any holomorphic function on a tube domain has analytic continuation to its
convex hull. In our case, we have a meromorphic function, but the polar divisor is a
set of hyperplanes, and the theorem is easily extended to this case. Hence, once we
have meromorphic continuation to (8), we obtain meromorphicity on C2. The braid
relation 010,01(¥) = 0,0102(¥) is then a consequence. See [9, 11] for further
details.

Now, we come to the fundamental combinatorial question. Once one has decided
roughly what the Dirichlet series is to look like, the exact coefficients are still not
precisely defined. How can the coefficients be determined in such a way that the
functional equations (9) are true for both o1 and 0, ? For the Dirichlet series (3), this



10 D. Bump

is not too hard when & = 1, but when k = 3, the combinatorics are rather daunting.
They were treated in [21] using difficult manipulations that were the only way before
the combinatorial properties of Weyl group multiple Dirichlet series began to be
established. Similarly, in the example of Chinta [25], the method of solving the
combinatorial problem was to use a computer program to find a Dirichlet series
with very special combinatorial properties. There has been a great deal of progress
in the basic combinatorial problem since these early papers, and this progress has
implications beyond the original practical problem of giving a proper definition of
a multiple Dirichlet series with a group of functional equations.

1.3 Kubota Dirichlet Series

Let n be a positive integer: we will define some Dirichlet series related to the n-th
power reciprocity law, so n = 2 in Sect. 1.1. Let F be a number field containing
the group w, of n-th roots of unity. We will further assume that F' contains the
group Wy, of 2n-th roots of unity, that is, that —1 is an n-th power in F. The
assumption that i, C F is essential; the assumption that 5, C F is only a matter
of convenience. We will make use of the n-th power reciprocity law.

We will define a family of Dirichlet series with analytic continuation and
functional equations, called Kubota Dirichlet series. If n = 2, these are the quadratic
L-functions L (25— %, xa)-1f n = 1, these Dirichlet series are divisor sums, actually
finite Dirichlet polynomials. For general n, they are generating functions of nth-
order Gauss sums.

Let S be a finite set of places of F, containing all places dividing » and all
archimedean ones. If v is a place of F, let F, be the completion at v. If v is
nonarchimedean, let o, be the ring of integers in F,. Let og be the ring of S-
integers in F, that is, those elements x € F such that x € o, forall v ¢ S. Let
Fs = [],es Fo- We may embed og in Fs diagonally. It is a discrete, cocompact
subgroup. We may choose S so large that og is a principal ideal domain. If a € Fj,
let |a| denote [],cg |aly. It is the Jacobian of the map x —> ax. If a € og, then |a|
is a nonnegative rational integer.

We recall the nth-order reciprocity law and nth-order Gauss sums. See
Neukirch [51] for proofs. Properties of the reciprocity symbol and Gauss sums are
more systematically summarized in [11].

The nth-order Hilbert symbol (, ), is a skew-symmetric pairing of F,* x F* into
My Define a pairing (, ) on F§ by

.y =]y x.yeF

veS

Then, the nth power residues symbol (%), defined for nonzero elements ¢, d € o,
satisfies the nth power reciprocity law
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(3) — (d, ) (%) (10)

Let vy be an additive character of Fy that is trivial on og but no larger fractional

ideal. Let
= 5 ()0 (%)

¢ mod d

The sum is well defined since both factors only depend on ¢ modulo d. It has the
twisted multiplicativity properties:

gm,dd’) = (%) (%/) g(m,d)g(m,d")if gcd(d,d") =1,
c

-1
glem,d) = (3) g(im,d) if ¢, d are coprime

and the absolute value for p prime in o5:

lg(m. p)| = /| p|if ged(m, p) = 1. (11)

Let ¥ be a function on F¢ such that ¥ (ec) = (g,c)¥(c) when ¢ € o5 (F&)".
The vector space of such functions is nonzero but finite dimensional. Let

Dy (s;m) = Y W(c)gm.c) fe] ™.

This has a functional equation under s — 1 — s. To state it, let

_ —=1)@2s—1) L' (n(2s — 1))
Guls) = (2m) rs—1)
Define

Dy (s.m) = G(5)N{r(2ns —n + 1) Dy (s, m),

where N is the number of archimedean places (all complex) and {f is the Dedekind
zeta function of F. Then, Kubota [46] proved a functional equation for this,
as a consequence of the functional equations of Eisenstein series on the n-fold
metaplectic covers of SL,, which he developed for this purpose. In the form we
need it, this is proved by the same method in Brubaker and Bump [18], and a similar
result is in Patterson and Eckhardt [34].

To state these functional equations, there exists a family of Dirichlet polynomials
P, indexed by 7 in F/(F)" such that

* _ 1-2s * _
Dy(s.m)= Y |m|" Pyy(s) D5 (1= s.m). (12)
NEFS [ (Fg)"
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where
IIZ,(C) =, c)¥ (c'n7").

The polynomial P, is actually a polynomial in ¢,* where v runs through the
finite places in S and ¢, is the cardinality of the residue field. It is important for
applications that P, is independent of m.

1.4 A More General Heuristic Form

If n = 2 and m and ¢ are coprime, then g(m, ¢) equals (%)_1 \/m times a factor
which may be combined with ¥ and ignored for heuristic purposes. Thus, Dy (s; m)
is essentially L(2s— %, xm)- We may now give the following heuristic generalization
of the Dynkin diagram multiple Dirichlet series described in Sect. 1.1. Let us start
with a Dynkin diagram, which we will at first assume is simply laced (type A, D, or
E). As in Sect. 1.1, for purely heuristic purposes, it is not necessary to distinguish
between (%) and (%) since by the reciprocity law they differ by a factor (d, ¢)
which may also be combined with ¥ and may be ignored for heuristic purposes.
Ultimately, such factors must eventually be kept track of, but at the moment, they
are unimportant.

The nodes i = 1,...,r of the Dynkin diagram are in bijection with the simple
roots of some root system @. We choose one complex parameter s; for each i,
and one “twisting parameter” m;, which is a nonzero integer in og. The multiple
Dirichlet series then has the heuristic form

AN .
> | 1 (;J glmi, dy)|d;| 7.

dy,....d, | i.Jj adjacent J

The form of the coefficient is only correct if d; are squarefree and coprime, and
even then there is a caveat, but this heuristic form is sufficient for extrapolating the
expected properties of the multiple Dirichlet series. Whereas before, on expanding
in powers of one of the s; parameters, we obtained a quadratic L-function, now we
obtain a Kubota Dirichlet series.

If the Dynkin diagram is not simply laced, there are long roots and short roots.
In this case, there is also a heuristic form, which we will not discuss here. For
each district pair of simple roots «; and o, let r(o;, ;) be the number of bonds
connecting the nodes connecting ¢; and «; in the Dynkin diagram. Thus, if 6 is the
angle between «; and o, let

0 ifo;,a; areorthogonal,
1 ifg=2&
rlei,a;) = : o
2 if 0 = 4
3 ifg=>3Z,

6
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Normalize the roots so short roots have length 1; thus, every long root « has ||||? =
1,2, or 3, the last case occurring only with G,. Let

amd)= Y (S) v (%), r=lel

¢ mod

Then, the heuristic form of the multiple Dirichlet series is

N\ T(eeg)
Z l—[ (;{_’) |:l—[ gai(miadi)ldi|_2Si] . (13)
J i

dyde | 1

1.5 Foundations and the Combinatorial Problem

The first set of foundations for Weyl group multiple Dirichlet series was given by
Fisher and Friedberg [35], and these were used in all earlier papers. Another set of
foundations were explained in [9, 11], and these have been used for the most part in
subsequent papers. We recall them in this section.

Let V be the ambient vector space of @. Let ( , ) be a W-invariant inner product
on V such that the short roots have length 1. Let B : V ® C" — C be the bilinear
map that sends (o;,s) to s;, where s = (s1,...,5,) to Y_k;s; and o; is the ith
simple root. Let p¥ denote the vector (1,...,1) € C". The reason for this notation
is explained in [11]. The Weyl group action on s, corresponding to the group of
functional equations, may be expressed in terms of B: we require that

1 1
B (woc,w(s) - Epv) =B (a,s - E'Ov)
forw e W.

We fix an ordering of simple roots of @, so that in order they are {«;, ..., o, }.
Some of the formulas depend on this ordering, but in an inessential way. Follow-
ing [11], let us define M to be the nonzero but finite-dimensional space of functions
on¥ : (F)" — C that satisfy

W(eiCr, ... e Cr) = [ Jler ol AT e ) Lwicn,....c) (14

i=l1 i<j

wheney,...,& € 0g(FJ)" and C; € FJ'.

We seek a function H(Cy,...,C,;my,...,m,) defined if the C; and m; are
nonzero elements of og with the following properties. There is the multiplicativity
condition
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H(C1C’,...,CrC,f;ml,...,m,)
H(Cy,....,Coymy,....,m,) H(C{,...,Cl;my,...,m,)

r Ci levi Ci/ llet: 112 Ci 2(011',01/‘) Ci/ Z(ai,a‘/>
-1(e) (@) “(c—) (&) -

i=1
There is another multiplicativity condition which, unlike (15), does involve the m;.
If ged(m) ---m)., Cy---C,) = 1, we require:

>

. I /
H(Cy,....Co;mimy,...,mm,)

m/l —ller |1 m’ —leer 17
=— el =2 H(C,...,C;my,...,m,). 16
(Cl) (Cr) (C1 mi m;) (16)

The conditions (14) and (15) together imply that if Cy, ..., C, is each multiplied

by a unit, then the value of Y H(Cy, ..., C,) is unchanged. Since oy is a principal
ideal ring, we see that WH(Cy, ..., C,) is really a function of ideals. Let
Zy(S1,. ., Spsmy, ..., my)

= le(cls---sCr)H(Clv---vCr;mls---smr”Cll_ZSl "'|Cr|_23r (17)

where the summation is over ideals (C;). Also, let

Zy(st, .. 8 my, ... my) = l—[ Ca(8)Go () | Zu(sy,....s my, ..., m;),

acdt
(18)
where, if « is a positive root
1 A\
lu(s) =Cr (1 +2n(a) (a5 — 3P
1 1
Ga(s) = Gn(a) E + (o, s — Ep (19)

with

if « is a short root,

if o is a long root and @ # G, and n is odd
if o is a long root and @ # G, and n is even
if o is a long root and @ = G,,and 3 t n

if o is a long root and @ = G, and 3|n.

n(a) =

Wy S v S S

The Kubota Dirichlet series Dy (s;m) is the special case if Zy where the root
system is of type A4;.
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We still have not fully described H, so we have not given a proper definition
of Zy. The multiplicativities (15) and (16) together imply that the function H
is determined by its values on prime powers. In other words, if we specify
H(p*t, ..., p*:plt,..., p') for prime elements p, the function is determined.

The fundamental combinatorial problem is this: given a global field F in which
—1 is an nth power and a root system, give a correct definition of the multiple
Dirichlet series extrapolating the heuristic one, such that expanding in powers of
every s; gives a sum of Kubota Dirichlet series all having the same functional
equations. Naturally, this must be made more precise. We will write s = (sq,...,S,)
andm = (my,...,m;).

Fundamental Combinatorial Problem. Define H(p*',... p*:ph,.... p") in
such a way that for each index i, the series Zy(s; m) has an expansion

> Dy, (s;. M) Py (s) (20)
M

for some W;, where Py is a Dirichlet polynomial, such that for each i we have

Py (0is) = | M| Py (s). (21)

If this can be done, then we have a functional equation
Zy(s;m) = Zy (0;5;m) (22)

for some ¥'. Here, o; is the simple reflection in the Weyl group action on the
parameters s; if the root system is simply laced, it is the action (7), or see [11]
for the general case. The method of analytic continuation described in Sect. 1.2 is
applicable. This yields both the meromorphic continuation and the scattering matrix,
which we recall from Sect. 1.2 amounts to an action of W on ¥ such that in (22) we
have ¥’ = ¢;¥ and more generally

Zr,(wsim) = Zj,(s;m).

The normalizing factor in (18) works out as follows: the factor {, G, with o = o; is
needed to normalize the Kubota Dirichlet series in (20). The other such factors are
simply permuted by s — 0; (s).

Let us consider briefly how this works in the case of type A,. See [9] for a
complete discussion and detailed proof for this case. We have noted above that
specifying the coefficients H(p*!, p*2; pt, p2) completely determines the function
H. In this example, let us take m; = my; = 1sol; = [, = 0 for all p. The
coefficients to be described are given by the following table.
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Let the nonzero values of H(p*', p¥2;1, 1) be given by the following table.

ki
0 1 2
ky 0[1 g(1. p)
1lg(1, p)|g(p. p)g(l, p) |g(p. pPg(, p)
2 g(p. pe(l. p)g(p. pHg(. p)*

Then, collecting terms with equal powers of | p|™2, we have a decomposition
(20) where the summation includes terms of the following type:

Dy (si: 1), g1, p)lp| ™ Dyr(s1:p).  g(1, p)g (p. p?) ||~ =Dy (si: 1),

for suitable ¥/, ¥”, and ¥"”'. We recognize the p-parts of these Kubota Dirichlet
series from the tabulated values by collecting the terms in each column of the table.

Early papers in this subject gave ad hoc solutions to the combinatorial problem.
Such direct verifications become fairly difficult, for example, in [21,25].

1.6 p-Parts

Let us define the p-part of Z to be the Dirichlet series
o0
H (pf L prrph L ph) | pl e TRk (23)
k=0

We fix the representative p of the prime and ignore ¥. By twisted multiplicativity,
if the p-parts are known for all p, the multiple Dirichlet series is determined.

Returning to (17), let us consider the effect of the parameters m, ..., m,. These
are called twisting parameters, and the term “twisting” is supposed to evoke the
usual twisting of L-functions: if L(s, f) = > a,n™* is some L-function and y is
a Dirichlet character, then L(s, f, ) = Y_ y(n)a,n™*. The term “twisting” in the
present context is both apt and in a way misleading, as we will now explain.

First, suppose that my, ..., m, are coprime to Cy, ..., C.. Then, by (16), we have

H(Cl,...,C,;ml,...,m,)

—leet | —let (1
mi my
_ e H(Cy,...,Ci1,.., 1. 24

(cl) (C) “ e

Thus, these coefficients are indeed simply multiplied by an nth-order character, as
the term “twisting” suggests.
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On the other hand, if the m; are not coprime to the C;, then the effect of the
m; is much more profound. For example, in H(p*, ..., pkriph, ... pl), it is
important to think of (/1,...,/,) as indexing a weight, Y /;@;, where @y, ..., @,
are the fundamental dominant weights of the root system @. Then, we may think
of the p-part (23) as being something related to the character of an irreducible
representation of the associated Lie group, times a deformation of the Weyl
denominator, but with the weight multiplicities replaced by sums of products of
Gauss sums. In particular, varying m; = p' affects the p-part in a profound way,
no simple twisting.

With m; general, their meaning may be explained as follows: specifying

my,...,m, is equivalent to specifying, for each p, dominant weight A, such that
Ap = 0 for almost all p. Indeed, factor m; = p'im! where p } m! and take
Ap ZZE:liUﬂ.

Now, let the prime p and the exponents [y, ..., [, be fixed,and let A = 1, =

> I;w; be the corresponding dominant weight. Also, let

,
p=Ym=; Y «

i=1 acdpt

be the Weyl vector. Let W be the Weyl group of @. If w € W, let k(w) be the
r-tuple of nonnegative integers (ki,...,k,) suchthat p + A —w(p + 1) = Y k;a;.

The coefficients H(p*',..., pkr: p", ..., p") in general do not admit an easy
description, but if (ki,...,k,) = k(w) for some w, then it is a product of /(w)
Gauss sums, where /(w) is the length of w. To make this explicit, let @,, be the set
of all positive roots « such that w() is a negative root, so |®,,| = I(w). Then (see
[12]), we have

H (M o) = T g (P27 0 00) - 25)

aE€ED,

Let Supp(A) be the support of H(p*', ..., p*riplt,..., p'r), thatis, the set of k =
(ky,....k,)suchthat H(p*', ..., pkr:ph, ... p") # 0. Then, by (25), {k(w)|lw €
W} is contained in Supp(A).

Most importantly, the |W | points k(w) are the extremal values of the support.
That is, Supp(A) is contained in the convex hull of k(w). These |W| extremal
points are called stable in [11, 12] for the following reason. If n is sufficiently large,
then Supp(A) = {k(w)|lw € W}, and in this case, the values (25) are the only
nonzero values of H(p*',..., p*iplt,... p'). So these values are “stable,” and
the combinatorial problem is solved by (25).

For arbitrary n, Supp(2) is at least contained in the convex hull of {k (w)|w € W}.
But for interior points of this convex polytope, the description of H(p*!, ..., p*r;
p'', ..., pr) is much more difficult. We will next look at the various approaches.
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1.7 Multiple Dirichlet Series and Combinatorics

In this section, we will introduce the modern combinatorial theory of the p-parts
of Weyl group multiple Dirichlet series. There are several different methods of
representing the p-parts of multiple Dirichlet series to be considered, each with its
own individual combinatorial flavor. The combinatorial theory has only taken shape
in the last few years. We will state things most fully in the “nonmetaplectic” case
n = 1, leaving the reader hopefully oriented and ready to explore the general cases
in the literature.

We see that correctly specifying the p-part of the function H produces a
Dirichlet series Zy with global meromorphic continuation. These functions turn
out to be extremely interesting. Several definitions of H emerged, and proving their
equivalence proved to be nontrivial. Moreover, as the functions H were intensively
studied, various clues seemed to suggest connections with the theory of quantum
groups. We will discuss these points in this section.

The following main classes of definitions were found:

» Definition by the “averaging method,” sometimes known as the Chinta-Gunnells
method

e Definition as spherical p-adic Whittaker functions

e Definition as sums over crystal bases

* Definition as partition functions of statistical-mechanical lattice models

The first and second definitions give uniform descriptions for all root systems and
all n. The third and fourth definitions are on a case-by-case basis and have not been
carried out for all n. Nevertheless, they are very interesting, and it is the latter two
approaches that suggest connections with quantum groups.

The equivalence of these different definitions is by no means clear or easy.
However, it is now mostly proved by the following scheme.

Chinta-Gunnells Whittaker Crystal Statistical
method function description model

The equivalence of the averaging method with the Whittaker definition was proved
by Chinta and Offen [18] for type A by generalizing the original proof of Casselman
and Shalika. This was extended by McNamara [49] to arbitrary Cartan types. Two
results which both assert that the Whittaker definition is equivalent to the crystal
definition (in type A) are Brubaker, Bump, and Friedberg [13] and McNamara [50].
The first paper directly computes the Whittaker coefficients of Eisenstein series, and
the second paper proceeds locally by partitioning the unipotent integration into cells
that contribute the individual terms in the sum over the crystal. The relationship
between the statistical model scheme and the crystal description must be done on a
case-by-case basis, but we will discuss these below.
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Yet another possibility has appeared on the horizon within the last few months:

e Approach p-adic Whittaker functions by means of Demazure-Lusztig operators
and “metaplectic” generalizations of them.

The above remarks concern mainly what is, in the language of Whittaker models,
the spherical Whittaker function. However, it is useful to consider a larger class
of Whittaker functions, namely, the Iwahori-fixed vectors in the Whittaker model.
When these are considered, the Demazure-Lusztig operators and their metaplectic
analogs appear.

There are other objects in mathematics that may be related to these:

* Some examples of zeta functions of prehomogeneous vector spaces seem to be
specializations of Weyl group multiple Dirichlet series. These connections are
under investigation by Chinta and Taniguchi.

e Jacquet conjectured that an O(r) period of an automorphic form on GL, is related
to a Whittaker coefficent of the Shimura correspondent on the double cover of
GL,. Applying this to Eisenstein series, this would mean that orthogonal periods
of Eisenstein series on GL, are related to type A,—;. When r — 1 = 2, this was
investigated by Chinta and Offen [30].

e Zeta functions of prehomogeneous vector spaces as well as the Witten zeta
functions studied by Komori, Matsumoto, and Tsumura [45] in this volume are
both special cases of Shintani zeta functions. It is by no means clear that the
Witten zeta functions can be related to Weyl group multiple Dirichlet series, but
potentially there are undiscovered connections.

Let us begin with p-adic Whittaker functions. Casselman and Shalika [24]
showed that the values of the spherical Whittaker function are expressible as values
of the characters of irreducible representations of the L-group times a deformation
of the Weyl denominator. We begin by reviewing this important formula.

Let G be a split Chevalley group or more generally a split reductive group defined
over Z. Let F be a nonarchimedean local field with residue field o/p = F,, where
o is the ring of integers and p its maximal ideal. Let B = TN be a Borel subgroup,
where T is a maximal split torus, and N is the unipotent radical. The root system
lives in the group X*(T) of rational characters of 7" and the roots so that N is the
subgroup generated by the root groups of the positive roots.

We may take the algebraic groups G, T, B, and N to be defined over o. Then,
G (o) is a special maximal compact subgroup. If w is an element of the Weyl group
W, we will choose a representative for it in G(0), which, by abuse of notation, we
will also denote as w.

Let G be the (connected) Langlands L-group. It is an algebraic group defined
over C. Then, G and G contain split maximal tori 7" and T, respectively; 7" we have
already chosen. Then, T((C) is isomorphic to the group of unramified characters of
T (F), that is, the characters that are trivial on 7' (0). Ifz € f((C), let 7, denote the
corresponding unramified character.
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Let A be the weight lattice of T, that is, the group of rational characters. Then,
A is isomorphic to 7'(F)/ T (o). The isomorphism may be chosen so that if A is a
weight and a;, is a representative of the corresponding coset in 7(F)/ T (0), then

(ay) = . (26)

There are now two root systems to be considered: the root system of G relative to
T and the root system of G relative to T'. The latter is more important for us, so we
will denote it as @. Thus, @ is contained in the Euclidean vector space R ® A. If
a € @, then the corresponding coroot " is a root of G with respect to T, and we
will denote by i, : SL, —> G the corresponding Chevalley embedding.

For example, let G = GL, ;. Then, G = GL,+1. We take T and T to be the
diagonal tori. We may identify the weight lattice A of 7' with Z" ! in such a way
that A = (Ay,...,A,4+1) € Z'*! corresponds to the rational character

<1

7= — l_[z?‘i.
r+l !
If p is a generator of p, we may take
Al
a, =

p/lr-‘rl

Then, (26) is satisfied with

ord, ()
T :Hzi pl.

I

Returning to the general case, let z € f"((C). We may induce t; to G(F) by
considering the vector space V; of functions f : G(F) —> C that satisfy

f(bg) = ("?w)(b) f(g). b e B(F). 27)

The group G(F) acts on V; by right translation. If z is in general position, this
representation is irreducible and unchanged if z is replaced by any conjugate by
an element of the Weyl group. If it is not irreducible, at least its set of irreducible
constituents are unchanged if z is conjugated.

Let ¥ : N(F) — C be a character. We will assume that if « is a simple root,
then the character x — i, (! 1) of F is trivial on o but no larger fractional ideal. If
f € V;and g € G(F), define the Whittaker function on G(F) associated with f by
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Wy(g) = [N S osone) ) an 28)

where wy is a representative in G (o) of the long Weyl group element. The integral is
convergentif |z%| < 1 for positive roots «; for other z, it may be extended by analytic
continuation. The space V; has a distinguished spherical vector f° characterized by
the assumption that f°(g) = 1 for g € G(0). Let W° = Wyo.

Theorem 1 (Casselman—Shalika [24]). Let A € A. Then,

_ —1 . . . .

Here, with A dominant, y, is the character of the finite-dimensional irreducible
representation of G having highest weight A. Note that the product on the right-
hand side is a deformation of the Weyl denominator. Thus, if p is half the sum of
the positive roots, on specializing ¢! to 1, the right-hand side of (29) becomes

[Ta-29|n@ =2 ) 1)z, (30)

acdpt wew

where we have used the Weyl character formula to rewrite the specialization as a
sum over the Weyl group.

We next consider how expressions such as the character y; may be interpreted
as the p-parts of multiple Dirichlet series.

Let ¢ be a power of a rational prime. Let A be a dominant weight. We consider
an expression £ = Zu m(u)z", where the sum is over weights u and m(u) is
a complex number that is nonzero for only finitely many w. More precisely, we
assume m () = 0 unless u is in the convex hull of the polytope spanned by the
W -orbit of A, and moreover A — p is in the root lattice, which is the lattice in A
spanned by ®@.! We will also assume that m does not vanish on the W-orbit of
A, though it may vanish for roots in the interior of the polytope. We will call E
a A-expression. For example, y, is a A-expression, and the numerator in the Weyl
character formula, in other words (30), is a (A + p)-expression.

Given a A-expression E, let us show how to obtain a Dirichlet polynomial, that
is, a polynomial in ¢=>%, ..., ¢~ %, where r is the rank of G. Given W, there exist
nonnegative integers (ki,..., k) = (ki(w),...,k,(®)) such that Y k;o; = p —
wo(A), where wy is the long Weyl group element. Then, we call

Z m (M)q—2k1 (W)s1—...=2kr (1)sy
m

f G is semisimple, then the root lattice has finite index in A.
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the Dirichlet polynomial associated with the A-expression E. The p-parts of the
multiple Dirichlet series that we are considering are all of this type. If n = 1, the
(A + p)-expression producing the p-part is

[Ta-qa" | 0@ (31)

acdt

which, we observe, differs from (30) by the insertion of ¢~!. Thus, the p-part is a
deformation of (30). Comparing with the Casselman—Shalika formula (29), we see
that this is essentially a value of the spherical Whittaker function.

Similarly, the p-part (23) with ¢ = |p| is derived from a certain (A + p)-
expression, and these (A + p)-expressions turn out to be values of spherical
Whittaker functions on metaplectic covers of G. The integer /; in (23) is the inner
product of A with the coroot ;. These (A + p)-expressions might be regarded as
analogs of (31) in which the integers m (1t) have been replaced by sums of products
of Gauss sums. As we will explain, they are extremely interesting objects from a
purely combinatorial point of view.

The averaging method of Chinta-Gunnells expresses the p-part of the multiple
Dirichlet series as a ratio in which the numerator is a sum over the Weyl group, and
in the case n = 1, it reduces to the right-hand side of (30). When n > 1, the Weyl
group action on functions is nonobvious; the simple reflections involve Gauss sums
and congruence conditions, and verifying the braid relations is not a simple matter.
See Chinta and Gunnells [27] for this action and Patterson [52] for a meditation
on the relationship between the method and the intertwining operators for principal
series representations.

We turn next to the crystal description. Crystals arose from the representation
theory of quantum groups, that is, quantized enveloping algebras. Let g be a
complex Lie algebra, which for us will be the Lie algebra of G. Then, the
quantized enveloping algebra U, (g) is a Hopf algebra that is a deformation of the
usual universal enveloping algebra U(g) to which it reduces when ¢ = 1. The
representations of G(C) correspond bijectively to characters of §, and hence to
U(§); they extend naturally to representations of U, (g).

Suppose that A is a dominant weight, which is the highest weight vector of
an irreducible representation of G and hence of U, (8). This module U,(g) has a
distinguished basis, Kashiwara’s global crystal basis, which is closely related to
Lusztig’s canonical basis. Let us denote it as B,. Let O be the zero element of the
module. Let ay, ..., o, be the simple roots. If @ = ;, then diy(§ }) and diy (9 )
are in a certain sense approximated by maps e; and f; from B, to 5, U {0}, the
Kashiwara operators; each such operator applied to v € B, either gives 0 or another
element of the basis.
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Fig. 1.1 The crystal B3 1 9 2
with an element of weight 1]1 L[1[1]

(1,2, 1) highlighted

|oo.—n
)

B2 B—2—1[i]2]
13 ] 12 ] 12 ]
1]1]2]
B2 BB 23—2—i[2]2]
B | 2 B 2]
2B F—2T1212]
3 1 S 1

233 —2—T2[2[3—2—{2]2]2]

Also, every element of the crystal basis lies in a well-defined weight space, so
there is a map wt : B —> A, mapping each element to its weight. We have

0@ = 7 (32)

veB)

The maps e; and f; shift the weights: if x, y € By, then f;(x) = y if and only if
e;(y) = x, and in this case, wt(y) = wt(x) — «. When this is true, we draw an

arrow x — v, and the resulting directed graph, with edges labeled by indices i, is
the crystal graph.

Let us consider an example. Take G = GLj;. Its Cartan type is A,. In this case,
the weight lattice A may be identified with Z3. If A is a weight, then with this
identification, A = (A1, A2, A3) where z*@ = z?‘z%zz;“. The weight is dominant if
A1 = Ay = A3. Assume that A is dominant, and furthermore A3 = 0 so that A is a
partition. The elements of 3, may be identified with semistandard Young tableaux
with shape A. Soif A = (3,1,0) and r = 2, the crystal graph of B is shown in
Fig. 1.1. The weight of a tableau T is wt(7') = (i1, 12, 3) Where p; is the number
of entries in T equal to i.

If w € W, then B, has a unique element v,,; of weight wA. We will call these
elements extremal. Consider a function f on B, which we assume does not vanish
on the extremal elements. Then, we may consider

Ep=Y f)z".

veB)

This is a A-expression. For example, if f(v) = 1 for all v, then E is the character
of the irreducible representation with highest weight A.
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We call a weight strongly dominant if it is of the form A 4+ p with A dominant.
A dominant weight is strongly dominant if and only if W acts freely on its orbit,
or equalently, if it is in the interior of the positive Weyl chamber. Let A 4+ p be a
strongly dominant weight. We recall that the numerator (30) in the Weyl character
formula, as are the p-parts of the Weyl group multiple Dirichlet series, are (A + p)-
expressions. So we may hope to find a function f on Bj 4, such that £ ; equals this
numerator or p-part. In some cases, a deformation of the Weyl character formula
exists in which the numerator is a sum over B}y ,. The formula will express y; as a
ratio of this sum to a denominator that is a deformation of the Weyl denominator, of
the form [, ce+ (1 — 12%), where ¢ is a deformation parameter. Taking ¢ = 1, only
the extremal elements of B) 4, will make a nonzero contribution, and the numerator
will reduce to the numerator in the Weyl character formula. Taking ¢ = 0, the only
terms that contribute will be those in the image of a map 5, — Bj 4, and the sum
reduces to a sum over 3. Thus, when ¢t = 0, the formula reduces to (32). Most
importantly for us, taking 1 = ¢~! and comparing with (29), we see that the sum
over By 4, is exactly 8Y2(a)We(ay).

Moreover, such formulas exist for metaplectic Whittaker functions. In other
words, there is often a way of summing over 5,4, and obtaining a Whittaker
function on the n-fold cover of some group. There should actually be one such
formula for every reduced decomposition of the long Weyl group element into a
product of simple reflections, and in some sense, this is true. But, in practice, only
certain such decompositions give clean and elegant formulas. Here is a list of cases
where nice formulas are known, rigorously or conjecturally:

e Cartan type A4,, any n. See [13, 14]. These produce Whittaker functions on the
n-fold covers of GL, 4. In this case, proofs are complete.

e Cartan type B,, n even. These would produce Whittaker functions on even covers
of Sp,,. For general even n, the representation is conjectural, and even in the
n = 2 case, there is still work to be done. See [10], this volume, for the case
n=2.

e Cartan type C,, n odd. See [2, 3] and Ivanov [40] for a discussion of the Yang—
Baxter equation. These will produce Whittaker functions on the
n-covers of Sp,, . . Only the case n = 1 is proved.

e Cartan type D,, any n. See [28], this volume. This case is still largely conjectural.

Let us explain how this works for type A, for arbitrary r, so G = GL,y; (or
SL,+1). If n = 1, the formula in question is Tokuyama’s formula. Tokuyama [54]
expressed his formula as a sum over strict Gelfand-Tsetlin patterns, but it may be
reformulated in terms of tableaux or crystals. Using crystals, Tokuyama’s formula
may be written

[Ta-=9n@= 3 ¢, (33)

acdpt VEB/\+p
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where wy is the long Weyl group element, and the function G’(v) will be
described below. Tokuyama’s formula is a deformation of the Weyl character
formula, which is obtained by specializing t — 1; the formula (32) is recovered
by specializing t — 0. Taking t = ¢! to be the cardinality of the residue field
for a nonarchimedean local field, and combining Tokuyama’s formula with the
Casselman—Shalika formula (29), it gives a formula for the p-adic Whittaker
function, and similar formulas give the p-part of the multiple Dirichlet series.
Since this is the case we are concerned with, we will write q_1 instead of ¢
for the deformation parameter, even if occasionally we want to think of it as an
indeterminate.

To define G"(v), we first associate with v a BZL-pattern (for Berenstein,
Zelevinsky [4] and Littelmann [47]). We choose a “long word” by which we mean
a decomposition of wy = 0y, -+- 0y, into a product of simple reflections o,
(1 < i < r), where N is the number of positive roots. Let b; be the number of
times we may apply f,,, to v, that is, the largest integer such that faf’l‘ (v) # 0. Then,
we let b, be the largest integer such that faf’zz f(fll (v) # 0. Continuing this way, we
define by, ..., by. We may characterize BZL(v) = (b1, b, ..., b,,) as the unique
sequence of N nonnegative integers such that faf’ly f(fll (v) is the unique vector
Vior With lowest weight wyA.

We should be able to give a suitable definition of G for any Cartan type and
any long word, but in practice we only know how to give precise combinatorial
definitions in certain cases. We will choose this word:

(wi,...,0y) =(1,2,1,3,2,1,...)
corresponding to the decomposition into simple reflections:

W0 = O, *+* Opy = 01020103020 +++00p—] -+ 01,

where o; is the i -th simple reflection in W. We will write BZL(v) in a tabular array:

BZL(v) = by Zs Zo . (34)
2 03
by

This has the significance that each column corresponds to a single-root operator f;
where i = 1 for the rightmost column, i = 2 for the next column, and so forth.

Now, we will decorate the pattern by drawing boxes or circles around various b;
according to certain rules that we will now discuss. We describe the circling rule
first. It may be proved that b; satisfies the inequality b; = b; 4, except in the case
that i is a triangular number, so that b; is the last entry in its row; in the latter case,
we only have the inequality b; = 0. In either case, we circle b; if its inequality is an
equality. In other words, we circle b; if (in the first case) b; = b; 4 or (in the second
case) b; = 0.
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For the boxing rule, we box b; if ey, f2i -+ f21(v) = 0.
Let us consider an example. We take (w1, @y, w;) = (2,1,2) and v to be the
1[2]2]

element

in the crystal B3 ) o) that is highlighted in Fig. 1.1. Then, it is easy

BZL(v):[11:|.

to see that

1

We decorate this as follows. Since b, = b3, we circle b,. Moreover, e, (v) = 0
since (referring to the crystal graph) there is no way to move in the e, direction.
Thus, by is boxed and the decorated BZL pattern looks like this:

(1)
BZL(v) =

1

The boxing and circling rules may seem artificial, but are actually natural, for
they have the following interpretation. Kashiwara defined, in addition to the crystals
B, corresponding to the finite-dimensional irreducible representations, a crystal B
which is a crystal basis of the quantized universal developing algebra of the lower
unipotent part of the Lie algebra of G. There is another crystal 7, with precisely
one element having weight A. Then, Boo ® T4, is a “universal” crystal with a
highest weight vector having weight A + p. There is then a morphism of crystals
Bj+p —> Boo®Tx+p. See Kashiwara [41]. This morphism may be made explicit by
adopting a viewpoint similar to Littelmann [47]. Indeed, the notion of BZL patterns
makes sense for Boo ® Ti4p, and the set of BZL patterns is precisely the cone of
patterns (34) such that

by =0, by = b3 =20, by = bs = bs = 0,

The morphism By, —> Boo ® Ty, is then characterized by the condition that
corresponding elements of the two crystals have the same BZL pattern. See Fig. 1.1
of Bump and Nakasuji [23] for a picture of this embedding.

Now, the circling rule may be explained as follows: embedding v € B, into
Boo ® Ti+p» an entry in the BZL pattern is circled if and only if BZL(v) lies on the
boundary of the cone. Similarly, there is a crystal B_oo ® Ty +p) With a unique
lowest weight vector having weight wo(A + p), and we may embed B, 1, into this
crystal by matching up the lowest weight vectors, and an entry is boxed if and only
if BZL(v) lies on the boundary of this opposite cone.

Returning to Tokuyama’s formula, define

N 1 if b; is circled but not boxed;
G () = l_[ —q~! if b; is boxed but not circled;
1-— q{_1 if b; is neither circled nor boxed;

0 if b; is both circled and boxed.
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This was generalized to the n = 1 case as follows. There is, in this generality, a
Whittaker function on the metaplectic group, and as in the case n = 1, we have

5T aWeo@) = Y G M, (35)

vEB) 4+,

Now the definition of G* must be slightly changed. Let a be a positive integer.
Define g(a) = ¢ “g(p*~", p*) and h(a) = g “g(p*, p®) in terms of the Gauss
sum discussed in the last section. These depend only on a modulo n. Then we have

N 1 if b; is circled but not boxed;
G'(v) = 1—[ g(b;) if b; is boxed but not circled;
h(g;) if b; is neither circled nor boxed;
0 if b; is both circled and boxed.

i=1

If n = 1, this reduces to our previous definition.

Tokuyama’s formula may be given another interpretation, as evaluating the
partition function of a statistical mechanical system of the free-fermionic six-vertex
model. For this, see [15], Chap. 19 of [14], and the paper [8] in this volume. Since
more details may be found in these references, we will be brief. In a statistical
mechanical system, there is given a collection of (many) sfates, and each state is
assigned a Boltzmann weight which is a measure of how energetic the state is; more
highly energetic states are less probable.

For example, the two-dimensional Ising model consists of a collection of sites,
each of which may be assigned a spin + or —. These sites might represent atoms
in a ferromagnetic substance, and in the two-dimensional model, they lie in a plane.
A state of the system consists of an assignment of spins to every site. At each site,
there is a local Boltzmann weight, depending on spin at the site and at its nearest
neighbors. This system was analyzed by Onsager, who found, surprisingly, that the
partition function could be evaluated explicitly.

Later investigators considered models in which the spins are assigned not to the
sites themselves, but to edges in a grid connecting the sites. The Boltzmann weight
at the vertex depends on the configuration of spins on the four edges adjacent to the
vertex. Thus, if the site is x, we label the four adjacent edges with ¢; = + or — by
the following scheme:

(36)

Of particular interest to us is the six-vertex or two-dimensional ice model which was
solved by Lieb and Sutherland in the 1960s, though it is the treatment of Baxter [1]
that is most important to us. There are six admissible configurations. These are given
by the following table.
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Boltzmann

. ay = ay(x)|az by by c1 ()
weight

The set of Boltzmann weights used may vary from site to site, so if (as in the table)
the site is x, we may write @; (x) to indicate this dependence.

If ay = ay, by = by, and ¢; = ¢, then the site is called field-free. If aja; +
b1by = cyca, the site is called free-fermionic. The term comes from physics: in the
free-fermionic case, the row transfer matrices (see [8]) are differentiated versions of
the Hamiltonians of a quantum mechanical system, the XXZ model, and the quanta
for this model are particles of spin 1/2, called fermions.

Hamel and King [38] and Brubaker, Bump, and Friedberg [15] showed that one
may exhibit a free-fermionic six-vertex model whose partition function is exactly
the Tokuyama expression (33). In [8] in this volume, this is generalized to a system
whose partition function is the metaplectic spherical Whittaker function (35). The
explanation for this is as follows: there is a map from the set of states of the model
to the B, crystal. The map is not surjective, but its image is precisely the set of
v € By, such that G*(v) # 0.

Thus, using this bijection of the set of states with those v € Bj4, such that
G’(v) # 0 means that Tokuyama’s theorem may be formulated either as the
evaluation of a sum over a crystal or as the partition function of a statistical-
mechanical system. But there is a subtle and important difference between these two
setups. For example, different tools are available. There is a an automorphism of the
crystal graph, the Schiitzenberger involution, that takes a vertex of weight p to one
of weight wo i, where wy is the long Weyl group element; this is sometimes useful in
proofs. The set of states of the statistical-mechanical system has no such involution,
yet another, more powerful tool becomes available: the Yang—Baxter equation.

To describe it, let us associate a matrix with the Boltzmann weights at a site as
follows. Let V' be a two-dimensional vector space with basis v4 and v_. (In the
metaplectic case, the scheme proposed in [8] gives its dimension as 2n.) Associate
with each site an endomorphism of V' ® V' as follows. With the vertices labeled as in
(36), let R be the linear transformation such that the coefficient of v,, ®v,, in R(v,, ®
Ve,) is the Boltzmann weight corresponding to the four spins ¢, €, €3, and &4. Thus,
the only nonzero entries in the matrix of R with respect to the basis v+ ® v4 are
ai,as, by, by, c1,and ¢,. We will call an endomorphism R of V' ® V (or its matrix)
an R-matrix. We then denote by Rj», R;3, and Ry3 endomorphismsof V@ V & V
in which R;; acts on the i-th and j-th components, and the identity 1y acts on the
remaining one. For example, Rj = R ® 1y.

We are interested in endomorphisms R, S, and T of V' ® V such that

Ri12S13T23 = T3 S13R 1.
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It is not hard to check that this is equivalent to (25) in [8]. This was called the star-
triangle relation by Baxter, and the Yang—Baxter equation by others, particularly in
the case where R, S, and T are either all equal or drawn from the same parametrized
family. In particular, let I” be a group, and g — R(g) a map from I” into the set
of R-matrices such that

R12(g)R13(gh) Ra3(h) = Roz(h)Ri3(gh)Ri2(g). 37

Then, (37) is called a parametrized Yang—Baxter equation.

In Sect. 9.6 of [1], Baxter essentially found parametrized Yang—Baxter equations
in the field-free case, where a; = a, = a, by = by = b,and ¢; = ¢ = c.
Fix a complex number A. Then, his construction gives a parametrized Yang—
Baxter equation, with parameter group C*, such that the image of R consists
of endomorphisms of V' ® V with corresponding to such field-free R-matrices
with (a®> + b> — ¢?)/2ab = A. This construction led to the development of
quantum groups. In the formulation of Drinfeld [33], this instance of the Yang—
Baxter equation is related to Hopf algebra U, (;[2). The parameter group indexes
modules of this Hopf algebra with A = %(q + ¢~ "), and Yang—Baxter equation is a

consequence of a property (quasitriangularity) of U, (;[2), or a suitable completion.

A parametrized Yang—Baxter equation with parameter group SL(2, C) was given
in Korepin, Boguliubov, and Izergin [44], p. 126. The parametrized R-matrices
are contained within the free-fermionic six-vertex model. Scalar R-matrices may
be added trivially, so the actual group is SL(2,C) x GL;(C). This nonabelian
parametrized Yang—Baxter equation was rediscovered in slightly greater generality
by Brubaker, Bump, and Friedberg [15], who found a parametrized Yang—Baxter
equation for the entire set of R-matrices in the free-fermionic six-vertex model, with
parameter group GL,(C) x GL,;(C). It is an interesting question how to formulate
this in terms of a Hopf algebra, analogous to the field-free case.

Brubaker, Bump, and Friedberg [15] showed that a system may be found, with
free-fermionic Boltzmann weights, whose partition function is precisely (33). This
fact was generalized Bump, McNamara, and Nakasuji [22], who showed that one
may replace the character on the left-hand side by a factorial Schur function.
Then, the parametrized free-fermionic Yang—Baxter equation can be used to prove
Tokuyama’s formula (or its generalization to factorial Schur functions). Moreover,
in [8], a different generalization is given in which the partition function represents
the metaplectic Whittaker function. In the latter case, however, no Yang—Baxter
equation is known if n > 1.

When n = 1, various facts about Whittaker functions may be proved using
the free-fermionic Yang—Baxter equation. One fact that may be checked is that the
partition function representing (33), divided by the product on the left-hand side of
the equation, is symmetric, in other words invariant under permuting the eigenvalues
of z. This is a step in a proof of Tokuyama’s theorem. As explained in [8], this
fact has a generalization to partition functions representing metaplectic Whittaker
functions and seems amenable to the Yang—Baxter equation, but no Yang—Baxter
equation is known in this case.
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In (35), the definition of G” depends on the choice of a reduced word representing
the long Weyl group element. Two particular long words are considered, and the
Yang—Baxter equation is used to show that both representations give the same result.
If n > 1, this remains true, but again the Yang—Baxter equation is unavailable.
Consequently, different proofs, based on the Schiitzenberger involution of the crystal
B+, are given. However, these arguments require extremely difficult combinatorial
arguments, and it would be good to have an alternative approach based on the Yang—
Baxter equation.

See [10] for another application of the free-fermionic Yang—Baxter equation to
metaplectic Whittaker functions, this time on the double cover of Sp(2r).

1.8 Demazure Operators

Let (mr,V) be a principal series representation of G(F), where G is a split
semisimple Lie group. The theory described above, including the Casselman—
Shalika formula (and its metaplectic generalizations), is for the spherical Whittaker
function, that is, the K-fixed vector in the Whittaker model, where K = G (o).

Let J be the Iwahori subgroup, which is the inverse image of B(F,) under the
map G(0) — G(F,) that is reduction mod p. We may consider more generally the
space V7 of J-fixed vectors in the Whittaker model. These play an important role
in the proof of the Casselman—Shalika formula which, we have seen, is a key result
in the above discussion.

Until 2011, the investigations that we have been discussing in the above pages
concentrated on the unique (up to scalar) K-fixed vector, rather than elements of
V7, though the Iwahori-fixed vectors appeared in the work of Chinta and Offen [18]
and McNamara [49] generalizing Casselman and Shalika. Still, the essence of the
Casselman—Shalika proof is to finesse as much as possible in order to avoid getting
involved with direct calculations of Iwahori Whittaker functions. But it turns out that
there is an elegant calculus of Iwahori Whittaker functions, and this is likely to be a
key to the relationship between the theory of Whittaker functions and combinatorics.

If w € W, the Demazure operator d,, acts on the ring O(T) of rational functions
on T'. To define it, first consider the case where w = o; is a simple reflection. Then,
if f is a rational function on f"((C),

f@) —z7% f(0iz) _

1—za

am‘ f(z) =

The numerator is divisible by the denominator, so this is again a rational function.
The definition of d,, is completed by the requirement that if /(ww') = [(w) + (W),
where [ is the length function on W, then d,,,,, = 9,,0,,.

If A is a dominant weight, then d,,,z* is the character y;(z), and for general w
we will call d,z" a Demazure character. These first arose in the cohomology of
line bundles over Schubert varieties, and they have proved to be quite important in



1 Introduction: Multiple Dirichlet Series 31

combinatorics. As Littelmann and Kashiwara showed, they may be interpreted as
operators on functions on crystals. As we will explain, Demazure operators, and
the related Demazure-Lusztig operators arise naturally in the theory of Whittaker
functions.

Iwahori and Matsumoto observed that ¥/ is naturally a module for the convo-
lution ring of compactly supported J-bi-invariant functions, and they determined
the structure of this ring. Later, Bernstein, Zelevinsky, and Lusztig gave a different
presentation of this ring. It is the (extended) affine Hecke algebra #,, and it has
also turned out to be a key object in combinatorics independent of its origin in the
representation theory of p-adic groups. Restricting ourselves to the semisimple case
for simplicity, this algebra may be defined as follows. It contains a | W |-dimensional
subalgebra H, with generators 71, ..., T, subject to the quadratic relations

=(@—-DTi +¢q
together with the braid relations: when i # j,
.T,T;---=T,T;T; ...,

where the number of terms on either side is the order of 0;0; and as before o; is the
i-th simple reflection.

The algebra H, is the amalgam of 7, with an abelian subalgebra {* isomorphic
to the weight lattice A. If 1 € A, let { * be the corresponding element of 4. To
complete the presentation of H we have the relation

O R =3 [T N EY

sometimes known as the Bernstein relation.

Though historically it first appeared in the representation theory of p-adic
groups, the affine Hecke algebra appears in other contexts. For example, the
investigation of Kazhdan and Lusztig [42], motivated by Springer’s work on the
representation theory of Weyl groups, used #, in a fundamental way, and led to
applications in different areas of mathematics, such as the topology of flag varieties
and the structure of Verma modules. Significantly for the present discussion,
Lusztig [48] showed that H, (with v an indeterminate) may be realized as a ring
acting on the equivariant K-theory of the flag manifold of G, and Kazhdan and
Lusztig [43, 48] then applied this back to the local Langlands correspondence by
constructing the irreducible representations of G (¥) having an Iwahori-fixed vector.

The equivariant K-theory of G may be described as follows. Let O(T) be the
ring of rational functions on T((C) In our previous notation, it is simply the group
algebra of the weight lattice A. If X is the flag variety of G then Ko(X) = (’)(T)
Better still, let M = G x GL, where the GL acts trivially on X. Then, K (X) =
Ch.ov 1® (’)(YA”), where v is a parameter.
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The starting point of the investigations of Kazhdan and Lusztig is a representation
of H, on this ring. In this representation on C[v,v™!] ® O(T), the generators of H,,
act by certain operators called Demazure-Lusztig operators, while the commutative
subalgebra ¢4 acts by multiplication. We will call this representation of H, on
Cvv !l ® O(f") the Lusztig representation.

The same representation of H appears in another way, independent of Lusztig’s
cohomological interpretation. There are two versions of this:

e Jon [39] observed such a representation in the space of Iwahori-fixed vectors
of the spherical model of an unramified principal series representation. He con-
cluded that these matrix coefficients are expressed in terms of the nonsymmetric
Macdonald polynomials. His methods are based on the double affine Hecke
algebra.

e Brubaker, Bump, and Licata [16] found a representation equivalent to the Lusztig
representation acting on Whittaker functions. Their method could also be used in
the setting of [39].

After Brubaker, Bump, and Licata mentioned the connection between Whittaker
functions and Demazure characters, Chinta and Gunnells began looking at the
metaplectic case. They found “metaplectic Demazure operators” involving Gauss
sums that are related to the Chinta-Gunnells representation. Also, with A. Schilling,
Brubaker, Bump, and Licata looked at the possibility that the results of [16] could
be reinterpreted in terms of the crystal graph, similarly to the crystal interpretation
of Tokuyama’s formula. This seems to be a promising line of investigation.

Let us briefly recall the results of [16]. Let V' = V, be as in (27). Let §2 be one
of the following two linear functionals on V: it is either the Whittaker functional

2= [ semyman.
N(F)

where ¥ is as in (28), or the spherical functional 2(f) = fK fk)ydk. Iftw e W,
let @,, be the element of V'’ defined as follows. Every element of G(F) may be
written as bw'k withb € B(F),w € W, and k € J. Then, with t; as in (26),

§12¢,(b)  ifw=w,
0 otherwise.

@, (bw'k) = {

The |W| functions @,, are a basis of the space of J-fixed vectors in V. (The action
7 : G(F) — End(V) is by right translation.) We also define

Wy(g) = 2(n(g)Py).

‘$w7::j£:‘$us ﬁ;vw ZZZE:I&L,

uz=w u=w

where u > w is with respect to the Bruhat order.
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Let A be a weight; if £2 is the Whittaker functional, we require A to be dominant.
We may regard W, (a,) as an element of Clg, q¢7'] ® O(T). Then, there exist
operators 7; on Clg,¢~'] ® O(T) such that

=@ ' =DTi+47"

and which also satisfy the braid relations. Therefore, we obtain a representation of
H,—1 on Clgq, q N O(T) It may be extended to an action of ’H, —1. Now if the
snnple reflection o; is a left descent of w € W, that is, [(o;w) < [ (w) then

WG,- w (a/\) = 7; I/Vw(al)-

(see [16]). The operators T; are slightly different in the two cases (§2 the Whittaker
or Spherical functional). In both cases, they are essentially the Demazure-Lusztig
operators. For definiteness, we will describe them when £2 is the Whittaker
functional. If f is a function on f"((C), define

f@)—z2" f(oiz) _ floiz) —z7* f (Z)‘

1 — zl)tl' - 1 — z—l)tl'

3 flz) =

This is the usual Demazure operator conjugated by the map z + —z. Then, the
operators ¥; are given by

D =(1-q 299, T =9/ -1

The Whittaker functions W,, can thus be obtained from W,,, by applying the ;.
Moreover, W,,,, has a particularly simple form:

W () = 82(ay)z"*  if A is dominant,

0 0 otherwise.

In conclusion, the Lusztig representation arises naturally in the theory of Whittaker
functions or, in Ion’s setup, K, J-bi-invariant matrix coefficients. It gives a calculus,
whereby the Whittaker functions may be computed recursively from the simplest
one W,,,.

It is also important to consider W, For example, W is the spherical Whittaker
function which we have discussed at length in the previous sections. In the theory
of multiple Dirichlet series, it might be useful to substitute W,, for the p-part at a
finite number of places. In the study of the W,V, the remarkable combinatorics of the
Bruhat order begins to play an important role. See [16] for further information. An
important issue is to extend the theory of the previous sections to the theory of the
W,, and to carry out this unified theory in the metaplectic context.
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Chapter 2
A Crystal Definition for Symplectic Multiple
Dirichlet Series

Jennifer Beineke, Ben Brubaker, and Sharon Frechette

Abstract We present a definition for Weyl group multiple Dirichlet series (MDS)
of Cartan type C, where the coefficients of the series are given by statistics on
crystal graphs for certain highest-weight representations of Sp(2r, C). In earlier
work (Beineke et al., Pacific J. Math., 2011), we presented a definition based on
Gelfand-Tsetlin patterns, and the equivalence of the two definitions is explained
here. Finally, we demonstrate how to prove analytic continuation and functional
equations for any multiple Dirichlet series with fixed data by reduction to rank one
information. This method is amenable to MDS of all types.

Keywords Weyl group multiple Dirichlet series ¢ Crystal graph ¢ Gelfand-Tsetlin
pattern ¢ Littelmann polytope « Whittaker function

2.1 Introduction

This paper presents a definition for a family of Weyl group multiple Dirichlet series
(henceforth “MDS”) of Cartan type C using a combinatorial model for crystal bases
due to Berenstein—Zelevinsky [2] and Littelmann [16]. Recall that a Weyl group
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MBDS is a Dirichlet series in several complex variables which (at least conjecturally)
possesses analytic continuation to a meromorphic function and satisfies functional
equations whose action on the complex space is isomorphic to the given Weyl
group. In [1], we presented a definition for such a series in terms of a basis for
highest-weight representations of Sp(2r, C)—type C Gelfand-Tsetlin patterns—
and proved that the series satisfied the conjectured analytic properties in a number
of special cases. Here we recast that definition in the language of crystal bases
and find that the resulting MDS, whose form appears as an unmotivated miracle
in the language of Gelfand—Tsetlin patterns, is more naturally defined in this new
language.

The family of MDS is indexed by a positive integer r, an odd positive integer
n, and an r-tuple of nonzero algebraic integers m = (my,...,m,) from a ring
described precisely in Sect. 2.3. In [1], we further conjectured (and proved forn = 1)
that this series matches the (my,...,m,)th Whittaker coefficient of a minimal
parabolic, metaplectic Eisenstein series on an n-fold cover of SO(2r + 1) over a
suitable choice of global field. It is known that the definition of MDS we present
fails to have the conjectured analytic properties if n is even, reflecting the essential
interplay between n and root lengths in our definition (see, for example, Sect. 2.3.6).
An alternate definition for Weyl group MDS attached to any root system (with
completely general choice of r, n, and m) was given by Chinta and Gunnells
[10], who proved they possess analytic continuation and functional equations. Our
definition of MDS for type C is conjecturally equal to theirs, and this has been
verified in a large number of special cases.

The remainder of the paper is outlined as follows. In Sects. 2.2 and 2.3, we recall
the model for the crystal basis from [16] and basic facts about Weyl group MDS for
any root system @. In Sect. 2.4, we define the MDS coefficients in terms of crystal
bases and explain their relation to our earlier definition in [1] (It is instructive to
compare this definition with that of [9].). Section 2.5 demonstrates how, for any
fixed choice of data determining a single MDS of type C, one may prove that the
resulting series satisfies the conjectured functional equations. Similar techniques
would be applicable to Weyl group MDS for any root system. As demonstrated
in [6,7], by Bochner’s theorem in several complex variables, the existence of such
functional equations then leads to a proof of the desired meromorphic continuation
to the entire complex space C". Thus, we provide a method for proving Part I of
Conjecture 1 given in [1] for any fixed choice of initial data specifying a multiple
Dirichlet series.

The proof of functional equations for a given Dirichlet series relies on reduction
to the rank one case, whose analytic properties were demonstrated by Kubota [15].
Similar techniques were employed in [6—8], where the definition of the Dirichlet
series was much simpler having assumed that the defining datum » is sufficiently
large. Our methods indicate that the same should be true for arbitrary choice of
n and arbitrary root system, leading to several potential applications. First, if one
is interested in mean-value estimates for coefficients appearing in a given Weyl
group MDS, this method provides the necessary analytic information to apply
standard Tauberian techniques. More generally, one may take residues of the Weyl
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@ (200 200 200
\ (111 ?T%l 2 3

Fig. 2.1 The crystal graph for a highest-weight representation V) of Sp(4) with A = €, + 2¢;
(¢; : fundamental dominant weights). The vertices of the graph have been labeled with their
corresponding sequence (f1, ,, 3, 14) obtained by traversing the graph by maximal paths in the
Kashiwara lowering operators in the respective order ( f1, f2, f1, f2). This order is determined by
the decomposition of wy = 070,0,0,. For each vertex, ¢, is centered in the bottom row, and the
top row is (2, 3, t4) read left to right. The highlighted path demonstrates this for the vertex labeled
(1,2,1,1). The picture has been drawn so that vertices that touch represent basis vectors in the
same weight space

group MDS to obtain a further class of Dirichlet series with analytic continuation.
In computing these residues, it is often useful to first express them in terms of rank
one Kubota Dirichlet series given by our method. (For a similar example in type A,
see [4].)

Since the initial writing of this paper, a new approach to multiple Dirichlet series
using statistical lattice models has emerged (see in particular [5]). In type C, Ivanov
[13] has found a two-dimensional lattice model giving rise to the definition of prime-
powered coefficients of the MDS presented in this paper (or equivalently in [1]).
This leads to an alternate proof of functional equations for the series in the special
case n = 1 based on the Yang—Baxter equation.
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2.2 Littelmann’s Polytope Basis for Crystals

Given a semisimple algebraic group G of rank r and a simple G-module V,, of
highest weight u, we may associate a crystal graph X, to V,,. That is, there exists
a corresponding simple module for the quantum group U,(Lie(G)) having the
associated crystal graph structure. Roughly speaking, the crystal graph encodes
data from the representation V), and should be regarded as a kind of “enhanced
character” for the representation; for an introduction to crystal graphs, see [14] or
[11]. For now, we merely recall that the vertices of X, are in bijection with a basis
of weight vectors for the highest-weight representation, and the r “colored” edges
of X,, correspond to simple roots a1, .. ., a, of G. Two vertices by, b, are connected
by a (directed) edge from b; to b, of color i if the Kashiwara lowering operator fg,
takes b; to b,. If the vertex b has no outgoing edge of color i, we set fg, (b) = 0.

Littelmann gives a combinatorial model for the crystal graph as follows. Fix a
reduced decomposition of the long element wy of the Weyl group of G into simple
reflections o; :

Wo = 0,04, ***Ojy .

Given an element b (i.e., vertex) of the crystal X, let f; be the maximal integer
such that b; = fofil1 (b) # 0. Similarly, let £, be the maximal integer such that

by = a’fz (b1) # 0. Continuing in this fashion in order of the simple reflections
appearing in wy, we obtain a string of nonnegative integers (¢1(b), ..., tx(b)). We
often suppress this dependence on b, and simply write (71, ...,#y). Note that by
well-known properties of the crystal graph, we are guaranteed that for any reduced
decomposition of the long element and an arbitrary element b of the crystal, the path

Ofill\:/ e fofill (b) through the crystal always terminates at bjqy, corresponding to the
lowest weight vector of the crystal graph X,.

Littelmann proves that, for any fixed reduced decomposition, the set of all
sequences (1, ...,fy) as we vary over all vertices of all highest-weight crystals V),
associated to G fills out the integer lattice points of a cone in R". The inequalities
describing the boundary of this cone depend on the choice of reduced decom-
position. For a particular “nice” subset of the set of all reduced decompositions,
Littelmann shows that the cone is defined by a rather simple set of inequalities.
(A precise definition of “nice” and numerous examples may be found in [16], and
we will only make use of one such example.) For any fixed highest weight u, the
set of all sequences (1, ..., ?y) for the crystal X, are the integer lattice points of a
polytope in R". The boundary of the polytope consists of the hyperplanes defined
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by the cone inequalities independent of p, together with additional hyperplanes
dictated by the choice of u.

We now describe this geometry in the special case of Sp,,(C). We fix an
enumeration of simple roots chosen so that «; is the unique long simple root and
a; and «; 4 correspond to adjacent nodes in the Dynkin diagram. This example is
dealt with explicitly in Sect. 6 of [16] with the following “nice decomposition” of
the long element of the associated Weyl group:

wo = 01(020102)(...)(Or—1...01...0,—1)(0,0r—1...0] ...0r—10;). (D)

With N = r2, lett = (t1,15,...,ty) be the string generated by traversing the
crystal graph from a given weight b to the highest weight u as described above. An
example in rank 2 is given in Fig. 2.1.

In order to describe the cone inequalities for Sp(2r, C) with wy as in (1), it is
convenient to place the sequence t = (¢}, 2, ..., ¢y ) in a triangular array. Following
Littelmann [16], construct a triangle A consisting of r centered rows of boxes, with
2(r +1—1i) — 1 entries in the row i, starting from the top. To any vector t € R™, let
A(t) denote the filled triangle whose entries are the coordinates of t, with the boxes
filled from the bottom row to the top row, and from left to right. For notational
ease, we reindex the entries of A using standard matrix notation; let ¢; ; denote the
jth entry in the ith row of A, withi < j < 2r —i. Also, for convenience in the
discussion below, we will write ¢; ; := ¢;2,—; fori < j < r. Thus, when r = 3,
we are considering triangles of the form

Ciit | C12 | C13 [ C12 | C1

€22 | 23| C22

€33

so that, for example,

15]3]2
t=(2.21,153221) — A®= [2]1]1
2

Given this notation, we may now state the cone inequalities.

Proposition 1 (Littelmann, [16], Theorem 6.1). For G = Sp(2r, C) and wy as
in (1), the corresponding cone of all sequences t is given by the set of all triangles
A(t) with nonnegative entries {c; ; } that are weakly decreasing in rows.
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Recall that for any fundamental dominant weight ., the set of all paths t ranging
over all vertices of the crystal X, are the integer lattice points of a polytope C,
in RV. We now describe the remaining hyperplane inequalities which define this
polytope.

Proposition 2 (Littelmann, [16] Corollary 6.1). Let G = Sp,,(C) and let wy
be as in (1). Write u = p1€1 + -+ + Wur€,, with €; the fundamental weights.
Then C,, is the convex polytope of all triangles A(c; ;) such that the entries in the
rows are nonnegative and weakly increasing and satisfy the following upper-bound
inequalities forall 1 <i <randl1 <j <r—1:

Cij < r—js1+ 85 j—1) —2s(ci—1,j) + s(ci—1,j+1), (2)
Cij < r—jt1+8(Cij—1)—2s(Cij) + s(cij+1)s 3)
and c¢i, < py 4 S(Cir—1) — S(Ci—1,). 4)

In the above, we have set

i—1 i i
$(@ij) = Cijty (e +Tr,), s(cij)i= Y (cr;+Tk,), s(cis) =) 20k,
k=1 k=1

k=1

We will call these triangular arrays “Berenstein—Zelevinsky-Littelmann pat-
terns” (or “BZ L-patterns” for short). The set of patterns corresponding to all
vertices in a highest-weight crystal X, will be referred to as BZ L ().

2.3 Definition of the Multiple Dirichlet Series

In this section, we give the general shape of a Weyl group MDS, beginning with
the rank one case. In particular, we reduce the determination of the higher-rank
Dirichlet series to its prime-power-supported coefficients, which will be given in
the next section as a generating function over BZ L-patterns.

2.3.1 Algebraic Preliminaries

Given a fixed positive integer n, let F' be a number field containing the 2nth roots
of unity, and let S be a finite set of places containing all ramified places over Q, all
archimedean places, and enough additional places so that the ring of S-integers Og
is a principal ideal domain. Recall that

Os=4{aeF | acO,Vv &5},
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and can be embedded diagonally in Fs = [] ¢ F,. There exists a pairing

(.7)s @ F§ x F& —> py defined by (a.b)s = [ [(a.b),.

veS

where the (a, b), are local Hilbert symbols associated to n and v.
To any a € Oy and any ideal b € Og, we may associate the nth-power residue

symbol (%)n as follows. For prime ideals p, the expression (%) is the unique nth
n

root of unity satisfying the congruence

(%) = aN®=D/m (mod p).

We then extend the symbol to arbitrary ideals b by multiplicativity, with the
convention that the symbol is 0 whenever a and b are not relatively prime. Since
Oy is a principal ideal domain by assumption, we will write

(5),- (4), ooy

and often drop the subscript 7 on the symbol when the power is clear from context.
Then if a, b are coprime integers in Og, we have the nth-power reciprocity law

(cf. [17], Theorem 6.8.3)
a b
(5) =w.as(2). ©

Lastly, for a positive integer ¢ and a,c € Og with ¢ # 0, we define the Gauss
sum g;(a, ¢) as follows. First, choose a nontrivial additive character ¥ of Fy trivial
on the Oy integers (cf. [3] for details). Then the nth-power Gauss sum is given by

d\' d
glac)= Y (;) w(a?) ©)

d mod ¢ n

where we have suppressed the dependence on 7 in the notation on the left.

2.3.2 Kubota’s Rank One Dirichlet Series

We now present Kubota’s Dirichlet series arising from the Fourier coefficient of an
Eisenstein series on an n-fold cover of SL(2, Fy). It is the prototypical Weyl group
MDS, and many of the general definitions of Sect. 2.3.4 can be understood as natural
extensions of those in the rank one case. Moreover, we will make repeated use of
the functional equation for the Kubota Dirichlet series when we demonstrate the
functional equations for higher-rank MDS by reduction to rank one in Sect. 2.6.
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A subgroup 2 C F¢ is said to be isotropic if (a,b)s = 1foralla,b € £2.In
particular, 2 = Og(Fg)" is isotropic (where (F¢)" denotes the nth powers in F ).
Let M, ($2) be the space of functions ¥ : F¢* — C that satisfy the transformation
property

U(ec) = (c,e)5'¥(c) foranye € 2,c¢ € F¢. 7

For ¥ € M,(£2), consider the “Kubota Dirichlet series”

) gi(a.0)¥(c)

,Df(ss lI’,(l) = |C|2s

®)

05ceO, /O

Here, |c| is the order of Og /cOs, g;(a, ¢) is as in (6), and the term g, (a, ¢)¥(c)|c|~%*
is independent of the choice of representative ¢, modulo S-units. Standard estimates
for Gauss sums show that the series is convergent if %(s) > 3. To state a precise

4
functional equation, we require the Gamma factor

n—2 .
Gu(s) = @) 2w T 1 (2s 14 %) . )
j=1

In view of the multiplication formula for the Gamma function, we may also write

oty T(n(2s = 1))
_ (n—1)(2s—1)
G,(s) = 2n) —(ZS 1
Let
Df (s, ¥, a) = G ()2 2ms —m + 1)Dy(s, W, a), (10)

where m = n/ged(n,t), %[F : Q] is the number of archimedean places of the
totally complex field F', and ¢ is the Dedekind zeta function of F'.

If v € Shn, the non-archimedean places of S, let g, denote the cardinality of the
residue class field O, /P,, where O, is the local ring in F,, and P, is its prime ideal.
By an S-Dirichlet polynomial, we mean a polynomial in g, * as v runs through the
finitely many places of Sg,. If ¥ € M, (£2) and n € Fg, denote

y(c) = (o)s ¥ (c'n7h). (11)

Then, we have the following result (Theorem 1 in [8]), which follows from the work
of Brubaker and Bump [3].

Theorem 1. Let ¥ € M;(£2) and a € Os. Let m = n/ged(n,t). Then
D (s, W¥,a) has meromorphic continuation to all s, analytic except possibly at
s = % + ﬁ, where it may have simple poles. There exist S-Dirichlet polynomials

P, (s) depending only on the image of nin F /(Fg)" such that
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Di(s.W.a)=la|'"™ > PLEDI(1-5.¥,.a). (12)
NEFS [(Fg)"

This result, based on ideas of Kubota [15], relies on the theory of Eisenstein series.
The case t = 1 is handled in [3]; the general case follows as discussed in the proof
of Proposition 5.2 of [7]. Notably, the factor |a|'~2* is independent of the value of 7.

2.3.3 Root Systems

Before proceeding to the definition of higher-rank MDS, which uses the language
of the associated root system, we first fix notation and recall a few basic results.

Let @ be areduced root system contained in a real vector space V' of dimension r.
The dual vector space V¥ contains a root system @Y in bijection with @, where the
bijection switches long and short roots. If we write the dual pairing

VxVY—TR: (x,y) B(x,y), (13)

then B(a, ") = 2. Moreover, the simple reflection o, : ¥V — V corresponding to
« is given by

0u(x) = x — B(x,a¥)a.

In particular, o, preserves @. Similarly, we define g,v : VY — VY by g,v (x) =
x — B(a, x)a with o,v (V) = @V,

Without loss of generality, we may take @ to be irreducible (i.e., there do not
exist orthogonal subspaces @, @, with &, U &, = @). Then set (-,-) to be the
Euclidean inner product on V and ||¢|| = +/{«, @) the Euclidean norm, normalized
so that 2{a, B) and ||«||? are integral for all o, 8 € &. With this notation, we may
alternately write

2 9
0.(B) =B — (b a>a forany o, B € @. (14)
(o, )

We partition @ into positive roots @+ and negative roots @~ and let A =
{aj,....,a,} C @7 denote the subset of simple positive roots. Let ¢; for i =
1,...,r denote the fundamental dominant weights satisfying

2 PO
M = §;j. & : Kronecker delta. (15)
(. a;)

Any dominant weight A is expressible as a nonnegative linear combination of the ¢;,
and a distinguished role in the theory is played by the Weyl vector p, defined by

p=%2a=26i. (16)

acdpt i=l1
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2.3.4 The Form of Higher-Rank Multiple Dirichlet Series

We now begin explicitly defining the MDS, retaining our previous notation. By
analogy with the rank 1 definition in (7), given an isotropic subgroup 2, let M (£2")
be the space of functions ¥ : (F)" — C that satisfy the transformation property

w(eo) = [ [ el Tt epze | we (17)

i=1 i<j

foralle = (€1,...,¢,) € 2" andalle = (cy,...,¢,) € (FS)".
Given a reduced root system @ of fixed rank r, an integer n > 1, m € OF,
and ¥ € M(£2"), then we define a MDS as follows. It is a function of r complex

variables s = (s1,...,s,) € C" of the form
H™(c;m)¥(c)
Zy(ssm) := Zy(s1,...,8 my,...,m,) = _
ll’( ) ‘I’( 1 1 ) Z N |cl|251 ...lcrlzsr
c=(c1.....cr)E(Os/Og )"
(18)

The function H (”)(c; m) carries the main arithmetic content. In general, it is not
a multiplicative function but rather a “twisted multiplicative” function. That is, for
S-integer vectors ¢, ¢’ € (Og/O%)" with ged(cy -+ ¢, cp---c)) =1,

H™(cicf.....crepim) = p(e, ) H™ (e:m) H™ (';m), (19)

where 1t(c, ¢/) is an nth root of unity depending on ¢, ¢’. It is given precisely by

r o 12 a2 Hoioj) ) 2fa0)
Ci C; Ci C;
i=1 i/n t/n i<j J/n J/n

where ()n is the nth-power residue symbol defined in Sect.2.3.1. Note that in the
special case @ = Aj, the twisted multiplicativity in (19) and (20) agrees with the
usual identity for Gauss sums appearing in the numerator for the rank one case given
in (8).

The transformation property of functions in M (£2") in (17) above is, in part,
motivated by the identity

H™(ec;m)¥(ec) = H™ (c;m)¥(c) foralle € O, c,m e (F$)".
This can be verified using the nth-power reciprocity law from Sect. 2.3.1.

The function H " (c; m) also exhibits a twisted multiplicativity in m. Given any
m,m’, ¢ € O¢ with ged(m’ ---m.,c;---¢,) = 1, we let
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' 7\ ~ e |I?

H(”)(c;mlm’l, cee,meml) = l_[ (ﬁ) H™(c;m). (21)
i=1 >t/

The definitions in (19) and (21) imply that it is enough to specify the coefficients
HM(pkr, ..., pkr:ph, ... p') for any fixed prime p with [; = ord,(m;) in order
to completely determine H (c;m) for any pair of S-integer vectors m and c.
These prime-power coefficients are described in terms of data from highest-weight

representations associated to (/,--- ,/,) and will be given precisely in Sect. 2.4.

2.3.5 Weyl Group Actions

In order to precisely state a functional equation for the Weyl group MDS defined
in (18), we require an action of the Weyl group W of @ on the complex parameters
(s1,--.,8r). This arises from the linear action of W, realized as the group generated
by the simple reflections o,v, on VY. From the perspective of Dirichlet series, it
is more natural to consider this action shifted by pV, half the sum of the positive
co-roots. Then, each w € W induces a transformation V(a/ =VVeC-—> V(e’ (still
denoted by w) if we require that

1 1
B (wa,w(s) — E,oV) =B (a,s - Epv) .

We introduce coordinates on VCV using simple roots A = {«j, ..., .} as follows.
Define an isomorphism V" — C” by

s (s1,8,...,5), & = B(a;,s). (22)

This action allows us to identify V" with C”, and so the complex variables s; that
appear in the definition of the MDS may be regarded as coordinates in either space.
It is convenient to describe this action more explicitly in terms of the s;, and it
suffices to consider simple reflections which generate W. Using the action of the
simple reflection oy, on the root system @ given in (14) in conjunction with (22)
above gives the following:

Proposition 3. The action of oo, on's = (s1,...,s,) defined implicitly in (22) is
given by

2(()[1',()[,‘) 1 .
Rt L L (P B 23
EARe (o, o) (Sl 2) / ' 2

In particular, oy, : s; = 1 —s;. For convenience, we will write o; for oy,.
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2.3.6 Normalizing Factors and Functional Equations

The multiple Dirichlet series must also be normalized using Gamma and zeta factors
in order to state precise functional equations. Let

n

=—— aecot,
ged(n, [[e|?)

n(a)

For example, if @ = C, and we normalize short roots to have length 1, this implies
that n() = n unless « is a long root and n even (in which case n(a) = n/2). By
analogy with the zeta factor appearing in (10), for any o € @™, let

Luls) = (1 2n(@)B (a,s— ép)) ,

where { is the Dedekind zeta function attached to the number field F. Further,
for G, (s) as in (9), we may define

Ga(S) = Gn(a) (% + B (O(,S— %pv)) . (24)

Then for any m € O, the normalized multiple Dirichlet series is given by

Zysm) = | [ Gu($)¢u(s) | Zu(s. m). (25)

acdt

For any fixed n, m, and root system @, we seek to exhibit a definition for
H™(c;m) (or equivalently, given twisted multiplicativity, a definition of H at
prime-power coefficients) such that Zj(s;m) is initially convergent for N (s;)
sufficiently large (i = 1,...,r), has meromorphic continuation to all of C" and
satisfies functional equations of the form:

Zy(s;m) = |m; |7 Z; y(0is;m) (26)

for all simple reflections o; € W. Here, o;s is as in (23) and the function o; ¥,
which essentially keeps track of the rather complicated scattering matrix in this
functional equation, is defined as in (37) of [8]. As noted in Sect. 7 of [8], given
functional equations of this type together with several assumptions about the form
of H™(¢; m), one can obtain analytic continuation to a meromorphic function of C"
with an explicit description of polar hyperplanes via Bochner’s convexity principle.
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2.4 Definition of the Prime-Power Coefficients

In this section, we use crystal graphs to give a definition for the p-power coefficients
H ™ (p*; p) in a multiple Dirichlet series for the root system C, with n odd. More
precisely, the p-power coefficients will be given as weighted sums over the BZL-
patterns defined in Sect.2.2 that have weight corresponding to k. Given a fixed
r-tuple of integers 1 = ([y,...,1,), let

A= Xr:Z,’Ei, (27)

i=1

where ¢; are fundamental dominant weights. The contributions to H ™ (p¥; p') are
parametrized by basis vectors of the highest-weight representation with highest
weight A + p, where p is the Weyl vector for C, defined in (16). We use the set of
BZ L-patterns BZL(A + p) as our combinatorial model for these basis vectors.
The contributions to each H" (p*;p') come from a single weight space
corresponding to k = (ky,...,k,) in the highest-weight representation A + p
corresponding to I. Given a BZ L-pattern A = A(c; ), define the vector

K(4) = (ki(A) ka(A), ... .k (4)

with
r r+l1—j
k(A= ciy. and kj(A) = > (Cirp1oj +Cirp1oy). forl<j<r.
i=1 i=1
(28)
We define
H®O(p* phy=H®W (phr, ... prriph, . ph) = Z G(4), (29)
AEBZL(A+p)
k(A)=(k1,...kr)

where G(A) is a weighting function to be defined presently.

To this end, we will apply certain decoration rules to the BZ L-patterns. These
decorations will consist of boxes and circles around the individual entries of the
pattern, applied according to the following rules:

1. The entry ¢; ; is circled if ¢; ; = ¢; j+1. We understand the entries outside the
triangular array to be zeroes, so the right-most entry in a row will be circled if it
equals 0.

