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Higher weight on GL(3), II: The cusp forms

Jack Buttcane

The purpose of this paper is to collect, extend, and make explicit the results of Gel’fand, Graev and
Piatetski-Shapiro and Miyazaki for the GL(3) cusp forms which are nontrivial on SO(3, R). We give new
descriptions of the spaces of cusp forms of minimal K -type and from the Fourier—Whittaker expansions
of such forms give a complete and completely explicit spectral expansion for L?(SL(3, Z)\PSL(3, R)),
accounting for multiplicities, in the style of Duke, Friedlander and Iwaniec’s paper. We do this at a level of
uniformity suitable for Poincaré series which are not necessarily K -finite. We directly compute the Jacquet
integral for the Whittaker functions at the minimal K -type, improving Miyazaki’s computation. These
results will form the basis of the nonspherical spectral Kuznetsov formulas and the arithmetic/geometric
Kuznetsov formulas on GL(3). The primary tool will be the study of the differential operators coming
from the Lie algebra on vector-valued cusp forms.
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1. Introduction

In the previous paper [Buttcane 2018], we worked out the continuous and residual spectra in the Langlands
decomposition in the case of L?(SL(3, Z)\PSL(3, R)). We turn now specifically to the cuspidal spectral
decomposition. The initial decomposition into eigenspaces of the Casimir operators is originally due, in
much greater generality, to Gel’fand, Graev and Piatetski-Shapiro [Gel fand et al. 1969], who described
During the time of this research, the author was supported by NSF grant DMS-1601919.

MSC2010: primary 11F72; secondary 11F30.
Keywords: Maass forms, automorphic forms, GL(3), SO(3), weight, raising and lowering operators.

2237


http://msp.org
http://msp.org/ant/
http://dx.doi.org/10.2140/ant.2018.12-10
http://dx.doi.org/10.2140/ant.2018.12.2237

2238 Jack Buttcane

the decomposition in terms of integral operators (in the style of [Selberg 1956]) operating on representation
spaces in the L?-space. In modern terminology, this is the study of irreducible unitary representations and
(g, K) modules, and in the particular case of PSL(3, R), the former was initiated by Vahutinskii [1968]
and the latter by Howe [2000] and Miyazaki [2008].

From the representation-theoretic description, this paper will analyze the structure of the cuspidal part of
the principal series representations as they decompose over the entries of the Wigner D-matrices, the inter-
twining operators, and the Jacquet integral as an operator from the principal series representation to its Whit-
taker model. From the analytic perspective, we are decomposing the eigenspaces of the Casimir operators
on the L2-space via raising and lowering operators (in the style of [Maass 1952]) obtained from the Lie alge-
bra; we show the equivalence of several descriptions of the minimal K -types, and compute Mellin—Barnes
integrals for the Whittaker functions attached to those K-types. We will largely avoid the representation-
theoretic description outside of the Introduction, Section 3, and Appendix A; partial descriptions in that
language maybe found in [Miller and Schmid 2011, Appendix A] and [Buttcane and Miller 2017].

The goal of this paper is to describe, as completely, explicitly and uniformly as possible, the spectral
expansion of the cuspidal part of L?*(SL(3, Z)\PSL(3, R)), and provide all of the associated information
necessary for a number theorist to apply analysis on this space as well as at the minimal K -types. We
classify the spectral parameters of the cusp forms at the minimal K -types, and then, taking as input the
spectral parameters and Fourier—Whittaker coefficients of such minimal cusp forms, generate the rest of
the spectral expansion. The classification of the minimal K -types is given in Theorem 3, and the spectral
expansion is Theorem 6.

The uniformity of Theorem 6 is necessary if one needs to expand, say, a Poincaré series which is not
K -finite. Since certain cusp forms (and Eisenstein series) miss a number of K -types (i.e., generalized
principal series forms), one would typically expect such an expansion to require evaluating the Wigner
coefficients of the K-part of the Poincaré series, a task which is at best difficult for any large class of test
functions. However, in Theorem 6, the sum is always taken over all K -types, relying on the fact that the
Jacquet—Whittaker function for any given cusp form is simply zero on the types missed by that form. It is
not too hard to see that the Archimedean weight function for a generalized principal series form in such an
expansion, viewed as a sum over minimal-weight forms, is just the analytic continuation of the weight func-
tion for a full principal series form, and this can be evaluated without ever mentioning Wigner D-matrices
at all. We anticipate using such expansions to study smooth sums of exponential sums on GL(3).

On the other hand, the majority of the study of analytic number theory on automorphic forms takes
place at the minimal K-types. With the longer history of automorphic forms on GL(2), it is perhaps
easy to lose track of the fundamental importance of the connection between the three realizations of the
Whittaker functions:

(1) The Whittaker functions of holomorphic and Maass cusp forms and Eisenstein series, which arise
through their Fourier coefficients. These are the main number-theoretic objects which occur in L-functions
(see [Goldfeld 2006, Section 6.5]), various period integral formulas [Jacquet et al. 1983; Watson 2002], etc.
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(2) The classical Whittaker functions, which arise as the solutions to differential equations or through
generalized hypergeometric series. These are the main analytic objects, and show up in a multitude
of integral formulas (see the index entry for “Whittaker functions” in [Gradshteyn and Ryzhik 2015]),
treatises on asymptotics [Olver 1975], etc.

(3) The Jacquet—Whittaker functions, which arise via an integral operator between representation spaces.
These are the main algebraic objects, which have numerous functional identities (for GL(3), these are
equations (3.4)—(3.8) of [Buttcane 2018], to name a few), and are the focus of much study in representation
theory ([Shalika 1974] is fundamental there).

The bulk of this paper is concerned with making this connection very precise at the minimal K -types,
from which the spectral expansion follows fairly easily via a double induction argument in Section 9.

We give expressions for the Whittaker functions at the minimal K -types in Theorem 5; these are due, in
greatly different language, to Miyazaki [2010], who obtained them by studying their differential equations
and then applying a certain induction argument, but we take this a step farther by evaluating the base case
directly from the Jacquet integral, thus fixing the relationship between elements of the principal series
representation and the Whittaker model, as well as the cusp forms, via the Fourier expansion. This is
significant for the theory of special functions on GL(3) because the Mellin—Barnes integral is simpler
analytically, but the Jacquet integral has a certain algebraic structure (i.e., the many identities of [Buttcane
2018, Section 3.1]) that we fundamentally rely on in constructions such as the Kuznetsov formulas (see
[Buttcane 2016; 2017b; 2017c], and note the extensive use of the properties of the Jacquet—Whittaker
functions there). Conversely, we must then rely on Miyazaki’s solution of the differential equations (or
representation theory) for the uniqueness property.

Such precise knowledge on the minimal-weight forms is, to the author, of primary use in developing
spectral Kuznetsov/Petersson trace formulas and thereby Weyl laws and the many derived applications
for studying such forms. These will appear in future papers on the topic, e.g., [Buttcane 2017b; 2017c].

A primary tenet of this paper, in combination with the previous part [Buttcane 2018], is to be self-
contained. We generally succeed here except for three external pieces which are collected into Theorem 1:
First, we do not prove the initial spectral decomposition; this is a standard proof using the techniques of
Selberg, studying integral operators first carried out by [Gel fand et al. 1969], and can be found in the first
few pages of [Harish-Chandra 1968], or [Langlands 1976], or in a number of other books, e.g., [Osborne
and Warner 1981]; see also [Iwaniec 1995, Appendix A]. Second, we quote the trivial bound for the
principal series representations; this is a bound on Langlands parameters for the conjecturally nonexistent
complementary series and can be found in [Vahutinskii 1968]. Lastly, we do not prove multiplicity one for
Whittaker functions; from the analytic perspective, we are avoiding the solution to a lengthy problem in
partial differential equations, but it follows in the representation-theoretic language from [Shalika 1974].
The details of these connections may be found in the discussion following Theorem 1.

The proofs below will generally assume that the quotient is by I' = SL(3, Z), but of course only the
Fourier expansion will see the particular discrete group in use.
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2. Some notation and background from Part I

We recall the notation of Part I of this series of papers. Throughout the current paper, section, equation
and theorem numbers beginning with an I reference [Buttcane 2018], so for example Theorem 1.1.1
references [Buttcane 2018, Theorem 1.1] and (I1.2.3) references [Buttcane 2018, equation (2.3)].
Let G = PSL(3,R) = GL(3, R)/R* and I' = SL(3, Z). The Iwasawa decomposition of G is G =
U(R)Y K using the groups K = SO(3, R),
1 xp x3
U(R) = Il x;]|x;eR}, Re{R,Q,Z},
1

Y™ = (diag{y1y2, y1, 1} | y1, y2 > 0}.
The measure on the space U (R) is simply dx := dx; dx, dx3, and the measure on Y is

V= dy dy>
)
so that the measure on G is dg := dx dy dk, where dk is the Haar probability measure on K (see

Section 1.2.2.1). We generally identify elements of quotient spaces with their coset representatives, and
in particular, we view U(R), YT, K and I as subsets of G. (Note that these subspaces of GL(3, R) do
inject into the quotient G, which is not generally the case for equivalent subspaces of GL(2n, R), since
—1 eSL(2n, R).)

Characters of U (R) are given by

l)”m(x) = wml,mQ (x) =e(mix; +mpxy), e(t)= e27rit’
where m € R? Characters of Y+ are given by the power function on 3 x 3 diagonal matrices, defined by

pu(diaglay, az, as}) = |a1|"" |az|**|a3|*,
where 1 € C3. We assume jt1 4 o + 113 = 0 so this is defined modulo R*, renormalize by p = (1,0, —1),
and extend by the Iwasawa decomposition

Pp+u(rxyk) =y11_“3y21+”‘, reR, xeUR), yeY™ keKk.

The Weyl group W of G contains the six matrices

() et ) o)
) o) )

The group of diagonal, orthogonal matrices V C G contains the four matrices v, ., = diag{ey, €1€2, €2},

e € {£1}% which we abbreviate V = {v oV, v_,v__}. The Weyl group induces an action on the

+—
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coordinates of u by p,w(a) := pu(waw_l), and we denote the coordinates of the permuted parameters
by w} == (u");, i=1,2,3.

Part I made explicit the continuous and residual parts of the Langlands spectral expansion, and it
remains to do this for Lgusp(F\G), the space of square-integrable functions f : I'\G — C satisfying

the cuspidality condition described below Theorem I.1.1, or equivalently, whose degenerate Fourier
coefficients are all zero:

[ fug)y,(u)du =0 whenever njn, =0, n e 7% (D)
U@\U(R)

We will describe such functions in terms of their Fourier expansion (see Section 1.3.6) and their decompo-
sition over the Wigner D-matrices.
If we describe elements k = k(«, B, ) € K in terms of the Z-Y-Z Euler angles

cosf —sinf 0O
k(a, B,y) :=k(x,0,0) w3 k(—p,0,0) w3 k(y,0,0), £(0,0,0):=|sinf cosfd 0], 2)
0 0 1

then the Wigner D-matrix D? is the (2d-+1)-dimensional representation of K primarily characterized by
DY (k(8,0,0)) = R4 (), RY(s) := diag{s?, ..., s79}, seC. (3)

The entries of the matrix-valued function D? are indexed from the center:
d d
D_d’_d D_d’d
D = : " :
d d
D q—d - D d0.d

so in particular D}‘fﬂ’m(k(é, 0,0) = e~™'% when m’ = m and zero otherwise, as the indices m’ and m run
through the integers —d, ..., d. Similarly, we index the rows Di, = (Dfi/’_ dr s D;i,’ 4) and columns
Df{ = (D‘i dms - Dg’ m)T from the central entry as well. The entries, rows, and columns of the derived
matrix- and vector-valued functions (e.g., the Whittaker function (7)) will be indexed similarly. The
Wigner D-matrices exhaust the equivalence classes of unitary, irreducible representations of the compact
group K ; hence they give a basis of L2(K), as in Section 1.2.2.1, by the Peter—Weyl theorem.