2. The entry ¢;; is boxed if equality holds in the upper-bound inequality of
Proposition 2 having ¢; ; as the lone term on the left-hand side.
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We illustrate these rules in the following rank 3 example. Let (I;,l,,[3) =
(0,1, 1). Then there are nine upper-bound inequalities for the polytope C;4,. We
state them for the five top row elements ¢ ;, leaving the rest to the reader:

c11 <2, Ci2=2+4+7ci c3z=l+7c
12 <2+4cCr1—2C12+ 2013, c11 <2-=2¢11+ 12+ Cro.

We may now decorate any pattern occurring in BZL(A + p). For example, the
following B Z L-pattern (with decorations) occurs in this set:

[511B[2)] 2 | 1
2 [ 1 (30)

2

To each entry ¢; ; in a decorated A(c), we associate the complex-valued function

qci if ¢; ; is circled (but not boxed),
gi1(pi~t, peii) if ¢; ; is boxed (but not circled), and j # r,
y(cij) = § ga(pii~t, pii) if ¢; ; is boxed (but not circled), and j = r, (31)

¢ (pii) if ¢; ; is neither boxed nor circled,

0 if ¢; ; is both boxed and circled,

where g,(p®, p?) is an nth-power Gauss sum as in (6), ¢(p?) denotes Euler’s
totient function for Og/p*Os, and ¢ = |Os/pOs|. Then at last, we may define
the weighting function appearing in (29) by

GAy= [] rep. (32)
igljfgiif'—l

For instance, in (30), we find that
ye) =ga(p*.p’). vz =¢>. and y(@2) = ¢(p?).
Computing the remaining y(c; ;)’s for A in (30), we have
G(A) = {a1(p*. P& (P, PP (P (p)} - {6 (PP)a9(p)} - $ (7).

Note that the definition implies that some BZ L-patterns A will have G(A) = 0.
For instance, in rank 2 with /; = 3 and [, = 4, the decorated pattern
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_FE®

3

occurs, and has G(A) = 0.

The definition of G(A) in (32) completes the definition of the prime-power
coefficients H ™ (p*; p') in (29). According to the twisted multiplicativity given
in Sect. 2.3.4, this completely determines the coefficients of the multiple Dirichlet
series Zy (s; m) defined in (18).

2.5 Equality of the GT and BZ L Descriptions

In Sect. 3 of [1], we gave an alternate definition for the p-power coefficients using
Gelfand-Tsetlin patterns (henceforth “G T -patterns™) as our combinatorial model
for the highest-weight representation. In this section, we will demonstrate that the
two definitions for p-power coefficients H ™ (p¥; p') in terms of G T-patterns and
BZ L-patterns are indeed the same.

A GT-pattern P associated to Sp(2r, C) has the form

ao,1 Qo e ao,r
b1, bip b1, bi,
ain ayr
P= . . : (33)
ar—1,r
br.r

where the a; ;, b; ; are nonnegative integers and the rows of the pattern interleave.
That is, for all a; ;, b; ; in the pattern P above,

min(a;—1,j,a; ;) > b; j > max(a;—1,j+1.4aij+1)
and
min(b; y1,j—1,bi j—1) > a; ; > max(bi41,;,b;i ;).

A careful summary of patterns of this type arising from branching rules for classical
groups can be found in [18] building on the work of [20]:
LetA+p= (1 + 1)eg +---+ (I, + 1)¢, and set

Ly, Ly)y=i+bL+-+L+r....hL+L+2L+1). (34
Then the set of all G T -patterns with top row (ag 1, ...,a0,) = (L, ..., L) forms

a basis for the highest-weight representation with highest weight A 4+ p. We refer to
this set of patterns as GT' (A + p).
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Proposition 4 (Littelmann, [16] Corollary 6.2). The following equations induce
a bijection of sets ¢ between GT (A + p) and BZL(A + p):
J
Cij =Y (@i-1m—bim). fori <j=<r.

m=1

and
r—j
Cij =Cir+ Y @irt1-m—birriom). fori<j<r—1. (35)

m=1

Remark 1. The map given in Corollary 2 of Sect. 6 in [16] is actually the inverse
of the map defined by (35). (Note that there are several typographical errors in the
presentation of the map in [16].) In that same section, Littelmann gives an example
illustrating this correspondence, in the case of rank 3. This example is given below,
with the corrected first entry in the second row:

9 5 1
6 5 0 7171411313
5 3 21110
5 2
2
3
1

Using the bijection of the previous proposition, we may now compare the two
definitions for prime-power coefficients of the multiple Dirichlet series.

Proposition 5. Given a fundamental dominant weight A, let G be the function
defined on Gelfand-Tsetlin patterns P in GT (A + p) in Definition 3 of [1]. Let
G(A) be the function defined on BZ L-patterns in (32). Then, with ¢ the bijection
of Proposition 4,

Ger((P)) = G(p(P)).

Proof. Tt suffices to check that the cases defining the function on G T -patterns match
those for BZ L-patterns. Indeed, one must check that “maximal” and “minimal”
entries in G T -patterns correspond to boxing and circling, respectively, in BZ L-
patterns. This is a simple consequence of the bijection in Proposition 4, and we
leave the case analysis to the reader.

2.6 Functional Equations by Reduction to Rank One

In this section, we provide evidence toward global functional equations for the
multiple Dirichlet series Zy (s; m) through a series of computations in a particular
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rank 2 example. We will demonstrate that these multiple Dirichlet series are, in
some sense, built from combinations of rank 1 Kubota Dirichlet series and thus
inherit their functional equations. Similar techniques to those presented here would
apply for arbitrary rank.

Recall from (23) that, in rank 2, we expect functional equations corresponding to
the simple reflections

o1 : (s1,8) > (1=s1,51+52—1/2) and 07 : (s1,52) — (s1+2s2—1, 1—s7), (36)

which generate a group acting on (s1, s2) € C? isomorphic to the Weyl group of Cs,
the dihedral group of order 8.

With notations as before, let n = 3, and m = (p?, p') for some fixed Og
prime p. Then we will illustrate how our definition of the coefficients H®(c; p?, p)
leads to a multiple Dirichlet series Zy (s; p?, p) satisfying the functional equations

Zy (s1.52: 0% p) = 1P Zow (1 —s1.s1 + 52— 1/2:p* p)  (37)
and
Zy (51,50 p% p) = |P1" Zoyu (51 + 250 — L, 1 —s2: 9%, p)  (38)

corresponding to the above simple reflections according to (26).

Note that Zy is only initially defined for N(s;) > ¢, i = 1 or 2, for some
constant c. This is clear from the fact that the prime-power-supported coefficients
H({k1, ¢F) at a given prime £ are nonzero for only finitely many pairs (k, k»).
However, (37) and (38) both require meromorphic continuation to larger region
which is also a consequence of our expression in terms of rank 1 Dirichlet series.
(See [6] for a careful explanation of this for type A; MDS.) Together with Bochner’s
tube domain theorem (cf. Theorem 2.5.10 of [12]), these functional equations imply
the meromorphic continuation of the series Zy to all of C?, verifying a special
case of Conjecture 1 in [1]. The emphasis in this section will be on the functional
equations (37) and (38) which rely critically on the combinatorics of the type C root
system, so we leave the remaining details of the meromorphic continuation to the
reader. It follows from methods quite similar to those of [6-8].

Our strategy is quite simple. To demonstrate the functional equation correspond-
ing to o7, write

)3 H® (cy.c2: p*, p)¥(c)

39
leq ][>t &

Zo(sisup®.p) = Y e
c’2€05/0§< L‘1E(’)s/(9§<

and attempt to realize the inner sum, for any fixed c¢;, in terms of rank 1 Kubota
Dirichlet series whose one-variable functional equations are all compatible with
the global functional equation in (37). Similar methods apply for the other simple
reflection. One difficulty with this approach is that our definitions for H ™ (c; m) up
to this point have been “local”’—that is, we have only provided explicit definitions
for the prime-power-supported coefficients. Of course, our requirement that the
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H ™ (c; m) satisfy twisted multiplicativity then uniquely defines the coefficients for
any r-tuple of integers ¢, but there are many complications in attempting to patch
together the prime-power-supported pieces to reconstruct a global series.

This strategy was precisely carried out in [7] and [8] for any root system @
provided n is sufficiently large. Such values of n are referred to as stable (see
[8] for the precise statement). Indeed, global objects were reconstructed from
the prime-power-supported contributions by meticulously checking that all Hilbert
symbols and nth-power residue symbols combine neatly into Kubota Dirichlet series
with the required twisted multiplicativity. Our purpose here is not to get bogged
down in these complications, but rather to show how global functional equations
can be anticipated simply by considering the prime-power-supported coefficients.
According to [8], the example with m = (p?, p) will have a simple description
only if n > 7; hence when n = 3, the results of [8] do not apply. Nevertheless, as
we will explain, our method of reduction to the rank 1 case is still viable.

2.6.1 Analysis of H® (cy, ca; p?, p) with Prime-Power Support

The nature of H®(cy,cy; p?, p) with ¢1, ¢, powers of a fixed prime depends
critically on whether that prime is p, the fixed prime occurring in m = (p2, p), ora
distinct prime £ # p. The prime-power-supported coefficients H 3 (€51, £k2; p2, p)
at primes £ # p have identical support (k, k,) for any such prime £ (as the support
depends only on ord,(m) and ordy(m,)) and a uniform description as products of
Gauss sums in terms of £. The (ki, k,) coordinates of this support are depicted
in Fig.2.2—the result of the affine linear transformation of the weights in the
corresponding highest-weight representation p. The vertex in the bottom left corner
is placed at (k1,k;) = (0,0). At each of the vertices in the interior, the number
shown indicates the number of BZ L-patterns associated with that vertex, that is, the
multiplicity in the associated weight space. These counts include both singular and
nonsingular patterns, though singular patterns give no contribution to the multiple
Dirichlet series for any n. Support on the boundary is indicated by black dots, each
with a unique corresponding B Z L-pattern.

For n = 3, each of the eight patterns A (four singular, four nonsingular) in the
interior of the polygon of support has G(A) = 0, so the only nonzero contributions
come from the eight boundary vertices. Note that these are just the “stable” vertices,
which have G(A) nonzero for all n.

Fig. 2.2 Support (k, k;) for
H® ek gk2; p?, p) (with
indicated multiplicities of
contributing BZ L-patterns A
having k(A) = (ky, k2))
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Fig. 2.3 Support (ky, k;) for
HO (M, p*; p?, p) (with
indicated multiplicities of
contributing

BZ L-patterns A)

The coefficients H® (p*1, p*2; p2, p') are much more interesting. Recall that
these coefficients are parametrized by BZ L-patterns with the coordinates of A + p
given by (Lo, L;) = (5,3), as in (34). The supporting vertices (k;, ky) for the
p-part are shown below in Fig.2.3. On the support’s boundary, stable vertices are
indicated by filled circles, and unstable vertices are indicated by open circles, all
with multiplicity one.

Again, the choice of n = 3 will make G(A) = 0 for many of the patterns
A occurring at these support vertices. Roughly speaking, the nonzero support for
any fixed n forms an n x n regular lattice beginning at the origin. However, this
lattice becomes somewhat distorted by the boundary of the polygon, particularly
the location of the stable vertices. In fact, our choice of (L, L) = (5,3) in this
example is so small that this phenomenon is essentially obscured.

2.6.2 Three Specific Examples

Returning to the discussion of functional equations, we will first demonstrate a
functional equation corresponding to the simple reflection o} taking s; — 1 — sy.
Recall our strategy is to show that for any choice of ¢;, we may write the inner sum
in (39) in terms of Kubota Dirichlet series. For example, let c; = p®. By twisted
multiplicativity, we see that H® (cy, p®; p?, p) will be 0 unless ord(c;) < 1 for
all primes £ # p (as evident from Fig.2.2, since we seek {-power terms with
support k, = 0). More interestingly, using Fig. 2.3, we see that p-power terms with
k> = 8 must have 3 < ord,(c;) < 8. Let us examine the p-power coefficients more
closely.
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2.6.2.1 The Functional Equation oy with k, = 8

As seen in Fig. 2.3, H® (p*1, p¥2: p?, p) with k, = 8 has support at 6 lattice points
(k1,8) with a total of 16 BZ L-patterns. Having chosen n = 3 (so that all Gauss
sums appearing are formed with a cubic residue symbol), one checks that only five
of these 16 BZ L-patterns have nonzero Gauss sum products associated to them.
These are listed in the table below.

| A [k(A)] G(A) | G(A) forn =3 |

@ (3.9) g2(p%. P g1(p’, p®) —lplPgi(p’, p*)

G|]

6 |[5]|]2
6.8 &' P gt P si(p”. po) [pl°¢(p®)
3
@ 6.8)| g% ). p®) g(pt. p?) —IplP&i(p". P*)p(p*)
3

6.8)|g1(p". PP &20p*. P> g1(P7. P®) g2(1. p) [Pl (p®)g2(1. p)

(o))
(=]
]

@ (8.8) 2202 ) 1(p7. p®) g2(p*, p°) —=IplPgi(p7. p¥)g2(p*. P

[]|[-]

We have computed the final column in the table from the third column, using
the following three elementary properties of nth-order Gauss sums at prime powers,
which can be proved easily from the definition in (6):

¢(p") nlth,

0 nttb.

2. For any integers a and ¢, g,(p*~', p*) = |p|*gu. (1. p).
3. For any integer ¢, g, (1, p) gu— (1, p) = | p|-

For notational convenience, let the inner sum in (39) be denoted

1. Ifa > b, then g,(p°, p’) =
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H®(cy,cr: p?. p)¥(c
Fsi;c) = ) al |02 |i1 LG (40)
01€05/OF !
Fix ¢, = p® and let
HO (ki p8: p2. ) (pht, pb
FOsy:pty = Y (P PP YT PY) @1

2kys
m I[P

From the table above, this sum is supported at k; = 3, 5, 6, and 8, so that F’ 2 (s1; p8)
equals

—lpl>&1(p”. pH¥ (P, P°) [1 L 80 ) @Y et pY) l1’(108,178)}
| p|® Ipl®t w(p?. p%) ~ [pl'™ (P pY)
PO (P P [, | 2(L.p) ¥ pY)
p'® lpI> w(p° p®)

+ (42)
Ignoring complications from the ¥ function, both bracketed sums may be expressed

as the p-part of a Kubota Dirichlet series in 5. Indeed, letting Dép ) denote the prime-
power-supported coefficients of the Kubota Dirichlet series D, in (8), then

DO (s, 0, p*) = [1 L@ P YO P | et p) P& ps)}

? plor WP p®Y) Il w(p pd)
for some appropriately defined W' e M;(£2), as D;p ) (s1. ¥, p*) contains
22(p*, p*1) in the numerator, which is nonzero only if k; = 0,3, or 5 when n = 3.
Similarly,

1’ v 6’ 8
DEP)(SI’W//’ 1) — |:1 + gZ( p) . (p p ):|

Ip|>st W (p3. p®)

for an appropriately defined ¥ € M, (£2). Thus, according to (42), we may express
F(P)(s1) as the sum of p-parts of Kubota Dirichlet series multiplied by Dirichlet
monomials. The reader interested in checking all details regarding the ¥ function
should refer to Sect. 5 of [7]; our notation for the one-variable ¥’ or ¥” in M,(£2)
derived from ¥ (cy, ¢y) is called &2 in Lemma 5.3 of [7].

In order to reconstruct the global object F(sy; cy) with ¢, = ps, we now turn to
the analysis at primes £ # p. Since ord(c;) = 0, then we can reconstruct F(si; p%)
from the twisted multiplicativity in (19) and (21) together with knowledge of terms
of the form H® (€%, 1; p?, p). Then define

HO ek 1; p?, p)w ek, pb)
F(e)(sl; 1) = Z |£|2k131

ki
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for all primes £ # p. Using twisted multiplicativity in (21),

B -1 HOk 1:1, 1)k, p8
F(Z)(Sl;l) _ ({kl) (1) ( ) ( p )
ky

3 |€|2k131

[§)

-2
— w1, pb) + (%) HO@ 11, D)w e, pbye=2

. P\ 0,0 ¥ )
w“’”[ (7), 5 wa,pg)]

To summarize, we have found that

—pP &1 (p”. ¥ (P p®)
| p|6st
Ipl°p (p®)¥ (p°. p*)
+ D@D

FP(sy;p) = DY (51,9, p*)

and

p_Z)‘Z £(1.0 v (', p*)
3

O (e 1) — 8
FO@s;51) wa,p)[w(e e e

:| , for all primes £ # p.

Now using twisted multiplicativity, we can reconstruct F(s;; p®). We claim that

—plPg1(p". PHW (P, p®)

F(sisp®) = = Da(s1,¥', p*)
Iplon
6 6 174 5 8
P
|p|1

This may be directly verified up to Hilbert symbols (i.e., ignoring Hilbert symbols
in the power reciprocity law in (5)) by using twisted multiplicativity to reconstruct
H(cy, p%; p?. p) from FP) (s;; p®) and F©(s;;1). But to give a full accounting
with Hilbert symbols, one needs to verify that the “leftover”” Hilbert symbols from
repeated applications of reciprocity are precisely those required for the definitions
of ¥ and ¥” (again referring to Lemma 5.3 of [7]).

We now return to our general strategy of demonstrating the functional equation
oy as in (36). The function Zy(sy,s2; p2, p) as in (39) with fixed ¢ = p?
yields F(s;; p®) as above. We must verify that this portion of Zy (s1,s,; p?, p) is
consistent with the desired global functional equation

Zy (s1.50: 0%, p) = |P°1'" " Zoyw (1 = s1.81 + 52— 1/2: p*, p)
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presented at the outset of this section. By Theorem 1,
Dy(si. ¥, p*) — [P Dy(1 — 51, ¥, p?)

and |p|70171652 | p|271091716%2 ypder 0. Similarly, Da(sy, ¥, 1) — Dy(1 —
s, W, p?) and |p|T10m102 | p| 72717162 ypder oy. Taken together, these
calculations imply that

F(si:p%) e F(1—s1;p%
| 8|2 | P8 PG +a21/2)”

which is consistent with the global functional equation for Zy above.

Throughout the above analysis, we chose to restrict to the case where ¢; = p® to
limit the complexity of the calculation. However, identical methods could be used
to determine the global object for arbitrary choice of ¢, depending on the order of p
dividing ¢, and hence verify the global functional equation for o in full generality.

Remark 2. With respect to the s; functional equation, it turns out to be quite simple
to figure out which BZ L-patterns contribute to a particular Kubota Dirichlet series
appearing in F(s;; p*?). All such BZ L-patterns have identical top rows but differ
in the bottom row entry. This entry increases as we increase k1, as can be verified in
our earlier table with k, = 8. However, as we will see in the next section, functional
equations in s, and the respective Kubota Dirichlet series used in asserting them
obey no such simple pattern.

2.6.2.2 The Functional Equation o, with k1 = 3

We now repeat the methods of the previous section to demonstrate a functional
equation under 07. As we will show, it is significantly more difficult to organize the
local contributions into linear combinations of Kubota Dirichlet series in terms of
5. Once this is accomplished, the analysis proceeds along the lines of the previous
section, so we omit further details.

Let ¢c; = p? be fixed. Mimicking our notation from the previous section, we now
set

(43)

HO®(p*, c2; p*, p)¥(p*. c2)
F(s:p) =) .

2s
o |c2 [

As in the previous section, the bulk of the difficulty lies in analyzing

HO(p*, p*; p?, p)&(p*. p*)
F (s2; P3) = E TS .
ka

Again referring to Fig.2.3, coefficients H® (pk1, p¥2; p2, p) with k; = 3
involve nine different vertices and a total of 30 BZ L-patterns, only six of which
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give nonzero contributions in the case when n = 3. In the table below, we list only
those B Z L-patterns yielding nonzero Gauss sums. The final column has again been
computed from the third column, using the elementary properties of nth-order Gauss

sums mentioned in the previous subsection.

A (k1. ko) = k(4) G(4)

G(A) forn =3

©

@ (3.0) 22(p%. pY)

B@)

—Ipl?

G|l

63)) © 3.2) gi1(p. p*) g2(p*. p*) Iplg2(1. p)p(p?)
@ é) (3.5) pPai(p. p?) g1(p*. p?) Ipl*g2(1, p)o(p?)
é) (3.6) a(p. p) &1(p*. pY) &2(p*, p?) [pPp(p*)
6 © (3,6) g1(p". P &2(p* p°) =lpPo(p*)
@ (3.8) a(p". p*) &2(p?. p?) -1 p)lpl°

According to the above table,

F(‘”)(sz; p3)

Iplg2(1, p)p (P (P, p») | Ipl*g2(1. p)d (PP (p?, p°)

=—|pl¥(p’. D+ +

| p|*2

+

| p|10s2

PP (PP 1PPEPOIW (P P ga(L p)IPPY (P, P*)

| p| 122 | p| 122

| p | 1652
(44)
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By adding and subtracting certain necessary terms at vertices (3, 3) and (3, 5), and
using the fact that g, (1, p)g»(1, p) = |p| when n = 3, we find that F?)(s; p*)
equals

PP 1) [1+ p(PH v . pP) | d(®) W (. 0% | 22(l.p)lpl’ ‘P(p3,p8)}

|pl6s2 w(p3. 1)~ |p|'¥2 w(p.1) |ptes2 w(p3. 1)

N g1, p)lpl o (PP (P, p?) d(PH WP p°) g1l p)p? ¥(p3, p°)
| p|4s2 |p|6s2 w(p3, p?) [p8s2 w(p3, p?)
+|p|2¢(p3)4’(p3,p3) | 1plea(. p) w(p3, p°)
| p|6s2 [pl¥2 w(p3. p3) |

(45)

After analyzing the terms in the bracketed sums, ignoring complications from the
function ¥ as before, we have

F(P)(Sz;p3)

g(L p)lplep(pH¥(p?, p?)
| p|*s

= —|pPw(p*, DY (52, W', ")+ D (55, 0", p3)

2 ( 3),1, 3’ 3
41 ﬁplész(p P D0 (5, 0" p). (46)

Arguing similarly to the previous section, one can use these local contributions
to reconstruct the global Dirichlet series via twisted multiplicativity. The resulting
objects satisfy the global functional equation for o, as in (36).

2.6.2.3 The Functional Equation o, with k{ = 6

As a final example, the set of all H® (p*1, p*2; p2, p) with k; = 6 involves 7
support vertices and 18 BZ L-patterns. In the case n = 3, however, only four of
the BZ L-patterns have nonzero Gauss sum products associated to them. These are
listed in the table below.

A k() G(4) G(A) forn =3

a2l [E1((C) |

g1(p”. p®) &2(p%. P?) 22(p*. PP [p* & (p®)

gi(p'. p) g1(P?. pY g2(p?. PP 220" )| —Ipl (P
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a(p”. P &p? p) e2(pt. p?) | =lplPga(l. p)o(p?)

6 (6,8)

si(p'. P gi(p’. p® g2(1. p) g2(p*. PO | IpI" 821, p)p (P®)

Upon first inspection, it is unclear how to package the Gauss sum products neatly

into p-parts of Kubota Dirichlet series, as in the previous examples. However, the
two nonzero terms at (6, 6) cancel each other out when n = 3, as do the two nonzero
terms at (6, 8). This seems like a very complicated way to write 0, but we remind the
reader that the definition in terms of Gauss sums is “uniform” in z, in the sense that
only the order of the multiplicative character in the Gauss sum changes. For other
n, the p-part H"™ (p*t, p*2: p?, p) with k; = 6 will have the same 18 products
of Gauss sums, four of which are as shown in the third column of the table above.
However, the evaluations as in the last column of the table depend on the choice of
n and result in a different organization as Kubota Dirichlet series.
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Chapter 3
Metaplectic Ice

Ben Brubaker, Daniel Bump, Gautam Chinta, Solomon Friedberg,
and Paul E. Gunnells

Abstract We study spherical Whittaker functions on a metaplectic cover of
GL(r + 1) over a nonarchimedean local field using lattice models from statistical
mechanics. An explicit description of this Whittaker function was given in terms
of Gelfand-Tsetlin patterns in (Brubaker et al., Ann. of Math. 173(2):1081-1120,
2011; McNamara, Duke Math. J. 156:29-31,2011), and we translate this description
into an expression of the values of the Whittaker function as partition functions of
a six-vertex model. Properties of the Whittaker function may then be expressed in
terms of the commutativity of row transfer matrices potentially amenable to proof
using the Yang—Baxter equation. We give two examples of this: first, the equivalence
of two different Gelfand-Tsetlin definitions, and second, the effect of the Weyl
group action on the Langlands parameters. The second example is closely connected
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with another construction of the metaplectic Whittaker function by averaging over
a Weyl group action (Chinta and Gunnells, J. Amer. Math. Soc. 23:189-215, 2010;
Chinta and Offen, Amer. J. Math., 2011).

Keywords Weyl group multiple Dirichlet series ¢ Crystal graph ¢ Solvable lattice
model ¢ Whittaker function * Metaplectic group * Yang—Baxter equation

3.1 Introduction

The study of spherical Whittaker functions of reductive groups over local fields is
of fundamental importance in number theory and representation theory. Recently,
in two separate series of papers, the authors and their collaborators have studied
Whittaker functions on metaplectic covers of such groups. The goal of this paper
is to introduce a new method for describing such p-adic metaplectic Whittaker
functions: two-dimensional lattice models of statistical mechanics. In such a model,
one defines the partition function to be a weighted sum over states of the model.
We show that there exists a choice of weights for which the partition functions
are metaplectic Whittaker functions. Baxter [2] developed important techniques
for evaluating the partition functions of lattice models including the so-called
“commutativity of transfer matrices” and the use of the Yang—Baxter equation. We
discuss how these methods relate to our descriptions of Whittaker functions and to
prior work.

Two different explicit formulas have been given in [10, 15] for the spherical
Whittaker function on a metaplectic cover of GL(r 4 1) over a non-archimedean
local field. The first of these is expressed in terms of a Weyl group action described
in [9], the second in terms of a function on Gelfand-Tsetlin patterns initially
introduced in [8]. In fact, this latter representation belongs to a family of explicit
formulas, one for each reduced expression of the long element of the Weyl group
as a product of simple reflections. Two such reduced expressions in type A are
particularly nice and lead to representations of the Whittaker function as sums
over Gelfand-Tsetlin patterns. In keeping with earlier works, we refer to the two
different descriptions as “Gamma” and “Delta” rules. The main result of [6] is
a combinatorial proof that these two definitions are in fact equal. This equality
allows one to prove the analytic properties of an associated global object (a multiple
Dirichlet series) by applying Bochner’s convexity principle.

In the following section, we demonstrate that the Gelfand—Tsetlin patterns we are
concerned with are in bijection with admissible states of the six-vertex model having
certain fixed boundary conditions. After recalling the description of the metaplectic
Whittaker function as a function on Gelfand—Tsetlin patterns in Sect. 3.3, we use the
bijection with the lattice model in Sect. 3.4 to express both the Gamma and Delta
descriptions of the Whittaker function as partition functions for certain respective
choices of Boltzmann weights.

In Sect. 3.5, we take the connection with statistical models further. We show that
the necessary result for demonstrating the equivalence of the Gamma and Delta
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descriptions may be reformulated in terms of the commutativity of transfer matrices.
Baxter [2] advocated the use of the Yang—Baxter equation for demonstrating this
commutativity. In Sect. 3.6, we explain how this is carried out in the context of the
six-vertex model, and we speculate about the possibility of such an equation in the
metaplectic case.

Finally, we discuss the Weyl group action on metaplectic Whittaker functions,
initially established by Kazhdan and Patterson [12], which plays a critical role in
the explicit formulas of [10]. When the degree of the cover is 1, i.e., the linear
case, the p-adic spherical Whittaker function is essentially a Schur polynomial
by results going back to Shintani [18]. The Weyl group action is thus closely
related to the standard permutation action on polynomials in r + 1 variables. In
[71, this Whittaker function (or equivalently, the Schur polynomial multiplied by
a g-deformation of the Weyl denominator) is realized as a partition function on a
six-vertex model, and its properties are studied via instances of the Yang—Baxter
equation. On the other hand, as soon as the degree of the cover is greater than 1,
the action looks rather different (cf. (33)—-(35)). Nevertheless, we may ask whether
these functional equations may also be phrased in terms of transfer matrices and
a Yang—Baxter equation, and in this final section, we present evidence toward an
affirmative answer.

This work was partially supported by the following grants: NSF grants DMS-
0844185 (Brubaker), DMS-0652817 and DMS-1001079 (Bump), DMS-0847586
(Chinta), DMS-0652609 and DMS-1001326 (Friedberg), DMS-0801214
(Gunnells), and NSA grant H98230-10-1-0183 (Friedberg).

3.2 Six-Vertex Model and Gelfand-Tsetlin Patterns

In this section, we demonstrate a bijection between strict Gelfand—Tsetlin patterns
and admissible states of the six-vertex model (or “square ice”) on a finite square
lattice with certain fixed boundary conditions. The boundary conditions on ice were
known to Hamel and King, who presented bijections between ice and patterns
related to the symplectic group in [11]. A treatment tailored to the aims of the
present paper was given in [7], whose terminology we now recall.

A Gelfand-Tsetlin pattern of rank r is a triangular array of integers

ao,o aop, - aAor—1 ao.r
ara e air

Aarr
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in which the rows interleave: a;—1,;—1 > a;; > a;—1;. The set of all Gelfand—
Tsetlin patterns with fixed top row is in bijection with basis vectors of a corre-
sponding highest weight representation of GL(r + 1,C). Indeed, any given top
row (ao,do.1,- - -, Ao, ) 18 a partition which may be regarded as a dominant weight
of the GL(r + 1, C) weight lattice. Each successive row of a pattern then records
a branching rule down to a highest weight representation on a subgroup of rank
one less. We will focus mainly on the set of strict Gelfand—Tsetlin patterns, whose
entries in horizontal rows are strictly decreasing. In terms of representation theory,
these patterns result from branching through strictly dominant highest weights. Top
rows of strict Gelfand—Tsetlin patterns are then indexed by strictly dominant weights
A + p, where A is a dominant weight and p is the Weyl vector (r,r — 1,...,0).

Now we come to lattice models. The six-vertex model consists of labelings of
edges in a square grid where each vertex has adjacent edges in one of six admissible
configurations. This model is sometimes referred to as “square ice” where each
vertex of the grid represents an oxygen atom and the six admissible ways of
labeling adjacent edges correspond to the number of ways in which two of the four
edges include a nearby hydrogen atom. If we represent adjacent hydrogen atoms
by incoming arrows, and locations where there is no adjacent hydrogen atom by
outgoing arrows, the six admissible states are as follows:

We will use a representation consisting of a lattice whose edges are labeled with
signs 4 or — called spins. To relate this to the previous description, interpret a right-
pointing or down-pointing arrow as a + and a left-pointing or up-pointing arrow
as —. We then find the following six configurations. (The index i in the table
indicates the row to which the vertex belongs and will be used in later sections.)

The rectangular lattices we consider will be finite, with boundary conditions
chosen so that the admissible configurations are in bijection with strict Gelfand—
Tsetlin patterns with fixed rank r and top row A + p as above. Here A =
(Ar,....,A1,Ag) with A; > A;_; forall j, and we suppose that 1o = 0.

Boundary Conditions. The rectangular grid is to have A, +r + 1 columns (labeled
0 through A, + r increasing from right to left) and r + 1 rows. Then with A + p =
Ar+7r, A1 +1r—1,...,0), we place a — spin at the top of each column whose label
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is one of the distinct parts of A + p, i.e., at columns labeled A; + j for0 < j <.
We place a + spin at the top of each of the remaining columns. Furthermore, we
place a + spin at the bottom of every column and on the left-hand side of each row
and a — spin on the right-hand side of each row.

For example, put » = 2 and take A = (3,2,0) so that A + p = (5,3,0). Then
we have the following boundary conditions for the ice:

@)

The column labels are written above each column, and row labels have been
placed next to each vertex. These row labels will be used in Sect. 3.4, but need
not concern us now. The edge spins have been placed inside circles located along
the boundary. The remaining open circles indicate interior spins not determined
by our boundary conditions, though any filling of the grid must use only the six
admissible configurations in the above table. Such an admissible filling of the finite
lattice having above boundary conditions will be referred to as a state of ice.

Proposition 1. Given a fixed rank r and a dominant weight A = (A,,...,A,,0),
there is a bijection between strict Gelfand—Tsetlin patterns with top row A + p and
admissible states of ice having boundary conditions determined by A as above.

Proof. We begin with a strict Gelfand—Tsetlin pattern. Each row of the Gelfand—
Tsetlin pattern will correspond to the set of spins located between numbered rows
of ice, the so-called “vertical spins” since they lie on vertical edges of the grid, as
follows. To each entry a; ; in the Gelfand-Tsetlin pattern, we assign a — to the
vertical spin between rows labeled r + 2 — i and r 4+ 1 — i in the column labeled
a;,j. (Recall that we are using decreasing row labels from top to bottom as in the
example (2).) The remaining vertical spins are assigned +.

It remains to assign horizontal spins, but these are already uniquely determined
since the left and right edge horizontal spins have been assigned and each admissible
vertex configuration has an even number of adjacent + spins. We must only verify
that the resulting configuration uses only the six admissible configurations (from
the eight having an even number of + signs) for the corresponding ice. This
is easily implied by the interleaving condition on entries in the Gelfand-Tsetlin
pattern, which is violated if one of the two inadmissible configurations appears. See
Lemma 2 of [7] for more details. |
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A simple example illustrates the bijection:

53310 <—>®E%®€92®%®€92®é20€920 3)
G ICICHC N
NN NN

3.3 Metaplectic Whittaker Functions and Patterns

We now discuss the relation between the spherical metaplectic Whittaker function
on the n-fold cover of GL(r + 1) over a nonarchimedean local field and Gelfand—
Tsetlin patterns. Such a relationship, described globally, was conjectured in [8] and
was established in [5]. Though it is possible to pass from the global result to its
local analogue, a direct local proof was given by McNamara [15], expressing a
metaplectic spherical Whittaker function as a generating function supported on strict
Gelfand—-Tsetlin patterns. In this section, we recall two formulations of this explicit
description, following [6]. In Sect. 3.4, we will explain their translations to square
ice via the bijection of Proposition 1.

Let GF) denote the n-fold metaplectic cover of G(F) = GL(r + 1, F), where
F denotes a nonarchimedean local field having ring of integers o and residue field
of order ¢. (There are several related such extensions, but we will use the one in [12]
where their parameter ¢ = 0.) We assume 2n divides ¢ — 1, which guarantees that F'
contains the group p,, of 2nth roots of unity. The group Gﬁ ) is a central extension
of G(F) by w,:

1 — jty — G(F) - G(F) —> 1.

We will identify u, C F with the group u, C C of complex nth roots of unity by
some fixed isomorphism. For convenience, we will sometimes denote G—af ) as just
G, and if H is an algebraic subgroup of G, we may denote by H the preimage of
H(F)inG.

For details of the construction of the metaplectic group and results about its
representations, see [16] in this volume. Let B(F) be the standard Borel subgroup
of upper triangular matrices in G(F) and let T'(F) be the diagonal maximal torus.
Then B(F) = T(F)U(F), where U(F) is the unipotent radical of B(F). The
metaplectic cover splits over various subgroups of G (F); for us, it is relevant that it
splits over U(F) and over K := G(oF), the standard maximal compact subgroup.
By abuse of notation, we will sometimes denote by K the homomorphic image of
K in G under this splitting.
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Lets: G(F) — G be any map such that 7 os is the identity map on G(F'). Then
the map o : G(F) x G(F) — [, such that

s(g1)s(g2) = o(g1,82)5(2182)

is a 2-cocycle defining a class in H?(G(F), it,). A particular such cocycle was
considered by Matsumoto [17], Kazhdan and Patterson [12], and Banks, Levy, and
Sepanski [1]. By these references, such as [12] Sect. 0.1, the map s may be chosen
so that the restriction of o to T'(F) is given by the formula

151 u

o ; = [ ujn 4)
I Ur+1 i<j
The cocycle o also has the property that o(u, g) = o(g,u) = 1if u € U(F), and
so the restriction of s to U(F) is a homomorphism to G.

We will call a representation 7 of G or any subgroup genuine if 7w({g) = {n(g)
when ¢ € p,. Recall that 7 denotes the inverse image under 7 of the maximal
torus T(F). » »

Let A be a maximal abelian subgroup of 7" containing 7' N K. Given a genuine

character y on A/ (T N K), we may choose complex numbers s = (sy,...,s,) such
that
wm
w?
X ) = l_[ g~ 2% | g :uniformizerinoF  (5)
’ i+j<r+l1
w‘mr+l

whenever the matrix diag(w™!, ..., @™ +1) is in A. The condition on the integers

m; is that they are in a sublattice of nZ’t1. See [16] for an explicit characteri@tion
of this sublattice and for further details on principal series representations of G.
Let () be the resulting induced representation from A to T'. We extend i (y) to
the inverse image B of B(F) in such a way that s(U(F)) acts trivially. We then
consider the representation of G obtained by normalized induction. We call the
vector space of the resulting representation /(). It has a one-dimensional space of
K -fixed, i.e., spherical, vectors. Let ¢x : G — i(y) be a nonzero element of 1(y)X.
Let wy denote the representative in K of the long element of the Weyl group.
Then we may construct the spherical metaplectic Whittaker function via the integral

/ 1 (w08 g) Y (1), ©)
U(F)

where V¥ is the character of U(F) given by
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I xip - X1
I xp3 - X2,

v . : = o (in,i+l)

1

and ¥y : F — C is an additive character that is trivial on oy but on no larger
fractional ideal. Strictly speaking, the integral (6) as we have defined it is an i (y)-
valued function and should be composed with a natural choice of linear functional
on i (x) to obtain a complex-valued function. The functional maps ¢g to f : G — C
defined by

f@s@) diag(@™, ..., o™k =¢ [ ¢ @m0,

i+j<r+l1

where ¢ € Pnsu_ € U(F),k € K, and m; € Z, according to the Iwasawa
decompositionin G. Composing the i (y)-valued function in (6) with this functional,
we thus obtain

mmzf FOwos(u)g)¥(u) dut, ™
U(F)

which we refer to, for brevity, as the metaplectic Whittaker function.

The transformation property W(s(u)gk) = ¥ (u)W(g) forallu € U(F),k € K,
implies that it suffices to determine W on the inverse image of the torus 7' (F).
Moreover, since W is genuine, it is sufficient to specify W on s(7'(F)). Given A =
3. Ajw;, where w; are fundamental weights, let 7, = diag(wti T2+ TA gphat
+Ar,...,1) and set t; = s(#)). Due to our assumption that F' contains the 2nth
roots of unity, (w, @), = 1, and by (4), it follows that t; ; , = t;t,,.

It is not hard to show that W(t;) = 0 unless A is a dominant weight.

Given any dominant weight A, the metaplectic Whittaker function W(t;), may
viewed as a Dirichlet series in the r complex variables s = (s1,...,s,) used to
define the character y in (5). Then W(t,) is equal to the series

Z(S, A) — Z H(wk‘ e wkf;k) qkl(l_231)+"'+kr(l_25r)’ (8)

where the complex-valued function H (wkl U, Lo A) will be defined presently.
The definition of H was first given in the context of metaplectic Eisenstein series in
[8] and later [5], and a different definition is given in [9]. The series (8) is a p-part
of a Weyl group multiple Dirichlet series as defined in those papers. It is a Dirichlet
polynomial since, as we will see, only finitely many values of H are nonzero. The
equality of Z(s; A) and W(t,) is the main result of [15].

The positive integer n will continue to denote the degree of the metaplectic cover.
We define the Gauss sum
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g(a.b) = / (, @)2 o (@™ u) du,

where (:,-), denotes the nth power Hilbert symbol, and we normalize the Haar
measure so that u(or) = 1. As a further shorthand, for any positive integer b,
we set

gb)=gb—-1,b), h(b) = g(a,b) foranya > b. )

Note that for a fixed base field F', these values depend only on b mod n. If n divides
b, in particular if n = 1, we have

1 1
gb)y=——. hb)=1--. (10)
q q

We caution the reader that the g-powers that appear in the g(a, b) are normalized
differently than in the previous works [5, 6, 8]; these are the functions denoted gb
and /" in [6]. The function / is a degenerate Gauss sum whose values may be made
explicit, while (if n + b) the function g(b) is a nontrivial nth order Gauss sum.

Any strict Gelfand-Tsetlin pattern ‘T with entries indexed as in (1), we associate
a weighting function y to each entry a; ; withi > 1 as follows:

g(blj)lfal]_al 1j—1>»
v(aij) = h(b;;)if ai—1; # aij # ai—1 j—1, Wwhere b,j—Z(a,l—a, 1)
1 if a;; =a;-1;, I=j
(11)

Then we define

" @ =[]]]r@.p. (12)

i=1j=i

If T is a Gelfand—Tsetlin pattern that is not strict, we define G''(¥) = 0. We also
define

K%)= kI(%),.... k"' (T))  where kf(f):Zai,,—ao,,. (13)

In particular, note that both G and k' are defined using differences of elements
above and to the right of a; ;. The superscript /" may be regarded as indicator that
these quantities are defined using such “right-hand” differences.

We present these definitions in this ad hoc fashion in order to give a brief
and self-contained treatment, but in fact, they have very natural descriptions when
reinterpreted as functions on a Kashiwara crystal graph. See [6] for an extensive
discussion.

As an example, consider the Gelfand-Tsetlin pattern ¥ in (3). Then

(bl,ls blyz,bzqz) = (1, 1, 2) so that GF(I) = h(l)g(2) and (kl,kz) = (1, 3) (14)
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Theorem 1. (Brubaker, Bump, and Friedberg [5]; McNamara [15]) Given a

dominant weight A and a fixed r-tuple of nonnegative integers k = (ki,...,k;), the
function H(w"',... @k ;L) appearing in the p-adic Whittaker function W(ty) is
given by

H(w*: ) :=H@", . . =" n= > 6" ).
kU (%)=k
where the sum is over all Gelfand-Tsetlin patterns with top row corresponding to

A + p satisfying the subscripted condition.

There is a second explicit description of H(w*;1) in terms of “left-hand”
differences using functions G2 and k* that are analogous to those defined in (12)
and (13), respectively. Assuming that ¥ is strict, set

gleij)ifa;j = aj—;, j
S(Cl,',j) = ]’l((,’,"j) ifa,-_lqj 7é aij.j 7é aji—1,j—1, where Cij = Z(ai_l,/_l—ai,,)
1 ifa,-,j =dj—1,j-1, =1
(15)
and define
roor
GA® =[[[]8@:.. (16)
i=1j=i

If T is not strict, define G4 (%) = 0. We also set

(%) = (k{(%),...,k*(T)), where kf‘(i):Zao,,_l—a,.+1_,,,.+1_,.
=1

(17)
The main theorem of [6] is as follows:

Theorem 2. (Statement A of Brubaker, Bump, and Friedberg [6]) Given a

dominant weight A and a fixed r-tuple of nonnegative integers k = (ky, ..., k;),
Y. GT®= ) G (18)
K (%)=k KA (%) =k

where the sums each run over all Gelfand-Tsetlin patterns with top row correspond-
ing to A + p satisfying the subscripted condition.

As an immediate corollary, we have a second description of the p-adic Whittaker
function in terms of G2 and k. We refer to these two recipes on the left- and right-
hand sides of (18) as the I"- and A-rules, respectively.

In fact, there are many other descriptions for the Whittaker function, though these
are generally much more difficult to write down as explicitly. Indeed, as explained
in [3, 14], there exist bases for highest weight representations corresponding to any
reduced expression for the long element wy of the Weyl group of GL(r +1)—S,, the
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symmetric group on r letters—as a product of simple reflections o;. These make use
of the Kashiwara crystal graph and are commonly called string bases. Using these
bases, one may make a correspondence between long words and recipes for the
Whittaker function (cf. [6, Chap. 2]). From this perspective, the I"-rule corresponds
to the word

wo = 01(0201) -+ (0,07—1 -+ - 01),

whereas the A-rule corresponds to the word
wo = 0,(0,-10,) -+ (0102 - 0;).

These two words are as far apart as possible in the lexicographic ordering of all
reduced decompositions. The proof of Theorem 2 as given in [6] uses a blend of
combinatorial arguments to give various equivalent forms of the identity (18) as we
move through the space of long words. We highlight various aspects of the proof in
more detail now.

The proof is by induction on the rank r. The inductive hypothesis allows us to
equate any two recipes for the Whittaker function whose associated long words
differ by a sequence of relations obtained from a lower rank case. For example,
assuming the rank 2 case allows us to perform a braid relation 070,01 = 020107,
which could be applied to the word corresponding to the I"-rule above. After a
series of such identities, we arrive at two descriptions for the Whittaker function as
a weighted sum over Gelfand-Tsetlin patterns that agree on the bottom r — 2 rows
of the pattern. Thus, we may restrict our attention to the top three rows of a rank
r pattern. We refer to such three-row arrays of interleaving integers, where we fix
both the top and bottom of the three rows, as “short Gelfand—Tsetlin patterns” and
re-index the three rows as follows:

b b e Lo 4
t= a, a ar—1 ar . (19)
mp  m my—

These two recipes for the Whittaker function will be called G’ (as this recipe uses
a right-hand rule for the entries a; and a left-hand rule for the entries m ;) and G4
(where the use of rules is reversed). To be exact, using the definitions in (11) and
(15), we have

r r—1 r r—1
G" O =]]r@) [[s0m) and G*"(©) =][]8@)[]rmy.
i=1 j=1 i=1 j=1

kFA kAF

Rather than define functions and on short patterns in analogy to the recipes
above, it is enough to specify the middle row sum as the other rows are fixed.
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Before stating the reduction, we require one final ingredient. There is a natural
involution g, on short Gelfand—Tsetlin patterns of rank r, given by acting on middle
row entries according to

gr: a; —> max(;—y,m;—y) + min(¢;, m;) —a; =: a.,

where if i = 0, we understand that max (£, mo) = £y, and if i = r, min({,, m,) =
{,. This involution ¢, is used by Berenstein and Kirillov (cf. [13]) to define
a Schiitzenberger involution on Gelfand-Tsetlin patterns. Brubaker, Bump, and
Friedberg use the involution ¢, to give the following reduction of Statement A in [6].

Theorem 3. (Brubaker, Bump, and Friedberg; Statement B of [6]) Fix an (r +

1)-tuple of positive integers £ = (Lo, ..., L,), an (r — 1)-tuple of positive integers
m = (my,...,m,_1), and a positive integer k. Then
Y 6= Y G ),
S ai=k Yal=k

where a; are the entries of q,(t), k' = 3, {; + 3. m; — k, and the sums range
over all short patterns with top row £ and bottom row m, satisfying the indicated
condition.

See [4] and Chap. 6 of [6] for a full proof of the reduction from Statement
A to Statement B. As noted above, the proof of Statement B proceeds through
a series of additional reductions which occupy 13 chapters of [6]. In brief, for
“generic” short patterns t, the Schiitzenberger involution ¢, gives a finer equality
G2 (t) = G4 (g,(t)), which implies the equality of Statement B summand by
summand. By “generic,” we mean that the entries of the short pattern are in general
position—in particular, for all i, £; # m; using the notation of (19). Note that the
Schiitzenberger involution does not necessarily preserve strictness for all patterns
in the remaining nongeneric cases, and one needs much more subtle arguments
to handle these short patterns. For such patterns, Statement B is not in fact true
summand by summand, and one does need to sum over all short patterns with fixed
row sum to obtain equality.

As an alternative to establishing Statement B, we mention that one could also
prove Theorem 2 by computing the Whittaker integral in two ways, mimicking
the techniques of [5], thus obtaining a proof via decomposition theorems in
algebraic groups which respect the metaplectic cover. In subsequent sections of this
paper, we propose a third way of viewing these theorems using ice-type models,
which portends new connections between number theory/representation theory and
statistical physics.
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3.4 Ice and Metaplectic Whittaker Functions

In statistical mechanics, one attempts to infer global behavior from local interac-
tions. In the context of lattice models, this means that we attach a Boltzmann weight
to each vertex in the grid, and for each admissible state of the model, we consider
the product of all Boltzmann weights ranging over all vertices of the grid. Then
one can attempt to determine the partition function of the lattice model, which is
simply the sum over all admissible states of the associated weights. In this section,
we explain how to obtain the metaplectic spherical Whittaker function of Sect. 3.3
as the partition function of a lattice model with boundary conditions as defined in
Sect. 3.2.

We make use of the two sets of Boltzmann weights B” and B“. When
these weights are applied to an admissible state of ice, we refer to the resulting
configuration as Gamma ice or Delta ice, respectively. In order to indicate which set
of weights is being used at a particular vertex, we use ® for Gamma ice and o for
Delta ice.

Gamma i m i~ i m i~ i m i
ice

Boltzmann
weight BT

—
o
—

g(a) Zi h(a)z;

Delta i ™ i ~ i ™ i ~ i T i
ice

Boltzmann
weight B4

—_—
—

1 g(a)z; % h(a)z;

(20)

In giving these Boltzmann weights, we have made use of the notation in (9). For
Gamma ice, the constant a equals the number of 4 signs in the ith row to the right
of the vertex e. For Delta ice, the constant a equals the number of — signs in the ith
row to the left of the vertex o. In either case, we refer to this constant as the “charge”
at the vertex. Note by our definitions in (9), the Boltzmann weights only depend on
the charge mod n. The weights B’ and B“ also depend on parameters z;, where
i indicates the row in which the vertex is found. For Gamma ice, the row numbers
decrease from r 4 1 to 1 as we move from top to bottom as in the example (2),
while for Delta ice, the row numbers increase from 1 to  + 1. These z; are referred
to as “spectral parameters.” We often suppress the dependence of B” and B* on
the spectral parameters z;, 1 <i <r 4+ 1.Letz = (z1,...,2r+1)-
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Given an admissible state of Gamma ice (or Delta ice, respectively) S, we define

g S =[]B"0). G*S.0=]]B0).

veS veS

21

where the product (in either case) is taken over all vertices in the state of ice S.

Proposition 2. Under the bijection of Proposition 1, with strict pattern ¥ corre-
sponding to an admissible state of Gamma ice S, then G' (%) as defined in (12) is
related to G (S,z) in (21) as follows:

gl" (8, Z) — Gr(g)zfﬁ?)_dl (T)Zfl (D)—d2(%) | .. Zgrfl(‘z)_dr(‘z)zfr(‘z),
where d; (%) is the sum of the entries in the ith row of the pattern .

Similarly, for an admissible state of Delta ice S, G* (%) as defined in (16) is
related to G2 (S, z) in (21) by

do(T)—d\(T) _d1 (T)—d - dy
gA (S,Z) — GA((I)ZIO(S) l(s)zzl(z) 2(%) .. Zfrfl(‘f) dr(‘z)zr_‘:‘f:).
We first illustrate this for Gamma ice with our working example from (3) in

rank 2. The admissible Gamma ice S and its associated Boltzmann weights are
pictured below.

5 4 3 2 1 0

o &P @ S EP o
e e e Boltzmann weights

© O 0 @ o @ PP
m e ey 2 2 2 liz3| zz |z3|h(1)z3] 1
000 o o o (s
S IS iV Tal Vel el Ve 11 Ja| o |z
NVAR SANY \Uéu oTrToTto

© O © & D

Taking the product over all these weights, we obtain G''(S,z) = h(1)g(2)zizz;,
which indeed matches G’ (T)z3® ™1 JO=EELE) with T as in (3) and
G' (%) asin (14).

Remark 1. The relevant terms in the metaplectic Whittaker function take the form

GF((I)qkf(T)(l—Zsl)+-~-+kf(’§)(l—25,) (22)
as given in Theorem 1. However, k' (%) = (kI',... ,kI') may be easily recovered
from our fixed choice of highest weight A + p = ({4, ...,¢,,0) and the row sums
d; := d; (%) used in the monomial above. Indeed,

K =di—(+-+0), K =dy—(s+-+0)..... k' =d,.
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Hence, upon performing this simple transformation, we may recover the monomials
in ¢'7%% in (22) from those in z; appearing in G’ (S,z) of the above proposition.
A similar set of transformations holds for the Delta rules.

Proof. Proposition 2 is a consequence of the bijection given in Proposition 1. We
sketch the proof for Gamma ice, as the proof for Delta ice is similar. Recall that —
vertical spins correspond to the entries of the pattern, so the values y(a; ;) given in
(11) should appear in the Boltzmann weights for vertices sitting above a — vertical
spin. The particular cases of (11) to be used are determined by the vertical spin above
the vertex in question. We now show that each b; ; in (11) matches the charge, the
number of 4 signs to the right of the vertex in row i. Equivalently, we must show
that every spin between column ¢; ; and column a;—; ; in row i is assigned a +. So
suppose that a; ; > a;— ; and let v be the vertex in row 7, column a; ;, and let w be
the vertex in row i, column a; 1 ;. Then the north and south spins for v are (4, —)
which, by the six admissible configurations in Gamma ice, forces the east spin to be
+. All the vertices between v and w have north and south spins (+, +) according to
our bijection. The east spin + for v becomes the west spin for the neighboring vertex
V' to the right of v, forcing the east spin of v/ to be + as well. This effect propagates
down the row, forcing all row spins between v and w to be +. Finally, we must show
that the spectral parameters for G are given by differences of consecutive row sums.
This is Lemma 3 of [7]. O

Given a fixed set of boundary conditions for the vertex model and an assignment
B of Boltzmann weights associated to each admissible vertex, we refer to the set of
all admissible states S as a “system.” Given a system &, its partition function Z(&)
is defined as

Z(8):=Z(G.2)= Y B(S.2). with B(S.2):=[][B0). (23
Se6s veS

where this latter product is taken over all vertices v in the state S. In particular, let
&' denote the system with boundary conditions as in Sect. 3.2, Boltzmann weights
B', and rows labeled in descending order from top to bottom. Similarly, let G4
denote the system with the same boundary conditions, but with Boltzmann weights
B4, and rows labeled in ascending order from top to bottom. Using this language,
we may now summarize the results of the past two sections in a single theorem.

Theorem 4. Given a dominant weight A for GL,4,, the metaplectic Whittaker
function W(t,) is expressible as either of the two partition functions Z(&") or
Z(G4).

This is merely the combination of Theorems 1 and 2 together with Proposition 2.
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3.5 Transfer Matrices

Baxter considered the problem of computing partition functions for solvable lattice
models (cf. [2]). His approach is based on the idea of using the Yang—Baxter
equation (called the “star-triangle identity” by Baxter) to prove the commutativity of
row transfer matrices. We will show that basic properties of metaplectic Whittaker
functions can be interpreted as commutativity of such transfer matrices, and at least
when the metaplectic degree n = 1, the Yang—Baxter equation can be used to give
proofs of these.

The row transfer matrices shall now be described. Let us consider a row of
vertices that all have the same Boltzmann weights. If B = (ay,az, by, b2, ¢1, ¢2),
then we use the assignment of Boltzmann weights in the following table:

Boltzmann

. aj a by by c1 2
weight

The vertical edge spins in the top and bottom boundaries will be collected into
vectors « = (an,...,o%) and § = (Bw,...,Po). The subscripts correspond to
the columns which, we recall, are numbered in ascending order from right to left.
For example, if « = (—,+,—, +,+,—) and 8 = (+,—, +, +, +,—), we would
consider the partition function of the following one-layer system of ice:

(24)

Let Vp(a, B) denote the partition function. Recall that we compute this as
follows. We complete the state by assigning values to the interior edges (unlabeled
in this figure) and sum over all such completions. Let Vg be the 2V 1 x 2V 1 matrix
whose entries are all possible partition functions Vg (e, B), where the choices of «
and B index the rows and columns of the matrix, respectively. This is referred to as
the transfer matrix for the one-layer system of size N with Boltzmann weights B at
every vertex.
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Now let us consider a two-layer system:

5 4 3 2

—_
o

M
Hm\J/

W
M
CIjm\J/
R\ /4R
Hm\.l./

W

O ) .
D D D D @

Note that we are using two sets of Boltzmann weights B; and B, for the top and
bottom layers, respectively. We may try to express the partition function V(e, y) for
the two-layer system pictured above having top row « as in (24) and bottom row
y = (+,+,+,—, +, +) in terms of one-layer partition functions. However, each
one-layer system is only determined upon a choice of vertical spins lying between
the rows. One such choice of edge spins is B as in the one-layer system in (24), but
we must sum over all possible choices to get the partition function of the two-layer
system. Therefore,

¢

N

Vie.y) =Y _ Vs (. B)V5,(B.7).
B

which is precisely the entry V(c, y) in the product of the two transfer matrices Vp,
and Vp,.

Cases where the transfer matrices commute are of special interest. Indeed, this
commutativity means that one can interchange the roles of Boltzmann weights
B; and B, in (25), and the value of the product of the transfer matrices is
unchanged. Baxter considers the case where By = (a,a,b,b,c,c) and B, =
(a',d',b',b’',c’,c’) for arbitrary choices of a,a’, b,b’, c,c’. His boundary condi-
tions are different from ours. Baxter’s boundary conditions are toroidal; that is,
the boundary spins at the left and right edges of the each row are equal, so those
edges may be identified, treated as interior edges, and hence, summed over. With
this modification, Baxter proves that if A = A’, where A = (a? + b — ¢?)/2ab
and A’ is similarly defined with a’, b" and ¢’, then the transfer matrices commute.
Obtaining a sufficiently large family of commuting transfer matrices is a step
towards evaluating the partition function, since by doing so, one can make the
eigenspaces one-dimensional. Thus the problem of simultaneously diagonalizing
them has a unique solution and therefore becomes tractable.
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Let us now show how Statement B may be formulated in terms of commuting
transfer matrices. We consider a two-layer system having a layer of Gamma ice and
a layer of Delta ice, thus:

We use the values in (20); in the top row, the spectral parameter is z;, and in the
bottom row, it is z,. Regarding the boundary conditions, as always, the rows of ice
must have + at the left edge and — at the right edge. Furthermore, we fix a choice of
spins for the top edge and the bottom edge of this two-layered ice such that the top
edge has two more — than the bottom row. In this example, the locations of the —
along the top edge are (reading from right to left) 0, 1, 4, 6 and along the bottom
edge, they are at 3, 4. We have labeled each vertex with e I'} and oA, to remind the
reader of the Boltzmann weights that we are using. We will call this system &'
and its partition function Z(&74).

On the other hand, we may consider the same configuration with the roles of the
Boltzmann weights for Gamma and Delta ice switched, as in the figure below. Note
that the boundary conditions remain the same as in (26). We will refer to this system
as G4T,

Theorem 5. Given top and bottom boundary values as vectors of spins o and y
and Boltzmann weights Blr and BZA as in (20), let & and GT be the systems
described above. Then Z(672) = Z(&4T).

We prove this by showing that the claim is equivalent to Statement B, stated as
Theorem 3 here and proved by combinatorial means in [6]. Note in particular that
we have reformulated Statement B as the commutativity of two transfer matrices.
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Proof. We associate two strictly decreasing vectors of integers with & and y, which
we call I and m. Namely, let I = (ly,[;, 15, ...), where the ;s are the integers such
that o, = —, arranged in descending order; m is defined similarly with regard to y.
Thus, in the example (26) above, there are — spins in the 6,4, 1,0 columns of the
top row and so I = (6,4, 1,0), while m = (4, 3). Similarly, given any admissible
state of the system, let 8 be the middle row of edge spins and associate in similar
fashion a sequence @ = (ay, as, .. .) according to the location of — signs in f.

We observe that the sequences /, a, m interleave. This holds for the same reason
that the rows of the pattern interleave in Proposition 1; it is a consequence of
Lemma 2 of [7]. Therefore, the legal states of either system & are in bijection with
the (strict) short Gelfand—Tsetlin patterns

L & - by 4
t= ay  ax  ap- ar
mp  m my—1

These are not in bijection with the terms of the sum G’ (t) appearing in Theorem 3
because there is no condition on the middle row sum. Rather, the states of ice give all
possible middle row sums. However, letting G (S, z) denote the Boltzmann weight
for a state of I'A ice, this may be regarded as a homogeneous polynomial in the two
spectral parameters z; and z, of our two-row system. In the notation of Proposition 2,
this monomial is z’fo(t) — (t)zg‘(t) 2O \where d;(t) denotes the ith row sum in the
short Gelfand—Tsetlin pattern above. Clearly, the middle row sum can be recovered
from knowledge of this monomial for fixed choice of boundary conditions « and y,
which dictate the top and bottom row of the short pattern. A similar correspondence
may be obtained for the A" system whose short patterns t' are associated to
o1 do()—di (V) _di(t)—dr(t) fes .
the monomial z, Z; . Of course, the boundary conditions remain
constant whether we are using the I'A or AI' system, so do(t) = do(t') and
d>(t) = dy (V). Thus, the monomials
Ztlio(t)—dl(t)zgl (H—d2()

n_ / n_ /
and Zgo(t) dl(t)zclll(t) da(t)

agree precisely when

di(t) = do(t) + da(t) — di(t),
which is exactly the condition on the sum in Theorem 3. Hence we see that the
commutativity of transfer matrices—the statement that Z(&'4) = Z(&47)—is

an equality of two homogeneous polynomials, and the matching of each monomial
corresponds to the identity of Statement B for each possible middle row sum.
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3.6 The Yang—Baxter Equation

The proof of Theorem 5, the commutativity of transfer matrices, uses the equiv-
alence with Theorem 3 and hence implicitly relies on all of the combinatorial
methods of [6] in order to obtain this result. In this section, we want to explore
the extent to which Baxter’s methods for solving statistical lattice models, most
notably the Yang—Baxter equation, may be used to prove the commutativity of
transfer matrices.

In our context of two-dimensional square lattice models, the Yang—Baxter
equation may be viewed as a fundamental identity between partition functions on
two very small pieces of ice—each having six boundary edges to be fixed, three
internal edges, and three vertices each with an assigned set of Boltzmann weights.

Definition 1 (Yang—Baxter Equation). Let R, S, and T be three collections of
Boltzmann weights associated to each admissible vertex. Then for every fixed
combination of boundary conditions o, 7, &, B, p, 6, we have the following equality
of partition functions:

® ®
GNPOR =0 OO @
V4 0 =27 Q R . 27
@ O—+-® O—4>@ ®
@ @

Recall that these partition functions are sums of Boltzmann weights over all
admissible states. Hence, the left-hand side is a sum over all choices of internal edge
labels w, v, y, while the right-hand side is a sum over internal edge labels ¢, i, 6.
Note that the roles of S and T are interchanged on the two sides of the equality.

In the diagram above one vertex, labeled R has been rotated by 45° for ease of
drawing the systems. It should be understood in the same way as S and 7—it has a
Boltzmann weight associated to a set of admissible adjacent edge labels. However,
vertices of this type have a distinguished role to play in the arguments that follow,
so we use the term R-vertex to refer to any vertex rotated by 45° like R in (27).

Once equipped with the Yang-Baxter equation, the commutativity of transfer
matrices, i.e., invariance of the partition function under interchange of rows, may
be proved under certain assumptions. We illustrate the method with a three-layer
system of ice G having boundary conditions and admissible vertices like those of
the system &', to give the basic idea. Suppose we wanted to analyze the effect of
swapping the second and third rows in the following configuration:
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(28)

Suppose there exists only one admissible R-vertex having positive spins on
the right, without loss of generality, we take it to have all positive spins. Then
the partition function Z(&) for (28) multiplied by the Boltzmann weight for the
R-vertex with all + spins is equal to the partition function for the following
configuration of ice:

(29)

(By assumption, the only legal values for a and b are +, so every state of this
problem determines a unique state of the original problem.) Now we apply the
Yang—Baxter equation to move this R-vertex rightward, to obtain equality with the
following configuration:
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Repeatedly applying the Yang—Baxter equation, we eventually obtain the configu-
ration in which the R-vertex is moved entirely to the right.

(30)

In drawing the above picture, we have again assumed that there is just one legal
configuration for the R-vertex having two — spins on the left, and assumed the spins
of this R-vertex were all —. If we let &’ denote the system with the same boundary
conditions as & shown in (28) but with the second and third row Boltzmann weights
interchanged, we have shown

BR( x )Z(G’):BR( x )Z(@S’), €3]

where Bgr denotes the assignment of Boltzmann weight to each configuration. In
particular, if the two admissible R-vertices coming from the left- and right-hand
sides of (31) have equal Boltzmann weights, we obtain the exact equality of the two
configurations, i.e., the commutativity of transfer matrices.

We now explore the possibility of obtaining a Yang—Baxter equation with S
and T in (27) corresponding to the Boltzmann weights B’ and B4, respectively,
from (20). In light of our previous argument, this would give an alternate proof of
Theorem 3. However, the Boltzmann weights in (20) depend not only on spins +
or — on adjacent edges but also on a “charge” a mod 7. Recall from Sect. 3.4 that
using B! weights, charge records the number of + signs in a row between the given
vertex and the — boundary spin at the right-hand edge the row. Using B# weights
charge counts the number of — signs between the vertex and the 4+ boundary at
the left.

In order to demonstrate a Yang—Baxter equation, we need Boltzmann weights
that are purely local—i.e., depend only on properties of adjacent edges—so we need
a different way of interpreting charge. We do this by labeling horizontal edges with
both a spin and a number mod n. We declare the Boltzmann weight of these vertices
to be 0 unless the edge labels a, b mod n to the immediate left and right of the vertex
reflect the way charge is counted for the given spins. For example, with B” weights,
a = b + 1 if the spin below a is + and a = b if the spin below a is —. Using this
interpretation, we record the nonzero vertices for both sets of Boltzmann weights:
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Gamma a+1 / ! a a ! a a 4 a a+1 ! a
e | o+o e—@—@ &to
BF
weight 4 hayz !
£ (32)
Delta a : a a ! a a ! a
ice
BA
weight g(a)z 1 Zi 1 h(a)z;

The above vertices are admissible for any choice of @ mod n (and the integers a 4 1
are, of course, understood to be mod n as well). This means that we are generalizing
the six-vertex model, since due to the dependence on a, each vertex has more than
six admissible states.

For n = 1, the charge labels on horizontal edges are trivial as the Gauss sums
g(a) and h(a) are independent of a as evaluated in (10). For this special case, it
was shown in [7] that a Yang—Baxter equation exists with weights S and 7 as
in (27) taken to be B and B? from the table above. We refer the reader to [7]
for the corresponding Boltzmann weights R for which the Yang—Baxter equation
is satisfied. Thus, we obtain an alternate proof of Theorem 4, or equivalently
Theorem 3, using methods from lattice models.

In general, we know from [6] that Theorem 4 is true for any positive integer n.
It would be extremely interesting to find a local relation like (27) similarly proving
that the transfer matrices commute, and this is currently under investigation by the
authors.

3.7 Weyl Group Invariance and the Yang-Baxter Equation

Kazhdan and Patterson [12, Lemma 1.3.3] describe how the metaplectic Whittaker
functions transform under the action of the Weyl group. This invariance—which
does not follow directly from the description of the coefficients H given in
Theorem 1—plays a key role in the proof of the metaplectic Casselman-Shalika
formula for GL,4; by Chinta and Offen [10], and was the main inspiration for the
Weyl group action in [9].

In this section, we restate this Weyl group invariance in terms of the partition
functions defined in the previous sections. We content ourselves to describe how a
simple reflection acts on the partition function. Let 0; denote the simple reflection
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in the Weyl group corresponding to the i th simple root. We let o; act on the spectral
parameter 2 = (21,22,...,241) by 0i(2) = (21, .+, 21, %41, s Tid2s - o5 Tt 1),
i.e., the ith and (i + 1)st coordinates are transposed. Here, the notation Z(G,z)
refers to the partition function associated to the system &, where G is either of the
two systems &' or G4 introduced in Sect. 3.4.

Further define, for j =0,...,n —1,

. —— l—q_l . . x"—y”
PI(x,y) =)y ———=— and QY (x,y) = ¢()) =——=—. (33)
Xt =q )y Xt —=q )y

where we again use the shorthand notation of (9) and interpret g(0) := g(n) =
—q~". The functions P,Q are closely related to the functions rsl,rsz of [12, Lemma
1.3.3].

For each 1 <i < r, we may decompose the partition function

Z@&.2)= Y z7(6.2. (34)

0<j<n

where Zl.(j )(('5,z) is the sum over all states S € & such that B(S,z) is equal to
a constant times z{' ---z, ', where a; — ;41 = j (mod n). Then the Whittaker

function satisfies
Z9(8,0:) = PV (Gig1.2) - Z9(8.2) + 0V (zig1.2) - Z27(8,2). (35)

We now consider the extent to which the functional equations (35) can be
interpreted in the language of transfer matrices. First, we consider the case n = 1.
The decomposition on the right-hand side of (34) has only one term, namely Z
itself, since the congruence condition is automatically satisfied by all monomials
for any i. The ith functional equation (35) becomes

Z(6,0:(2) = (PO41,2) + 09i41,2)) Z(8,2)

or
(@i —zi+1/9Z(6,2) = (—zi /9 + zi+1) Z(6, 0; (2)). (36)

Recalling the effect of 0; on z defined above, the partition function on the right-
hand side is the result of swapping the spectral parameters associated to rows i and
i + 1 in the system &. Note that (36) is not exactly the same as “commutation of
two transfer matrices” because we do not have the identity Z(6,z) = Z(6, 0;(2)).
Indeed, the partition function Z is not a symmetric function, but it is very close
to one: it is a Schur polynomial times a g-deformation of the Weyl denominator
(cf. [7D).

Nevertheless, with assumptions as in Sect. 3.6, we may ask for a Yang—Baxter
equation leading to a proof of (36). That is, we seek sets of Boltzmann weights



3 Metaplectic Ice 89

R, S, and T satisfying (27) where S = T = B! or S = T = B“. Comparing (36)
with (31), we further require Boltzmann weights By for the R-vertices such that

BR( ) ¢ )ZZi—ZiH/q,
Bp (%) =—zi/q + Zi+1.

It follows from results in [7] that we may use the following coefficients in the R-
vertex for Gamma ice:

o | o | 8% |0 & |

2 —q znlzin — g w e Gin — )@ — (=g Dz [(L— ¢ Dz

(37)

We are taking all ; = —¢g~" in Table 1 in [7] and observe that the order of the
rows in this paper is opposite those in that paper. Our convention here is the same
as in [6].

For n > 1, the situation is more complicated, but rather suggestive. In general,
Zl-(j)(G) # Zl-("_j)(G), so we cannot rewrite (35) to look like (31) and (36).
However, according to (33), the denominators of P and Q appearing in the i-
th functional equation (35) are equal and independent of j. For any j, they are

7 —2i41/q. Thus, clearing denominators, we may rewrite (35) as follows:

AR VAL (CRTE)!
= pVGir1.2) - 26,2 + ¢V Gt z) - 26,2, (38)
where
PD@snz)=0—q¢ N 2™ ¢V@r2) = g() (@4 — 7).

Let S be a state of the system, and as before, let ay, ..., a,4+; be the exponents
of zi,...,z+1 in B(S,z). We make the following observation: In the weights (32),
there is a contribution of z; if and only if the charge is not augmented as we move
across the vertex. Since (in Gamma ice) the charges at the right edge will have value
0, it follows that the charges at the left edge will have value c;, where a; + ¢; is the
number of vertices in the row. Therefore,

a;i —ai+1 = Ci+1 — Cj, (39)
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and we may therefore write

z7(6.2) = > B2

ci41—¢; = jmodn

We will now explain how, with a suitable R-vertex, (38) could also be interpreted
as an identity similar to (31), but now with sets of Boltzmann weights involving
charges. We will describe the characteristics that such an R-vertex might have. For
simplicity, we will assume that n is odd.

The value will depend on the spins and charges of the adjacent edges. Let us
assume first that the spins on these four edges are all +, with charges d; 1, d;,
d{,,, d{ as follows:

dipr %y
(40)

d d

7 k3

If j =di+1—d;and j' = d/ | — d], then we require that the Boltzmann weight
of this vertex v is zero unless j' = j orn — j mod n. Moreover, in these cases, we
require that the Boltzmann weight of (40) is

j'  modn
n— j' modn

P(’:)(Ziﬂ,zz‘) if j
¢V zig1,2) if j

except when j = 0. In this case, the weight will be

POGC11.7) +qVCi.5) =4 — g7y,
since g(0) = —¢ L.
Regarding the case where the vertex has spin — on all four adjoining edges, we
require that the Boltzmann weight of

is zero unless d; = d;+1 = 0, in which case, itis 7}, | — q_lz?.

Assuming that the R-vertex has the above properties, we may now express the
functional equation in a form similar to (31). Let us fix the vertical edge spins above
the z; 41 row and below the z; row and work with just the two relevant rows; let &
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denote the two-layer system consisting of just rows i + 1 and i with these boundary
spins fixed. In order to establish (35), or equivalently (38), it suffices to show

(@4 — q_IZ?)Z;j)(G/, 0:(z))
= p D (zig1,27) - Z,*(j)(GI,Z) + ¢V @1, 2) - Zi(n_j)(G/,z).
Since Z(&',z) is a homogeneous polynomial in the z;, and since only @; and a; 11
are allowed to vary, we have a; + a;4; equal to a constant. Since we are assuming
that n is odd, there will be a unique pair of charges ¢; and ¢; 4+ mod n such that (39)

is satisfied, and such that ¢, — ¢; = j modulo n.
Now let us consider the partition function of the system

obtained by attaching the R-vertex to the left of &’. From the above discussion, this
equals

PV @i, 2) - Zi(j)(G/»Z) + ¢V ig1,2) - Z,-(n_j)(G/,z).

Similarly, the partition function of the system

is

@ —q7'2)27(E 0:(2)).

The equality of these partition functions implies (38).

At this writing, we do not know if the values of the R-vertex that we have
described can be completed to a full R-matrix such that the appropriate Yang—
Baxter equation is satisfied. We know that this can be done when n = 1, and
since (38) is true, it seems very plausible that this can be done in general. Thus,
we may conjecture that within this scheme, or some similar one, it is possible
to formulate a Yang—Baxter equation adapted to these weights that gives a proof
of (38). Such a “metaplectic” Yang—Baxter equation might well have importance
beyond the problems that we have discussed in this paper.
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Chapter 4
Metaplectic Whittaker Functions and Crystals
of Type B

Ben Brubaker, Daniel Bump, Gautam Chinta, and Paul E. Gunnells

Abstract The spherical metaplectic Whittaker function on the double cover of
Sp(2r, F), where F is a nonarchimedean local field, is considered from several
different points of view. Previously, an expression, similar to the Casselman—Shalika
formula, had been given by Bump, Friedberg, and Hoffstein as a sum is over the
Weyl group. It is shown that this coincides with the expression for the p-parts of
Weyl group multiple Dirichlet series of type B, as defined by the averaging method
of Chinta and Gunnells. Two conjectural expressions as sums over crystals of type B
are given and another as the partition function of a free-fermionic six-vertex model
system.

Keywords Weyl group multiple Dirichlet series ¢ Crystal graph ¢ Solvable lattice
model ¢ Metaplectic Whittaker function ¢ Chinta-Gunnells averaging method

Let n be an integer and let F' be a nonarchimedean local field whose characteristic
is not a prime dividing n. Let ; be the group of kth roots of unity in the algebraic
closure of F; we assume that u,, C F. Let G be a split, simply connected
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semisimple algebraic group over F. We assume that G is actually defined over the
ring o of integers in F in such a way that K = G(o) is a special maximal compact
subgroup of G(F).

Matsumoto [26] constructed an n-fold metaplectic cover G(F) of G(F). For
this, we only need u, C F, but the hypothesis », C F simplifies the metaplectic
cocycle and the resulting formulas. We are interested in values of a spherical
Whittaker function W on G (F).

Let G = Sp,, and let the cover degree n = 2. In this case, we connect a known
description of the Whittaker function to the theory of multiple Dirichlet series:

e Bump, Friedberg, and Hoffstein [12] gave a description of the Whittaker
function, essentially as a sum of at most 2" irreducible characters of Sp(2r),
that is, of Cartan type C,.

e Chinta and Gunnells [17] gave a recipe for the p-parts of Weyl group multiple
Dirichlet series for any root system @ and any positive integer n. In the special
case ® = B, and n = 2, we show that this agrees with the description of the
Whittaker function in [12].

In addition to these descriptions, we have three other conjectural formulas for the
metaplectic Whittaker function on Sp,, using the root system of type B,. Let A
denote a dominant weight for this root system and let 7, be an element of the split
maximal torus parametrized by A. Then:

* The value of the Whittaker function W at #, may be expressed as a sum over the
Kashiwara crystal B, (Conjecture 1).

* The value W(t,) may be expressed as a sum over the Kashiwara crystal B) 4,
where p is the Weyl vector (Conjecture 2).

e The value W(t,) may be expressed as the partition function for a statistical lattice
model-square ice with U-turn boundary (Conjecture 3).

The second and third conjectural descriptions are easily seen to be equivalent but
giverise to very different considerations. We offer partial proofs of these conjectures
in the following sections. The conjectures are further convincingly supported by
extensive calculations using SAGE. An interesting feature of this situation is the
interplay between type B descriptions and type C descriptions.

We thank the anonymous referee for a careful reading of this chapter. This work
was supported by NSF grants DMS-0801214, DMS-0844185, DMS-0847586, and
DMS-1001079.

4.1 The Classical Case: The Casselman—Shalika Formula

Before considering~ the metaplectic case, let us review the situation when n = 1,
so that G(F) and G (F) are the same. Let A be the weight lattice of the connected
L-group ©G°. It is the group X (*T) of rational characters of a maximal torus -7
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of LG°.If L € A andz € LT, we will denote by 7* the value of A at z. Let @ be the
root system of ©G°, so that the root system of G is the dual root system ®.

If T is an F-split torus of G, then A =~ T(F)/T(0). If L € A, let 1,
be a representative of its coset in 7'(F). Unramified quasicharacters of T (F)
correspond to elements of 7. Indeed, an unramified quasicharacter £ of T'(F) is
a quasicharacter that is trivial on 7 (o), that is, a character of A, and so there is an
elementz € ©7T such that £(#;) = z*. In this case, we write £ = &,.

If « is a positive root, then the coroot " is a positive root of G with respect
to T. Let X,v be the corresponding root eigenspace in Lie(G), and let N be the
maximal unipotent subgroup with Lie algebra @ ,cp+ Xov. Then B = TN is a
Borel subgroup.

Let ¥y be a nondegenerate character of N. Then vy is trivial on exp(X,v) if
« is a positive root that is not simple. If « is a simple positive root, then we may
arrange that vy is trivial on exp(X,v) N K but no larger subgroup of exp(Xyv).

Let £ = £, be a character of T'(F), which we extend to a character of B(F') by
taking N(F') to be in the kernel. Let § be the modular quasicharacter of B(F'). The
normalized induced representation (£) consists of all locally constant functions
f : G(F) — C such that f(bg) = (£8§'?)(b)f(g), with G(F) acting by
right translation. The standard spherical vector f° is the unique function such that
f°(k) = 1fork € K. Let wy be a representative of the long Weyl group element.
We may assume that wy € K. Then the spherical Whittaker function is

W) = / £°(wong) ¥ (n) dn. )
N(F)

If £ = £, then the integral is convergent provided |z%| < 1 for « € @ . For other z,
it may be defined by analytic continuation from this domain.

According to the formula of Casselman and Shalika [13], we have W(f,) = 0
unless the weight A is dominant, and if A is dominant, then

ww) =[] 1-q"20. @)

acdt

where y; is the irreducible character of “G° with highest weight A and ¢ is the
cardinality of the residue field.
Let 3, be the Kashiwara crystal with highest weight A, so that

0k =y "0, 3)

veEB,)

where wt denotes the weight function on the crystal. Ignoring the normalizing
constant [ [, e+ (1 — ¢~ 'z%) in (2), this could be regarded as a formula for the
Whittaker function.



96 B. Brubaker et al.

We note that by the Weyl character formula

1_[ (1 _Za))(/\(z) = Z(_I)I(W)ZW(/H-/\)-H)’ o= % Z o

aedt wew acedt

The factor [[,cp+ (1 —z%) is the Weyl denominator, and the factor [[,cqp+ (1 —
g~ 'z%) which appears in (2) is a deformation of this factor.

We are therefore interested in deformations of the Weyl character formula in
which the deformed denominator appears. A typical such formula will have the
form

[Ta-¢"90= > Gw", )

acopt veB+,

where B; 4, is the Kashiwara crystal with highest weight A 4 p and wt is the standard
weight function on the crystal. We will call a function G on Bj 4, which satisfies
this identity a Tokuyama function. The archetype is the formula of Tokuyama [28],
where it was stated in the language of Gelfand—Tsetlin patterns and translated into
the crystal language in [9]. This is for Cartan type A. For Cartan types C and D,
see [3, 15] in this volume.

For general n, we may define the metaplectic Whittaker function by an integral
generalizing (1), and then ask for a formula of the form

W) =8"7w) Y. G, 5)

VEB) +p

We will give analogs of both (3) and (4) for the metaplectic Whittaker function on
the double cover of Sp,, (F). However, this is the only metaplectic example where
we have an analog of (3), whereas analogs of (4) may be found in many cases of
group and degree of metaplectic cover:

e G =SL, and any n: [7,9, 10]

e G = Spin(2r + 1) and n odd: [3] (rigorously for n = 1 or n sufficiently large)
e G = Spin(2r) and n even: [15]

e G = Sp(2r) and n even: this chapter (rigorously for n = 2)

4.2 The Metaplectic Whittaker Function

We review the formula for the metaplectic Whittaker function on the double cover of
Sp,, (F) which was found by Bump, Friedberg, and Hoffstein. We are assuming that
s C F, which simplifies the formula slightly, since the quadratic Hilbert symbol
(—=1,a); = (a,a); = 1 because —1 is a square.
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1
Let Sp,, = {g € GLo, | gJ'g = J}, with J = (J _Jr), J, =1 .-
' 1
The metaplectic cocycle defining the double cover satisfies
X1 N
o Xr x‘_l . Yr y_l = H(xivyi)Z-
X! !

The double cover §f)2,(F ) consists of pairs (g, €) with g € Sp,,(F) and ¢ = *1.
The multiplication is (g, ¢)(g’, &) = (gg’,e€'0(g, g")). Let Ac = Z'; in the next
section, we will interpret this as the weight lattice of Cartan type C,. An element
A = (A1,...,A,) € Ac is dominant if Ay = --- = A, = 0. We define the
“alternator”

A=) = (6)

wew

as a member of the group algebra of the Weyl group W. As a group acting

on the spectral parameters z = (z1,...,2,), W is the group generated by the
r! permutations and the 2" transformations z; — ziil. The r simple reflections
S1,...,8 € W correspondto s;:z; <> z;41 fori =1,...,r —lands,:z, > 1/z.

We will denote 24 = [ zil" forA € A¢.Let pc = (r,r —1,..., 1) denote the Weyl
vector. By the Weyl denominator formula,

r

Ac@) =Y (-D'"we) =z [[a =D ][0 —zz)0 —zz;").

wew i=1 i<j

We sometimes simply write the denominator as A¢, when clear from the context.
If A € Ac, let

H = -

We fix an additive character ¥ on F. This gives rise to a nondegenerate character
¥y on the subgroup N(F) of upper triangular unipotent matrices n of Sp,,(F)
by ¥yn(n) = Y(nyp + noz + -+ -nyr41). The cocycle o(n, g) = o(g,n) = 1 for
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n € N(F) and g arbitrary, so the map N(F) — ﬁ)z,.(F) givenbyn +— (n,1)isa
homomorphism, and we may identify N(F') with its image.

Ifa € F¥,let y(a) = /la| [¥(ax?)dx/ [¥(x?)dx where the integral is
taken over any sufficiently large fractional ideal. Let s : T(F) —> Spa,(F) be the
mapt > s(t) = (¢,1). Then y(ab)/y(a)y(b) = (a, b),, the local quadratic Hilbert
symbol.

Theorem 1. (Bump, Friedberg, Hoffstein) If A € A¢ is dominant, we have

W(t) = ‘SI%MLCA (z“"C [T- q‘l/zzrl)) w().

i=1

Moreover,

wQ) = (ﬁ y(pl")_l) l_[ (1 + q_%Zi) l_[ (1 _q_lZiZ;l) (1 — q_IZiZj) .

i=1 i i<j

If A is not dominant, then W(t,) = 0.

Let us combine the two most important parts of this formula and write

woy =[T(1+a ) [T(1-a7"a5") (1-a7"az))

i i<j

1 - Cija—
XA_CA (z“'“ l—[ (1—q7"% 1)) . (N

i=1

We note that in this context, A is integral but (7) makes sense if A is half-integral.
Furthermore, the Whittaker function can be extended to the larger group GSp,,. It
is natural to expect that our results can be extended to GSp,, and that the values of
(7) when A is half-integral are to be interpreted as values of the Whittaker function
on GSp,,. Although we cannot confirm this when A is half-integral, we will make
some observations about the values of (7) in this case.

4.3 An Embarrassment of L-Groups

Although Langlands only defined an L-group for algebraic groups, there is a natural
candidate for an L-group of G(F) when G is split. For G = Sp,,, it is natural to
assume that the L-group should be

Sp,, (C) if n is even,
Spin,, . 1(C) if n is odd.



4 Metaplectic Whittaker Functions and Crystals of Type B 99

For example, the alternation of the Cartan type of the L-group is suggested by
Savin [27], who found that the Cartan type of the genuine part of the Iwahori Hecke
algebra was isomorphic to that of Sp,,.(F) if n is odd and of Spin,, . ;(F) if n is
even, suggesting that the L-group of the metaplectic n-fold cover of Sp,, should be
isomorphic to the L-groups of these groups. Thus, we may provisionally expect that
in generalizing the Casselman—Shalika formula to the double cover of Sp,,, the role
of £G° should be played by Sp,, (C), and indeed, such a generalization was found
by Bump, Friedberg, and Hoffstein [12].

It is therefore a little surprising that in generalizing (5), the relevant crystal 5 is
not of type C, but rather of type B,! In explaining this, both the representations of
Sp,, (C) (type C,) and Spin,, . ;(C) (type B,) will play a role.

We will compare these representation theories by the ad hoc method of identify-
ing the ambient spaces of their weight lattices. The weight lattice A¢ of type C, is
7. The lattice A¢ has index two in the weight lattice Ap of type B,. The lattice
Ap consistsof A = (Aq,...,4,) € %Z’ such thatall ; — A; € Z. The Weyl group
W of type B, is the same as the Weyl group of type C,; acting on Ap or Ac, itis
generated by simple reflections sy, ..., s, where s; acting on A = 7" interchanges
Aiand A;41in A = (Ay,...,A,) wheni < r, and s, sends A, — —A,. The Weyl
vector p of any root system is half the sum of the positive roots, and so for B, and
C,, respectively, we have

1 3 1
pB = T Y A pc=(rr—1....1).

If A € Ac is a dominant weight, then the irreducible character of Sp,,.(C) with
highest weight A will be denoted )(f , and similarly, if A € Ap is a dominant weight,
the irreducible character of Spin,, , | (C) with highest weight A will be denoted Xf-
In either case, let g be an element of the relevant group. Letz = (z1,...,z,) be such
that the eigenvalues of g are ziil in the symplectic case or such that the eigenvalues
of the image of g in SOy, 41(C) are zF! and 1 in the spin case. Then the Weyl
character formula asserts that

1 1
1(8) =A@ or p(g) = AR
c B
depending on which case we are in, where the Weyl denominators are

Ac ZA(ZpC)

1/2_—1/2 —1/2_1/2 1/2_1/2 —1/2 _—1/2 —1
:1_[[<Zi Zj _Zi Zj )(Z,’ Zj _Z,' Zj )]H(Zi—zi )7

i<j i
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AB =A (ZPB)

1/2 —1/2 —1/2 1/2 12 1/2  _—1/2 —1/2 12 —1/2
—1_[[< Zl Zj )(Zi Zj _Z,' Zj )]H(Z, _Zi )

i<j i

In particular,

3_2 =T1(="+"") = % [T+, (®)

i=1 i=1

On the face of it, the last formula has little meaning, since the Weyl denominators
live on different groups. We will use it in the next section.

4.4 Ambivalence of the L-Group

Let G be a reductive group over a nonarchimedean local field F'. Let us consider the
role of the L-group in the Casselman—Shalika formula. The semisimple conjugacy
classes of “G° parametrize the spherical representations of G(F). Let 7 be a
spherical representation and z = z, the parametrizing conjugacy class. Then the
values of the irreducible characters of G(F) on z equal the values of the spherical
Whittaker function of 7.

So we should seek a similar interpretation in the metaplectic case. Let G =
Sp,, (F) and let G (F) be the double cover. Either Sp,, (C) or SO, 4+ (C) will serve
to parametrize the principal series representations of G.

We first seek an interpretation of the factor

l_[ (1 + q_%Zi) l_[ (1 - q_lz,-z]_»l) (1—q"ziz5) ®)
; i<j

appearing in (7) as a deformation of a Weyl denominator. The Weyl denominators
of types B and C are, respectively, z~# and z7”C times

1‘[(1 ) [[a -z -zz),  and 1‘[(1 - [ —zzH —zz).
i<j i<j
Now, there are two ways of looking at (9). We may write it as

3 (CRE S  (ERR) ) ((R R LR}

i i<j

and the factor in front may be interpreted as the p-part of a quadratic L-function.
The remaining terms in the product give the typical deformation of the Weyl
denominator of type C, and taking the classical limit g~! — 1 recovers the familiar
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denominator formula in type C. On the other hand, we may let q_% — —1,in which
case (9) becomes the Weyl denominator of type B.
A similar dual interpretation pertains with the factor

1 : i
A_CA (Z)H-,DC 1_[ (1 —q 1/2Zi 1)) ) (10)

k=1

On the one hand, if we expand the product, we get a sum

Z (_q1/2)|S|ALCA (ZA+pC l—[zi_l) ) (11)

Sc{1.23....r} ies

Each term is either zero or an irreducible character of Sp,, (C) by the Weyl character
formula. Hence, (10) may be regarded as a sum of < 2" irreducible characters of
Sp,, (C) and thus has a type C flavor. But, on the other hand, let us again specialize

q% — —1. Then using (8), the factor (10) becomes

ALA(z“PB) = 12 (). (12)
B

This formula generalizes to a formula like (3) for the metaplectic Whittaker function
in the form (10). We will discuss this point in a subsequent section.

4.5 The Weyl Group Averaging Method

Chinta and Gunnells [16,17] gave a construction of the p-parts for multiple Dirichlet
series which applies to any root system and choice of fixed positive integer 7. In this
section, we show that their construction gives the metaplectic Whittaker function
of Spy,(F) when the root system is of type B, and the cover degree n = 2.
(For additional articles on relations between multiple Dirichlet series and Whittaker
functions, see also Chinta and Offen [18] and Chinta, Friedberg, and Gunnells [14].)

This method begins by defining an action on rational functions of the spectral
parameters, which we review in the case at hand.

As before, let T be the maximal torus of diagonal elements in SO,, 1, whose
eigenvalues are z,...,2, 1, zr_l, ... ,zl_l. Let T’ be the preimage of T in Spin,, ;.
The coordinate ring C[7”] of 7" is then generated by z! and by /zi---z,. We
remark that C[T"] can be identified with the group ring C[Ag], with the z;, 1 <i < r
corresponding to the first » — 1 fundamental weights and the product /zi -z,
corresponding to the spin representation (as before, we think of A¢ sitting as a
sublattice of Ap of index 2).
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Let C(T") be the fraction field of C[T"]. Consider the rational map C(T’) —
C(T") that takes z; — z; fori = 1,...,r —land /z1 -~ 2, = —/Z1 2. We
write this map as f(z) — f(ez), slightly abusing notation from before. Then we
define an action of W by

(fls@) = f(sizn), 1=<i<m,

and
121
()@ = e 450+ — 1 (5
- 61 Zr Zr
where
fro = LOHIED g SO S

The braid relations are satisfied, and so this definition extends to a right action
f + f|wforallw € W.Now, the description of [17] for the p-part of the multiple
Dirichlet series may be written as

7 Ape |w

Bt "

H(d.z) =z"rc

wew
We further define a g-deformation of the Weyl denominator A¢ by

Drq) =[]0 —¢"') [0 -q uz)0 =g "zz7").

i=1 i<j

Let

Lemmal. If f = [, then

(/v )@ _ P(w)
f(wz) P(z)

Proof. If p(w,z) = P(wz)/P(z), then p satisfies the cocycle condition p(ww', z) =
p(w,w'z) p(w', z). The left-hand side also satisfies the same cocycle relation, so we
are reduced to the case where w is a simple reflection, in which case, it follows
easily from the definition.

Theorem 2. We have
D@z q) H(A.2) = (=1)" 2" W),

where W(A) is the Whittaker value defined in (7).
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Proof. The function H(A,z) in (13) may be rewritten in the form

)»+,DC )»+,DC

ijv( D/ (z747rCw) = " P()A<P(z)z‘* re, (14)

where the latter equality follows by replacing w by w™! and using the previous
lemma. Again, we have employed the notation for the alternator as in (6). Note
in particular that for any rational function f, A(f(z)) = (—1)"A(f(woz)). Since
Wz = (Zl_l, e zr_l), the expression on the right-hand side of (14) equals

(—1)ztee 1 T —1/2.~1
T Al )

i=1

Multiplying by D(z) and simplifying, the statement follows.

4.6 BZL Patterns

Let wp be the long Weyl group element. Choose a decomposition reduced decom-
position wy = 5, -+ * Su, 1nto a product of simple reflections where 1 < w; < r (the
rank). Let

o= (w,...,0N)

be the corresponding reduced word for wy.

Let B, be the crystal of an irreducible finite-dimensional representation of
highest weight A for any Cartan type and let W be the corresponding Weyl group.
We will denote the Kashiwara (root) operators by e; and f;. There are maps
B — B U {0}. There is a unique element v, € B corresponding to the highest
weight A.

To each vertex v € B) and each reduced word w, we associate an integer
sequence as follows. Let k| be the largest integer such that ekl (v) # 0. Then

let k, be the largest integer such that e],f} e, (v) # 0 and so forth. Upon
using all root operators in the order specified by the long word decomposition,
ef)x --~ef)11 (v) = vy, the vertex corresponding to the highest weight vector. The
sequence (ki,...,ky) determines v and can be arrayed in a pattern to give a
convenient way of parametrizing elements of the crystal. These patterns were
studied by Littelmann [24] and by Berenstein and Zelevinsky [4]. We will refer to
the sequence (ky, ..., ky) as a BZL string or BZL pattern and write (ki, ..., ky) =
BZL,,(v). This construction applies equally well to any symmetrizable Kac—-Moody
group, but we focus entirely on type B root systems and their crystal graphs in this
section.
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Theorem 3. Let B be a crystal graph of type B. There exists a unique function o
on B taking values in the nonnegative integers with the following properties. If v, is
the highest weight vector, then 6(vy) = 0. If x,y € Band f;(x) = y withi <,
then o(x) = a(y). Ife,(x) = 0and y = f¥(x), then

o(x) if k is even,

SOV = 1 6(x) + 1 ifk is odd.

Let us illustrate this with an example:

This illustrates the crystal with the highest weight A = (2, 1) for B,. We draw
x —> y with a solid arrow if y = fi(x) and with a dashed arrow if y = f>(x).
The vertex in the upper right-hand corner is v, . The values of o are shown for every
element.

Proof. We will give one definition of o for each reduced decomposition

wo = swlswz .. 'swrz
of the long element. We will show that these definitions are all equivalent, then
deduce the statement of the theorem. We start with the BZL string of v € B

corresponding to this word. Thus, corresponding to the word

o= (w,ws,...,w,2),
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we produce the sequence k1, ky, ..., k,» with each k, defined by

eif)’;...eif)llv#o’ ekn+1...eklv:()’

Wp w]

k . . .
so that e, i e e](f)ll v = v, is the highest weight element of the crystal base. Define

0u (V) = Z % 1 if k; is odd, (15)

0 if k; is even.
wj=r

We wish to assert that if  and 0’ = (o], ..., a); ,) are two reduced decompositions,
then o, = 0,.

The proof will involve a reduction to the rank two case, so let us first prove that
the statement is true for crystals of type B,. In this case, there are only two reduced
words, and we may assume that w = {1,2, 1,2} and " = {2, 1,2, 1}. In this case,
Littelmann (cf. Sect. 2 of [24]) proved that

ki = max(ky, k3 — ko, ko — k1),

k) = max(ks, ki — 2ks + 2ks, ki + 2ka),
K, = min(ka, 2k, — ks + ko, ks + k1),
K, = min(ky, 2ks — k3. ks — 2ks).

From this, it follows easily that the number of odd elements of the set {k}, k}} is the
same as the number of odd elements of the set {k1, k3}, that is, 0, = 0, .

We turn now to the proof that o, = o0, for arbitrary rank r. Consider the
equivalence relation on all reduced words representing wy generated by w ~ o’
if @ is obtained from w by replacing a string {/,m,l,m, ...} of length equal to
the order N of s;s,, in the Weyl group by the string {m,[,m,[,...} of the same
length. By a theorem of Tits, any two reduced decompositions are equivalent under
this relation. As a consequence, it is sufficient to show that o, = 0, when @’ is
obtained by replacing an occurrence of [, m,l bym,l,m (iftm =1+ 1 < r), or an
occurrence of [, m,l,mbym,l,m,l (if] = r—1,m = r), or an occurrence of [, m
by m,[ when || —m| > 1.

Suppose that i; = [, i;4+; = m, etc. are the elements of w that are changed in o’.
The elements 7, and i/_, of w and w’ preceding this string (if it is not initial) are
not / nor m and similarly for the elements following it. Let

kp, ky

v =€l ey

k] K/ ky+1 K/
=)oty el ey =0,
ll lh ll

e]_(h"'l .

Vs th

k
ey =0,
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so vo=vy=v and v,2 = v’r ,=vy. We will argue that the sequences (vo, vy,
—o.,v2) and (v, V), ... ,v’rz) and the sequences (ki,k», ..., k,2) and (K|, k5, ...,
k!,) are identical, except at indices ¢ through ¢ + N — 2 where @ and ' differ.

To see this, remove all edges of the crystal graph except those labeled / and m,
which produces a crystal graph B’ of type A,, B, A1 x Ay, or A} x Bj. Clearly,
vi—1 = V,_, since w and " agree up to this point. Let B” be the connected
component of B’ containing this. Then v,4y—_; is the highest weight vector in B”
and so is v; y_,. It is now clear that the portion of the BZL pattern which lies
within this crystal is the only part of k1, . .., k,> which is different from k1, .. ., k; -
and we have only to show that the number of k; within this subpattern with @; = r
such that k; is odd is the same as for the klf . That is, we have reduced to the rank two
case. If B’ is of type B,, we have proven this, and the other three cases are trivial,
since an A, or A} X A; crystal has no edges of type r, while an A; x Bj crystal is
just a Cartesian product.

Now, let 1 < i < r. To verify the assertion that o(x) = o(y) if fi(x) =
y, choose a word w whose first element w; = i. If (ky,...,k2) = BLZ,(x),
then (k; + 1, ks, ..., k.2) = BZL,(y). Since o(x) is the number of odd k; with
®; = r, it is obvious that 0(x) = y. On the other hand, suppose that e, (x) = 0.
Choosing w such that w; = r, we have BZL(x) = (ky, ..., k,2) with k; = 0, while
BZL(f*(x)) = (k,ka, ..., k), and so obviously, o(£*(x)) = o(x) if k is odd
and o(x) + 1if k is even.

We recall that the Weyl group acts on the crystal: each simple reflection s; acts by
reversing the i-root strings. It is shown that this action gives rise to a well-defined
action of W on the crystal in Littelmann [25].

Proposition 1. If A is integral, then the function o is constant on W orbits of the
crystal.

Proof. 1t is clear from the definition that reversing the i -root string through v € B,
does not change o (v) if i < r since o is constant on the root string in that case. If
i = r, then the fact that A is integral means that each root string has odd length, and
therefore o (s; (v)) = o (v) in this case also since v—s,(v) = ko, with k even. (Note
that if A is half-integral, the Weyl group action does not preserve o.)

Conjecture 1. Assume that A is integral. Then

1 A . —_ _ o(v) wt(v
A_CA (Z +pc l_[ (1 —q 1/2Zi 1)) — Z (_q1/2) M.

k=1 veEB;

This expresses the metaplectic Whittaker function (except for its normalizing
constant) as a sum over the crystal. As noted in a previous section, the left-hand
side may be expanded as a polynomial in ¢ whose coefficients are composed
of irreducible characters. Hence, the above proposition may be viewed as partial
evidence for the conjecture. It has also been verified numerically for many choices
of A.
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4.7 Decorated BZL Patterns

Let us disregard the normalizing constant (9) for the time being, and consider (10) to
be the value of the p-adic Whittaker function at 7, in ﬁ)z,. (F), where A is a dominant
weight for Spin,, | (C). Strictly speaking, this only makes sense if A is integral.
However, if A is half-integral, it is probable that this scenario can be extended, taking
t) in C%I)zr(F ). In any case, (10) is defined whether A is integral or half-integral.

We saw in (12) that when ¢'/? is specialized to —1, the value of (10) becomes the
character x% of an irreducible representation of Spin,, ,,(C). We will reinterpret
this fact in terms of crystals, showing that for any ¢, the expression (10) may be
interpreted as a deformation of )(f. Indeed, we give a conjectural expression for the
metaplectic Whittaker function evaluated at 7, as a sum over vertices in the crystal
B, by making use of certain decorated BZL patterns.

That is, we decorate the BZL string ki, ..., ky by drawing boxes or circles
around some of the entries according to the following rules. For the boxing rule,
if

ki k _
Jorg ) g (V) =0,
then we box k;. Concretely, this means that the path from v to v, that goes through

ko ki
wnCoys

v, ef)‘l ), e
includes the entire w;-string passing through the vertex ei‘;;, e e(’f)‘l (v). In this sense,
we roughly think of the value k; as being as large as possible and cannot be
increased.

The circling rule may be regarded also very roughly as signifying that the value
k; is as small as possible and cannot be decreased. To make this precise for type
B, and for one particularly nice reduced word w, we take a closer look at the BZL
patterns as treated by Littelmann [24].

We will use the Bourbaki ordering of the weights, so that the fundamental
dominant weights are wy,...,®, with o; = (1,0,...,0) the highest weight of
the standard representation and @, = (%, cees %) the highest weight of the spin
representation. Then the reduced decomposition that we will use is

wo = 8p(Sr—15rSr—1) (Sr—28r—157Sr—15r—1) * + - (S1 -+ S7 =+ 51).

Thus, 0 = (r,r —1L,r,r—1r=2,r—1lr,r—1r—2,..)and N = r*. An
alternative indexing will sometimes be convenient, so we will write alternatively

BZL(V) = (kl, ey k,.z) = (kr.r, k,~_1,,~_1, k,~_1,,~, kr—l,r+1a .. )

Following Littelmann, we put the entries into a triangular array, from bottom to top
and left to right, thus
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kg .- kir kirgr o ki :
. — k5k6k7k8k9
kr—l,r—l kr—l,r kr—l,r+1 kZ k3 k4
kr,r kl

Littelmann proved that the entries in each row satisfy the following inequalities
(independent of the choice of highest weight A):

2ki; = 2kijq1 == 2kipm1 = kip = 2kip41 =0 = 2kin—i = 0.
Note that every value is doubled except the middle one.
We circle the BZL string entry k; if the corresponding lower bound inequality is
an equality. Let us make this explicit in the case r = 3. In this case,

BZL(v) = (k33,kap. ko3, koa ki1, ko, ki3, kg kis) = (ki ka, ... ko),

and the array is:

ki ki ks kia ks ks k¢ k7 kg ko
koo kos koy = ko k3 ky . (16)
k33 ki
We have
ks3 =0,

and if k33 = 0, we circle it. We have 2k, , = k, 3, and if this is an equality, we
circle k; 5. Similarly, k5 3 = 2k, 4, and if this is equality, we circle k; 3.
We attach a simple root of the B, root system to each column of the array, in this
order:
Ay e s 01,0, 0p—1,...,0]1.

The assignment is chosen so that a BZL string entry is in the column labeled by «;
if the corresponding element of the long word w is i. Thus, letting ¢; be the sum of
the ith column, we have

wt(v) = A — (¢c1 + car—1)0) — (€2 + Cop—1)p — - -+ — Cr Q.

Only «; is a short root.

4.8 A Tokuyama Function on BZL Patterns

Let p be a prime element in the nonarchimedean local field F. Let (, ), be the local
nth power Hilbert symbol. For any m and nonzero ¢ € o, we define the nth order
Gauss sum
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mx
gmo= Y v (=)o
x mod ¢
ged(x,c) =1
We will only need these for r = 1, 2. For a nonnegative integer a, we also use the
shorthand notations

a—1

gi(a) =g (p* ", p*). hi(a) = g(p“. p*).

In the special case n = 2, then all these Gauss sums may be made explicit. The
Gauss sum g (1, p) is a square root of ¢, which we will denote ¢'/?; by choosing
the additive character ¥ correctly, we may arrange that it is the positive square root.
Assuming n = 2, we then have

_1 a=l(g — 1) if a is even,
g1(@) = ¢ %, ha) =19 (g—1) :
0 otherwise,

and
@) =—¢""",  ha)=q""(qg-1).

We now assume that n is even, and that B is crystal of type B,. If v € B, we
define

g% h, (k) if k is unboxed and uncircled,
G(v) = l_[ g% g (k) if k is boxed but not circled,
o if k is circled but not boxed,

keBZL(v
ALY if k is both boxed and circled,

where the subscript # = #(k) in the cases above is 1 if the root corresponding to k
is «,, and t = 2 otherwise. This means that t = 1 if k is in the middle column of
the BZL array (16) and ¢ = 2 otherwise. Note that these differ from the weighting
functions used in [9] in three ways:

e Due to the presence of both long and short roots, we must use two kinds of Gauss
sums, indexed by ¢ (as done in [6]).

* The function G(v) has been normalized by ¢ =¥ which ultimately simplifies the
formulas (and was called G"(v) in Chap. 1 of [9]).

e We have made our BZL patterns using the ¢; instead of the f;, which has the
effect of permuting the contributions G (v) assigned to any given weight vector v.

Now, let A be a dominant weight. Then we claim that G(v) is a Tokuyama function
for the metaplectic Whittaker function. More precisely:

Conjecture 2. Assume that A is integral. Then with W(A) as in (7), we have

W)= > Gz ™.

vEB)4p
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In order to make progress on this conjecture, we translate the problem to the
realm of statistical lattice models. For more on the relationships between bases of
highest weight representations and statistical lattice models, see [5] in this volume.

4.9 Ice Models

We will now give an alternative description of the Whittaker function as the partition
function of a statistical system in the six-vertex model.

The use of the Yang—Baxter equation to evaluate the partition functions for the
six-vertex model was initiated by Baxter [1]. The so-called “domain wall” boundary
conditions, which are different from those used by Baxter, were introduced by
Korepin, who in the field-free case obtained recursion relations for the N x N
partition function; Izergin used these relations to evaluate the partition function as a
determinant. See [21], Sect. VII.10, and Kuperberg [22], who explains how to use
the Yang—Baxter equation to prove the Korepin—Izergin determinant formula and to
use it to enumerate alternating sign matrices.

Meanwhile, Tokuyama [28] obtained a generalization of the Weyl character
formula that expresses the character of the irreducible representation of GL(#, C)
with highest weight A (a fixed dominant weight) times a deformation of the
Weyl denominator as a sum over Gelfand-Tsetlin patterns. Hamel and King [19]
reformulated Tokyuma’s result as evaluating the partition function of a six-vertex
model. Their proofs were combinatorial, based on jeu de taquin. It was shown by
Brubaker, Bump, and Friedberg [8] that the results of Tokuyama and Hamel and
King may be proved using the Yang—Baxter equation.

The Yang—Baxter equation used by Brubaker, Bump, and Friedberg is a differ-
ent case from that of the Korepin—Izergin determinant formula since it requires
Boltzmann weights that are not “field-free,” but which are “free-fermionic.” (These
terms are defined in Sect. 7 of [11] in this volume.) The boundary conditions are a
generalization of the domain wall boundary conditions considered by Korepin and
Izergin, that is, the special case A = 0.

Regarding the free-fermionic Yang—Baxter equation, Korepin and Izergin had
found a parametrized Yang—Baxter equation for the free-fermionic six-vertex
model with parameter group SL(2). See [21], page 126. A slightly more general
parametrized Yang—Baxter equation for the free-fermionic six-vertex model, with
parameter group GL(2) x GL(1), was used by Brubaker, Bump, and Friedberg [8]
to prove the results of Tokuyama and Hamel and King.

Beyond [22], Kuperberg [23] considered other lattice models that he used to
enumerate other classes of alternating sign matrices. One that is particularly relevant
for us is the “U-turn model.” Hamel and King [19] found deformations of the
Weyl character formula for the group Sp(2r, C) representing a character times a
deformation of the Weyl denominator, the partition function of a U-turn model.
Ivanov [20] then proved a variant of this formula using the free-fermionic Yang—
Baxter equation.
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In view of the Casselman—Shalika formula, the partition function computed
by Ivanov may be regarded as the value of a spherical Whittaker function on an
odd orthogonal group. This interpretation of the results of Hamel and King and
Ivanov is explained in Brubaker, Beineke, and Frechette [2]. See also [3] where an
interpretation of this Whittaker function as a sum over crystals is given.

In this chapter, we will use a variant of the model considered by Hamel and King,
Ivanov and Brubaker, and Beineke and Frechette in order to express the Whittaker
functions on the metaplectic double covers of Sp(2r). The model that we give is
very similar to that in Ivanov, the only difference between the systems being the
Boltzmann weights at the U-turn or “cap” vertices.

We consider a rectangular grid having 2r rows and the number of columns to
be determined. The intersections of the rows and columns of the grid will be called
vertices. The vertices in the odd-numbered rows will be designated “Gamma ice”
(labeled e, and those in even numbered rows (labeled o) will be designated “Delta
ice.” Each pair of rows will be closed at the right edge by a “‘cap” containing a single
vertex. Thus, if r = 2, the array looks like:

1

KA

=

1
2
©

(D

We have labeled the boundary edges by certain signs . The interior edges will also
be labeled with signs, but these signs will be variable, whereas the boundary edge
signs are fixed and are part of the data describing the system.

The boundary edge signs are to be assigned as follows. We put alternating signs
—,+,—, +, ... on the left edge, so that the rows of Delta ice begin with — and the
rows of Gamma ice begin with +. We put + signs at the bottom of each column.
For the top, we label the columns with half integers beginning with % at the right
and increasing by 1 from right to left. Given a highest weight A of type B, we put
— in the columns labeled from values in A + pg. Thus, if r = 2 and A = (4,2),
then A + pg = (171 %), and so we put — in those columns, as indicated in the figure
above. The remaining top edges are labeled +.
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A state of the system is an assignment of spins =+ to the remaining interior edges.
For the Gamma and Delta vertices, the assignments will be taken from Table 1 in
Ivanov [20] in this volume.

For the cap vertices, which we will label with a [, the two adjacent edges must
have the same sign, and here we use different weights from Ivanov, as follows:

O Cap
vertex

Boltzmann —«/—_tzm 12
weight ! !

For the moment, we may regard #,z;, ...,z as arbitrary parameters to be deter-
mined later. Given a highest weight A of type B, we may fix boundary spins as
above. Then an admissible state is one in which each vertex in the state has a
Boltzmann weight taken from the above table. Let &, = &,(z1,...,2,¢) be the
set of all states.

Given a state S € &, of the system, the Boltzmann weight BW(S) of the state
is the product over all vertices of the weights of the vertex. The partition function
Z(©) is the sum of the BW(S) over all states S.

As before, we let the Weyl group W of type B, act on the parameters zy, . .., z,;
it is generated by permutations of the z; and the 2" transformations z; — ziil.

Theorem 4. The product

] =iV | [T+ tzizp) (0 + 1227 | 2(8) (17)

i>j

is invariant under the action of W.

The ideas of this proof are similar to those in [8] and [20], where the “caduceus”
braid also appears.

Proof. Structurally, the proof is the same as that of the result in Ivanov [20]. Due
to the difference in the Boltzmann weights at the cap vertices, the formulas turn out
differently, and some auxiliary results are different between the two proofs.

We first show invariance under the simple reflections which interchange
zi and zj41.

The parametrized Yang—Baxter equation in [8] implies the following statement,
which is the same as Lemma 1 in [20]. Given any pair X,Y € {I, A}, we may
make three types of vertices: XY, X, and Y, each of whose Boltzmann weights is
given by the above tables. Call these flavors of vertices R, S, and T, respectively.
Let gy, ..., &¢ be six choices of sign £. Then the following two partition functions
(each involving respective Boltzmann weights at three vertices) are equal:
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® 9
N/ TO T L

o ¥é@ @@EJ o

This means that (on each side of the equation) we sum over all assignments of signs
to the three interior edges. The reversal of the spectral parameters and of the order
of the § and T vertices is indicated.

Now, consider four rows of the system which have (alternately) A, I', A, I”
vertices, with spectral parameters z,,z- 25 andz ' (So j =1+ 1.) To the left of
these four rows, we attach the following caduceus braid, which was employed in
this context for type C by Ivanov [20]:

5@ @
AA
70, 07

-1
€1 ) %;

i

See (6) of [20] for a picture of the resulting configuration, with the caduceus braid
attached.

We observe that there is only one legal configuration for this system which has
(&4, €3,82,€1) = (—, +,—, +). This configuration is:

450 OF
10, 0710, O
.o’ y% %y ey

= O O
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The partition function for this piece of ice is therefore just the product of the values
at the four vertices, which can be read off from the above table:

(tzj + 5 )@ + 1z2) g + 27w +257). (18)

Hence, we may attach the caduceus to the left of four rows in our original U-turn
ice configuration, and the resulting partition function multiplies the original partition
function by this factor.

Using repeated application of the Yang—Baxter equation as in Ivanov [20], the
braid may be moved across resulting in a configuration as in (7) of Ivanov [20]. In
the process, the z; and z; spectral parameters are interchanged—effectively, the two
pairs of rows are switched. To analyze the resulting partition function requires the
following lemma, which is the analog of Lemma 3 in Ivanov [20].

Lemma 2. Let gy, &3, €3, 84 € {+, —}. Then the partition function of the system on
the left in the following diagram:

@
J

5 ()
j

- ®
K2

()
1

equals
(tzi + 27Dz +2) g7 + 5 )0z + 757, (19)

times the partition function of the system on the right.

This lemma allows us to pass the braid all the way through the U-turn ice,
resulting in an interchange of parameters z; and z; = z;4;. Thus, our original
partition function is related to that of U-turn ice with z; and z;4+; swapped by the
ratio of (18) to (19). This ratio equals

g +im _z L+img' e L+iggg!

ii+tzp u 14iz;z! 5 1 +itz;770

which means that the product (17) is invariant under this interchange.
Now, we consider the effect of the interchange z, <> z,!. For this, we begin by
transforming the very bottom row of I" vertices with spectral parameters z, into A
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vertices with the spectral parameter z,! by flipping the signs of all the horizontal
edges in the row. Thus, we will be using the following weights before and after the
described change:

PP OO PO OO PP S—-eD
A I AR I B

Boltzmann 1 1 1
weight z 1 2 t z i (t+1)

1

¢ | & o Q Q ¢

600 6—o0-P | Po-P 60O | PoO
e & | & | & | ©6 | 6 | ©

Boltzmann 1
weight

i

1 2 1 27Nt +1)

This change has no effect on the Boltzmann weights because of the boundary
conditions. Indeed, only + signs occur in the bottom edge spins, and therefore only
the first three types of vertices in the table above occur. In order to compensate
for the change, we must replace the cap vertices with the following modified ones,
which we label by B instead of [I:

M Cap % it
vertex
Boltzmann 12| —1/2
. — —er/ Zr /
weight

Now, we attach a A A vertex to the left, using the following Boltzmann weights:

J i|J ilj i|J ilj ilJ i

AA i Il Jle J| Jle Jl J

Boltz'mann tzp + 2t |27t +1) [tz =tz | 2 — 27t | (B4 Dz | 20+ 1271
weight

As the signs in the bottom row have all been reversed, we are attaching the braid on
the left to a pair of rows each beginning with —. There is only one such admissible
AA vertex—the last in the table above. Attaching this braid then multiplies our
original partition function by z, +7z,'. We use the Yang-Baxter equation repeatedly
to push this AA vertex across the bottom two rows until it encounters the cap.
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Then we have the following configuration, referred to by Kuperberg [23] as the
“fish equation”:

It may be checked that the value of this configuration is
(1 - \/—er) (1 + \/—tzr_l)

times the value of the single B vertex. After this is substituted, we may then repeat
the flipping of all signs in the bottom row, turning the vertices in this row back into
I vertices, but now with parameter z, ! changed to z,.

Therefore, z, + tz; ! times Z(&) equals (1 — /—1z,)(1 + /—tz,!) times the
partition function with z, replaced by its inverse. This implies that (17) is invariant
under z, — 7, 1.

Conjecture 3. Take t = —é. Then, Z(&) equals

7"(eB)

Ac l—[ (1 + q_l/zzi) 1_[ (1 _q_IZiZj) (1 - q_IZizjl)

i i<j

A (z“'pc lL[ (1- q‘l/zzfl)) .

i=1

It follows from Theorem 4 that Z(&) is divisible by the product

l_[ (144q"%z) l_[ (1-q"zz)) (1 —q_lzz‘zfl) .

i i<j

and the quotient is a polynomial in ¢~'/2 and z;, z;'! that is invariant under the Weyl
group.
Theorem 5. The conjecture is true if r < 3.

We omit the proof, but we note that both sides as polynomials in the arbitrary
parameter ¢ ~'/?, we may confirm the identity in the conjecture for the special values
g2 = 0or 1.If r < 3, we may prove the conjecture by bounding the size of the
possible degree of ¢'/? in the resulting partition function and using the known pair
of special values in g ~'/2.

Thus, this ice-type model conjecturally represents the Whittaker function. This
conjecture implies Conjecture 2 using the bijection between states of U-turn ice
with boundary corresponding to A and vertices in the crystal 53, of type B having
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the G(v) # 0. This bijection is implicit in [5] given the bijection between Gelfand—
Tsetlin patterns and BZL patterns described by Littelmann [24].
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Chapter 5
Littelmann Patterns and Weyl Group Multiple
Dirichlet Series of Type D

Gautam Chinta and Paul E. Gunnells

Abstract We formulate a conjecture for the local parts of Weyl group multiple
Dirichlet series attached to root systems of type D. Our conjecture is analogous to
the description of the local parts of type A series given by Brubaker et al. (Ann. of
Math. 166(1):293-316, 2007) in terms of Gelfand—Tsetlin patterns. Our conjecture
is given in terms of patterns for irreducible representations of even orthogonal Lie
algebras developed by Littelmann (Transform. Groups 3(2):145-179, 1998).

Keywords Weyl group multiple Dirichlet series ¢ Crystal graph ¢ Gelfand-Tsetlin
pattern ¢ Littelmann pattern

5.1 Introduction

We begin with some notation. Let @ be a reduced root system of rank r and n a
positive integer. Let F' be a number field containing the 2n-th roots of unity. Let S
be a set of places of F' containing the Archimedean places and those that ramify over
Q, as well as sufficiently many more places to ensure that the ring of S-integers Og
has class number 1. Let m = (my,...,m,) be a fixed nonzero r-tuple of elements
of Og. Lets = (s1,...,s,) be an r-tuple of complex variables.

Given the data above, one can form a Weyl group multiple Dirichlet series. This
is a Dirichlet series in the r variables s; with a group of functional equations

G. Chinta
Department of Mathematics, The City College of New York, New York, NY 10031, USA
e-mail: chinta@sci.ccny.cuny.edu

P.E. Gunnells (><)

Department of Mathematics and Statistics, University of Massachusetts,
Amberst, MA 01003, USA

e-mail: gunnells @math.umass.edu

D. Bump et al. (eds.), Multiple Dirichlet Series, L-functions and Automorphic Forms, 119
Progress in Mathematics 300, DOI 10.1007/978-0-8176-8334-4_5,
© Springer Science+Business Media, LLC 2012



120 G. Chinta and P.E. Gunnells

isomorphic to the Weyl group W of @. More precisely, one can define a set of
functions of the form

Z(smY¥) =Zy(s;sm,¥) = Z %

where each ¢; ranges over nonzero elements of Og modulo units, ¥ is taken from
a certain finite-dimensional complex vector space §2 of functions on (F¢)", and H
is an important function we shall say more about shortly. Then, the collection of
all such Z as ¥ ranges over a basis of £2 satisfies a group of functional equations
isomorphic to W with an appropriate scattering matrix. For more about why Weyl
group multiple Dirichlet series are interesting objects, as well as a discussion about
the basic framework for their construction, we refer to [9].

The heart of the construction of Z is the function H. This function must be
carefully defined to ensure that Z satisfies the correct group of functional equations.
The heuristic of [9] dictates how to define H on the powerfree tuples ¢, m (those
tuples such that the product ¢; - - - ¢,m; - - - m, is squarefree). Moreover, it is further
specified in [9] how the values of H on the prime power tuples ¢ = (w*!, ..., w""),
m = (w'!,..., @), where w € Oy is a prime, determine H on all tuples.

Thus, writing £ for a tuple of nonnegative integers (1, ...,l,) and letting ="
denote the tuple (wll, ce, w”), the construction of Z reduces to defining the
multivariate generating function

N(xi,...,x:0) == Z H (wk‘,...,wk’;wz) xf‘ exkr, (1)
ki =0

At present, there are two different approaches to defining the generating function
(1) and thus to constructing Weyl group multiple Dirichlet series. Both are related
to characters of representations of the semisimple complex Lie algebra attached
to @.Letw;,i = 1,...,r be the fundamental weights of @ and let 0 be the strictly
dominant weight > " (/; + 1)w;.

e The Gelfand-Tsetlin approach [4,5,7], which works for @ = A,, gives formulas
for the coefficients H (wkl, ks wz). These formulas are written in terms
of Gauss sums and statistics extracted from Gelfand-Tsetlin patterns for the
representation of sl,; (C) of lowest weight —6.

* The averaging approach [11-13,15], which works for all @, uses a “metaplectic”
deformation of the Weyl character formula to construct a rational function with
known denominator, whose numerator is then taken to define N.

Both approaches have their advantages and limitations. The Gelfand-Tsetlin
construction gives very explicit formulas for H, formulas that (remarkably) are
uniform in # and that lead to a direct connection with the global Fourier coefficients
of Borel Eisenstein series on the n-fold cover of SL,4; [8], but suffers from
the obvious disadvantage that it only works for type A. The averaging approach,
on the other hand, works for all @, quickly leads to the definition of Z, yet
has the drawback that it seems difficult to get similarly explicit formulas for



5 Littelmann Patterns and Weyl Group Multiple Dirichlet Series of Type D 121

the coefficients of N. By combining recent work of Chinta and Offen [14] and
McNamara [17], we know that in type A, the two definitions of N coincide, although
it seems difficult to give a direct combinatorial proof.

This note arose from our attempts to understand the Gelfand—Tsetlin approach
to (1). In the course of studying [5], it became plain to us that the most suitable
language to understand the constructions in [5] is that of Kashiwara’s crystal graphs,
as encoded in the generalization of the Gelfand—Tsetlin basis due to Littelmann [16],
which we call Littelmann patterns. These patterns, which reformulate and extend
earlier work of Berenstein—Zelevinsky [1-3], are well suited for constructing H .
Indeed, the definitions in [5] become much more transparent when phrased in terms
of these patterns, as one can see in [8].

To test the relevance of this observation, we decided to try to formulate a
Littelmann analogue of the Gelfand—Tsetlin construction when @ is a root system of
type D. The main result of this note is thus Conjecture 1, which explicitly describes
the generating function N(xy, ..., x,;{) for the w-part of the type D Weyl group
multiple Dirichlet series constructed using the averaging method. We remark that
for n = 1, proving Conjecture 1 would give a type D analogue of a theorem of
Tokuyama [18].

To formulate Conjecture 1, we began by translating the definition in [5] into
Littelmann patterns. We then compared the putative @ -part with that constructed
in [11, 13]. This allowed us to adjust the contributions of certain patterns until we
reached agreement for all examples.

We have some limited evidence for the truth of Conjecture 1. First, for D, =~
A x Ay, the conjecture is easily seen to be true. Next, we have tested the conjecture
for D3 when n < 4 and for Dy when n < 2 by computing the w-parts for
many tuples £ using the averaging method and comparing with the predictions of
Conjecture 1. In all cases, including many not used in experimental development
of Conjecture 1, there was complete agreement. Note that D3 >~ A3, so the w-part
of the Ds-series has already been described explicitly using the results of [5], and
in this guise has already been compared extensively with w-parts constructed by
averaging. Nevertheless, agreement in rank 3 between w-parts constructed using
Conjecture 1 and using averaging is a nontrivial check since D3 Littelmann patterns
are quite different from A3 Gelfand—Tsetlin patterns.

Finally, Brubaker and Friedberg have recently computed the global Whittaker
coefficients of Eisenstein series on covers of GL4 by inducing from the parabolic
subgroup of type GL, x GL; [6]. Their computations—which build on earlier work
of Bump-Hoffstein [10] and are the first attempts to extend the results of [8]
beyond type A and to work with other parabolic subgroups—express the Whittaker
coefficients in terms of certain exponential sums. In the course of their work,
Brubaker and Friedberg found that the integrals can be broken up in accordance
with the decomposition of H(w"!, ..., w* ;@) given by Conjecture 1 and that if
one does so, the contributions to the global Whittaker coefficient exactly agree with
Conjecture 1. We find this connection between Eisenstein series and @ -parts to be
strongly convincing evidence of the correctness of Conjecture 1.
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5.2 Littelmann Patterns

Let g be the simple complex Lie algebra of type D,, in other words the Lie algebra
of the group SO,,(C). Let 8 be a dominant weight of g and let Vg be the irreducible
g-module of highest weight 6. In [16, Sect. 7], Littelmann describes a way to index
a basis of Vjp using patterns that are analogous to the classical Gelfand—Tsetlin
patterns for the Lie algebra of SL, (C). A Littlemann pattern is a length £ sequence
of nonnegative integers, where £ is the length of the longest word of the Weyl group.
Essentially this sequence records the lengths of certain strings of edges in the crystal
graph. We refer to [16] for more details.

First, we label vertices of the Dynkin diagram of g with the integers 1, ...,r. We
label the upper node of the right prong 1, the lower node of the prong 2, the node at
the elbow of the prong 3, and then the remaining nodes increase from 4 to r, reading
right to left (Fig. 5.1). We remark that this is not the standard labeling by Bourbaki,
which begins with 1 at the left of the diagram.

A Littlemann pattern 7' for D, consists of a collection of integers a; ;, where
1<i<r—1landi <j <2r —2.We picture T by drawing the integers placed in
r — 1 rows of centered boxes. The first row contains 2r — 2 boxes, the second 2r — 4
boxes, and so on down to the ( — 1)st row, which contains two boxes. The integers
are placed in the boxes so that a; ; is placed in the leftmost box of the ith row, and
then, the remaining integers a; ; are put in the boxes in order as j increases. We
define an involution on each row by @; ; = a; 2,—1—;.

To index a weight vector in Vj, there are two sets of inequalities the a; ; must
satisfy. The first is independent of 6: in each row we must have

Qi 2 Ajj+1 = =iy 2 Ajr—1,0ip = Qi1 = = Aigr—1— =20 (2)

Fig. 5.1 The diagram for Dy
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Fig. 5.2 An admissible
pattern for Dy 6 6 5 4 4 2

or, using the bar notation,
Aij > Aij41 = 2 Ajy—2 = Qiy1,0i,—1 > iy > -+>0d;; = 0.

In other words, the a; ; are weakly decreasing in the rows, with the exception that
no comparison is made between a; ,—; and a; ,. Both of these entries, however, are
required to be < a; ,— and > a; ;4.

Definition 1. A pattern T is admissible if T satisfies (2) for all i.

Figure 5.2 shows an admissible pattern for Dy.
The next set of inequalities involves the highest weight 6. Write

0 = kawk,

where the wy are the fundamental weights. Then, an admissible 7" will correspond
to a weight vector in Vj if T satisfies

aij <mp—ji1 +s(a;;—1) —2s(ai-1,;) +s(@i—1j+1) forj <r-2, (3
aij <mp_jy1+s(ajy1) —2s@; ;) +s@; j—1) forj<r-2, 4)
ajr—1 <my+s(a;,—2)— 2t(a—1,-1),and (3)
ajr <my 4 5(a@;,—2) —2t(ai-1,), (6)

where we write for j <r — 1

i1
s@ij) =ai;+ Y (ar; + ;).
k=1

s(a,-,j) = Z(ak,j +Ek,j)v
k=1

i
$@ir1) = $@ir1) = Y Qr1 + ir,
k=1

i i
Z‘(ai,r—l) = Zak,r—h t(ai,r) = Zak,r-
k=1 k=1
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Definition 2. A pattern T is 6-admissible if T is admissible and its entries satisfy

(3)-(6).

Note that the inequalities for the ith row only involve the entries of T on the
ith and (i — 1)st rows. Moreover, when ordered in terms of increasing i, there is a
unique inequality in which a given entry a; ; appears on the left.

Definition 3. We say that an entry in a 8-admissible pattern is critical if this first
inequality is actually an equality.

To complete our discussion of Littelmann patterns, we must assign a weight A(7")
to each pattern 7. This is a vector A(T) = (Ay,...,A,) of nonnegative integers,
where

S @ik Tippr—k) k=341

Ak - r—1
D i Qir—2+k k=1,2.

We write [A| = A; + .-+ + A,. In our conjecture, if a pattern 7" occurs for the
twist @ = Y m; w;, it will contribute to the coefficient of x*(7) := xf‘ <. X} in the
numerator N(x, £), where £ = (/y,...,[,) and [; = m; — 1. For instance, the pattern
in Fig. 5.2 contributes to the coefficient of x]x3x14x§, with x; corresponding to left

middle column of three entries and x; to the right middle column of three entries.

5.3 The Decorated Graph of a Pattern

Let T be a f-admissible pattern. We want to associate to 7" a graph I'(T"). The
graph I"(T") will also potentially be endowed with decorations, which will be circled
vertices. The vertices of I"(T") correspond to the pairs (i, j) indexing entries of T;
the graph will have at least one connected component for each row of T'.

We begin by describing how each row determines a subgraph. Consider the
ith row of T. Each entry a; ; in this row corresponds to a vertex. We draw the
corresponding vertices in a row, with the two vertices in the middle corresponding
to the incomparable entries a; ,—1, a; , entries arranged vertically. For definiteness,
we assign a; ,—; to the top vertex and a; , to the bottom vertex. See Fig. 5.3 for the
arrangement for the top row of a pattern for Ds.

a5
ay1 @12 Q13 A1 4 @ Q37 Q18 G19 QG779
o o o o o o o [ ]
o

a6

Fig. 5.3 The vertices for the top row of Dg



5 Littelmann Patterns and Weyl Group Multiple Dirichlet Series of Type D 125

Fig. 5.4 A symmetric
multiple leaner

Fig. 5.5 The decorated graph of the pattern in Fig. 5.2

Now, join two vertices by an edge if their corresponding pattern entries appear
consecutively in the inequalities (2), are equal, and are comparable in (2). Note that
we do not join the vertices corresponding to a; ,—1, a; » by an edge if they happen to
be equal since they are not comparable in (2). This gives a graph for this row. We
then do the same for each row of 7. The result is I"(7") without decorations.

Certain symmetric connected components that arise in the construction of I"(7")
will play a special role in our conjecture.

Definition 4. Let 7" be an admissible pattern and suppose @; ; = a; ; for some i, j
with j # r — 1, r. Then, the component of I"(T") containing a; ;,a;, ; is called a
multiple leaner. The legs of a multiple leaner are the subgraphs joining the vertices
ajj o a;,— and ajr+1 10 Ei,j~ If in addition ai j—1 75 ai,j and E,-,j_l 75 ai,j, then
we say the multiple leaner is symmetric. We define the length [(C) of a symmetric
multiple leaner to be half the number of its vertices.

The term leaning is inspired by Brubaker, Bump, Friedberg and Hoffstein [5];
see also Sect.5.5. Figure 5.4 shows an example of a symmetric multiple leaner of
length 5, when all the entries in the top row of a pattern for D¢ are equal. Note that
the minimal length of a symmetric multiple leaner is 2 and that multiple leaners can
appear in patterns for D3 but not for D5.

To complete the construction of I'(7T), we must describe how to add the
decorations. This is very simple: we circle each vertex whose corresponding entry
is critical in the sense of Definition 3.

Figure 5.5 shows an example of the decorated graph of the Littelmann pattern in
Fig.5.2. We assume that a highest weight 6 has been specified so that the circled
vertices in the graph correspond to critical entries.
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Fig. 5.6 See Definition 5 3 E

5.4 Strictness

In [5], certain patterns for a given weight are discarded and do not contribute to
the relevant coefficient of N; such patterns are called nonstrict in [5]. In type A,
strictness corresponds to an easily stated property for Gelfand—Tsetlin patterns.
If one interprets the definition of strictness in [5] in terms of type A Littelmann
patterns, one sees that a type A pattern is nonstrict exactly when

e An entry is simultaneously 0 and critical. Or
e There are two adjacent entries that are equal, with the left entry critical

We take these to be our definition for type D patterns as well.

Definition 5. A type D Littelmann pattern 7 is called strict if the following
conditions hold:

* The graph I'(T) contains no circled vertex whose corresponding entry a; ;
equals 0.

* No component of I'(7") that is not a multiple leaner contains a subgraph of the
form shown in Fig.5.6 (in this figure, the rightmost vertex is less than the left
vertex in the partial order from (2)).

Note that the subgraph from Fig. 5.6 is allowed to appear in multiple leaners.

5.5 Leaning and Standard Contributions

In the following fork = 1,...,n — 1, we write g for the Gauss sum g(w*~!, w*)
(see, for example, [11] for the definition of the Gauss sums). For convenience, we
extend the notation and define gy to be —1. It is also convenient to define g, for
m > nbygn = gk, wherem = kmodn andk = 0,...,n — 1. We let ¢ be the
norm of w.

Let T be a strict pattern, and let I"'(T) be the associated decorated graph. For any
connected component C of I'(T'), let y¢ be the rightmost vertex, in the sense of
the order induced by the inequalities (2). If C has two rightmost vertices, meaning
that it is in the 7th row and contains entries a; ,—y = d;,—1 = a;, 7 di,+1, then
we define the rightmost vertex to be the vertex corresponding to a; ,—, that is, the
upper vertex in Fig. 5.3.

Definition 6. Let T be a pattern and I” = I'(T) the associated decorated graph.
Fix n and let y be an entry of 7. We define the standard contribution o (y) by the
following rule:
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o If the vertex corresponding to y # 0 is uncircled, then we puto(y) = 1—1/q if
n divides y and o(y) = 0 otherwise.

o If the vertex corresponding to y # 0 is circled, then we put o (y) = gx/q, where
y=kmodnandk =0,...,n—1.

Note that o(y) depends on n and 6, even though we omit them from the notation.

We are almost ready to state our conjecture. There is one more phenomenon
that plays a role, namely, leaning. Essentially, leaning means that if entries are
consecutive and equal in a Littelmann pattern 7', where consecutive means adjacent
in (2), then only one should contribute to the corresponding coefficient of N(x; ).
This is why we introduce the graph I"(T'). Its connected components keep track of
these equalities among entries.

Thus, we are led to consider contributions of the connected components of I"(T'),
not just the entries. There is further slight twist that the contribution of a multiple
leaning component is different from that of all other components:

Definition 7. Let C be a connected componentof I"(T"). The standard contribution
o(C) of C is defined as follows:

e If C is not a multiple leaner, then we put 6(C) = o(yc), where yc is the
rightmost entry of C.

e If C is a multiple leaner that is not symmetric, let y¢ be the entry on the endpoint
of its shorter leg. Then, we define 6 (C) = o(y¢).

e If C is a symmetric multiple leaner, then let yc be its rightmost entry a; ; and
vc (upsilon = Greek y) to be the entry a; ;—;. Then we define

(©) a(ye)(1 —1/¢"©) if y¢ is uncircled,

o =
a(ye)o(ue)(1/¢" =YY if ye is circled,

where [(C) is defined to the half the number of vertices of C (Definition 4).

We are now ready to state our conjecture:

Conjecture 1. Let N(x;£) = Y, a,x* be the w-part constructed by averaging [11,
13] for the Weyl group multiple Dirichlet series Z (s; m, ¥). Then, we have

ar=q">" [ o). (7)

T CCI(T)

where the sum is taken over all strict patterns 7' of weight A and with highest weight
6 = > (I + 1)w;, and the product is taken over the connected components of I"(7T').

Example 1. Suppose the pattern in Fig. 5.2 appears for a highest weight 8 such that
the decorated graph appears in Fig.5.5. Suppose n = 2. Then, the contribution of
this pattern to the coefficient of x7x)x1x§ will be



128 G. Chinta and P.E. Gunnells

Fig. 5.7 A nonstrict pattern
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Example 2. We consider another example for n = 2. Suppose the twisting
parameter is £ = (1,0,2,0), which corresponds to the highest weight § =

2w1 + wy + 3ws + ws. We will compute the coefficient a;, of the monomial
x* = x[0x10x17x 10 Note that [A| = 47.

There are 27 Littelmann patterns that we must consider. Six of these patterns are
nonstrict, for instance, the pattern shown in Fig. 5.7. Of the remaining 21, only two
give nonzero contributions; these patterns 7, 7, appear in Figs.5.8-5.9. Note that
Fig. 5.9 contains a multiple leaner of length 2. All of the other 19 patterns have an
odd entry that is not circled, and thus have a connected component in I"(7") with
standard contribution equal to zero.

Each vertex in I'(7T}) is its own connected component. We see three uncircled
even nonzero entries, five circled even nonzero entries, and three circled odd entries.

Thus, T} contributes
1\3 e g 3
“(-5) (+5) (5)
q q q

toay.
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The pattern 7, has a multiple leaner C of length /(C) = 2. Its rightmost entry
yc is circled, and the entry vc is uncircled. We have o(yc) = —1/¢q, o(vc) =
(1 — 1/g). These appear in (7) multiplied by the additional factor 1/¢ to account
for the length of C. Each of the remaining vertices is its own connected component,
and we have no uncircled nonzero even entries, four circled nonzero even entries,
and three circled odd entries. Thus, 75> contributes

1\* o 1 (1
() (G () 0-2) 6)
q q q q q
to a,. After simplifying, we find

ar=—¢*(¢* —2¢* + 29 — 1) g3,

in agreement with the w-part from [13].

Example 3. We conclude by describing an example for D4 when n = 1. We put
£ = (0,0,0,0) (the “untwisted” case) so that the highest weight is w; +w; +w3; +wy.
The polynomial N (x; £) is supported on 601 monomials. There are 4,096 Littelmann
patterns to consider, 2,216 of which are nonstrict. The remaining patterns each give
a nonzero contribution to N. The resulting polynomial can be written succinctly as

Nt =T —¢"'x).

a>0

where the product is taken over the positive roots. Here d(«) = ki + ko + k3 + k4

if « is the linear combination of simple roots ko) + kyon + k3o + ks, and x*

1okt ky ks k
refers to the monomial x;"x;%x3%x,*.
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Chapter 6
Toroidal Automorphic Forms, Waldspurger
Periods and Double Dirichlet Series

Gunther Cornelissen and Oliver Lorscheid

Abstract The space of toroidal automorphic forms was introduced by Zagier in
the 1970s: a GL,-automorphic form is toroidal if it has vanishing constant Fourier
coefficients along all embedded non-split tori. The interest in this space stems
(amongst others) from the fact that an Eisenstein series of weight s is toroidal for
a given torus precisely if s is a nontrivial zero of the zeta function of the quadratic
field corresponding to the torus.

In this chapter, we study the structure of the space of toroidal automorphic forms
for an arbitrary number field F. We prove that this space admits a decomposition
into a subspace of Eisenstein series (and derivatives) and a subspace of cusp forms.
The subspace of Eisenstein series is generated by all derivatives up to order n-1
of an Eisenstein series of weight s and class group character w for certain n, s, @,
namely, precisely when s is a zero of order n of the L-series L (w, s). The subspace
of cusp forms consists of exactly those cusp forms = whose central L-value is zero:
L(rm,1/2) =0.

The proofs are based on an identity of Hecke for toroidal integrals of Eisenstein
series and a result of Waldspurger about toroidal integrals of cusp forms combined
with nonvanishing results for twists of L-series proven by the method of double
Dirichlet series.
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6.1 Introduction

A classical theorem of Hecke (cf. Hecke [13] Werke p. 201) shows that on the
modular curve X(1), the integral of an Eisenstein series along a closed geodesic
of discriminant d > 0 is essentially the zeta function of the number field Q(Vd).
As was observed by Don Zagier in [26], the formula fits into a more general
framework, where integrals of automorphic forms for global fields over tori (of any
discriminant) evaluate to L-series. The approach in [26] is to define a space of so-
called toroidal automorphic forms by the vanishing of these integrals for varying
tori, and the author calls for an (independent) understanding of the space of toroidal
automorphic forms, after which one may hopefully apply the gained knowledge in
combination with the generalization of Hecke’s formula to deduce something about
zeta functions. For example, if the irreducible subrepresentations of the space of
toroidal automorphic forms are tempered, the Riemann hypothesis follows. This
seems for now an elusive programme, but see [7] for a case study for some function
fields.

In this chapter, we study the space of toroidal automorphic forms in its own right.
We use our increased knowledge (compared to the 1970s, when [26] was written)
about the decomposition of the space of automorphic forms for a general number
field (by Franke), toroidal integrals of cusp forms (by Waldspurger in his study of
the Shimura correspondence) and nonvanishing of quadratic twists (by the method
of multiple Dirichlet series, essentially in the works of Friedberg, Hoffstein and
Lieman) to prove the following theorem, which summarizes our main results. Note
that in light of the previous paragraph, we avoid using any unproven hypothesis
about the zeros of L-series.

Theorem 1.1. The space of toroidal automorphic forms for an arbitrary number
field decomposes into an Eisenstein part and a cuspidal part. More precisely,

(i) (cf. Theorem 4.1) The Eisenstein part of the space of toroidal automorphic
forms is spanned by all derivatives of Eisenstein series of weight sy € C and
class group character w, precisely up to the order of vanishing of the L-series
corresponding to  at .

(ii) (cf. Theorem 5.2) No nontrivial residues of Eisenstein series are toroidal.

(iii) (cf. Theorem 6.1) The cuspidal part of the space of toroidal automorphic forms
is spanned by those cusp forms w for which the central value of its L-series
vanish: L(w,1/2) = 0.

We will use the next section to set up notation and give precise definitions of the
spaces involved.

Remark 1.2. How many derivatives of Eisenstein series will be toroidal? It is
reasonable to expect that the only multiplicities in the zeros of L-functions of
a number field F arise from multiplicities in the decomposition of the regular
representation of the Galois group of the normal closure of F/Q (following
the Artin formalism of factorization of L-series). The Rudnick—Sarnak theory of
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statistical distribution of zeros of principal primitive L-series (cf. [20,21], Sect. 5)
indicates that the zeros of different such principal primitive L-series should be
uncorrelated. For example, for F' = Q, all zeros of the Riemann zeta function are
expected to be simple.

But of course, as soon as F/Q is non-abelian, there will be such multiplicities
arising from irreducible representations of the Galois group of higher dimension;
cf. also the possibility that a Galois extension N/Q contains two distinct subfields
that are arithmetically equivalent (corresponding to two subgroups of the Galois
group G from which the trivial representation induces the same representation of
G, cf. [14]), hence have the same zeta function, whose zeros will then occur with
multiplicity in the zeta function of N.

Remark 1.3. Our way of averaging toroidal integrals is a two-step method: by first
relating them to twists of L-series and then using standard techniques to average
those. Is there a direct way to average toroidal integrals, for example, by a Rankin—
Selberg unfolding of an Eisenstein series twisted with toroidal integrals? We did
not work this out. But, for example, the toroidal integral of a holomorphic weight
two cusp form f over a torus corresponding to Q(+/d) for some d > 0 is the
integral of the differential form w corresponding to f over the closed geodesic I'y
in the modular curve corresponding to d. In this specific case, one wants to have an
asymptotic result for a sum of “modular symbols”™ >, _y /| r, @ Compare with [4],
where Eisenstein series twisted by modular symbols are studied.

Remark 1.4. There is an obvious generalization of T -toroidal automorphic forms
on GL(n) for a maximal indecomposable torus 7 C GL(n). One may wonder
whether the methods presented in this chapter can be generalized to the GL(n)-case.

Part of the ingredients of our proof is already in the literature: on the one hand,
Wielonsky [25] generalized Hecke’s formula (Theorem 3.2 (i)): toroidal integrals
of Eisenstein series on GL(n) that are induced by a parabolic subgroup of type
(n — 1, 1) equal certain L-series; see Lachaud [17] for a recent treatment. On the
other hand, Friedberg, Hoffstein and Lieman [11] introduced double Dirichlet series
w.r.t. n-th order twists of Hecke L-series and showed that they admit a meromorphic
continuation and satisfy a functional equation.

However, we are not aware of a generalization of Hecke’s theorem 3.2 to all
Eisenstein series on GL(n) or of Waldspurger’s work on toroidal integrals of cusp
forms (6.1) to GL(n). Maybe there is a way to circumvent the relation to L-series;
compare the previous remark and the method in [5].

Remark 1.5. In [15] (extended version in [17]) and [16], Lachaud ties up the theory
of toroidal automorphic forms with Connes’ trace form programme [6] in the study
of zeros of zeta functions.

Remark 1.6. For global function fields, methods more akin to the geometric Lang-
lands programme allow one to prove that the space of toroidal automorphic forms is
finite dimensional, and one can control the linear relations between Eisenstein series
in a very precise way, leading to an actual dimension formula for the Eisenstein part
of the space of toroidal automorphic forms, cf. [18].
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6.2 Definition of Toroidal Automorphic Forms

Notations 2.1. Let F be a number field, F, be the completion at v, A = Ar
the adeles of F. Set G = GL(2) and let Z be its center. Let .4 be the space of
automorphic forms for G over F with trivial central character.

Notations 2.2. Let 7 C G be a maximal non-split torus defined over F, yr the
corresponding character on the idele class group and £ = Fr the corresponding
quadratic field extension of F. This means that there is a nonsquare d € F such
that £/ F is generated by a square root of d and that 7'(F) is conjugated in G(F')
to the standard torus

T,(F) = {(b"d z) e G(F)}.

If T = T,, then write y4 for yr.

Definition 2.3. The zeroth Fourier coefficient w.r.t. T (or T -toroidal integral) of an
automorphic form f € A is defined to be the function

frer= [ rugar
Tr Z(A\T(A)
forg € G(A).
Definition 2.4.

(1) The space of T - or E-toroidal automorphic forms for F is
Awr(T) := A (E) :={f € A: fr(g) =0, Vg € G(A)}.

(i) The space of toroidal automorphic forms for F is

Aor := ﬂ Awor(E),

E/F
where the intersection is taken over all quadratic field extensions £/ F.

Remark 2.5. These definitions are independent of the choice of torus correspond-
ing to £/ F since they are conjugacy invariant.

Remark 2.6. There is also a definition of T -toroidal automorphic form for a split
torus 7, but one has to be careful, since the toroidal integral f7 as defined above
over a split torus 7' can diverge. This can be taken care of by subtracting suitable
parabolic Fourier coefficients before integrating (cf. [18, Sect. 1.5] for the definition
in the function field case). One could thus consider the space of automorphic forms
that are T'-toroidal for all maximal tori 7', split or not. Due to the results of the
present text and [18, Sect. 6.2] (which transfer to the number field case), this space
coincides with Ay, and we forgo describing the more involved theory for split tori.
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The space A is an automorphic representation of G(A) for right translation by
G(A). By applying [9] to GL(2), the space A decomposes into a direct sum of
automorphic representations as follows:

A=A D E DR,

where A is the space of cusp forms, £ is the space generated by the derivatives of
Eisenstein series and R is generated by the residues of these Eisenstein series and
their “derivatives”. We will give the precise definitions of £ and R in Sects. 6.3 and
6.5, respectively.

Multiplicity one holds for GL(2); hence, if 7 is any subrepresentation of A4, it
inherits this decomposition since it is determined by its isomorphism type. In order
to investigate the space of toroidal automorphic forms A, which is an automorphic
representation by its very definition, it thus suffices to investigate

AO,lor = -Alor N -A()v glor =E&N Ator and Rtor =RN Ator

separately, since Awr = Ag.tor D Eror D Rior-

6.3 Toroidal Integrals of Eisenstein Series: A Formula
of Hecke

Notations 3.1. Let y denote a character of the idele class group I = F>*\A*.

We can write y = o - | |“'°_% for some finite-order character w, and we will
sometimes regard a function of y as a function of sy (assuming w to be fixed). We
set Re(y) = Re(so) — % We also remark that the shift in sy by —% is in accordance
with the usual convention in the adelic theory of Eisenstein series, putting the center
of symmetry at 0.

We define the principal series P(x) by

smooth

fGA) =" C:Y(“}),g € GA). £ ((“4)g) = x(a/d)|a/d|" f(g)¢,

where a function f : G(A) — C is smooth if it is smooth in the usual sense at
archimedean places and locally constant at finite places. Let f € P () be embedded
in a flat section f, of the principal series, i.e., there exists a function f,(s) of s € C
such that f,(s) € P(x||") with f = f,(0) and f,(s)(e) = f(e) forall s € C,
where e = ((1) (1)) Note that every f € P(y) is embedded into a unique flat section.
In the following, we will write f = f,(0) € P(x) to refer to this situation. We
define the (completed) Eisenstein series as

E(g. f) =L ()(2, %) Y fve)

€B(F)\G(F)
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in terms of meromorphic continuation. Here, L(y?,1/2) denotes the completed
L-series, i.e., including the factors at infinity. Note that E(g, f) is defined for all
f = f,(0) unless x> = | |i1, when the Eisenstein series has a simple pole. At these
values of y, the residues of the Eisenstein series define automorphic forms, which
will be investigated in Sect 6.5—these values of y characterize the cases where the
principal series P () is not irreducible as an automorphic representation of G(A).

Also, note that the symbol “E” is now in use for both a field £/ F and a function
E(g, 1), but this should cause no confusion.

We now compute the toroidal integrals of Eisenstein series. Statement (i) in
the theorem below is the adelic formulation of a theorem of Hecke ([13]). In this
formulation, it was first stated by Zagier [26].

Theorem 3.2. Let T be a maximal torus in G corresponding to the quadratic field
extension E/F. Let yg : I — C* be the quadratic character whose kernel equals
the norms of Ag. For every f = f,(0) € P(x), every g € Ga and every character
x I — C*, there exists a holomorphic function er(g, fy(s)) of s € C with the
following properties:

(1) For all y such that )(2 Z# | |i1,

2 2
(ii) Foreveryg € Gaand y : I — C*, thereisa f € P(y) suchthater(g, ) #0.

Er(g, f) = er(g,f)L(X, l) L(XXE,E) .

Proof. The strategy of the proof is as follows: we first prove (i) for Re(y)
sufficiently large, so we are in the region of absolute convergence. We rewrite
the Eisenstein series conveniently as a certain adelic integral. Then, a change of
variables identifies its toroidal integral with a Tate integral for an L-series of E.

Rewriting the Eisenstein series. First, we explain how to represent E(g, f) by a
certain adelic integral, and then the statement in (i) is a simple application of a
change of variables. Let ¢ be a Schwartz-Bruhat function on AZ. Then,

Flg.0.7) = / (0. 1)2¢) x(det zg) |det zg |2 dz M)
Z(A)

is a Tate integral for L(x?, 1), which converges if the real part of y is larger than
1/2 (the square of the character y occurs because in the above integrand y(det(z)) =
1(2)%). One verifies easily that F(-, ¢, x) is an element of P(y).

In [24, Chap. VII, Sect. 7], Weil defines a particular test function ¢, (the
“standard function”) with the property that for e = (|} {),we have F(e, ¢, y) =
c;lL( %2, 1) for a non-zero constant ¢ that only depends on the field F. Thus,

cr-F(g.@o.0) = L(X*. 1) f(g)

foran f € P(y) with f(e) = 1; in particular, F(-, ¢g, ) is a non-trivial element of
PQO-
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We note that for every g € G(A), the function ¢o(-g) is a Schwartz-Bruhat
function, too. Since P(y) is irreducible, the integrals F(g, ¢, y) for varying ¢
exhaust all products of the form L(y?,1) f(g), where f € P(x). Thus, there is
a Schwartz-Bruhat function ¢ = ¢( f') for every f € P(y) such that

E(g. f)=)_F(yg.¢. 0. )
yEB(F)\G(F)

where the equality has to be interpreted in terms of meromorphic continuation. Since
for all ¢ the Tate integral (1) is a multiple of L(y2, 1), there exists f € P(y) for
every Schwartz-Bruhat function ¢ such that equation (2) holds true.

Computing the toroidal integral. With this reformulation at hand, we can prove
the theorem precisely as it has been done by Zagier in [26]: by identifying T (F)
with E* and T(AF) with A%, and using Fubini’s theorem, the toroidal integral of
E(g, f) is changed into a Tate integral for an L-series of E. Explicitly, E7(g, f)
is given by

Z /@((O, 1)zytg) x(detzytg) |de:tz)/tg|l/2 dzdt.
T(F)ZANT @A) ¥SBENGE) 7(x)
ViaT(F) = E* and
B(F)\G(F) = F*\F? = {(0,0)} = F*\E™,
we identify the “domain of integration” with
T(F)Z(A)\T(A) x B(F)\G(F) x Z(A) = A},
and note that this identification is compatible with measures. Hence,
Er(g.f) = x(detg) |det(g)["?- / (1) (x o Neyr) () e dt
A%

for a certain Schwartz-Bruhat function ® on A%. This is a Tate integral for
Lg(x o Negsr,1/2) and factors in a product of two L-series as in (i), thus giving
(i) for Re(y) sufficiently large. Statement (i) now follows for all characters by
meromorphic continuation in s since both sides are meromorphic functions of
s e C.

Nonvanishing of the “constant”. For (ii), note that the nonvanishing of er (g, f)
follows from the fact that we can choose ¢ such that the test function ® is again the
standard function as described by Weil [24, Chap. VII, Sect. 7], and then

er(g, fy(s)) = c;' x(det(g)) |det(g)[* /2 3)

is a non-vanishing holomorphic function of s. O
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In order to accord for possible multiple zeros of L-series, we need to also take
into account higher derivatives of Eisenstein series.

Notations 3.3.