The entries of the matrix D?(k(0, B, 0)) = D4 (w3)D? (k(—B, 0, 0))D? (w3) are known as the Wigner
d-polynomials. For the most part, we will avoid the Wigner d-polynomials by treating D?(w3) as a
black box, that is, as some generic orthogonal matrix. The notable exceptions are in Section 4.8 and

Proposition 15, and we frequently use the facts (see Section 1.2.2.2)
D! (ve 1) =diag(e?, ..., 67}, DL, (o) = (=)™ Sre . (4)

The notation §p here is 1 if the predicate P is true, and O if it is false.
A complete list of the characters of V is given by xe,.e,» & € {£1}%, which act on the generators by

XEl,Ez(Uer) =&, X£1,£2(v+7) = &. (5)
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These give rise to the projection operators

1
£y =12 xWDw). 6)
veV
which are written out explicitly in Section 1.2.2.2 using the description (4). We sometimes use the
abbreviation Efl’ o = Eim.

Throughout the paper, we take the term “smooth”, in reference to some function, to mean infinitely
differentiable on the domain. The letters x, y, k, g, v and w will generally refer to elements of U (R),
Y, K, G, V,and W, respectively. The letters x and v will generally refer to characters of V and U (R),
respectively, and u will always refer to an element of C? satisfying 1 + 2 + 43 = 0. Vectors or matrices
not directly associated with the Wigner D-matrices, e.g., elements n € Z2, are indexed in the traditional
manner from the left-most entry or the top-left entry, respectively, e.g., n = (ny, ny); when it becomes
necessary to make it explicit, we will refer to this as “standard indexing”.

There is a technical point in relation to differentiability on quotient spaces: we denote by C*(I"\G)
the space of infinitely differentiable functions on I'\ G, and one may define the differentiability on either
of the smooth manifolds I'\G or G itself (i.e., C*°(I"'\G) as the space of infinitely differentiable functions
of G which are left-invariant by I") or conceivably by restricting to just the left-translation-invariant
differential operators, i.e., those coming from the Lie algebra of G (see Section 4.1). In the present case,
it turns out the space of functions does not depend on these choices, and this is a discussion best left to a
text on smooth manifolds; see [Lee 2013, Theorem 9.16].

The majority of the paper will be concerned with the matrix-valued Jacquet—Whittaker function at
each K -type D:

Wi e= [ 1 g 0T du, 1k, = 2D, ™
whose functional equations in u (Proposition 1.3.3),
Wg w10 =T w, W (g, 1" Y1), weW, 8)
are generated by the matrices
T (wa, ) =172, (2 — 1, +1), ©)
T4 (ws, ) =27 D (w__w) Ty, (3 — pa, +1DD! (wyv_ ), (10)

and F)‘fv(u, ¢) is a diagonal matrix coming from the functional equation of the classical Whittaker function
(1.2.20): if W9(y, u) is the diagonal matrix-valued function with entries (see Section 1.2.3.1)

© 1+ix

W (. u =f 1 +x —§<1+“>(—

m,m(y ) —oo( ) 1+x2
( |y 1+

YIT (51 —em +u)) W_iem 1, Gl ity #0,
2

= 11
2174 T (u) . (1
if y=0,

F(%(l +u+m))F(%(1 +u —m))

) e(—yx)dx
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(where W, g(y) is the classical Whittaker function), then for y # 0, we have the functional equations

T(5(1—em+u))

WA, —w) = GlyD ™ Ty (u, sgnODW o), Dy, 8) = - (0 —em—m)’

(12)

The function W9(g, i, ¥), as an integral of a Wigner D-matrix, is again matrix-valued, and we index
its rows W,i/, columns W.‘fm, and entries W,‘fl/’m from the central entry, i.e., by the same convention as
the Wigner D-matrices. The matrices T¢(w, 1) are indexed by the central entry as well, and satisfy the
composition

T (ww', p) = T (w, WT W', u*). (13)

3. The main results

Let A be the space of smooth, scalar-valued cusp forms, equipped with the usual L? inner product,
that is, the functions f € L>(I"'\G) which are both infinitely differentiable and satisfy the cuspidality
condition (1). We further impose on elements f € A the technical requirement that

there exists » > 0 such that for all X € gc we have sup|[(Xf)(@)|lgll™" < oo. (14)
geG

Here gc is the complexified Lie algebra of G (see Section 4.1), and lgl®> = > ik lg;j, «|? is the Euclidean
norm resulting from the natural inclusion G C R°,
Now let A%, d > 0, be the space of smooth, vector-valued cusp forms with K-type D4 that is, the

functions f : T\G — C??*! taking values in the complex (2d+1)-dimensional row vectors, satisfying
f(gk) = f(g)D%(k) and having finite norm under the natural inner product

(fl,f2)=f fl(g)fz(g)ng=/ i@ ()" dz. (15)
r'\G I\G/K

\G/

We again impose on elements of A the moderate growth condition (14).
In Section 4.3, we describe the decomposition of A into the spaces .A¢ by the projection operators
on K. As discussed in the Introduction, we will use three external results about these cusp forms.

Theorem 1. (1) The space of scalar-valued cusp forms decomposes into a direct sum of simultaneous
eigenspaces A, of the Casimir differential operators A\ and A, (see Section 4.2). We parametrize the

eigenspaces by the eigenvalues of the corresponding power function

AiPpin = (W Ppips M) =1— i +u3+13),  ra(w) = wimopus;

i.e., functions f € A, satisfy A; f = X () f. Again, the eigenspaces A,, further decompose into Aﬁ. The

space Aﬁ is finite-dimensional.

2) IfAﬁ # {0} with d € {0, 1} and w of the form (x +it, —x +it, —2it), x,t € R, then |x| < %
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(3) The n-th Fourier coefficient of ¢ € A, lies in the image of the Jacquet integrals. That is, for any
¢ € A, which lies in an irreducible component of the right-regular representation of G, there exists some
f € C*®(K) and some coefficients c, € C, n € 72, so that for any n € 7>,

/ ¢ (Wug)Yn(u)du :Cn/ Ly, p(wiug) Y (u) du,
U@\U(R)

U(R)

with I, ¢ (xyk) = pp1. () f (k). The integral on the right converges absolutely on Re(jt1) > Re(up) >
Re(u3), and must be interpreted by analytic continuation when one or more Re(u;) = Re(u;), 1 # j.

Part (1) is Theorem 3 and Lemma 18 in [Harish-Chandra 1968]. Part (2) is the unitary dual estimate
noted in [Miller and Schmid 2011, Appendix A.1]; of course, stronger estimates are known for d =0,
e.g., [Kim 2003, Appendix 2], and the d = 1 case follows by Rankin—Selberg theory (as [Jacquet and
Shalika 1981] does for the unramified case), and this computation is given in [Buttcane 2017a]. Part (3)
is a well-known reformulation of Shalika’s multiplicity-one theorem [1974, Theorem 3.1]; it is the
combination of several deep results of representation theory, and requires a representation-theoretic proof;
we give the details in Appendix A. In particular, the meaning of the Jacquet integral on the right-hand
side in the case that some Re(u;) =Re(u;), i # j, is made explicit there. The coefficients ¢, are called
the Fourier—Whittaker coefficients, though in practice they are usually scaled by a factor |nin,|, as in
(I.3.31), and the Whittaker function used is instead the completed Whittaker function at the minimal
K -type, as in Theorem 5, below.

The assumption that ¢ lies in an irreducible component of the right-regular representation of G is not
restrictive, and this, as well as the meaning of the statement, is explained in Appendix A.

3.1. The minimal-weight forms. In Section 5.2, we will show the Lie algebra of G gives rise to five
differential-vector operators Y : Ad — Ad*e g =2 —1,0,1,2 (see (82) and (83)) which are left-
translation-invariant. We describe the cusp forms by their behavior under the action of these operators. In
Section 10.1, we will show:

Proposition 2. Define the differential operator
Ay =2TAS+4(A +x2 = D)(A; +4x° —1)2, xeR. (16)
Then for ¢ € A%, the following are equivalent:
(1) ¢ is orthogonal to Y' A?~!, Y2 A2 and Y°Y? A9~2,
(2) ¢ isazeroof Y™\, Y2 and an eigenfunction of Y°.
(3) d =0, d =1 or ¢ is a zero of the operator A%(d_l).

We say that such a ¢ is at its minimal K-type, or that ¢ is a minimal-weight form, and we define
A% < A? to be the subspace of such forms. Further define Aﬁ* to be the subspace of simultaneous
eigenfunctions of A and A, with eigenvalues matching p,4,..



Higher weight on GL(3), II: The cusp forms 2245

The value of a description as in part (3) is that it involves only the particular K -type we are interested in,
without reference to A9~! or A9~2 We initially take part (2) of the proposition as our working definition
of minimal-weight forms, and the equivalence of the two remaining conditions comes at the very end of
the paper in Section 10.1; in particular, after we have Theorem 3, below.

The appearance of Y in the above proposition is strictly to accommodate an exceptional case that
occurs at d = 2 and begins to trouble us in Section 8 (see the discussion following Proposition 14).

For vectors in C24+1

associated in some manner with the Wigner D-matrix (or the Jacquet—Whittaker
function), we again index from the central entry. For |j| < d, let 0]4 be the (2d+1)-dimensional row
vector with entries
d
0 = 0w=j, M| =d, 17)
and set

dt _ 1,.d dod
u; =5 (05 £ (=1)%Z)). (18)
In Section 8.3, we prove:

Theorem 3. Suppose ¢ € Aﬁ*. Then its n-th Fourier coefficient, n € 7% is a multiple of f W9 (-, ., ¥,
where f € C¥*! and y can be taken as one of the following:

(1) ford =0,we use f =1 andRe(n) =0o0r u = (x +it, —x +it, —2it), |x| < %,
(2) ford =1, we use f =u(1)’_ andRe(p) =0or p = (x +1it, —x +it, —2it), |x| < 1
3) ford =2, weuse f =us™ and p = (3(d — 1) +it, —1(d — 1) +it, =2it),

with x, t real.

The (scalar) multiple of the theorem is again the Fourier—Whittaker coefficient. Notice that the
components of ¢ = (¢—g4, ..., Pq) € Aﬁ* are scalar-valued cusp forms ¢; € A,,; then for ¢;, the element
of C*°(K) whose existence is assured by Theorem 1(3), call it f, is precisely f ky=f Df{ j (k), where f
is the vector given in the above theorem.

We note that the symmetric square of a holomorphic modular form of even weight £ will occur at
minimal weight d = 2k — 1 with p as in Theorem 3 part (3) at + = O; cf. [Buttcane and Miller 2017,
Section 6.4].