(i) We denote by E™ (g, f) the n-th derivative of E(g, f,(s)) w.r.t.s ats = 0.
(i)) We denote by & the space of automorphic forms that is generated by all
derivatives E" (., f) of Eisenstein series, where n > 0 and f € P(y) with
varying through all idele class group characters whose square is not trivial.
(iii) Similarly, we denote by L (y,1/2) the n-th derivative of L(y,1/2 + s) at
s = 0 and by egf”(g, f) the n-th derivative of the function er(g, f,(s)) at
s = 0.

Definition 3.4. We say y is a zero of L(-, 1/2) of order n if L@ (y,1/2) = 0 for
alli < nbut # 0fori = n, and then we write ord, L (-, 1/2) = n.

Proposition 3.5. Let T be a maximal non-split torus in G and n a non-negative
integer.

(i) Forall g € Ga and x such that y* # | |il, we have
EV ) = 3 0 £y Lo (g 1) Lo 1
T g’ l'j'k' T g’ Xaz XXTaz .

i+j+k=n
i j k>0

(ii) The n-th derivative E" (g, f) of an Eisenstein series is E-toroidal if and only
if yisazeroof L(-,1/2)- L(-xg,1/2) of order at least n.

Proof. The first part follows from the Leibniz rule. For (ii), use (i) and observe the
following:

¢ The derivatives eg) (g, f) are nonzero as function of £, as is easily seen from (3).

o If E™(g, f) is E-toroidal, then so is E® (g, f) for all n < m since E™
generates an automorphic subrepresentation of the space of toroidal automorphic
forms that contains all derivatives of lower order.

This finishes the proof. O

6.4 Application of Double Dirichlet Series: Toroidal
Eisenstein Series

In this section, we will prove the following:

Theorem 4.1. Let f € P(y). The n-th derivative E™ (g, f) of an Eisenstein
series is toroidal if and only if y is a zero of L(:, %) of order at least n. Hence,

Eor = <E(")(.,f) 23y, f €P(y)andn < ord, L (,%)>
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Proof. Recall that we know from the computation of toroidal integrals in
Proposition 3.5 when the n-th derivative E)(-, ) of an Eisenstein series is
E-toroidal. It suffices to prove that for all y, there exists a quadratic £/F such

that L(yxg, 1/2) # 0. This follows from Theorem 4.2. O

As before, we now write y = o - | |S"_% for a finite character w, where we
consider s = sy € C as varying parameter. We use the notation L(w,s) for
L(x,1/2).

Theorem 4.2. Let F denote a number field, let w denote a class group character
on F. Then, there exists a quadratic field extension E/ F such that L(wyg,s) # 0.

Remark 4.3. Before we start with the proof, we make some incomplete historical
remarks. Nonvanishing of quadratic twists can be proven by sieve methods, but
only for a restricted set of number fields. A method that works more uniformly is
that of multiple Dirichlet series (so Fourier coefficients of metaplectic Eisenstein
series); unfortunately, the result we need is not literally in the existing literature on
multiple Dirichlet series, but rather arises from a combination of existing methods.
We observe that for Re(s) # %, the result can be proven using “unweighted” double
Dirichlet series (see Chinta, Friedberg and Hoffstein [2] Theorem 1.1). To extend
to the (for us interesting) range Re(s) = %, one needs to analytically continue
the double Dirichlet series with weights; for higher order characters and a general
number field, this is done by Friedberg, Hoffstein and Lieman in [11], and for
quadratic twists of function fields by Fisher and Friedberg [8]. We will combine the
methods of these latter two sources. Since proofs of many facts are literally the same,
we will not repeat them here, but we will set up all required notations. One can go
a (small) step further and combine the method with Tauberian theorems to establish
lower bounds on the number of nonvanishing twists of bounded conductor, but we
will not need those. Also, we refrain from discussing averaging of toroidal integrals
directly, without first relating them to L-series, cf. also Remark 1.3.

Proof (of Theorem 4.2). First note that the L-series we consider are “completed”
by the correct archimedean factors, so they do not have trivial zeros outside the
critical strip.

Because of the functional equation, we can assume that % < Re(s) < 1. Since
L(wyg,s) does not vanish on Re(s) = 1 ([19] Chap. 1, Sect. 4), we can even
assume% < Re(s) < 1.

The strategy of the proof is now the following: we assume by contradiction
that all nontrivial twists L(wyg,s) vanish at s = sy. Then, the (analytically
continued) double Dirichlet series Zg (s, w) (to be defined below), with the trivial
twist extracted, vanishes identically in w for s = s¢. But it has residue at w = 1
a non-zero constant times L(w, 2sy). Hence, we find L(w,2s9) = 0, and this is
impossible if% < Re(sg) < 1.

To define the double Dirichlet series in a rigorous way, we follow [11], Sect. 1.
Since the class number of F is not necessarily one, the most natural double Dirichlet
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series (and the one that has a natural analytic continuation and set of functional
equations) does not only sum over quadratic twists y g, but rather over more general
characters on a ray class group. We now introduce this series first.

Let § = Sy U Sy denote a finite set of places of F that contains all infinite
places Soo of F' and a set Sy of finite places such that the ring of S -integers has
class number one. For v a finite place corresponding to an ideal p,, let ¢, = |O/p,|.
Set C = ]_[Vesf piv, where n, = 1 for v not above 2, and for v above 2, n, is so
large that any a € F, with ord,(a — 1) > n, is a square in F,. Let Hc denote the
ray class group of modulus C, let h¢ := |Hc| and set

Re=HcQ®Z/2=Z]a, x---xZ/a,.

Choose generators b; for Z /a;, and choose a set & of ideals prime to S that
represent the b;. For any E( € &), let mg, denote an element of F'* that generates
the (principal) ideal EoOgs. Let £ denote a set of representatives of R¢ that are of
the form £ = [] Eg "0 where the E, are elements of & and the n E, are natural
numbers, and set mp = [] mg" with the convention that O € £ with mp = 1.
Then, EOs = (mg). Let I(S) denote the set of fractional ideals coprime to S . For

d,e € 1(S) coprime, write d = (a)EG*> with E € £,a € F*,a =1mod C,G €

1(S), and define
d\ _ (amg
xd(e)z(;) =(=5).

This is well defined (cf. [11], Proposition 1.1); it does not depend on the decompo-
sition of d (but it does depend on the choice of m g). For d principal, y, is the usual
quadratic character for F(~/d)/F (cf. Notation 2.2).

Let Ls(w,s) denote the L-series of F for the class group character o, but with
the Euler factors corresponding to the places in S removed. For d € I(S), let Sy
denote the set of primes above d. Let J(S) denote the set of integral ideals in /(S).
Ford € J(S), let |d| denote its norm. Write d = dod? with dj squarefree.

We define the weight factor to be

a(w,s,d) = Z per) xalenw (ere3)

le1]*|ea]?s1

3

e €J(S)
erex|d;

where p is the Mobius function. Let p denote a character on the idele class group
unramified outside S; this will be used later on to filter out principal ideals, which
are the ones we are interested in. We define the double Dirichlet series as

Zoyp(s,w) = Z

deJ(s)

Lsus,(@ya.5)p(d)
|d "

a(w,s,d).

This is convergent for Re(s) and Re(w) sufficiently large (say, > 1). The following

properties are proven in exactly the same way as in [11] (the only difference to [11],
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which treats the case of twists by characters of higher order, is the set of functional
equations, which here is of order 12 instead of 32, cf. [11], Remark 2.6):

(i) The function Z,, ,(s, w) admits a meromorphic continuation to (o8
(ii) The poles of Z,, ,(s, w) are located on the union of the lines:

1 3
w:O,w:l,s:O,s:l,w—i—s:Eandw—}—s:E.

(iii) If p # 1, then Z, ,(s,w) is holomorphicat w = 1;if p = 1 and s # 1/2,
Zyp(s,w) has a simple poleatw = 1.If p = 1 and s = %, Zyp(s,w) has a
double pole at w = 1, and Lg(w?, 2s) has a simple pole. We have

lim(w—1)Z, ,(s, w)
w—>1

0 ifp 1
Resy=1 ) (Ies, Era(D7!) - Ls(@?,25) if p = 1

(cf. [3], Sect. 5; see also Sect. 5.3 in loc. cit. for a computation of the principal part
of Z, ,(s,w) around w = 1, which we will not need here).

Let
L )
280w = 3 BRI ao,5,d), o)
deJ(S)
[d]=0

denote the modified double Dirichlet series, where we only sum over principal ideals
d (indicated by the fact that their class [d] is trivial in R¢). Note that by plugging
in the decomposition of the characteristic function of the class [0] as hg' Y

we find

peRe P

1
Zg(S,W) = E Z Zw,p(sa W)'
peke

Hence, Z? (s, w) inherits an analytic continuation from Z,, ,(s, w). Using the above
computation of residues, we find that

lim (w — 1)Z2(s0,w) = ¢ - L(w?, 2s0), (5)

where ¢ is some nonzero constant.

We can now finish the proof of the theorem. We are assuming that all “principal”
twists L(wyq, s0) ([d] = 0, x4 nontrivial) vanish at some sy with % < Re(syp) < 1.
Note first that this obviously implies the vanishing of all twists for the modified
L-series with the S U S;-Euler factors removed.

A slight complication arises since the sy we consider are outside of the region of
absolute convergence of the series Zg (s, w), but we can use a convexity estimate to
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get that for such sy and Re(w) large enough, the double Dirichlet series Z° (so, w)
as defined in (4) will also converge. This is because of Phragmén-Lindel6f estimates
in the d-aspect of the form

|Lsus, (@xa,so)a(w,so.d)| < |d|

(cf. [3], Sect. 3.3), so Re(w) > 2 will do.
Now, recall our hypothesis that Lgys,(®xq,S0) = O for all principal d with
xa # 1,i.e., d is not a square. Hence, if we subtract the terms for which d = e? is

a square from (4), we find the identically zero function

Lsus, (@, 5)
Z0(so.w) = > % -a(w, s0.€%) =0 (6)
e€J(S)
[e’]=0

(first for Re(w) sufficiently large, hence after analytic continuation, for all w).
We now prove that the term we have subtracted off does not have a poleatw = 1;
actually, it converges absolutely at w = 1. Write the term as

Ls(w,so) - Z

e€J(S)
[e?]=0

o (@50, (M)

where B, consists of the reciprocals of the (finitely many) (S, \ S)-Euler factors of
L(w, so). Essentially, the absolute convergence is due to the fact that the exponent
of |e| is &~ 2 if w & 1 and the other factors are small in |e|. We present some details.
First of all, note that Lg(w, syp) does not have a pole for % < Re(sp) < 1. We
estimate for Re(sg) > 1/2

B = 1= 2B < pmirl < (e et
L T
[ISAAWN

(where @ (n) is the number of positive prime divisors of an integer n and d(n) is
the number of positive divisors of n, e.g. [12] Sect. 22.13). We estimate the other
factor as

‘a(a)’so,ez)‘ _ Z N(el)a)(elez) < Z 1

eq|%]e 2?0 1
e1,.2€J(S) ler]]e] e1.e2€J(S)
elerle ererle

d(le)F ¥ < |e|'?

IA
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since \u(el)w(ele§)| < 1 and |e|*|ey)*~! > 1 for Re(so) > % We combine this
into the estimate

B 1
Z |e|2€W-a(w,so,ez) <k Z le|2v=2/3 |
e€J(S) e€J(S)
[e?]=0 [e*]=0

for some constant k, the latter sum being an absolutely convergent series forw = 1.

We conclude from this and (6) that also Zg (s0, w) does not have a pole at w = 1,

ie., liml(w — 1)Z2%(so,w) = 0. Then, by (5), we find that L(w?,2sy) = 0 with
w—>

1 < Re(2s¢) < 2, which is impossible. This finishes the proof. O

6.5 Toroidal Residues of Eisenstein Series

Let yx be a character of the idele class group such that y? = | |ﬂEl and f = f,(0) €
P(x). Then, the Eisenstein series E(g, f,(s)) has a simple pole at s = 0, but the
residue

R(g. /) = Ress=0 E(g. f;(s))

is an automorphic form. More generally, we consider the “derivatives”

n

. d
RO(g. f) = lim 2= (5 E(g. /,(5))

forn > 0.

Definition 5.1. Define R as the space of automorphic forms that is generated by the
functions R" (g, f), where n > 0, f ranges through P () and y ranges through
all characters on the idele group such that y? = | |i1.

Theorem 5.2. R, = {0}.

Proof. We compute the toroidal integral of R(g, /) for a torus T corresponding to
a quadratic field E:

Rp(s. /) = lim s Er(g. f,(9)
— iy sere SO L (545 ) L (x5 + 5)

1 1
=er(g, f) Res— L (X,S + 5) L ()()(E,s + 5) )

Recall that y? = | |i1; hence, y | |3F1/ 2 is quadratic, so either trivial or by class
field theory is equal to y for some quadratic field extension £/ F. In the case that
FE is nontrivial, we have that

1 1 1
L S+ =)= 4+ ),
(XXE N 2) {F (S+ > 2)
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where {r is as usual the completed zeta function of F with poles at 0 and 1, so

fF(S-F%i%)

has a pole at s = 0 (for both choices of sign). Hence, by the above formula for
Rr(g, f), the toroidal integral of Ry (g, f) for this E cannot vanish since the other
factor L(y, 1/2) does not vanish.

If x| |¢1/ % is trivial, then we choose an arbitrary non-split torus 7. We find that

L(X,s+1/2)=§F(S+%:I:%)

has a pole at s = 0, but the other factor in the above computation of the toroidal

integral,
L s + ! =1L s + ! + !
XXE’ 2 XEa 2 2

does not vanish at s = 0.
This also implies that R" (g, f) cannot be toroidal, since R(g, f) is contained
in the automorphic representation generated by this automorphic form. O

6.6 Application of Waldspurger Periods: Toroidal Cusp
Forms

In this section, we prove the following:
Theorem 6.1. A cuspidal representation w1 C Ay is toroidal if and only if

L(r,1/2) = 0.

.Ao,tor = <7‘[ € A() L (JT, %) = 0>.

Proof. A formula of Waldspurger ([22, Proposition 7]) shows that the 7-period of
an automorphic form f in an irreducible cuspidal representation 7 is a nonzero

multiple of
L ! L ® !
w,—|-Ln = .
2 AT

Thus, 7 is toroidal if L(mr,1/2) = 0.

We are left to prove the reverse implication. Assume that L(w,1/2) # 0. Note
that all automorphic representation of GL(n) with trivial central character are self-
contragredient. Thus, the functional equation of the L-series of 7 ins = 1/2is

Thus, we have

L(w,1/2) =€ (m,1/2) - L(m,1/2),
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and necessarily €(r, 1/2) = 1. This allows us to apply a theorem of Friedberg and
Hoffstein: let 7, be representations of G(F,) such that 7 >~ ®’m,, where v ranges
over all places; let S be the (finite) set of places v such that r, is square integrable;
let & be the trivial Hecke character. Then, [10, Theorem B (1)] states that there are
infinitely many different nonconjugate tori 7" such that L(w ® yr,1/2) # 0, and
such that for all v € S, the local character y, is trivial, i.e., T, is split. In particular,
there is such a non-split torus 7.

We want to apply to apply [22, Theorem 2, p. 221] (in the “situation globale,”
where the quaternion algebra is chosen to split), which implies that mw is not
T-toroidal. To do so, we have to verify that condition (i) in loc. cit. is satisfied.
By [22, Lemme 8 (iii)], condition (i) is satisfied for all local factors s, that are not
square integrable. If v € S, then 7, is split and [22, Lemme 8 (ii)] implies that
condition (i) holds for square integrable 7,.

This shows that 7 is not toroidal, which concludes the proof of the theorem. 0O

Remark 6.2. Theorem [23, Theorem 4, p. 288] of Waldspurger says that there
existsa ys ford € F* suchthat L(w ® y4,1/2) # 0, but without the claim that y,
is nontrivial. However, if there exists one such d (square or not), there exist infinitely
many, as may be seen from Lemma 7.1 in [1], which shows that the Dirichlet series
occurring as Mellin transform of the series # (o) on p. 289 of the proof in [23] cannot
have only finitely many nonzero coefficients.

Remark 6.3. There do exist number fields F for which there exist nontrivial
toroidal cusp forms. We only need 7 to be a cusp form with L(x,1/2) = 0. This
happens when the root number is —1, which is, for example, the case for a cuspidal
lift of a classical holomorphic cusp form to an imaginary quadratic field (cf. also
Waldspurger [23], Remark on p. 282). The argument also shows that there are no
toroidal cusp F = Q.

Acknowledgments We thank Gautam Chinta for help with multiple Dirichlet series and Wee Teck
Gan for his remarks on the proof of Theorem 6.1.
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Chapter 7
Natural Boundaries and Integral Moments
of L-Functions

Adrian Diaconu, Paul Garrett, and Dorian Goldfeld

Abstract It is shown, under some expected technical assumption, that a large class
of multiple Dirichlet series which arise in the study of moments of L-functions
have natural boundaries. As a remedy, we consider a new class of multiple Dirichlet
series whose elements have nice properties: a functional equation and meromorphic
continuation. This class suggests a notion of integral moments of L-functions.

Keywords Multiple Dirichlet series * Integral moments of L-functions ¢ Good’s
method ¢ Eisenstein series * GL(3)

7.1 Introduction

The problem of obtaining asymptotic formulae (as 7 — o0) for the integral

moments
/ 2
é‘ ( l [)
0

is approximately 100 years old and very well known. See [4] for a good exposition
of this problem and its history. Following [1], it was proved by Carlson that for
o>1-— l,

;

2r
dt (forr=1,2,3,...) (1)

T o0
/ |E(o +in)|* dt ~ [Zd,(ﬂ)zn_za]-T (T — o).
0

n=1
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Furthermore,

Yod oy =) [P (07,

n=1 P

where
2

r—1
Py = (=2 Y (r - 1) X
n=0

Now, Estermann [12] showed that the Euler product ]_[p P,(s) is absolutely
convergent for N(s) > %, and that it has meromorphic continuation to Ji(s) > 0.
He also proved the disconcerting theorem that for r > 3, the Euler product
I1 » Pr (s) has the line 9(s) = O as natural boundary. Estermann’s result was
generalized by Kurokowa (see [19, 20]) to a much larger class of Euler products.
This situation, where an innocuous looking L-function has a natural boundary,
is now called the Estermann phenomenon. A very interesting instance of the
Estermann phenomenon is for L-functions formed with the arithmetic Fourier
coefficients a(n),n=1,2,3,..., of an automorphic form on, say, GL(2). The

L-functions
o0

Yoamn™, Y lam)Pa”,
n=1

n=1

both have good properties: meromorphic continuation and functional equation, but
for r > 3, the Dirichlet series

> lam)n™ ©)
n=1

has a natural boundary. Thus, the L-function defined in (2) does not have the correct
structure when r > 3. It is now generally believed that the correct notion of (2) is
the rth symmetric power L-function as in [24].

Another approach to obtain asymptotics for (1) is to study the meromorphic
continuation in the complex variable w of the zeta integral

2r

Z,(w):/ ‘f(%-}-it) ™" dt, 3)
1

for r, a positive rational integer. This integral is easily shown to be absolutely
convergent for N (w) sufficiently large. Such an approach was pioneered by Ivié,
Jutila, and Motohashi [16-18,23] and somewhat later in [10].

One aim of this chapter is to give evidence that for » > 3, the function Z, (w) has
a natural boundary along i (w) = % For simplicity of exposition, we shall consider
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(3) only in the special case r = 3. There is an infinite class of other examples of
this phenomenon to which this method should generalize. For instance,

/loo );Q(i) (% + it) ' tTVdt = /loo ); (% + it) L (% + it, X—4)

which is compatible with Z4(w), should also have a natural boundary.
The fact that the Estermann phenomenon occurs for the integrals (1) and (3)
suggests that for r > 3, the classical 2r-th integral moment of zeta

(1
/0 ¢ ( 3 + lt)
does not have the correct structure. It is therefore doubtful that substantial advances
in the theory of the Riemann zeta function will come from further investigations
of (4).

The final goal of this chapter is to provide an alternative to (4) in the same
spirit that the symmetric power L-function is an alternative to (2). Accordingly, in
Sect. 7.3, we introduce a natural notion of integral moments for GL3 automorphic
forms over Q (see Theorem 1) with good analytic properties, i.e., it has a spectral
expansion (obtained by combining Theorems 1 and 2). In the case of GL, over Q,
our notion coincides with the classical second integral moment.

The third author was partially supported by NSF grant 1001036.
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v dt,

2r
de 4)

7.2 Multiple Dirichlet Series with Natural Boundaries

For s, ...,s, and w € C with sufficiently large real parts, let

Z(S1y.neySp,w) = /Ooé‘(sl + i)l (sy —it) -+ C(sp +iD)C(s, —it) ™" dt.  (5)
1

This multiple Dirichlet series was considered in [10], and is more convenient than
Z,(w). Specializing r = 3, we can write

Z(s1, 52,83, W)

1 X myit
= Z e / (—) C(s2 +it)C(s2 — i) (s3 + it)C(s3 —ir) ¢~ dt.
= (mn) (s1) 1 n

The reason Z3(w) should have a natural boundary is simple. The inner integral
admits meromorphic continuation to C3. For sy = 53 = %, this function should

have infinitely many poles on the line R(w) = %, the positions depending on m, n.
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As m,n — 00, the number of poles in any fixed interval will tend to infinity.
Summing over m, n, all these poles form a natural boundary. Accordingly, the main
difficulty is to meromorphically continue the integral

/1 i (%) £602 + ing (o2 = it s + it s — i 1" i, (6)

as a function of s,, 53, w to C? (see also Motohashi [22, 23], where in the integral
(6) t7" is replaced by a Gaussian weight). When m = n = 1, the meromorphic
continuation of (6) was already established by Motohashi in [21]. Although this
integral can certainly be studied by his method, the approach we follow is based on
the more general ideas developed in [6-9, 14]. Using our techniques, it is possible
to study in a unified way very general integrals attached to integral moments.

One can establish the meromorphic continuation of the slightly more general
integral

/ i (ﬂ)“ L(si +it, ) L(sa —it, )17 dt, @
1 n

where f is an automorphic form on GL,(Q) and L(s, f) is the L-function attached
to f. This implies the meromorphic continuation of an integral of type

2
"V dt

} : a,n’

n<N

/OO L(sy +it, f) L(sy —it, f)
1

(with a, € Cfor1l < n < N). In fact, it is technically easier to study the
integral (7) when f is a cuspform on SL,(Z) than the corresponding analysis of
(6). Accordingly, to illustrate our point, for simplicity, we shall discuss the case
when f is a holomorphic cuspform of even weight « for SL,(Z). Then f has a
Fourier expansion

o0
f@) =) ae®  (z=x+iy. y>0).
=1
For m, n, two coprime positive integers, consider the congruence subgroup

Fm,n:%(zz)eSLz(Z) ‘ b=0 (modm), c=0 (modn)} .

Then, the function Fz (z) := y* f (£2) f(z) is I}y ,—invariant. For v € C, let ¢(z)
be a function satisfying

@(pz) = p'p(z), (forp>0andz=x+iy,y>0),
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and (formally) define the Poincaré series

Po) = Y ¢, ®)

YEZ\Dnn

where Z is the center of I, ,. To ensure convergence, one can choose, for instance,

v Y .
p@) =y (ﬁ) , 9)

where v, w € C with sufficiently large real parts. These Poincaré series were
introduced by Anton Good in [14].

Let (, ) denote the Petersson scalar product for automorphic forms for the group
I}y . As in [9], we have the following.

Proposition 1. Let m and n be two coprime positive integers, and let P(z; ¢), F a,
and I, , be as defined above. For o > 0 sufficiently large and ¢ defined by (9), we
have

o )= 2 o) )
./OO (ﬂ)”L(a Vit L6+ Kk —0 —it, f)
oo \

I'c+ity'(v+«k—o—it)
e : dt.
F(+o+i)I (¥ +v+r—o—ir)

As we already pointed out, the above proposition (with appropriate modifica-
tions) remains valid if the cuspform f is replaced by a truncation of the usual
Eisenstein series E(z, s) (for instance, on the line N(s) = %), or a Maass form. On
the other hand, using Stirling’s formula, it can be shown that the kernel in the above
integral is (essentially) asymptotic to t~", as 1 —> oo. This fact holds whether f
is holomorphic or not. It follows that the meromorphic continuation of (7) can be
obtained from the meromorphic continuation (in w € C) of the Poincaré series (8).

The meromorphic continuation of the Poincaré series (8) can be obtained by
spectral theory! as in [9]. To describe the contribution from the discrete part of the
spectrum, let

@) =2 p(t) Kiy(2rltly) 2
L#£0

'The Poincaré series P(z,¢) is not square integrable. Just after an obvious Eisenstein series is
subtracted, the remaining part is not only in L? but also has sufficient decay so that its integrals
against Eisenstein series converge absolutely (see [7-9]).
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(K. (y) is the K-Bessel function) be a Maass cuspform (for the group I3, ,) which
is an eigenfunction of the Laplacian with eigenvalue i + 2. We shall need the
well-known transforms

o

: 2" 1 1
2 —w,—2milxy — w—3 —_
[ e e 4 = ey K rlely) (m(w)> 2),
and

v dy
/y Kip() Ky, (0)—
y

0

1_ 14 1_ 1
v—3 5 —iptv—w 5 Hipt+v—w —3—ip+v+w —5+Hipt+vtw
() r() e r(e)

') '

the latter being valid provided R(v + w) > %, Rw —v) < %, and u is real, i.e.,

we assume the Selberg i—conjecture. Unfolding the integral and applying the above
transforms, one obtains

(P(.9).m)
(n,m)
) 0o 00 w dxd
.l y — —omity 9XAY
Sy (_) 3 00 K2l tly) e s L
(n.m = VX2 4 y? £#0 d
= —— m/ / yv+%(1+xz)_%Km(27T|e|J’)e_zmzxy -
(n.n) =
0 —o0
Y AT /oo ¥ K Qltly) Ko @rltly) 2
- =" i 1—w -
o) T3) & ' 2 Y
0
S A
30 % > n

2 2
rov+3)r(s)

F(%—mw) F(%+iu+v) F(—%—iu-i—v-i—w) F(—%-pr‘rv-i—w)
2 2

(10)

Here, L(s, n) is the L-function associated to 7. Note that the above computation
is valid (all integrals and infinite sums converge absolutely) provided v, w have
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large real parts. The identity (10) then extends by analytic continuation. The ratio
of products of gamma functions in the right-hand side of (10) has simple poles at
V+w= % =+ ip with corresponding residues:

-
- r(iiu)r(ﬂ) .
(Z,n)' F(@S 'L(v+§,77).

For v = 0 and N(w) > %, it is expected that the above residues are almost always
nonzero and that (n, Fo) 7 0 for almost all 5 ranging over a basis of Maass
cuspforms for I, ,. It also follows from Weyl’s law that the number of such poles
with imaginary part in the interval [T, T]is ~ T? as T —> oo. Summing over
m, n, we see from the above argument that the function

Z m—z?R(sl)(P(.’ ®), F%>’
m.n

with the choices 0 = k/2 and v = 0 is expected to have a natural boundary at
N(w) = % In a similar manner, one may show that the function Z(s;, 1/2,1/2,w),
in particular, should have meromorphic continuation to ar most R(s;) > % and
Row) > 1.

7.3 A Notion of Integral Moment for GL3(Q)

In [6], we propose a mechanism to obtain asymptotics for integral moments
of GL, (r > 2) automorphic L-functions over an arbitrary number field. Our
treatment follows the viewpoint of [7], where second integral moments for GL,
are presented in a form enabling application of the structure of adele groups and
their representation theory. We establish relations of the form

moment expansion = / Pé-|f|*> = spectral expansion,
ZuGL, (k)GL, (A)

where P¢€ is a Poincaré series on GL, over number field k, for cuspform f
on GL,(A). Roughly, the moment expansion is a sum of weighted moments of
convolution L-functions L(s, f ® F), where F runs over a basis of cuspforms
on GL,_;, as well as further continuous-spectrum terms. Indeed, the moment-
expansion side itself does involve a spectral decomposition on GL,_. The spectral
expansion side follows immediately from the spectral decomposition of the Poincaré
series, and (surprisingly) consists of only three parts: a leading term, a sum arising
from cuspforms on GL,, and a continuous part from GL,. That is, no cuspforms on
GL,; with 2 < £ < r contribute.
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As mentioned at the end of the introduction, in the case of GL, over Q, the
above expression gives (for f spherical) the spectral decomposition of the classical
integral moment

) 1 2
/ ‘L(E +it, f)| g(t)de

oo

for suitable smooth weights g(¢).

Integral moments for GL3. In the simplest case beyond GL,, take f a spherical
cuspform on GL3 over Q. We construct a weight function I'(s, v, w, fso, Foo)
depending upon complex parameters s, v, and w and upon the Archimedean data for
both f and cuspforms F on GL,, such that the second integral moment attached to
f arises as an integral:

[ Pé(s) | f(g) dg
ZpGL3(Q) GL3(A)

1
= — LGS ® F)?-T'(5,0,w, foo. Foo)ds

FonGLy 278 Jes)=4

1 / / ® \p2
o E [L(s1, f ® E\Z,)
Ami 2mi A= Ji=1 Jis=4 1=s2

2 2

(51,0, w, foo, EX

1—s7,00

) dS2 dS1

(see also the statement of Theorem 1). Here, for 9i(s;) = 1/2, write 1 — s, in place
of §, to maintain holomorphy in complex-conjugated parameters. In this vein, over
@Q, it is reasonable to put

LS @ B =L (s f S EL2,)

= Li=s243. /) Lsi+5—3. f) (finite-prime part)
$(2—257)

since the natural normalization of the Eisenstein series E g‘ ) on GL, contributes
the denominator ¢ (2s,). In the above expression, F' runs over an orthonormal basis
for all level-one cuspforms on GL,, with no restriction on the right K -type. The
Eisenstein series £ S(k) run over all level-one Eisenstein series for GL,(Q) with no
restriction on Kso-type denoted here by k. The weight function I"(s, v, w, foo, Fo)
can be described as follows. Let U(RR) denote the subgroup of GL3(R) of matrices
of the form (“12 T) . Forw € C, define ¢ on U(R) by

I _w
o("7) = arnmn)E.
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and set

1 x1 x3
w 1 X — eZni(x1+xz)'
1

Then, the weight function is (essentially)

F(Sa v, W, fom Foo)

(o olNee) oo o0
v—s+1 s—1
—or P [ [ [ [ [ [Tty km)
0 0 OsR) 0 0 Oy(R)

ty
'Wf.JR t WF.R ((y 1) k)
1

B t’y’ - y/ /
'WI.R t' WF.]R (( 1) -k )
1

dy dr dy’ dt’
A (i
y:t yer

where: pg (1) is the first Fourier coefficient of F,

!5,/

y 'y /
=l (kl)’ "= 2 (k 1)’
1 1

K(h, m) = / o) ¥ (huh™) Y (mum™") du.

U(R)

and

Here, Wf~ p and W, . denote the Whittaker functions at oo attached to f and F,
respectively. We can sum the above weight I" over (GL,) right K.o-types, and
denote the resulting weight by M.

To obtain higher moments of automorphic L-functions such as ¢, we replace the
cuspform f by a truncated Eisenstein series or wave packet of Eisenstein series.
For example, for GL3, the continuous part of the above moment expansion gives
the following natural integral:

00 i j 2
[ LB

M(s)=%
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where M is the smooth weight above obtained by summing over the right
Ko-types the function I" above with v = 0. We stress the fact that this higher
moment of the Riemann zeta is just one ferm in a GL3 moment expansion which
involves a complete sum over a GL, orthonormal basis (it corresponds to level-one
Eisenstein series £ S(k) for GL,(Q)), and unfortunately, there seems to be no way to
isolate this term from the rest of the sum.

For applications to Analytic Number Theory, one finds it useful to present, in
classical language, the derivation of the explicit moment identity, when r = 3 over
Q. To do so, let G = GL3(RR) and define the standard subgroups

o (S btY R (G| E i Sy §

Z = center of G. Let N be the unipotent radical of standard minimal parabolic in
H, i.e., the subgroup of upper-triangular unipotent elements in H, and set K =
O3(R).

For w € C, define ¢ on U by

I _w
o(P7) = i)

We extend ¢ to G by requiring right K-invariance and left equivariance:

~0(g), (veC,geG,m=(Ad)eZH).

More generally, we can take suitable functions (see [5,7]) ¢ on U and extend them
to G by right K-invariance and the same left equivariance.
For M (v) and N (w) sufficiently large, define the Poincaré series

det A
d?

p(mg) = '

Pé(g) = Pé(givow) = Y. ¢(rg). (g€G) (11)
yEH(Z)\SL3(Z)

where H(Z) is the subgroup of SL3(Z) whose elements belong to H. Note that
H(Z) ~ SL,(Z). To see that the series defining Pé(g) converges absolutely and
uniformly on compact subsets of G/ZK, one can use the Iwasawa decomposition
to make a simple comparison with the maximal parabolic Eisenstein series.

For a cuspform f of type u = (u1, n2) on SL3(Z) (right Z K-invariant),
consider the integral

I =I0w = / Pé() | f(g)” ds. (12)
ZSLy(Z)\G
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Unwinding the Poincaré series, we write

I = / o(g) | f(g)I*dg.
ZH(Z)\G

Next, we will use the Fourier expansion (see [13]):

s 01, ¢
o = Y Y Y b)) (13)

VENZYH(Z) G=1 (0 6162

(with a(€y, £3) = a(l;,—L,)) where N(Z) is the subgroup of upper-triangular
unipotent elements in H(Z), L = diag({1{,£;,1), and W, is the Whittaker
function. Then, the integral / further unwinds to

£, L _
P=Y S [ domia e (14)
6 o ZN(Z)\G

Now, let P, be the (minimal) parabolic subgroup of G of upper-triangular
matrices, and let K; be the subgroup of K fixing the row vector (0,0, 1). Using
the Iwasawa decomposition

G=P K, P=(HZ)-U=P K.

we can write (up to a constant) the right-hand side of (14) as

1=y a(ty, L) / @(hu) W,,(Lhu) f (hu) dh du. (15)
0.0 |6162|
ne (N(Z)\H)xU

-1
The constant involved is ( Jx, 1 dk)

One of the key ideas is to decompose the left H(Z)-invariant function f (hu)
along H(Z)H. Accordingly, we have the spectral decomposition

Flhy = / n(h) / 5im) 7 (mu) dm (16)
(n) H(Z)\H
a(ﬁ’,@é

‘3’ & (n N@Z\H
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Plugging (17) into (15), we can decompose

a(ly, £2) a(l), ty)
Tl X Ta e e e

where, for fixed £, {», £}, £},

Iy 600

= / / / @(hu) W, (Lhu) n(h) W ,(L'mu) 7j(m) dh dm du d.

() (N@\H)XU NZ\H
19)

The integral over U in (19) is

/ @(u) W, (Lhu) W ,(L'mu) du
U

W (Lh) W, (L'm) / o) ¥ (Lh“h_lL_l) (L' mum™"L' ) du
U

W, (Lh) W ,(L'm) / / oo doy dxs

= W, (Lh) W ,(L'm)K(Lh, L'm),

1 x1 x
w 1 X3 — eZni(x1+X3)'
1

where

Therefore,

Iy y.0,.0,

= / / / o(h) K(Lh, L'm) W, (Lh) n(h) W ,.(L'm) 7(m) dh dm dp.

() N@Z\H NZ\H
(20)

Forn € N and h € H, we have
@(nh) = @(h),
K(Lnh, L'm) = K(Lh, L'm),
Wy (Lnh) = ¢ (LnL™") W, (Lh).



7 Natural Boundaries and Integral Moments of L-Functions 159

Hence,

@(h) K(Lh, L'm) W, (Lh) n(h) W ,,(L'm) 7(m) dh dm

N@Z)\H N@Z)\H

= / / o(h) K(Lh, L'm) W,(Lh) W ,,(L'm)
N\H N\H

/ v (LnL™") n(nh)dn - / ¥ (L'n'L" =) 5(n’'m) dn’ dh dm.

N(Z)\N N(Z)\N
21

To simplify (21), let
1y 'y’ /
h = t (k ) ., om = t' (k ) (k, k' € 0,(R)).
1 ! 1 !

The functions 7 above are of the form |det|™ ® F with s € iR. In what follows,
for convergence purposes, the real part of the parameter s will necessarily be shifted
to a fixed (large) o = N(s). The shifting occurs in (17) (there is a hidden vertical
integral in the integral over ).

Remark. For every K-type k, we choose F' in an orthonormal basis consisting

of common eigenfunctions for all Hecke operators 7,,. Furthermore, this basis is

normalized as in Corollary 4.4 and (4.69) [11] with respect to Maass operators.
Note that

) Py = 20D e (1617 )k)
W(LnL )F(n )dn \/@ W 1

N(Z)\N

=1\ gt r PF(_%)— 1e5] y' 1
v (L'n'L' ") F(n'm)dn _—\/Iﬁ_’zl W;'ER(( 2 1) k), (22)

where WfR are the GL, Whittaker functions attached to F. These functions can be
expressed in terms of the classical Whittaker function

N(Z)\N

y {00

yoe s / Frwru—a—p+Hru—a+p+17)
27 F—a=p+3I(—a+p+7)

Wa (y) = y“du,

—i00
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where the contour has loops, if necessary, so that the poles of I" (1) and the poles of
the function I'(—u—a — B + %)F(—u —a+p+ %) are on opposite sides of it. For
k = (cccosf = sinf) e SO,(R), we have (see [11])

sinf  cosf

I/Vl‘:l]}:{((y 1) k) = eik9 u/;:i(y 1) = eiw W:I:%,iptp(“'ny)s (y > 0),

if F is an eigenfunction of

02 02 0
A== + | iy
Y (8)62 + ay2) "o

with eigenvalue i + po,. In (7.3) and (22), the Whittaker functions are determined
by the signs of —¢, and —{/, respectively. If F corresponds to a holomorphic, or
anti-holomorphic, cuspform, there are no negative, or positive, respectively, terms
in its Fourier expansion. We have

W&((y 1)-k) — it WFE(J’ 1) — it qu%@ﬂy)

(for k. > k, > 12, y > 0) for F corresponding to a holomorphic cuspform of
weight k.
Then, making the substitutions

/ /

RN
6] G 1

t
t— —, y—>

4

we can write (21) as

\ |£2] Pr(— £) V e/ PF( p(—L5) ) T T 2 Nv—s (2.7
((L21) R (Al [} // ff f () - (¢ 2y") K(h, m)
0 0 HNK 0 0 HNK

&

w4

dy dt dy’ dr’
Ldk = S ai’ b &
y t y2 [/

{7 m())

(23)

where

Kh, m) = /(p(u) W (huh_l)W(mum_l) du.

U
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Recall that the Rankin—Selberg convolution L(s, f ® F) is given by

ad 21, L)AE(L
L. f®F) = Lis. f®F) = Y. %
1

Ly, lr=1

where Fj is the basic ancestor of F and Af,({) is the corresponding eigenvalue of
the Hecke operator Ty. Since a(€1, £,) = a(£,, —{,), it follows from (18), (20), and
(23) that

1= / Pé(9) | £ ()] dg
ZSLy(Z)\G

1 o
- ¥ 5 / LOv+1—s, f®F)L(s. f ® F)T,(s)ds,
FinGL, T R(s)=0

where

Ty(s) = Ty(s, v, w, f, F)

oo o0

pr(il)pf(i / /
0

oo o0
/ / (ZZy)v—s-i-% . (I/ 2y/)s—% IC(]’I, I’I’l)
0 0

HNK HNK
ty 'y’ ,
y - =+ ((¥
e el (7 ()
1 1
dy dt ,dy’ dt’
-dk—y—dk/ dy d" (24)
2o

with all four possible sign choices in the sum. Note that we have also replaced s by

1
S — 5-
The kernel I, (s) can be expressed as a Barnes-type (multiple) integral. To see

this, note that

w(huh—l) — eZm’t(ulsin0+ugcos0)’ W(mum—l) — e—2m't/(u1sin9’+u2c0s9/)’

with 0 < 6, 6’ < 27. Changing the variables u; = rcos¢, u; = rsing (r > 0
and 0 < ¢ < 2m), one can write

oo 2w

K:(h, m) = / / r2(p(r) eZnirtsin(9+¢) e—2nirt’sin(9’+¢) d¢ d_l‘ (25)
r
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In (25), express the two exponentials using the Fourier expansion:

00
etusmG — Z Jg(u)e’w.

{=—00

+ y ikf +[)
WF.R(( 1).]{):6 WF.]R( 1)’

it follows that, up to a positive constant, I, (s) is represented by

Recalling that

Z p(ED)p(£1)

00 00 00 oo

///(tzy)v_ﬂ'% (t’zy’)“'_% / r2o(r) Jc2mrt) JK(ant’)d—r

00 0 0 '
74,/

ty ry ’ ’q4r
+ () 772 —=+ [y dy dr dy’ dr
-W, t WER( 1) W, t' W ( 1) PR
1

oy
(26)

Here, we have also used the well-known identity J_,(z) = (—1)*J,(2).
To continue the computation, express both GL3(R) Whittaker functions in (26)
as (see [3])

ty 1
Wy tl = W/ /ﬂ_él_& V(€. &)t 5y T dg dby,
1) (62)
where
1 (& r&H)r rE)rELyr(ee
e g0 = L LR EAINCE ORI ()

the vertical lines of integration being taken to the right of all poles of the integrand.
We shall consider only the (4, 4) part of (26), assuming k¥ > 0 and

+(Y -
VI/F.R( 1) - W%’iﬂpo(“ny)'

Interchanging the order of integration and applying standard integral formulas (see
[15]), we write the integrals of the (4, +) part of (26) corresponding to the above
choice of W as
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730+ 1
128 (2mi)* / /

(61) (82)

[ [reeoves ;

(
CANCH) 2

‘F<1—s—§22+v—i,uﬁ))r(1—s—§2;—v+iu,,0)

’ . ’ .
F(S—gz—lﬂro)F<5—§2+1M~0)
2 2

‘ F(El +$2{—ZV)1—.(—51 —Ef2+2v+W)
r(3)

This representation holds, provided

d, de| dé, dé,. 27)

81, 82, 81, 8, > 0:
ROW) —R(s) — 8 > —1; R(s) =68 > 0;

3 1
3> 2% (s) — 87 > 0; -5 > 2R(V) — 2N (s) — 8, > —2;

Rw) > 81 + 8 — 20 () > 0.

We remark that for all the other choices of ij]%, one obtains similar expressions.

For fixed Fy, a Maass cuspform of weight zero, or a classical holomorphic (or
anti-holomorphic) cuspform of weight «,, the corresponding Archimedean sum over
the K-types k in the moment expansion can be evaluated using the effect of the
Maass operators on Fy given explicitly in [11] (see especially (4.70), (4.77), (4.78),
and (4.83)).

We summarize the main result of this section in the following.

Theorem 1. Let Pé(g) definedin (11) be the Poincaré series associated to ¢. Then,

fors, v, w € C with sufficiently large real parts, and f a cuspform on SL3(Z), we
have

/ Pé(g) | /(o) dg

ZSL3(Z)\G

-y = / Lo+1-s f®F)L(s, f ® F) [,(s)ds,

R(s)=0
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where F runs over an orthonormal basis for all level-one cuspforms together with
vertical integrals of all level-one Eisenstein series on GL,(Q), with no restriction
on the right K-types. The weight function I',(s) is given by

Ty(s) = Z p(E1)p(ET)

[o.<lNe eliNe oliNe o) o0 d
/ﬂ/m/1/(ﬂyyﬂ+%0”y@k%'/‘ﬂ@&)ﬁ(%ﬂ%Lﬁ@nn@—z

r
0O 0 0 O 0

!5,/

1y (" —+ [y dy dr dy’ dr’
AR W::R(y 1) w. o Wt (y 1) y dt dy” dr
1

FR
1

with all four possible sign choices in the sum.

7.4 Spectral Decomposition of Poincaré Series

We begin by showing that our Poincaré series Pé(g) is a degenerate G L3 object (i.e.,
the cuspforms on S L3(Z) do not contribute to its spectral decomposition). We have
the following.

Proposition 2. The Poincaré series Pé(g) is orthogonal to the space of cuspforms
on SL3(Z).

Proof. Let f be a cuspform on SL3(Z) with Fourier expansion

> 0,0
flo = > > Z%-W(Lyg).

YEN@Z\H(Z) =1 €50

Unwinding twice, it follows, as before, that

i 0.0 _
S = S [ e@Weow o)

= lat]
ZSL3(Z)G 1-+2 ZN(Z)\G/K
Now, write g € G in Iwasawa form,
1 x1 x2 Y12 d
g= 1 x; Vi d |k (1, 2> 0, k € K)
1 1 d
yiyad 1 x1/y 10 (x2 —x1x3)/y1y2
= Y1d 1 01 X3/y1 k.

d 1 00 1
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Then,
10 (x2 —x1x3)/ 912
p(@) = (i) e[ 01 X3/ 1 (29)
00 1
and
4 Liyilla]y2
W(Lg) = e (Gxth) .y by |- (30)
1

Also, the integral in the right-hand side of (28) can be written explicitly as

o0 o0 [ed] [ed] 1
/ .o dg = / / / / / dxldxzdmd—);ld—y;.
ZN(Z)\G/K y2=0 y;=0 X3=—00 x3=—00 x;=0 i
Letting
X1 =1, X2 = 1o + Iil3, X3 =13,
the inner integral over #; is

1

/e—zm‘ézrl dt; = 0

0

(since £, # 0). Thus,

Pé(g) f(g)dg = 0.
ZSLA(Z)\G 0

Now, write the Poincaré series as
Pée) = > elye) = Y > wBre).
yEH(Z)\SL3(Z) yEP(Z)\SL3(Z) BEU(Z)

where P(Z) denotes the subgroup of SL3(Z) with the bottom row (0, 0, 1). By the
Poisson summation formula, we have

) I mp I x1 x2 Yiya
Z p(Bg) = Z ¢ 1ms 1 X3 A\
BeU(Z) my, m3=—00 1 1 1
o0 1 x1 x2 +my yiy2
= Z @ 1 x3+mj3 Vi
mp, m3=—00 1 1
o0

— Z C(;mz’m3)(x1, i, yZ) eZﬂi(mzxz+m3X3)’

my, m3=—0o0
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where C(/gmz’m)(xl, Y1, y2) is given by

C(Emz’mS)(-xlv Y, y2)

10 (ua — x1u3)/y1 2 ‘
= (ylzh)v/ ¢l 01 uz/yi e 2milmauatmss) gy, duy

R2 00 1
1 ©
= (ylzyz)v+l/ @ 163 e 2milmayiyata+(maxitms)yin] de, dts. (31)
1
R2

Therefore, denoting C.">" (xy, y1. y,) e mxtmsxs) by G (my,m3), we can
write
o0

Pé(g) = Y. Yo Dpelmamy).

yEP(Z)\SL3(Z) m2,m3=—00
Thus, by (31), we can decompose the Poincaré series Pé(g) as
Pé(g) = C(p)- E*Y(g.v+1) + P& (). (32)

where E%(g,v + 1) is the maximal parabolic Eisenstein series on SL3(Z) and

1 1
C(p) = / @ 14 | dipds. (33)
R 1

To obtain a spectral decomposition, we need to present the Poincaré series Pé(g)
with the maximal parabolic Eisenstein series on SL3(Z) removed in a more useful
way. To do so, we first write

o0
P (g) = Y > Prelmams)
S my,m3=—00
YEP(Z\SL3(Z) (m;m;)#(o,o)

> Y D).

VEPINSL(Z)  yeU@\UR))
za

where

P:()) = /U o (ug) V() du.
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For 8 € H(Z), we observe that
(V) = / oupg) V@) du = / (BB~ uBg) ¥ ) du
U U
- / (B uBg) U () du = / o)V BB N du,  (34)
U U

as ¢(Bg) = ¢(g) for B € H(Z) and g € G. Setting ¥ (u) = Y (Bup™"), the last
integral in (34) is @ (V7).
Consider the characters on U(Z)\U(R):

1 us
Y (1) = e*mimis, meZ andu = 1 u3
1

Since every nontrivial character on U(Z)\U(R) is obtained as (), for unique
m € Z* and B € P“'(Z)\H(Z), where P'!(Z) is the parabolic subgroup of
H(Z), it follows from (34) that

Pé*(g) = Z Z Z Ppyg(Y")

YEP(L\SL3(Z) BePVN(Z)\H(Z) meL*

= Z Z ayg(l/fm)-

yePLINZ\SL3(Z) meL

O = % * , U = 1 , U" = 1 %
* % 1 1

Then, Pé*(g) =

2 > X e '(/U,fﬂ(u’ ”ﬂyg)du) du”,

yEPV2(Z)\SL3(Z) BeP N (2)\O(Z) mEeL™
Setting
7o) = [ oo,
U/

the last expression of Pé* becomes
p g

P = Y > X [ s ar. 65

yEPL2AZ\SL3(2) PPN (L)\O(Z) mEL™
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Let
o0 = > ¥ [ vuswsoar. o

pEPLI(Z)\OZ) meLX

We need the following simple observation.

Lemma 1. We have the equivariance

qbc
@(pg) = lq"™" - lal” - 1d| ™" B(g). forp=| a |eGLiR)
d
Proof. Indeed, since
1 ¢ qgbc gbtd+c qb 1 (td+c¢)/q
1 a = a = a 1 ,
1 d d d 1
we have
ga | 1 (td+c)/q
9(pg) = / e pg)du’ = ‘—2 : / ¢ 1 g | dt
v’ d R 1

= g™ lal” - 1|77 (g).

Assuming g of the form

g = (“ */) (a € R* and g’ € GL,(R)),
g

(we can always do using the Iwasawa decomposition) and decomposing it as

we have
_ vl ~ {1
9(2) = lal “-fp( g,)-
Since

1 a *
( D)g = ( Dg’) (for D € GL,(R)),
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it follows that @(g) defined in (36) descends to a GL, Poincaré series, with the

corresponding Eisenstein series removed, of the type studied in [7-9]. Setting

1

() -o(s)  wen
1

and extending it to GL,(R) by

3v+1
@(2)((51 d)gk) - )% T 9P, (g€ GLyR), k € O5(R)),

we can write

¢>(";,) = fal T detg|7F - Y > /N V") 9@ (nBg’) dn.

BEPIN(Z\SL(Z) mEL™

(37)
with N the subgroup of upper-triangular unipotent elements in GL,(R). Note
that, for

Lu -y
o(B4) = 0 )
we have
| 1 1
(p(z)( x):a Ix =/<pu/ Ix | |dd
1 1 U/ 1

00 o F( w—1 ) I—w

/ (I++x) 2du = Vo —=2—-(1+x%) 2 . (38)
oo Ir'(3)

Then, by (2.2), (2.3), and (5.8) in [9], it follows that, for an orthonormal basis of

Maass cuspforms which are simultaneous eigenfunctions of all the Hecke operators,

we have the spectral decomposition

°(7)

1 — /3y 1 3v+1 ; vl
=3 X A L(F+1.F) (5 +in: =5—w—1) a" jdetg| " F(g)

F—even

s / (F+3+98F+5-9)
4mi a7 Ol —5) L2 —2s)
M(s)=%
v+1
2

-g(l —s; W= 1) a|"t! |detg/|_VJrTl E(g',s) ds,
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where

(—s+2v+l)F(u)r(—s-i-zv+w)1-v(s+v—|2—w—l) .

G(s;v,w) = P r ) .
refhriv+y)

This decomposition holds provided 3 (v) and % (w) are sufficiently large. Hence, by
(35) and (36), Pé*(g) has the induced spectral decomposition from GL,,

Pé*(g)
1 _— 3v 1. 3v+1
=5 > nL (? + 1,F) G (5 i =W = 1) El(g.v+1)
F—even

1 PrlaniE+3-s 3v+1
+4_ / é‘(z ) )é‘(z ) )g(l—s;i,w—l)
Tl

a7 (1 —5)L(2—2s) 2
R(s)=1
. ELLL g,v+1_£,2_s ds.
2 373

By Godement’s criterion (see [2]), the minimal parabolic Eisenstein series ELL
inside the integral converges absolutely and uniformly on compact subsets of G/ Z K
for N(v) sufficiently large. The meromorphic continuation of the Poincaré series
Pé(g) in (v,w) € C? follows by shifting the contour similarly to Sect. 5 of [9], or
Theorem 4.17 in [7].

We summarize the main result of this section in the following theorem.

Theorem 2. For RN(v) and N(w) sufficiently large, the Poincaré series Pé(g)

associated to
I u —
o(B4) = )

has the spectral decomposition
2
Pé(g) = ——  E¥(g,v + 1)
w—2

1 R 3v 1 . 3v+1
+- > pf.(l)L(?—f- 1,F) g(§+mﬁ;T,w—1) Ef(g,v+1)

F—even

1 tE+i+90E+3-y) v+
R / It (1 —5)C(2—2s) g(l_s’ 2 ’W_l)

[\

R(s)=1

2 33
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From Theorem 2, the meromorphic continuation of the Poincaré series follows
by similar techniques to those used in [9] or [7]. However, we are not pursuing this
spectral decomposition any further here, as for potential applications, one needs to
use it together with asymptotic information for the weights appearing in the moment
side, information which we do not have at the moment.

Remark 1. Let ¢ on U be defined by

w

FEEy (U4 [ul?) ™2 F2 %w —Lo)
<p(12 th) N ( ) 22" THIP

’

and consider the Poincaré series Pé(g) attached to this choice of ¢. Representing
the hypergeometric function by its power series,
1 Me+mCB+m)

ey = LW L

(lz] < 1),

and using the last identity in (38), it follows, as in [5], Sect. 7.3, that the Poincaré
series Pé(g) with v = 0 satisfies a shifted functional equation (involving an
Eisenstein series) as w —> 2 — w (see also [9, 14]).
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Chapter 8
A Trace Formula of Special Values
of Automorphic L-Functions

Bernhard Heim

Abstract Deligne introduced the concept of special values of automorphic
L-functions. The arithmetic properties of these L-functions play a fundamental
role in modern number theory. In this chapter, we prove a trace formula which
relates special values of the Hecke, Rankin, and the central value of the Garrett
triple L-function attached to primitive new forms. This type of trace formula is
new and involves special values in the convergent and nonconvergent domain of
the underlying L-functions.

Keywords Arithmetic trace formula ¢ Garrett triple L-function * Critical values
of L-functions ¢ Saito-Kurokawa correspondence

8.1 Introduction and Statement of Results

The main result of this chapter is the discovery of an arithmetic trace formula. This
formula relates special values of various kinds of automorphic L-functions. Our
previous knowledge of the basic facts on the arithmetic nature of special values
is built on the fundamental works of some of the pioneers in this field: Siegel
[Si69], Klingen [K162], Shimura [Sh76], Zagier [Za77], Deligne [De79], and Garrett
[Ga87].

Let g € Sk(SL2(Z)) be a primitive (normalized Hecke eigenform) cusp form of
integer weight k. Let (f;); € Sxu—» and (g;); € Sk be primitive eigenbases. The
trace formula compares the weighted average > ; of special values of the nontrivial

piece of the triple L-function L(f; ® Sym?(g). cx) evaluated at the central value cx
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and the average ), of the triple L-function L(g ® g ® g;, 2k —2) and an error term
expressed by special values related to the Rankin L-function attached to g. This
special value L(f; ® Sym?(g), ¢x) and the related triple L-function recently played
a prominent role in the proof of the Gross-Prasad conjecture for Saito-Kurokawa
lifts given by Ichino [Ich05]. More generally, Ikeda stated in [Ik06] a conjecture on
the explicit value of a certain period which involves the central value of L-functions
(Conjecture 5.1) of the type studied in this chapter. There, the nonvanishing of the
central value is important. Recently, some progress has been obtained by Katsurada
and Kawamura [KKO06]. The focus of this chapter is the proof of the arithmetic trace
formula and not applications. Nevertheless, we believe that there will be applications
towards the problems proposed by Iwaniec and Sarnak in the survey article [IS02].

Before we go into more details, we put our results into a more general framework
and give relations to other results.

Since the days of Euler (1707-1783), the analytic and arithmetic properties of
infinite series of type

L(s):=Y_ A(mn~ (s €C) (1)

n=1

at integral values m = ... —2,—1,0,1,2,... have always revealed significant
invariants and properties of the underlying motivic object related to the sequence
A(1), A(2), ... of complex numbers. Significant series arise when the function A (n)
is multiplicative and L(s) converges absolutely and locally uniformly if Re(s) is
large enough. These series are nowadays called L-functions.

Examples are given by the Dedekind zeta functions (g (s), the Hasse-Weil zeta
functions Z g (s), the Hecke L-function L( f, s), and the Rankin L-functions D( f, s)
attached to algebraic number fields K, elliptic curves E, and primitive elliptic
cusp forms f. They have a meromorphic continuation to the whole complex plane
and satisfy a functional equation. Let us just recall some interesting properties.
The Riemann zeta function {(s) := {g(s) has a single simple pole at s = 1. The
nonvanishing at {(14i¢) for ¢ € R directly leads to the prime number theorem. The
Kronecker limit formula of g gives information on the regulator, class number, and
other invariants of the number field K. From Euler, we know that

1
By,
2M 22 for m € N. )

Here, B,, denotes the mth Bernoulli number. Let A(z) be the Ramanujan function,
the unique primitive cusp form of level 1 of weight 12, with Fourier coefficients
7(n). It is known that up to normalization, the values of the Rankin-type L-function
D(A,s) at integral values within the “critical strip” are rational numbers, for
example,

§(6) Z f(n)z — 414 17 ” ” .

D(A, 14) = £G) 2

3)
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Let (, ) be the Petersson scalar product and || | the Petersson norm (see (14) for
details). Then || A ||>= 1.03536205679 x 10~° with 12-digit accuracy (see[Za77]).

The concept of critical values of a motivic L-function and conjectures on the
arithmetic nature has been introduced by Deligne. Let Z(s) := y(s) L(s) be the
completion of L(s) at infinity, i.e., y(s) is essentially a product of I"-functions with
functional equation Z(s) = Z(w —5),w € N. Then m € Z is a critical value if and
only if y(m) and y(w—m) are finite. Deligne predicts that then L(m) = algebraic x
$2period- Moreover, a certain functoriality of the action of the automorphism of the
absolute Galois group over the involved number fields can be given.

Let g € Sy be primitive with Fourier coefficients (a,(g)), and Satake parameter
(see (15)) @, B, for all finite prime numbers p. For simplification, we put

A,(g) = (%) 0 ) 4
0= (750 @
Then Hecke attached to g the L-function
_ k
L(g,s) := l_[ {det (12 —A,(9) p_s)} " for Re(s) > 3 5)
P

With this notation, the Rankin L-function D(g,s) and the triple L-function
L(fi ® f>® f3,5) are defined by

D(g,s) =C(s—k+1)7!

[T{det (1= A4,(9) ® A,(g) p~)}"  forRe(s) > k.  (6)
P

L(/i® £2Q f3.5)
= l—[ {det (Is — A,(f) ® 4,(f2) ® A,(f5) p~*)} " forRe(s) > 0. (7)
P

Here, fi, f2,and f3 are primitive elliptic cusp forms. Let Z(g, s), ﬁ(g, s), etc., be
the completed L-function, see (23)—(30). They all have a meromorphic continuation
to the whole complex plane and satisfy certain functional equations. From this, the
critical values can be explicitly determined. In contrast to the Rankin L-function,
the center of the Hecke L-function and the triple L-function is always a critical
point. The Hecke L-function vanishes in the center if the weight k is congruent to 2
modulo 4 and the triple L-function for the full modular group SL,(Z). This follows
from the sign in the functional equation.

Recently, a piece of the triple L-function L( f ® Sym?(g), s) attached to g € S
and f € Sy primitive (see (22) for an explicit definition) showed up in the proof
of the Gross-Prasad conjecture of Saito-Kurokawa lifts. Among other things, Ichino
[Ich05] showed that L (f ® Sym?*(g), 2k — 2) is finite.
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More precisely, we have the decomposition

L(f®g®gs)=L(f®Sym’(g),s) L(f.s —k +1). (8)

Work of Deligne predicts that the unique critical value is given by 2k — 2 which
matches with the center of the functional equation. Now, the vanishing of the
triple L-function becomes obvious since the Hecke L-function of f vanishes
at the center. So it remains an open question to study the arithmetic nature of
L(f ® Sym?(g),s). Ichino [Ich05] proved that the value is zero if and only if a
certain period vanishes. Moreover, he described the transformation of the special
value under any automorphism of C. Recently, we have proven [Hei05]: Let g be
given. Then there exists at least one f such that the value

L(f ® Sym*(g).2k —2) # 0. ©)
Starting with f € Sy, the property (9) is not always possible. Since, for example,
in the case k = 18 we have Sy = 0. For general k, we cannot say much.

Theorem: Arithmetic Trace Formula. Let k be an even positive integer. Let g € Sk
be a primitive Hecke eigenform. Then we have

dimfffz Z(f,, 2k —3) Z (fl ® Symz(g), 2k — 2)

i=1 i 1171 g 11
dim Sy 7

= ()2 Lig®g®gj.2k—2)
= g 141l g5 117

~ 2 ~
(D(g,2k—2)) L, D& 2%k—2) 10)

k_ k_ '
g |? g |?

Here, (f;); and (gj)j are primitive Hecke eigenbases of Sax—> and Sy, and the
constants k1 and iy can be explicitly given. We have

e TG
K= D o Y BT k2 (an
Ky = (_1)(_1)k/222k+1 F(k + 1) (12)

2k —2)B T'(k/2)

Remark 1. We would like to note that in this chapter, we actually prove a more
general trace formula. It involves the products of roots of L-values of
type L ( fi ® Sym?(g;,). 2k — 2) on the left side and the more general triple L-
function of type Z(gil ® gi, ® g, 2k —2) on the right side (see (62)). Here, i = i}
or ip.



8 A Trace Formula of Special Values of Automorphic L-Functions 177

Remark 2. All the totally real algebraic numbers (see the Sects. 8.2.1 and 8.2.3 for
more details)

L(f.2k-3) Lg®g®g;.2%k—2) . D(g.2k —2)

, , an 13)

2-(f) g 111 g Il g; 117 5 g |2
are given by evaluating an infinite product, which locally does not vanish in
the domain of absolute and uniform convergence. Let f,...,® be any Hecke

eigenvalues. We put K, if we take all the eigenvalues of an Hecke eigenbasis of S.
Then the values given in (13) are units in Kz, K, ¢, and K. This is not surprising.
But new is the fact that these values can be explicitly used to study the central
value of the L-function L (f; ® Sym*(g;, ). s) at the center of symmetry, at least on
average.

8.2 Automorphic L-Functions

Let us recall some notation and basic facts on modular forms and L-functions.
Moreover, we add some properties of Jacobi forms. For the general setting we refer
the reader to Iwaniec [Iw97], Eichler and Zagier [EZ85], and Klingen [K190]. The
overview article of van der Geer [Ge06] is also very useful.

8.2.1 Basics on L-Functions

Let H, denote the Siegel upper half-space of genus g and let I', := Sp,(Z) be the

Siegel modular group of degree g. For k, an even nonnegative integer, let M, lfg ) be
the space of Siegel modular forms of weight k& and genus g with respect to [,. Let

S lig ) be the subspace of cusp forms. We recall the definition of the Petersson scalar
producton S ]f :

(F,G) ;=/F\H F(Z) G(Z)det(Im(Z))* ¢! dz. (14)

Hence, || F |>= (F, F). To simplify notation, we drop the index g in the case
g = 1. Examples of Siegel modular forms are given by Eisenstein series. Let Z €
H, be an element of the Siegel upper half-space and let k > g + 1 be even. Then

E{f(Z):= Y  det(CZ+ D)™,

(& Ber=vs

where 'y := {(61 5 ) € Fg}. This series is absolutely and locally uniformly conver-

gent on Hl, and is an element of M lfg ). We denote its Fourier coefficients by AEL (T),
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where T € A, runs through all half-integral symmetric semipositive matrices of size

g. Here, AEL (0) = 1. It is useful to know that the coefficients AB (T) are rational
and have bounded denominators.

Let ¢ € Sy with Fourier coefficients (a,(g))o—,. The cusp form g is called
primitive if g is a Hecke eigenform and if a;(g)=1. Let us assume that g
is primitive. Then we attach to every prime number p the local parameters
o,(g), B,(g) € Cdefined by the equations

T,(9) + B,(9) = ap(g) and@,(g) - B,(g) = p". (15)

Then the Satake parameters are given by

ay(g) = p~ 7@, (g) and B,(g) = p~ 7 Bp(g). (16)

By Deligne’s proof of the Ramanujan—Petersson conjecture in [De71], we have
|, (g)| = |B,(g)| = 1. For further simplification, we put

_ (ap(g) 0
A(8) '_( 0 ﬂp(g))' an

We begin now with the definition of the L-function L(g, s) attached to g of Hecke
type. We have the absolute convergent infinite product over all prime numbers

k+1

L(g.s) := l_[ {det (12— A,(g) p_s)}_1 for Re(s) > (18)

p

The standard L-function D(g,s) or sometimes called the symmetric square
L-function of g has been already defined in the introduction (6). We also have the
identity

L(g.s) =Y an(g)n™, (19)
2 2k +2
D(g.s) = ;g(s - :1))2 an(g)’n~ (20)

Letnow f € Sy, and g € Sy be primitive. Then, we put

'07p(g)2 0 0
S,(g) = 0 pt 0 . (1)
0 0 B,(g)?
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The next L-function L( f ® Sym?(g), s) is defined by

L(f ® Sym*(g).s) := l_[ {det (1s — A,(f) ® Sp(g) p_s)}_l for Re(s) > 0.
)
(22)

Finally, we have the triple L-function (7) attached to primitive Hecke eigenforms
fj (S Su(fj) fOI'j = 1,2,3.

All these L-function have a meromorphic continuation to the whole complex
s-plane. They also have a functional equation. This can be stated in the “right” way
if we add the local factors corresponding to the Archimedean prime number. Let
Ti(s) := 772 I'(s/2) and I'c(s) := 2 (2m) " I'(s) be the normalized I"-function.
Then we have for g € S primitive the completed L-functions

L(g.5) := I't(s) L(g. ). (23)
D(g.s) := I'e(s —k + 2)T'c(s) D(g. 5). (24)

Then it is well known that Z(g, s) and D(g,s) are entire function on the whole
s-plane. They have the functional equation

L(g.s) = (~1)% L(g. k —s) 25)
and
D(g,s) = D(g,2k — 1 —s). (26)

In the setting of the triple L-function, we assume that v( f;) = v(f2) = v( f3). Since
we are mainly interested in the balanced case, we assume that v(f,) + v(f3) =
v(f1). Then

L(fi®[® frs):=Tc(s) el —v(fi) + D) Tl —v(fH) + 1)
Ic(s—v(B)+DL(f/i® £ ® f3,9). (27)

This function has a meromorphic continuation to the whole s-plane and satisfies the
antisymmetric functional equation

L(fi®/® f1.5)=—L(A® LS (/i) +v(f) +v(fs)—2—5).
(28)

This L-function vanishes at the center 5o = — 1. Moreover, let
f € Sa—y and g € Sk be primitive. Then we have by a straightforward calculation
that

v(D+Hv(f)+v(f)
2

L(f®g®gs)=L(f®Sym’(g),s) L(f.s —k +1). (29)
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We obtain the following completed L-function
L(f ®Sym’(g).s)
=Tc() (s —k+1)Ic(s—2k +3)L(f ® Sym*(g).s).  (30)

It has a meromorphic continuation to the whole complex s-plane and has the
functional equation s — 4k — 4 —s.

8.2.2 Saito-Kurokawa Correspondance

Let M k+_ , (I'5(4)) be Kohnen’s plus space. This is the space of modular forms of
2
half-integral weight k — % related to the group

To(4) = { (i’ z) € SLy(Z)c=0 (mod4)},

where certain Fourier coefficients are zero. Let S k+_ 1 (I'5(4)) be the subspace of cusp
2

forms. Let Ji.1 be the space of Jacobi forms of weight k and index 1 and J,'\*" the
subspace of cusp forms. Jacobi forms are holomorphic functions on H x C which
satisfy certain conditions (for details, see the standard reference [EZ85]).

Let h; € S:_ ! (I(4)). Then there exists a Jacobi cusp form @; € J]:HSP via

the isomorphism given in Theorem 5.4 in [EZ85]. This isomorphism is given on
the level of Fourier coefficients and is compatible with the action of the Hecke
algebra of Jacobi forms and modular forms of half-integral weight. Let (1(n)),
be the eigenvalues. Then f(z) = Y., A(n)e*™"* € Sy, is a primitive Hecke
eigenform. This is the Shimura isomorphism.

Moreover, these spaces are isomorphic to the (cuspidal) Maass Spezialschar, a
certain subspace of S,Ez). Let further (, ), (, )s, and (, )+ denote the Petersson

scalar products on M, k(g ) , the space of Jacobi forms, and the plus space. Moreover,
let || ||« be the related Petersson norm.

Let g € Si be primitive. Then we denote by K, the field generated by the
eigenvalues of g. It is well known that K is a totally real number field. Let finitely
many Hecke eigenforms fi, ..., f; be given. They can be Siegel modular forms,

the field generated by the eigenvalues. Let f € Sy, primitive be given. Then we
can choose h € S k+_ 1 (I5(4)) via the Shimura correspondance such that the Fourier

coefficients are all contained in K ;. Similarly, we can choose the related Jacobi
form @. Such & and @ we call normalized.
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8.2.3 Algebraicity of Critical Values of Automorphic
L-Functions

The general philosophy of Deligne [De79] predicts for any motivic Dirichlet
series L(s) the structure of the arithmetic nature of certain “critical” values. The
underlying assumption is that the Dirichlet series arise from some algebraic variety,
Galois representation, or modular form and has a functional equation of the form

Z(s) =y(s) L(s) = sZ(w — ), ¢isrootof unity, wis a constant, (€2))

and y(s) is a I"-factor. Then all integers m for which y(m) and y (w — m) are finite
are called critical values. It is expected that L (m) = algebraic x £2, where §2 is a
period “about which something nice can be said” (Don Zagier [[Za77], p. 118]).

(a) Hecke L-function L(g,s)
Let g € Sj be primitive. Then the critical values of the L-function L(g, s) are
given by the integers m = 1,2,...,k — 1. We want also to remark that the
center my = k/2 is also a critical value and L(g,mg) = 0if k = 2 (mod 4).
We know from the result of Eichler—Shimura—Manin that there exist two periods

22-(g), £24+(g) € R such that for the critical valuesm = 3,..., k —1, we have

L(g.m)
T K, 32
-1y (g) ¢ G2

Here, we identify (—1)* with 4+ or — in the obvious way. Analogous information
for the other critical values follow directly from the functional equation (see also
[Ge06], Sect. 26).

(b) Rankin L-function D(g, s)
Let g € Sk be primitive. Then the critical values of the Rankin-type L-function
D(g,s) are givenbym = 1,3,...,k —land k,k + 2,...,2k — 2. Here, the

center my = 2/‘7—2 is not an integer and hence not a critical value. We have

D(g, —k+2 ' . D(g.
2 —k(flm) 2= (zl_mr (m 2 )F(m)) '3 (s n;) € Ky
w2 I gl 2 gl

(33)

for the even critical values. Supplementarily, we deduce from the functional

equation that for the odd critical values, we have D(g,m)/(z" || g ||*) € K,.
(c) Triple L-function

For the triple L-function L (f1 ® f> ® f3,5) with f; € S,,, we fix the ordering

v(f1) = v(f2) = v(f3) and assume that we are in the situation of the balanced

case v(f2) + v(f3) = v(f1). Then the critical values m are given by

v(f) <m < v(f)+v(fs)—2. (34)



182 B. Heim

Here, the center my = M —21s also a critical value. It can deduced

from the functional equation and a finiteness theorem that the triple L-function
vanishes in the center (see Orloff ([Or87]). Moreover, we have

L(A® f® frm)
P T AT I A A

with A =3 —v(f1) —v(f2) — v(f3).

Examples:

(35)

(a) Let fi = f € Sox— and f, = f3 = g € S) be primitive. Then we have exactly
one critical value m = 2k — 2. This is also equal to the center. Hence, we have
L(f®g®g2k—-2)=0.

(b) Letv(f1) = v(f2) = v(f3) = k. Then we have

Lfi® f® f3.2k—2) K
I fi ||2|| 1 ||2|| £ ||2 N fafa

(¢) L-function L(f ® Sym?>(g), s)
Let f € Sy, and g € S be primitive. Then there is one critical value, namely,
m = 2k — 2, for the L-function L( f ® Sym?(g). s). Moreover, we have

(36)

L (f ® Sym*(g), 2k —2)
2+ g I*

(see also Ichino [Ich05] for details).

K.flg- 37

8.3 Numerical Verification of the Trace Formula

We consider the arithmetic trace formula stated in the introduction for the weight
k = 12.Let A € S1p and f € Sy, be the unique primitive Hecke eigenforms of
weight 12 and 22. Then we have

(e.@)
AQR) = q —24¢° +252¢° — 1472¢" + 4830¢° — 6048¢° + -+ = Y " (n)q"
n=1
(e.@)
f(2) = q —288¢7 — 1288444 — 2014208¢" + 21640950¢° + --- = Y " b(n)q".

n=1
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The Petersson norm a Hecke eigenform g € Sy can be identified with a special value
of the standard zeta function D(g, s) of , this is due to Rankin. The correspondance

is given by
(k—1)!
IP=

= S a1 P& h) (38)

Il g

The special value D(g, k) can be determined by meromorphic continuation. There
is a useful program of Dokchister [Do04] to calculate such values. This leads to

| A [? = 0.00000103536205680432092234 . ..
| £ > = 0.00002009981832327430645231 ...
Our first goal 1/5\ to determine the numerical value of the left side of the trace formula.
The value of L ( f ® Sym*(A), 22) can again be determined with the program of
Dokchister (see also Ichino [Ich05]). We have
L(f,21) = 0.9998499414258382599524516. ..
Z(f, 21) = 84.2000215244544365950065601 . ..
L (f ® SymZ(A), 22) = 0.75704862297802829562086575 . ..

Hence,

dimff,z L(fi,2k—3) T (f; ® Sym*(g),2k —2) (39)
/i 171 g 11

i=1

for k = 12 is equal to the numerical value
2958416757652464643.22953541 . .. (40)

This number has been obtained directly. From the proof of the trace formula, we
know that this number should actually be a rational number (see (67)).
A careful analysis leads to the candidate

256'36.54'7

41
131-593 “h

which coincides with 2958416757652464643.22953541 ... in the range of
precision.
On the right side, we first determine the value of

D(g.2k —2)

(42)
k_
w27 g |
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for g = A. We obtain directly
D(A,22) = 0.99964571112477139783572962.. ..
and hence,

D(A,22)

m = 110841.734096772163845718240. .. -

The constants kg, k1, and k>

Ko(k) = (—1)*/22572,
(k)
(2k —2) By I'(k/2)?’
rk+1)
2k —2)B. T (k/2)

ki(k) = (=1)(=1)F22*

K2 (k) = (—=1)(=1)F/22%H!

are explicitly given. Let k = 12. Then

Ko = 10240 = 210
_(=1)-2'".37.52.72.23
n 131-593

2%2.3%.52.72.13
Ky = 24052904584483.936324167872648 ... = SOl .

k1 = —12995908.891263210741088 . ..

We determine the special value of the triple L-function L(A ® A ® A,s) ats = 22
via the local factors of the Euler product by calculating the Satake parameters of A.
Hence, we obtain

L(A® A® A,22) =0.99602837097824593011931492.. .. . (43)

Then we obtain for k = 12,

df" Lg®g®g;.2k—2)
= g I*ll g 117

is equal to
441423252695906.208342030317 ... .

So, finally, we have for the expression

~ ~ 2 ~
L(ARA® A,22) D(A,22) D(A,22)
Ko - + Ky 2

A ° AR AR
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the explicit value
2958416757652464643.22111654 . .. . 44)

This shows that the arithmetic trace formula for the weight kK = 12 can be numeri-
cally verified.

8.4 Proof of the Arithmetic Trace Formula

This section is devoted to the arithmetic trace formula stated in the introduction. We
give a proof which is constructive and explicit. Moreover, as already remarked, we
give a more general formula which may be useful for further applications.

Proof. We prove the theorem with an extension of a technique related to the
doubling method in the setting of modular and Jacobi forms. There, the so-called big
cell plays a fundamental role. It is related to the unique nonnegligible orbit which
leads to an integral representation of an automorphic L-function. For our purpose,
it is not enough to know one orbit; we need them all. Actually, we need the whole
pullback formula related to the orbits. What does this mean? Let us fix the diagonal
embedding H x H < H,. Here,

Z 0
Z,W) (O W)' (45)

Similarly, we will make use of the diagonal embedding H xH xH into Hjs. Let ( g )j
be a Hecke eigenbasis of Sy with a;(g;) = 1, i.e., g; is assumed to be primitive.
This always exists. Garrett [Ga84] has discovered the following beautiful formula:

dimSy,

E/£2)|H><H:Ek®Ek+ Z di g ®gj. (46)
i=1

It had been well-known since the time of Witt that the restriction of a modular
form of genus n on blocks of size n; + - -+ n; = n is an element of Mli’“) R

M k("’ ). That the image in the case n = 2 is contained in the “diagonal” of a Hecke
eigenbasis was surprising. Most important is that the numbers d; have a significant
arithmetic meaning. They are related to a critical value of the Rankin L-function.
From this, we can deduce that these numbers are elements of K, ; and are not zero.
They can be explicitly determined:

k
—1)22> %7 D(g; .2k —2
q, = 222 DG, ) 47)
(k = 1)Z(k)E(2k =2) || g; |l
The situation in the case 3 =1 + 1 + 1 is different. Garrett [Ga87] computed the
scalar product of the restricted Eisenstein series with three elliptic cusp forms.
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A detailed analysis and combination of the two papers of Garrett (see also [He99])
leads to the complete pullback formula. We obtain

dim Sy,
E;ES)IHxHxH = E; ® Ex X E + Z diExxg; ®g;
j=1
dimS dimS
+ Z digi®EQ®g; + Z digi®g; ®Ex
j=1 j=1
dimSy
+ D lijm & ® 8 ® gm. (48)
i,jm=1

Here, we have /i jn € K &g the composition field of Ky, K, ,and Ky, .
These numbers are essentially critical values of the triple L-function in the sense
of Deligne. They had been first explicitly determined by Garrett [Ga87] (see also
Mizumoto [Mi97], page 192, and Heim [He99], page 236, for the explicit value of
the constants and further explanation):

sias (k= 1)°
I'(k)
n3% L(gi ®g;j ® gm.2k —2)
C(Zk 2)¢(k) N gi 121 &5 121 gm I

Here, we would like to remark that all three cusp forms have the same weight.
For a more general formula allowing different weights, one has to use differential
operators. Moreover, the big cell is related to

Lijm= (=172~

(49)

dim Sy,
Z Zi,j,m gi ®g] ®gm

i.jm=1

But we will see immediately that one also needs one of the negligible orbits for the
trace formula.