The strong Selberg eigenvalue conjecture states that cuspidal representations occurring in the spectral
expansion should be tempered; in the context of Theorem 3, this is precisely the statement that only
the case Re(u) = 0 occurs in parts (1) and (2). The argument of Section 10.1 also gives an equivalent
statement of this conjecture:

Conjecture 4. The null space of A, in the cusp forms L2, ("\G) is trivial for x € (0, %)

cusp
In fact, we expect A, x € (0, %) to be a positive operator on the cusp forms.
A by-product of the analysis of Section 8.3 is the explicit determination of all vectors f € C2¢+!
such that f Wa(-, w, ¥y is identically zero, when w is in the standard form (107). In studying the
action of the Lie algebra, i.e., the action of the Y operators, on the Whittaker functions of cusp forms,
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Theorem 1(3) allows us to pass from Whittaker functions defined as Fourier coefficients of cusp forms
to Jacquet integrals of power functions (that is, elements of the principal series representation). In this
way, and having studied the operation of the Y“ operators on the power functions, the determination
of precisely which power functions are killed by the Jacquet integral becomes the main obstruction to
studying the action of the Y operators on the Whittaker functions. Once we have a solid grasp on the
action of the Lie algebra on the Whittaker functions, the return to studying cusp forms is more or less
immediate from the Fourier expansion.

In Theorem 3, the vectors f = ugﬁs, with § € {0, 1} and & = %1, are the rows of the matrices E;‘f as
in (6) where x = x(_ys . as in (5). Specifically, for ® € A“*_ the character y is

X.. ifd=0,
X ifd=1, (19)
X(_])d’+ ifd 22

We have essentially forced a choice of the character y in Theorem 3 to make the vector f as nice as
possible, and this is done by applying the functional equations of the Jacquet—Whittaker function as in
Proposition 15 (which permutes both the character and the coordinates of u, see (1.3.27)); other allowable
choices are x__ or x_, whend =1 and y(_jy _ or x4 ) ford > 2.

In Section 7, we compute the Mellin—Barnes integrals for the Whittaker functions of GL(3) automorphic
forms at their minimal K-types. These have been computed by Miyazaki [2010] for d > 2, Manabe,
Ishii and Oda [Manabe et al. 2004] for d = 1 and Bump [1984] for d = 0. In case d > 1, the bases
used are somewhat different than ours, and for d > 2, the results here are somewhat stronger than
Miyazaki’s because we have solidified the connection between the Jacquet—Whittaker function and the
Mellin—Barnes integral. (Theorem 5.9 of [Miyazaki 2010] contains the phrase “there is an element [of
the Whittaker model]”’; we have very precisely answered the question of which vector in the principal
series representation gives rise to that element.)

Fora € {0,1}3, B,ne€ 7>, ¢ €7?and s € C? define

G, B.n, s, 1) =

M) = 23T (A0 oy 4 1 — )T (A 2+ i1 — )T (L0 + a3+ 2 — p3)), - (20)
1 , 1)
2

[T T(ABi + 51— )T (L ni 452+ 1))
T(50s1+s2+>;(Bi +mi) —2d))

GO, 5, 1) =G(0,0,0,5, 1), Gl s, 1) =G, (€1, 01,1 =£1), (€2, €2, 1 —€), 5, 1), (22)

and for d > 2,
A*(p) = (=D =3 D@ (S + = )T (3@ + 1 — pa)). (23)

G4t s, u) =G, (d,0,£)),(0,d, ), s, w. (24)
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Now for |m’| < d, write m’ = em with e = +1 and 0 <m < d, set

G4 = (24 ) Yo (M) F @ —m 05,0, 25)
£=0

and take G(s, W) to be the vector with coordinates Gi/(s, w, m'=—d, ... d.
We define the completed minimal-weight Whittaker function at each weight d as

W (y, p) = (y) T (ry2) TG (s, )

Qmi)? (26)

472 JRe(s)=s
for any 5 € (RT)2
Theorem 5. The Whittaker functions at the minimal K -types are

A©.0.0 WOy, i, Y1) = Wy, w),
ﬁA(o,l,l)(M)u(l)’_Wl(y, w11 = W, ),
—2A¢10.0 0y Wy, e, i) = Wy, 1),
200,10 GOu W, 1, ) = W, 1),
and for p = (3(d — 1) +it, =3(d — 1) +it, =2it) withd > 2,
AW s Y1) =W, ), Wi, =0,

As mentioned in the Introduction, this is the main vehicle for the analytic study of GL(3) automorphic
forms. It has applications in the functional equations of GL(3) L-functions (see, e.g., Section 6.5, especially
Lemma 6.5.21, of [Goldfeld 2006] or [Hirano et al. 2012]) and their Rankin—Selberg convolutions (see,
e.g., [Stade 2002; Hirano et al. 2016; Buttcane 2017b; 2017c¢]), and is fundamental to the creation of
Kuznetsov-type trace formulas (see [Buttcane 2016; 2017b; 2017¢]), among other applications.

3.2. The full spectral expansion. 1f ® € Aﬁo*, do > 0, has Fourier coefficients

pa () fFWO(- 1, yry)

with the parameters © and f given by Theorem 3 and y is given by (19), then for all d (not just d > dp),
we may construct two matrix-valued forms

UOETEEDY YD pemZEW(yvg, 1, ), 27)

ye(U@V)\SL(2,Z) veV neN?
and &4 (g) defined similarly but using the spectral parameters —t instead. Note that this is not the dual
form. We will insist on a slightly unusual normalization (166) of ®.
In Section 9, we look at the spaces of vector-valued forms generated by applying the Y¢ operators to

the minimal-weight cusp forms. More precisely, we operate at the level of the coefficient vectors. That is,
if v lies in an appropriate subspace of C2¢*! (the row space of Ei), then the entries of p,4, (y)vD? (k)
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lie in the principal series representation and the entries of de(g, W, ¥y,) lie in the Whittaker model, and
we will show the entries of v®? (g) (or more precisely vEDd(g)) are cusp forms. Since the Y operators
function identically on all three objects by left-translation invariance, we are free to study their behavior
on objects of the first type.

Now let Sg{ . bea basis of .AZ* for each d > 0, and take Sg’ to be the union of Sg{ M for all « and
S3 =, Sgi. As described above, for each ® € S3 and every d, we may construct the two matrix-valued
forms @ and . It is the case that the function ®¢ will be identically zero when d is less than the
minimal weight of &, and in Section 10, we pull everything together into the following very uniform
expansion of cusp forms:

Theorem 6. For f € A, we have

f@=3 Z(zd+1>Tr(¢d<g> fr . f(g/)EISd(g/)ng’).

PeS; d=0

The equivalent statement for a vector-valued form f € A¢ is

fo=3 /F TP a5 o) (28)

‘13‘653

This completes the spectral expansion.

Each vector-valued cusp form of K-type D corresponds to 2d+1 scalar-valued forms, and the
multiplicities of a given ® € Sgio* in the vector-valued forms are essentially the rank of the matrices X,
with the middle 2dy — 1 rows removed if dy > 2. By the types listed in Theorem 3, these multiplicities are

(1) 3d+1if d is even and J(d — 1) if d is odd,
Q) [3d+1)],
3) [3d—do) | +1if d > dy.

4. Background

4.1. The Lie algebras. The complexified Lie algebra of G = PSL(3, R) is gc = s1(3) ®g C, the space
of complex matrices of trace zero, and the complexified Lie algebra of K = SO(3, R) is €¢, the space of
antisymmetric matrices. These matrices act as differential operators on smooth functions of G by

XN =4 fgexptX)| . (X+iV)f =Xf+iVf, 29)

when the entries of X and Y are real. We will not differentiate notationally between a matrix in the Lie
algebra and the associated differential operator. Note that the commutator of the differential operators
associated to two such matrices is then given by the differential operator associated to the commutator of
the matrices; that is,

[X,Y]:=Xo0Y —-YoX=XY-YX.
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We take as our basis of £¢ the three matrices

00 FI 010
Kai=| 00 -], kKo=+v2|-100]. (30)
+1i 0 000

In terms of the Z-Y-Z coordinates of Section 1.2.2, the associated differential operators acting on a
function of k(«, B, y), are

Kii=eT7(icotfd, Tog—icschiy), Ko=—+29,. (31)

On an entry of the Wigner-D matrix, the K1 operators increase or decrease the column [Biedenharn and
Louck 1981, Section 3.8],

KD = Vdd+ 1) —mmEDDL, o ), m| <d, (32)
and K does not,
KoDY, ,, =~2imDL, .. |m'|,|m| <d. (33)
The Laplacian on K is given by
2Ak =K10oK_|+K_ 10K — Kjyo Ky, (34)
and the Wigner-D matrix satisfies
AgD? =d(d+1)D". (35)
We extend to a basis for gc by adding the five matrices
1 £ 0 00 %1 NG 10 0
Xio=|=£i -10}), Xgy=—-| 00 i], XOZ_T 01 0]. (36)
0 00 +1i 0 00 -2

Though the details of their construction are not used in this paper, these matrices are deliberately
constructed so that
k@, 0,0)Xjk(—a,0,0) = e 7X;, |j] <2, (37)

and they are orthogonal to £¢ and have identical norm under the Killing form (up to a constant, the natural
inner-product resulting from the inclusion g¢ C C°):

Y X1 Xl = 40—k, Y [XuJij Kl j =0, Y (K1 j[Kilij =48k=k,  (38)
i,j i,J i,J
where [X]; ; means the entry at index 7, j of the matrix X as in (36), and similarly for [Ky]; ;. Such a
choice makes the description (74) relatively nice.
For use in Sections 5.1 and 5.2, we introduce the right K -invariant operators (which act on the left):
For smooth functions of K, define

Left _ i .
(K} )0 = 2 fexptKph)| .
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Then we have [Biedenharn and Louck 1981, Section 3.8]
K5 = —20,, KM= e*(icsc B3, —icot B8, T 9p). (39)

These perform the symmetric operation to the K; on entries of the Wigner-D matrix:

KDl =dd+1) —m'm FODL_ .. KEDL, ,, =V 2im' D!

m',m>

im'|, Im| <d. (40)
And the K Laplacian may also be written as
ZAK — K{_‘eft o KLift—F KL(ift o K}left _ K(I)_left o K(]).Eft (41)
We extend these operators to smooth functions on G by the expressions (39).
4.2. The Casimir operators. The (normalized) Casimir operators are defined by
1 1
Ar=—3 Y EijoEj;, Ay= 3 Y EijoEjioExi+ A, (42)
ij i,jk

where E; ;, i, j € {1, 2,3}, is the element of the Lie algebra of GL(3, R) whose matrix has a 1 at
position i, j and zeros elsewhere, using the standard indexing. In the Lie algebra, these are sometimes
called the Capelli elements, and we require their expressions as differential operators. For operators of
this complexity, this is typically done on a computer, but in Appendix B, we give sufficient details that

the computation could (but likely shouldn’t) be carried out by hand.
On functions of G/K these become [Goldfeld 2006, equations (6.1.1)]

Al = _Y%ayz'l - y228y22 + y1y20y, 9y, — ylz()é + y22)8§3 - y12831 - y%a)%z - 2y12x23xl s (43)

A; = _Y%y28§1 8y2 + ylyzzayl 8)272 - y13)’2a)%3 8y1 + )’1)’58)%28)/1 - 2y12y2x28x1 Oxs ayz
+ (=3 + ¥3) Y1205, 0y, — Y1205, y, -+ 29795 0, Oy Oy + 27 V3 X205, 0,
+ 3702 — y302 + 297020y, 0y, + (63 + ¥3)yT02 +y702 — y302.. (44)

We will require expressions for the full operators, i.e., those acting on functions of G.
We define the operators

Z1 = (2y20y, — y19y,) £2iy»0x,,
Zi1 = —2iy1(0x, + x20x;) F 2y1Y20x;, (45)
Zy= —\/gylayl;
then the full Casimir operators on G are given by the following lemma.

Lemma 7. Acting on functions of the Iwasawa coordinates x1, x2, X3, y1, Y2, &, B, v, the Casimir opera-

tors have the form

8A; =8AS—2K 07 | —V2iK Mo (Zy—Z 5)—2K% 07, (46)
96A; =96 A5+ 2K o T 44/ 2i K5 Mo To+ 2K Mo T +6/2i (K + KMo Ko (Z_1 — Z1), (47)
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where
T+1 =«/€Z:F1 0Zo+6(1—Zx2)0Z4y,
To=3(Z10Z1—Z_10Z_1)+2(N6Zy+6) 0 (Z_ — Z5).
Given a computer algebra package (and a sufficiently fast computer), one can compute these expressions
by computing the differential operator for each E; ; acting on
= f(x1,x2, X3, y1, 92,2, B, )

from the Iwasawa decomposition (as in Section 1.2.4) for
xykexp(tE; ;) ~xyk(I +tE; ;) (t small)

(one can simplify this process using (76) or (168)), then forming A; f directly from (42) and having the
computer algebra package collect terms according to the derivatives of f. We give a somewhat more
explicit proof in Appendix B.

4.3. The projection operators. Let c (G, D) be the space of smooth functions on G that lie in the span
of the entries of DY. That is f € C(G,D?) if and only if

fey = D" fwmCy)Dh k)
|m'|,|m|<d

for some collection of functions f,,,, : G — C. For f € c (G, D), taking the expansion (I.2.10) of
fe(k) := f(gk) into Wigner D-functions and evaluating at the identity k = I gives

flo=0d+1) ) f f@KDE (k) dk' = > (Ph)(®).
|m|<d |m|<d

where

B f)(g) = 2d + 1) / F(gk) DT () dk 48)

is the projection onto the span of the m-th column of D<.
The projection operators may also be written as

P f(xyk) = (2d 4+ 1) Z/f(xyk)D Wk dk DL, (k).

Im'|<d

Pl Y B

Im|<d

Also let

Note that the projection operators (48) commute with the differential operators A and A; by translation
invariance, but the projection onto the span of a single Wigner function foz' ,, might not.
Now if f € c (G, D%), we may write f in terms of row-vector-valued functions which transform by D,

Fayk) =" frelyk),  febeyk) i=Q2d +1) / Faykk)DEK ™Y dk = fe(ey)DA (k)

lel<d
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(here fy ¢ is the entry at index £ of the vector-valued function f;), so we may move to considering vector-
valued functions; say C(G, DY) is the space of smooth vector-valued functions f(xyk) = f (xy)Dd (k).
Define the vector projection operators P,‘,’l . C(G, D) — C(G, D% by

PLF)(g) = (2d + 1) /K Fek)DL Ky dk.

Note that we have an isomorphism C (G, D?) = C(G, D?)24*! as each scalar-valued function gives
rise to one vector-valued function for each row of D% These functions are inherently linear combinations
of the rows of D (k),

(foaGeyk), .o faxyl)) = Y fur(xy) D (),

Im’|<d
and the entries may be written as
Fn@yk) =Y fur ) D (K).
lm’|<d

The raising and lowering operators on K then give

Kt fu(eyk) = v/d(d +1) = m(m £ 1) fruz1 (xyk), (49)
using f,,, = 0 when |m| > d. The operators TNJEI and K1, have simple commutation relations,

PiKs1 = Ke1 Py, (50)

and this gives

P{Kii=dd+1)—tEEDPL,. (51)

4.4. Clebsch—Gordan coefficients. 1t is a fact from the theory of the Wigner-D matrices that any product
Dj?’ eDZu,m lies in the span of {Dgﬂf jme | |b] < a}. More precisely, we have [Biedenharn and Louck
1981, equation (3.189)],
k yd d.k,agqd k,ad
Dj,iDm/,m = Z le’,jamm,i aDm—’:L-lj,m-‘ri’ (52)

la|<k

using the Clebsch—Gordan coefficients
d.k, . .
AV = (kidm | (d+a) (i +m)),

(we prefer the shorthand Qlilja over the standard notation (- - - | - - - ) in the interest of compactness) or
the Wigner three-j symbols via

v gy \_ (iR
(Ijjl o Z3)=ﬁ(hmuzmz|hm3)- (53)
- 3

The coefficients are defined to be zero unless

Im| <d, |il<k, |m+i|l<d+a, |d—k|<d+a=<d-+k. (54)
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One particular symmetry relation is [DLMF, equation 34.3.10]

—m, —i"
Because we only use k = 2 and k = 1, these may be found in [Abramowitz and Stegun 1964,
Tables 27.9.2, 27.9.4], and we list the relevant values here: set
(=)' (d—m)! (d +m)!

ifa <0,
edka _ VQd+2a+1)2d+a—k)! 5 Vd+a—i—-m!(d+a+i+m)!
\/(k—i)!(k+i)!(2d+a+k+1)! \/(d—i—a—i—m)!(d—i—a—l—i—i—m)! )
otherwise;
V(d—m)! (d+m)!
then
TN 3 =2 6es? 56
AL =2V6(i(d + 1) +2m)el ! AL =2V6(di —2m)el ! (57)
ALY =22d* (1% — 1) +d(5i® + 6im — 2) +3(i +m) (i +2m)) €30, (58)
AL = —V2ed T Al = 2+ ) +myed Al = Vel (59)

4.5. The commutation relations. We record the commutation relations amongst the differential operators.
This is most easily expressed in terms of the Clebsch—Gordan coefficients

[X;, X¢] %ﬂlf%“”,M,L&xu—vz”@“oﬁb (60)
[K;, Kkl = wljk Kk, (61)
and the Clebsch—-Gordan coefficients, as matrices 2A9-%-%, are
0 0 0 245 2J10 0 2V6 23
| 0 0 —+/30 =10 25 X 23 V6 32
mZ’Z’—lzm 0 V30 0 —v30 0 |, 912’1’0:6 32 0 321,
—25 V100 V30 0 0 —32 =6 23
—2J10 =25 0 0 0 —2J3 =246 0
a V2 2
22(110_ _ﬁ 0 ﬁ
V2 -V2 0

4.6. Barnes integrals. We will make use of Barnes’ second lemma [1910, Section 6]: fora, b, ¢, d, e €C,

% M(a+s)T'(b+s)T(c+s)T(d—s)T(e—s) ds
Km L(f+s5) 2mi
_Ta+el'b+e)l'(c+e)l'(a+d)T'(b+d)T(c+d)
B T(f—a)T(f =bT(f —c¢)

., (62)

where f =a+b+c+d+e.
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4.7. The Weyl group and the V group. In Section 8, we will make extensive use of the Weyl and
V group elements and their images under the Wigner D-matrices directly, and in preparation, we give a
few identities that will smooth out the analysis there. First, we note that the Weyl group is generated by
the transpositions wy and ws:

W4 = W3W2, Ws5=wWrW3, W;=WrW3W2 = W3WrW3. (63)

Next, we investigate the commutation relations between W and V':

w2U81,82w2 = U8182,825 w3U81,82w3 = U81,81825 w4U81,82w5 = v8182,€15

w5U81,€2w4 = U82,81827 wlvé‘],sz wl = v€2,81~ (64)

Now we need to see how the matrices D?(w,) and D4 (v), v € V, interact with the rows of the E;‘g

matrices, which are the vectors ud * as in (18). From (4), we can see that
uht D (v, () = e, DY (v, 6y) = & £2ub T, (65)
or equivalently,
D )= (-Dude, ub (v, ) =euds. (66)

From Sections 1.2.2.2 and 1.2.2.3, we can see that
DY (w) = D! (v, YRY (D) =RI DD (v_), (67)
and it follows that if ¢ = (—1)", then
ud- :I:Rd(l) —m,d, dike wEDA (1) = uds :I:Rd(l-)Dd(v__) _ :l:l-fmug{:l:e‘ (68)

m

4.8. Wigner d-polynomials and Jacobi P-polynomials. The Wigner d-polynomials

dg, ,(cos B) =Dy, (k(0, B, 0)) (69)

may be given in terms of Jacobi polynomials [Biedenharn and Louck 1981, equation (3.72)]

_ d+m)! (d—m)! [P 1 , - /
Qi () = 27" ((Hm/i.id_m,)),(l—x)i(m ()2 B ) (70)

and they satisfy the symmetries [Biedenharn and Louck 1981, equations (3.80)—(3.82)]

(x) _ ( l)m +mdd

—m’ ,—m

@) = (=D"*dy, ). (71)
We will need the first two Jacobi polynomials; they are [DLMF, equation 18.5.7]

PPy =1, PP ) =L@~ B+xQ+a+p)). (72)
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5. The action of the X; operators

5.1. The X; as differential operators. Starting from (45), we define the differential operators
Ziv=7ur F i\/TiK(])“eﬂ, Ziy =74 — K5t Zo = 2. (73)

Lemma 8. As differential operators in the Ivasawa U-Y -K, i.e., g = xyk, coordinates, the X; operators
have the form

2
X; = Z D; () Zy. (74)
=—2
We have expressed, as we may, all of the trigonometric polynomials in «, 8, y in terms of the Wigner
D-matrices in preparation for application of the Clebsch—Gordan multiplication rules; see Section 4.4.

Proof. We have the relation (37), and it can be computed directly using
120 =6 =2 1
=2i 2 0 2 2
Dwn=1|-v6 0 -2 0 -6
2i 2 0 2 =2
1 —2i /6 2i 1

that
wiXjws =Y D ;(w3)Xr,
le]<2
so from (2) and (3) it follows that for k € K,
kXjk™' =" Dj ()X, (75)
le]<2

This applies to the simple trick
(X)) vk = f (ey exp(tk Xk~ Hi)| (76)
for a smooth function f on G. We switch to the Iwasawa-friendly basis
Ni=Ey3, Nr=Eip, N3=Ei3 3Ai=E1+Exp—2E33 3A,=2E1—Exx—E33.
The conversion is
Xip=42iN; — A\ +~2A,FiKo, Xi1=—2iN;F2N3—Kyi, Xo=—v6A, a7
and we can compute directly from the definition (29) that
N1 =y10x, +y1%20x;,  No=y20x,, N3=y1)20x, A1=y1dy,, Az=y0y, (78)

as differential operators on functions of U(R)Y Talone. For example, if we write f(xy)=f(x1,X2,X3, Y1, ¥2)
for a smooth function on U (R)Y*, the action of N is computed by

d d
(N1 f)(xy) := = f(xyexp(tNy)) = —f(x1 +1ty1, x2, x3+ty1x2, y1, y2)| -
dt =0 dt t=0
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The lemma follows from applying (75), (77) and (78) in (76). Note that the N; and A; operators are
still acting on the right of the U(R)Y ™ part of the Iwasawa decomposition, and this produces the Z;
operators, but the K; operators are acting now on the left of the K part. U

5.2. The action of X on vector-valued functions. We wish to describe the effect of each operator X
on functions f € C(G, D?). We may restrict our attention to 73?+”X ;f with |a| <2, |£| <d+a, by the
explicit form of the X; in (74) and the fact that a product D“ Dd ,n lies in the span of {Ddtl_’l mtj | |b| <a},
as in (52). Further, the components of f may be obtamed by applying K repeatedly to the central
entry fo using (49), and we have already described the commutation relations of these operators with
Pd+a and X ; 1n (51) and Section 4.5, so we need only consider 735“’ X fo. Lastly, by (74) and (52) only
the j-th column of D4+ is involved in the operator X j fo, so it is sufficient to consider 73;’+“ X; fo for
la] < 2. This gives, in principle, 25 operators to consider, but up to applying K to the result, we have

only the following five operators: Define the vector
Bl = (B, ..., B = (-2 + 1), —(d +3), -3, (d —2),2d),

and for |a|, |j| <2, |m'| <d, set

Zo—m'—2 ifj=—

Z_, if j=—1,

"‘d d2, [P

G=RA070 x| Zo— B if j =0, (79)
Z, if j =1,

Zo+m' —2  ifj=2.