The next step is to extract the first coefficient of the Fourier expansion with
respect to the third variable. It is important that this procedure is the same as
starting with a Fourier-Jacobi expansion of the involved Siegel Eisenstein series,
then extracting the first coefficient, and then restricting the domain H, x C? to H x H.
Let By be the k-th Bernoulli number. Then we have

dimSy dimSy

2%
_Ek®Ek+ Y diEi®gi+ Y dig®E
j=1 j=1

dim Sy dim Sy,

Zd,g,@g,+ Y Liimg ®g; (50)

i,jm=1

—2k
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Here, we would like to mention that it turns out to be very convenient to have
normalized our Siegel Eisenstein series, such that the Oth coefficient is always one
since it is compatible with restricting the Eisenstein series to the diagonal.

Let§; ; = 1if i = j and O otherwise. Then the coefficient of the basis element
g ®g; € Sk ® Sy is given by

2k dim Sy
ydy 5ot X i (51)

Now, we do something which we have not found yet in the literature. We determine
a second pullback formula of our Eisenstein series, with respect to a not obvious
embedding of the Jacobi spaces H’ x H” into Hj; and obtain something new. Here,
H’ := H x C. We start by looking directly at the Fourier-Jacobi expansion of the
Eisenstein series of genus 3. It is convenient to parameterize elements of Hj in the
following way:
71 2 21
Z=|lzn2n]|- (52)
U020

We fix the diagonal embedding H’ x H’ < Hj given by

T1 0 21
(t1,21), () > | 020 |- (53)
71 22 13

With this notation, the Fourier-Jacobi expansion of E f)(Z ) with respect to t3 is
given by
o0
EFNZ) =) e (1) (@z) €70, (54)

n=0

The Fourier-Jacobi coefficients are Jacobi forms on Hj, x C? of weight k and index 7.
By switching to Jacobi Eisenstein series and having a “compatible” normalization,
we normalize the Jacobi Eisenstein series in such a way that the O-th Fourier
coefficient is equal to 1. In this case, we have

. By .
B (16 @) = e e (T @) (59)
Here, 0)—1(n) = Zd‘n d*1. Let (®j)j be a normalized Hecke eigenbasis of

Ji 1P, ie., a Hecke eigenbasis such that all the Fourier coefficients are contained

in the field Ko, generated by all the eigenvalues. Let f; € Sy —; be primitive and
correspond to @; via the Shimura correspondance. Then ( i ) is a Hecke eigenbasis
of Syx—, with the same eigenvalues. Obviously, we have K 5= K¢ Arakawa
[Ar94] found out that also in the setting of Jacobi forms the doubling method has a



188 B. Heim

certain interpretation. But it turned out that the underlying Hecke-Jacobi theory is
much more complicated as expected [AH98, HeO1]. But anyway, some results can
be obtained. We deduce from [Ar94]

cusp

dimJ;

El s = ELL®EL i+ ) an®n® P, (56)

m=1

Here, E kj | is the Jacobi-Eisenstein series of weight k and index 1 on H x C as
introduced in [EZ85]. The numbers «; are related to the critical values of the Hecke
L-function attached to f;. We have

o _(=DF2p 2 L(f, 2k —3)
T (k=3/2) | Pn P C2k—-2)

(57)

For details, see [Ar94, HeO1]. Since up to normalization E kj , 1s the first Fourier-

Jacobi coefficient of £ ,iz) and these Eisenstein series are in the Maass Spezialschar,
we have

dim Sy

k
E](J’1|H:Ek+__2kz djgj. (58)

j=1
This formula can be deduced from the fact that the Siegel Eisenstein series of genus
2 is an element from the so-called Maass Spezialschar. It is then an easy exercise to
obtain the formula. Further, we have formally that

dimSy

Pula= Y VI g (59)

J=1

From the arithmetic of the Fourier coefficients of the Jacobi form, we can deduce
that y7" are totally real algebraic numbers. Let now /,, be the modular form of half-
integral weight directly related to the Jacobi form @,, via the isomorphism given in
[EZ85], Theorem 5.4 (see also Sect. 8.2.2). Then we can combine Proposition 4.3
given in [He98] and the explicit description of Ichino [Ich05] of the square of the
pullback of a Saito-Kurokawa lift. Again, by a straightforward calculation, we get

R T W
my =k "0 T (f,®Sym’(g;).2k —2). (60)
(/) T g T U @ Syme(e1): 2k =2)

Hence, we obtain the expression

dlnlSék —2

B
“d;-d Z am ¥V (61)

—2k
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for the coefficients of g; ® g; in the pullback formula of _B—zkk E kj 12 |mxm. In the next
step, we compare the two pullback formulas one in the setting of modular forms
and the other deduced from the work of Arakawa in the setting of Jacobi forms.
This leads to

dim Sy dimSy;—»

2k Br —2k mm
sijdj-?k+;zi,j,m=7%di-dj+3—k mZ:l an ¥ Yyl (62)

This formula is the heart of our approach. It contains much more information than
we use at the moment. To prove the trace formula, we restrict ourself to the case
i = j. We want to mention that if i # j, then on one side, the formula simplifies
because the summand §;; d; - % disappears. But, on the other side, we only know

the value of ()/l-’”)2 which is a totally real algebraic number. So still, the delicate
question of the sign of the root remains open. Nevertheless, we obtain from (24)
and (47) the explicit formula

,:_25—2k.r(k+1)' 1 .B(gj,Zk—Z)

d (63)
: Fk/2) BeBu—a 751 | g; |
Moreover, from (27) and (49), we obtain
k-(2k—2)L(g; ® g @ gm»2k —2
lj,j,m — _ 933k, ( ) (gj ®2g] by gz 2)' (64)
Bi By 11 g5 1711 g 1P 1 gm |l
And from (23) and (57), we obtain
2k —2 L(f;.2k -3
@ = (=1)7 27k, & ) (65)

By I @; |12

Leth; € S k+ , (I'v(4)) be normalized and related to @; € J, kc ulSp via the isomorphism
—1 :

given in Theorem 5.4 in ([EZ85]. Then we obtain, for example, from ([KS89],
Sect. 2), the transformation law for the square of the norms given by || @; |*=
2%=3 || h; ||*. This leads to

b s 2k—2 L(f;.2k—=3)
a; = (—1)2 2473k / 66
;=D Y ©0
Then we have
2 L(fn. 2k —3)L (fn ® Sym*(g;),2k —2
o, (y;n) _ L ) (f2 ym4(g1) ) 7
IS 12 11 gj |l
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Here, k = (—1)224% %. Summarizing everything and plugging into (62), this
leads to

2k T(k+1) 2°% D(g;,2k —2)

Be I'(k/2) BiBy— 3! | g; |2

23

Lk k=) N L(g; ® g ® 8.2k —2)
By By e 171 g 171 & 2

t=1

+ (=

~ 2
Be yoa D+ 1?1 D(g;.2k —2)
2k rk/2? B?B:_,

k_
w2 |l g |7

)2

2k24 w2k —2 d"“ilf > L(fm.2k = 3)L (fn ® Sym®(g;). 2k —2)
By — I fon 17~ 1l g5 11
(68)

Finally, we obtain by a straightforward calculation the desired result.
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The Adjoint L-Function of SU, ;
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Abstract We modify Ginzburg’s construction for the adjoint L-function of GL(3)
to accommodate quasi-split unitary groups.
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associated to a quadratic extension E/F of number fields. Recall that the finite
Galois form of the L-group of this group is a semidirect product of GL3(C) and
Gal(E/ F). The representation we consider has the property that when restricted to
GL;(C), itis the adjoint representation of this group. For this reason, we refer to the
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9.1 Notation

Let F be a global field, and A its ring of adeles. Let E = F(t) be a quadratic
extension, such that p := 2 e F.letJ = (1 1 1) . Abusing notation, we will

also denote by J the analogous matrix of any size with points in any ring (with
unity). The F points of our special unitary group may be thought of as the set of
3 x 3 matrices with determinant 1 with entries in £ such that gJ ‘g = J. Here,
~ denotes conjugation by the nontrivial element of Gal(E/F'). Presently, we shall
also identify this group with a group of matrices having entries in F. We denote this
group by SU, ;.

We consider also the split exceptional group of type G, defined over F, which
we denote simply by G,. We recall a few facts about this group (cf. [4], pp. 350-57).
First, it may be realized as the identity component of the group of automorphisms of
a seven-dimensional vector space which preserve a general skew-symmetric trilinear
form. Second, this seven-dimensional “standard” representation of G, is orthogonal:
the image also preserves a symmetric bilinear form. We wish now to pin things down
explicitly. It will be convenient to realize G, as a subgroup of SOs.

Thus, we consider SOg = {g € GLg : gJ 'g = J}. Let
vo = 1(0,0,0,1,—1,0,0,0).

By SO;, we mean the stabilizer of vy in SOg. Let ¥, denote the orthogonal
complement of vy, defined relative to J. To fix an embedding of G, into SO7,
we fix a trilinear form of 1/ in general position, namely:

T:=el N(e] +eX)ney +ef Alef +eX)neg

+eg A(ef +eX) ney +2e5 Aes Aeg —2ef Nes Aet

(which is obtained from the form written down on p. 357 of [4] via suitable
identifications). The identity component of the stabilizer of 7" in GL(V}) is a group
of type G», defined and split over F, and contained in SO7 as defined above.

Now, letv, = (0,0,1,0,0, p,0,0), and let H, denote the stabilizer of v, in G».

Lemmal H, = SU,,.

Remarks 2 /. This is essentially the same embedding of SU, 1 into G, described
onp. 371 of [1].

2. One may also obtain this embedding by making the following identifications
between an F-basis of E* and one for the orthogonal complement of (v, Vo)
in F8.

(1,0,0) < e (=771,0,0) < e5 (0,—27,0) < e3 — pes
(0,-2,0) <> e4 + €5 (0,0,27) <> 7 (0,0,2) < es
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Proof. On the one hand, we know from [6], pp. 808—810 that the stabilizer of a
vector in this representation having nonzero length (relative to J) is isomorphic to
either SL3 or SU(Q) for a suitable Q. On the other hand, H,, is clearly contained
in the group of automorphisms of the six-dimensional complement of v, in Vg
which preserve both the original symmetric bilinear form and the skew-symmetric
form obtained by plugging in v, as one of the arguments of 7. This latter group is
isomorphic to U, | (with an isomorphism being given by the identification of bases
above). The result follows. ]

To aid in visualizing these groups and checking various assertions below, we write
down a general element of each of their Lie algebras.

T\ a c d d e f 0
g T,—T b —C —C d 0 —f
h / 2TV —T, a a 0 —d —e

i —=h g 0 0 —a ¢ —d

G2 i —h g 0 0 —a ¢ —d M

Jj i 0 —g—gT,-2T1 —-b —c
k 0 —i h h -/ Tl — T2 —da
0 —k —j =i =i —h —g -1

W a —pe d d e f O
pa Ty —pd pe pe d 0 —f
h I 0 a a 0 —d —e
—pl =h pa 0 0 —a —pe —d
—pl —=h pa 0 0 —a—pe —d
—ph —pl 0 —pa—pa 0 pd pe
k 0 pl h h =l -T) —a
0 —k ph pl pl —h—pa-T

SUz’l . (2)

The set of upper triangular matrices in G, is a Borel subgroup Bg,, and the set
of diagonal matrices in G, is a maximal torus T;,. We use this torus and Borel
to define notions of “standard” for parabolics and Levis. We also fix a maximal
compact subgroup K = [, K, of G,(A) such that G»(F,) = Bg,(F,)K, forall v
and K, = G,(o,) for almost all finite v. (Here, 0, denotes the ring of integers of F,.)

For any matrix A4, we let ;A denote the “other transpose” J ' AJ, obtained by
reflecting A over the diagonal that runs from upper right to lower left. Finally, if H
is any F group, then H(F\A) := H(F)\H(A).

9.1.1 The Representation r

Let us now describe explicitly the representation » which appears in the Langlands
L-function we will construct. We first describe the L-group we consider, which is
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the finite Galois form of the L-group of U, ;(E/F). Let Fr denote the nontrivial
element of Gal(E/ F). Our L-group is GL3(C) x Gal(E/ F), where the semidirect
product structure is such that

Fr-g-Fr= g7\ (3)

Now, consider the eight-dimensional complex vector space of 3 x 3 traceless
matrices, with an action of GL3(C) by conjugation. The definition

Fr'X - [X (4)

extends this to a well-defined action of GL3 x Gal(E/ F). This is our representa-
tion r.

It is not difficult to check that there is only one other way to define the action of
Fr which is compatible with (3) and (4), namely Fr-X = —; X. Now, it is part of the
L-group formalism that the parameter of 7 at an unramified place v is in the identity
component iff p is a square in the completion of F at v. Hence, if we let r’ denote
the representation corresponding to the action Fr-X = —, X, then LS (s, m, r’) is the
twist of L5 (s, 7z, ) by the quadratic character corresponding to the extension E / F.
An integral for this L-function may be obtained from the one considered in this
chapter by inserting this character into the induction data for the Eisenstein series.

9.1.2 Eisenstein Series

We shall make use of the same Eisenstein series on G,(F\A) as in [3]. We recall the
definition. Let P denote the standard maximal parabolic of G, such that the short
simple root of G, is a root of the Levi factor of P. Take f a K-finite flat section of

the fiber bundle of representations Indgfg) |§p|° (nonnormalized induction). Thus,
for each s, f(g,s) is a function G,(A) — C such that f(pg,s) = |6p(p)|* f(g,s)
forall p € P(A),g € Gy(A), and for k € K, the value of f(k,s) is independent
of 5. The associated Eisenstein series is defined by the formula

E@s)= Y.  flgs)

yEP(F)\G2(F)

for N (s) sufficiently large, and by meromorphic continuation elsewhere.

9.2 Unfolding

Lemma 3 The space P(F)\G2(F)/SUy1(F) has two elements, represented by
the identity and (any representative in Go(F) for) the simple reflection in the Weyl
group of G, associated to the long simple root, which we denote w».
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Proof. This follows easily from our characterization of SU, | as a stabilizer. Indeed,
P(F)\G,(F)/SU, (F) may be identified with the set of P(F) orbits in the G,(F')
orbit of v,. Write v € G2(F)v, as ' (v, vz, v3) with vi,v3 € F? and v, € F*. Either
v3 = 0 or not. This distinction clearly separates P(F') orbits, and in particular
separates the P(F) orbit of the identity from that of w,. On the other hand, an
element of the G, (F') orbit of v, is certainly in V4, and of norm 2p. It is not hard to
check that P(F) permutes the set of such elements with v3 = 0 and v3 # 0 each
transitively. O

Let ¢, be a cusp form in the space of an irreducible automorphic cuspidal
representations = of SU, ;(A). Let N denote the maximal unipotent subgroup of
N

Ix y
1—x]|:x,ye E,Try + Normx =0
1

Fix a nontrivial additive character { of (F\A), and let ¥ 5 denote the character of
N (A) with coordinates as above to ¥ (% Tr x) . (The % is for convenience: it cancels
the 2 that arises when we take the trace of an element of F'.)

We assume that the integral

Vo) i= [ orlngvn ) dn )
N(F\A)
does not vanish identically. (And hence, that rr is generic.) We consider the integral

I(gs. f.5) = / 0@ E(g.5).

SU21(F\A)

Theorem 4 (The Unfolding) Let N, denote the two-dimensional unipotent sub-
group of SU, corresponding to the coordinates e and f in (2). Then for N(s)
sufficiently large,

I(gn. f.5) = / W, (g) f (22, $)dg. ©)

Na(A\SUa,1(4)

Proof. By the lemma, we find that /(¢,, f, s) is equal to

/ ¢n(g) f(g.s)dg
(SU21NP)(F)\SUs 1 (A)

+f 0x(8) f22.5)dg.
(SU21Nwa Pw2)(F)O\S Uz 1(A)

The first integral vanishes by the cuspidality of 7.



198 J. Hundley

The group SU, N wy Pw, consists of the one-dimensional F-split torus and
the two-dimensional unipotent group N,. Incidentally, when written as elements of
GL3(E), this unipotent group is

1.2
lroec 4+ 52
1 rt riteF
1

We now expand ¢, along the subgroup of elements of the form

The constant term vanishes by cuspidality. The remaining terms are permuted
simply transitively by the action of the F-split torus. The term corresponding to
1 yields the integral (5). O

9.3 Unramified Computations

We now consider the value of the local analogue of (6) at a place where all
data is unramified. Thus, let /' be a nonarchimedean local field. We denote the
nonarchimedean valuation on I by v and the cardinality of the residue field by .
We keep the definitions of all the algebraic groups above. However, we now allow
the possibility that p is a square in F. In this case, the group SU, defined by the
equations above is isomorphic to SL3 over F, and what we are proving is essentially
the local result proved in [3]. We assume that p and 2 are both units in F. In this sec-
tion, we encounter only the F points of algebraic groups, so we suppress the “(F).”

Let f be the spherical vector in the induced representation Ind?2 |6p|*, and let
W denote the normalized spherical vector in the Whittaker model of an unramified
local representation 7w of GL3. The integral we consider is

I(s,n):/N\SU W(g) f(wyg,s)dg.

The main result of this section is the following:
Proposition 5 For N(s) sufficiently large,

LBs—1,m,7r)

167 = e Gyes — 2t (G — 9
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Here, all zeta and L-functions are local. Thus, if q is the number of elements in the
residue field of F, then ¢ (3s) = (1 —q~)7!, etc.

Proof. We begin with some computations which are valid regardless of whether or
not p is a square in F. The one-dimensional subgroup of SU, | corresponding to
the variable d in (2) maps isomorphically onto the quotient N\ N. An element of
this group may also be expressed as Xy, (0U) X24, +«, (—1t), Where Xy, and X2y, 44, are
maps of G, onto the one-parameter unipotent subgroups of G, corresponding to the
indicated roots. These subgroups correspond to the variables b and d in (1). Using
the Iwasawa decomposition, we express the integral over N\ S U, ; as integrals over
the maximal compact K, the torus 7, and this one-dimensional subgroup. Since W
and f are spherical, and the volume of K is 1, we may erase the integral over K.
Also Wy X2y, +4, (u) € P. Hence, we find that

Is,7) = /T /F F 002 (P01, 50y () AW ()85 (1)dr.

Here, dg denotes the modular quasi-character of the Borel subgroup of SU, ;. Now,
an element of 7" may be visualized as an element of SL3(F(,/p)) of the form

a+bp

a—b./p

a+b./p

1
=y
The corresponding 8 x 8 matrix is
a —b
—bp a
@ _ab _ab _ P
N N N N
_abp @ b ab
N N N N -
abp b’p 42 ab , where N :=a” — b“p.

"N N N N
_ b2 abp abp a2
N N N N

a b

N N

bp a

N N

We now write the Iwasawa decomposition for this as an element of G,. First,
suppose that |bp| < |a|. Then the decomposition is
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b
= T be
! 2 a N 1
b b b =
1 Ta a2 a2 bp 1
b 1 a
1 a 1 bp 1
b 2 a
1 a HW b2p? bp _bp 1
1 1 a2 a @
1L e 1
a bp
1 N - 1
If, |bp| > |al, it is
N
1 —b‘ip 173
1 bp
a a a 2 N
v=5 () e
1 & !
bp 1 X
1 b(ip h2p2
1 N
12 %
bp P b
0
1 v
!
-1
-l
—1 -5
X -1 ~bp
1 & a a?
bp bp h2p2
-1
1@

Let us denote the three factors by u’, ¢, and k’, respectively. Then u’ has the property
that wou'wy ! and wa[xg, (1), u']wy ! (where [, | denotes the commutator) are both
in P. Thus, f(wa2Xqe, (W)t,s) = f(waxe, (u)t’, s). We have

Mmﬂ=L(AmeamnmemwQngimmmmmmwmw

where ¢’ is as above, and K(r) := W(t)ép (Z)_%. We find that

INI?

max(|al. |0])*
max(lal, b])*’

)] = =

_1
S52() = INI™',  8p(wat'wn) =

Lemma 6

1 — g3s+DH(O+D
J R e




9 The Adjoint L-Function of SU, ; 201

Proof. There is an embedding j of SL, into G, such that j (_1 1) = wp and
j (1 ’f) = Xg,(#). The lemma is a well-known computation from SL, applied to
this copy of SL,. One has only to check that f (j (f 1 ) ,s) =%, O

Let x = g—3*!. Then the above reads
(1 _ xv(c)+1)
(1—x)

To complete the argument, we must consider the two cases (S U, ; splits over F or
does not) separately.

(1-q7'x)

9.3.1 Split Case

In this case, put ty = a + b /p and t, = a — b, /p. Then t; and ¢, are just two
independent variables ranging over F'*. The quantity called “N” above us equal to
t1t;. Since p and 2 are units, max(|a|, |b|) = max(|t1], |f2|). Let B;, B> denote the
simple roots of SL3. We get

|t o _ .
Spwat'wy) = ———— = 72 = DINEAGIHY
p(wat'wr) max([1]. 1D min(|z; 2], [t72, ) = min(|B1(2)]. [B2(1)])
max(|t1, |2)°
loa(t')| = —————— = max(|B: ()], [B2(1)]).
|t122]
Now, define two integer-valued variables, depending on ¢ by m; = v(B;(t)), i =

1,2. As ¢ ranges over the torus of SL3, the pair (m1, m,) ranges over
{(m1,mz) € Z> : m; — my, is divisible by 3}.

Every part of our local integral can now be expressed in terms of m; and m,.
First, we consider the function K(¢). This is evaluated using the Casselman—
Shalika formula [2]. It is equal to zero unless m; and m, are both nonnegative.
If m; and m, are both nonnegative, then the pair corresponds to a dominant
weight for the group PGL3(C). Let I3, », denote the corresponding irreducible
finite-dimensional representation, which we may also regard as a representation of
GL3(C). Then we have

K(t) = Tr Ly, (Tr),
where 7, is the conjugacy class of GL3(C) associated to the local representation 7.

. _1
Also §p (wat'wy) = g~ m&Xmm) g, (1) = g mintmm2) and §5 % (1) = g7,
Thus, we consider,

_ min(my,m2)+1

1 ~
(1-¢7%) ) xlTxmax(m"m” Tr Loy s (7).
my.ma

where the sum is over m, m, both nonnegative, such that m | —m, is divisible by 3.
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We now make use of the relationship between local Langlands L-functions and
the Poincaré series of certain graded algebras. We first review some definitions. Fix
N e N, and

a graded algebra over a field k. The Poincaré series of A is a power series in N
indeterminates

i, niN=

The graded algebra which is relevant for consideration of Langlands L-functions is
described as follows. Let © G be a semisimple complex Lie group and (r, V) a finite-
dimensional representation. Inside the symmetric algebra Sym*(V'), we consider
the subalgebra Sym*(V)LU of LU invariants. (Here, U is a maximal unipotent
subgroup of ©G.) This subalgebra contains the highest weight vectors of each of the
irreducible components of Sym* (V) and is graded by the semigroup of dominant
weights of G as well as by degree.

Let us use a slightly different notation from that above. We use X for the
indeterminate associated to the grading by degree and T7,...,Ty for the grad-
ing by weight. Let 7 be an unramified representation of G(F) where F is a
nonarchimedean local field and G is a semisimple algebraic group such that £ G
is the L-group. Let 7, be the semisimple conjugacy class in G corresponding
to m. Then it follows from the definitions that the local Langlands L-function
L(s,m, r) may be obtained from the Poincaré series of Sym*(V)LU by substitut-
ing ¢ for X and Tr [, w4+ tkywy (Ix) for le‘ ...TJI\‘,’V. Here, I 4+ +kywy
denotes the irreducible finite-dimensional representation of G with highest weight
kiwy + -+ kywy.

In cases when “G is reductive but not semisimple, this discussion must be
adapted, as the choice of maximal unipotent “U does not by itself pin down a
basis for the weight lattice which may be used to define the grading. In the case at
hand, one needs only to observe that, since the adjoint representation of GL3(C)
factors through the projection to PGL3(C) (which is semisimple), each of the
representations appearing in the decomposition of the symmetric algebra must as
well. Alternatively, one may define the grading using the weights of the derived
group.

Proposition 5 in this case is reduced to the claim that the Poincaré series of the
LU invariants for the adjoint representation of GL3(A) is given by

1 o 1— Xmin(ml,mz)-i-l
- xwax(mum)pmipma 7
(1—)(2)(1—)(3)”1%:_0 1-X b2 7
1,m2=

3|(m1—m>)
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This may be deduced from the computations in Sect. 3 of [3]. It also follows readily
from example a) on p. 14 of [5].

Remark 7 The Poincaré series (7) of Sym*(V)LU may be summed, with the result
being the rational function:

1 - TPT} X6
(1-T\LX)(1 - T XA (1 —TX3)(1 - T3X3)(1— X2)(1 — X3)

9.3.2 NonSplit Case

Suppose now that p is not a square in the local field F. Then it is part of the L-group
formalism that the semisimple conjugacy class 7, in “G = GL3(C) x Gal(E/F)
associated to 7 is in the coset corresponding to the nontrivial element of Gal(E/ F),
which we denote Fr. Each such conjugacy class contains an element of the form

Adjusting by an element of the center, we may assume the sign in the middle is plus.
Referring to Sect. 9.1.1, we see that our eight-dimensional representation decom-

n
poses into a five-dimensional +1 eigenspace for Fr, on which ( L ) acts with
n

eigenvalues p?, u, 1, u=', u=2, and a three-dimensional —1 eigenspace for Fr, on

n
which I ) acts with eigenvalues p, 1, w~'. Hence, the local L-function is
n
1
(I = pw2x)(1 = p2x2)(1 = x2)(1 = p2x)(1 = p=2x2)’

—3s+1

where x = ¢ as before. This may also be written as

1 ad 2
T 2 T ® ) (o) Fhe
k1.ky=0

Turning to the local integral, we find that in this case we have m; = m,. Let us
therefore denote this quantity simply “m.”

Lemma 8 With the notation as above, we have

K(t) =Tt I, (“2 ;ﬂ) .
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Proof. This can be verified either by direct computation or by a close reading of
[2]. In either method, it is necessary first to identify the precise unramified character

n
of the torus of SU, ;| corresponding to ( o ) , Fr | . For the convenience of
i

the reader, we record that it is the map sending the torus element with coordinates a
and b as above to ,w’(”z_bz”). (Here, v is again the discrete valuation on the field F.)
This case of the proposition now follows from the identity

o0 min(kl ,kz)

) 1
Xk1+2kz Tk1+kz—21 —
kl%;O ; 1= X1 -TX)(1 = TX?)

1 S 1 — xm+l
- _ )(m—Tm7
1—X3mz=:0 1-X

which is straightforward to verify. O
This also completes the proof of Proposition 5. O
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Chapter 10
Symplectic Ice

Dmitriy Ivanov

Abstract In this chapter, we construct an ice model (a six-vertex model) whose
partition function equals the product of a deformation of Weyl’s denominator
and an irreducible character of the symplectic group Sp(2n,C). Similar results
have been obtained by Brubaker et al. (Schur polynomials and the Yang—Baxter
equation. Comm. Math. Phys. 308(2):281-301,2011) (for the general linear group)
and by Hamel and King (Symplectic shifted tableaux and deformations of Weyl’s
denominator formula for sp(2n), J. Algebraic Combin. 16, 2002, no. 3, 269-300,
2003) (for the symplectic group). The difference between our result and that
of (Hamel and King, Symplectic shifted tableaux and deformations of Weyl’s
denominator formula for sp(2n), J. Algebraic Combin. 16, 2002, no. 3, 269-300,
2003) is that our Boltzmann weights for cap vertices are different from those
in (Hamel and King, Symplectic shifted tableaux and deformations of Weyl’s
denominator formula for sp(2n), J. Algebraic Combin. 16, 2002, no. 3, 269-300,
2003). Also, our proof uses the Yang—Baxter equation, while that of Hamel and
King does not.

Keywords Yang-Baxter equation * Weyl character formula e Partition function
* Ice model

10.1 Introduction

Hamel and King [5] showed how characters of irreducible representations times a
deformed Weyl denominator equal partition functions of certain ice models, and
Brubaker et al. [4] showed how to use the Yang—Baxter equation to investigate these
ice models. In this chapter, we use the Yang—Baxter equation to investigate a certain
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ice model (a 6-vertex model). We consider a graph in the shape of a grid with caps on
the right end. A state of this system consists of assignment of signs + or — to each
edge. To each vertex, we assign a number (called Boltzmann weight); the Boltzmann
weight of a vertex depends on the signs adjacent to it. A Boltzmann weight of a state
is equal to the product of the Boltzmann weights of all vertices, and the partition
function is the sum of the Boltzmann weights of all possible states. We show that
the partition function of this ice model equals the product of an irreducible character
of the symplectic group Sp(2n, C) with a deformation of the Weyl denominator. A
similar result was originally proved by Hamel and King [5], but the Boltzmann
weights (for the vertices at the caps) here are different from theirs. Also, our proof
uses the Yang—Baxter equation, whereas the proof of Hamel and King does not.
Our proof is similar to that of an analogous result for the general linear group in
Brubaker et al. [4]. Our proof also uses Proctor patterns; a good reference for this
topic is Beineke et al. [1,2]. This gives us 6-vertex models for the characters of
Sp(2n,C). Our result can also be interpreted as an example of an exactly solved
model in the sense of statistical mechanics, that is, an ice model whose partition
function can be computed explicitly.

Ice models can also be used to describe Whittaker functions. Let F be a locally
compact field and G a split reductive group over F. Let T denote a split maximal
torus of G, B the positive Borel subgroup, and U the unipotent radical of B =
T U. Let ¢ denote a nontrivial character of U. A Whittaker model of an irreducible
representation (77, V') of G is a space W, of functions W on G satisfying W(ug) =
¥ (u)W(g) which is closed under right translations and such that W, is isomorphic
to V' (as G-modules). It is known that a Whittaker model is unique (if it exists). The
Casselman—Shalika formula relates the characters of the L-group with values of the
Whittaker functions on a p-adic group. In some cases, a Whittaker function can be
described as the partition function of a statistical system in the 6-vertex model. For
example, Brubaker et al. [4] used a certain statistical system in the 6-vertex model
and Yang—Baxter equation to study p-adic Whittaker functions of type A.

The ice model studied here is similar to the U-turn models used by Kuperberg [6]
to enumerate classes of alternating sign matrices. After the work in this chapter was
done, Brubaker et al. [3] followed our arguments (using the same ice model but with
different Boltzmann weights) to represent a Whittaker function on the metaplectic
double cover of Sp(2n, F) where F' is a non-archimedean local field.

I would like to thank Daniel Bump for suggesting this problem and for his
encouragement and guidance. This work was supported in part by NSF grant DMS-
0652817.

10.2 The Yang-Baxter Equation

We shall give a new proof of a result due to Hamel and King [5] based on the Yang—
Baxter equation. It represents the product of the character of the symplectic group
times a deformation of the Weyl denominator as a partition function of a certain
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Table 10.1 Boltzmann weights for gamma and delta ice

~
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type of ice. We begin by explaining the notation we will be using later. By ice we
shall mean a lattice (or a more general graph), to each edge of which we may assign
a sign (either 4+ or —). We shall consider six different types of ice, called delta (A)
ice, gamma (I') ice, delta—delta (AA) ice, delta—gamma ice (AI"), gamma—delta
(I’ A) ice, and gamma—gamma (I" I") ice. To each vertex, we assign a weight (called
Boltzmann weight); for each type of ice, the weight depends on signs + or — that
will be assigned to the four adjacent edges. Let z;, ..., z,,7 be complex numbers
with z; # O for all ;. We shall refer to z; as spectral parameters and t a deformation
parameter. In Tables 10.1 and 10.2, we give Boltzmann weights for each type of
ice. The labels i and j are integers between 1 and r. They refer to the spectral
parameters and depend on the row of the matrix.

We will consider planar graphs. Each vertex will have four (or occasionally only
two) adjacent edges. Edges on the interior will join two vertices, but edges on the
boundary will only have a single adjacent vertex. Each vertex will be assigned a set
of Boltzmann weights from one of the six types of ice. Each boundary edge will be
assigned a fixed sign + or —. Interior edges will also be assigned signs, but these
will not be fixed.

By an admissible configuration (or admissible state), we shall mean a labeling of
the edges of the graph by signs + or — such that each vertex on the graph is listed in
the table above. The Boltzmann weight of an admissible state is simply the product
of the Boltzmann weights of all vertices in this state. The partition function of an
ice is the sum of Boltzmann weights of all admissible states. (This definition of the
partition function comes from statistical mechanics.)

The Yang—Baxter equation will be an important tool in our proof. Here is the
version of the Yang—Baxter equation that we will use:

Lemma 1. Let X,Y € {I', A}, and let S be a vertex of type X, T of type Y and R
of type XY . We use the spectral parameter z; at the vertex S, z; at the vertex T and
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Table 10.2 Auxiliary Boltzmann weights

D. Ivanov

Type
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the spectral parameters z;,z; at the vertex R. The Boltzmann weights are given in
the table on the previous page. Then the partition functions of

B B
v SQ r T Y
R Y 1)
72 R (R
« ’ «

are equal for every fixed combination of signs o, t,«, B, p, 6.

Note that by definition in the partition functions, o, 7, &, B, p, 0 are fixed, but the
signs v, i, y and ¥, ¢, § of the interior edges are summed.
We refer the reader to Brubaker et al. [4] for the proof of this proposition. Indeed,
the case X = Y = I follows from Theorem 3 of [4], and a similar argument shows
that the proposition is true in the other three cases. Informally, this means that if the
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signs on the outer edges are fixed, then we can push the braid (i.e., a vertex of type
XY) to the right without changing the partition function. We emphasize that the
vertices R, S, T have the same Boltzmann weights in both pictures. A consequence
of this proposition is that it allows us to switch the spectral parameters without
changing the partition function. We see that z; corresponds to the top row and z;
corresponds to the bottom row while in the second picture z; corresponds to the
bottom row and z; corresponds to the top one.

Let us use the Yang—Baxter equation to show that the following two configura-
tions have equal partition functions:

A 7 ; ;
A
A lJ J J
(D
J J j A
A
i | i A
(2

Here it is assumed that the six boundary edges are given some fixed assignment of
signs =+ and that these are the same for the two configurations. Note that the braid
in this example connects two rows of delta ice (in both cases), so the vertex A is a
vertex of delta—delta ice. The spectral parameters corresponding to these rows have
been switched; in other words, if the spectral parameters of the rows of the first ice
are z; (top row) and z; (bottom row), then after applying the Yang—Baxter equation,
z; will correspond to the top row and z; will correspond to the bottom row.

Indeed, using Lemma 1 for delta ice (i.e., with X = Y = A), we see that the
partition functions of (1) equal the partition function of

Repeating this process two more times, we see that this equals the partition
function of (2).

The Yang—Baxter equation can even be applied to ice which contains rows of
both delta ice and gamma ice; in this case, the braid will have more than one vertex.
Let us show that the partition functions of the following two systems are equal:
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3)

“)

Here the vertex A is a vertex of delta—delta ice, the vertex B is a vertex of gamma-—
gamma ice, the vertex C is a vertex of gamma-—delta ice, and the vertex D is a vertex
of delta—gamma ice. The vertices in the rows are of A or I" type as labeled. In the
second system, the spectral parameters of the delta rows and of the gamma rows
have been switched. This means that if the spectral parameters in the first system
corresponding to the delta rows are z; (upper delta row) and z; (lower delta row),
then in the second system, the spectral parameter corresponding to the upper delta
row is z; and the spectral parameter corresponding to the lower row is z;. The same
is true for the rows of gamma ice. This example will be used later in our proof.

To prove this, using the Yang—Baxter equation in the form of Lemma 1 with
X, Y = TI,A, we see that the partition function of (3) equals the partition
function of:

: P
T 7 7 ) ) 7

Then applying this again with X, Y = A, A, this equals the partition function of:
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Next using Lemma | with X = Y = I moves the B vertex across (not shown),
then finally using the lemma with X = A, Y = I" shows that this partition function
equals that of (4).

Yang—Baxter equation will be a useful tool later when we prove that the partition
function of certain ice is invariant under interchanging spectral parameters.

Let A = (A1,A2,...,4,) € Z";, we assume that A} > A, > A3,... > A, > 0.
We may view A as a dominant weight of the symplectic group Sp(2n, C). We recall
that Sp(2n, C) consists of all 2n by 2n invertible matrices g satisfying gJg’ = J
where J = (? _01 ); here 0 denotes the zero matrix and / denotes the identity
matrix. Let y, be the character of the irreducible representation of Sp(2n, C) with
highest weight A. By the Weyl character formula, there exists a Laurent polynomial
in n variables sip(xl,xz, . Xp) € (C[xl,xl_l,xz,xz_l, ..,x,,,xn_l] such that y;(g) =
537 (21,22, ., Zn) Where

-1 _—1 —1
ZlaZZa'-7Zn9Z1 7Z2 ,--,Zn

are the eigenvalues of g € Sp(2n, C). Define
D(z1,22, s 2u, 1) = H(l + tziz) . 1_[(1 +tziz;)(1 + tz,-zj_»l) -7 P,

i i<j
n+1

where 777 = z7"z," "' ... z;!. We will show that s;”- D equals the partition function
of a six-vertex model system. We recall that the Weyl character formula states that

Dew (1) IgrAER
nae¢+ (Za/z _ Z—a/z) .

0(g) =

In this formula, W is the Weyl group, /(w) is the length function, and @7 is the
set of positive roots. Here z*+# means 2! 232+~ .z +1 and 27+ means
W) (w(z)) 21 (w(z,))* !, We now observe that the denominator in
this formula can be written as



212 D. Ivanov

l—[ (Za/Z _ Z—a/Z) — l_[ (Z—a/Z _Za/Z)

acpt aedt

e [T a- = Tla--Tla -z -agh,

acdt i i<j

Hence, we see that D(zy, 22, .., 2n, —1) is the denominator in the Weyl character
formula, so this result is a deformation of the Weyl character formula.

10.3 The Character as a Partition Function

We consider the following problem. We consider a domain which consists of a
rectangular lattice with 2n rows; each odd numbered row is a row of delta ice,
and each even numbered row is a row of gamma ice. Hence, there are n rows of
delta ice and n rows of gamma ice. Let z; be the spectral parameter corresponding
to the ith row of delta ice and also the ith row of gamma ice. We assume that
A = (A1, .., A,) € Z" be a partition (this means that A} > A, > --- > 4, > 0). We
assign signs to each edge as follows: on the left column, we assign — to each row
of delta ice (i.e., to each odd numbered row), and a + to each even numbered row.
On the bottom, we assign + to each edge. On the top, we assign — to each column
labeled A; +n + 1 —1i (for 1 <i < n), and we assign + to each remaining column.
The columns of this lattice are numbered in descending order from A; + 7 to 1. On
the right side, we connect each row of delta ice with the following row of gamma
ice with a “cap,” to be described below.
Ifn = 2and A = (3, 1), we thus have the following configuration:

col. 5 4 3 2 1
B A Z1
-1
r z
" 1
B A )
-1
T 22
+
+ + + + + 5)

Each cap includes a new vertex whose Boltzmann weights for the cap are as
follows:
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+ —

1z | 7!

Other combinations of signs are not allowed. Thus, the signs at the ends of a row of
delta ice and the row of gamma ice right below it must be the same (thus, we can
have either two + signs or two — signs).

We consider the partition function of the ice described above. Our result is the
following theorem:

Theorem 1. Let A = (Ay,...,A,) € Z" be a partition. Then the partition function
of the ice described above is given by D - sip (21,225 - 2Z0)-

Proof. Let I} denote the given ice (5). Let Z(I) denote the partition function of
the ice /. Consider Z(1;)/ D. We first show that this quotient is invariant under the
action of the Weyl group (which is generated by permutations of zj, .., z, and also
by the functions that take z; to zl-_l (for some i)).

Lemma 2. Z(I,)/D is invariant under any permutation of zy, . . . , Z.

Proof. Since the group S, is generated by transpositions of the form (k,k + 1),
it suffices to show that Z(/;)/D is invariant under the interchange i < i + 1
(for any 7).

We attach a braid to /. (The picture below is the part of the ice which
corresponds to spectral parameters with indices i and i + 1, namely, two rows
of delta ice with spectral parameters z; and z; 11 and two rows of gamma ice
with spectral parameters z; ' and zi_il. The picture (ice) extends above and below
this part.)

B A 7 7 7 ] ]
L r i i i i i
D C
_ A i+1 i+1 i+1 i+1 i+1
n T i+1 i+1 i+1 i+1 i+1
(6)

Let us denote this new ice by I,. The only admissible configuration of spins here is
shown in the picture below.
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A i 7 7 i 7
I 7 7 7 7 i
A 1+ 1 7+ 1 7+ 1 7+ 1 7+1
I i+ 1 7+ 1 7+ 1 7+ 1 i+1

(N

Therefore, every state of this new boundary problem (with ice ) determines a
unique state of the original problem (with ice /7). Hence, the partition function of
I, is the partition function of the ice /; times the partition function of the braid. The
partition function of the braid is equal to (z; +7z;+1) (tzl-_l +zi_4£1)(tz,- +Z,<—411)(12i +1+
zi_l), and therefore,

Z(I) = (5 + tzip )z + )0z + i Dz + 27 Z ).

An application of the Yang—Baxter equation tells us that the partition function of

I, is equal to the partition of the ice I3 (see picture below) with z;, z; 4+ switched.

We will denote this by Z*(I3); * means that z;, z; 4+ are switched.

i+1

1+1

i+1

i+1

i+1

i+1

i+1

i+1

i+1

Note that Z*(153) = Ze,- Z*(1y)(ey, ez, e3,e4) - Z(I5)(e1, €2, €3, e4) wWhere the
sum is taken over all possible spins e1, e, €3, e4, and the pictures of /4, I5 are shown
below. Here are the ices I, (left) and /s:
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i+1 i+1 i+1 i+1 i+1

N/
i i+1 i+1 i+1 i+1 i+1 o 6
D,
_ 7 ; ; ; i e e
+ ; 3 3 3 3 o e

At this point, we used the computer program SAGE [7] to check that the following
equality holds.

Lemma 3. For every choice of ey, 2, 3, e4 € {1}, we have
Z(Is)(e1, e, e3,e4) = 7 22 {1 - Z* () (e1, €2, €3, €4)
Stz + zi4)Azigr + 20)(zizipr + )2

Here I is the ice that consists of two caps (see picture).

Note, in particular, that the expression zi_zzi_jl stz + zi+)(tziq + 7)
(tzizit+1 + 1)2 does not depend on the choice of spins ey, €3, €3, e4, and therefore,
we get Z(h) = Z*(I) = Y., Z*(I)(er. ez, €3, 4) - 72577 - Z*(Lg) - (127 +
Zi+1)(tzit1 + z)(tzizi+1 + 1)%, or, equivalently,

(@ + 1z + 5 )z + 7))tz + 27D Z ()

= Z Z*(Is)(er. er. €3, e4) - 7 22y - Z* (1)
e
(tzi + i) (tzig1 + 2)Eziziger + 1%

We observe that >, Z*(I4) - Z*(Ig) = Z*(I1), and hence, we obtain the
following equality:
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@+t + 2 Dz + 2 Dz + 5D ZU)

=Z*(1) 7 2z (tz + 5 (tzign + 20)(zizipr + 12
After simplifying it, we obtain

(tzi + ziv 1) Z(11) = (tzig1 + 2)Z* (1),

which means that
(tzit1 +2)

2ih) = (tzi + zit1)

Z(I)*.

Recall that we defined D as

P JJa+ e T+ tzizp) + ez ).

i<j

If we let D* denote the same expression, but with z; and z; +; switched, i.e.

D*(Z17Z25---5Zivzi+ls'-- 7ZVI) = D(leZ27"'7Zi+15Zi7~"7ZVl)7
then it is easy to check that % = %, and therefore, we conclude that
i i

Z() = %2(11)*,

which is to say that
Z(1)/D = Z(I,)*/D*,

which is exactly what we needed to show. O

Lemma 4. Z(I,)/D is invariant under the change z; <> z; '

Proof. Since we have already shown that this expression is invariant under z; <>
zi4+1 for any i, it suffices to show that Z(/1)/D is invariant under z,, <> z;l. We
transform the last row of the given ice (the row of gamma ice corresponding to
spectral parameter z, ') into a row of delta ice as follows: we change the sign on the
left edge from + to — and we also change the signs of all the entries on the edges in
the last row. We observe that in the last row of horizontal edges, only the following
types of Gamma ice can appear:

Boltzmann | _
weight “
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These change to:

Delta q9 @ @
Ice @ @ éB

Boltzmann
weight

We observe that the Boltzmann weights are unchanged, and therefore, the partition
function is also unchanged by this transformation. Let us denote this new ice by 17;
hence, Z(I;) = Z(I;). (We note that this will work only in the last row because it
is essential that there be no — signs on the bottom edges.) We also define a new cap
which connects two rows of delta ice. The signs on the ends of this new cap must
be opposite (thus, one of them must be a 4+ and the other one must be a —), and the
Boltzmann weights for this cap are shown in the picture below.

tz; z,

So now, the last two rows are rows of delta ice. We attach a braid (delta—delta
vertex) to this ice, as shown in the picture below. We denote this new ice by Ig.

Z, A

Z' A >

The only admissible configuration of spins for the delta—delta vertex has all four
adjacent edges —.Therefore, every state of this new boundary problem (with ice Ig)
determines a unique state of the original problem (with ice /7). Hence, the partition
function of each state of I3 is the partition function of the corresponding state of
ice I7 times the partition function of the braid. The partition function of the braid is
equal to (z, + 1z, 1).

An application of the Yang—Baxter equation tells us that the partition function of
I is equal to the partition of the ice /o (see picture below) with z, and z, ! switched.

-1

Zn A
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We will denote this by Z*(Iy); * means that z,, and z;l are switched. We have
Z*(1y) = Zel,ez Z*(1p)(e1,e2) - Z*(111)(e1, e2) where the sum is taken over all
possible spins ey, e;, and the pictures of /19 and /;; are shown below.

Here are pictures of /;o (left) and /;; (right):

-1
zZ,
n_ A e e
2y A : : :
n
€y €y

We checked that the following equality holds:
Z*(In) = (tza + 2, Z*(11),

where [, is the ice that only consists of the new cap (see picture)

This result is very similar to the fish equation (Lemma 9 on page 14 of
Kuperberg [6]), although the Boltzmann weights that are used in the fish equation
and our Boltzmann weights are different. Note in particular that the factor (1z, +z, ')
does not depend on the choice of spins ey, e,, and therefore, we get

Z*(Io) =Y Z*(To)(er, e2) - Z*(In1) ey, €2)

e1,e2

=tz +2,')- Z Z*(Is)(e1,e2) Z*(I2)(e1. €2) = (120 + 2, ) Z*(I7).

e1,e2

Now we may change the last row back to the gamma ice. As mentioned before, the
partition function is not affected by this change; this means that Z*(17) = Z*(I;).
Hence, we obtain the following equality:

(zn + 17, Z(1) = (tza + 2, ) Z*(1).

i Z(h) _ zmtg) D _ (mtzyh)
From this, we conclude that Z0F = g

But we also have 1% = g

so that ZZ((III 1))* = %, and so this proves that Z(1;)/ D is invariant under the change
i <zl O

Lemma 5. Z(1,)/D is a polynomial in t (with coefficients in
(C[Z17Z27"'7ZVI7Z1_15Z2_17"'7Z;1])’

and it is independent of t.
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Proof. We observe that we may write D = z7"-[ ], (14+12%), where @ T denotes
the set of positive roots. Let D' = z° - [ ,ep— (1 + 2%).

We see that DD’ is invariant under the action of the Weyl group (since the Weyl
group simply permutes all the roots), and therefore, Z(I)D’ = (Z(1,)/D)-(DD’)
is also invariant under the action of the Weyl group.

But Z(1,) D’ is clearly divisible by D’ (here we view both terms as polynomials
in t), and therefore, since Z(I;) D’ is invariant under the action of the Weyl group,
it must also be divisible by D. Now, since D and D’ are relatively prime in a
unique factorization domain Cz1,z; !, 22,251, - - - , 2u, 2, ][¢] (note that this ring is a
localization of a UFD Clzy, 23, . . ., 4, |[t], so it is indeed a UFD), it follows that D
must divide Z(1}), as desired.

To show that Z(I;)/D is independent of ¢, we observe that D has degree n”
(as a polynomial in #). Hence, it suffices to show that Z(I;) has degree n* as a
polynomial in ¢. In fact, since we already know that Z(/;)/D is a polynomial in ¢,
it suffices to show that the degree of Z(I})) is < n?. Z(I,) is the sum of Boltzmann
weights of each state, so it suffices to show that the partition function of each state
has degree < n’.

So consider an admissible state. We observe that the only (possible) powers of ¢
come from the following types of vertices:

“ efaele
Boltz.mann L+ Dl
weight
Delt P 9
Iieal éL éL
Boltzmann
. zi(t + 1)|z;t
weight

We see that we need to count the number of — signs in the rows of edges between
the rows of delta ice and gamma ice.

We recall Lemma 5 of Brubaker et al. [4], which counts the number of — signs in
the rows of edges above and below a row of gamma ice. We state this lemma here
for the convenience of the reader:

Lemma 6. Suppose we have a row of gamma ice and that the sign of the left edge
is +. Let m be the number of — signs in the vertical row of edges above this row of
gamma ice and m' be the number of — signs in the row of vertical edges below this
row. Then m = m’ if and only if the sign of the right edge is — and m = m’' — 1 if
and only if the sign of the right edge is +. Moreover, if oy, a2, . . ., are the locations
of the — signs in the row of edges above this row of gamma ice and B, B2, . .. are
the locations of — signs in the row of edges below this row, the sequences o, y, . ..
and By, B2, . . . interleave.
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By symmetry of the delta ice and gamma ice, we obtain the following lemma:

Lemma 7. Suppose we have a row of delta ice and that the sign of the left edge
is —. Let m be the number of — signs in the row of edges above this row of delta ice
and m' be the number of — signs in the row of edges below this row. Then m = m’
if and only if the sign of the right edge is — and m = m’ — 1 if and only if the sign
of the right edge is +. Moreover, if a1, ®a, ..., are the locations of the — signs in
the row of edges above this row of delta ice and B4, B, . .. are the locations of —
signs in the row of edges below this row, the sequences oy, , ... and By, B2, . ..
interleave.

Since the number of — signs in the top row of edges is n, we see that the number
of — signs in the rows of edges between the rows of delta ice and gamma ice is
<n(n-1).

Moreover, since there are n caps, the degree of ¢+ coming from the Boltzmann
weights of these caps is < n. We see that if the signs on the cap are 4+, then the
Boltzmann weight is ¢z;, so it will contribute only one power of ¢ to the Boltzmann
weight of a state; if the signs are ——, then the Boltzmann weight is z,‘l, which does
not contribute any powers of 7.

Hence, the degree of the partition function of each state is < n?, and as explained
above, this means that Z(/;)/D is independent of ¢. This completes the proof of
Lemma 4. O

10.4 Proctor Patterns

By a Proctor pattern, we shall mean a sequence of rows of nonnegative integers a; ;
and bi’j

ao,1 ap2 ... Aor

br.r

such that the rows interleave. This last condition means that

min{a—1 ), @)} = bij = Maxi@a—1j+1,aG.j+n}
and also
min{b+1.j-1), b j—n} = aij = maxibi+1.)), bi -
We now would like to establish a bijection between the set of all admissible states

and the Proctor patterns. Consider a row of delta ice and a row of gamma ice right
below it. Let a; denote the locations of — signs in the top row of vertical edges, b;
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denote the locations of — signs of middle row of vertical edges, and ¢; denote the
locations of — signs of bottom row of vertical edges. We consider two cases:

Case I: the signs on the cap that connects these two rows are ——. Then (using
Lemmas 6 and 7) we have the following inequalities:

ay=by>a,>--->by,
by >ci>=by--->by.

Case II: the signs on the cap that connects these two rows are ++. Then we have
the following inequalities:

ay>=by>ay>--2 by > ay
by >ci=by--- = by > Cp1.

In this case, we define b,, = 0.
We see that the locations of — signs in the rows of vertical edges gives us a
Proctor pattern. Here are three rows of a Proctor pattern:

aq ay ... dpy
by by ... by
Cl ... Cpy—1-

Moreover, we see that this is a one-to-one correspondence, meaning that given
any Proctor pattern, there exists an admissible state such that the locations of —
signs are exactly as described by this pattern. This also follows from the Lemmas 6
and 7 above.

Since Z(1;)/D is independent of ¢, we may choose 1 = —1. This way, the
Boltzmann weight of the vertices

Gamma : GP :
ice él
Boltzmann
(t+ 1
weight alt+1)
Delta : GP :
ice él
Boltz'mann L+ 1)
weight

is equal to 0, so we consider all possible states which omit both of these vertices.
We observe that there exists a bijection between the Weyl group and the set of
all Proctor patterns of the particular type, in which each entry in the pattern (except
for entries in the top row) is equal to one of the entries above it (or to O in the
case of the last entry in an even numbered row). This bijection is given as follows:
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given a Proctor pattern, let d; denote the sum of the entries of the (2i — 1)th row;
in other words, it denotes the sum of the entries in each odd numbered row; here
1 <i < n.Also let d,+; = 0. Note that the numbers d; — d;+; for 1 < i < n,
all distinct. In fact, since each entry in the pattern (except for entries in the top
row) is equal to one of the entries above it (or to O in the case of the last entry in
an even numbered row), it follows that d; — d; 41 is equal to A; + p; for some
Jj (1 < j < n). In other words, we get a permutation of n distinct elements
AL+ p1,A2 + p2,. .., Ay + pn. And for any such permutation and any choice of
the signs on the caps, we can construct a Proctor pattern corresponding to it. We
see that w(z1), w(22) . .. w(z,) is equal to z;‘(l), Z?(z)’ z;”(n) for some o € S, and each
€ € {x1}; the choice of ¢; depends on whether an admissible state corresponds
to case I or case II described above. Hence, we see that we indeed get a bijection
between the Weyl group and the set of all Proctor patterns of the particular type
described above. Since we’ve already observed that there is a bijection between the
set of all Proctor patterns of the particular type and the set of all admissible states,
by composing these two bijections, we obtain a bijection between the set of all
admissible states and the Weyl group. An explicit formula for this bijection is given
by w — (=1)!MzvA+0) where (—1)!")z*(A+r) represents the Boltzmann weight of
the corresponding admissible state. Here z*+” means z}' 72327~ .. Z2+1 and
2"+ means (w(z)))M " (w(zo))2 L (w(ze) Pt

Note that the partition function is equal to Zwew(—l)’ W40 which is equal
to the numerator in the Weyl character formula. Also note that with r = —1, we
have D = [1,(1 = z7) - T],.; (1 = zz;)(1 — tz;z;") - z7*, which is the denominator
in the Weyl character formula. Hence, we have obtained a deformation of the Weyl
character formula (which, as we mentioned before, is due to Hamel and King [5]),
and the proof of the theorem is complete. O
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Chapter 11
On Witten Multiple Zeta-Functions Associated
with Semisimple Lie Algebras III

Yasushi Komori, Kohji Matsumoto, and Hirofumi Tsumura

Abstract We prove certain general forms of functional relations among Witten
multiple zeta-functions in several variables (or zeta-functions of root systems). The
structural background of these functional relations is given by the symmetry with
respect to Weyl groups. From these relations, we can deduce explicit expressions
of values of Witten zeta-functions at positive even integers, which are written in
terms of generalized Bernoulli numbers of root systems. Furthermore, we introduce
generating functions of Bernoulli numbers of root systems, using which we can give
an algorithm of calculating Bernoulli numbers of root systems.

Keywords Witten zeta-functions ¢ Root systems e Lie algebras ¢ Bernoulli
polynomials ¢ Weyl groups

11.1 Introduction

Let g be a complex semisimple Lie algebra with rank r. The Witten zeta-function
associated with g is defined by
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Lw(s:g) = Y (dimg)™, (1)
¢

where the summation runs over all finite-dimensional irreducible representations
@ of g.

Let N be the set of positive integers, Ny = NU{0}, Z the ring of rational integers,
Q the rational number field, R the real number field, and C the complex number
field, respectively. Witten’s motivation [38] for introducing the above zeta-function
is to express the volumes of certain moduli spaces in terms of special values of (1).
This expression is called Witten’s volume formula, which especially implies that

tw(2k; g) = Cw (2k, g)m*" 2)

for any k € N, where n is the number of all positive roots and Cw (2k,g) € Q
(Witten [38], Zagier [39]).

When g = sl(2), the corresponding Witten zeta-function is nothing but the
Riemann zeta-function £ (s). It is classically known that

-1 Qr/—1)%*

$Ck) =5 2k)!

By (k €N), 3)
where By is the 2k-th Bernoulli number. Formula (2) is a generalization of (3),
but the values Cy (2k,g) are not explicitly determined in the work of Witten
and of Zagier. In this chapter, we introduce a root-system theoretic generalization
of Bernoulli numbers and periodic Bernoulli functions, and express Cy (2k, g)
explicitly in terms of generalized periodic Bernoulli functions P(K,y; A) (defined
in Sect. 11.4). This result will be given in Theorem 8. Note that Szenes [31,32] also
studied generalizations of Bernoulli polynomials from the viewpoint of the theory of
arrangement of hyperplanes, which include P (k,y; A) mentioned above. However,
our root-system theoretic approach enables us to show that our P(k,y; A) and its
generating function F (K, y; A) are quite natural extensions of the classical ones (see
Theorems proved in Sect. 11.6).

Our explicit expression of Cy (2k, g) is obtained as a special case of a general
family of functional relations, which is another main result of this chapter. To ex-
plain this, we first introduce the multivariable version of Witten zeta-functions.

Let A be the set of all roots of g, A4 the set of all positive roots of g, ¥ =
{a1,..., 0.} the fundamental system of A, and a}’ the coroot associated with o
(1 < j < r).LetAq,...,A, be the fundamental weights satisfying (oziv,/\j) =
Aj(a)) = &;; (Kronecker’s delta). A more explicit form of {y (s: g) can be written
down in terms of roots and weights by using Weyl’s dimension formula (see (1.4)
of [16]). Inspired by that form, we introduced in [16] the multivariable version of
Witten zeta-function

oo oo

Geg =y [ @omd+- 4 ma) @)

mp=1 my=1a€A
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where s = (sq)oca, € C". In the case that g is of type X, we call (4) the zeta-
function of the root system of type X, and also denote it by ¢, (s; X, ), where X =
A,B,C,D, E, F,G. Note that from (1.5) and (1.7) in [16], we have

é-W(S;Q) = K(g)sgr(sv""S;g)v (5)
where

K@@= [ (@ 2+ +1). (©6)

€A

More generally, in [16], we introduced multiple zeta-functions associated with sets
of roots. The main body of [16] is devoted to the study of recursive structures in the
family of those zeta-functions that can be described in terms of Dynkin diagrams of
underlying root systems.

The Euler—Zagier r-fold sum is defined by the multiple series

o0 o0
Grlsisons) = ) oo Y my my + ma) X
mp=1 my=1
XX (my )T )
The harmonic product formula
§(s1)8(s2) = C(s1 4 52) + La(s1.82) + La(s2,81), (®)

due to L. Euler (where {(s) denotes the Riemann zeta-function), and its r-ple
analogue are classical examples of functional relations (cf. Bradley [3]). However,
no other functional relations among multiple zeta-functions have been discovered
for a long time.

Let

Smro(s1,52,83) = Z Z m='n"2(m + n)”5. 9)

m=1n=1

This series is called Tornheim’s harmonic double sum or the Mordell-Tornheim
double zeta-function, after the work of Tornheim [33] and Mordell [27] in 1950s.
But it is to be noted that this sum actually coincides with the Witten zeta-
function (4) for g = sl(3), that is, the simple Lie algebra of type A,. Recently,
the third-named author [36] proved that there are certain functional relations
among Cyr2(81,52,83) = (a(s1, 52, 83; Ay) and the Riemann zeta-function. More-
over, he obtained the same type of functional relations for various relatives of
Cmr2(81,52,53) (see [34, 35]). The method in these papers can be called the
“u-method,” because an auxiliary parameter # > 1 was introduced to ensure the
absolute convergence in the argument.
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In [24], by the same “u-method,” the second- and the third-named authors
proved certain functional relations among 3(s; A3), {2(s; Az), and the Riemann
zeta-function. The papers [22,23,25,26] are also devoted to the study of some new
functional relations for certain (mainly) double and triple zeta-functions and their
relatives.

The above papers give many examples of functional relations. Therefore, it is
timely to investigate the structural reason underlying these functional relations.
The first hint on this question was supplied by Nakamura’s paper [28], in which
he presented a new simple proof of the result of the third-named author [36].
(Nakamura’s method has then been applied in [22,23].)

It can be observed from Nakamura’s proof that the functional relations proved in
[28,36] are connected with the symmetry with respect to the symmetric group Gs,
which is the Weyl group of the Lie algebra of type A,. This suggests the formulation
of general functional relations using Weyl groups.

One of the main purposes of this chapter is to show that such general forms of
functional relations can indeed be proved. In Sect. 11.2, we prepare some notation
and preliminary results about root systems, Weyl groups, and convex polytopes,
which play essential roles in the study of the structural background of functional
relations. We will give general forms of functional relations in Sects. 11.3 and 11.4.
The most general form of functional relations is Theorem 3, which is specialized
to the case of “Weyl group symmetric” linear combinations S(s,y; /; A) (defined
by (110)) of zeta-functions of root systems with exponential factors in Theorems 5
and 6. A naive form of Theorem 6 has been announced in Sect.3 of [11], but we
consider the generalized form with exponential factors because this form can be
applied to evaluations of L-functions of root systems (see [17] for the details).

The theorems mentioned above give expressions of linear combinations of zeta-
functions in terms of certain multiple integrals involving Lerch zeta-functions.
Since the values of Lerch zeta-functions at positive integers (>2) can be written as
Bernoulli polynomials, we can show more explicit forms of those multiple integrals
in some special cases. We will carry out this procedure using generating functions
(Theorem 4).

In particular, we find that the value S(s,y; A) = S(s,y;?; A) ats = k = (k,),
where all k,’s are positive integers (>2), is essentially a generalization P(k,y; A)
of periodic Bernoulli functions. The generating function F(t,y; A) of P(k,y; A)
will be evaluated in Theorem 7. Consequently, we can prove a generalization of
Witten’s volume formula (2) (Theorem 8).

In Sect. 11.5, we will show the Weyl group symmetry of S(s,y; A), F(t,y; A),
and P(k,y; A). For our purpose, it is not sufficient to consider the usual Weyl
group only, and hence, we will introduce a certain extension W of the affine Weyl
group and will prove the symmetry with respect to W (Theorems 9, 11, and 12).
These results ensure that the existence of functional relations is indeed based on
the symmetry with respect to w. Although the symmetry by affine translations is
itself trivial in the case of periodic Bernoulli functions, it plays an important role
to construct the action of Weyl groups on a generalization of Bernoulli polynomials
introduced in Sect. 11.6. (See Theorem 16 for details.) It is to be noted that Weyl
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groups already played a role in Zagier’s sketch [39] of the proof of (2) and also in
Gunnells—Sczech’s computation [6].

In Sect. 11.6, we will prove that P(K,y; A) can be continued to polynomials in
y (Theorem 13). This may be regarded as a (root-system theoretic) generalization
of Bernoulli polynomials. Since P(K,y; A) is essentially the same as S(k,y; A),
this gives explicit relations among special values of zeta-functions of root systems.
Moreover, in the same theorem, we will give the continuation of F(t,y; A).

As examples, in Sect. 11.7, we will calculate P and F explicitly in the cases of
A1, Aa, A3, and B,. In particular, from the explicit expansion of generating functions
F, we will determine the value of Cy (2, 45), Cw (2, A3), and Cy (2, By) in (2).
The case of A, type is included in the results of Mordell [27], Subbarao et al. [29],
and Zagier [39]. Furthermore, Gunnells—Sczech [6] studied general cases and, in
particular, gave explicit examples for Cy (2k, A3). Here we can deduce explicit
value relations and special values of multivariable zeta-functions of any simple
algebra g by the same argument, at least in principle, though the actual procedure
will become quite complicated when the rank of g becomes higher. We also provide
an example of a functional relation in the A, case.

Some parts of the contents of [16] and this chapter have been already announced
briefly in [11-13, 15].

11.2 Root Systems, Weyl Groups, and Convex Polytopes

In this preparatory section, we first fix notation and summarize basic facts about root
systems and Weyl groups. See [2, 8—10] for the details. Let V' be an r-dimensional
real vector space equipped with an inner product (-,-). We denote the norm of
v € V by |[v| = (v.v)"/2. The dual space V* is identified with V via the inner
product of V. Let A be a finite reduced root system in V and ¥ = {«;, ..., q,} its
fundamental system. Let A and A_ be the set of all positive and negative roots,
respectively. Then we have a decomposition of the root system A = A [ A—. Let
QV be the coroot lattice, P the weight lattice, P+ the set of integral dominant
weights, and P44 the set of integral strongly dominant weights, respectively,
defined by

QVZ@ZO[;/, P=$ZA,, P+=@NOAi, P++=éNAi, (10)
i=1 i=1 i=1 i=1

where the fundamental weights {A;}’_, are a basis dual to ¥V satisfying
(O(,-V,Aj) = Sij.Let

p:%Za:ZAj (1)
j=1

a€A L

be the lowest strongly dominant weight. Then P14+ = Py + p.
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We define the reflection o, with respect to aroota € A as
0 V=V, og:vv—{(a Va, (12)

and for a subset A C A, let W(A) be the group generated by reflections o, for «€ A.
Let W = W(A) be the Weyl group. Then o; = 0y, (1 < j < r) generates W.
Namely, we have W = W(¥). Any two fundamental systems ¥, ¥’ are conjugate
under W.

We denote the fundamental domain called the fundamental Weyl chamber by

C={peV |, >0} (13)

where (¥, v) means any of {(«¥,v) for¢¥ € ¥Y. Then W acts on the set of Weyl
chambers WC = {wC | w € W} simply transitively. Moreover, if wx = y for
x,y € C, then x = y holds. The stabilizer W, of a point x € V is generated by the
reflections which stabilize x. We see that P = P N C.

Let Aut(A) be the subgroup of all the automorphisms GL (V') which stabilizes A
(see [8, Sect. 12.2]). Then the Weyl group W is a normal subgroup of Aut(A), and
there exists a subgroup 2 C Aut(A) such that

Aut(A) = 2 x W. (14)

The subgroup 2 is isomorphic to the group Aut(I") of automorphisms of the
Dynkin diagram I". For w € Aut(A), we set

Ay=ALNw A (15)

and the length function £(w) = |A,| (see [9, Sect.1.6]). The subgroup £2 is
characterized as w € §2 if and only if £(w) = 0. Note that wA,, = A_ NwA4 =
—A,—1 and £(w) = L(wh).

For u € V, let t(u) be the translation by u, that is,

tw): V-V tu:ve>v+u (16)
Since Aut(A) stabilizes the coroot lattice @V, we can define
W = Aut(4) x 7(0Y). (17)

Then W = (2 x W) x 1(QV) ~ £ x (W x t(Q")). It should be noted that W is
an extension of the affine Weyl group W x t(Q") different from the extended affine
Weyl group W' x T(PY) (see [2, 10] for the details of affine Weyl groups).

LetV = VxR and§ = (0,1) € V.Weembed V in V and we have V = V@®RS.
Fory =n+c¢é € V with n € V and ¢ € R, we associate an affine linear functional
on V as y(v) = (n.v) + c. Let OV be the affine coroot lattice defined by

0V =0VeLs (18)
(see [10]).
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For a set X, let §(X) be the set of all functions f : X — C. For a function
f € F(P), we define a subset

Hy =iAeP|f)=0; (19)

and for a subset A of §(P), define Hy = Uf-eA H . It is noted that we typically
work with linear functions, and in such cases, H 4 is the intersection of P and the
union of some hyperplanes.

One sees that an action of W is induced on F(P) as (wf)(A) = f(w™'Ad).
Note that V C V C $(P), where the second inclusion is given by the associated
functional mentioned above.

Let/ C{l,....,r}and ¥; = {o; |i € I} C W. Let V| be the linear subspace
spanned by ¥;. Then A; = A N V; is a root system in V; whose fundamental
system is ¥;. For the root system A;, we denote the corresponding coroot lattice
(resp. weight lattice, etc.) by Q) = @,;¢; Zw’ (resp. P; = @P,;¢; Z A, etc.). We
define

Cr={eC|{Wev)y=0, (¥ v)>0} (20)

where /€ is the complement of /. Then the dimension of the linear span of C; is
| 7], and we have a disjoint union

c= 1] o @

and the collection of all sets wC; forw € W and I C {1,...,r} is called the
Coxeter complex (see [9, Sect. 1.15]; it should be noted that we use a little different
notation), which partitions V' and we have a decomposition

P, = ]_[ Pryy, (22)
I1C{l,...r}

where
Pros = P4 NC. (23)

In particular, Pgq = {0} and Py .34+ = Pyy.

The natural embedding ¢ : Q) — QV induces the projection t* : P — P;.
Namely, for A € P, (*(A) is defined as a unique element of P; satisfying (t(¢), A) =
(g.t*(1)) forallg € Q}. Let

W ={weW|AY, CwAY}. (24)

Then we have the following key lemmas to functional relations among zeta-
functions. Note that the statements hold trivially in the case / = @, and hence,
we deal with / # @ in their proofs.
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Lemma 1. The subset W' coincides with the minimal (right) coset representatives
{we W | Loyw) > Lw) foralli € I} of the parabolic subgroup W(Ay) (see [9,
Sect. 1.10]). Therefore, |W'| = (W(A) : W(A])).

Proof. Let w € W'. Then A}, C wAY, which implies A}, N wAY = . In
particular, o ¢ wAY fori € I, which yields AY NwAY = (A \ {e;'}) NwAY.
Therefore,

oi (AL NwAY) = 0; (A \{er' HNwAY) = (A \{e’ HNoiwAY C AY NoywAY
(25)
and £(o;w) > £(w). Since £(o;w) = £(w) £ 1, we have £(o;w) = £(w) + 1 and w
is a minimal coset representative.
Assume that w € W satisfies £(o;w) > £(w) for alli € I. Then we have

0 (AY. NwAY) = (AL \ {a’}) NoiwAY) U ({—a;} NoywAY).  (26)

Since |07 (AY NwAY)| = £(w) and [(AY \ {;’}) NoywAY| > L(ow) — 1 = £(w),
we have [{—a;} N o;wAY| = 0. It implies that no element of AY N wAY is sent to
AY by o; fori € I, and hence, ¥)) N1wAY = . Since 0 & (AY, p) and ™ € wAY
if and only if (a¥,wp) < 0, we have (¥, wp) > 0 and hence (A}, ,wp) > 0.1t
follows that AY, NwAY = @andw € W', |

Lemma 2.

GNPy =Py @ Pre= | wPy. 27)
wew!
Proof. The first equality is clear. We prove the second equality.

Assume w € W'. Then for A € Py, we have (A}, ,wA) = (w'AY, L) C
(AY,A) = 0. Hence, wPy C * ' (Py4).

Conversely, assume A € (*7'(P;4). Since |[AY| < oo, it is possible to fix a
sufficiently small constant ¢ > 0 such that 0 < |{AY, ¢p)| < 1. Then we see that
A + cp is regular (see [8, Sect. 10.1]), that is, 0 ¢ (AY, A + ¢p) and the signs of
(@Y, A) and (@, A + ¢p) coincide if (@Y, L) # 0, because (AY, L) C Z. Let Ai =
{a¥ € AV | {a¥,A + cp) > 0}. Then Ai is a positive system, and hence, there
exists an element w € W such that A~\fr = wAY. Since A € *7!(P;4), we have
Ay, C A~\fr. Hence, Ay, C wAY, thatis, w € W1 . Moreover, (ﬂi,k +cp) >0
implies (AY,w™' (A + ¢p)) > 0 and (AY,w™'1) > 0 again due to the integrality.
Therefore, A € wP4. O

Lemma 3. For A € *7'(P;4), an element w € W' satisfying A € wPy (whose
existence is assured by Lemma 2) is unique if and only if A & HA\/\A;/.

Proof. Assume ¥ € AV \ AY and A € *71(P;4) N Hyv. Letw € W/ satisfy
A € wPy. Then o,A = A € wP; and hence w™'A = o,,-1,w~'A € P,, which
further implies w™'a¥ € A’Y, where A’V is a coroot system orthogonal to w™ !4
whose fundamental system is given by ¥"Y = {a € ¥V | (o, w™'A) = 0}
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(see [9, Sect. 1.12]). If ¥/¥ C w'AY, then W@V ¥"Y = A C wlAY, and
hence w™'a € w™! AY, which contradicts to the assumption ¥ ¢ AY. Therefore,
there exists a fundamental coroot o’ € ¥V \ w_lAIV, which satisfies o;w™IA =
w™'A € P, by construction. Since w € W/, we have w™'AY, C AY \ {o)’}.
Hence, o;w ' A}, C AY, because 0;(AY \ {e;"}) C AY. Then putting w' = wo;,
we have W/ 5 w' # wsuchthat A € wPy Nw Py

Conversely, assume that there exist w,w’ € W/ such that w # w’ and A €
wPy N w P, . This implies that w™'A = w'~!1 is on a wall of C and hence A €
Hpv.Let A”Y = {a¥ € AY | A € Hyv} be a coroot system orthogonal to A so
that A € Harv. Assume A”Y C AY. Then by A = ww'~'A, we have ww' ™l e Wy
and hence ww'~! € W(A/), because W, = W(A”Y) C W(AY) by the assumption.
Since id # ww'~! € W(A)), there exists a coroot «¥ € Ay, such that B =
ww'"laY € AY_. Then, since w™'(ww'"")AY, C AY and w'AY, C AY, we
have w™! Y € AY from the first inclusion and w™'(—g") € AY from the second
one, which leads to the contradiction. Therefore, A € H,v fora € A"\ AY. O

Next, we give some definitions and facts about convex polytopes (see [7,40]) and
their triangulations. For a subset X C R, we denote by Conv(X) the convex hull
of X. A subset P C RY is called a convex polytope if P = Conv(X) for some finite
subset X C R". Let P be a d-dimensional polytope. Let  be a hyperplane in R" .
Then A divides R into two half-spaces. If P is entirely contained in one of the two
closed half-spaces and P N H # @, then H is called a supporting hyperplane. For a
supporting hyperplane #, a subset 7 = P N H # @ is called a face of the polytope
‘P. If the dimension of a face F is j, then we call it a j-face F. A O-face is called a
vertex and a (d — 1)-face a facet. For convenience, we regard P itself as its unique
d-face. Let Vert(P) be the set of the vertices of P. Then

F = Conv(Vert(P) N F), (28)

for a face F.

A triangulation of a polytope is a partition of it into simplexes that intersect each
other in entire faces. It is known that a convex polytope can be triangulated without
adding any vertices. Here we give an explicit procedure of a triangulation of P.
Number all the vertices of P as py, ..., px. For a face F, by N'(F), we mean the
vertex p; whose index j is the smallest in the vertices belonging to . A full flag
@ is defined by the sequence

D FyCFC--CFyo1 CFg="7P, 29)

with j-faces F; such that N'(F;) & Fj_.

Theorem 1 ([30]). All the collection of the simplexes with vertices N'(Fo), ...,
N(Fi-1), N(Fq) associated with full flags gives a triangulation.

Remark 1. This procedure only depends on the face poset structure of P (see [7,
Sect. 5]).
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Fora='(a,...,ay).b="(by,...,by) € CV,wedefinea-b =ab; +---+
anby. The definition of polytopes above is that of “V-polytopes.” We mainly deal
with another representation of polytopes, “H-polytopes,” instead. Namely, consider
a bounded subset of the form

P=(\H" cR" (30)

i€l

where |1| < co and H" = {x € R | a;, -x > h;} witha; € RY and /; € R. The
following theorem is intuitively clear but nontrivial (see, e.g., [40, Theorem 1.1]).

Theorem 2 (Weyl-Minkowski). H-polytopes are V-polytopes and vice versa.

We have a representation of k-faces in terms of hyperplanes H; = {x € R" | a;-
X = h,}

Proposition 1. Let J C I. Assume that F = PN ﬂjej H; # O. Then F is a face.