Then we define the operator on Y9 on smooth, scalar-valued functions f e C*®(G) by

d 2
Yrapyyky =Y DEFak) D VO furmj(xy). (80)
m'=—d j=-2
where
Z DY, (k) for (x) = (B ) (xyk). 1)

Here, and throughout, we define f,,, = 0 for |m'| > d.
Proposition 9. Suppose f € c (G, D). Then we have

fp(t)i-i-aX f Q[d ,2, llyd,af’

%i—faxilf: : gifKilY “f.

Jd+a)yd+a+1)
- 1 -
Pd_;’_aX — Q[d,Z,aK K Yd,a )
n Xa2f JdtadtatDJ/dta)dtat) —2 ox2nsnsl 4

Then we can realize Y49 as a composition of left-invariant projection and differential operators:
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Corollary 10. The operator yda.c ®(G) = C*(G), defined by (79) and (80), is given by

1 ~ ~
L Fa=-2.0.2,
0,0

Vda _
Yot = i

K_173d+aX1T3d ifa ==I1.
A2 AT Od+at D ! 0

In particular, Y%¢ is left-translation-invariant.

Note that ng:g’il =0 by (57), so we cannot use the top expression for Y94 when a = +1.
For each d, we may extend this to an operator Y : C*®°(G, C*?*!) - C*®(G, C**+2¢*1) on smooth,

vector-valued functions
C®(G,C** Yy :={f : G — C***'| £ smooth}
by applying Y44 to the central entry and projecting back to a vector-valued function:
YOf =Pgt Y fo,  f=(feas--es fa) €CT(G,CHHD.

The components of Y¢ f € C*®(G, C**+2¢*1) are then given by

2
Yo ey) =Y Vo fourj (23, (82)

j=

and again we may realize this as a left-invariant operator by

ﬁPgﬂxo fo ifa=-2,0,2,

yaf — Oio (83)
——P{TX fo ifa=El.
0,1

The dimension d in the domain of the operator Y¢ is to be understood from context; alternately, via the
natural extension, one may think of Y¢ as an operator on the union of vector-valued functions of all (odd)
dimensions

ye - U COO(G, C2d+1) _ U COO(G’ (]:2d+1), (84)
d d

which satisfies YC>®(G, C?¥*1) ¢ C*®(G, C¥*+24*1) for any d > 0, |a| <2, d +a > 0. In the course
of the current paper, we have no need to place any algebraic structure on the space | J, C*(G, C2d+1,

Proof of Proposition 9. Consider 73;”“ X; f, and assume for convenience ng:jz.’“ = 0, since otherwise the
result is trivial. The function of the operators
1 Ki 1
V(d+a)d+a+1) Vd+a)yd+a+DJ/d+a)d+a+1) -2

is precisely to shift the column of the Wigner D-matrix on which yda f is supported from zero (by (80))

Ki1K4

to =1 and +£2, respectively.
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We apply (40) and (52) to (74), giving

1

d 2 d
Hd+ E : E : d,2,ayd+ E : § d2, d+
Qld,Z,a Pj an f= le/,eapm’—f&j (K)Z¢ fnr (x3) + T (xy) :I:m/mm’.;:zZDm’iaZJ (k)
0,j

m'=—d {=—2 m'=—d +

d
— Y S YA V@ + D) —m (' F DD ).
m'=—d +

Now we send m’ — m’ — £ in the first two sums (using £ = 2 in the second sum), and the result
follows from

oA Vdd+ 1) —m'(m F 1) = AL B
+

which can be verified directly from (56)-(59) or by the properties of the Wigner 3 j-symbol [DLMF,
Section 34.3]. O

5.3. The action of Y on the power function. For each d, define Y] : Cd+1l 5 C2d+2a+] by

Y,‘ff =p—p—u()’)Yap,o+u(Y)f- (85)

As with the definition (84), either the dimension of the domain of Y l‘j is to be understood from context, or
we may use the natural extension

Y/i . U C2d+l — U C2d+1, (86)
d d

which satisfies Y ﬁ@z‘l“ C C+2a+1 and again, we have no need to place an algebraic structure on
2d+1
U €,
The Z; operators collectively act on the power function by eigenvalues as

(Z*ZP,D‘F[,L? RN ZZPp+pL) = (Ml - IU/Z + 1’ 07 \/8([/,3 - 1)’ 0’ M1 — IU/Z + 1)p,0+/,67
and using t)j[ and uj’i as in (17) and (18), we have
Y04 pogp = (047525 (1 — o + 1= ) + 04U (V6(us — 1) — BY)
+ 0l ATT (y — 2+ 1+ ) Porps (87
and by the symmetry (55),
Vi = 2525 G — 1= Huf S AT (VE(us — 1) — B
UG — o+ 1 DUGEE (88)

The reason for the (—1)¢ in the definition of u;.i’i is to maintain consistency across parities of a in the
above equation.
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Because this is the key identity, we write it out explicitly for each a. We assume |j| <d. Ata =0,
Ylgu?’i =0, and when d > 0,

0=16(d+2—j)(d+1—)d+)d—T+ ) —pa+1—Huis
—2(V6(d(d + 1) =3 ps + Vd(d + 1)(2d — 1)(2d + 3)Y ))uf*
+V6(d+2+ Hd+ 1+ )d—)Dd—1— ) — pa+ 1+ Hus. (89)

Ata=1,

V2d(d+1)(d +2)(2d + I)Yliu?’i
=—Vd+1=)d+2=Hd+3= DA+ ) —pa+1- jHuiy™
—2j/d+ 1=+ 1+ ))Bus —d — Dutth*

J
+Vd = DA+ T+ ) +2+ ) +3+ ) — o+ 1+ Huty= (90)

Ata =—1,

V2d(d—1)(d+1D)Q2d + DY, 'uf ™
=—Vd+1=j)d =2+ ) d =1+ )+ ) —pa+ 1= jHui ™
+2j/(d = j)(d+ j)Bps +du

+V(@d—=2—j)d—1=j)d— )Hd+1+j) (a1 — pz+ 1+ Hul = O

Ata =2,

2/(d+1)(d+2)2d + 1)(2d +3)Yjul*
=Vd+1=))d+2—NAd+3— D +4— ) —pa+1 - jHuit>=
+2/d+1-j)d+2—j)d+ 1+ j)d+2+ j)Bus —2d — >+
V@A T+ DA +2+ DA +3+)d +4+ ) — pa+ 1+ Huis (92)

Ata = -2,

2\/d(d—1)(2d — 1)2d + DY, *uf*
=V(d=3+))d =24 )d =1+ j)d+ ) — pa+1— Hu 3=
+2y/(d = 1= j)d = j)(d =1+ j)d+j)Bus+2d — Dui >+
+V/d=3=j)d—=2=j)d—1—j)d— ) —pa+ 1+ Hui 35 (93)

6. Interactions with the Lie algebra

From the discussion of the previous section and Sections 4.1 and 4.3, in studying the action of the Lie
algebra gc on A, it is sufficient to study the action of the Y operators on .A¢. Further, by the Fourier
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expansion (1.3.30), it is sufficient to study the action of ¥} on C?+1 | provided we know which vectors
f € C*¥+! are sent to zero by the Jacquet—-Whittaker function, which we will carefully study in Section 8.2.

For the moment, we need to study the interaction of the Lie algebra, via the Y} operators, with several
common operations.

6.1. The adjoint of Y“. First, we compute the adjoint of the Y operators with respect to the inner
product on A¢. We use the composition of operators given in (83).
Suppose f € G(F\G, D) and h € C(I'\G, D?) are square-integrable, then

/(%nwmwwpamn ﬂ@/%wﬂwwﬂmN@
e G K

=2d+1) (@) hn(g)dg,
G

since the integral over K in the middle is just the m-th row of the identity matrix (indexing from the

center).
If instead f, h € A, with A as in Section 3, then

/ @ﬁ@ﬂ@@=/ f(g) (—=Xh)(g)dsg, (94)
MG MG

directly from the definitions (29) and the Haar measure dg.
Now suppose f € A¢ and h € A?T¢; then if a is even,

2d +2 1 _
l/(Wﬁ@M@f@=£—%%;l (Xo fo)(8) ho(g) dg
NG A G

0,0
_ Qd+2a+1)

ng”g’“ G
_ (@d+2a+1)
Qd + DA

fo(g) (—Xoho)(g)dg

> T
/ F@P§(=X0)ho)(g)" dg,
r\G
so the adjoint of Y¢ is

_ Qd+2a+1) (2d +2a + DAG >

Ya = —_— 0 ong = —
Q2d + DA

Y h,
Q2d + DAY

since the Clebsch—Gordan coefficients and X are real. Similarly, if a is odd, the adjoint is

Gy _ 2d+2a+1)

Py (=X Dhi

d2a’0 ’
(2d + DAy

but we would prefer to use hg, since this is where we have done all of our computations so far, so we use

Sy _ (2d +2a +1)
2d + DJ/@+a)d+a+ DAY

PX_1K 1 ho,
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and PIX_ Kiho = PLKL X 1ho — VP! Xoho = v/d(@d + DPY, X_tho—0
= m%lgi“l’z’_”y—a’
(recall the remark below Corollary 10) giving
pa_ (2d +2a + 1)mmg’+_afz,fa
Qd+1)/d+a)d+a+ DA

In general, after writing out the Clebsch—Gordan coefficients, we have:

—a

Proposition 11. With respect to the inner products (15) on A? and A+, the operator Y* has adjoint

Su o [2d+2a+1 _,
Y4 =—(-1) ‘/WY . (95)

By analogy with (85), we define the adjoint action on power functions ?ﬁ : C2dH2at]l 2441 py

yer .= ye = 1“,/2d+2“+ly—“ 96
W =P WY por N f=—(=1) By f (96)

6.2. The intertwining operators. We require an understanding of the interaction between the Lie algebra,
i.e., the Y operators, and the intertwining operators, a.k.a. the matrices 7¢(w, jt) occurring in the
functional equations of the Whittaker function, as in (8).

First, a lemma:

Lemma 12. Suppose none of the differences ju; — j1j, i # j, are in Z; then for a vector f € c*+l d>o0,
and any U (R)-character v, the vector-valued function f W (g, , V) is identically zero as a function of
g exactly when f = 0.

Proof. For a nondegenerate character ¥, y1y, # 0, and either Re(u1) > Re(uz) > Re(u3) or Re(n) =0,
this follows from (I.3.28) and (1.3.29) and the fact that W9 (g, u, Y¥o.0) and T4 (w, ) are given by products
of DY(v_), D4 (wy), F)‘fv(u, +1), and W?(0, u), which are invertible matrices when u ¢ Z (see (12) and
(I.2.18)). This extends to the cases where only one Re(u;) =Re(u;), i # j, and degenerate characters
Y0,y,» ¥y,,0» Yo,0 by the same argument as in Section 1.3.5. Il

Suppose none of w; —u; € Z, i # j; then for f € C**! and any w € W,

YefT ™ "W (g, ) = YT w ™" DWW, e Y11)
=Y“(f W, u®, Y1.0)
= (Yo W (g, 1u” Y1)
= (Y5 HT ™", "N W (g, . Y1),
and the lemma implies

Yi(fTw™", ") = (Vi AT (™!, 1), 97)

This continues to an equality of meromorphic functions in x.



2262 Jack Buttcane

6.3. Duality. As in (1.5.4), we define the involution ¢ : G — G by g' = wy (g_l)Twl. To every cusp
form ¢ € A, we may associate a dual form ¢Z(g) = ¢(g'w;) € A%, which is frequently used to show
isomorphisms between subspaces of cusp forms. We will require an understanding of this duality, and in
particular, its interaction with the Lie algebra, at the level of Whittaker functions.

Comparing (1.3.22) to (1.3.24), we have the relation

D (v__w) WU, , ) D (wpv_) = WU, —p™, Yry0),
and by (1.3.7), we have
Wy, Y1) =D w__w) WO, =™,y )D (v__wy).
Thus in general, we have
W (g, 1, ¥ri.0) =D (v__w) W v__g'wy, —p™, r1.1). (98)

For f € C*°(G), set f(g) = f(g'w;); then the action of the K; operators on the dual form f is given by

~—

Kif() =< pgwexp—tK )| =4 fgwexprkp| = Kif(s).
Similarly X; f(g) = —)m(g‘). Therefore, for f € C?,
YLD w_w))WH (g, p, Y1) = Y fFWu__glwy, —p™, Y1)
= — (Y HWH @ ghwr, =™, Y11)
==Y D (_w) W (g, . Y11,
and we conclude as in the previous subsection that

Yi(rDN__w) ==Y /YD (v__w)). (99)

7. The minimal-weight Whittaker functions

In this section, we will prove Theorem 5 and analyze some additional, degenerate cases of the Jacquet—
Whittaker integral for the purpose of proving they cannot occur among the cusp forms. First, we give
some general results on Whittaker functions that were not needed for the previous paper.

7.1. The differential equations satisfied by the Whittaker functions. We wish to develop raising and
lowering operators on the entries of the vector-valued Whittaker functions. Suppose ® : G — C>*! is
defined over the Iwasawa decomposition by

D(xyk) = p(x)DU(K),  d(xy) = (P_a(xy), ..., pa(xy));

then the components of & = (®_g4, ..., ®,) are given by

d d
®,, = p? o= D¢
m = (bm’ m',m? = ¢m/ m'
m'=—d m'=—d
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and requiring A;® = A; P, i =1, 2, is equivalent to
0= (4AT+m'(Za— Z_2) — 421)
—Vd@d+1) —m'(m' + 1) Z_1¢w41
—Vdd+ 1) —m'(m' — D) Zipu—1,
0= (48A5 —m'To — 4812) P
+Vd(d+1) —m'(m' + 1)(Ti —6m" + 1)(Z-1 — Z1)pm 41
+Vdd+1) —m/(m' = 1)(Ty —6(m" — D)(Z_ = Z1)) 1.

by (46) and (47).
Suppose also that ¢ (xy) = ¥ 1(x)¢(y); then
0= (A —27m'yy — A1) ()
—w/dd+ 1) —m/(m' + D) yi1¢m1(y)
—m/dd+ 1) —m' (m' = 1)y1gm-1(y), (100)
0= (AN 4 27 yy (y18y, — 1) — A2) i ()
+r/d(d + 1) —m'(m' + 1)y (1 = y28y, — 270 92) P11 ()

+y/d(d+ 1) —m' (m' —1)y1(1 = 29y, +27y2) r—1 (1), (101)
where
AN = — )79 — 3307, + y1y2dy, By, + 47 y7 +4n%y3,
AP = —yP 3207 9y, 4 y1y3 0y, 05, — 4T Y1930y, + 477y y2dy, + Y705, — 30, — 4 yi + 473,

Some rearranging gives

SE d (y) = i%d(d F 1) —m'(m' £ D1 (9). (102)

St = 4n o ———((1 = y2dy, £ 27y) (AT — 1)
1 .
+ (AYM — 32) 4+ 27m y2 (313y, + ¥2dy, — L F 27y2)). (103)

One particular consequence is that the full vector-valued Whittaker function may be generated from
any given entry, so any vector-valued Whittaker function is identically zero exactly when any entry is
identically zero. Precisely, we have:

Lemma 13. For any vector-valued function ®(xyk)=1 | xX)p(Y)D4 k), withd (Y)=(p—_a(y), ..., 0a(¥)),
which satisfies A;® = 1P, i = 1,2, and any —d <m| < my <d, we have

¢mz = CISr:zrz 1 m1+1 ¢ml’ ¢ C2571+1 Srgz—ls”_wd)mz’
where

mo—1
1
=[] Va@+1D-jG+D. C—-( By H Vad+1)—jG—.

j=m j=mi+1
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7.2. The central entry. We turn now to the proof of Theorem 5, which is the evaluation of the Jacquet
integral at the minimal K-types. As mentioned in the Introduction, the proof occurs in two steps; in this
subsection, we directly evaluate the Jacquet integral at the central entry, and in the next, we show the
Mellin—Barnes integrals of Theorem 5 satisfy (102) and (100) to complete the theorem. For the central
entry, we also consider the evaluation of we 0(g W, ¥1.1), where w is of the form (d — 1,0, 1 —d); we
will see this cannot occur as the Whittaker function of a cusp form, but we still require knowledge of
precisely when the function is identically zero.

Suppose u; — ur =d — 1, d > 2, and temporarily suppose Re(u, — u3) is large; we will reach the
cases of Theorem 5 by analytic continuation, below. The cases d =0, 1 of Theorem 5 may be handled
similarly. Starting from (1.3.22), we send u3 — u3v 1+ u% to obtain

1_ _ 1o _ vV 14-u?
W, o .y = (—1? / (14u3)2 ClHHa=m) (1 42y Sy, <y1 2, m—m)
R2 \Y% 1+M2
—u3 usu3
xd4 <—>e<—y1—)e(—yzuz)dugdm. (104)
@0 By, 1+u§ v 1+u§
Then (11) and [DLMF, equation 13.18.2] imply
(27.[)dyd—1
W_a(y,d—1) = d-D exp(—2my). (105)

We also have, by (70) and (72),

JC)! e

A (1) =dg 4 () = = == (1 =

Plugging in the two previous displays, applying (I.3.17) (or the definition of the gamma function) to
each of the three exponentials, and evaluating the u integrals with (1.2.27) gives

Wiid,()(lv M, wy
/_ d d 1
= (—1)¢ ;Z‘id'i DI f Q1) 7327 y2) 2T (s1)T (53)1 (52) cos(3s2) cos($7s3)
Re(s)=e
B(5(1—s3—52), 5(1 — 2 — 51+ 52))
B(3(1—s3), %(d+M3—M2+S1+S3))d—s.,
2mi)3
where
Ba. by = L@L®
’ ['(a+Db)

is the Euler beta function. We may now suppose @ = (%(d — 1) +1it, ——(d — 1) +it, —2zt) or u =
(d —1,0,1—d), as the convergence is clear; i.e., the above integral converges to an entire function of u
by the exponential decay coming from Stirling’s formula, so we have the anticipated analytic continuation.
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Send s; — 51 — §3, and apply the duplication and reflection properties of the gamma function so that

Wild’()(l’ M, wy)
_1)d 3 1 1 _
_&=D '\/(Zd)!'n f ()1 ()~ T(ZSz)F(Z(ller pa+s1))
8d!(d=D!  JRe(s)=e I(3(1=s2))0 (5 A+p1—p2—s1))
XF(%(I—S3—s2))r(%(ul—Mz—S1+S3+S2))F(%S3)F(%(S1—S3))F(%(1+S1—S3)) ds
F(%(d—l—l—i—,u3—,uz+s1—S3)) (2mi)?

using

1 . . 1 . 1 . .
sd4+1)+3ir if p=(5(d—1)+it, —5(d — 1) +it, =2it),
I+ —pu3=d+ps—p3 =12 2 2
HE— 13 Ha= s {2d—1 ifu=(d—1,01-d).
We apply (62) on —%S3, substitute (s, s2) — (s1 +d — 1 — uy, s + 3), and use (1.3.6) to obtain

(—=1D?

472

Gg(s,u) ds
A*(n) Q2mi)?’

W00 i Y1) = (1006)

f (ry) T (ryp)
Re(s)=s

with G? as in (24), and using the contour

(€, €) if u=(3(d—1)+it, —3(d — 1) +it, —2it),
(e,d—1+¢) ifu=d—1,01-4d).

The opposite case W;{O(y, w, ¥1,1) = 0 follows from the pole of the gamma function of (11) in (104).

7.3. The remaining components of the Whittaker function. We now complete the proof of Theorem 5.
We continue to assume d > 2 and specify u = (%(d — 1) +it, —%(d — 1) +it, —2it). We’ve computed
the base case m’ = 0 directly, and the cases m’ = %1 can be verified from the Snf, operator, so we have to
compute |m’| > 2. It is sufficient to verify the terms 1 < |m’| < d — 1 satisfy (100), and in the following
proof we assume |m’| > 2 for convenience. Let m’ = em; then we need to verify

i . . m MmN ~
o=/ ((A}“‘ “2mmya i () Gry) = ey T Y () ) G (@m0, 5. 0)
Re(s)=s =0

m+1
, I\ ~
—d=m)Gry) ) = Y (M )G (d-m=1,00,5.0)

=0

-1
g ds

(2mi)?’

m—1

—(@+m)Gry)' ™y Y e (" >5d((d—m+1,ﬁ),s,u)>
=0

We apply the differential operator and shift s on the various terms so we may deal with the Mellin
transform directly. We factor out

T(3d—1—p4s))T(5(d — 1+ s))T (51 +52))T (514 1 + 52)),
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which replaces the terms G4 (---) with a polynomial times a beta function of the form

B(%(d—m—{—a — 3+ s1), %(E+b+u3 —{—sz)), a=0,2, b=0,1,2.
Now apply
Bx+1,y)=Bx,y)—Bx,y+1)
to normalize a — 0, and substitute £ — £ — b to align the beta functions. After some algebra and removing
a factor (s; — sp — 2it), we need to show

0= (s24u3) B(3(d—m—p3+s1), 5(u3+s2))+em(sy+pus+1)B(5(d—m—p3+s1), 5 (u3+s2+1))
” m m
+Z gt (( , )(sz—i—us—i—li)— (2_2) (d—m+s1+s2+€—2)) B(%(d—m—M3+S1), %(Ms—i—sﬁ—@))
=2

—"Hm(d—1451452) B(5 (d—m—ps+s1), 3 (us+s2+m+1))
—&" (d+s1+52) B(3(d—m—ps+s1), 3 (3+s2+m+2))

The even and odd terms of this sum then separately telescope to zero.

7.4. The bad Whittaker functions. Suppose u = (d — 1,0, 1 — d). It is a well-known fact (see the
corollary to [Harish-Chandra 1968, Lemma 15]) that cusp forms, and hence their Fourier coefficients are
bounded (as functions of G). Then (106) shows the Whittaker functions W¢ 4(» 4, ¥1,1) are nonzero
and have bad asymptotics; i.e., they are not suitable for cusp forms since the central entry tends to infinity
as yp — 0 (shift the s contours to the left past the pole at (s1, s2) = (0, d — 1)). We may instead rule out
any cusp form having such a Whittaker function by noticing it would necessarily have a real eigenvalue
of the skew-symmetric operator Y°, and this is what we do in Section 8.3.