Proof. Letx € P.Thenx € ﬂjej”ﬂjf andhencea;-x > h; forall j € J.Seta =
> jesajandh =3, h;. LetH beahyperplane defined by {x € R" |a-x = /}.
Thena-x>hforxe PandP CHT = {x € RY |a-x > h}.

Letx € PNH.Thena-x = h.Sincea; -Xx = h; +¢; > h; withsome ¢; > 0
forall j € J,wehavec; = 0andx € H; forall j € J. Thus, x € F. Itis easily
seen that x € F satisfies x € P N H. Therefore, 7/ = P N H and H is a supporting
hyperplane. O

Proposition 2. Let H be a supporting hyperplane and F = P N H a k-face. Then
there exists a set of indices J C I such that |J| = (dimP) —k and F = PN

mjeJHj'

Proof. Assume d = N without loss of generality. Let x € F. Then x € H and
hence x € 9P since P C HT.Ifx € 7—{?’ \ H; foralli € I, then x is in the interior
of P, which contradicts to the above. Thus, x € H; for some j € I.

First we assume that 7/ = P N H is a facet. Then there exists a subset
{X1,...,Xy} C F such that x, — xy,...,Xy — X are linearly independent. Let C
be the convex hull of {x,...,Xxx}. We consider that C C F is equipped with the
relative topology. Note that for x € C, we have x € H;(), where i(x) € 1. We
show that there exists an open subset i/ C C and i € I such that H; N U is dense
in Y. Fix an order {iy,i»,...} = I.If H; N C is dense in C, then we have done.
Hence, we assume that it is false. Then there exists an open subset /; C C such that
H;, NU; = @. Similarly, we see that H;, N U/ is dense in U4; unless there exists an
open subsetf, C U such that H;, Nl = @. Since |1 | < oo, repeated application of

this argument yields the assertion. Thus, there exists a subset {X}, ..., X}, } C H; U
such that X, — X/, ..., X}, — x| are linearly independent. Hence, we have 7 C H;
and H = H,.

For any k-face F, there exists a sequence of faces such that

f:kafk+1C"'CfN—1CP, (3D
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where F; (k < j < N—1)isa j-face. Since F; is a facet of F; 41, by the induction
on dimensions, we have F =P N ()., H; forsome J C I with |J|=N —k. O

jeJ
Lemmad. Let a = '(ay,....ay) € CN and o be a simplex with vertices
Po,---,PN € RY in general position. Then
N &P
e?dx = N!Vol(o)
/a ,;H,;éma'(pm—p;)
= N!Vol(o)T(a-po,...,a-py), (32)
where
|| | |
X0 cee XN X0 cee XN
T(x0,...,xy) = det Lo /det o , (33)
xN_l SN xx_l x(l)v_l xﬁ_l
el ... XN xé\’ le\\//
1 ~
Vol(o) = / ldx = m|detP|, (34)
and
P:(l'"l), (35)
Po - - PN

with p; regarded as column vectors.
J
Proof. Let T be the simplex whose vertices are /(0,...,1,...,0),1 < j < N, and

the origin. Then by changing variables fromx toy as x = po + Py withthe N x N
matrix P = (p; — po, --., PN — Po), we have

/e“dx = ea'P°|detP|/eb'ydy, (36)

where 'b = (by,...,by) = 'aP. Since

I=y1—==Ym—1
/ eC+(b1—C)}’1+"'+(bm—6))’mdym
0

— 1 (ebm+(bl_bm)yl+"'+(bm—l_bm)})m—l _ ec+(b1—c)y1+~~~+(bm—1—6’)}’m—1)
by —c ’
(37)
we see that
N
[y = o) + Y- auore (38)

m=1
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where g (b) for 0 < j < N are rational functions in by, ..., by. In particular, we
have
(="
b)= —~ 39
qo(b) b bx (39
and hence

/ea'xdx= ( |det(po — P1s--..Po — Pn)|

N
a-py G apn 10
a.(po_pl))...(a,(po_pN))e +Zq (a)e (40)

m=1
where §,,(a) are certain rational functions in ay,...,ay. Since e*?/ for 0 <
J =< N are linearly independent over the field of rational functions in ay, ..., ay,

exchanging the roles of the indices 0 and j in the change of variables in (36) yields

- |det(py, — - - —py)|
/e“‘”‘dx _ Z P = P0. - P = Pt P = Pt P = PN ap,
o [Tj2ma- (n—p))

m=0
)
= N!Vol(o . (41)
m=0 l_[j?éma. (pm _pf)
Generally, we have
N o
—_ = T()C(),...,XN) (42)
m=0 l_[jgém(xm - ‘xj)

by the Laplace expansion of the numerator of the right-hand side of (33) with respect
to the last row and hence the result (32). O

Although the following lemma is a direct consequence of the second expression
of (32) with the definition of Schur polynomials and the Jacobi—Trudi formula (see
[19]), we give a direct proof for convenience.

Lemma 5. Lera € CN o and Po,.--,PN € RN are the same as in Lemma 4. Then
the Taylor expansion with respect to a is given by

1
/ea«dx:Vol(cr) 1+—1 Z a-p;i+---

N+, S2n
+L Z (@ -po)o---(a-py)¥+--- |. 43)
(N + k)t
ko ..... kNZO
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Proof. We recall Dirichlet’s integral (see [37, Chap. XII, Sect. 12.5]) for nonnega-
tive integers k; and a continuous function g, that is,

/yé“’ YNV g(o 4 -+ yn)dyo---dyw

B kol---ky!
(N 4ko+ -+ ky)!

1
/ g(t)tk0+"'+kN+th’ (44)
0

where 7 is the (N + 1)-dimensional simplex with their vertices (0, ... ., ]1, ..., 0),
0 < j < N, and the origin. This formula is easily obtained by repeated application
of the beta integral.

We calculate

1
f@ =5 / (a-x)“dx. (45)
By multiplying

1
1=(k+ 1)/ skds, (46)
0

and changing variables as X' = sx, we obtain

fa) = —/(a x5V dsdx’, (47)

- s
where 6 = |Jj<,<; (

sa) is an (N + 1)-dimensional simplex. Again, we change

variables as Py = X = (s/). Then

X
N Y -
k+1 ~ -
= [ | Y@ | (Sw)] @
’ t\Jj=0 Jj=0

kv
k!

+1 N
—detP| ) (a-py)---(a- )"
ko,...kn >0
ko~+-+kn=k

—-N

X/ ko ... ny dy, 48)
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where ¥y = (yo, ..., yn). Hence applying (44), we obtain

)0 @y 1
fa) =2 et P ko%w (@-po) - (P s
ko+-+kn=k
N! k k
e B INCE DANCE oA (49)
k()-i:...;i]flgiok

|

It should be remarked thata-p; for 0 < j < N are not linearly independent. Thus,
the coefficients with respect to them are not unique. Lemma 5 is a special and exact
case of the following lemma.

Lemma 6. Lera € CV, o and Po,---,PN € RN are the same as in Lemma 4.
Then for b € CV, the coefficients of total degree k with respect to a of the Taylor
expansion of

/ e@xgx (50)
are holomorphic functions in b of the form
N eb'Pm
VO](U) Z Z Cm,k() ..... kN kj-‘rl k] (51)
m=0 ko,..., kn=>0 H};ém(b(pm_p]))

ko+-+ky=k
where ¢y k... kn € Q.

Proof. We assume |a- (p,, —p;)| < |b- (pn —p;)| forall j # m. Then we have

e(3+b)'l’m
[l;zn(@+b)-(Pn—p))
eb'pm ea'Pm
Tznb e n =0 (HM)
j#Fm b (pn —P;)
= Eb'pm 3Pm l_[ Z( a- (pm pj))kj
[2n b B —p)) i Zo Pn —P;))
o b-pin ( . km
e a-pm) k;
ZZ Z kKi+1 ko l_[(a'(pj_pm))]
k=0 ko,...kn=>0 nj#m(b (pm_p )) " Jj#Em
ko+-+kn=k

(52)
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Applying this result to the second member of (32) with a replaced by a + b, we
see that the coefficients of total degree k are of the form (51). The holomorphy with
respect to a and b follows from the original integral form (50). Therefore, (51) is
valid for the whole space with removable singularities. O

11.3 General Functional Relations

The purpose of this section is to give a very general formulation of functional
relations. For f,g € §(P)and I,J C {1,...,r}, we define

)
t(fg:J:A) = —, (53)
AePEL\Hg g
and
T A) = UG
S(fg:1;4) = > 0" (54)

A€ 1P )\ H,

We assume that (54) is absolutely convergent for a fixed /. By (24) and Lemma 2,
we have id € W/ and P C (*7'(P;4). Hence, (53) is also absolutely convergent
for all J since Py 4+ C P4 by (22).

Fors € C,Ms > 1 and x,c € R, let

'(s+1) Z e((n + c)x)
Q-1 = (+o)y

n+c#0

LS()C,C) =

(55)

Here and hereafter, we use the standard notation e(x) = e>* V=IX for simplicity. Let
D¢ be a finite subset of (QV \ {0}) & R§ C V. Then any element of y € Dje can
be written as y = 1, + ¢,8 (7, € Q¥ \ {0}, ¢, € R). We assume that D contains
Bje = {yi}iere where y; = n; + ¢;6 fori € I€ such that {n; };e;c forms a basis of
Q). and¢; € R.Let {; }iese C Pje be a basis dual to {n; };ere.

Theorem 3. Lets, € Cwith s, > 1fory € Dic andlety € Vic. We assume that

SO+ ) = Fe(ly, u)), (56)
gh+w =g [[ v+, (57)
y€Djc

forany A € Pry and any ju € Py, where g* € F(P;). (Hence f depends on'y, and
g depends on s,’s.) Then
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(i) We have
Sthelid)y= 3 >t fwlgis;a)
wewl!l Jc{l,...r}
= (S fhghT ). (58)
JCI
where
Nys = [wW(A;0) N W' (59)
and f* € F(Py) is defined by
Qr /1)
ff0) = 0Prle—yon | [] —+
D) I'(sy+1)
/ / y(A —v)x, [T LsG.cp)
)/EDIC\BIC y€Dc\Bjc
l—[ Ly, | (y, i) Z Xy Ny, pi), ci l—[ dxy,
iel® y€Djc\Bjc y€Djc\Bjc
(60)
and
V= cip € P @R, 61)
i€l¢

(ii) The second member of (58) consists of 2" (W(A) : W(AI)) terms.
(iii) If Hy\ay C Hyg, then {(w™" fiw™' g5 J; A) = O unless N, j = 1.

Proof. First, we claim that for w,w’ € W/ and A € wP;,; wehave A € w' Py
ifandonly if w € wW(Ac).Infact, A € wPyyNw Py impliesw ™ 'A € Py
and W™ 'w)w'~'A € Pyi4, and hence, w™'w stabilizes Py, = Py N Cy.
Therefore, w™'w’ € W(A;c). The converse statement is shown by reversing
the arguments, and we have the claim. By using this claim, Lemma 2, and the

decomposition (22), we have

S(fgl:dy= 3 oo

Aer*—1(P; 1)\ H,

R

wew! Jc{l,..., )»G P/++\Hg

J)
> PR (62)
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Therefore,
A
S(fgil: )= ) Z 3 fgwkg
wew! JC{l.... Nos rePyypwti, 8V
= W' H)
wg/:[ JC%.:.., /\ep +§\:H (W_lg)(k)
=2 D T T A, (63)

wew! JC{l1,...r}

where the last member consists of 2’(W(A) (A 1)) terms since the cardinality
of the power set of {1,...,7}is 2" and |W/| = (W(A) : W(AI)) by Lemma 1,
which implies the statement (ii).

Assume that y = n, +¢,6 € (QV \{0}) ® RS and A € P. Then y(1) =
(ny,A) + ¢, € Z + ¢, and for y(1) # 0, we have

1 Z /e((ny+Cy V(A))xy)d

y(A)% B n, ez (”y +cy)sy *y
n +cy7é0
_ / Z e((”y +cy — V(/\))xy) d
1y €7 (ny +¢y)% !
ny+cyaé0
Qr/—1) !

= - Lg 5 - /X d ’ 4
I, +1) Jo ‘y(xy cy)e(=y()x,)dx, (64)

where we have used the absolute convergence because of Rs, > 1.
By using (57), (56), and Lemma 2, we have

J) 1
S(fgslidy= Y Y | s
(fg ) )LEP1+ ;LGPIC gﬁ(k) (y M>) VDD[C y(A’ +/~’L)Sy ( )
A+ugH,

Applying (64) to the right-hand side of the above, we obtain

sern=3Y ¥ ey | [T -

AEP; 4 NEPC ﬁ(k) y€Bjc y(k + ’LL)SV
A+udHgy
Qr/=1)"
X l—[ —m A LSV (x),, Cy)e(—)/(k =+ ,u)xy)dxy

y€Djc\Bjc

(66)
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Note that if y(A) = 0, then ¢, € Z and the last member of (64) vanishes. Hence, we
may add the case y(A 4+ ) = 0 for y € Dyc \ Bjc in the above. Therefore, by using
H, = ng U Hp,\,c U Hp,. and putting u = Zielc nip; (n; € Z), we have

S(f.g:1:4)

CrvTy /)
M -Fosn] X

i
FOr+ 1) |2y, €0

x / / y(A)x, [T Loy

n;€Z yEDlu\Blc y€Dc\Bjc
n;i+c; #0
iel¢

y€Dc\Bjc

( Yo i) = Dy epe\Bye xy(ny,ui))nf)
(ni +ci)i

<]1

ielc

l_[ dx,

y€Djc\Bjc

= ey | [T &) S

f
yeDjc I(sy +1) AEP1{\H ')
/ / y(A —v)x, [T LsC.cp)
}/ED[L\B[L y€Djc\Bjc
[Meo (= X xopuda)| TI do.  ©D
i€l¢ yGch\Blc )/EDIC\BIC

which is equal to the third member of (58), because P;+ = | J,;; Ps++. Hence,
the statement (i).

As for the last claim (iii) of the theorem, we first note that N, ; > 1 if and
only if wPjyq C Huv\ay. This follows from Lemma 3 and the definition of
N,,.s, with noting the claim proved on the first line of the present proof. Now
assume Hpv\ay C Hg. Then, if Ny, ; > 1, we have wP;4 4 C H,. This implies
tw! fiw™lg: J; A) = 0, because the definition (53) is an empty sum in this case.

O

In this chapter, we mainly discuss the case when D;c C QV. Nevertheless, we
give the above generalized form of Theorem 3, by which we can treat the case of
zeta-functions of Hurwitz type.

For a real number x, let {x} denote its fractional part x — [x]. If s = k > 2 and
¢ are integers, then it is known (see [1]) that
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o e(nx)
Libec) == ne;\{o} "
= Bk({x})’ (68)

where By (x) is the kth Bernoulli polynomial. Thus if all L;(x, ¢) in the integrand
on the right-hand side of (60) are written in terms of Bernoulli polynomials, then we
have a chance to obtain an explicit form of the right-hand side of (60). We calculate
the integral in question through a generating function instead of a direct calculation.
The result will be stated in Theorem 4 below.

Remark 2. When s, = 1, the argument (64) is not valid, because the series is
conditionally convergent. Hence, on the right-hand side of (67), s,, = 1 fori € I¢
is not allowed. However, for n € Z \ {0}, we have

1
1 ConvaD / Bi(x)e(=nx)dx, (69)
0

n

where the right-hand side vanishes if # = 0. Thus the value s, = 1 is also allowed
fory € (Dye \ Bre) N @V on the right-hand side of (66) and hence in Theorem 3.

Let M,N € Nk = (k))1<i<m+nv € NV, y = (3i)1<i<my € RM and b; € C,
cj €Rforl <i <Mand1<j<N.Let

Pk y) =
1 1 N N M N N
/0 /0 exp Zb]-x]- l_[Bk/.(x]-) l_[Bk,H_,. yi_ZCijxj l_[dx]-.
Jj=1 J=1 i=1 J=1 j=1
(70
Fort = (#/)1<i<m+n € CMTVN we define a generating function of P(k,y) by
MAN (K
— J
Fityy= Y P(ky) ]_[ et (71)
keN) TV j=1

Lemma 7. (i) The generating function F (t,y) is absolutely convergent, uniformly
onDr x RM where Dg = {t € C| |t| < RWM TN with0 < R < 2.

(ii) The function F(-,y) is analytically continued to a meromorphic function in t on
the whole space CM+N and we have

M+N

‘s 1 1 (N
F(ty) = ]1:[1 e’.fj—l /0.../0 Jl_[:lexp((bj+lj)Xj)

M N N
X l_[exp IN+i 3 Vi —Zcijxj l_[dxj
i=1 j=1

J=1
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MiN o i M
(T o) X 3 en(Dwertont +m)
j=1 my=cy mp=cjy i=l1
N N
X/ exp Z(aj + bj)Xj 1_[ dx;, (72)
Pmy j=1 j=1
where ci+ is the minimum integer satisfying cl-+ > Y 1<j<n¢jj and ] is the
Cij>0
maximum integer satisfying ;. < Y 1<j<n cij and
Cij<0
M
aj =lj—ZfN+iCij, (73)
i=1
0=<x;=1, (I1=j=N)
N
Py = 31X = (Xj)i<jen | i} +mi—1 = Zcijxj < it +mi, ¢,
j=1
(1<i<M)

(74)

which is a convex polytope.

Proof. (i) Fix R* € R such that R < R’ < 2m. Then by the Cauchy integral

formula
B 1 xd
x(x) _ ze kzl’ 75)
k! 2nN/—1 Jig=p € — 1 25
we have for0 < x <1
B 1 X d Cr
) 76)
k! 27 J=rrlet — 1 R R
where
ZeZX
CR/:max{‘ — ) |z|=R/,05x51}. 77
e»_
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M+N . 1 1 N N B]( )
5(1_[1 |tj|k/)/(; /(-) exp(ijxj) (l_ll%)
i= Jj=1 j=

M B i_ZN= CiiX; N
X(H k+({y j=1 //})) jl;[ldxj

Therefore,

M+N (K

Pky [ 5
j=1 "7

i kn+i!
M+N 1 1 M+N N
<c| [ rY / f Coth 7 []dx;
j=1 o0 j=1 j=1
M+N kj
R\
=cCcyth (ﬁ) : (78)
j=l1
where C = exp(zyﬂhﬂbj |) Since
M+N R kj M+N 1
> oceyth — | =ccy+v —— <o0, (79
R R’ R 1—-R/R
keNM+V j=1 j=1

we have the uniform and absolute convergence of F(t,y).
(i) Noting the absolute convergence shown in (i), we obtain

M+N k|

Fyy= . Pay [ 5
j=t

keNY TN

1 1 N N (ki
= Z /O /0 exXp ijx]' l—[Bkj(Xj)#
j=1 j=1 o

keN) TN
M N AN
B 4 X N+i dx;
X kv | VYT 220N ) o Xj
i=1 j=1 NFE ] =i
M+N Iy 1 1 N N
P ] . . . .
= l—[ - / / exp Zb]x] l—[exp(tjx])
=1 ¢ 7 0 0 =1 =1
j= j= j=

M N N
< | [Texp | tvai Qv =D cipx; [Tdx
j=1 J=l1

i=1
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M+N M
= ( = _1)/ / exp( b +tj—ZtN+iCij)xj)
Jj=1 i

j=1 i=1

Xexp(zm,( yi—[o i_zcijxj])) [Tax. (50)
j=1 j=1

i=1

Here the inequality

yi—el <yi=Y cyx; Svi—c (81)
implies
Db el <yi—|yvi=Y eyx; | < it +cf, (82)
=1

and for m; € Z, the region of x satisfying

N
yi— Zcijxj ={yi} +m; (83)
is given by
N
it +mi— 1<) cyjx; <{yi}+m. (84)
j=l1
Therefore,

wav o\ a M
Fey =Tl o= 2 X2 exp(ZzW({yiHma)

j=l1 my=cy~ my=cy i=1
N N
x/P exp(Y(a; +by)x; ) [ v, (85)
m.y j=1 j=1

which is a meromorphic function in t on the whole space C¥ T, O

Remark 3. When the polytope Ppy is simple, then the corresponding integral is
calculated by Proposition 3.10 in [4]. Generally, the polytopes we treat may not be
simple. In [17], we avoid such difficulty using a certain limiting process.

Lemma 8. The function P(K,y) is continuous with respect to'y on RM. The
function F(t,y) is continuous on {t € C | |t| < 2x}M TN x RM and holomorphic
int for a fixedy € RM.
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Proof. Fory € RM andx = (x;)1<j<y € R", let h(y, x) be the integrand of (70).
Let {y,}°, be a sequence in RY with lim, 500 Y» = Yoo, and we set /1,(x) =
h(y,,X) and hoo(X) = h(Yoo, X). Then for x € [0, 1]V,

lim 4y, (X) = heo(X) (86)
n—o00
holds if x satisfies
N
(Yoo)i — Y cijx; € Z, (87)

=1

forall 1 <i < M. Hence, (86) holds almost everywhere, and we have

N
nll>11010 P(k,y,) = lim Iy (X) l—[ dx;

n—00 [0.1]N

lim A,(x) | | dx;
/[0 l]N n—>oo l—[ J

j=1

N
= hoo(x) [T dx;

= P(K.¥eo), (88)

where we have used the uniform boundedness 4, (x) < C for some C > 0 and for
alln e Nand x € [0, 1]V.

Combining the continuity of P(K,y), definition (71), and Lemma 7, we obtain
the continuity and the holomorphy of F(t,y). O

Now we return to the situation 'y € Vye. Let y; = (y, u;) fori € I° and we
identify y with (y;)iese € R We set Q[y] = Q[(yi)ierel, AQW) = Yiepe Zyi +
Zand [K| =} cp . ky. Let

D ={yot(-v)|y € Ds\ B}, V= Zé’iui € Pre. (89)

iel¢

Theorem 4. Assume the same condition as in Theorem 3. Moreover, we assume
that D;c C QY and s, = k, are integers for all y € Dje such that k, > 2 for
y € Bjc and k, > 1 otherwise. Then f¥ e F(Py) in (60) is of the form

Ik|

FH0) = 6=l L rV DR S L (k)((j)) ©0)
k=
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where 1 runs over a certain finite set of indices, N = |Dyc \ Byc| and

/P eQlyle@-A(y)-D). g® e (A D). o1

Proof. From (60), we have

[1 (Z”J_)k )P(k,y,x), ©2)

Y€Djc

FH) = (—1)PFle(~{y. v) (

where fork = (ky),ep,c,

1 1
P(k,y,k):/o /0 el — Z y(A —v)x, l—[ By, (xy)

y€De\Bye y€Dc\Bje
1_[ BkVi Yi— Z Xy Ny, i) 1_[ dx,. (93)
iere y€De\Bye y€Djc\Bjc

Hence, P (K, y, ) is of the form (70). Therefore, by applying Lemma 7, we find that
P(Kk,y, 1) is obtained as the coefficient of the term

1+ (94)
y€Djc

in the generating function

F(ty,A)

EE: 1)(k y’k) ]_I k |

keN|DIL| Y€Dc

y€Djc - m; =0
iel®

iel¢

o
> exp (Z ty, (i} + mi))

x / exp(@+b)-x) ] dx,. (95)
7)Hl

Y y€Dc\Bjc
where a = (ay)yep,c\B,c € RN, b = (by)yen,c\Bc € CV with
=ty (i i) (96)
iele

b, = =2nv—=1y(A —v). 97)
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Since (1, ui) € Z, any vertex p; of P,y satisfies

Py €Y Qy+Q=0Q A®y). 98)
iele
The first two factors of the last member of (95) are expanded as

(H e,fy_1)(1‘[exp(ry,-({yf}+m,->)) = Y Am [y ©9

Y€Djc ielc k,eN(I)chl y€Djc

where Py (y) € Q[y] is of total degree at most |K'|.

Next, we calculate the contribution of t of the integral part. By a triangulation
Pmy = U,LLT) 01my in Theorem 1, the integral on Ppy is reduced to those on
O1my- Since (94) is of total degree |k|, and a is of the same degree as t by (96),
the contribution of t comes from terms of total degree x < |k| with respect to a.
By Lemma 6, we see that these terms are calculated as the special values of the
functions i (b’) at b, where &(b’) is a holomorphic function on CV of the form

N
VOI(O-I m y) Z Z cq Ko KN
T R N
q=0 «kq,....k N =0 Hq’:()(b/ : (qu _qu/)
Ko+ tKN=K q'#q

eb/'P Jq

e (100

and p;,’s are the vertices of 07 my and Vol(0;my) € Q[y] is of total degree at most
N due to (98). Since

b-p; =-2nv=1 Y  y(A-v)(p))y € 7v/=1Q-A(y)-D.  (101)

y€Djc\Bjc

each term of (100) is an element of

e(Q- A(y)- D) 1 e(Q- A(y)- D)
Qly] = Qly] T
(A(y)- D)+

V1Q- AW DYV (TN (10

where 0 < ¥’ <k < [K|.
Combining (99) and (100) for all m and / € L(m) appearing in the sum, we see
that the coefficient of (94) is of the form (90). |

Remark 4. It may happen that the denominator of (90) vanishes. However, the
original form (60) implies that f is well defined on P;. In fact, the values can
be obtained by use of analytic continuation in (100).

Remark 5. Tt should be noted that in Theorems 3 and 4, we have treated y € Ve
as a fixed parameter. In general, as a function of y € Vj¢, (90) is not a real analytic
function on the whole space V.. We study this fact in a special case in Sect. 11.6.

We conclude this section with the following proposition, whose proof is a direct
generalization of that of (2.1) in [16].
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Proposition 3. Let f,g € F(P)and J C {1,...,r}. Assume that J = Ji [ /)
and that f and g are decomposed as

S+ A2) = fi(h) 2(A2), g(A1 + A2) = g1(A1)g2(A2), (103)
fOV fls g1 € g(le)y f25 g € S(sz), A] € le, Az € sz. Then we have

C(fig:J: A) =C(f1.81: 11 A)E(fo, 825 J2: A). (104)

11.4 Functional Relations, Value Relations, and Generating
Functions

Hereafter, we deal with the special case

fO) = e((y. A)), (105)
gy = T (@ 1), (106)
DZEA+

fory € Vands = (So)yeq € Cl4+1, where A is the quotient of A obtained by
identifying o and —«. We define an action of Aut(A) by

(WS = $y—1s (107)
and let
1
Gy =Y e((y.A) [] o (108)
AEPy Q€A ’

Then we have

s,y;A), ifJ ={1,...,r},
t(f.g:J;A) = £ris.y: 4) .{ j (109)
0, otherwise,

because for J # {1,...,r}, we have P;44 C Hav = H,. Wheny = 0, the
function g, (s; A) = &,(s,0; A) coincides with the zeta-function of the root system
A, defined by (3.1) of [16]. Therefore, (108) is the Lerch-type generalization of
zeta-functions of root systems. Also we have

1
Shelin= >, e [l ooz @10
re*~H(Pry)\H v acly ’

which we denote by S(s,y; /; A). Note that H,v coincides with the set of all walls
of Weyl chambers. Let

S={s=(sq) €C/ | Rsy >1 forae AL} (111)

Note that S is an Aut(A)-invariant set.
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Lemma9. {,(s,y; A) and S(s,y; I; A) are absolutely convergent, uniformly on
D x V where D is any compact subset of the set S. Hence, they are continuous
on S x V, and holomorphic in s for a fixedy € V.

Proof. Sincefors € D,a € Ay andA € P\ Hpv,

1 e |S8sq |
(o 2| = v mype (e
(the factor e”1¥%! appears when (aV, 1) is negative), we have
[T | <5 [ e =56 [ e
IR A Tav e = L LT 2y
<4l m (113)
aew

where h(s) = ]_[aeA+ e”1¥% | and A= maxeep h(s), B= mingey (mMingep Nsy)> 1.
It follows that

1 1 r
Z l_[|(av,)k)|3 =W Z HW=IW|(§(B)) < 00,

/XGP\HA\/ €Y AEPL L a€Y
(114)

and hence the uniform and absolute convergence on D x V. O

Remark 6. Although the statements in Lemma 9 and in the rest of this chapter
hold for larger regions than S, we work with S for simplicity. For instance, the
above proof of Lemma 9 holds for the region {s=(s,)€C/4+! | Rs, > Ifor aey,
Nsy > 0 otherwise}. (See also Remark 2.) In more general cases, we may need to
specify an order of summation because the convergence is conditional. One way to
do this is the Q-limit procedure treated in [6].

First, we apply Theorem 3 to the case / # @. Then Theorem 3 implies the
following theorem:

Theorem 5. When I # 0, fors € Sandy € V, we have

S(s,y; I; A)

=Y | J] 0™ )& sw 'y 4)

weW! \a€A —i

=(_1)‘A+\Al+| l—[ Cr D Z e((y.4)) l—[ (avlk)sa

I (s 1
Q€A \A 4 (5o +1) AEP 44 €A1
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/ / Yola ) [T LuGe0)

WEA+\(A1+UW) a€AL\(A;4UW)
<[ [T Le |0 S xala¥ 4.0 [T
el a€AL\(A; 4 UY) Q€AY \(A7 4 UW)

(115)

The second member consists of (W(A) WA 1)) terms.

Proof. Ttis easy to check (56) and (57) for (105) and (106), with Dje = AL\ Aj4,
Bre = Wy (hence ¢, =0 for all y € Djc), and gF(A) = ]_[aeAHr(ocV,k)“'“ for
A € P;y.Since Pj44 C Hgn forall J & I, we have the second equality.

Next, we check the first equality. From (58), (109), and Theorem 3 (iii), we have

Sy l:A)y= >t fow g {l.... rk ). (116)

wew!

Further,

Cw fiwTlg (L, A)

Ze(y’m)ﬂm

A€P++ OCEAJ'_
= Z e((w™'y, 1)) l_[ oV Ay
aV,A)s
A€P++ OCEAJ'_
1
_ —1
= Z e({(w™y. 1)) lj v ar7)
AEPL aew Ay
by rewriting o as wa. When
aew AL NAL =—(ArNwlAL) = —A,, (118)

we further replace o by —a. Then we have

Cw fiwTlg (L, A)

[TED™ ] D0 ew 'y a) [] @, A

€A, AEPy a€A+
= [ o™ | oo swy: 4). (119)
aEAw71

where we have used the fact that wA,, = — A, —1. Hence, the first equality follows.
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Lemma 1 implies that the second member of (115) consists of (W(A) WA 1))
terms. O

Next, we deal with the case I = 0. Let S(s,y; A) = S(s,y; 9; A). Then we have
the following theorem by Theorem 3.

Theorem 6. Fors e Sandy eV,

Sy = | T] D7 e sw 'y 4)

wew OKGAW_l

=0 (TFST) [ (I eetoeo)

a€A a€EAL\Y

HLW Y, Z xo (¥, Ai),0 l_[ dxy.

i=l1 otEA+\\I/ a€A+\\I/
(120)

The above two theorems are general functional relations among zeta-functions of
root systems with exponential factors. In some cases, it is possible to deduce,
from these theorems, more explicit functional relations among zeta-functions (see
Example 5). However, in general, it is not easy to deduce explicit forms of functional
relations from (115) by direct calculations. Therefore, in our forthcoming paper
[17], we will consider some structural background of our technique more deeply
and will present much improved versions of Theorems 7 and 13. In fact, by using
these results, we will give explicit forms of other concrete examples which we do not
treat in this chapter. On the other hand, in [14], we will introduce another technique
of deducing explicit forms. This can be regarded as a certain refinement of the “u-
method” developed in our previous papers. By using this technique, we give explicit
functional relations among zeta-functions associated with root systems of types A3,
Cz(Z Bz), B3, and C3.
Now we study special values of S(s,y; A). We recall that by (68),

Li(x.0) = B ({x}) azn

for a real number x. Motivated by this observation, for k = (k¢),cz € NEAH and
y € V, we define

P(ky;A) = / / [T BuGw)

a€AL\W

[1Br [ 12— D xafe¥,h) [T dx.

i=1 €A \¥ a€AL\W
(122)
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so that

Sk,y: 4) = (= 1)'A+'( I1 (27“/_)k )P(k,y; A) (123)

€A

fork e SN N(l)AH. This function P(k,y; A) may be regarded as a generalization
of the periodic Bernoulli functions and Bx(A) = P(k, 0; A) the Bernoulli numbers
(see [1]). We define generating functions of P(K,y; A) and Bk(A) as

Fty:0)= Y Py s ] o (124)
keN(\)AJrl a€A L
F(t:A)= Y B(4) ]"[ e (125)
keN(‘)AJ'_l €A

where t = (ty),ecz With |fo| < 2. Assume A is irreducible and not of type A;.
Then by Lemma 8, we see that P(k,y; A) is continuousiny on V and F(t,y; A) is
continuous on {f € C | |t| < 27 }/4+! x V and holomorphic in t for a fixed y € V.
Further, by Lemma 7(ii), we see that for a fixedy € V, F(t,y; A) is analytically
continued to a meromorphic function in t on the whole space C!4+!. For explicit
examples, see (250) for P((2,2,2),y; A) in the region 0 < y, < y; < 1l and [17,
Example 3] for P((2,2,2,2),y; C>).

Theorem 7. We have

F(t,y; A) = ( o 1) / / exp(taxa))

€A a€EAL\W
r
X (l—[ exp(tai{(y, Ai) Z Xo{a¥, A) })) l—[ dx,
i=1 Q€A \Y Q€A \Y
; 2(pV A1)=1 2{pY.Ar)—1
:(l_[ e’w—l) Z Z exp(Zt%({y, }+I11))
a€A L m1=0 my=0 =1
x/ exp( Z t:xa) l_[ dxg, (126)
Py weAL\W weA\W
where p¥ = %Zaemr oV, 1 =ty — Yt (@Y X)), m = (my,...,m,) and
0<x <1, (xeds\¥)
Ai i—1 =< wlaV A
Py = | x=(tadaea g | (PANFM=LS D ol 20) (127)
OtEA+\lI/

<{y.Ai)}+m;, (1<i=<r)
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is a convex polytope. In particular, we have

2{p¥ A1)—=1  2{pY.Ar)—1

F(t;A):(l—[etala_l) DS exp(i:ta,-mi)

a€A L mp=1 my=1 i=1
X / exp( Z t;xa) l—[ dx,, (128)
m a€AL\W a€EAL\Y
where
Pm = Pm,O
0<xy, =1, (@€l \V¥)
=J{X = (Xa)aeAJr\lI/ m—1< Z xa(avs/\i> <m;, (1<i<r)

a€EAL\W
(129)

Proof. Applying Lemma7tothecase N = [AL\¥|, M = |¥|,b; =0,k; = kq,
yi = (y.Ai),and ¢;; = («",A;), we obtain (126). O

From the above theorem, we can deduce the following formula. In the case when
all k,’s are the same, this formula gives a refinement of Witten’s formula (2). In
other words, it gives a multiple generalization of the classical formula (3). In [38],
Witten showed that the volume of certain moduli spaces can be written in terms
of special values of series (1). Moreover, he remarked that the volume is rational
in the orientable case, which implies (2). Zagier [39] gives a brief sketch of a
more number-theoretic demonstration of (2). Szenes [31] provides an algorithm
of the evaluations by use of iterated residues. In our method, the rational number
Cw 2k, g) is expressed in terms of generalized Bernoulli numbers, which can be
calculated by use of the generating functions.

Theorem 8. Assume that A is an irreducible root system. Let k, = ko € N and
k = (ko) ,ecz- Then we have

(—1)lA+] ( I Qr/—1)*e

A= Ty k)

)BZk(A) c QNZE kz\(A+)z\’ (130)

€A

where | runs over the lengths of roots and (A4); = {a € A4 | ||| =1}

Proof. Since the vertices p; of Py, satisfy (p;)« € Q, by Theorem 7 and Lemma 5,
we have

B (A) = P(2k,0; A) € Q, (131)
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and hence by (123),
2 /_1\2kq
Sk, 0:A) = (=D T @rv- Bo(A) € Q 2 XiklAul - (132)
k) )‘
a€A L
On the other hand, by Theorem 6,
S(2k,0; 4) = [W[5,(2k; 4), (133)
since roots of the same length form a single orbit. Therefore, we have (130). O

Remark 7. The assumption of the irreducibility of A in Theorem 8 is not essential.
Since a reducible root system is decomposed into a direct sum of some irreducible
root systems, this assumption can be removed by use of Proposition 3.

Remark 8. 1t is also to be stressed that our formula covers the case when some of
the k,’s are not the same. For example, let X, = C»(~~ B;). Then we can take the
positive roots as {a;, o2, 201 + @z, 1 + o} with [ler) || = |l + 22|, ||y || =
oy + o ||. We see that

1
$(2,4,4,2; ) Z Z m2n*(m + n)*(m + 2n)?

m=1n=1

53 -
S 134
6810804000 (134)

Explicit forms of generating functions can be calculated with the aid of Theorem 1
and Lemma 4. We give some more explicit examples in Sect. 11.7.

11.5 Actions of W

In this section, we study the action of W on S(s,y; A), F(t,y;: A),and P(k,y; A).
First, consider the action of Aut(A) C W . Note that P \ H,v is an Aut(A)-invariant
set, because H v is Aut(A) invariant. An action of Aut(A) is naturally induced on
any function f ins andy as follows: For w € Aut(A),

w)(sy) = fw's,wly). (135)
Theorem 9. Fors € S andy € V, and for w € Aut(A), we have

wS)s.y: ) = [ D7 | SGs.y: 2. (136)

aGAW_l

ifsqg € Zfora € A,—1.
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Proof. From (110), we have

WSy A= Y e(w'y A )]"[ (137)

AEP\H pv aEA+

Rewriting A as w™'A and noting that P \ H v is Aut(A) invariant, we have

WwS)s.y:A) = Y e yx)]"[

v wa
AEP\H 5v a€A+ we A ’
1
= > ewA) [ ==
_ CASVIRY
AEP\H 5v wolaeA
=( [T <n™)s6.y:4). (138)
OtEAw_l
Thus, we have O

Theorem 10. Fors € S andy € V, we have S(s,y; A) = 0 if there exists an
element w € Aut(A)s N Aut(A)y such that s, € Z fora € A~ and

> sy €21, (139)
OlGAwf]

where Aut(A)s and Aut(A)y are the stabilizers of s and 'y respectively by regarding
yevV/QVv.
Proof. Assume (139). Then by Theorem 9,

(1 —( I1 (—1)_5“))S(s,y; A) =0, (140)

Q€A —1

which implies S(s,y; A) = 0. O
Lemma 10. The group Aut(A) acts on C!A+! by
ty—1y, ifa € AL\ A, -1,
(W)g = {7 FE e Ari A (141)
—ty—1y, Ifa €A, 1,
where t = (ty) ez € ClA+1 and the representative o runs over A
Proof. What we have to check is that the definition (141) indeed defines an

action. Since

(o), = {(wt)v_la, ifaeAl\ A, (142

—wt),—1y, ifae A -,
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we have
(V(Wt))a = t(vw)710w (143)

if and only if either
l.LaeA\A—1andv i e AL\ A, -
or

2.a€A1and v e € A,

holds. Here, the minus sign in the second case is caused by the fact thatif @ € A -1,
thenv™'a € v''A,-1 = —A, C A_. Therefore, (143)is validif and only if & € A+
and

a € (v(A+ \A,-1)N vA+) u (V(—Awfl) n VA_)
= WAL \wA_)U (vA_NwAy)
= (VAL NwAL)U (VA NvwAy)
= wAs. (144)

This condition is equivalentto @ € Ay \ Ay,,,)—1. This implies v(wt) = (vw)(t). O

Note that we defined two types of actions of Aut(A) on Cl4+!] that is, (107)
and (141). The action (141) is used only on the variable t and should not be confused
with the action (107).

If A is of type A, then F(t,y: A;) = te'™}/(e' — 1) (see Example 1) is an
even or, in other words, Aut(A)-invariant function except for y € Z. In the multiple
cases, F(t,y; A) is revealed to be really an Aut(A)-invariant function. To show it,
we need some notation and facts. Fix 1 < m < r. Note that 0, A+ = (A4 \
{m ) [ [{—am}- Let Ay = (A \¥)Nop(Ar \ W) and ¥ = ¥ N o, (A \ ¥)
so that 0, (A4 \ &) = A1 [[¥). Let Ay = (AL \ W) N0, W and ¥, = ¥ N o, W
Then we have AL \ ¥ = A [[ Ay and ¥ = ¥, [ [ ¥, | [{a}. Moreover, we see
that o, fixes ¥, pointwise and ¥ = 0, A,.

Lemma 11.
D hifer o) = om — 2Am. (145)

o €Y

Proof. Note that o;; € ¥ if and only if (o, ) 7# 0 and o # . Let v be the
left-hand side. Then we have
V? 9 .f lp 9
(o . v) = (o, am), it ar € (146)
0, if g € ¥ U{ayy},

which determines the right-hand side uniquely. O
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An action of Aut(A) is naturally induced on any function f int and y as follows:
For w € Aut(4),

W)ty = fw 'twy). (147)

Theorem 11. Assume that A is an irreducible root system. If A is not of type
Ay, then

wWF)(t,y; A) = F(t,y; A) (148)

forte C%+!andy e V, and for w € Aut(A). Hence, fork € NEA'H andy eV,

wP)ky:2) = ( [T D7™*)Pky: 2. (149)

aGAW_l

Remark 9. 1f k is in the region S of absolute convergence with respect to s, the
relation (123) and Theorem 9 immediately imply (149), while if k ¢ S, it should be
proved independently.

Remark 10. The assumption of the irreducibility is not essential by the same reason
as in Remark 7.

Proof. 1t is sufficient to show (148) for the cases w = 0,, € W andw = w € §2
because Aut(A) is generated by simple reflections and the subgroup £2. Applying
the simple reflection g, to the second member of (126), we have

(om F)(t.y: A)

1 1
=TI etf“‘_l /O/O [T explto,axa)

€A a€AL\W

xexp | la, | 1 = 1 (OmY: Am) — Z xa(avs/\m>
OtEA+\\I/

| [Texp { toner {fomy.2) = D~ xala” i) [T dx.
i=l1

! a€A+\lI/ a€A+\lI/
i#m

(150)

where we have used the fact that by the action of o,,, the factor [ [, Ay la /(e —1)
is sent to

1!
_[Umam l_[ tUma _ tUlﬂalﬂe omem l_[ tUma
e_tUmOlm — 1 etUmOl — 1 etUmOlm — 1 etUmOl — 1
€Ay \{om} a€Ay \{am}
1! to‘
= elem ]_[ — (151)

a€A L
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Therefore, rewriting x, as X, 4, We have

nF)(Ly: 4) = (aEA A A )

a€EAL\W

xexp(z‘am(l - {(y, OmAm) — Z Xama(amavﬁmkm)}))

a€AL\W
.
X l_[ exp(tgmal.<(y, omAi) — Z Xopa{oma”, omAi })1_[ dxg,,a
ll;rit OtEA+\\I/ OtEA+\\I/
= ( ola — 1)/ / 1_[ exp(taxa))
€A €T (A4 \Y)

X exp(z‘am( { — ) — Z Xo oY, A —am)}>>

€0 (A \¥)

[T exp(tmen {lv.2 xalo A))) [T dv

\{om} a€6m(A+\\Il) €0y (A \¥)
( ola — 1) / / 1_[ exp(lat{xa}) l_[ exp(lo; {Xe; })
€A aEA] o €Y
Xexp(ta ( { Y Am — Q) — xa (oY Am _am>}))
OlEA]UlI/]

x(l_[ exp(ta,{(yy)tj)— > x“<°‘v’)“j>}>)

o €Yy a€EAUY
x( l_[ exp(tgmai{(y,)ni)— Z xa(av,li)})) 1_[ dxg.
o €Y a€AUY, a€EAUY
(152)
Here we change variables from X = (Xg)gea,uw; 10 Z = (Zg)aea,ua, aS
) ifa € Ay,
w=1" s resa (153)
(y’ki>_ZﬁGA1UlI/1 X§(,3 ,Ai), if o = 0oyu0; € Az,

so that the Jacobian matrix is calculated as

z_ (I'AI' 0 ) (154)

ox * —I|A2|
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where I, is the p x p identity matrix, since

Zope; = (¥, Ai) — Z xo ¥, A;)

a€EAUY

= (¥, Ai) = D Xale¥ Ai) — X,

a€d
Thus, we have |det dx/0dz| = 1. For @ = 0,0, € A, and o; € ¥}, we have
(¥, X)) = (omay . Ai) = () omAi) = (&), Ai) = 8kis
and hence,

xai = (yvkl> - Z Za(avs Al) — Zoma

€A

=(y.A)— D zle”. ).

OtEA+\\I/
For the fourth factor of the last integral in (152), we have
(@ 1)) = (omay, Aj) = (&) ,omA;) = (), A;) =0,

fora = 0,04 € Ay and a; € W, and hence

WA= D Xl h) = (y.A) = D zle¥ Ay)

a€EAUY Q€A

=(yvkj>_ Z Za<avvkj)‘

a€A+\\I/

For the third factor, we have

Vohm—m) = D Xale¥ Aw —ctm)

a€AUY,
= (¥ A =) = D Xale¥ A —m) = D Xy (0 Ay — )
€A o €Y
=y, A — Q) — Z xa(avvkm — ) + Z Xo; (a,'vsam>
a€A @i €Y
= (yv Am _am) - Z Za<ava Am — Olm)
€A

+ ) ((y,k,-) - > za(av,li))(“ivaaﬁ

o €Y OtEA+\\I/

259

(155)

(156)

(157)

(158)

(159)

(160)
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by using (157). Hence, we have

(Vo Am—am) = Y Xale¥. Ay — o)

a€AUY
=Y. Am — Q) — Z Za<av’/xm — Q)
aEA]
+ Y AN ) = D Y e A e )
o €Y OtEA+\\I’OliE‘1/1
==y An)+ D zale¥. An). (161)
OtEA+\\I/

where in the last line, we have used Lemma 11 and the fact that for @« = 0,0, € A,
we have

(a\/’Am _am> = (Uma]\g/a Gmkm) = (Olkv, Am) =0. (162)

Since all the factors of the integrand of the right-hand side of (152) are periodic
functions with period 1, we integrate the interval [0, 1] with respect to z,. Therefore,
using (153), (157), (159), and (161), we have

(om F)(t.y: 4)

1 1
(I ) [ [ (e

weA
X ( l—[ eXp(ta,.{(y,ki) - Z Z“(av’/\”}))
wev a€AL\Y
X exp(lam(l - {—(Ys Am) + Z Z“(av’kw}))
Q€A L\Y
(ILewelon 5 )
o €Yy a€AL\Y
x ( l_[ exp(to,,a; {Zoma; })) l—[ dze
G eY a€AL\Y
lo ! !
- (ag+ gla — 1) /0 /0 (aeg\w eXP(faZa))

x( l_[ exp(la,-{(ys/\i)_ Z Z“(av’kﬂ}))

o; €¥\{am} a€AL\Y
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xexp(tam(l—{—(y,km)—i- Z Zo {0, A })) l—[ dzg

a€EAL\Y a€AL\W
= F(t.y: 4), (163)

where in the last line, we have used the fact that for any o, € ¥, there exists a root
a € Ay \ ¥ suchthat (¥, A,,) # 0and thus 1 —{—x} = {x} for x € R\ Z implies
that the integrand coincides with that of F(t,y; A) almost everywhere.

Lastly, we check the invariance with respect to w € £2. Since @ € §2 permutes
¥ and leaves A4 and hence Ay \ ¥ invariant, we have

(wF)(t,y; A)
= exp(twaxwa)
(aEA etm a 1) / / a€AL\Y )
x (H exp(toe {(@7¥ 2) = D xwa<wav,wxf>})) [T dve
i=1 weA\W WEAL\W
= exp(faXe)
(aEA ele — 1) / / a€AL\Y )
x (l_[ exp(twal.{(y, wh;) — Z Xg (av,a)/\i)})) l_[ dxg
i=1 weA L \W wEAL\Y
= F(t,y; A). (164)

O
It is possible to extend the action of Aut(A) to that of W as follows: For qeQvY,
(t(@))a = Sa-
(T (@Va = o
@y =y+q. (165)

We can observe the periodicity of S, F, and P with respect to y from (110), (122),
and the first line of (126). From this periodicity, we have

Theorem 12. The action of Aut(A) is extended to that of W and is given by
(t(@)S)(s.y: 4) = S(s.y: 4),
(@ F)(t.y: 4) = F(t.y: 4),
(t(@) P)(k,y: A) = P(k,y; A), (166)

forq e QY.
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Remark 11. Some statements related with S(s,y; A) or ,(s,y; 4) in Sects. 11.4
and 11.5 hold on any regions in s to which these functions are analytically continued.
In particular, in the case y = 0, as we noticed at the beginning of Sect. 11.4, the
function ¢, (s; A) = &, (s, 0; A) coincides with the zeta-function defined in [16], and
its analytic continuation is given in [16, Theorem 6.1] or by Essouabri’s theory [5].

11.6 Generalization of Bernoulli Polynomials

In the previous sections, we have investigated P (k,y; A) as a continuous function
in y. In fact, this function is not real analytic in y in general. However, they are
piecewise real analytic, and each piece is actually a polynomial in y. In this section,
we will prove this fact and will discuss basic properties of those polynomials.

Let® ={yeV|0=<{(y,A) <1, (1 <i <r)}be aperiod-parallelotope
of F(t,-; A) with its interior. Let Z be the set of all linearly independent subsets
R = {fi.....0—1} C A, Hrv = @P_IRBY the hyperplane passing through
RY U {0} and

2= ) e +9). (167)

ReZ
q€QY

Lemma 12. We have

92 =J W<U(ﬁm{a7} + Z(x}’)). (168)

wew j=1

The set {rv + q | R € %,q € QV} is locally finite, that is, for anyy € V,
there exists a neighborhood U(y) such that U(y) intersects finitely many of these
hyperplanes.

Proof. Fix R € %. Then AV = AV N Hrv is a coroot system so that RY C AV. Let
M be a nonzero vector normal to HHrv . Then there exists an element w € W such that
wlwe C.oPutw 'y =3 ¢;A; withe; > 0. ThenaV = Y_ a;a) € AY
orthogonal to w™! i should satisfy 25‘:1 ajc; = 0. Since a; are all nonpositive
or nonnegative, we have a; = 0 for j such that ¢; # 0. Hence, c; = 0 except
for only one j, because wlAY C AV is orthogonal to w™! 1 with codimension 1.

That is, w™'i = cA; for some ¢ > 0. Therefore, w(¥" \ {oc}’}) is a fundamental
system of AV and Hrv = Dww\fayy = WHev\ayy- Moreover, oY =wQV =
B, Zwa,’, which implies

,f)R\/ =+ QV = Wﬁwv\{ay} + Zwot;/, (169)
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since @ _ 2, Ze) C 9y v\(ayy- This shows that Hz is contained in the right-
hand side of (168). The opposite inclusion is clear. The local finiteness follows from
the expression (168) and |W| < oo. O

Due to the local finiteness shown in Lemma 12 and 09 C )4, we denote by
D™ each open connected component of D \ £ so that

D\ Ha =[]0V, (170)

VEY

where J is a set of indices. Let ¥ be the set of all linearly independent subsets V =
{B1,..-,Br} C Ay and & = {0,1}"", wheren = |A4|.Let # = ¥ x /. For
subsets u = {uy, ..., ux},v="{vi,...,vk+1} C V,andc = {c1,...,cx+1} C R, let

(ui,vi) -0 {ur, Vi)

H(y;u,v,c) = det (171)

(u,vy) - (Ui, Vi)
(y.vi) +c1 oo (Y, Vit1) + Cr

We give a simple description of the polytopes P,y defined by (127). Fory € A4,
a €{0,1},andy € V, we define u(y,a) € R"™" by

—D'"aV, L), ify=a €V,
ura), = )T et A iy = e a7
(=1)*8gy, ify €y,
where « runs over Ay \ ¥, and define v(y, a;y) € R by
—1)l- A —a), ify=aq €V,
speayy = J DAY w0, iy = 173)
(—Da = —a. ify ¢ w.
Further, we define
Hya(y) = {x = (xa)aea\w €R" [u(y,a) - x =v(y.ay)}, (174)
and
() = {x = (Ya)eea\w € R" [u(y.a) - x = v(y.a:y)}, (175)
where forw = (wy),x = (xq) € C"™", we have set
WeX= ) Weka (176)

OtEA+\lI/



264 Y. Komori et al.

Then we have

Poy= [ . (177)
y€AL
a<f{0,1}

We use the identification C® V' >~ C" throughy — (y;)/_, where y; = (y, A;) with
(-, -) bilinearly extended over C. For k = (ko) ez € N, we set |k| = D, 5 ka-

Theorem 13. In each D), the functions F(t,y; A) and P(k,y; A) are real ana-
Iytic in'y. Moreover, F(t,y; A) is analytically continued to a meromorphic function
FON(t,y; A) from each C" x ©Y) to the whole space C"* x (C @ V). Similarly,
P(k,y; A) is analytically continued to a polynomial function Bl((v)(y; A) € Qly]
from each D) to the whole space C ® V with its total degree at most |K| +n —r.
Proof. Throughout this proof, we fix an index v € J. Note that {(y, A;)} = (y, A;)

holds fory € 9. We show this statement by several steps. In the first three steps, we
investigate the dependence of vertices of Py ony € D), and in the last two steps,
by use of this result and triangulation, we show the analyticity of the generating
function. We fix m € Njj except in the last step.

(Step1.) LetV ={By,....8,} C Ay anda, € {0,1} fory € Ay \ V. Consider
the intersection of |A4+ \ V|(= n — r) hyperplanes

M Hyay@) = x = () |00 @,) - x = v(7.ay:3) fory € Ay \ V).
yE€AL\V
(178)

Then this set consists of the solutions of the system of the (n —r) linear equations

YeawXale Aj) =(y.A;) + m; —aq,, fory=a; e¥\V,

X, = a,, fory e Ay \ (WUY).
(179)

Let/ ={i|B eV\¥}andJ ={j |a; € ¥\ V}. Notethat |/| = |J| =k
and {B; |i € I°} = {a; | j € J¢}. The system of the linear equations (179) has
a unique solution if and only if

det((8;,4,))<; #0, (180)

and also if and only if
VeV, (181)
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since

|det(( i\/’kj>)15i§r | =

I<j=r

; t<(( DA (B A)) Zee’ﬂ)‘
(

(o' DI (' 1))

det<(< A S'Eelj * )'
0 I‘J('l

= |det({B. 1) 3'GEIJ

jeue

, (182)

where /1, is the p x p identity matrix. We assume (181) and denote by p(y; W) the

unique solution, where W = (V,A) € % with the sequence A = (a,),ea,\v

regarded as an element of .o7. We see that p(y; W) depends on y affine linearly.
(Step 2.) Wedefine &, : #* — R"™" by

& : W p(y; W). (183)

Any vertex (i.e., 0-face) of Ppy is defined by the intersection of (n — r)
hyperplanes by Proposition 2. Hence Vert(Pmy) C &y (). On the other hand,
Pm,y is defined by n pairs of inequalities in (127). The point p(y; W) is a vertex
of Py if all of those inequalities hold. We see that (n —r) pairs among them are
satisfied, because

PY:W) e () Hya ). (184)

yE€AL\V
and also it is easy to check

py:W)e () (Hie, 0\ Hyia, ()- (185)

y€AL\V

Therefore, p(y;: W) € Vert(Pny) if and only if the remaining r pairs of
inequalities are satisfied, that is,

py:W) e () Hi,®
BeV
ae{0,1}

={x=(xo) |u(B.a) - x=v(B.ary) for p € V.a € {0, 1}}, (186)

or equivalently x = p(y; W) satisfies r pairs of the linear inequalities

(o di) +mi =1 =3 gen\w Xala” A0) < (y. A1) +my,
forf=a; € VNY,
0<xp=1, forf € V\ V.

(187)
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We see that it depends on y whether p(y; W) is a vertex, or in other words,
whether the solution of (179) satisfies (187). We will show in the next step that
p(y; W) € H(y; W) implies y € $g, where

Hy:W) = | Hpa). (188)

pev
a€{0,1}

Then fory € © \ %, we can uniquely determine the (n — r) hyperplanes on
which the point p(y; W) lies; they are {#Hy4,(¥)},ea,\v. Therefore, & is an
injection.

For B € Vanda € {0, 1}, we define fp, : D R by

Jpa iy u(B,a) ply; W) —v(B,ay). (189)

Then fory € ®© \ £, we have f3,(y) # 0, and hence, we define

[ = (fpapevacion : D\ Hz — R\ {07 (190)

Therefore, fory € © \ H, the point p(y; W) is a vertex if and only if f(y) is an
element of the connected component (0, 00)?". Since each Jp.a is continuous and
hence (D) is connected, we see that for a fixed W € #, the point p(y; W) is
always a vertex, or never a vertex, on D" Thus,

V=& (Vert(Puy)) C ¥ (yeDV) (191)

has one-to-one correspondence with Vert(Ppmy) and is independent of y on D).
(Step 3.) Now we prove the claim announced just before (188). First, we show that
the condition

p(y: W) € Hpap(y) (192)

forsome B = a; € VN ¥ andag € {0,1} implies y € HH5. For x = p(y; W),
condition (192) is equivalent to

> xale M) = (y. )+ my = ag,. (193)
a€EAL\W

From (179) and (193), we have an overdetermined system with the |V \ ¥| = k
variables xg for 8 € V\ ¥ and the [(¥ \ V) U {o;}| = (k + 1) equations

Y xp(BY.A5) = (y. M) + ¢ (194)
BeV\Y
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for j € J U {l}, where

Cj=mj—dg; — Z a,(y”.x;) € L. (195)
yEAL\(WUV)
Hence, we have
(B Aj) o (B Aq) (B )
(xﬂi coxp, —1 : . : : :(0...0),
‘ ’ ) (Bi- A - B A (B M)
(Vo Adj) e (v dj) + e (v A +a
(196)
where we have put I = {iy,...,ix} and J = {ji,..., jk}. As the consistency
for these equations, we get
H(y:{B }ier AAj}jesuuy. {¢j}jesugy) = 0. (197)
By direct substitution, we see that each element of
BY = Bpevvian Ui—q}. g= Y cjaf (198)

jeJU{l}

satisfies (197), while ;" — ¢ does not. In fact, ify = —gory = ¥ —¢q (B €
(VN )\ {og}), then the last row of the matrix is (0, ...,0), and ify = ,3;; —q
(B; , € V\ V), then the last row is equal to the p-th row, and hence (197) follows,
while if y = alv — ¢, then the last row of the matrix is (0, ..., 0, 1) and hence

H(y: B Yier A} jesuuy. {cj} jesupy) = det((B) . A}) ;eelj #0, (199)

because of (180). By (181), we see that V \ {o;} C A is a linearly independent
subset and hence (V \ {oy}) € Z. It follows that (197) represents the hyperplane
.V)VV\{alv} —q C 9. Therefore, (192) implies y € Hg.

Similarly, we see that the condition p(y; W) € Hp,(y) for some B = B, €
V\ ¥ andag € {0, 1} yields a hyperplane contained in )4 defined by

H(y: {8 Vienvuy (A} jes Adj}jes) = 0, (200)
which passes through r points in general position

BY — d}peviipy U =4}, (201)
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where
g=>3 da, (202)
jeJ
di =mj—aq, — > a,(y¥,A,) € Z. (203)
yEAL\WPUV\{Bi})

This completes the proof of our claim.

(Step4.) We have checked that on D), the vertices Vert(Pmy) neither increase
nor decrease and are indexed by #,. By numbering #4, as {W1, W5, ...}, we
denote p;(y) = p(y; W;). We see that on D), the polytopes Pmy keep (n —
r)-dimensional or empty because each vertex is determined by unique (n — r)
hyperplanes. Assume that Pp,y is not empty. Next, we will show that the face
poset structure of Py is independent of y on D).

Fix yo € D). Consider a face F(yo) of Pm.y, and let

Vert(Pm.y,) N F(yo) = {P; (Yo), - - -, i, (¥0) }. (204)

Then by Proposition 2, there exists a subset Jo = {(y1,ay,), (y2,ay,),...} C
A4 x {0, 1} such that | Jy| = n — r — dim F(yo) and

P (Y0) - P (Y0} C F(Y0) = Py N () Hyay (o). (205)
(r.ay)€do

By the definition of p;, (yo), - .., Pi,(Yo) (see (178)), we find that for (y,a,) €
A4 x {0, 1}, the condition

{pil (YO), <o Py (yO)} - Hy,uy (yO) (206)

is equivalent to
h
ye(NA\Vi)  ay =@y =-=@A), Q07
j=1
where W;, = (V;;,A;;) = gy_ol(pi‘/. (o). Hence, each (y,a,) € Jp satis-
fies (207). Assume that there exists a pair (y’, a;,) € Jo satisfying (207). Then
2o (¥0) - P60} €[] Hya, (30, (208)

(r.ay)edy

where J§ = Jo U {(y'.a),)}. Hence, by (28), we have

F(yo) = Conv{p;, (¥0).--- . Pis 00} € [ | Hyay V0. (209)
(r.ay)edy
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and in particular,

PiY) € () Hya, (o) (210)
(%ay)EJO'

Since (n—r) hyperplanes on which p;, (yo) lies are uniquely determined and their
intersection consists of only p;, (¥o), their normal vectors {u(y, ay)}(y’ay )e7; must
be linearly independent. It follows from (209) that dim F(yo) < n —r — |Jj| <
n—r —|J| = dim F(yo), which contradicts. Hence, (207) is also a sufficient
condition for (y,a,) € Jo.

By definition, we have

Do P C () Hya ), (211)

()’s“y)EJO

forally € ©™). Define

F® =PuyN [ Hya O (212)
(ay)€d

Then {p;, (y),...,p;,(y)} C F(y) and by Proposition 1, we see that F(y) is a
face. Fix another y; € ©). Then by the argument at the beginning of this step,
there exists a subset J; C A4 x {0, 1} such that | 7,| = n —r — dim F(y;) and

Vert(Pmy,) N F(y1) = {Pi; Y1) -+ Piy YD), Py Y1) -+ Piyy (Y1)}

C ]:(yl) - Pm,yl n m Hy,ay (yl)v (213)
(yvay)ejl

with i’ > h (because all of p;, (y1), ..., pi, (y1) are vertices of F(y;), while so
far, we cannot exclude the possibility of the existence of other vertices on F(y;)).
Since each (y, a,) € J satisfies

h/
ye AL\ Vi), ay =(Ay)y == (Aj)y. (214)
j=1

which is equal to or stronger than condition (207), we have [J; C Jo. On the other
hand, by comparing (212) and (213), we see thateach (y, a,) € Jj satisfies (214).
As shown in the previous paragraph, condition (214) is sufficient for (y,a,) €
Ji, which implies Jy = J; and hence dim F(y;) = dim F(yo). If ' > h,
then (214) implies

{Pi, (Yo)s - - - Piy (¥0), Py (Y0) - - - Piyy (YO) } C F(¥o0), (215)

which contradicts to (204) and hence i’ = h. Therefore, for ally € D) we see
that all faces of Py, y are determined at y, and are described in the form (212),
and we have

Vert(Pmy) N F(y) = p;(¥), .- - Pi, ()} (216)
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Assume that F'(yo) C F(yo) for faces F'(yo), F(¥o) of Pmy,. Then by (28), it
is equivalent to

Vert(Pm.y,) N F'(yo) C Vert(Pm.y,) N F(¥o)- (217)

By applying & _01 , we obtain an equivalent condition independent of y and hence
F'(y1) C F(y1). Therefore, the face poset structure is indeed independent of y
on DM,
(Step 5.) By Theorem 1, we have a triangulation of Py, y with (n — r)-dimensional
simplexes 0 m y as
L(m.y)

Pm,y = U Ol my> (218)
=1

where L(m,y) is the number of the simplexes. From the previous step and by
Remark 1, we see that this triangulation does not depend on y up to the order of
simplexes, that is,

{Z(1,m,y),...,Z(L(m,y), m,y)} (219)

is independent of y, where Z(/,m,y) is the set of all indices of the vertices
of 07 my. Reordering 0; my with respect to / if necessary, we assume that each
Z(I,m) = Z(I,m, y) is independent of y on D). Note that |Z(/,m)| = n—r +1.
Let L(m) = L(m,y) if Py is not empty, and L(m) = 0 otherwise.

By (218) and Lemma 4, we find that the integral in the third expression of
(126) is

L(m)

(n=r)1Y " Vol(ormy) Y
=1

Tl l_ljejz;é/;m - (pi(y) —p; (¥)

et pi(y)

(220)

where t* = (1) with 17 = 1, — Y i to, (", A;). We see that Vol(0my) is
a polynomial function in y = (y;)/_, with rational coefficients and its total
degree at most n — r on D) due to (34), because in Step 1, we have shown that
p: (y) depends on y affine linearly. Therefore, from (126), we have the generating
function

(n=r=+1) 3 L(m) h(ty)
Iy i(y)e™/
revo = (Tl 5%5) X 289- e

a€A L el — 1 8j (t’ y)

J=1

which is valid for all y € D), where f; € Q[y] with its total degree at most
n—randg; € Z[ty], h; € Q[t y] are of the form

8j (t,y) = Z ((Pa. ) + Ca)la ¢u € P, ¢4 €L, (222)

a€A L
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hity) =Y (¢ay) +d)te. € P®Q dy€Q.  (223)

a€A L

We see from (221) that F(t, y; A) is meromorphically continued from C" x D)
to the whole space C" x (C ® V'), and that P(k,y; A) is analytically continued
to a polynomial function in y = (y;)/_, with rational coefficients and its total
degree at most |k| + n — r by (124) and Lemma 5. O

Theorem 14. The function P(K,y;A) is not real analytic in'y on V unless
P(k,y; A) is a constant.

Proof. By Theorem 12, we see that for k € N}, P(k,y; A) is a periodic function in
y with its periods ¥V, while by Theorem 13, P(k,y; A) is a polynomial function in
y on some open region. Therefore, such a polynomial expression cannot be extended
to the whole space unless P (K, y; A) is a constant. This implies that there are some
points on £, at which P(k,y; A) is not real analytic. O

The polynomials Bliv) (y; A) may be regarded as (root-system theoretic) general-
izations of Bernoulli polynomials. For instance, they possess the following property.

Theorem 15. Assume that A is an irreducible root system and is not of type Aj.
Fork e NI,y € 09" andy' € 30 withy =y’ (mod QV), we have

B (y:4) = B (v: ). (224)
Proof. If y = y/, then the result follows from the continuity proved in Lemma 8. If

y#y,buty =y (mod QV), we also use the periodicity. O

This theorem also holds in the A; case with k # 1 and can be regarded as a multiple
analogue of the formula for the classical Bernoulli polynomials

Bi(0) = B (1), (225)

for k # 1. Moreover, the formula
Bi(1—y) = (=) Bi(») (226)

is well known. In the rest of this section, we will show the results analogous
to the above formula for Bl((v)(y; A) (Theorem 16) and its vector-valued version
(Theorem 18). The latter gives a finite-dimensional representation of Weyl groups.
In this framework, (226) can be interpreted as an action of the Weyl group of type
A, (Example 1). These results will not be used in this chapter, but we insert this
topic because of its own interest.
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Lemma 13. Fix w € Aut(A) and v € J. Then there exist unique q,,, € Q" and
Kk € J such that
T(qyy)WwDY) = D, (227)

Thus, Aut(A) acts on J as w(v) = k. Moreover, ¢, ) + Vqwy = Quwo for v,w €
Aut(A).
Proof. Tt can be easily seen from the definition (167) that $g is W invariant.
Therefore, W acts on V \ $H2% as homeomorphisms, and a connected component
is mapped to another one.

Fix y € wD"). There exists a unique ¢ € Q" such that 0 < (z(¢)y, ;) < 1 for
1 <j <r, thatis, g = _Z;=1a/‘“}/ € QV, wherea; = [(y.A;)] is the integer
part of (y, A;). Denote this ¢ by g,.,. Then t(g.,)y € D® for some x € J and
thus 7(g,,, )w®® = D,

Let w,w' € Aut(A). Assume

t(@wd® =2® (g WD® =D® ) (" )Wwd™ =2 (228)
forq,q’.q” € Q¥ and v,k,k’,k” € J. Then we have

D) = (¢ W't (q)wd"

=1(q' + Wqwwd". (229)
By the uniqueness, we have ¢’ + w'q = ¢” and ¥’ = «”. O
Theorem 16. For w € Aut(A),
B (0@ 'y ) = ([T D7) BRI 0:4). 230)
€A,

Proof. By Theorems 11 and 12, we have
P(kv ‘C(qw_l,w(v))w_ly; A) = P(kv W_ly; A)

=( [T 07)Pork.y: 4)

OtEAw_l
= ( H (—1)_k“)P(wk,y; A), (231)
€A,
where we have used w™'A,—1 = —A,,. By (227) in Lemma 13 with replacing w, v

by w!, w(v), respectively, we have

(Gt )W DY) = D), (232)
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Hence, y € D" implies 7(¢,,~1,,,))w™'y € D). Therefore, we obtain

P(ks T(qwfl,w(v))w_ly; A) = B]i\})(r(qwfl,w(v))w_ly; A)s (233)
P(k.y: 4) = B (y: 4, (234)
by Theorem 13. The theorem of identity implies (230). O

Let B be the Q -vector space of all vector-valued polynomial functions of the
form f = (fvey 1 V — RPI with £, € Q[y]. We define a linear map ¢ (w) :
P — P for w € Aut(A) by

(¢(W)f)V(Y) = fwil(v)(f(qwfl,v)w_ly)‘ (235)

Theorem 17. The pair (¢, B) is a representation of Aut(A).

Proof. Forv,w € Aut(A), we have

@MW) o) = (@) )10 (T(@-1,)v7'Y)
= fw_lv_l(u)(r(qw_l,v_l(v))w_l‘C(qv_l,v)v_ly)
= f(vw)fl(v)(t(qwfl,vfl(v) + W_lqvfl,v)(vw)_ly)- (236)
Since by Lemma 13 we have q,,—1 ,—1, +w g, = q(ww)—1 > We Obtain ¢ (vw) =
d()P(w). o
Define B\ € B fork € N/ and v € J by
Bliv)(y; A), ifv=x«,

BY)e(y) = B ) (y: 4) = ,
, otherwise,

(237)

and let
Bar= . QBy cP. (238)
(K ,v")e(k,v)
where (k, v) is an element of the orbit space (Nj x J)/Aut(A).

Theorem 18. The vector subspace %W is a finite-dimensional Aut(A)-invariant
subspace, and the action is

P(w)BY) = ( I1 (—1)—ka)B(WWk<””. (239)

€A,
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Proof. If k = w(v), then we have

@WB)e(y: A) = B (1(gy1 o)Wy A)

= (TT0™)BS " v: ), (240)
a€A,
by Theorem 16 and otherwise
(¢ 00)B)e(y) = 0. (241)
Thus, we obtain (239). O

For the representation in the A, case, see (259) and (260).

11.7 Examples

Example 1. The set of positive roots of type A; consists of only one root ;. Hence,
wehave Ay =¥ = {a;} and 2p¥ = ). We sett = t,, and y = (y, A;). Then by
Theorem 7, we obtain the generating function F(t,y; A;) as

t

el —

F(t,y; A)) = 1e'{y}. (242)

Since® ={y |0 <y < 1}and Z = {0}, we have $H = OV, and hence, D \ H»
consists of only one connected component D\ Hz = D = D Therefore, we have
tet

e —1

FO(t,y; 4)) = (243)

fory € ®1, which coincides with the generating function of the classical Bernoulli
polynomials. Since J = {1}, we see that Bl((l) (y; A1) consists of only one component,
that is, the classical Bernoulli polynomial B (y). The group Aut(A) is {id, o, }. For
y € DU, we have o1y = —y and hence t(a))oy = @) —y € DD due to 0 <

(o) —y, A1) < 1, which implies that the action on Q [y] is given by ((;5 (o) f )(y) =
f () —y). Therefore, we have the well-known property

(@ (@B (y: A1) = Bi(1—y) = (=) Be(y) = (=1)'BU (y; 4)). (244

Example 2. In the root system of type A, we have AL = {ay, a2, @1 + a2} and
¥ = {a1,a3}. Then #Z = A, and from Lemma 12, we have

Dz=Ra) +Za))URay +Za))U R(a) + &)+ Zay).  (245)
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We see that D \ 5 = DD [[D?, where

W ={y|0<y <y <1}, (246)
DV ={y|0<y <y <1}, (247)

with y; = (y, A1) and yo = (y,A2). Lett; = t4,, t» = t4,, and t3 = f4,44,. For
y € ©W, the vertices of the polytopes Py myy in (127) are given by
0,2 for Poo.y,

Y2, )1 for Po1y,
i, 1 for Py 1. (248)

Then by Theorem 7 and Lemma 4, we have

FO(t,y; 4y)

tlt2[3efIYI+f2yz
T e - DD 1)

( ez—t1—n)y2 _ 1 (e(ts n—)yr _ o(t3—t1— t2))’2)

—————————— 4+ 21— »
Y (tz—t—t)y 1= 32) (tz—t —0)(y1 — y2)

(etz n—n _ oBz—1— l‘z)yl)
(=t — )1 —y) )
tytzeh 1Ty ( (t=n—m)y2 _ |
= (& -
(e — (e — D)(eh — (5 — 1 — 1)

+ etz (e(tg—l‘l —h)y1 __ e(t}—tl—l‘z)yz) + et1+12 (el3—t1—l‘2 _ e(l3—tl —1‘2))’1))‘ (249)

e =)

Hence, by the Taylor expansion of (249), we have

1 1
1
BY),(yiA2) = —— __(YIYZ =32+ gz = 3yiva +27)

3780
-%5(—2y1y§ 3y1y3 4+ 4yiya = 2y1 + ¥3)

1
-§$4wﬁ+whh+whh—ﬁhn+®ﬂ

1
-+§5(6y1y2 5y%y3 — 5yiyi 4 6y7y2 — 2y —2y5).  (250)
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Table 11.1 Bernoulli

By ko sy (A2) (K1, ka k3) B ki) (A2)

numbers for A, (k1. k2, k3)
(0,0,0)
0,1,3)
0,2,4)
0,3,3)
0,4,4)
(1,0,3)
(1,1,2)
(1,2, 1)
(1,3,0)
(1,3,4)
(1,4,3)
(2,0,4)
2,1,3)
2,2,2)
2,3,1)
(2,4,2)
(3,0,1)
(3,1,0)
(3,1,4)
(3,3,0)
(3,4,1)
(4,0,2)
“4,1,1)
(4,2,0)
4,2,4)
(4,3,3)
(4,4,2)

1 o, 1,
1/120 (0,2,
—1/630 (0,3,
—1/840 (0,4,
1/2100 (1,0,
1/120 (1,
1/180 (1.
—1/180 (1.
—1/120 (1,
1/12600 (1.
—1/12600 @,
—1/630 @,
1/5040 @.
1/3780 @
1/5040 @,
—1/18900 @.
1/120 @.
—1/120 @.
1/12600 @.
1/840 @.
—1/12600 @.
—1/630 (4,

1/630 (4,
—1/630 (4,
1/103950 (4,
1/277200 (4,
1/103950 (4,

AR, ORPNDNmORRPDODNmORRDD =~

1) —1/12

2) 1/180

1) 1/120

2) —1/630

1) —1/12

0) 1/12

4) —1/630

3) 1/5040
2) —1/5040
1) 1/630

2) 1/180

1) —1/180

0) 1/180

4) —1/18900
0) —1/630

4) 1/103950
3) —1/840

2) —1/5040
1) 1/5040
4) —1/277200
3) 1/277200
4) 1/2100
3) —1/12600
2) —1/18900
1) —1/12600
0) 1/2100
.4) —19/13513500

Similarly, we can calculate sz

) ,(y: 4y) fory € D@, which coincides with (250)

with y; and y, exchanged. In the case y = 0, from Lemma 8, we have

F(t; Az) =

l12‘21‘3et1+t2 (et3—t1—t2 — 1)

@ — e —

DB — 1) —t — 1)

1

1
=1+ E(ZIZZ — it — bt3) + — (itat; — tity — Hit3t3)

L oo 20 202 1 55,
— (171 It 5t — 115t
+ (12+13+23)+30240123

720

360

+oee (251)

by letting y — 0 in (249). See Table 11.1 for explicit forms of B, k,k;)(A2)
with ki, ks, ks < 4. Note that B, k,x;)(A2) = 0 for (ky, ko, k3) which are not

in the table.
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By Theorem 8, we recover Mordell’s formula [27]:

) (27 v/—1)® B22.2)(A2)
3! (213
— 1y Qrv/-1D¢ 1 xf
N 31 30240 2835
We also discuss the action of Aut(A). Note that Aut(A) is generated by
{01,0,,w} where w is a unique element of §2 such that @ # id, and hence
0w, = oy, A = Ay and w? = id. Also note that ] = 21, —A, and oy = 24, —A4.
Fory € D, we have

$2(2,2,2: A7) = (-1

(252)

(@) + oy, M) =1+ (y,01h1) = 1+ (y, hi —a1) = 1 = y1 + y»,
() + 01y, X2) = (y,012) = (y, 22) = »2, (253)
which implies
0 < (o) + o1y, L) < (&) + o1y, A1) < 1. (254)

Therefore, we have () )o@V = DM and in a similar way 0;9? = D@, and
so on. Thus, from (235), we see that for f = (f1, f2) with f1, f» € Q[y], the action
of Aut(A) is given by

(@) ) = (filey + o). fo(o1y)).
(¢ (02) /)Y) = (fi(02y). folay + 02y)).
(@ (@) ¥ = (S(wy), fi(wy)), (255)

or in terms of coordinates,

(@) 1. y2) = (il = y1 + y2. y2). fa(=y1 + y2. 7).
(9(02) 1. y2) = (i1, y1 — y2). o(y1. 1+ 31— ).

(@ (@) 1, y2) = (22, ¥, [i(y2. y1)). (256)

Then for
BY) (v A2) = (By3,(y: 42).0). (257)
B, (y: A42) = (0. BY),(y: A2). (258)

we have

1 1
¢(01)B§.;,2 = Bg.;,zv

1 1
¢(02)B(2,%,2 = B(z,;a’

$(@)BY), =B ,. (259)
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More generally, we can show

$ODB s = DB

$OBy) L = CDTEB

P@B =B . (260)
Example 3. The set of positive roots of type C,(~ B;) consists of a1, o, 201 + @z,
and oy + ap. Let 1y = 1o, 1o = loy, 13 = tra,+ay»> a0d 14 = Iy, +4,. The vertices
(%20, 402 » Xar; +a,) Of the polytopes Py, m, in (129) are given by

(0,0),(0,1/2),(1,0) for P 1,

(0,1),(0,1/2),(1,0) for P 2,

(0.1),(1,1/2).(1,0)  for Py,

0,1),(1,1/2),(1,1) for Py 3. (261)

Then by Lemmas 4 and 5, we obtain

4
t .
F(t:Cy) = (H . 1)G(t; C2)
j=1
1
=1+ ﬁ(%ltﬁ — 4ty 1217 = 20183t + Atit3ty — dtyt3t] — 413ty
+ ity — 4ttty — 41}ty — totst] — 2063ty — 213 t314)
1
+ 327556 Bttt} — 3utint] — 3tintity — 3ttt + 2751
+ 817137 + 8tit5t] + 24515¢7)
+ 9676800t12t22t§ IR
(262)
where
el 2e3+%
G(t;Cy) = -
(hh+h—06)—26+1) (0 +20—1)( — 25+ 1)
N et1+t2 et2+t3
(h+h—06) 0 +20—1) (+1—1)( — 26 + 1)
el‘4 23%+t2+%4

+ +
(h +2h—t)(+16—1) (0 + 20— 1)1 — 263 + 1)
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2e%+t3+% el‘1+t2+l‘3
+ +
(h +20— 1) =263+ 14) (2 + 13 —14)(t1 + 20 — 1)
et1+t4 el‘3+t4
- +
(b+6—1) —26+1) (4 +0—6) + 20 —1)
2e%+t2+t3+% et1+l‘2+l‘4

- + . (263)
(h+20—t)(t1 =26+ 12) (W + 0 —6)(0 — 26+ 1)

See Tables 11.2—11.4 for explicit forms of Bk, k, k;.ky) (C2) With k1, k2, k3, ks <4.
Note that B, k,.k;.k,) (C2) = 0 for (ky, k2, k3, k4) which are not in the table. Using
these tables, we obtain

2rv/=1)8 Ba222)(C2)
2,2,2,2:C) = (—=1)*
2r/—1)8 1 8
= YD =2 (64
21.22 9676800 302400
and so
8 8
(w(2:C) =6 * (265)

302400  8400°

Example 4. The set of positive roots of type Az consists of o, o, a3, o) + 02, 2 +
as, and (231 + (0%] + as. Let tl = [ozl» ZZ = t&z’ t3 = tOé3, Z‘4 = Zoz1+a2, ZS = Za2+a3, and
6 = ly,+ar+as- The vertices (Xu,+ays Xay+ass Xoy+ar+es) Of the polytopes P imyms
in (129) are given by
(0,0,0),(0,0,1),(0,1,0), (1,0,0) for P11,
(0,0,1),(0,1,0),(1,0,0), (1,1,0) for P12.1,
(0,0,1),(0,1,0),(0,1,1),(1,1,0) for P12,
(0,0,1),(1,0,0), (1,0, 1),(1,1,0) for P21,
(0507 1)7(0715 1)5(1507 1)7(17150) for,PZ,Z,Zv
0,1,1),(1,0,1),(1,1,0),(1,1,1)  for Pp32. (266)

Then by Lemmas 4 and 5, we obtain

6

F(t; 43) = (H e 1)G(t; 43)

=1

23
=14t —— 222024242 4 -, 267
T 135891456000 1 2351 T (267)
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(k1. ko, ks, ka) By doyksdea) (C2) (ki,ky, ks, kq) B ks ks)(C2)
(0,0,0,0) 1 0.1,1,2) —1/1440
0,1,1,4) 1/20160 0,1,2,1) —1/720
0,1,2,3) 1/20160 0.1,3,2) 1/10080
0,1,3,4) —1/134400 0,1,4,1) 1/2520
0,1,4,3) —1/67200 0,2,1,1) —1/720
0,2,1,3) 1/20160 0,2,2,2) 1/15120
(0,2,2,4) —1/201600 0,2,3,1) 1/5040
0,2,3,3) —1/134400 (0,2,4,2) —1/50400
(0,2,4,4) 1/665280 0.3,1,2) 1/10080
(0,3,1,4) —1/134400 0,3,2,1) 1/5040
(0,3,2,3) —1/134400 (0,3.3,2) —1/67200
(0,3,3,4) 1/887040 0,3,4,1) —1/16800
(0,3,4,3) 1/443520 0,4,1,1) 1/2520
(0,4,1,3) —1/67200 (0,4,2,2) —1/50400
(0,4,2,4) 1/665280 (0,4,3,1) —1/16800
(0,4,3,3) 1/443520 (0,4,4,2) 1/166320
(0,4,4,4) —691/1513512000 (1,0, 1,2) —1/360
(1,0,1,4) 1/1260 (1,0,2,1) —1/360
(1,0,2,3) 1/2520 (1,0,3,2) 1/2520
(1,0,3,4) —1/8400 (1,0,4,1) 1/1260
(1,0,4,3) —1/8400 (1,1,0,2) 1/360
(1,1,0,4) —1/1260 (1,1,2,0) 1/720
(1,1,2,2) 1/20160 (1,1,2,4) —29/2419200
(1,1,3,3) 1/268800 (1,1,4,0) —1/2520
(1,1,4,2) —1/86400 (1,1,4,4) 1/403200
(1,2,0,1) 1/360 (1,2,0,3) —1/2520
(1,2,1,0) —1/720 (1,2,1,2) —1/20160
(1,2,1,4) 29/2419200 (1,2,3,0) 1/5040
(1,2,3,2) 1/403200 (1,2,3,4) —1/1267200
(1,2,4,1) —1/151200 (1,2,4,3) 1/2217600
(1,3,0,2) —1/2520 (1,3,0,4) 1/8400
(1,3,1,3) —1/268800 (1,3,2,0) —1/5040
(1,3,2,2) —1/403200 (1,3,2,4) 1/1267200
(1,3,4,0) 1/16800 (1,3,4,2) 1/2217600
(1,3,4,4) —479/4036032000 (1,4,0,1) —1/1260
(1,4,0,3) 1/8400 (1,4,1,0) 1/2520
(1,4,1,2) 1/86400 (1,4,1,4) —1/403200
(1,4,2,1) 1/151200 (1,4,2,3) —1/2217600
(1,4,3,0) —1/16800 (1,4,3,2) —1/2217600

(1,4,3,4) 479/4036032000
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(ki, ko, k3, kq) B sokska) (C2) (k1. ko, ks, ka) By ok k) (C2)
2,0,1,1) —1/360 (2,0.1,3) 1/2520
(2,0,2,2) 1/3780 (2,0,2,4) —1/12600
(2,0,3,1) 1/2520 (2,0,3,3) —1/16800
(2,0,4,2) —1/12600 (2,0,4,4) 1/41580
(2,1,0,1) —1/360 (2,1,0,3) 1/2520
(2,1,1,0) 1/1440 (2.1,1,4) —23/4838400
2,1,2,1) —1/20160 (2,1,2,3) 1/806400
(2.1,3,0) —1/10080 (2,1,3,4) 1/2534400
(2.1,4,1) 1/86400 (2.1,4,3) —1/2217600
(2,2,0,2) 1/3780 (2,2,0,4) —1/12600
2.2,1,1) —1/20160 2.2,1,3) 1/806400
(2,2,2,0) 1/15120 (2,2,2,2) 1/604800
(2,2,2,4) —1/3801600 2,2,3,1) 1/403200
(2,2,4,0) —1/50400 (2,2,4,2) —1/3326400
(2,2, 4,4) 1/20697600 (2,3,0,1) 1/2520
(2,3,0,3) —1/16800 (2,3,1,0) —1/10080
(2.3,1,4) 1/2534400 (2,3,2,1) 1/403200
(2,3,3,0) 1/67200 2,3,3,4) —373/16144128000
(2,3,4,1) —1/2217600 (2,3,4,3) 53/4036032000
(2,4,0,2) —1/12600 (2,4,0,4) 1/41580
(2,4,1,1) 1/86400 (2.4,1,3) —1/2217600
(2,4,2,0) —1/50400 (2,4,2,2) —1/3326400
(2,4,2,4) 1/20697600 (2.4,3,1) —1/2217600
(2,4,3,3) 53/4036032000 (2,4,4,0) 1/166320
(2,4,4,2) 53/1513512000  (2,4,4,4) —1/172972800
(3.0,1,2) 1/2520 (3,0,1,4) —1/8400
(3,0,2,1) 1/2520 (3,0,2,3) —1/16800
(3,0,3,2) —1/16800 (3,0,3,4) 1/55440
(3,0,4,1) —1/8400 (3,0,4,3) 1/55440
(3.1,0,2) —1/2520 (3.1,0,4) 1/8400
(3.1,2,0) —1/20160 (3.1,2,2) —1/806400
(3.1,2,4) 1/5068800 (3.1,3,1) —1/268800
(3.1,4,0) 1/67200 (3.1,4,2) 1/2217600
(.1,4,4) —797/16144128000  (3,2,0, 1) —1/2520
(3,2,0,3) 1/16800 (3,2,1,0) 1/20160
(3.2,1,2) 1/806400 (3.2,1,4) —1/5068800
(3,2,3,0) —1/134400 (3,2,3,4) 373/32288256000
(3,2,4,1) 1/2217600 (3,2,4,3) —53/4036032000
(3.3,0,2) 1/16800 (3.3,0,4) —1/55440
(3.3.1,1) 1/268800 (3.3,2,0) 1/134400
(3,3,2,4) —373/32288256000 (3,3,4,0) —1/443520
(3,3,4,2) —53/4036032000 (3,3,4,4) 1/461260800
(3,4,0,1) 1/8400 (3.4,0,3) —1/55440
(3.4,1,0) —1/67200 (3.4,1,2) —1/2217600
(3,4,1,4) 797/16144128000 3,4,2,1) —1/2217600
(3.4,2,3) 53/4036032000  (3,4.3,0) 1/443520
(3,4,3,2) 53/4036032000 (3,4,3,4) —1/461260800




282

Table 11.4 Bernoulli numbers for C,

Y. Komori et al.

(ki, ko, ks, ka) B ks ka)(C2)

(k1. ko, ks, ka) By doksdea) (C2)

(4,0,1,1) 1/1260 (4,0, 1,3) —1/8400
(4,0,2,2) —1/12600 (4,0,2,4) 1/41580
(4,0,3,1) —1/8400 (4,0,3,3) 1/55440
(4,0,4,2) 1/41580 (4,0, 4,4) —691/94594500
(4,1,0,1) 1/1260 (4,1,0,3) —1/8400
(4,1,1,0) —1/20160 4,1,1,2) 23 /4838400
4,1,2,1) 29/2419200 (4,1,2,3) —1/5068800
(4,1,3,0) 1/134400 (4.1,3,2) —1/2534400
4,1,4,1) —1/403200 4,1,4,3) 797/16144128000
(4,2,0,2) —1/12600 (4,2,0,4) 1/41580
4,2,1,1) 29/2419200 (4,2,1,3) —1/5068800
(4,2,2,0) —1/201600 (4,2,2,2) —1/3801600
(4,2,2,4) 373/24216192000  (4,2,3,1) —1/1267200
(4,2.,3,3) 373/32288256000 (4,2, 4,0) 1/665280
(4,2,4,2) 1/20697600 (4,2,4,4) —1/345945600
(4,3,0,1) —1/8400 (4,3,0,3) 1/55440
(4,3,1,0) 1/134400 4,3,1,2) —1/2534400
(4,3,2,1) —1/1267200 4,3,2,3) 373/32288256000
(4,3,3,0) —1/887040 (4,3,3,2) 373/16144128000
(4,3,4,1) 479/4036032000 (4,3, 4, 3) —1/461260800
(4,4,0,2) 1/41580 (4,4,0,4) —691/94594500
(4,4,1,1) —1/403200 (4,4,1,3) 797/16144128000
(4,4,2,0) 1/665280 (4,4,2,2) 1/20697600
(4,4,2,4) —1/345945600 4,4,3,1) 479/4036032000
(4,4,3,3) —1/461260800 (4,4,4,0) —691/1513512000
(4,4,4,2) —1/172972800 (4,4,4,4) 479/1372250880000
where
G(t; 43)
et el +is
Tttt —t—ta 1)+ ta—te) (i3 —15)(t — 13—ty + 15) (11 + 15 — o)
el6 elt +n2+13
(1 + 02+ 13— t6)(ts + ta — 16) (11 + 15 — 16) + t+n—t)(+t—ts)t +0+13—1)
elatis el2ti3tu
(M +o—w)ti—s)t—ts—1ts+1) (2+3—15)(0 — 13— 14+ 15)(t3 + 14 — 16)
eft +2+is el2F16
+ 1+ —t)(t —t3—ts +15)(t1 + 15 — 16) + (13 + 14 —t6)(t1 + 15 —16) (2 — t4 — 15 + 16)
el3tiatis elstio
* (+o—t)+ta—te)ta—ta—1s+1) (2+13—15)(1 12 +13—16)(13 + 14 — 16)
elt Ht+i3+is el2t+3+tis

J’_
1+t —t)(t1+ 12+ 13 —t6)(t1 + 15 —t6)

T (a4 6 —15)t1 + 15— 16) (12 — 13 — 15 + L)
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ol Hiats olatis
* (h+6—15)(0 +15—t6)(n—ta— 15+ 16) (11 +0—1a)(t1 + 12+ 13— 16) (61 + 15 — 1)
oo+t o1+t
* (-1t +o+65—16)G+1a—16) (1 +0h—1a)3+1s— 1) (2 — ta — 15 + L)
et F3tia+is efat1atis
(A —te)—t—ts 1)+ ta—1) (0 + 12— 1) (11 — 13— 14+ 15) (11 + 15 — 16)
eft Fis+ie el +i+3+16
* (h+16—ts)(t1 —t3 —ta + t5)(t3 + ta — t6) * (1t —ty)(t2+ 13 —t5)(ta — 14 — t5 + t6)
elat15+is elt +atn+utis
Attt =)+ o+ — 1) * (h+ 6+ 13— 16)(t3 + 14 — 16) (11 + 15 — L6)
o2+t ol +o+is+is
* (htn—ts)t—t—ta+15)(0 +is—1e) (1 + 10—t —13—ta+15)(t3 + 14— 16)
(268)
Therefore, we obtain
2/—1)"12 23 23
62.2.2.2.2.2:4) = 1) 41 : 35891456000 — 2554051500
(269)
which implies a formula of Gunnells—Sczech [6]:
(2 Ay) = 1222 . e (270)

———— T = ————T
2554051500 70945875

In higher rank root systems, generating functions are more involved, since the
polytopes are not simplicial any longer. For instance, we have the generating
function of type G,, A4, B3, and C3 with 1010 terms, 5040 terms, 19908 terms,
and 20916 terms, respectively, by use of triangulation. In [17], we will improve
Theorem 7 and will give more compact forms of the generating functions F(t,y; A),
which do not depend on simplicial decompositions. As a result, the numbers of
terms in the above generating functions reduce to 15, 125, 68, and 68, respectively
(as for the G, case, see [18]). In fact, the number for 4, is (n + 1)"~!, which
coincides with the number of all trees on {1, ...,n + 1}. See [17] for the details.

Example 5. In Theorem 5, we have already given general forms of functional
relations among zeta-functions of root systems. In previous examples, we observed
generating functions and special values in several cases, but here, we treat examples
of explicit functional relations which can be deduced from the general forms. First,
consider the A, case (see Example 2). Set

Ay = Ay (Ay) = {og, 00,01 + o},

andy = 0,s = (2,5,2) fors € Cwith s > 1, I = {2}, thatis, A;+ = {az}.
Then, from (110), we can write the left-hand side of (115) as
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o0

1 > 1
S(s.y:1:4) = mél e mél o
’ rr;;én
=20(2,5,2; Ay) + (2,2, 53 A2).

On the other hand, the right-hand side of (115) is

2 =
((2”2—‘/,__1)2) mz=1 mL /0 () Lar.0)La(—x, 0)d

((ZM/_)Z) Z /e( mx)B(x) B (1 — x)dx,

by using (121). From well-known properties of Bernoulli polynomials, we can
calculate the above integral (for details, see Nakamura [28]) and can recover
from (115) the formula

205(2,5.2: A2) + £2(2, 2,51 A) = 48(2)8(s +2) — 6(s + 4). (271)

proved in [36] (see also [28]). The function {,(s; A) can be continued meromorphi-
cally to the whole space C3[20], so (271) holds for any s € C except for singularities
on the both sides. In particular, when s = 2, we obtain (252). Similarly, we can treat
the C»(~~ B,) case and give some functional relations from (115) by combining the
meromorphic continuation of {,(s; C») which has been shown in [21].
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Chapter 12
A Pseudo Twin Primes Theorem

Alex V. Kontorovich

Abstract Selberg identified the “parity” barrier that sieves alone cannot distinguish
between integers having an even or odd number of factors. We give here a short and
self-contained demonstration of parity breaking using bilinear forms, modeled on
the twin primes conjecture.

Keywords Exponential sums ¢ Bilinear forms ¢ Piatetski-Shapiro primes

12.1 Introduction

The twin prime conjecture states that there are infinitely many primes p such that
p + 2 is also prime. A refined version of this conjecture is that 775 (x), the number
of prime twins lying below a level x, satisfies

T (x) ~ C—

log? x’

as x — 0o, where C ~ 1.32032 ... an arithmetic constant.

The best result towards the twin prime conjecture is Chen’s [Che73], stating that
there are infinitely many primes p for which p 4+ 2 is either itself prime or the
product of two primes. This statement is a quintessential exhibition of the “parity”
barrier identified by Selberg that sieve methods alone cannot distinguish between
sets having an even or odd number of factors. Vinogradov’s resolution [Vin37] of

A.V. Kontorovich (2<)
Yale University, Mathematics Department, PO Box 208283, New Haven, CT 06520-8283, USA
e-mail: alex.kontorovich@yale.edu

D. Bump et al. (eds.), Multiple Dirichlet Series, L-functions and Automorphic Forms, 287
Progress in Mathematics 300, DOI 10.1007/978-0-8176-8334-4_12,
© Springer Science+Business Media, LLC 2012



288 A.V. Kontorovich

the ternary Goldbach problem introduced the idea that estimating certain bilinear
forms can sometimes break this barrier, and there have since been many impressive
instances of this phenomenon; see, e.g., [FI98, HBO1].

In this note, we aim to illustrate parity breaking in a simple, self-contained
example. Consider an analogue of the twin prime conjecture where instead of
intersecting two copies of the primes, we intersect one copy of the primes with a
set which analytically mimics the primes. For x > 2 let

iL(x) ~ x log x
denote the inverse to the logarithmic integral function
Todt
Li(x) := —
2 IOgt
Definition 1. Let 77 (x) denote the number of primes p < x such that p = [iL(n) |
for some integer 7.

Here |-] is the floor function, returning the largest integer not exceeding its
argument. Our main goal is to demonstrate.

Theorem 1. As x — oo,
X

T(x) ~ )
log® x

Notice that the constant above is 1, that is, there is no arithmetic interference. This
theorem follows also from the work of Leitmann [Lei77]; both his proof and ours
essentially mimic Piatetski—Shapiro’s theorem [Pu53]. Our aim is to give a short
derivation of this statement from scratch.

12.1.1 Outline

In Sect. 12.2, we give bounds for exponential sums of linear and bilinear type; these
are used in the sequel. We devote Sect. 12.3 to reducing Theorem 1 to an estimate
for exponential sums over primes. The latter are treated in Sect. 12.4 by Vaughan’s
identity, relying on the bounds of Sect. 12.2 to establish Theorem 1.

12.2 Estimates for Linear and Bilinear Sums

In this section, we develop preliminary bounds of linear and bilinear type, which
are used in the sequel. We require first the following two well-known estimates
due originally to Weyl [Wey21] and van der Corput [vdC21, vdC22]; see, e.g.,
Theorem 2.2 and Lemma 2.5 of [GK91].
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Lemma 1 (van der Corput). Suppose f has two continuous derivatives and for
0<c<C,wehavecA < f” <CAon[N,2N]. Then

Yo e(f(n) <Kco NAVZ4 AT
N<n<N|<2N

This is proved by truncating Poisson summation, comparing the sum to the
integral, and integrating by parts two times.
Lemma 2 (Weyl, van der Corput). Let 7z € C be any complex numbers, k =
K+ 1,...,2K. Then for any Q < K,

2

Z %% EK;Q Z (1—%') Z Tk Zh+q-

K<k<2K K<k k+q<2K

To prove this, shift the interval by g and average the contributions over |¢| < Q.

12.2.1 Estimating Type I Sums

We use Lemma 1 to prove

Lemma 3. For any integer h and £ > 1,

N ifh =
> e(hLi(n) < 1 ' 0
N<n<N <2 (N |h|€)2 log(N ) otherwise.

Remark 1. Here as throughout, the implied constant is absolute unless otherwise
specified.

Proof. Let Z denote the sum in question. The trivial estimate is N . Assume without
loss of generality & > 0. Apply Lemma 1 with f(n) = hLi(nf), taking A =

e
gD Thus,

1/2
ht 2 [ N1og*(N¢)
ELKN|—— +|\— <L (Nht 1721 NY),

(Nlogz(Nﬁ)) ( he (Nh)"" log(N' &)

so we are done. O
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12.2.2 Estimating Type II Sums

We first require the following estimate.
Lemma 4. For positive integers h, k,q, and L > 10, let
So(g; k) = Z e(h[Li(Kk) —Li(¢(k + q))]). (1)
L<t<2L

Then
So(g: k) < (Lhg)'?,

where the implied constant is absolute, that is, independent of k.

Proof. We again apply Lemma 1, this time choosing for the function f(x) =
h(Li(xk) —Li(x(k + ¢))). Then for L < x < 2L,

—k k log(k’'x)—2 h
f//(x):h( > + ; +q ):h Og( x) x_q’
xlog®(xk)  xlog“(x(k + q)) x log(k’x) L
for some k' € [k,k + ¢) by the mean value theorem in k. Thus, we can take
A= ]% and
ha\ /2 L2
So< LX) +(=) < @hg'
L hq
as desired. O

With this estimate in hand, we control Type II sums as follows (see also [GK91,
Lemma 4.13]).

Lemma 5. Let a({) and (k) be sequences of complex numbers supported in
(L,2L]) and (K, 2K)], respectively, and suppose that

dla@ < Llog™* L and " |B(k)]* < Klog™® K. 2)
¢ k
Then
Yo > a@Bke(hLitk)) < KLY°h'/Slog" L log” K. (3)
L<t<2L K<k<2K
The implied constant in (3) depends only on those in (2).

Proof. Let S denote the sum on the left-hand side. By Cauchy—Schwartz,

2

MRS (; |a(£)|2) > :

L

> Bk)e(hLi(tk))
k
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Let Q < K be a parameter to be chosen later. Using Lemma 2 and (2), we get

K
IS|? <« Llog L %Q ) (1 _ %')
lgl<0Q

x> > BkBk+q) e(h[Li(Ek) — Li(¢(k + q))])

{ K<kk+g<2K

K - K?L?
< Llog'L— > Zlﬁ(k)ﬁ(k+q)IISo(q;k)IJrTIOgZALlogZBK,
1=lql<0 k

where Sy is defined by (1).
Using Cauchy’s inequality, |x 7| < 1(|x|> 4 |y|?), and the fact that |So(g: k)| =
[So(—g:k + g)|, we get

IS|> <« K*L?

LK
log™* L log23K+?log2ALZ|ﬂ(k)|2 > [So(g: k).
k 1=<¢<0Q

From Lemma 4, we have the estimate
1

) > 1So(g: k)] < (LhO)'2,

I=q<Q
so we finally see that

K2L?
NERS o log** L 1og?® K + L*?K?10g* L log*® KQ'/?h'/2.

The choice Q = | L'3h~'/3] gives the desired result. O

12.3 Reduction to Exponential Sums

In this section, we reduce the statement of Theorem 1 to a certain exponential
sum over primes. We follow standard methods; see, e.g., [GK91, HB83], which
we include here for completeness. If p = |iL(n)], then p < iL(n) < p + 1 or,
equivalently, Li(p) < n < Li(p + 1). The existence of an integer in the interval
[Li(p),Li(p + 1)) is indicated by the value [Li(p + 1)] — [Li(p)], so we have

A=Y (LLi(p - LLi(p)J)-

pP=x
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Write [6] =60 —y(0) — %, where v is the shifted fractional part

v(0) = {6} — % € [—% %)

So we have

X)) =) [Li(p +1) - Li(p)} +y [w(wp)) —y(Li(p + 1))}.

P=x p=x

Since Li'(x) = @, we use the Taylor expansion:

Li(p—l—l):Li(p)—f-;—}-O(

log p plog® p )

to get:

A=Y L 4% [w(Li(p» (L + 1))} +oq).

pP=x Ing P=x

By partial summation and a crude form of the prime number theorem,

1 “dm(t x t
| n():n(x)w(/ n(zdt)
log p » logt log x > tlog“t

p=x
x x
o).
log” x log” x

Therefore, to prove Theorem 1, it suffices to show that

3 [w(Li(p» (LG + 1))} < 4

p=x

Equivalently, split the sum into dyadic segments and apply partial summation to
reduce (4) to the statement that forany N < N} < 2N,

=) A(n)[l//(Li(n))—W(Li(n+1)):| < ]Z : (5)

N<n<N,<2N log” N
with N < x. Here A is the von Mangoldt function:

log p ifn = p* is aprime power

0 otherwise.

An) = {
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The truncated Fourier series of i is

Y(0) = Y cpe(0h)+ 0(g. H)). (6)
0<|h|<H
where e(x) = ™, ¢ = 2mh and
(0, H) i (1 L )
g0, =min [ I, .
H|6]
Here || - || is the distance to the nearest integer. In the above, H is a parameter which

we will choose later, eventually setting
H = log* N. (7)

The function g has Fourier expansion

g(O.H) = aye(®h).

hez
in which
< mi log2H H 8)
a min ,—
! H " lhP

Using (6), write the sum in (5) as ¥ = X + O(X,) where

Ml .—ZA(n) > ch|:e(hL1(n))—e(hL1(n+1))i|

0<|h|<H
and
Ty=) A(n)[g(Li(n), H) + g(Li(n + 1), H):|.
n~N

We first dispose of X,. Using positivity of g, the bound (8), and Lemma 3,
we have

T < logN Y g(Li(n). H) < log N Y lay| | Y e(Li(n)h)
n~N hez n~N
< log N (N|h|)1/2 log N

h;éo
< (log N)z(N/H + Nl/zH).

This bound is acceptable for (5) on setting H according to (7).
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Next, we massage X|. On writing ¢»(x) = 1 — e(h(Li(x 4+ 1) — Li(x)), we see
by partial summation that

i< Y R YT Amygn(n)e(h Lin))

I<h<H N<n<N;

< Yo hTHgu(N) Y A(me(hLi(n)

I<h<H N=n=h
Ny 0
. T $n(x) > Ame(hLi(n))|dx
v ox
I<h<H Nnsx

1 .
< g A Y1 DD Ame(hLi())].

1<h<H |N<n<Nj

Here we used the bounds

én(x) < h(Li(x + 1) — Li(x)) < _h
log N

and

g (x) ( 1 1 )
< h — <
dx log(x +1) log(x) N log® N

for N < x < 2N. We have thus reduced Theorem 1 to the statement that for all
N < N, <2N,

S= > Y Ame(hLi(n)| < N ©)

log N
0<h<H |N<n<N;<2N )

We establish this fact in the next section.

12.4 Proof of Theorem 1

Our goal in this section is to demonstrate (9), thereby establishing Theorem 1. We
will actually prove more; instead of a log savings, we will save a power:

Theorem 2. For S defined in (9) and any € > 0, we have

N N21/22+e as N — oo.
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Fix u and v, parameters to be chosen later, and let F(s) = >, <n<y A(m)n™" and
M(s) = ZISHSM w(n)n=*, where p is the Mobius function:

w(n) = (=1)* if n is the product of k distinct primes
0 if n is not square-free.

The functions F' and M are the truncated Dirichlet polynomials of the functions
—{’'/¢ and 1/¢, respectively, where ¢(s) is the Riemann zeta function. Notice, for
instance, that

!
E—(S) +F(s) ==Y Amn".
¢ =
Comparing the Dirichlet coefficients on both sides of the identity
¢ ¢
?+F= (?+F)(1—§M)+§/M+§FM

gives forn > v:

—Am) == Y AR Y pd)= Y logk pu()+ Y 1-A@p(m). (10)

kt=n e kl=n klm=n
k>vt>u d>u {<u (<v.m<u

This formula is originally due to Vaughan [Vau77] (see also [GK91, Lemma 4.12]).
Assume for now that v < N (we will eventually set # and v to be slightly less than
V/N). Multiply the above identity by e(/ Li(1)) and sum over n:

> A@me(hLim) = Y > A(a@e(hLi(ke))

N<n<Ny<2N u<Z§N2/v N/fsksNz/f
v<k

+ Z Z n)logk e(h Li(k£))

t<u NJI<k<N,/t

=YY" b(r)e(hLi(kr))

r<uv N/r<k<Ny/r

=S +85-35;,

where

a() =) p(d).andb(r) = Y AO)u(m).
dle tm=r
d>u {<v.m=u
It is the bilinear nature of the above identity which we exploit, forgetting the
arithmetic nature of the coefficients a, b, i, and A and just treating them as arbitrary.
The savings then comes from the matrix norm of {e(h Li(k/))}x ¢. This is achieved
as follows.
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Notice that |a({)| is at most d(£), the number of divisors of ¢, and similarly
|b(r)| < Zdlr A(d) = logr, so we have the estimates

> la(®)] < Llog’L,and Y |b(r)]> < Rlog’ R.
L<{<2L R<r=<2R

It now suffices to show that > _,,; |Si| < N2/?2*< for eachi = 1,2,3 by
choosing u# and v appropriately. We treat the sums of S; individually in the next three
subsections.

12.4.1 The Sum S,

Let G(x) := ) ., e(hLi(k{)). By Lemma 3, G(x) < (xh)z log(x{), so by
partial integration, we get

Sy =Y u) Y logke(hLi(kt)

(<u N/L<k<N»/{
Nyt
<y / log x dG(x)
t<u N/L
N2/t
< Y (VNhlog® N + = Vxh€log(x€)dx
{<u N/t X

& v Nhulog® N.

Thus, Y, 1S2] K N2Y/2F€ (as desired) on taking u = N°/'!' and
recalling (7).

12.4.2 The Sum S,
Rewrite S; and split it into < log? N sums of the form:

Si= ) al)pWe(hLiko)
N

<loZN Y 3 aB@e(hLike)).

L<l<2L K<k<2K
N <k{<N,
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The roles of k and ¢ are essentially symmetric (allowing « and 8 to be either A
or a affects only powers of log and not the final estimate), and taking v = u, we
may arrange it so N/ < K < N2 < L < N1,

Now using Lemma 5, we find that:

S; < log? N (KL**h"/*log® L log® K)
< log® N (N?1/2241/9),

Thus, >, |S1] < N2/22%¢ 55 desired.

12.4.3 The Sum S3

Recall S5 and break it according to

Sy=Y_b(r) > e(hLikr)

r<uv N/r<k<Ny/r

-y ¥

r<u u<r=<uv

=84+ Ss.

We treat S, exactly as S», getting Sy < (Nh)'/?1og N(ulogu), which is clearly
sufficiently small.

For Ss, the analysis is identical to that of S| and gives the same estimate, so we
are done.
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Chapter 13
Principal Series Representations of Metaplectic
Groups Over Local Fields

Peter J. McNamara

Abstract Let G be a split reductive algebraic group over a non-archimedean
local field. We study the representation theory of a central extension G of G
by a cyclic group of order n, under some mild tameness assumptions on 7. In
particular, we focus our attention on the development of the theory of principal
series representations for G and its applications to the study of Hecke algebras via
a Satake isomorphism.

Keywords Principal series representations ° Metaplectic group ¢ Satake
isomorphism

13.1 Introduction

Let F be a non-archimedean local field with ring of integers O and assume that G is
a split reductive group over F' that arises by base extension from a smooth reductive
group scheme G over O. Let n be a positive integer such that 2n is coprime to the
residue characteristic of F and that F* contains 2n distinct 2nth roots of unity. The
object of this chapter is to study the principal series representations of a group G
which arises as a central extension of (the F-points of) G by the cyclic group u, of
order n. This means that there is an exact sequence of topological groups

1—>M,,—>5—>G—>1

with the kernel u, lying inside the centre of G.
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This metaplectic group Gisa locally compact, totally disconnected topological
group. Following the example of reductive case, we study the simplest family of
representations, namely those which are induced from the inverse image in G of
a Borel subgroup of G. Such representations have been studied in the literature
for particular classes of groups. Kazhdan and Patterson [KP84] have a detailed
study in the case of G = GL,, while Savin [Sav04] has considered the case of G
simply laced and simply connected. The double cover of a general simply connected
algebraic group has also been considered by Loke and Savin [LS10]. This chapter,
in developing a theory in greater generality borrows heavily on the results and
arguments from the above-mentioned papers, as often the existing arguments in the
literature can be generalised to the case of an arbitrary reductive group. In another
direction, we mention the work of Weissman [Wei09] where the representation
theory of metaplectic non-split tori is studied.

This chapter is intended to be partly expository, and partly an extension of the
work mentioned above, redone to hold in slightly greater generality. We begin by
giving an overview of the construction of the metaplectic group. In order to carry
out our construction in the desired generality, we are forced to use a significant
amount of the theory of these extensions in the semisimple simply connected case,
after which we proceed to the general reductive case along the lines of the approach
in [FL10].

Our study of the representation theory begins by focusing on the metaplectic
torus and its representations, which govern a large part of the following theory. This
metaplectic torus is no longer abelian, but its irreducible representations are finite
dimensional by a version of the Stone—von Neumann theorem.

Following this, we construct the principal series representations for a metaplectic
group by the familiar method of inducing from a Borel subgroup. The theory
of Jacquet modules and intertwining operators between such representations is
developed in this generality.

We then study the Hecke algebras of anti-genuine compactly supported locally
constant functions invariant on the left and the right with respect to an open compact
subgroup. The two cases of interest to us are when this compact subgroup is taken
to be the maximal compact subgroup K = G(Op) or an Iwahori subgroup. In
the former case, we present a metaplectic version of the Satake isomorphism in
Theorem 10, while in the Iwahori case, we give a presentation of the corresponding
Hecke algebra in terms of generators and relations, following Savin [Sav88, Sav04].

With the study of the structure of these Hecke algebras, we propose a combina-
torial definition of the dual group to a metaplectic group which extends the notion
of a dual group to a reductive group. This dual group is always a reductive group, so
unlike in the reductive case, a metaplectic group cannot be recovered from its dual
group. We hope that this notion of a dual group will prove to be useful in order to
bring the study of metaplectic groups under the umbrella covered by the Langlands
functoriality conjectures. It is worth noting that the root datum for the dual group
has also appeared in [Lus93, Sect. 2.2.5], [FL10] and [Rei].
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It is believed to be possible to develop this theory while working under the
weaker assumption that F' only contains n nth roots of unity, though in order to
achieve this, a large amount of extra complications in formulae is necessary.

The author would like to thank Ben Brubaker and Omer Offen for useful
conversations.

13.2 Preliminaries

As mentioned in the introduction, F will denote a non-archimedean local field, Of
is its valuation ring, and k its residue field. Let ¢ be the cardinality of k. We choose
once and for all a uniformising element w € Of (so O/ @ O = k).

Let G be a split reductive group scheme over Og. Throughout, our practice
will be to use boldface letters to denote the group scheme and roman letters to
denote the corresponding group of F-points. Let B be a Borel subgroup of G with
unipotent radical U, and let T be a maximal split torus contained in B. We let
Y = Hom (G,,, T) be the group of cocharacters of T. "

Our object of study is not G itself but a central extension of G by the group i, of
nth roots of unity. A construction of G is given in Sect. 13.3. For any subgroup H of
G, we will use the notation H to denote the inverse image of H in G; it is a central
extension of H by p,. The topology on G induces the structure of a topological
group on G. We will use p to denote the natural projection map G — G.

We consistently phrase our results in terms of coroots and cocharacters. Given
a coroot «, there is an associated morphism of group schemes ¢, :SL; — G.
Accordingly, we define elements of G by we = ¢, (( 4 })) and eq(x) = @ (1 1)).
We will show in Sect. 13.4 that the Weyl group and unipotent subgroups of G split
in the central extension G (in tLl/e latter case canonically) and use the same notation
for the corresponding lifts to G. For any x € F and A € Y, we will denote the
image in T of x under A by x*.

We fix a positive integer n which shall be the degree of our cover. The assumption
on n we work under is that 2n|g — 1. This implies the condition that F' contains 2n
2nth roots of unity that was mentioned in the introduction.

We require some knowledge of the existence and properties of the Hilbert
symbol, which we shall now recap. These results concerning the Hilbert symbol
are well known, a reference for this material may be given by Serre’s book [Ser62].

The Hilbert symbol is a bilinear map (-,-) : F* x F* — u, such that

5,0t s)=1=(@t,—-t)=(¢1—1).
Due to our assumptions on n, we can calculate the Hilbert symbol via the equation
g—1

OB
6 = (o)

tv(s)
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where the bar indicates to take the image in the residue field and v is the valuation
in F. Particular special cases that we will make liberal use of throughout this chapter
without further comment are the identities (—1, x) = 1 and (@w¢, w”) = 1, both of
which require ¢ — 1 to be divisible by 2n, as opposed to only being divisible by 7.

A representation (7, V) of G is a vector space V' equipped with a group
homomorphism 7 : G —> Aut (V). We say that (7, V) is smooth if the stabiliser of
every vector contains an open subgroup, and admissible if for every open compact
subgroup K, the subspace VX of vectors fixed by K is finite dimensional.

Fix a faithful character €:u, — C*. We will only have cause to consider
representations of G in which the central j, acts by €. (If u, did not act faithfully
on an irreducible representation, then this representation would factor through a
smaller cover of G.) Such representations will be called genuine.

We always will assume our representations to be genuine, smooth and admissi-
ble, and denote the category of such representations by Rep (G).

For any subgroup B of a group A, we use C4(B) (respectively N4(B)) to denote
the centraliser (respectively normaliser) of B in A.

13.3 Construction of the Extension

This section is devoted to showing the existence of the central extension G that we
will be studying.

The cocharacter group Y comes equipped with a natural action of the Weyl
group W.Let B:Y x Y — Z be a W-invariant symmetric bilinear form on ¥ such
that Q(«) := B(a,®)/2 € Z for all coroots «. (There will never be any possible
confusion between this use of the symbol B and its use for a Borel subgroup.)
Associated to such a B, we will construct an appropriate central extension.

We begin by recalling the following result of Brylinski and Deligne [BDO1].

Proposition 1. Suppose that G is semisimple and simply connected. The category
of central extensions of G by K, as sheaves on the big Zariski site Spec(F)z,, is
equivalent to the category of integer valued Weyl group invariant quadratic forms
on 'Y, where the only morphisms in the latter category are the identity morphisms.

Upon taking F-points, this yields a central extension
1> K)(F)—E—>G—1.
Since F is assumed to be a local non-archimedean field containing n nth roots of
unity, there is a surjection K,(F) — u, given by the Hilbert symbol and hence we

obtain our central extension

1—>un—>5—>G—>1.
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In particular, if we consider the case where G = SL;,, then we have defined a
map of abelian groups & : Z—> H>(SLy(F), ).

Theorem 1. For any split reductive group G, with our assumptions on F, n and B
as above, there exists a central extension G of G by w,, such that for each coroot
a, the pullback of the central extension under ¢, to a central extension of SL,(F)
is incarnated by the cohomology class of £(Q («)), and when restricted to a central
extension of T, the commutator [-,-]: T x T —> [, is given by

[x*, y#] = (x, y) B¢

forallx,y € F* and A, €Y.

A more explicit form of the commutator formula is possible, and we discuss it

now since it will be of use to us later. Pick a basis e;, ..., e, of Y. This induces
an explicit isomorphism (F*)" ~ T, namely (¢,...,t) — tf‘ ...t Via this
isomorphism, suppose that s = (s1,...,s,) and f = (f1,...,t) are two elements

of T. Then their commutator is given by the formula

i

.01 = [T =TT 5. TT47 ). 0
i.j J

where the integers b;; are defined in terms of the bilinear form B by

B ineivz)ﬁej = Zbijxiyf-
i J i.j

We first discuss Theorem 1 in the case where G is semisimple and simply
connected. In this case, our desired central extensions of G by u, are well known
to exist. Steinberg [Ste62] computed the universal central extension of G, and
Matsumoto [Mat69] computed the kernel of this extension, showing it to be equal
to the group K,(F) except when G is of symplectic type, in which case K,(F)
is canonically a quotient of this kernel. In fact, the adjoint group always acts by
conjugation on the universal central extension, and the group of coinvariants is
always K, (F). More recently, Brylinski and Deligne [BDO1] have generalised this
construction, proving the result we quoted above as Proposition 1.

Theorem 1 is thus known in this semisimple simply connected case. The desired
commutator relation upon restriction to the torus is proved in [BDO1, Proposition
3.14].

It is most important to us that this central extension is both derived from
a solution to a universal problem (so that any automorphism of G lifts to an
automorphism of the extension), and that this extension has no automorphisms.

‘We now discuss Theorem 1 in the case where G = T is a torus. In this case, the
construction of [BDO1] does not produce all natural central extensions. For example,
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even in the case of GLj over a field of Laurent series, the work of [AdCK®89]
produces a central extension whose commutator is the Hilbert symbol, whereas
K>-based methods only produce the square of this extension. The author does not
know how to generalise this construction to the case of mixed characteristic, so
we shall proceed in the following ad hoc manner, making use of the assumption
that o, C F. We will write (-, -),, for the Hilbert symbol with values in u,, and
reserve (-, -) for the Hilbert symbol with values in .

We can associate to 2B a quadratic form Q and consider the corresponding
central extension

1=y > E—>T — 1.

This extension may be either constructed from the work of [BDO1], or we may
construct it explicitly from the 2-cocycle

qij
o(s.1) = [ [Gsi.1)3

i<j

where Q (3, viei) =3 qijyiy;-
This central extension has commutator

2B(A,
[x*, yH] = (X’Y)zn( n_ (x, y) B,

We will realise 7" as an index 2 subgroup of E.
Since the commutator takes values only in the subgroup u, of p,,, when we
quotient out by u,, we obtain a central extension

l > —E —-T—1,

where the group E’ is abelian.

The central extension splits over T(Og) since the Hilbert symbol is trivial on
Or x OF.

Now choose a splitting of T(Of) and quotient E’ by its image. We arrive at a
central extension

11— u, > E"— T/T(Og) — 1.
This is a short exact sequence of abelian groups with the last term free. Hence, it
splits, so we get a surjection E — u,. Taking the kernel of this surjection as 7', we
get our desired central extension of 7" by .

We now complete the proof of Theorem 1 for an arbitrary split reductive G by a
reduction to the semisimple simply connected case and the torus case. This argument
follows the proof of [FL10, Proposition 1]. For our purposes here, it will be most
convenient for us to reinterpret a central extension of a group H by a group A as a
group morphism H — BA, where BA is the (Milnor) classifying space of A. We
caution the reader that f : H — BA is not a homomorphism of topological groups
but instead is only a group homomorphism up to homotopy. For example, the two
maps H x H — BA givenby (f x f)om and mo f, where m is the multiplication,
are not equal but are homotopic.
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We briefly indicate how this translation works. By definition, a morphism H —
BA is an A-torsor over H . Since A is abelian, the multiplication map from 4 x A to
A is a group homomorphism, and this induces a group structure on BA. The extra
structure of a group homomorphism on the map H — BA is what yields the datum
of a group structure on the total space of the torsor represented by this map. It is this
group structure on this total space which is the central extension of H by A.

Let G* be the simply connected cover of the derived group of G, and let 7°¢
be the inverse image of 7" in G*°. Suppose that we have two central extensions
G% — Bu, and T — B, which are isomorphic upon restriction to 7°¢. Suppose
furthermore that the extension G* — B, is invariant under the conjugation action
of T on G*° and the trivial T -action on u,. To this set of data, we construct a central
extension G — Bu,.

Consider the semidirect product G**xT where T is acting on G*¢ by conjugation.
The datum we have of group morphisms 77 — Bu, and G — B, with the latter
being T -equivariant is equivalent to that of a group morphism G* x T — Bpu,,.

Now consider the multiplication map from G* x T to G. This is a surjective
group homomorphism with kernel isomorphic to 7 embedded inside G*° x T via
t (t,t7h.

If we assume that the restrictions of G* — Bu, and T — Bu, to T5¢ are
assumed isomorphic, the restriction of G** xT — Bp, is a trivial central extension.
Choosing a trivialisation, we may thus factor G x T — B, through the quotient
G of G*° x T by T and thus we get our desired extension G — B,

Now from our knowledge of the semisimple simply connected case and the torus
case, associated to B, we may construct our desired central extensions of G* and
T by p,. It remains to show that these two extensions agree upon restriction to 7%
and that G** — Bpu, is invariant under the conjugation action of 7'.

The former property may be seen by an analogous argument to the one appearing
in the proof of the torus case: both extensions split over T*°(Or) and have the same
commutator, so their difference in H?(T, u,) is abelian, splitting over T**(Of),
hence trivial. The latter property holds since the extension by K is a canonically
constructed object that has no automorphisms. Consequently, the action of 7" on G*
by conjugation extends to an action on the cover G*° that is trivial when restricted
to the central ,. This completes our proof of Theorem 1.

If we restrict ourselves to the case where SL,, then we can be very explicit
about our extension. Following Kubota [Kub69], we have the following formula for
o0 € H?(SLy(F), j1,) such that multiplication in G is given by (g1, ¢1)(g2.(2) =

(g182.81820(g1, 82)):

h h 0(x)
o(g.h) = (X(g ) x(g )) ’ 2

x(g) " x(h)
where for g = (¢ 2) € SL,(F), we define x(g) = ¢ unless ¢ = 0 in which case
x(g) = d. In this formula, « is a simple coroot.
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13.4 Splitting Properties

A subgroup H of G is said to be split by the central extension if we have an
isomorphism p~!'(H) ~ u, x H that commutes with the projection maps to H.
In this section, we shall show that the unipotent subgroups and the maximal
compact subgroup K are split in G. We also discuss splittings of discrete subgroups
corresponding to the coroot lattice and the Weyl group.

Proposition 2. Any unipotent subgroup U of G is split canonically by the central
extension G.

Proof. This result is proved in greater generality in [MW94, Appendix 1]. Since we
are concerned only with the case where (1n,q) = 1, a simple proof can be given.
The assumptions on n ensure that the map U — U given by u — u" is bijective. If
u € U, write u = u{ and let it} be any lift of u; to G. Then define s(u) = (u7)". This
is well defined, invariant under conjugation and is the proposed section determining
the splitting.

So it suffices to show that s is a group homomorphism. For U abelian, this is
trivial. In general, U is solvable, write U’ for the quotient group U/[U, U], and
by induction, we may assume that s is a homomorphism when restricted to [U, U].
We now form the quotient U’ = U /s([U, U]). Suppose uy, u> € U.Form ¢{ =
s(uy)s(uz)s(uius)™". A priori, we have ¢ € pu,. Projecting into U’ and using the
abelian case of the proposition imply that ¢ € s([U, U]) and thus we have { = 1 so
s is a homomorphism as desired. O

For the corresponding result for the maximal compact subgroup, the splitting
is no longer unique, and in order for the splitting to exist, it is essential that n is
coprime to the residue characteristic.

Theorem 2. [BDOI, Sect. 10.7], [M00o68, Lemma 11.3] The extension G of G
splits over the maximal compact subgroup K = G(Op).

Proof. Let K; denote the kernel of the surjection G(Or) — G(k). Then K, is a
pro-p group, hence has trivial cohomology with coefficients in ©,. By the Lyndon—
Hochschild—Serre spectral sequence, we thus have an isomorphism H?(K, j1,) =~
H?*(G(k), it,,). Let M be the normaliser of T in G. Since the index of M(k) in
G (k) is coprime to n, we know that the map H?(G(k), u,) — H?>(M(k), iu,) is
injective. T(k) can be considered as the k points of the group scheme of (¢ — 1)th
roots of unity in T, which is etale, so lifts uniquely into T(Og). The group generated
by this lift together with the elements w, € K form a lift of M(k) into K. Thus,
it suffices to show that our central extension is trivial when restricted to this lift of
M(k) in K. However, we have explicit knowledge of the central extension in terms
of a 2-cocycle on M thanks to [Mat69, Lemme 6.5] (the non-simply connected case
works similarly), allowing us to complete the proof in this manner. O

When needed, we will denote by «* the lifting of K to G. This lifting «* is
not unique, being well defined only up only to a homomorphism from K to w,.
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In [KP84], a canonical choice is made in the case of G = GL,; however, this
failure of uniqueness shall not be of concern to us.

Just as in the case of G = SL, when we were able to provide an explicit formula
for the cocycle o, again in this case we are able to provide an explicit formula for
the splitting «, following Kubota [Kub69]. Writing s for the section g — (g, 1), and
k* as k*(k) = s(k)k(k), we have

3)

(a b) {(c,d)Q(“) if0 < || <1
K =
cd

1 otherwise,

forall (¢ s) € SL,(Og), where again « is the simple coroot.

The group Y, considered as a subgroup of 7 by the injection A +— w@?, is
trivially split in our central extension since it is a free abelian group whose cover is
abelian (here we require the fact that u,, C F to conclude that the Hilbert symbols
appearing in the commutator vanish).

Let W, be the subgroup of G generated by all elements of the form w, for
a a coroot. This group W is a finite cover of the Weyl group W. It is split in
our extension since it is a subgroup of K. Let W, o be the corresponding cover of
the affine Weyl group, that is, the group generated by Y and W,. We can see this
subgroup of G is also split in our extension by following through the construction of
[Mat69, Lemme 6.5], noting that the Weyl group action on Y preserves its splitting.
For any w € W, o, we will identify w with its image under this splitting in G, and
we will denote this splitting by s when necessary.

13.5 Heisenberg Group Representations

A Heisenberg group is defined to be any two-step nilpotent subgroup, that is, H is a
Heisenberg group if its commutator subgroup is central. The metaplectic torus 7" is
an example of such a group, since the commutator subgroup [T, T'] is contained in
the central w,. The representation theory of Heisenberg groups is well understood;
in particular, we will make use of the following version of the Stone—von Neumann
theorem, compare, for example, with [Wei09, Theorem 3.1].

Theorem 3. Let H be a Heisenberg group with centre Z such that H/Z is finite
and let x be a character of Z. Suppose that ker(y) N [H, H] = {1}. Then up
to isomorphism, there is a unique irreducible representation of H with central
character y. It can be constructed as follows: Let A be a maximal abelian subgroup
of H and let y' be any extension of y to A. Then inducing this representation from
A to H produces the desired representation.

Proof. Let m be an irreducible H -representation with central character y. Since
H/Z is finite,  is finite dimensional. Considering 7 as an A-representation, this
implies that it has a one-dimensional quotient y’ which must be an extension of the
character y to A.
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By Frobenius reciprocity, there is thus a non-trivial H-morphism from 7 to
Ind/ x'. To conclude that 7 is isomorphic to Indf y’, we need to prove that this
induced representation is irreducible.

Since Indf x is generated by a non-zero function supported on A, to prove
irreducibility, it suffices to show that any H -invariant subspace contains such a
function. So suppose f # 0 is in an H -invariant subspace M . Then by translating
by an element of H, we may assume that the support of f contains A. Now suppose
that there exists 7 € H \ A such that f(h) # 0. Then since A is a maximal
abelian subgroup of H, there exists a € A such that [h,a] # 1. Now consider
(a —€([a,h)x (@) f € M.t has strictly smaller support than f (since it vanishes
at i) and is non-zero on A. So continual application of this method will, by finite
dimensionality, produce a non-zero function in M supported on A and thus we have
proved the irreducibility of Indf 5’

To finish the proof of the theorem, we need to show that if we have two different
extensions y; and y, of y to A, then after inducing to H, we get isomorphic
representations. Given two such extensions, yp x5 !is a character of A/Z, and we
extend it to a character of H/Z. Our assumption thatker(y) N[H, H] = {1} implies
that the pairing (-,-): H/Z x H/Z — C* given by (hy,hy) = x([h1,h2]) is
nondegenerate and hence that every character of H/Z is of the form & — y([A, x])
for some x € H. Hence, there exists x € H such that x1x5'(a) = x([a, x]) for
all @ € A. This implies that the characters y; and y, conjugate by x under the
conjugation action of H on A. Hence, when induced to representations of H, the
induced representations are isomorphic. O

Corollary 1. Genuine representations of T are parametrised by characters of
Z(T).

Proof. Tisa Heisenberg group so we only need to check that the conditions of the
above theorem are satisfied. The condition that 7'/ Z(T) is finite is satisfied since
T" (the subgroup of nth powers in T') is central and (F*)" is of finite index in F*.
The condition that [H, H]Nker(y) = {1} is satisfied for genuine characters y, since
[T,T] C p, and y is faithful on p,. Hence, we may apply Theorem 3 to obtain our
desired corollary. O

We now produce explicitly a choice of maximal abelian subgroup of T that we
can use later on for our convenience.

Lemma 1. The group C~(T N K) is a maximal abelian subgroup ofT

Proof. Since T N K is abelian, it is clear that any maximal abelian subgroup of T
containing T NK is contained in C~(T N K). So it suffices to prove that C~(T NK)
is abelian.

Recall the basis e;,...,e, of Y which was used to introduce coordinates on
T and the coefficients b;; of the bilinear form B introduced at the beginning of
Sect. 13.3. We need to make use of the equation (1), which we reproduce here for
convenience:
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i

. bij
[S,l]:l_[(si,[j)b’f :l_[ Si,l_[ij . @
ij J
Thus, the condition for ¢ to be in C;'(?ﬂ K)isthat[] j tf” has valuation divisible
by n for all i. Now suppose that s and ¢ are elements of C;(T N K). Let x; and
¥i be the valuations of s; and #;, respectively. Then, we have that (s;, ;) is equal

) g—l K
to ((—1)*” /'s,.} '/ t;’)qT after reduction modulo . Hence, we may compute the
commutator

q—1

[s,1] = l—[(—l)xiyf l—[siZj yjbij l—[tjzi xibij
ij ; ;

Since we are assuming that 2n|g — 1, the power of —1 which appears in this product
is even. By assumption on s and ¢, all exponents of s; and #; are divisible by n. So
the whole product is a ¢ — 1-th power, so after reduction modulo ww becomes 1.
Hence, s and 1 commute, so C’T‘(T N K) is abelian, as required. O

We will use H to denote this maximal abelian subgroup C’T‘(T N K).

13.6 Principal Series Representations

We begin by studying the class of representations that will be our main object of
study. Let (7, V') be a genuine, smooth admissible representation of T. The group
B contains U as a normal subgroup with quotient naturally isomorphic to T. Via
this quotient, we consider (7, V') as a representation of B on which U acts trivially.

Definition 1. For (7, V') a smooth representation of T, we define the (normalised)
induced representation 7 (V) as follows: "

The space of 1(V') is the space of all locally constant functions f : G— V such
that

f(bg) = §'*(b)n(b) f(g)

forall b € B and g € G where § is the modular quasicharacter of B and we are
considering (77, V') as a representation of B. The action of G on I(V) is given by
right translation. In this way, we define an induction functor

I : Rep (T) — Rep (5).
Suppose now that y is a genuine character of Z (7). We denote by i(y) =

(74, Vy) a representative of the corresponding isomorphism class of irreducible
representations of 7' with central character y. By the considerations in the above
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section, i (y) is finite dimensional. We will write /() for the corresponding induced
representation /(i (y)) of G. Such representations /() will be called principal
series representations.

We now define a family of principal series representations, called unramified,
that will be of principal interest to us.

Definition 2. A genuine character y of Z (T) is said to be unramified if it has an
extension to A that is trivial on 7" N K. We use the same adjective unramified for
the corresponding representation /() of G.

Lemma 2. An unramified principal series representation I(y) has a one-
dimensional space of K -fixed vectors.

Proof. Suppose f € I(x)X.Let g = f(1) € i()). By the Iwasawa decomposition
G = UAK, we may write any g € G as g = uak withu e U, a € Tandk € K.
Then we have f(g) = f(uak) = m,(a)g.

The element a is well defined up to right multiplication by an element 1 € TNK.
This induces (the only) compatibility condition, we thus require that f(g) =
wy(an)g = mwy(a)m,(n)g. Thus, we have that f +— f(1) is an isomorphism from

I oi(p™ k.
Ifg €i(y)""X thenforallz € T andn € T N K we have

gt) =g(tn) = [t.nlgnt) = [t,nlx(mg@).

Since x is unramified, (1) = 1, so either [r,n] = 1 or g(#) = 0. The function
g € i(y) is determined by its restriction to a set of coset representatives of H\T'.
By the definition of H we know that [£,7] = 1 forall n € T'N K if and only if
t € H.Thus, we have shown that i (y)7"X is one dimensional, proving the lemma.

O
A K-fixed vector in such a representation will be called spherical.

We now define an action of the Weyl group W on principal series representations.

The group M acts on T by conjugation, and hence acts on Rep (T) Explicitly,
write ¢, : T —> T for the o > operation of conjugation by m € M on T. Then for
(7, V), the action of m € M is defined by (7, V)" = (z™, V™) where V" =V
and " is the composition 7w o ¢, : T —> Aut (V).

Unfortunately, when we restrict this action to 7', we do not obtgin the identity.
However, we may still define an action of the Weyl group on Rep (7'). Recall from
the discussion at the end of Sect. 13.4, that the group W} lifts to M . In this realisation
of Wo, the kernel of the surjection Wy — W lies in Z (T) Since the conjugation
action of Z (T) is trivial, we are able to define an action of W on Rep (T) by first
restricting the action pj M to an action of Wo, which then induces a well-defined
action of W on Rep (7).

In a similar but simpler manner, one may define an action of W on the space
of characters of Z (7). These two actions are compatible in the sense that i (y") =
i(y)" for all characters y and w € W.
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To proceed, we require the theory of the Jacquet functor, and the results regarding
the composition of the Jacquet functor with the induction functor . These results
are all contained in [BZ77].

Definition 3. The Jacquet functor J from Rep (5) to Rep (7:) is defined to be the
functor of U -coinvariants.

Explicitly, for an object V' in Rep (5), J(V) is defined to be the largest quotient
of V' on which U acts trivially, that is, we quotient out by the submodule generated
by all elements of the form 7 (u)v — v withu € U and v € V. Since T normalises
U (as U has a unique splitting, conjugation by 7" must preserve this splitting), the
action of 7" on V induces an action on J(1'), so the image of J is indeed in Rep (T').

The work in [BZ77] is in sufficient generality to cover our circumstances. In
particular, we have the following two propositions.

Proposition 3. [BZ77, Proposition 1.9(a)] The Jacquet functor is exact.
Proposition 4. [BZ77, Proposition 1.9(b)] The Jacquet functor J is left adjoint to
the induction functor I. That is, there exists a natural isomorphism
Homz(J(V), W) = Homgz(V, 1(W)).
The main result of [BZ77] is their Theorem 5.2, from which we derive the
following important corollary.

Corollary 2. The composition factors of the Jacquet module J(I(x)) are given by
i(x") as w runs over W.

Proof. The derivation of this corollary follows in exactly the same manner as in
the reductive case. In the notation of Bernstein and Zelevinsky [BZ77], we apply
the1rTheorem52w1thG—GQ—P—BN M—TV U = U and
v =0=1 O

We say that a character y of Z (7) is regular if y" # y forallw # 1.
Proposition 5. If y is regular, then J(1(y)) is semisimple.

Proof. Decompose the T-module J (I(y)) into Z (T)-eigenspaces—this must be
a semisimple decomposition since we are dealing with commuting operators on a
finite-dimensional space. As x is assumed to be regular, these eigenvalues of Z(7T')
are all distinct. This shows that the filtration from Corollary 2 splits as 7-modules,
so we are done. O

13.7 Intertwining Operators

We start with these results on the spaces of morphisms between various principal
series representations.
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Theorem 4. 1. For two characters y; and y» of Z(T), we have

Homg(I1(x1), 1(x2)) =0

unless there exists w € W such that y, = yY.
2. Suppose that y is regular. Then for all w € W we have

dim Homg(I(x), I(x")) = 1.
Proof. Since J is left adjoint to I, we have

Hom7(1()1), I(x2)) = HomF(J(I()1)). i ()x2))-

Our knowledge of the description of the composition series of J(/(y;)) from
Corollary 2 and Proposition 5 completes the proof. O

This section will be dedicated to the explicit construction and analysis of these
spaces Homz(I(y), I(x")). Elements in these spaces are referred to as intertwining
operators. _

Suppose s € C. Associated to s is a one-dimensional representation §° of B
given by raising the modular quasicharacter § to the sth power. Accordingly, given
any representation V' of 7', we define a family /; of representations of G by

L) =I(V®§).

For each V' € Rep (T), this family of representations is a trivialisable vector
bundle over C. We choose a trivialisation as follows:
Toeach f € I(V) = Iy(V) and s € C, we define the element f; € I;(V) by

fs(bk) = 8(b)" f (bk) )

for any b € Bandk € K. Itis easily checked that this is well defined, the claim
fs € Ig(V) is true and that s — f; does define a section.

Our strategy for constructing intertwining operators is as follows: We shall first
construct intertwining operators via an integral representation that is only absolutely
convergent on a cone in the set of all possible characters y. We then make use of
the trivialising section we have just constructed to meromorphically continue these
intertwining operators to all /().

For any finite-dimensional 7" representation (7, V'), and any coroot ¢, we define
the a-radius r,(V) to be the maximum absolute value of an eigenvalue of the
operator 77 (zw®) on V. This turns out to be independent of the choice of uniformiser
w since T'(OF) is compact.

For w € W and such a finite-dimensional representation (7, V'), the intertwining
operator T, : (V) — I(V") is defined by the integral
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(T f)(g) = /U Fw™ ug)du. (6)

whenever this is absolutely convergent.

To check that 7,, does indeed map (V') into (V") is a simple calculation. Note
that the underlying vector spaces of V' and V" are equal as per the definition of the
W -action on such representations in Sect. 13.6.

Lemma 3. Suppose that wi,w, € W are such that £(wiw) = £(wy) +£(w2). Then
Twwy, = Ty, Ty,, whenever their defining integrals are absolutely convergent.

Proof. This result is a simple application of Fubini’s theorem. O

Let us now restrict ourselves to a study of the case where w = wy, is the simple
reflection corresponding to the simple coroot c.

Theorem S. The defining integral (6) for the intertwining operator T,,, is abso-
lutely convergent for rq (V) < 1.

Proof. In SL,, we have the following identity:

0-1\(1x\ _ (1/x-1 10

1roj)\o1) Lo x/)\i/x1)
We apply the morphism ¢ to interpret this as an identity in G. This equation lifts
to G as the relevant Kubota cocycles are trivial. We are thus able to write

(Tun £)(g) = /F FOvs ea(0))dx
= /F flea(=1/x)x%e_o(1/x)g)dx
_ / 82 (x*) 7 (x%) f (e—a(1/x)g)dx.
F

In the above, e, (x) is the canonical lift from G to G of the one-dimensional
unipotent subgroup corresponding to the coroot y, as defined in Sect. 13.2.

Since f is locally constant, there exists a positive number N such that for |x| >
N we have f(e—,(1/x)g) = f(g). Now we shall break up our integral over F into
a sum of two integrals, the first over |x| < N and the second over |x| > N. The
first integral is an integral over a compact set so is automatically convergent. We
will now study the second integral in greater detail.

Note that " is central in 7. We may assume without loss of generality that
f(g) € V is an eigenvector of 7 (w"*) with corresponding eigenvalue (¢~ x,)".
Then our second integral becomes
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/| P fe1 )

- ( [ (5‘/2n)(x“)f(g)) (Z x;“)- ™
m=<v(x)<m-+n i=0

This is absolutely convergent if and only if |x,| < 1, proving the theorem. O

For ease of exposition, we shall now restrict ourselves to the case of intertwining
operators from I(y) to I(x"). Under this restriction, the complex numbers x, are
essentially well defined, in that different choices of eigenvectors will only change
them by an nth root of unity. We may pick any such eigenvector to define the x,,
any subsequent formulae will be independent of such choices.

Define a renormalised version of the intertwining operator by

T,=[]a-x)T. (8)

a>0
wa <0

Lemma 4. The collection of renormalised intertwining operators T, satisfies the
braid relations.

Proof. Since we know that the unnormalised intertwining operators T,,, satisfy
the braid relations, to check this lemma, it suffices to check that c(wyw;, x) =
c(wy, wax)c(wy, x) where c(w, x) is the renormalising coefficient in (8). This is a
triviality. O

We are now in a position to analytically continue the intertwining operators T

If A is the eigenvalue of 7(w@"*) on V, then A¢™" is the eigenvalue of w(w"*)
on V ® §°. Then by (7), (T, fs)(g) is a polynomial in Ag~*, so in particular is a
holomorphic function in 5. Recall that the section f; is as defined in (5).

For 3 (s) sufficiently large, the defining integral for 7', f; is absolutely conver-
gent. Thus we can define T, f; for all s € C by analytic continuation. In particular,
for all V', we have now defined

Ty : I(V)—> I(V")
and since the maps wa satisfy the braid relations, we have also defined
Ty I(V)— I(V")

forallw e W.
__ Now let us suppose that V' = i () is an irreducible unramified representation of

T.By Lemma 2, I(V') contains a K-fixed vector. Let ¢, be such a vector for /(1)
and ¢} be such a vector for /(V"). We normalise these spherical functions such that
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(¢x(1%))(17) = 1. The spherical vectors ¢k and ¢y are related by T, in a manner
given by the following theorem. The integer n, is defined to be m where the
notation (-, -) here is that of the greatest common divisor.

Theorem 6. [McNI11, Theorem 6.5]

n

~ _ L—xy
Tupx = [T (1—a7'x0) T— k-
€D, o

Proof. The proofin [McN11] is for the case of G semisimple and simply connected,
so we need to show how to reduce to this case. First, we note that 7,,¢x is a priori
K-fixed, so by Lemma 2, it suffices to calculate the integral

I, = (/U qbK(w_lu)du) (I7).

Consider the natural map from the corresponding simply connected semisimple
group G to G. We can pullback the central extension G of G to a central extension
of G and thus consider the corresponding group H. The character y of H can
be extended to a character ' of H;. In calculating ,, only group elements in
the image of G occur and we see that the calculation is the same as for the
corresponding integral /,/. In this way, this theorem is reduced to the semisimple,
simply connected case. O

Corollary 3. For generic x (so on a Zariski open subset of such characters), the
intertwining operator T, induces an isomorphism I(y) >~ I(x").

Proof. The functor T, restricts to a morphism from 7(y)X to I(x*)X. These two
spaces are one dimensional, so we have an isomorphism as long as T',,¢k is non-
zero. The Corollary now follows immediately from Theorem 6. O

w)K

At this point, we have developed the theory as far as is necessary for the
purposes of the Satake isomorphism. Following the works of Casselman [Cas],
Kazhdan—Patterson [KP84] and Rodier [Rod81], one could push this line of thought
further to produce stronger results on the composition series of principal series
representations, though we shall not do this here.

13.8 Whittaker Functions

In this section, we consider (7, V') a spherical genuine admissible representation of
G. Let ¢ be a character of U such that the restriction of ¥ to each one-dimensional
subgroup Uy for « a simple coroot is non-trivial.

Let W denote the space of smooth functions f : G — C such that f({ng) =

Ly (n) f(g) for ¢ € u, and n € N. Then a Whittaker model for (i, V') is defined
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tobea a-morphism from V' to WW. A Whittaker function is any non-zero spherical
vector in a Whittaker model. It thus is a function W, : G —> C satisfying

W,(ngk) = {y(n)W,(g) forleu,,neN,geGkek. 9)

Define the twisted Jacquet functor Jy, from Rep (5) to Vectc by Jy (V) =
V/Vy(U), where Vy (U) is the subspace of V' generated by the vectors 7 (u)v —
Y (u)v forall u € U and v € V. There is a natural bijection between Jy (V') and the
vector space of Whittaker models of V.

Theorem 5.2 of [BZ77] can be used to compute the dimension of the space of
Whittaker functions in the same manner as it was used to compute the composition
series of a Jacquet module of an induced representation.

Theorem 7. The dimension of the space of Whittaker functions for a principal
series representation I(y) is |T /H |.

We apply [BZ77, Theorem 5.2] withG = G,P=B,M=7T,U=Q =V =
U,N = 1,60 = 1 and ¥ non-trivial as above. Of the glued functors that appear in
the composition series of Jy (1(x)) via [BZ77, Theorem 5.2], only one is non-zero,
and it is the forgetful functor from Rep (T') to Vectc.

If f is a spherical vector in (), then we can construct a Whittaker function as
the integral

W(g) =/Uf(woug)1/f(u)du.

Technically speaking, this is a i())-valued function, so to obtain a C-valued
Whittaker function, we should compose with a functional on i(x). Such a choice
is made in [McN11] where a complex-valued Whittaker function is evaluated. In
fact, in [McN11], a basis for the space of Whittaker functions is computed together
with the production of an explicit formula for W(¢) with ¢ € T in the case where
G = SL,. Note that by (9) and the Iwasawa decomposition, W is completely
determined by its restriction to T. There is an alternative method of Chinta and
Offen [CO] for calculating these metaplectic Whittaker functions. Their method
more closely follows the lines of the original work of Casselman and Shalika
[CS80], again working in type A.

13.9 The Spherical Hecke Algebra

We call a complex-valued function f* on G anti- genuine if, for all { € u, and
g€ G, we have f(tg) = 7 f(g). This notion is of use to us since we are only
studying genuine representations of G. If we decompose the algebra C°°(G) of
smooth compactly supported functions on G into a direct sum of eigenspaces under
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the action of /4,, then only the anti-genuine functions act non-trivially on a genuine
representation of G. We now define and study a version of the spherical Hecke
algebra for the metaplectic group. "

Considering K as a subgroup of G via k*, let H(G, K) denote the algebra of K-
bi-invariant anti-genuine compactly supported smooth (locally constant) complex-
valued functions. In other words, a compactly supported smooth function f : G —>
Cis in H(G, K) if and only if f(¢kigks) = (7' f(g) forall ¢ € u,, g € G and
ki,k, € K. The algebra structure is given by convolution; for fi, f» € H(G, K),
we define

(fif)(e) = A.fl(h)fz(h_lg)dh,

where the Haar measure on G is normalised such that K x My has measure 1.
We have the following two results about the structure of H(G, K). In the case of
G = GL,, these appear in [KP86].

Theorem 8. 7—((5, K) is commutative.

We will not prove this in this section, but instead note that it follows immediately
from the Satake isomorphism, Theorem 10.

Theorem 9. The support qf’y’-[(a, K) is given by u, KHK.

Proof. The Cartan decomposition G = K TK implies that every (K, K) double
coset of G contains a representative of the form w*, and this decomposition clearly
lifts to G. So it suffices to find the set of A for which the double coset pn KoK
supports a function in 7—[(5, K).

Fix A, and let K* denote the subgroup K N K w* of G. We define a function
¢* : K* — 1, as follows. For k € K* there exists a unique k¥’ € K such that
kw? = w"k’. We lift this identity into G using our choice of splitting of K, and
define ¢* (k) by kw* = ¢ (k)wk'.

It is straightforward to check that ¢* is a group homomorphism. Furthermore,
there is a function in 7{(5, K) supported on u,Kw*K if and only if the
homomorphism ¢* is trivial.

The normal subgroup K;NK* of K* is a pro- p group; hence, the homomorphism
¢* is trivial when restricted to this subgroup.

There is a canonicial isomorphism K*/(K; N K*) ~ P(k) for some parabolic
subgroup P of G. The above shows that ¢* factors to a homomorphism from P(k)
to jt,. The group P(k) is generated by T(k) and unipotent elements. Since ¢*
is necessarily trivial on any unipotent element, it is completely determined by its
restriction to T(k).

We know that the restriction of ¢* to T(Og) is trivial if and only if w* € H, by
the definition of H. This completes our proof. O
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13.10 Satake Isomorphism

The approach we shall take in presenting the Satake isomorphism was learnt by the
author from a lecture of Kazhdan in the reductive case, and differs from that which
is generally considered as, for example, in [Gro98]. First, we define a free abelian
group A which shall be of fundamental importance for the remainder of this chapter.
Let

A={LeY |s(w*)eHy={xeY |B(x,y)enZV yeY}.

The equivalence of the two given presentations is a consequence of the commutator
formula (1). This group A is also naturally isomorphic to the abelian group H/ (T N
K x u,), and carries an action of the Weyl group, inherited from the action of
WonT.

The aim of this section is to prove the following.

Theorem 10 (Satake Isomorphism). Let C[A] denote the group algebra of A.
Then there is a natural isomorphism between the spherical Hecke algebra H(G, K)
and the W -invariant subalgebra, C[A]"Y .

Let Z 4 denote the complex affine variety Hom (A, C*) and I'4 be the ring of
regular functions on Z 4. We shall first define a homomorphism from 7—[(5, K)to I',.

To any y € Z,4, there is an associated genuine unramified principal series
representation /(x) = (m,, V) of G. By Lemma 2, this representation has the
property that dim VXK = 1, and thus VXK is a one-dimensional representation
of 7—[(5, K). We again use m, :7—[(5, K) — End (VXK) ~ C to denote this
representation.

From this representation, we obtain a ring homomorphism S :7—[(5, K)— Ty
given by Sf(x) = m,(f). This is the Satake map. A priori, the image of this map
lies in the set of functions from Z; to C, though it will follow from the results
proven below that the image lies in the ring of regular functions on Z}.

For any abelian group A, there is a canonical isomorphism between I'4 and the
group ring of A (which is actually the same as given above, if we can take G=A
in the definition of the Satake map).

Let us identify I"4 with C[A] via this isomorphism. Using this, we will from now
assume that S has image in C[A].

Lemma 5. We have the following formula for the Satake map S ‘H(G.K) —
ClAl:

(SR = 8@ /U F(@ uydu (10)

Proof. We begin by unfolding of the integral definition of the action of f on the
spherical vector ¢k . From this we get
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7y (f)bx = LGf(g)mg)cpKdg
_ / j[ F k), (bk)xdb dk
K JB

- jéf(b)nx(b)qudLb

= L / S(tu)m, (tu)pgdu dt
T JU

= j[_(sl/z(r) / f(tu)du) (%) (1)t
T U

It was shown in the proof of Lemma 2 that for ¢ € T, (S_I/an)(t)qbK = y()ox if
t € H and is zero otherwise. Thus, we may restrict our integral over T toan integral
over H. Since the integrand is invariant under TNK x n, we obtain the following
sum over A:

o (f) = 382 () /U @ u)dug (),

AEA

Under the isomorphism "4 =~ C[A], this gives us (10) as required. O
Lemma 6. The image of the Satake map lies in FAW.

Proof. By Corollary 3, we have, for generic y, an isomorphism between I(y)X
and I(x")X. Thus, the image of the Satake map is W -invariant. To complete the
proof, it remains to show that the image of S consists of regular functions on Z;
(or equivalently that (Sf)(A) is non-zero for only finitely many A). For this we
use the integral expression from Lemma 5. To see this, we need to remark that any
f e 7—[(5, K) is compactly supported and used [BT72, Proposition 4.4.4(i)]. O

Theorem 11. The Satake map S gives an isomorphism between 7—((5, K) and
crA™.

Proof. For dominant A € A, we define basis elements ¢ and d; of 7—[(5, K) and
C[A]Y, respectively. _

Let ¢, be the function in H(G, K) that is supported on 1, K w* K and takes the
value 1 at s(z*). That the set of all such ¢, form a basis of (G, K) is known from
Theorem 9.

Let d; € C[A]" be the characteristic function of the orbit WA.

Write Sc¢, = Zu aud,. We shall show that a;; # 0 and that a;, = 0 unless
© < A, which suffices to prove that S is bijective. Since we already know that S is
a homomorphism, this is sufficient to prove our theorem.

To show that a;; # 0, we must calculate Scy (1). Notice that for u € U, we have
w*u € Kw*K if and only if u € K so in the calculation of the integral (10), the
integrand is non-zero only on K N U, where it takes the value 1; hence, the integral
is non-zero, so ay, # 0 as desired.
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To show that a3, = 0 unless & < A, we again look at calculating Sc; (1) via
the integral (10). We again appeal to a result from the structure theory of reductive
groups over local fields [BT72, Proposition 4.4.4(i)] to say that " U NKw*K = 0
unless i < A, which immediately gives us our desired vanishing result, so we are
done. O

13.11 The Dual Group to a Metaplectic Group

Motivated by the Satake isomorphism in the previous section, we will now give
a combinatorial definition of a dual group to a metaplectic group. This group G
will be a split reductive group, so to define it, it will suffice to give a root datum
(X, D, X', ®).