8. Going down

We determine the spectral parameters and Whittaker functions of all forms which are killed by both
of Y~!, Y~2. Equivalently, we determine vectors in C*?*! which are killed by both of ¥ "« Ly " 2. The
unitaricity conditions on the spectral parameters of Maass cusp forms, meaning the symmetries of the
differential operators A; and A,, imply that, for such forms, —g is a permutation of wu, and further,
because of the absence of poles in the required functional equations of the Whittaker function, we may
assume Re(u1) > Re(uz) > Re(us), so

w={(>ty,itr, —i(ty + 1)) or w=(x+it,=2it,—x+it), (107)
where 1] —tp, 2t; + 12, t; + 2t # 0, x > 0, and possibly ¢ = 0.
8.1. For the power function. Define
g1 =—vV6(l+u)g " + (u — pa — g™, (108)
d,8,e

_ d d,e
8 = § : 82,8,2j+8%2j+s (109)
0<2j+6<d
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where the coefficients are given by gg 0.0= % and

I J@ =T =21 =R d =21 — k) Bz +2d — 1 +2i + k)

., .
o= (=1)/ 110
$2u2jtk = (=1 1_[\/(d+1+2i+k)(d+2+2i+k)(,u1—M2—1—2i—k) (110)

i=0
for 0 < 2j 4+ k < d. We also define g?’a’a using the same coefficients as g;z,s,g; i.e.,
895248 = 8550j000 0=2j+8<d, 111
but take
gga d—2
d ,0,d—
= 112
83.8.d 20d-1) (112)
to be the coefficient of uj’g instead. Lastly, for d odd, define
d, d d,
gy = Z 85 1c2j+c U2} i (113)
Kk<2j+r<d
where k = %(d—i— 1).
Proposition 14. If f € C***! is such that
Y 'f=0 and Y>f=0, (114)

subject to (107), then at least one of the following is true:
1 f=0.
(2) d {0, 1}.
(3) d =2 and f is a multiple of g.
@) n= (%(d —1)+it, —2it, —%(d -1 +it), with either d even or t # 0, and f is a linear combination
ofgg’o’e and gg’l’_s, with & = (—1).
) u=(L@~1),0,-1@~1)),d odd, and f is a linear combination of g5**, g{'* and gi~, with
§=k+1(mod2), e =(—D*, k=1 +D.
6) wu=(d—1,0,1—d),and f is a linear combination ofggl’l’g, ggl’o’g, uj’+ and uZ’f, with e = (—1)%.
We call such an f power-function minimal for p at weight d.
We note that g; in case (3) may be a false positive in the sense that it is killed by the lowering operators,
but not necessarily an eigenfunction of Y/(j, while the vectors of the other cases are all also eigenfunctions

of Y S . (We will not show this directly, but it can be deduced from Proposition 15 and (97).) That is, if
none of differences u; — pu; are 1, then

V35Y, 281 = —8V2(1 — pa — D — 3 — Dz — 3 = Dug ™ #0, (115)

so the minimal weight of the corresponding principle series representation is d = 0 instead of d = 2, and
of course, the instances where some p; — u; = 1 reduce to cases (4) or (6).
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Proof of Proposition 14. The result is trivial for d € {0, 1}, and d = 2 is simple to compute (note that
YM 1 2 + Yu 1 2 * and YM2 2% a1 vanish), so we may assume d > 3.
For clarity, we write f¢ := f. We may split f¢ according to characters of V,

fd:antf, L= Z fdéi

|m’|<d +,6€{0,1}
1 . .
ik _ ., A 5 if2j+68=0,
Z (fajs (=D f_zj—a)u2j+6 % {1 otherwise
2j4+6<d ,

and f? is a zero of both Y " Vand Y " 2 exactly when all of the 4% are, so we now fix d, i and a choice
of 8 € {0, 1} and parity ¢ = £1 and assume f¢ is of the form

Z f2]+3u2]+5’

0<2j+5<d

after relabeling the subscripts. Let

1=V2dd-1)d+DQd+ 1Y, f* and 7 =2\dd—1)2d — DQd+ )Y,

From (91) and (93), their coefficients are given by

[ ==Vd=1=DU+DE@+T+)Hd+2+ Hm—pa—1= DS}
+2j/(d = ))d+ ) Bus+d) ff
o/ d—NA+T=HA+2=j)d =1+ ) —p2 =1+ ) fl,  (116)

P=J@d—1+ DA+ DA+ T+ ) +2+ ) —pa— 1= ) [
+2/d=1=j)d—j)d =1+ j)d+ )HBus+2d — 1) ]
o/ d—1=)d—NA+1=)Hd+2= ) —pa—1+)fE, (117)

for j > 2, where ¢; =2 if j =2 and 1 otherwise. When ¢ = —(—1)?, we set fod = 0. Some care must
be taken when dealing with the coefficients fjd*l, fj”’*2 for j =0, 1, as the previous expressions do not
necessarily apply:

= —/([d=2)(d+1)(d+2)(d+3) (1 —p2—2) £
+V(d=D@+D)QRBus+d)+e(—=D)d(u—p2)) £, (118)

=2 = \/d(d+1)(d+2)(d+3) (11 —pa—2) £¢
H/d@d—=2)(d—1)(d+1D)2Bus+2d—)+e(— D (ui—p)) £, (119)

[ = —dd—D)(d+1)(d+2) (1—p2—1) f5 80— (_1ya, (120)
2= /dd—1) (v d+D(d+2) (1 —pa—1) f +2/d(d = 1) Bua+2d—1) f§) 8oy (1ya.  (121)
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Two useful linear combinations are
= —1—j A Jd—14j f47?

1) = 3 wﬁw ST —d=T5 f,
= @+ T+ NAH2H+ ) (1~ p2=1= ) =/ [d— 1= ) d— ) Gus+2d—1+) f2,  (122)
= Vd=1+j 7 +/d—1—j 172

20 - 1)¢dT( T 1

= Vd=14)(d+))Bus+2d—1=)) [+ (d+1=)d+2— ) u—pa=1+)) f,  (123)

for 3 < j <d —2. The given expression (122) for sy ; continues to hold for j =1, 2, and for s, ;, j =2, 1,
we have the expressions

$20 = (d+1)(d+2)(3'u3+2d_3)f2d+2m(m—,uz—i-l)féi, (124)
—_d (o—ps+1—d) ife=+4(-1),
$2.1 = 2f1\/MX{(MI_M3+1_d) oo (1l (125)

but for j = 0, it is simplest to use fg_l and féi_z directly. Note that 51, ; = 5o ; = 0 is fully equivalent to
i =f=0foreach 1 < j <d—2.
For 1 < j <d — 4, we further cancel to obtain

535 = Cua+2d =3 —j)s1j+ (w1 —p2—1—j)s242
= —4/d—j)d—1—j)(w — 3+ 1—d)(ur —pu3+1—d) f7, (126)

and, for 3 < j <d — 2, we have

4.7 = CBuz+2d =3 —j)s1j o+ (1 —pu2—1—j)sz
=4/d+ =1+ ) —ps+1—d)(ua —p3 +1—d) £’ (127)

Then

d—1 __ pd—1 __ d—2_0
d—1 —JO - JO -
Sl,jzo,j:L...,d—z,

$21=2522=0,

9’

d-1 _
{ f =0 (128)

fd_2:()} =
S3,j,2=S4’jZO,j=3,...,d—2,

because for each 3 < j < d — 2 the coefficient of s, ; in one of 53 ;> or s4 ; is nonzero.
The proof now proceeds by cases on .

CaseI: w1 —u3+17#d, wo — us+1 #d. These assumptions (recall (107)) imply 1 — o + 1 #d, as
well. Then s3 ; = 0 is equivalent to f; d=0forall 1 <j<d—4,and similarly s, ,j = 01s equivalent to
f]d Oon3<j<d-—2. (Notethatford >6, {1<j<d—-4}U{3<j<d-2}={1<j<d-2},but
the same does not hold for 3 <d <5.)

Now suppose f*~! = 0 and f92 = 0 with d > 6. Then (126), (127) and (125) imply f =
1 <j<d-—2.Inthecase ¢ = +(—1)¢ and § = 0, (124) implies f = 0 since pu; — p # —1.
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If d = 6 (mod 2), then s; 4_» = 0 implies ff = 0 and we have f¢ = 0. If d # § (mod 2), then
fi72 = 37! =0 implies f¢ | =0 and we have ¢ =0

For 3 <d <5, first suppose 6 = 1, and note (125) implies fld =0. Then s; 1 = 0 implies f3d = 0 unless
M1 — 2 =2, in which case u = (2,0, —2) (recall (107)), so d = 4 and s, 3 = 0 again implies f3d =0
Lastly, if d =5, then 51 3 = 0 implies fsd =0.

Now suppose 3 < d < 5 with § = 0; then, as before, (124) implies fg’ =0, and fél Od 20
implies fzd =0 unless p; — up =1, in which case (124) works since u = (1, 0, —1) implies d ;é 3. When
d €{4,5), s12=0implies f¢ = 0 unless u; — w» = 3, in which case f{~' =0 works since d = 5 and
u3 = —3.

CaseIl: u = (%(d — 1) +it, —2it, ——(d -+ zt) with # # 0 or d even. Under the current assumptions,
we have all 53 ; =0, s4; =0, and we use (128). When § =0, 551 = 0 becomes trivial, and similarly,
when§ =1, 507 = féi_] = Od_z = 0 becomes trivial.

Since w1 — pu2 —1 ¢ Z, s1,; =0 1is equivalent to

p VA@=T=DAd=)GBpa+2d—1+))
IR T AT F DA A2 F D —pa—1— )

(129)

If § = 0and ¢ = +(—1)%, then 55, = 0 is redundant over f¢ > =0. If § = 0 and & = —(—1)“, then
=1 = 0 implies £ =0 and hence f¢=0.1f § =1 and & = +(—1)¢, then s, 1 = 0 implies f =0 and
hence f¢=0.1f6=1and e = —(—1)%, then s2,1 = 0 is trivial.
This completes the analysis of conclusion (4) of the proposition. The need for gg”gﬂ’g = % comes from
the spare 2 in f(;i_z, as compared to sy, j > 1.

CaseIlll: wu=(d—1,0,1—-d). Since u; —ur—1=—0Busz+2d —1) =d — 2, this is identical to Case II,
except that s1 d—2 = 01s trivial, and now when § =1, 52,1 = 0 implies fl O unless e =+(=1<. The
coefficient g2 1.4 1s undefined, but we may freely choose the coefficient of u? ¢ since Y, ! d =0and
Y, ~2y d ® = 0. Our particular choice (112) makes g3 ¢ an eigenfunction of Y?, as we w111 see later. This
completes the analysis of conclusion (6) of the proposition.

Case IV: = (3(d —1),0, —3(d — 1)), d odd. Since u; — pu — 1 =k — 2, the case § % « (mod 2) is
identical to Case II. In the case § = ¥ (mod 2), s1 ,—2 = 0 implies de_z = 0, and recursively s; ; =0
implies fjd =0for 1 < j <« and 522 = 0 implies fél = 0. Then (129) applies for j > «, and this
completes the analysis of conclusion (5) of the proposition. (|

8.2. For Whittaker functions. We wish to prove a version of Proposition 14 for Whittaker functions, but
this is somewhat complicated by the possibility that the Whittaker function itself may be zero, and by the
unpleasant shape of the vectors in Proposition 14, so we start by a careful examination of the intertwining

operators.