We use A to denote the set of all coroots. Throughout this section, lower-case
Greek letters will be used to denote coroots. If « is a simple coroot, recall that the
integer n, is defined to be the quotient n, = (né’w (where (-, ) here is used to
denote the greatest common divisor).

We define a root datum (X, @, X'/, @') by

X = A,

D = {nya|ae A}

X' = Hom (A,Z) C Hom(T,G,,) ® Q,
@' = {n'a" |a € A},

and we define the dual group GV of G to be the reductive group associated to this
root datum.

Theorem 12. The quadruple (X, ®, X', ®') defines a root datum.

Proof. To check that @ and @’ are stable under the Weyl group is straightforward.
For example, if wo = B, then Q(@) = Q(B) so wneae = ngf. The only part
involving significant work is to check that @ C X and @’ C X".

To check that @ C X, it suffices to show that forall« € A and y € Y we have
that B(«, y) is divisible by Q(«).

Consider the set Ly, = y + Za. It is a w, stable subset of Y. There are two
possibilities, either L, contains z which is fixed by w, or L, contains z such that
Wel =2+ .

In the former case, consider the Q-subspace of ¥ ® Q spanned by z and «. On
this subspace, we have Q (ma +nz) = Am? + Bn* 4+ Cmn for some A, B, C € Q.
Since Q is invariant under w,, we must have that C = 0. Then B(«,z) = 0, so
since Q(«) divides B(«a, o), it must divide B(«, y).

In the latter case, we calculate that B(«, z) = —Q (@), so proceed as in the former
case, so we are done.
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We now show that @' C X',
Firstly, we use the fact that B(«, ) = 20 («) to conclude that

neZo C X NQa C %Za.

Now consider some g € X, and let Mg = (8 + Q) N X. A priori, there are
three options.

The first is that there exists y € My such that w,y = y, which implies
(@¥,y) =0.

The second is that there exists y € Mg such that wyy = y + nqa which implies
(@V,y) = ng.

In the third potential case, we would have y € Mg such thatw,y = y + 5-a. For
this to occur, we would require that 2|n,, so in this case B(y,«) ¢ nZ. However,
this last statement implies that y ¢ X, which cannot occur.

Thus, since we know that = y + X« for some integer k, we obtain that

2
(B.aV) € nyZ. This shows that n'a¥ € Hom (X,Z) = X', as required. O

Thus, we have a root datum, so defining GV as the split reductive group
corresponding to this root datum is well defined.

As a consequence, we may consider the Satake isomorphism to be the existence
of a natural isomorphism

H(G, K) = C[A]" = Ky(Rep(G")) ® C.

13.12 Iwahori-Hecke Algebra

There is an alternative Hecke algebra associated to the group G, defined in the
same fashion as the spherical Hecke algebra (G, K), but considering a standard
Iwahori subgroup / (defined to be the inverse image of B(k) under the surjection
K — G(k)) in place of the hyperspecial maximal compact subgroup K. We will
denote this Hecke algebraby H(G, I); itis the algebra of anti-genuine / -biinvariant
compactly supported locally constant functions on G.

Let J denote the normaliser in G of 7' N K.

Theorem 13. The support of the algebra ’H(G, I)islJI.

Proof. We also use the decomposition G = IM 1. Suppose thatt € M and ¢ ¢ J.
Then there exists k € T N K such that tkt~' ¢ T N K. Since we are assuming
t € WT, we have that p(t) € T N K. Thus tkt=' = ¢k’ forsome k' € T N K and
§ € py with § # 1. Hence any f € H(G, 1) has f () = 0 so we have proved that
the support of H(G, I) liesin 1J1.

lior the reverse implication, we need to show that if # € J then there exists f €
H(G, I) with f(¢) # 0. To do this, we need to show that whenever p(i tiy) = p(t)
foriy,i, € I,theniti, =t.
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Let /, denote the maximal pro- p subgroup of / (it is the inverse image of U(k)
under the projection K — G(k)). The torus T(k) over the residue field lifts to /
and every element of I can be uniquely written as a product of an element of T (k)
with an element of 7.

After projection to G, in € I Nt 't Write iy = jijo with j; € T(k)
and j, € I,. Then tiryt™" = tjit7"'1jt™". We have 1j;t~" € T(k) because ¢
normalises 7" N K and T(k) consists of all elements of order ¢ — 1 in this group.
Since 7/t topologically generates a pro-p group, it must be that 7j>t~! € I,
since it is a priori in I which also has a unique maximal pro-p subgroup. Thus,
tirt™' =tjit7"tjot7! € I, so we are done. O

Let W, denote inverse image of A under the projection from the affine Weyl
group to Q. Then there is an isomorphism /\1J//I >~ W,. As a corollary of the
above theorem, we are able to exhibit a bg§is for H(G, I). For any w € W, we are
able to exhibit a choice of a lifting w € G which is an element of our embedding
Wo < G from the discussion at the end of Sect. 13.4. There is an embedding A C
W, and W C W,. Using these inclusions, we identify elements of A as elements
of W, and for each simple coroot « denote by s, € W, the corresponding simple
reflection.

Corollary 4. For each w € W,, then there is a function T,, in 7—((5, 1), supported
on pyIwl and taking the value 1 at w. Then the collection of these T,, for w € W,
Sforms a C basis for the algebra H(G, I).

It is possible to write down a system of generators and relations for the algebra
7—[(5, I). The following is a corrected version of [Sav88, Proposition 3.1.2]. The
change is in the definition of Savin’s integer m, which has been replaced by n,
(although m = n, in a large number of cases, in general they are not even equal in
the rank one case).

Let A denote the set of dominant elements of A and A denote the set of simple
COroots.

Theorem 14. The following relations hold in 7—((5, I):

1. TAT;L = T)H_Mfork,pt €At
2. If sy = A fora € Aand A € A™ then Ty, and Ty commute.
3. IfA € At and (@V, L) = n, then

T)»’TSZITATY;l = qnw_lTZ)»—”aa‘
4. If A € At and (a, X) = 2n, then
N R Hg—1 -1
LT, LT, =4 Tor—onga + (@ = Dq" " Tor—poo Ty, -

5. (T, —q)(T,, + 1) =0 fora € A.
6. For wi,wy € W with L(wiwz) = £(w1) + £(w2) we have T,y,, = Ty, Ty,-
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Proof. The proof given by Savin [Sav88] is applicable here and correct until we
reduce to a rank one calculation in proving parts 3 and 4. We will present this
rank one calculation here. It does not appear in [Sav88] and is the source of the
inaccurate statement in [Sav88, Proposition 3.1.2]. To carry out this computation,
we will be making use of the explicit formulae for the 2-cocyle and the splitting
given in equations (2) and (3), respectively.

In the rank one case, the statements of parts 3 and 4 simplify to the following,
where s is the sole reflection in the Weyl group:

(3°) If A = nqa/2 € AT then
LT7'T = q" 7' T,
(4) If A = nga € AT then

LT7'T = ¢ ' T, + (¢ — Dg"™ ' Th.

We know from Savin’s proof that Tsl__1 T, = T and so need to calculate the
product T}, T, . In particular, we need to calculate 7} T (wA), which is the task we
shall accomplish.

Let us first consider the case where our rank one group is G = SL,. We may

A 1

thus write w* = (l(U) wo—z) for some integer / (actually / = (av,1)/2). Note

that 2/Q(«) is divisible by n, which will have the consequence that all powers of
Hilbert symbols that appear will be *-1, a feature we will exploit, simplifying our
expressions by freely inverting such symbols on a whim.

We write 1) T (wl) as an integral over E/M ~G.

LT () = /G To () Toa (b~ o) d.

This integrand is non-zero when 2~ € I =1 N Isw 1w ~*. We shall work
modulo / on the left. Thus we have

Bl — 0 —w '\ (ab) (! 0
“\z! o0 cd 0 =)’
where (¢ 3) € 1. The condition for h~' € I ™I is equivalent to ¢ = w'u for
some u € OF.

We calculate i = (bmﬂ MZF;) and s(h)~! = s(h™").

e
For iy = (‘0“ :ii’f) and i, = (—aullwl (1)) we have i1hi, = @, k(i) =
k(i) = 1and o (i\h,iz)o (i1, h) = (au, w'2®).
For is = (_%,7"), we have h™'w*i; = sw*, k(i3) = (a.w") and
o(h~", wMo(h "o, iz) = (a, w'2W).
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Thus, overall, our integrand T3 (h) Ty; (h~'w*) is equal to (au, w!'2®) where it
is supported. Hence, the integral T3 Ty; (=) is equal zero if n does not divide / Q ()
and the value of the appropriate volume, namely g*"«~!, otherwise. To complete the
proof in the SL, case, we need to note that in case 3, 2/ = n, and thus n does not
divide /Q () as can be seen by looking at 2-adic valuations. In case 4, [ = ny son
trivially divides /Q ().

Now we turn to the case of G = PGL,. We write w* = (u'(f)l 9). In order to

have our integrand T} (h) Ty, (h~' ") non-zero, by consideration of the valuation
of the determinant, we must have that / is even. This immediately proves our result
when [ is odd. For in case 4, for PGL, we have | = 2n,, so if [ is odd, we must be
in case 3.

If A € AT is such that (¥, A) = 2n, and A/2 € AT, then the (4) is a formal
consequence of (3) and (5). Thus, we may reduce to the case where A is a minimal
non-zero element of AT. This implies that [ divides 7, so in particular, n is even.

Let E be an unramified quadratic extension of F. Consider the natural map
SLy(E) — PGL,(E) and restrict this to the preimage of P GL,(F). Note that w*
and all elements of the Iwahori subgroup 7 lie in the image of this map. Accordingly,
we will be able to make use of the above calculation for SL,(E).

Since 7 is even, 21 = 1 (mod n). For 5,7 € E with 52,12 € F, we thus have

2
the following identity of Hilbert symbols:

=1 2=1 0@
i Q@)

i
— —_1\v(s)v

v(t
tV s
= (s,)8“".

)
2 2,02 _ vy S,
(2.7 = ((—1)”“’”(” : )

tv s)

We interpret this in the following manner: Since our central extensions are
determined by their restriction to maximal tori, this shows that the pullback of the
extension of P GL,(F) to its inverse image in SL,(E) is the same as the restriction
of the central extension on SL,(E) corresponding to the quadratic form Q' defined
by Q' = Q/2. We are able to push forward a cocycle on SL, to a cocycleon PGL,
since the centre of S L, remains central when lifted to m

As a result of this relationship between the covers of PGL,(F) and SL,(E), we
are able to use the S L, calculations above for the proof in the P GL, case. We have
(v, A) = and Ty (h)Ty; (h ') is non-zero if and only if n divides /Q () /2.

In case 3,/ = nq. Since n is known to be even, it does not divide /Q(«)/2 by
the same 2-adic argument as in the S L, case.

In case 4, | = 2n, and in this case n trivially divides /Q («)/2.

This completes our calculation and so, combined with the work in [Sav8§],
completes the proof. O

There is a stronger statement, giving a presentation for the Hecke algebra

H(G, ).
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Theorem 15. [Sav88] The set of relations presented in Theorem 14 provides a
complete set of relations for the algebra H(G, I).

Proof. The proof of Savin [Sav88] of this theorem goes through without change.
O

13.13 Further Work with the Dual Group

Corollary 5 ([Sav88]). Suppose that G and H are two metaplectic groups with
isomorphic dual groups GV =~ H and Iwahori subgroups 1¢ and 1", respec-
tively. Then, there is an isomorphism of Iwahori—Hecke algebras:

. (5, [5) ~ 7, (ﬁ Iﬁ) .

Proof. This is an immediate consequence of the description of these Hecke algebras
in terms of generators and relations in Theorem 15. To see this explicitly, we rewrite
the relations without any occurrences of 1, in the exponents of ¢ by defining new
variables Uy = T and U, = q‘“’v’A)TA. O

To the data of a metaplectic cover of a split group (i.e., the group G, the quadratic
form Q and the degree of the cover n), let us propose to define the L-group of G
to be the complex reductive group GV (C). We hope that this definition will provide
a way to bring the study of the metaplectic groups into the paradigm that is the
Langlands functoriality conjectures.

The above corollary together with the metaplectic Satake isomorphism provides
a starting point for correspondences between local representations with an Iwahori-
fixed or spherical vector, respectively. In the spherical case, we have the following.

Proposition 6. Suppose G and H are two metaplectic (possibly reductive) groups
with a continuous homomorphism LG — LH. Then there is a natural correspon-
dence from spherical representations of G 1o spherical representations of H.

Proof. The homomorphism LG — LH defines a functor Rep (“H) — Rep (“G).
Taking Grothendieck groups and using the Satake isomorphism, we obtain a
natural morphism of spherical Hecke algebras H(ﬁ ,K) — 7{(5, K), hence
a map between representations of these spherical Hecke algebras, and thus a
correspondence of representations from spherical representations of G to spherical
representations of H. O

We end this chapter with a short discussion of a categorified version of the
metaplectic Satake isomorphism due to Finkelberg and Lysenko [FL10]. Suppose
that F is a field of Laurent series F = k((¢)) over a field k with some mild
assumption on the characteristic of k not being too small. Corresponding to G,
there is a central extension of the loop group G(F) by G, (k) as group ind-schemes
over k. This central extension splits over G(Og), so we obtain a G,, torsor over the
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affine Grassmannian Gr = G(F)/G(Or) (as an ind-scheme over k). The group
K = G(Or) acts on the total space of this torsor E£° by left multiplication and the
group [, acts by multiplication fibrewise. Again choose a faithful character € of
Wn (k). Consider € as a representation of m;(G,,) and let L be the corresponding
one-dimensional local system on G,. One considers the category of perverse
sheaves on E° which are K- and (G,,, L¢)-equivariant. Finkelberg and Lysenko
give this category the structure of a tensor category and show that it is equivalent
to the category of representations of a reductive algebraic group. They construct
explicitly the root system of this group and it can be seen to be the same as the root
system constructed above for the group we denoted GV.
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Chapter 14
Excerpt from an Unwritten Letter

S.J. Patterson

Abstract This note is concerned with the representation constructed by Chinta and
Gunnells in (Constructing Weyl group multiple Dirichlet series, J. Amer. Math.
Soc. 23, 2010, 189-215), a representation of the Weyl group of an irreducible root
system on an infinite-dimensional algebra over a base field. Chinta and Gunnells in
(Constructing Weyl group multiple Dirichlet series, J. Amer. Math. Soc. 23, 2010,
189-215). The first group of remarks is that this result can, at least, in principle, be
constructed and understood from the point of view of the representation theory of
local metaplectic groups. The original proof is by means of generators, relations and
computer algebra, and so a representation-theoretical proof makes the construction
and verification more “natural.”

The second group of remarks concerns the application of this local theorem to
the global problem of determining the Fourier—Whittaker coefficients of metaplectic
theta functions and the closely related problem of the distribution of the values of
Gauss sums and their generalizations. These applications are still very preliminary,
but the prospects are encouraging.

Keywords Chinta—Gunnells averaging method ¢ Metaplectic Whittaker function

This should have been part of a joint letter to Ben Brubaker, Dan Bump, Gautam
Chinta, Sol Friedberg and Jeff Hoffstein. The purpose was to formulate with a broad
brush how I understand the papers of Chinta and Gunnells and of Chinta and Offen.

We shall need a number of results of H. Matsumoto which I shall recall here.
Let F be a non-archimedean local field containing the nth roots of 1. Let @ be a
simple reduced root system which corresponds to a simple complex Lie algebra g.
From this, one constructs an algebraic group (Chevalley group) G (over Z) such that
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the Lie algebra of G(C) is g. There is no need to worry about the finer points here.
We fix a set of positive roots @.. We denote by @ the real vector space in which
@ is embedded. As usual, it is acted upon by the Weyl group W of @, and there is
an invariant positive definite inner product (-, -) on ®g.

For each o € &4 there is a morphism %, : SL, — G. The theory of Chevalley
groups builds G out of these maps. It is useful to denote by ¢ (x) the image under
he of the diagonal matrix with entries x and x~'. As we are not concerned here
with changes of the field, we write G for G(F), etc., when there should be no
danger of confusion. The element & (x) lies in the distinguished Cartan subgroup H
of G. Recall that the roots originate as elements of Hom(H, F*). We then have
B(a(x)) = xMe@P where My(a, B) = 2(%) is the appropriate entry of the
Cartan matrix of @. ’

Let N denote the unipotent group of G generated by the images under the /4,
of the unipotent upper-triangular matrices in SL,. Let e be a nontrivial additive
character of F. Let @, be the set of simple roots in 4. Letr : &y — F. Then, we
can construct a character e, of N with e, (ha (("’6l ’1‘))) =e(r(a)x).

Matsumoto showed how to glue the metaplectic extensions of the SL,(F) into a
global one of G. We recall what we need here; the details of the construction itself
are not relevant at the moment. Let (-, -) be the n-th order Hilbert symbol in F. Then
for each o € @ with « a long root, Kubota’s construction [13] gives a metaplectic
cover of SL,(F) associated with (-, -), and we consider it as a cover of h, (SLy(F));
if there are two different lengths of root, then for a short root we use instead (-, -)"”
where m = 2 for the cases By, Cx, F4 and m = 3 for G,. Matsumoto shows that
there is a metaplectic extension G of G whose restriction to the image of A, is the
given one, [18, Theorems 5.10 and 8.2]. One can give a cocycle on a Zariski open
subset of G x G, but it is not of much use. What is relevant is that the commutator
of (lifts of) elements of H is an invariant and is known. The commutator of &(x)
and B(y) is (x, y)Me@Pm@ where m(a) = 1 if & is long and has the value above
if « is short should there be two different lengths. Note that m (o) (o, ) takes on
the same value for all roots. There is no need to normalize the inner product. See
also [20].

The centre of G is finite and the same clearly is true of G. We fix a homomor-
phism ¢ : w,(F) — C*. It makes life easier, but it is not absolutely necessary to
assume that ¢ is injective. Since 2 and 3 are primes, the centre of H is generated
by w,(F) and the images of &(x) with x € F>"/&dm@.m) where m(ar) are as
above. We denote the centre of H by H, and we denote by H, a maximal abelian
subgroup.

Now, we can introduce the manifold §2(g) of quasicharacters of H; which
restrict to & on p,(F). We can extend any w € £2(g), in several ways, to Hiy.
From this extension, we can form the induced representation of H which depends
only on w and is irreducible. Let u be the square root of the modulus function of H
acting on N. Then, we can induce wx 4 on H,N asusual to G. Denote the resulting
representation by V(w). We can regard V(w) as a fibre of a holomorphic vector
bundle over £2(¢).
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We can now introduce as usual the intertwining operators, but care is called for.
Let M C G be the normalizer of H (monomial group). In the usual dispensation of
things, the Weyl group is defined to be M/H . It is not a subgroup of G, but there is
a covering group of W which is; the order of the covering is 212K Of __gor details,
see [18, Sect. 6]. It is this fact that seems to have given rise to many of the problems
when —1 is not an nth power.

For our purposes, we have to replace the usual Weyl group with M / H. This
is also a covering group of the Weyl group. One could use the lift of the image
of Matsumoto’s group in it for the discussion of intertwining operators. Generally,
one defines the intertwining operator /() : V(w) — V(o) forw € M as a G-
morphisms where Yw(h) = w(w~'hw). For h € Hy, one has that “w(h) depends
only on the class of w in the (metaplectic) Weyl group, but the extension to H,
depends on w in M /H,. For h € Hy C M one has that I;,(ws) is (w«)(h)™!
times the identity.

One has that generically /,,, ("?w)I,,(®) is a multiple of I,,,,,(w). The word
“generically” needs an explanation. For a simple root «, let wy(x) = w(@(x))
for x € FXn/gdme) Then, all of the functions are rational on each connected
component of £2(¢) in certain roots of the (xy)oes, Where X, = wy (7 xn/ ged(n Ma))
and 7 is a uniformizer of F - see [1]. (The fact that x, depends on the choice of
will cause us no problems.) We understand the word “generically” to mean that the
result holds true on a Zariski open subset of the (xq)xed,-

The multiple above is 1 if the length of w;w; is the sum of the lengths of w; and
wy. Otherwise, it is a product of L or gamma functions (depending on the language
one uses) and monomials. The calculations for SL, are straightforward, and one can
reduce the calculation in the general case to this one using standard techniques as in
[1,6,7].

One can use the conclusions of this calculation to investigate the reducibility
of the V(w). Again, the techniques were established around 1970—see [6] for the
classical case and [15, Corollary 2.2.7] for the case where —1 is a nth power. One
can, as in the standard case, renormalize the intertwining operators by forming
certain multiples I w(w) for which IWl (’”Za))lWz (w) is an monomial times I wiws (©).

Now, we turn to the Whittaker models. We introduced the e, above, and we shall
assume that e, is nondegenerate in the sense that r () # 0 for all @ € @y. The space
of Whittaker models Wh(w, e, ) is the subspace of the dual space of V(w) of linear
forms A with A(nv) = e, (n)A(v) forn € N. Generically, this space is of dimension
[H : HZ]%. We form the dual maps 'I.(®) : Wh(*w, e,) — Wh(w, e,) which can
be represented by certain matrices.

We should note here that e, (hnh™') = e, (n) where r'(a) = a(h)r(c), and we
say r and r’ are in the same class in this case. It is easy to compare the Wh(w, e,)
for different r’s in the same class.

One can construct a basis of Wh(w, e,) at least for the (x,) in an open set of
£2(e) as integrals

Vi viw™'n)e, (n)dn
N*
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where N* is the standard lift of N and w runs through elements of M of maximal
length in the Weyl group taken modulo H.,. This gives a more precise meaning
as to how the ’ffw(a)) : Wh(¥w, e,) — Wh(w,e,) can be represented as matrices.
Let us now fix a basis {A(®,7),...,An(w,r)} of Wh(w, e,) such as one of the
type described above. We shall assume that this basis is rational in @ in the sense
above. This is the case with the functionals those given above. Such a basis can be
specialized to a basis almost everywhere on £2(¢). Define hr so that (hr)(e) =
a(h)r(a) (« € ) leads to a matrix representation of the action of ‘I, (w). It can
be written as

To@) (A (") = Y zij(@. 1) (@)
J

As usual, the coefficients t;;(w, r) will be rational. Now, for A € Wh(w, e,), the
linear form A o /1 : v > A(hv) belongs to Wh(w, e;,). One can give a fairly general
formula for the coefficients in terms of the generalized gamma functions (which,
one should recall, are defined first as generalized functions):

I (. re) = / 2o (rx) x|~ dx
FX”

where y is a quasicharacter on F*" and r # 0, [10, Sect.1]. It is elementary
to express these functions in terms of the gamma functions of Tate’s thesis, the
I'\(x', re,). By means of generalized functions (or otherwise), one can reduce the
calculation of the matrix coefficients to the case of SL,. If we assume also that all
the w, are unramified in the sense that wy(x) = 1if |x|r = 1 (where | - |F is the
norm on F), then the calculation become very explicit. This was done in the case of
GL, in [12]. We obtain a functional equation of Jacquet’s type, [11, Sect. 3].

This construction yields a representation of M on D, M/ Hs Wh("w, e,). It
should be in essence the Chinta—Gunnells representation. Actually, their theorem
is a very general one, but it seems as if one can deduce it from this more special
one using Bernstein’s techniques which have been developed in this context by
Banks [1]. This would give a more transparent proof of their theorem which makes
use of computer algebra (see [8, Proof of Theorem 3.2]) and thereby only the
straightforward formal properties of monomials and Gauss sums. Moreover, as
Matsumoto’s construction does not need the assumption that —1 be an nth power, we
see that a version of the Chinta—Gunnells representation has to exist in all cases'.
It is an important consequence of [8] that their theorem can dissociated from the
theory of Chevalley groups and that it may be considered as a construction from @
without the intervention of the Chevalley group or its covers. One can recover their
full theorem from this version using the techniques of [1].

The condition that —1 be an nth power is used in [8, Sect. 3] in the formula y(j)y(—j) = ¢!

for j # 0 (mod n) (their notations). This holds true if (—1,7), r = 1. If (=1, 7),r = —1, we
can replace y(j) by i/ : y(j) with i = —1. From this, one can derive a representation of the same

type as [8, Theorem 3.2] when (—1, 7), r = —1.
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One can use these considerations to determine Whittaker functions and spherical
functions. The techniques for doing so go back to Casselman and Shalika [6, 7].
Under the restriction that —1 be an nth power, they have been used by various
authors [5, 8,9, 15-17] where they are augmented by either the use using the
asymptotics of Whittaker functions and the Gidinkin—Karpelevich formula and
Jacquet’s functional equation or with the Hecke algebra (cf. [19]). There are other
approaches, as for example the direct one of [3]. All these formulae are under the
assumption about —1, but again there seems to be nothing essential here. One should
note that one should take into account the different classes of maximal compact open
subgroups; for the classification, see [2].

In fact, Chinta and Gunnells do not determine the Whittaker functions but
rather the coefficients of the multiple Dirichlet series which is done inductively [8,
Theorem 3.5]. It is this formula that I want to discuss here and in connection with
it to point out what are for me the two most serious open problems at the present
time, both of which seem to me to be not extremely difficult. They both concern the
global case.

Let k be a global field containing the nth roots of 1. I shall assume that the
multiple Weyl Dirichlet series exist in this case. The purpose of the arguments
above was to persuade you the restriction on —1 is unnecessary. The theory is
well established in the case A;, and the arguments of [8] allow one to extend the
definition to the other simple root systems. Although they should be associated with
forms on the cover of the Chevalley group, the argument of [8] shows that it is a
question only about root systems. The connection with metaplectic forms has been
established in several cases, but this will not be relevant here. Let S be a finite
set of places containing all those v where |n|, # 1. We shall assume that the ring
of S-integers R is a principal ideal domain. We let ks = [],cs, and we let e be
a nontrivial additive character on kg trivial on R. We can, and shall, assume that
{x € k : elxR = 1} = R. Let me denote the coefficients of the metaplectic
multiple Weyl series by g (T, €, ¢)—this you prefer to write this as H(c). Here,
r : &, — R. For a number of purposes, it is convenient to regard r as an element
of &7z ®z R.

The function g¢(r, €, ¢) is, in principle, known—by your work—through the
property of twisted multiplicativity and a list, still somewhat implicit in the general
case, of values depending on ord(r(c«)) and ord(c(«)). This is like defining the
Gauss sum g(r,6,¢) = Y (mod o) () €(rx/c) by demanding that it have the
twisted multiplicativity property and that if 7 is a uniformizer of F, r, € R*

0 if y>p+1
" 'g(ry, € ) if y=p+1,y#0 (modn)
—q"! if y= 1,y =0 (mod n)
b )4 if y=p+1y
gl e T =1y if y<p.y#0 (modn)
q —q! if 0<y<py=0 (modn)
1 if 0=y
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where ¢ is the cardinality of the residue class field. This would clearly not be the
correct approach. As far as I can see, neither the method of crystal bases nor that of
Chinta—Gunnells leads quickly to a unified formula. It is perhaps an act of faith to
believe that there is one, but I think that one can subscribe to it for the moment. It is,
from my point of view, a central problem to give a good global description of g¢.

Let us consider the case A;. Let N be the modulus function (norm) on kg with
respect to the additive Haar measure. We define the Gauss sum g(r,€,c¢) in R as
usual. We write

YO(ren,s) =y g(re c)N(e)™

c~n

which converges in Re(s) > % Here, we write ~ to indicate that two elements lie
in the same coset of kg /kg". The sum is taken modulo R*". The ¢ indicates that
we shall not worry about the L or zeta factors needed to produce the most elegant
functional equation and to limit the poles to nonspurious ones. This function has an
analytic continuation to the entire plane as a meromorphic function. There is at most
one polein Re(s) > 1;itisats = 1+ % We denote the residue there by p’(r, €, ).

Let 7 be a prime in R and let S’ be the union of S and the valuation associated
with 7. Let ¢ = N(sr). Then (see [12, Prop. I11.3.2]),

(1— qn—ns—l) —-(1- q—l)q(n—ns)([%]+l)
1— qn—ns

F Y o2 e T ) g (1o, € )g VI e (g, )y

Ye(rom™, e,n,8) = Y (rom™, €,1n,5)

or, what is the same (with (m),, the least nonnegative residue of m (mod n))

o m
ki k k s -
VSl ens) = S

qn—ns—l
%wg,(ronm, €,1,5)

(1 — q_l)q(l_s)(n_(m)n)

— gmtD0=9) %wg,(ranm’ €,1,5) g

—Y e (romr "2 e, qm ! S)g(ra,emﬂ,n)q—se(n,n)mﬂ(1 —q”_"s)}}
’\"o s C» )

1— qn—ns—l

The second term of this equation reflects the action of a reflection through the
Chinta—Gunnells representation on ¥°. This means that we can surmise the form
of the general case. The two terms may be considered as giving the asymptotics
in m. The major pole of Y¢(rn™,€,n,s), should it exist, is at s = 1 + % and
the Periodicity Theorem asserts that the residue there is periodic in m with period
n. This means that the residue of the term corresponding to the nontrivial element
of “the Weyl group” is regular at this point. From this, we obtain certain relations
between the residues—see, for example, [10, Theorem 1.9]. These are, for m with
0<m<n-2,
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p(rom™, €, 1)

= N(r) ™" g(ro. " (=0, )" p(rom" "2 e nr ) (%)

and form =n —1
p(rom" e, n) =0 (x%)

We have written here pgs(r,€,n) for p$(r,€,n)Cx(2). Together with the
Periodicity Theorem, these determine p essentially completely if n = 2 or 3. If
n > 3, then they do not suffice, and one of the major problems is to understand
the function p better. It seems unrealistic to expect an explicit formula. C. Eckhardt
and I proposed a partial formula in the case n = 4 and k = Q(+/—1). Beyond this
case, one can only make conjectures, and as I tried to explain at the conference for
Dorian Goldfeld’s 60th birthday, all the p’s seem to have a common transcendental
factor (meaning a number given in terms of transcendental functions).> This was
first proposed, in the case n = 6,k = Q(u3), by G. Wellhausen in his thesis [21].
Again, following the ideas of Wellhausen, it seems plausible that, divided by this
factor, the coefficients are as small as (x) allows them to be. More precisely, if
the transcendental factor is 7', then it appears that all the (o(r,€,n)/T)" lie in an
algebraic number field of finite degree over Q. Moreover, it seems plausible that for
e > 0, we have p(r,e,n) = O(N(r)®) and perhaps for r free of nth powers even
that p(r,e,n) = O(N (r)_ﬁ“). Finally, there are indications that the norm of the
denominator of (p(u,B,-)/ T)"N(B) is O(N(B)?). This latter suggestion is that the
height be “as small as possible.”

Now, let us meditate on the general case. The second general question that seems
to me to be need investigation is to determine when a situation analogous to that
with n = 2 and n = 3. We assume we can construct

Vosrn.s) =) go(r,e,0)N()™

c~n

where ¢ € H™(R) taken modulo H(R*") and H ™ (R) is the semigroup of H (k)
generated by the &(x) with x € R — {0} and @ € &4. Further, H(R*") is the
subgroup of H(ks) generated by the &(x) with x € R*". Next,s € &, ® C.
We can write any such s uniquely as g, s(e@)a, and so we can also think of

2The precise nature of T is unclear. In the case of the cubic theta function and in Wellhausen’s
conjectures in the case n = 6, we find a factor (277)'~"/"I"(1/n). If this were also the case
when n = 4, the constant of [10, pp. 240,251] which was numerically estimated as 0.14742376—
note that a digit was omitted on p. 240—could be ( i(Zn) i y(1/4))? This is numerically
0.1475425748 . ... This is close but not close enough in view of the accuracy of the calculations
of [10]. A much better estimate is % which is numerically 0.1474237606. . .. This is very
puzzling.
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s as a function from @, to C. The norm N induces a map from H(kg) to H°(R)
the connected component of the identity of H(R), and we can interpret s as a
quasicharacter of H°(R) which we write as y + y®. For w in the Weyl group,
we can define w(s) by N(wl_lxwl)s = N(x)"® where w is a representative of w.
Finally, n € H(ks), and we write ¢ ~ 1 when ¢ € nHz(ks) where Hz(ks) is
the group covered by Hy (ks). Then, what Chinta and Gunnells have proved can be
reformulated as follows. Let 7 be a prime in R. Let f € &, which we can write
uniquely as ), o, f (o). We suppose for convenience that S and e are such that
{y € k : e|lyks = 1} of e is R. Then, r, is a function defined on @, with values in
R. Let r, be such that r, () is not divisible by 7 for any &. The expression r,z" is
defined by component-wise multiplication on @,. Then, Chinta and Gunnells have
shown that 1//[;)’ s (rort, n,s) can, if all the f(«) are dominant, be written as,

> F(ro.w.n.s)N(r") "ot
wew

and is O otherwise. Here, p = % D wew . @ as before but now interpreted as a map
from @, to C. The use of ¥ instead of a normalized function, leads, as above,
to some extraneous products of zeta or L-factors which we shall not discuss here.
Apart from them, F(ry, I, 7n,s) will be W%.S/(rs n,s), and the other F(ro,w,n,s)
are the consequence of the action of the Chinta—Gunnells representation on some
wg,s,(ran*, *, %, S).

Since we can approach the major singularity (s, ®) = 1+gcd(n, my)/n (@ € @)
by first selecting out one « and taking the corresponding residue, we see the residues
are invariant when the oth component is multiplied with a n/ gcd(n, my)th power;
see [4]. This is the corresponding version of the Periodicity Theorem in this context.
In the sum over the “Weyl group,” this means that at the major singularity all the
terms vanish except for the one corresponding to the identity. Consequently, the
residues satisfy a system of linear equations. These reflect, as we see, the action of
the intertwining operators, and just as with them, it should follow that all these
relations follow from the ones for simple reflections. We should have a set of
relations parametrized by @y essentially of the same shape as (x) above. Without
worrying now about the finer points of the definition of the residue, for example,
about the zeta functions needed for the functional equation, we can formulate the
putative generalization of (x) as follows. Write p, (r, €, 1) for the residue. Then, we
might expect for each o € @

Po (l‘ojrf, €.n) = N(JT)_(f(aHl)ng(n'm(a))/ng(ro(a), E_(f(a)"_l)m(a), )

e(=n(@), 7) S @+Dm@ (ronsam—z(p—sa(p)), c. m—%(f—sum)Hp—su(p))) )

when f(a) < n/ged(n, m(a)). Moreover, we would expect if for some o € @, we
have (f + p)(@) = 0 (mod n/ ged(n, m(«)), then

po(Tomr’ e,n) =0 1)
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If we accept these formulae, then we can attempt to use them to determine the
po (T, €, 1) in terms of finitely many values as happens in the case of A; whenn = 2
and n = 3. In the cases of the classical root systems, then one can carry out the
calculation without too much trouble, but the results depend on various congruences,
and I shall not go into details here. The most useful consequence would seem to be
that the rank 2 cases can be used to garner information about the case n = 5. The
case (with k = Q(us)) is the only one that seems within the range of numerical
investigation at the present time and which has not yet been investigated. In the case
of A the argument leading to [12, Theorem I1.2.5] shows that “uniqueness almost
everywhere” leads to “uniqueness everywhere”. This is based on the special role that
Whittaker models play in the case of general linear groups, and there is no parallel
to them in general. Consequently, neither the existence nor uniqueness statements
can be asserted. Whether they are true or not is an open question.

There is an additional technique which one could potentially make use of this
context. If we select out one simple root from the Dynkin diagram and construct
the residue in s(cv) at the remaining ones, then we have an Eisenstein series in
one variable. It would be interesting to investigate the coefficients of the Whittaker
functions. This idea was proposed in the context of cuspidal representations by
Langlands in [14] and has been developed much further by F. Shahidi in a series
of papers. The optimist would hope that they are Dirichlet series of Hecke type,
or quadratic ones of Rankin—Selberg type, or triple products of Garrett type in
the branches of the Dynkin diagram left after excising the simple root selected.
The cases which would be most interesting at the outset would be A,, A3 (with
the middle root excised), D4 (with the central root excised) and G,. Nothing
concrete is known here. To investigate these questions, one should probably attempt
to understand the Chinta—Gunnells representation in more detail, especially their
Theorem (3.5) and its variants.
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Chapter 15
Two-Dimensional Adelic Analysis and Cuspidal
Automorphic Representations of GL(2)

Masatoshi Suzuki

Abstract Two-dimensional adelic objects were introduced by I. Fesenko in his
study of the Hasse zeta function associated to a regular model £ of the elliptic
curve E. The Hasse—Weil L-function L(E,s) of E appears in the denominator of
the Hasse zeta function of £. The two-dimensional adelic analysis predicts that the
integrand / of the boundary term of the two-dimensional zeta integral attached to £
is mean-periodic. The mean-periodicity of & implies the meromorphic continuation
and the functional equation of L(E, s). On the other hand, if £ is modular, several
nice analytic properties of L(E,s), in particular the analytic continuation and
the functional equation, are obtained by the theory of the cuspidal automorphic
representation of GL(2) over the ordinary ring of adele (one dimensional adelic
object). In this chapter, we try to relate in analytic way the theory of two-
dimensional adelic object to the theory of cuspidal automorphic representation of
GL(2) over the one-dimensional adelic object, under the assumption that E is
modular. In the first approximation, they are dual each other.

Keywords L-functions of elliptic curves ¢ Two-dimensional adelic analysis °
Mean-periodic functions ¢ Cuspidal automorphic representations of GL(2)

15.1 Introduction

Let X — SpecZ be a scheme separated and of finite type. The Hasse zeta function
of X is defined by the Euler product

tx() =[] a=lk™™,

xe€Xp

M. Suzuki (B<)

Department of Mathematics, Tokyo Institute of Technology, 2-12-1 Ookayama,
Meguro-ku, Tokyo 152-8551, Japan

e-mail: msuzuki @math.titech.ac.jp

D. Bump et al. (eds.), Multiple Dirichlet Series, L-functions and Automorphic Forms, 339
Progress in Mathematics 300, DOI 10.1007/978-0-8176-8334-4_15,
© Springer Science+Business Media, LLC 2012



340 M. Suzuki

where X)) is the set of all closed points x of X with residue field «(x) of cardinality
|k (x)| < oo. For a number field k with the ring of integers Oy the Hasse zeta
function of the affine scheme Spec Oy is the Dedekind zeta function {x(s) =
npcok (1 — |Ok/p|™*)~". Tt is conjectured that {x(s) has several nice analytic
properties such as a meromorphic continuation and a functional equation. However,
very little is established when the dimension of X is larger than one.

From now on, we concentrate on characteristic zero case. If the dimension of X
is one, the Hasse zeta function {y () is essentially the Dedekind zeta function i (s).
Due to the celebrated work of Iwasawa and Tate, the analytic properties of i (s) are
obtained by the Fourier analysis on the adeles A;. The completed Dedekind zeta
function ’C\k (s) is defined by multiplying i (s) with a finite product of I"-factors. It
has the integral representation

G = [P dna () = o)

where f is an appropriate Schwartz—Bruhat function on A; and | | is a module on
the ideles A;S of k. On the other hand, {i (£, 5) is written as

G(fs) = E(f9) +E(f 1 —9) + o(f9)

on N(s) > 1, where f is the Fourier transform of f on Ay. Here £( £, s) is an entire
function given by an integral converging absolutely for every s € C, and the term
o( f,s) which is called as the boundary term in [4—6,15] is expressed as the integral

1
a)(f,s):/O hf(x)xsd?x

for some function /&y on (0,1). Hence, the meromorphic continuation and the

functional equation for { (s) are equivalent to the meromorphic continuation and the
functional equation for w( f; s). In this sense, the analytic properties of the function
h s (x) are crucial for a better understanding of the boundary term w( f, s). Fourier
analysis and analytic duality on k C Ay leads to

hrx) = —p (816 (F©0) = x7 /).

As a consequence, the boundary term w( f,s) is a rational function of s invariant
with respect to f > f and s — (1 — ). Thus, Ek(s) admits a meromorphic
continuation to C and satisfies a functional equation with respect to s + (1 —s).

Let E an elliptic curve over k and let £ — B = Spec Oy be a regular model of
E over k. Then the description of geometry of models in [10, Theorems 3.7, 4.35 in
Chap. 9 and Sect. 10.2.1 in Chap. 10] implies that
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Ce(s) =ne(s)Ce(s) with Cg(s) = % .

on N (s) > 2, where L(E,s) is the Hasse—Weil L-function of E. Here, ng(s) is the
product of zeta functions of affine lines over finite extension «(b;) of the residue
fields «(b), where b are places of bad reduction of E:

J

ne(s) =[] (1= lk@HI™)"" )

J=1

where J is the number of singular fibres of £ — B (see [5, Sect. 7.3]).
The automorphic conjecture for £/ k asserts that there exists a cuspidal automor-
phic representation 7z of GL;(Ay) such that

L(E,s) = L(nwg,s —1/2).

Then the general theory of L-function L(w,s) attached to a cuspidal automorphic
representation 7 of GL,(Ay) implies the analytic continuation and functional
equation of L(E,s) via L(m,s). The analytic properties of L(m,s) are obtained
by extending the Iwasawa-Tate theory from the commutative group GL;(Ay) to
the noncommutative group GL,(Ay). In this story, the theory of noncommutative
group GL,(Ay) relates to {g(s) via the modularity conjecture and the L-function
L(E,s)of E.

In contrast with the above story, I. Fesenko proposed another way to study ¢g(s)
in [4-6] by using a commutative group associated with two-dimensional adeles.
The ordinary ring of adeles Ay is regarded as a one-dimensional object in the sense
that it is associated to the one-dimensional scheme Spec O. He introduced the
two-dimensional adelic space A¢ associated to the two-dimensional scheme £ and
established a theory of translation invariant measure and integrals on its subring
Ags < Ag, where S is a set of curves on £ consisting of finitely many horizontal
curves and all vertical fibers. Using a measure theory on the two-dimensional adelic
space, he defined the zeta integral

Ces(fis) = [T FOIPdu(o).

where f is a generalized Schwartz—Bruhat function on Agg x Agg, Tes is
certain subgroup of A7 ¢ x AZ ¢, | | is a module function on T¢ s, and du is a
measure on Tg g (see [5, Sect. 5]). The zeta integral ¢ s( f,s) converges absolutely
for N(s) > 2. If the test function fy is well-chosen, the zeta integral (¢ s( fo,s)
equals

Ces(foos) = [ Gri(s/2)7 - i - Ce(s)’, 3)

finite
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where k; is an extension of k determined by each horizontal curve in S and c¢ is a
positive real number determined by £. On the other hand, as well as the Iwasawa—
Tate theory, the zeta integral ¢ s( f, s) decomposes into three parts

Les(fos) = E(fis) +E(F.2—5) + o(f.5)

on N(s) > 2, where £(f,s) is an entire function and f is the Fourier transform
of f on Agg x Agg. The third term w(f,s) is called the boundary term of the
zeta integral {¢ s(f, s). Hence, the meromorphic continuation of the boundary term
o( fo,s) attached to fy in (3) implies the meromorphic continuation of the Hasse
zeta function (g (s). Therefore, if the meromorphic continuation of the boundary
term w(f,s) is proved without proving the (difficult) modularity property, for
example, by using Fourier analysis and analytic duality on the two-dimensional
adelic space, it leads to the meromorphic continuation of the L-function L(E,s)
without the modularity!

One possible approach for the meromorphic continuation of w( f, s) is proposed
by the theory of mean-periodic functions as follows. (see [5, Sect. 7], and see also
[15]. For the general theory of mean-periodic functions, see Kahane [8], Schwartz
[13], or references of [15]). As in the Iwasawa-Tate theory, the boundary term is
written as

1 00
wo(f.s) :/0 hf(x)'xsd?x :/O hy(e™)-e™*dt )

for some function /s on (0, 1), namely, the boundary term is expressed as the
Laplace transform of /1 s (e™). Standing on this fact, the boundary term is connected
with the theory of mean-periodic functions.

Let X be a locally convex separated topological C-vector space consisting of
complex valued functions on R} = (0, c0). It has the natural representation z of
R% as (7, F)(x) = F(x/a) for every F € X. For a function F' € X, we denote
by T (F) the closure of the set {z,F' [a € R’ } with respect to the topology on X.
A function F € X is called mean-periodic if the closure T (F') is not equal to the
whole space X. Using the representation 7, the convolution F' * ¢ of F' € X and
@ € XV is defined by

(Fxp)(x) = (v.F. ).

where F (x) = F(x71) and (-,-) is the pairing on X x XV. The mean-periodicity
condition 7 (F) # X of F is equivalent to the assertion that the space

T(F):r:={pe XV |Gxgp=0forall G € T(F)}

of annihilators of 7 (F) with respect to the convolution is nontrivial. The general
theory of mean-periodic functions assert that the Laplace transform of F(e™) (the
Mellin transform of F(x)) extends meromorphically to the whole complex plane
whenever the function F is mean-periodic.
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Now we suppose that the function / 4, determined by (3) and (4) belongs to the
space X. Then the conjectural mean-periodicity of / s implies the meromorphic
continuation of the Hasse zeta function {¢ (s) [5, 6], and the mean-periodicity of 4 5,
is equivalent to 7 (/1 ;)= # {0}. Hence, it is important to understand the space of
annihilators 7 (5 5,)* attached to % 4, in order to prove the mean-periodicity of / 5,
without any assumption.

In this paper, we describe the space of annihilators T (h ﬁ))l in the case of k = Q
by using the cuspidal automorphic representation of GL,(Ag) whose existence
follows from the modularity of E£/Q (Theorems 3.1 and 3.2). The restriction k = Q
is settled for the simplicity; see Remark 3.1. Such descriptions of T (h ﬁ))l suggest
some duality between the commutative theory of two-dimensional adeles Ag, Ag g
and the noncommutative theory (GL,-theory) of one-dimensional adele Ag. To
study the space of annihilators 7 (Hg)*, we use the theory of C. Soulé [14] and
A. Deitmar [3] which is a generalization of the work of A. Connes [1] (see also the
book [2]) about the spectral interpretation of the zeros of Hecke L-functions.

In Sect. 15.2, we review the theory of Connes after R. Meyer [11, 12], and review
the theory of mean-periodic function involving the Mellin—Carleman (Laplace—
Carleman) transform. In addition, we review several facts on the boundary term
o( fo,s) according to [15]. Then, in Sect. 15.3, we state the results (Theorems 3.1
and 3.2), and we prove them in Sect. 15.4. In the final section, we comment on the
space of annihilators leave the setting of elliptic curves.

15.2 Preliminaries

At the first stage of Connes’ work [1], certain weighted Hilbert space together
with some artificial parameter is introduced, and a natural generalization of such
weighted Hilbert space is used in works of Soulé [14] and Deitmar [3] about the
spectral interpretation of the zeros of an automorphic L-function attached to a
cuspidal automorphic representation. However, such weighted Hilbert space is not
useful for the theory of mean-periodic functions due to the artificial parameter. In
particular, if we use one of their weighted Hilbert spaces, the off-line zeros of the
L-function do not appear in the spectrum. This difficulty is overcome by the work
of Meyer [11, 12] by introducing the strong Schwartz space (which is named by
Connes—Marcolli [2]) and dismissing the Hilbert space setting.

15.2.1 Connes’ Spectral Interpretation of Zeros

In this part, we review Connes’ work about the spectral interpretation of the zeros
of the Riemann zeta function after the work of Meyer. For detailed and rigorous
description, see [1] and [12].
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Let S(R) be the Schwartz space on R which consists of smooth functions on R
satisfying

£ llmn = sup |x™ £ (x)] < 00
x€R

for all nonnegative integer m and 7. It is a Fréchet space over the complex numbers
with the topology induced from the family of seminorms || ||,,.,. Let us define the
Schwartz space S(R%) on R} and its topology via the homeomorphism

SR) - SRY): f(t) = f(~logx).

where 1 = —log x. The strong Schwartz space S(R?) is defined by

S®9) == {f {RX — C, [x > x—ﬂf(x)] c S(Ri)}. (5)

BeR

One of the family of seminorms on S(R’}) defining its topology is given by

1 o = sup |x™ /) (x)] (6)

X
XER+

for every integers m and nonnegative integers n. The strong Schwartz space S(R?)
is a Fréchet space over the complex numbers where the family of seminorms
defining its topology is given in (6). This space is closed under the multiplication by
a complex number and the pointwise addition and multiplication [12].

Let S(R)o be the subspace of S(R) consisting of all even functions ¢ € S(R)
satisfying ¢ (0) = ¢3(O) = 0, where ¢3 is the Fourier transform of ¢ on R. For a
function ¢ € S(R)o, we define the function &(¢) on the positive real line R’} by the
formula

E(p)(x) = Y p(nx). (7)

Then we find that &(¢) is of rapid decay as x — +o00. In addition, we have the
reciprocal formula &(¢)(x) = x~! QE((;AS)(x_l) by the Poisson summation formula.
Hence, €(¢)(x) is also of rapid decay as x — 0%, since the subspace S(R)q is
closed under the Fourier transform. Hence, the function &(¢) belongs to the strong
Schwartz space S(R ) for every ¢ € S(R)o. In other words, € is a map from the
subspace S (R)o into the strong Schwartz space. Denote by V C S(IR% ) the range of
the map € : S(R)o < S(RY):

YV ={® e SRY)| P(x) = &(¢) for some ¢ € S(R)o} .
Then the “discrete part” of the “orthogonal complement”

={¥ €SRY)" [{€(@).¥) = 0forall g € S(R)o } C S(R})”
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is spanned by functions
{xP(logx)¥ [Z(p) =0, 0 <R(p) <1, 0 <k <m,},

where S(R% )Y is the dual space of S(R% ) and m, is the multiplicity of the zero p.
Roughly, it is shown as follows. Let D be the R -invariant operator on S(R )
defined by (Df)(x) = xf’(x), and let DV be the adjoint operator of D on
S(R% )Y defined by (f. DVp) = (Df.¢) (f € S(RY)). Then all eigenvalues of
DY are s € C with eigenvector x*, and each eigenspace is spanned by {4 (x) =
x*(log x)¥ |0 < k < co}. We have

(€(@). ¥sk)

o0 d
/’a@mfmwﬁi
0 X

dk 00 : d dk
- | e r S = S mow),

where @ is the Mellin transform of ¢. Hence, the condition that (€(¢), Ysx) = 0
forevery ¢ € S(R)o implies {(s) = 0 and k < m;. The trivial zeros are excluded by
using the functional equation of {(s)@(s). (In the case of the large space S(R%) D
S(R ), all eigenvalues of DY on S(RX) are iy € iR with eigenvector x'7).

15.2.2 Mean-Periodicity on the Strong Schwartz Space

In this part, we review the theory of mean-periodic functions attached to the strong
Schwartz space S(R}) according to Sect. 2 of [15]. For the general theory of mean-
periodic functions, see Kahane [8], Schwartz [13], or references of [15].

Let S(R% )" be the dual space of the strong Schwartz space S(R’} ) with the weak
*-topology, and denote by (-, ) the pairing on S(R% ) x S(R})Y, namely, { f,¢) =
@(f) for f € S(RY) and ¢ € S(R})". Using the (multiplicative) representation

()= fy/x) (x eRY),

of the multiplicative group R} on S(RY ), define the (multiplicative) convolution
f xofor f e S(RY )and<p€S(R )be

(f *9)(x) = (v fo) (x € RY),

where f (x) := f(x7"). In addition, define the dual representation ¥ on S(RY)Y
by

(frie) = (fp)
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For a C-vector space V', we identify the bidual space (V)Y (the dual space of V'V
with respect to the weak x-topology on V) with V in the following way. For a
continuous linear functional F on V'V with respect to its weak *-topology, there
exists v € V such that F(vY) = vY(v) for every v¥ € VV. Therefore, we do not
distinguish the pairing on (V)Y x V" from the pairingon V x V'V,

Definition 2.1. Let X = S(R%)". Anelement x € X is said to be X-mean-periodic
if there exists a nontrivial element xV in XV satisfying x x x¥ = 0.

Forx € X = S(R’})", we denote by 7 (x) the closure of the C-vector space spanned
by {rv(x) g € RX}. Then the Hahn—Banach theorem implies the following
equlvalence of the % mean-periodicity.

Proposition 2.1. Let X = S(R})". An element x € X is X-mean-periodic if and
only if the closure T (x) is not equal to the whole space X.

Let L/ (IR%}) be the space of locally integrable functions on R satisfying

loc,poly
O(x%) asx — +oo,

O(x ) asx — 0T

h(x) =

for some real number ¢ > 0. Each h € L!
@n € S(RX)Y defined by

Joc,poly (R%) gives rise to a distribution

+o00

(o) = [ 1@hoS, VS € S®.

If there is no confusion, we denote ¢, by # itself, and use the notations ( f, h) =
(f.on) and h(x) € S(R%)". Under this convention, we have

x*logh (x) € L10C poly(R ) CS(R})Y

for every (k, L) € Z>o x C. Moreover, forevery h € L} . poly(Rx) the convolution
f * @ with f € S(RY) coincides with the ordinary convolution on functions on
R% , namely,

+o00 +o00

(f £ = (e fo ) = | f(X/y)h(y)d7y= 0 f(y)h(x/y)d%.

For a function & € L} (R%), we set

loc,poly
+()_{ ifx > 1, h_(x)::{h(x) if x> 1,

h(x) otherwise 0 otherwise.

Clearly both 2™ and i~ belong to L, (R%) if h belongs to L} . poty (R

loc,poly
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Lemma2.1. Leth € L] poly(R ). Suppose that f x h = 0 for some nontrivial

f € S(RY). Then the Mellin transforms

M(f * i) (s) = / e
0 X

are entire functions on C.

Definition 2.2. Let/h € L] poly (R%). Suppose that f* * h = 0 for some nontrivial

f € S(R%). Then the Mellin—Carleman transform MC (h)(s) of h(x) is defined by

MC (h)(s) := M(f * h™)(s) _ _M(f * h—)(s).

M(f)(s) M(f)(s)

The Mellin—Carleman transform MC (%) does not depend on the particular choice
of nontrivial f satisfying f * h = 0. By Lemma 2.1 we have

Proposition 2.2. Leth € L} poyRY) C S(RY)Y. Suppose that h is S(R})"-
mean-periodic, in other words, suppose that f h = 0 for some nontrivial f €
S(R%). Then the Mellin—Carleman transform MC (h)(s) of h(x) is a meromorphic
Sunction on C.

The Mellin—Carleman transform MC (h)(s) of h(x) is not a generalization of the
Mellin transform of £ but is a generalization of the half Mellin transform

1
/ h(x)x* d_x
0 X

See Sect. 2 of [15] for more details.

15.2.3 Boundary Term o ( fy, s)

In this part, we review several formulas for the boundary term w( fo, s) attached
to the elliptic surface £ — SpecZ according to Sect.5 of [15]. Let E be an
elliptic curve over Q with conductor ¢ . Then the completed L-function A(E, s) is
defined by

A(E,s) = ¢)*Qn) = I'(s)L(E.s).

where L(E,s) is the Hasse—Weil L-function appearing in (1). It is conjectured
that A(E, s) is continued to an entire function and satisfies the functional equation
A(E,s) = wpA(E,2 — s) for some sign wg € {£1}. By (1), the meromorphic
continuation and the functional equation of A(E,s) implies the meromorphic
continuation and the functional equation of {g(s). Moreover such nice analytic
properties of A(E,s) imply the mean-periodicity of the boundary term w( fy, s)
as follows.
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Theorem 2.1. Let E be an elliptic curve over Q and let € — Spec Z be its regular
model. Assume that A(E, s) is continued meromorphically to C with finitely many
poles and satisfies the functional equation

A(E,s)? = A(E,2—s)%.
Then the function

he(x) == fe(x) —x7"' fe(xh) ®)

with
fe) =5 / Als/2+ 147 Pte(s + 1/2%7%ds (> 1) ©)

belongs to S(R’}), where cg is a positive real constant determined by the singular
fiber of € [5, Sect. 5]. Moreover, he is S(RY )Y -mean-periodic and has the expansion

he(x) = lim > ZC (x) x*(logx)" !,

Ax()k)<Tm 1

where A are poles of A(s/2 + 1/4)* ;"™ l/zé'g(s + 1/2)? of multiplicity m; and
Cy (L) are constants determined by the prmcipal partats = A;

Cn(M)

— + O(1) when s — A,

A(s/2+ 1/8)2c " Pee(s +1/2)% = Z(

and the sum over A converges uniformly on every compact subset of R% .
Proof. See Sect. 5 of [15]. O

Therefore, the mean-periodicity of hg(x) and the meromorphic continuation of
A(E, s)?* are equivalent to each other in the first approximation.

Remark 2.1. Let S be the set of curves on £ consisting of one horizontal curve
which is the image of the zero section of &€ — SpecZ and all vertical fibers of
& — Spec Z. Then we have

Ce.s(fo.5) = A(s/2)°cg"Le(s)

® d o d ! d
=/ x_l/zfg(x)x“—x +/ x_l/zfg(x)xz_“—x +/ x_l/zhg(x)x“—x.

1 X 1 X 0 X
(10)

Hence, the function / 4, (x) in the introduction is x /%A (x).
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As mentioned in the introduction, it is desirable to prove the mean-periodicity of
he(x) without the meromorphic continuation of A(E, s) which is a consequence of
the modularity of E.

15.3 Statement of Results

Throughout this section we denote by A the adele ring Ag of Q. At first, we settle
the following basic assumption.

Basic assumption and notations. Suppose that E/Q is modular. We denote by
(7w, Vi) the corresponding cuspidal automorphic representation in L*(GL,(Q)
\GL;,(A), 1), where 1 is the trivial central character.

Needless to say, the modularity of £/Q is now a theorem by the famous work
of Wiles et al. However it is not proved for a general number field k. We emphasize
this assumption for the future study of this direction.

For the function /¢ of (8), we have

{x"*(logx)F} C T(he) C S(RX)Y, (11)

where A extends over all common poles of Mellin—Carleman transforms MC (¢)(s)
with g * ¢ = 0 that are just all poles of MC (h¢). By (1) and (10), the poles of
MC (h¢) coincide with the zeros of L(E, s), ignoring the cancellations in (1). Recall
the construction of Sect. 15.2.1:

{€(#); ¢ € S(R)o} CV CS(RY),
{x"(logx)*} C Vvt C S(RY)Y, (12)

where p extends over all nontrivial zeros of ¢ (s) that are also common zeros of the
Mellin transforms of M(&(¢)) with ¢ € S(R)o. Comparing (11) and the second line
of (12), we expect that the space of annihilators 7 (h¢)~ is an analogue of V so that
the set of common zeros of the Mellin transforms M(v) with ¥ € T (hg)t is the
set of all zeros of A(E,s).

15.3.1 Construction on the Positive Real Line

In this part, we construct the space of annihilators 7 (/1¢)* attached to the function
hg in (8) by using GL,(A)-theory of Soulé [14] which is an extension of the original
theory of Connes [1], and using the Godement—Jacquet zeta integrals [7].

Let M = Mat; and G = GL,. Let || : Gy — R} be the module map given
by |g| = |detg|a. Let f, be an admissible matrix coefficient of the cuspidal
automorphic representation (7, ;) on L*(Gg\Ga) = L*(Gg\Ga, 1), namely,
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fulg) = / o1(hg)gs(h)dh.
Z4Go\Ga

for some @1, g2 € Ag(G) N V,, where Ay(G) C L*(Gg\Gy) is the space of
cuspidal automorphic forms with central character 1. Let ¢ be a Schwartz—Bruhat
function on M. For a positive real number x, we set Gy = {g € G ||g| = x}.
Define a complex valued function &(¢, f) on R% by

&b, f)(x) = /G $(9) fo(g)dg (x € RY) (13)

as an analogue of (7). Then

1. The integral (13) converges absolutely.
2. For a given integer N > 0, there exists a positive constant C = Cy such that

&, fr)(x)| <Cx7V (14)

for every x € RY.
3. We have the functional equation

E(p, fr)(x) = x2&(¢, fr)(x7D), (15)

where q3 is the Fourier transform of ¢ and fﬂ(g) = f.(g7.

In addition, we find that

e fm =Y /G

®1(8)p2(h) / d(h'arEg)da dh dg.
£€Gy @\G1XG\G1 Al/Q%

(16)
A function ¢ € S(My) is called gaussian if every archimedean component has

the form P(m)exp(—a|m|?) (m € M(F,)) for some polynomial function P on
M (F,) and a positive real number a > 0. Put

S(m) ={(¢, fr) | € S(My) : gaussian, f,: admissible coefficient of 7 }.
Then (14) and (15) show that € is a map from S(r) into S(R7}):
€:S(m) = SRL); (¢, fr) = €@, fr).

We denote by V; C S(R’}) the image of this map. Using the function

wox) = —— [ rsjay . Cel9E)

4 4 2 —s
—_— —2)"-(s—1)"- ds, 17
271 S ne(ep TP Em DD
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we define the space W, by
Wr = wo * Vg %V = spang{wp * v; * vp | v; € Vy}. (18)

Then the space W, is a subspace of S(IRY ), since wyo € S(R% ) and S(R ) is closed
under the multiplicative convolution. For & € S(R’}), we define

T(h): ={geSMRY)|g*t=0forallt e T(h)}

and

Wi ={peSR:)V|wxg=0forallweW,}.

Theorem 3.1. Let E be an elliptic curve over Q and let € — Spec Z be its regular
model. Let hg be the function in (8). Then we have

T(he)yr DW, and T(he) € Wi
Hence, Wy # {0} means S(R’} )" -mean-periodicity of hg (x). Further, the equality
T(he)t =Wx or T(he) =Wy

implies the absence of cancellations of zeros between

(s — DE(s/2C(s)(s — 1) and  ne(s) " A(E, ).

15.3.2 Adelic Construction

In this part, we consider the adelic version of the construction in the previous
subsection according to Deitmar [3]. Let S(My)o be the space of all ¢ € S(My)
such that ¢ and <;§ send {g € My|det(g) = 0} = My \ Gu to zero. For
¢ € S(My)o, we define functions €(¢) and E(¢p) on G by

@)=Y d(ra)= Y o9,

yEMq y€GQ

E@)Q) =Y dgy) =D ¢y (19)

y€Mq y€Gq
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Then for every ¢ € S(My)o, we have:

1. The sums &(¢) and é((]ﬁ) converge locally uniformly in g with all derivatives.
2. Forany N > 0 there exists C > 0 such that

1E@)(9)], 1€@)(g)| < Cmin(|g], [g]™)". (20)

3. For g € G4 we have the functional equation

E(@)(g) = lg| 2 @) (g ™). 1)

Hence, €(¢) belongs to the strong Schwartz space

S(Go\Ga) = [ 11°S(Gg\Ga).
BER

Let G be the kernel of the module map g — |g|. Fix a splitting B : RY — Gy of
the exact sequence I — G, — Gp — 1 such that (id,B) : G} x R} — G,
is an isomorphism. We denote by R the image of splitting 8. Let ¢, € V; C
L*(Go\G)) =~ L*(RGg\Gya) be a vector ¢, = ®,¢r, such that ¢,, is a
normalized class one vector for almost all places. Further, we assume that ¢, is
smooth and ¢, (1) # 0.

We define

Wy = spanc{(wo © B) * (€(¢1) - ¢x) * (E(¢2) - ¢x) | ¢ € S(Ma)} C S(Go\Ga),

where wy is the function in (17), (E(¢) - ¢)(x) = E(P)(x) - ¢ (x) and * is the
convolution on Gg\ G, via the right regular representation R, and

WL = (1 €S(Gy\Ga) [wxn =0, Ywe Wy}
For n € S(Gg\G4)" we define
T (n) = spanc{R"(g)n| g € G},

where RY is the transpose of the right regular representation of G, on S(Gg\Ga)
with respect to the pairing {, ) of S(Gg\Ga) and S(Gg\Ga)".

Theorem 3.2. Let he be the function on R’ associated to the Hasse zeta function
Ce(s)? as in Theorem 2.1. Under the above notations, we have

T(he o B) € WE.

The equality
T(he oB) = Wi
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implies the absence of cancellation of the zeros between

(s = DE(s/2)¢(s)¢(s = 1) and  ng(s)™ Ag(s).
Remark 3.1. There are no essential obstructions to extend the above results to a
general algebraic number fields k under the assumption for automorphic properties
of the L-function of E/k, since Soulé [14] and Deitmar [3] are done for general
global fields k& and analytic properties of h¢ for general algebraic number fields k
are similar to the case of the rational number field under automorphic properties

of E/k (see Sect.5 of [15], in particular the series expansion of &g consisting of
x*(log x)¥).

15.4 Proof of Results

15.4.1 Proof of Theorem 3.1

First, we prove the implication W, C T (hge)L. It suffices to prove that w  hg = 0
for every w € W;. By Theorem 2.1 the function kg is a series consisting of
functions f3 x(x) = x*(log x)*. For a function w € W,, we have

o d
wi ) = [ w0 st/

k k Y ~dy
— _1 k —/\1 k—j /11 J
;:l( ) (j)x (log x) /O w(y)y”*(logy) >

Here

d/ d
[ wonaoen = o [Tuon L

By definition (18) of the space WW,, we have
[t S = [ € £ €n, £) 004

- /0 WO(y)y— / @ £y Y / & L) 2

for some (¢1, fr), (¢2, f.1) € S(;). From the construction of V,, we have

o0 d
/0 S SO = Fy LA =1/2) = Fy  DL(E.)
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where Fy r, (1) is an entire function determined by (¢, f;) (see [7, Theorem 13.8]
and [14, Sect. 2.5]). The second equality is a consequence of the modularity of E/Q.
As a consequence of the above argument, we obtain

/0 w(y)y*d% = PO =2 G — D /qp)
xne ) 2L(E ) Fpy g (W ). (22)

and w * h¢ is a series consisting of (22) and its jth derivative with j < m. Because
E/Q is modular, A(E, s) is an entire function. Therefore, the complex number A
appearing in the expansion of /1¢(x) is one of the following:

1. A =0o0r2and my = 4.

2. A # lisazeroof A(E,s) withng(1)™! # 0and 0 < m; < the multiplicity of
zero of A(E,s)> ats = A.

3. A # 1 is a common zero of A(E,s) and ng(s)™!, and =2 < m; — 2 < the
multiplicity of zero of A(E,s)?ats = A.

4. A # lisazeroof ng(s)~! with A(E, 1) # 0, and m; = 2.

5.2 =1and =2 —2J < m); —2—2J < the multiplicity of zero of A(E,s)? at
s = A, where J is the number of singular fibers of £ (see (2)).

Hence, w * hg = 0. Because w was arbitrary, we obtain W, C T (he)™.

The other implication T (he) C Wj is proved by a similar way. The following
fact is useful for this direction (see [7, Sect. 13] and [14, Sect.2.5]); there exists
finitely many (¢o, fre) € S(;r) such that

) /0 " e S0 = L5 —1/2)

The final assertion for 7 (he): = W, is obvious from (22) and (1)—(5).
For T(he) = W3, we note that Wi consists of f;; such that A is a zero of
ne(s)2A(E, s)s*(s — 2)*(s — 1)? and k < the multiplicity of A [14]. If f3, €
T (he), then A is a pole of order > k of MC (h¢) by the general theory of mean-
periodic function (e.g., [8, Theorem in lecture 4]). Hence, the cancellation cannot

occur when 7 (hg) = W+, |

15.4.2 Proof of Theorem 3.2

This is proved similarly to the proof of Theorem 3.1. For T (he o B) C Wi, it is
sufficient to prove that (k¢ oB) *w = 0 for any w € W,. By the expansion of /1 (x)
in Theorem 2.1, h¢e o B is a series consisting of f3 x o B. We have
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k [k . .
(frk o B)xw(y)=Y (-1)/ ( ) |y~ (log [y )"~ / w(x)|x[* (log |x]) dx.
=0 J Go\Ga

Here
A ' d/ A
w(x)|x|*(og|x|)/dx = — w(x)|x|*dx,
Go\Ga da/ Go\Ga

and

d
/ w(x)|x|*dx =/ wo(x)xx—x
Go\Ga RX X

+

x / E(é1)(1)gn (X)) Fdx / E(62) (1)gn (X)),
Go\Ga

Go\Ga

since | |l is a multiplicative (quasi) character. By Lemma 3.5 of [3],
/ DI = L5~ 1/ Fygy(4) = LOE.5) Py (9,
Q\Ga

where Fy, (s) is an entire function. Therefore, (f3 x o B) * w(y) = 0 for each A,
1 < k < m, appearing in the expansion of /¢, since A is a zero of L(E, s) or a zero
of fRi Wo(x)xx%. Hence, (hg o B) * w = 0 forany w € W,,. |

15.5 Note on Mean-Periodicity and Modularity

Recall the discussion of Sect. 15.3. Many elements of the space of annihilators of
T (h) with respect to the convolution satisfied a kind of modular relation (see (15)
or (21)). In this final section, we observe that the space of annihilators of 7 (k)
contains an element satisfying some modular relation in general. It shows a duality
of mean-periodicity and certain kind of modularity.

15.5.1 Basic Assumptions

Let X be a locally convex separated topological C-vector space consisting of C-
valued functions on R satisfying:

(X-1) The Hahn—Banach theorem is available in X.

(X-2) The Mellin transform M(g)(s) is defined for every element g of the dual
space XV, and M(g)(s) is an entire function.

(X-3) The spectral synthesis holds in X.



356 M. Suzuki

The second condition is settled in order to use the theory of the Mellin—Carleman
transform (see Definition 2.2). Recall that a function 4 € X is called (X-)mean-
periodic if there exists nontrivial g € XV such that 2 * g = 0. By (X-1), the
mean-periodicity of 7 € X is equivalentto 7 (h) # X . For a mean-periodic function
h € X, the set of all poles of MC (h; s) is called the spectrum of h. We denote by
Spec(h) the set of spectrum of 4 without multiplicity.

Throughout this section, we study mean-periodic functions 7 € X satisfying the
following three conditions:

(h-1)  h(x) = =x"'h(x7h).
(h-2) Z M 0o, where m, is the multiplicity of A € Spec(h).

2
A€Spec(h) (1 + MI)
(h-3) two numbers

A :=1inf{R(A); A € Spec(h)}, A4 :=sup{i(L); A € Spec(h)}

are both finite, namely, Spec (%) is contained in some vertical strip of finite
width.

15.5.2 Symmetry of the Spectrum

Lemma 5.1. Let h € X be a mean-periodic function satisfying (h-1). Then

A € Spec(h) implies 1— A € Spec(h). (23)
Remark 5.1. We do not know whether (23) holds if we exclude (X-3).
Proof. By (X-3), every mean-periodic function 2 € X has an expansion

my—1

hx) =Y D amA)xH(logx)"  (an(d) #0), (24)

A€Spec(h) m=0

where the meaning of the series on the right-hand side should be considered in
the sense of the topology on X. The series expansion (24) and (h-1) implies (23).
Moreover,

an(A) = (=1)"ay (1 -2)

for every A € Spec(h) and 0 < m < m;. O
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15.5.3 Modular Type Realization of the Mean-Periodicity

Take a nontrivial g € XV satisfies & x g = 0, and denote by 50(s) the Weierstrass
product attached to Spec(h):

Gow=s" TT {(-3)ew(3)}"

07#A€Spec(h)

By definition of the spectrum, Spec(h) is a subset of the zeros of the Mellin
transform M(g; 5), and Go(s) divide M(g:;s) as M(g;s) = Go(s) 1(s) for some
entire function G (s). Define

1 1 1
Boim=y 2 m (G+5)
which is well defined by (h-2) and (23), and put
Go(s) := exp(Bos) - Go(s). (25)
Then G (s) satisfies the functional equation
Go(s) = Go(1 — ) (26)

by (23) and the correction factor exp(Bos).

In the later, we take X = C75

R% having at most polynomial growth as x — 0% and x — 400, and satisfies
(X-1), (X-2), and (X-3) (see Sect.2 of [15]).

ooy (R%) which is the space of smooth functions on

Theorem 5.1. Ler X = C3) (R ). Suppose that h € X is mean-periodic and
satisfies (h-1), (h-2), and (h 3) In addition, suppose that h satisfies one of the
following conditions:

(*x) For any —0o < a < b < +00, there exist positive numbers C, 5, Aqp, and
t4.b Such that

|Go(o + it)]| < Caplt]™ et

foreverya < o < b and |t| > t,p, where Go(s) is the entire function
defined in (25).
(xx)  There exists § > 0 such that

2 ¢ +|/\I)2 T+ A~

A€Spec(h)

Then there exists a nonzero function g € X" satisfying h x g = 0 and
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g(x™") = xg(x). 27)

Proof. First, we consider the case when (x) holds. Then, by (%), the inverse Mellin
transform go(x) of Gy (s) is defined by

1 c+ioo
a =5 [ G
Tl Je—ioo

for each ¢ € R, and go(x) is smooth. The functional equation (26) implies
20(x™") = xgo(x). Moreover, by moving the path of integration to the right (resp.
left), we have

go(x) = 0(x™™)  (resp. go(x) = O(x"))

for every N > 0. Here the moving the path of integration is justified by (x). Hence
go(x) belongs to the dual space of X = Cp°§y (R%). Using the expansion (24), we
have

o0 d
(% g0) (x) = [0 s/ ()

my—1 m

2, = Z( )( D" ap(3) x7 (log x)/ /Omgo(y)yA(IOgy)m_dey

A€Spec(h) m=0 j=0

my—1 m

2. ZZ( )( D" an(3) ¥~ (log x)! 6" (1) =0,

A€Spec(h) m=0 j=0

since Spec(h) is a subset of zeros of Gy(s). Hence, we have h x gy = 0. Thus, the
desired assertion is obtained by taking g = go.
Successively, suppose that (x*) holds. Then (%) implies

|Go(s)] = exp(Cels*~" ") (28)
forevery ¢ > 0 by the general theory of the Weierstrass product [9, Sect. 4.3]. Define
G(s) :=exp(s(s — 1)) - Go(s).

Then G(s) satisfies G(s) = G(1 —s) and
|G(o +in)| < exp(o(o —1) = 1) exp(CelsP77) (29)

for every ¢ > 0. Hence, in particular, for any —oco < a < b < 400, there exists
positive numbers C, 5, Ay, and ¢, such that

|G (0 + if)| < Cyplt|™ e

foreverya < o < b and |t| > t,;. Thus, similar to the proof of the first case, we
find that the inverse Mellin transform g(x) of G(s) is a required function. O
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As in (23), the spectrum of a mean-periodic function 4 has the symmetry A +—
1 — A as a consequence of (h-1) (and (X-3)). However, we especially mention that
the symmetry A +— 1 — A is not a simple consequence of the functional equation
MC (h)(s) = MC (h)(1 — s) of the Mellin—Carleman transform, since condition
(h-1) itself does not imply such functional equation. The symmetry of the spectrum
is a consequence of the mean-periodicity of & and condition (h-1), since these two
properties lead to the above functional equation of MC ()(s) (cf. Proposition 2.10
and Remark 2.11 of [15]). Therefore, one interpretation of Theorem 5.1 is that the
mean-periodicity of 4 € X involves a kind of modularity implicitly (together with
(h-1)~(h-3)), and it is realized in the dual space X" as the modular type equality
(27). In the next subsection, we try to express equality (27) coming from the mean-
periodicity of 4 € X as a kind of summation formula (see (33)) in more number
theoretical setting.

15.5.4 A Kind of Summation Formula

Suppose that the entire function G(s) defined by (25) has the form
Go(s) = I'(h;s)D(h;s) (30)

such that

o0
D(h;s) = Z % (converges absolutely for R(s) > 0) 31

n=1

and I"(h;s) is a I"-like function which has no zeros in A_ < N(s) < A4, and
D(h;s), I'(h;s) are meromorphic functions on C. Then Spec(k) is a subset of all
zeros of D(h;s).

For a “nice” test function ¢ € S(R), for example, its Mellin transform M(¢)(s)
vanishes at each pole of D(h;s), we “define”

€h(9)(x) = ) cap(nx) (32)
n=1

referring to definition (7). Then &;,(¢p)(x) is of rapid decay as x — +o0, and

M(E($))(s) = D(h:s)M(¢)(s)
is an entire function. Since Gy(s) = Go(1 — s), we have

(h;1—y)

r
D(h; s)M(¢)(s) = D(h; 1 —5) Fhs) M(¢)(s).
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Taking the inverse Mellin transform of both sides, we formally obtain

s 1 n
>oendn) = 33 e Fud)(3). (33)
where
1 et k1 — _
Fh¢(-x) = % /_‘ %M((p,s) xs lds. (34)

Let S(h) be the subspace of S(R) such that:

1. ¢(x) = ¢p(—x) forevery ¢ € S(h).
2. M(¢)(s) vanishes at all poles of D(h;s) for every ¢ € S(h).
3. S(h) is closed under the operator F, of (34).

If S(h) is not empty and not trivial, € (¢)(x) is also of rapid decay as x — 07
by (33) for every ¢ € S(h), and hence, &;(¢)(x) belongs to the dual space of

Cpﬁy(Ri), and satisfies i % €,(¢) = 0. That is, the space of annihilators of 7 (h)

contains the image of the map &, : S(h) — Cpﬁy(Rj_)v.

It is possible to regard the “summation formula” (33) as a trace of equality (27)
(cf. Sects. 15.2.1, 15.3.1, and 15.3.2).
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