Proposition 15. Suppose d > 2, and let C be a nonzero constant, depending on d and j, whose value
may differ between occurrences:
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) Ifu= (%(d — 1) +it, —2it, —%(d -1 +it), with either d even or t # 0, then
g5 = Cug T (ws, 1), gy " = Cug T T (ws, u™),
with & = (—1)%.
Q) Ifu=(d—-1),0,—1(d—1)) withd = 1 (mod 4), then
g T = Cug T ws, 1), gyt = Cug T ws n™), gy T = Cug T (wy, 1),
3) Ifu=(3d—1),0,—3(d —1)) withd =3 (mod 4), then

d,l, d, d,— d,— d, d,
g = Cug T T wa, u), gy T = Cug T ws, ™), gy = Cug T (wy, 1),

4) Ifu=(d—1,0,1—d), then
gy = Cugt T (wa, u™), g7 = Cug* T (ws, u™),
with & = (—1)%.

Note. We have suppressed the constants for purely aesthetic reasons, their values may be extracted from
the computations below, but they are irrelevant in the context of the current paper. To be precise, the
proof proceeds by comparing ratios of successive coefficients, and its use in Theorem 3 is such that the
nonzero constant is simply included in the (scalar) Fourier—Whittaker coefficients.

We note that some care must be taken in the use of the intertwining operators when two of the complex
parameters simultaneously encounter a singularity. This occurs, e.g., in case (3) of the proposition when
considering T¢(wy, u*5) since both p; — 3 and u; — p, are integral, and we consider this case in
particular as an example at the end of the proof.

Proof of Proposition 15. We wish to compute
d.+ d.+ d, d,—
uGET (ws, ™), uGH T ws, w™),  ug T T (wa, ), uG T T (wa, 1)

for all d and . We give the general procedure first, then illustrate with an example below.
Note that

T (wy, u%) = T (w3, W) T (wy, u*?),

and T4 (w,, u'?) is diagonal and satisfies a symmetry relation under (m, m) — (—m, —m), so it suffices
to compute

w9 ()T (u, + DD (wy),  w DY (w) T, (u, +1)D (w)).

There is a coincidence of form among the intertwining operators 7% (w, 1), the constant terms of the
Eisenstein series and the Whittaker functions at a degenerate character: Superficially, this is because
they are all generated by compositions (compare (13) and (I.4.12)) of analogous diagonal matrices
(compare (1.2.18), (9), (1.2.20), the definition of M 4 in Section 1.4.4.1 and (1.3.11)). More fundamentally,
composition of the constant terms of the minimal parabolic Eisenstein series, which are the Whittaker
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functions Z§++ W, w, 1, Yoo) (see (1.3.3)), gives the functional equations of the Eisenstein series, and
hence also the functional equations of its nondegenerate Fourier coefficients, which are the Whittaker
functions 2§++ W4 (g, i, ¥1.1). This fact implies the relationship precisely, at least in the case x = x i
We use this commonality here in the form

I (u, +1) = %(exp(%inu)l)d(vﬁ) —exp(—2imu)D!(v_))RU (=)W (0, —u).  (130)

In fact, from (4), (3) and (11), the (diagonal) entry at row m of the right-hand side is

I'(14+u)T(—u) —sin(3u) for even m,

F(%(l—u-l-m))r(%(l—u—m))x icos(%nu) for odd m,

-m

and the reflection formula for the gamma function shows the quotient formed by dividing this by
L) o @ 1) is 1.

From (67) and (4), we see that conjugating a diagonal matrix by D?(w,) simply reverses the order of
the diagonal entries. So using (130), (11) and the results of Section 4.7 (or by the reflection formula, see
(I.2.20)), we can see

D! (w) Ty (u, + DD (w) = D (v_ )T, (u, +1).
Applying this back in (130), we have

D w)T, (u, +1)D (wyv_)
_ir(+u)

Sirin RY(@0) (exp(3imu)D! (v, ) —exp(—3imu)D?(v_))F! )R (i), (131)

where

Féu) := D (wy) R (=)W 0, —u) DY (w3). (132)

So we need to compute the first and last two rows of the matrix-valued function

x+i
V1+x2

(using k(e'®, e'f, ¢!y = k(x, B, ) as in (1.2.5)), which has components

Fé(u) = /00(1 4+ x2)zCH0pd (g, 1)) dx

1
Fl )= / (1 —xH)~172ad, | () dx,
~1
recalling (2), (3), (11) and (69). For the moment, we assume — Re(x) > 1 so this and the subsequent
integrals converge.
We use [Gradshteyn and Ryzhik 2015, equation 3.196.3] in the form

1
/ A—x)""1+x)"Vdx =2¢"""'B(a, b), Re(a),Re(d) > 0, (133)
-1
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where B(a, b) is again the Euler beta function. Then from (70) and (72), we have

Yd—m — 1 r_
Fni,d(u)zz—dné\/ (2d)! 1“(2(ar1 m u))Fl(z(d—l—m u)). 134
’ d+m)!d-m)! T(5d-uw)T(3d+1-u)

When m =d — 1, (72) becomes Pl(d_l_m/’d_Hm/)(x) =dx —m', so

()

m

21—d 2d—D)!
V @+m)d—m")!

1
=4 / (1 —x)~ 2@ () g oy =15 @ =0 g
-1

1
—d| a- x)71+%(d717muu)(1 +x)fl+%(dfl+m’7u) dx
-1

1
_m// (1_x)_l_'_%(d_l_m/_u)(l+x)_1+%(d—1+m’—u) dx
—1
T =1=m' —w)T(3d = 1+m' =) (31 —w)

— —m'n? , (135
" T(3(d—w)r(3d+1—w)(—3@+1) (139

using the usual recurrence relation of the gamma function.
We may deduce from the symmetries (71) with (134) and (135) that

Ffy @) =FDT"FL )= FDTFL ),

Fly_pym@) = GFDTFL i) = —sgn(m)(FDEL ),

and it follows that for § € {0, 1}

—1)% n -1
wy OV F ) = LRI £ (D F, ) =2 Y enFa (=DM CY (136)
0<m=$
6 _ _1yd-1
R =2 Y Bl DI e 37
0<m=1-8

where cp = %, cm=1, m#Q.
Now if we define 8, n € {0, 1} for a choice of the parity + by £1 = (—=1)4+% = (=1)", then (131), (68)
and (136) imply

WWED w__w)T8,(u, +1)D (wyv_)

1—d M

= i(—l)d#(exp(%inu):Fexp(—%inu))uj’i(_l) Féu)D (wy)

_ T (3 4ntw) T ot \/ Qd)  LE=m-w)P(Gdtm—w) o
250 T(3—w) A (d+m)! (d=m)! T (3(d—uw))T(5(d+1-u))
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Here, we have used the reflection and duplication properties of the gamma function to simplify the leading
coefficient, but again, this value is not actually relevant to the rest of the paper. Similarly

WED w8, (u, +1)D (wyv_)

i T (A )P (30— w) ditjm
R TR TR SR

\/ Qd—1)! TEAd—1-m—w)T(3d—1+m—u)) 139)
(d +m)! (d—m)! T(5(d—w)T(3d+1—uw) ’
and using
WO +1) = (%(l_mﬂ)) W5V 0<m<d
LA =m=—w) "
(which follows from the reflection formula, see (1.2.20)), we have
WD w) T (uy, +1)D (wpv )T (w2, +1)
i T (54 n+u) die:—m
=T ) 2,
X\/ 2d)! F(3d—-m—-u))L(3@+m—-u)) LA —m+uy)) (140)
@d+m!d-m)! T(i@d@-uD)P(Ed+1-u)) TEL—m—u)
uG D wp) Ty, +DD (wyv_ )T (uz, +1)
:id+1+nI‘(§(l+n—|—u1))F(§(l—ul)) Z et
242 F(%(”_ul))r(_%(ul"'l)) 0<m=1-8
X\/ 2d—1)! TGEAd—1-m—u))(3d—1+m—u))T(3(1 —m+u)) (41
d+m)!(d—m)! I'(3(d—u))T(3(d+1—up) (31 —m—uy)’

where ¢ = (—1)“.

One can check that the parities & and § match between the preceding formulas and the claims of the
theorem. Note that when u = u, — u3z = %(d — 1) is an integer with u = n =d — § (mod 2), then the
coefficients of uﬁ;i are zero unless d —m — u < 0 in the first formula or d — 1 —m — u < 0 in the second
by the poles of the gamma functions; here we are not directly evaluating the gamma functions at a value
of u, but taking the value of the whole meromorphic function at u. One may compute the ratio of the
coefficient of u 4 to the coefficient of u " in (138)—(141), giving

(d—m)d—1—m) (d—u+m)
d+2+m)d+14+m)yd—2—u—m)’
d—m)d—-—1—m) m+2)d—1—u+m)

d+24+m)d+1+m) md—3—u—m)

(142)

, (143)



Higher weight on GL(3), II: The cusp forms 2275

(d—m)d—1—m) d—u;i+m)(—1—m—uy)
d+2+m)d+14+m)(d—-2—u; —m)(—=1 —m+uy)’
d—m)d—1—m) (m+2)d—-1—ui+m)(—1 —m—uy)
d+2+m)d+1+m) md—-—3—u;—m)(—1—m-+uy)

(144)

, (145)

respectively, with the understanding that the ratio is to be multiplied by 2 when m = 0 (to accommodate
¢y/co =2). The proposition then follows by applying the explicit form of x in each case with u =y — s,
=K1 — U3, U = 1 — U2.
As an example, consider case (3) of the proposition where u = (%(d —1),0, —%(d — 1)) with
d = 3 (mod 4). Using the table of u" given in Section 1.2.1 and the definition (9), (10) and (13) of
T4 (w, 1), we have

u T (wy, 1) = 0l T (w3, W) T (wa, 1)

— 7 3@ A DA wp T (d — 1, + 1D (wo )T, (S = 1), +1).

The coefficients of ugﬁ in gff’Jr (recall (113)) are supported on %(d +1)<m= %(d + 1) =0 (mod 2),
and we compare this to (141) withu; =d — 1, up; = %(d — 1) (or rather, the analytic continuation to
this point), § = 1, n =0 and ¢ = —1. As mentioned in the previous paragraph, (141) has a removable
singularity at this (u1, up)-point, and the summand is zero unless m > %(d + 1), so the support of the
coefficients matches that of gff’J“. The ratio of successive coefficients (145) reduces to

\/ d—m)d—1—m) (m+3d+1)
@d+2+m)d+1+m) (m—Ld-3))

. . d d . . d,+ d
this matches the ratio g5 , 51, 1>/85 24, Withm =2j+«. So we conclude g,”" and ud T (g, 1)
are the same, up to a nonzero constant, and since gg <0 = L, we conclude the value of the constant is the
+ d
T

coefficient of ud *in uy (wg, u3) at m = k, which is

C:n__g(d_l)23_2dd'\/(2d—1)!(/(— !
' BGe—1!

Here we have written the coefficient C = C(0, 0) of uf”r in (141) by taking u; =d — 1 + a; and
uy; = %(d — 1) 4+ ay and applying the reflection formula for the gamma functions (keeping in mind
d =3 (mod 4)) so that

1-2d—2a, — 1, 1
C(al,az)zz (d+1) Q2d—1! T'(3(—a))r Ez((d+1+a2)) (d+1+a)
2

gid=Drate ¥ (k—=D!Gc—D! T'(d-anl(i2 )(§(K+2+2a))

and this holds in a neighborhood of (a1, az) = (0, 0), as desired. Of course, u,; dt Td(w4, w)/Clay, ap)

may be defined in terms of the ratios (145) (including the terms with m < «), and in this way our

expression for u;” .+ Td (w4, u™%) is holomorphic in a neighborhood of (a;, ax) = (0, 0). O
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We must clarify precisely when the Whittaker function is identically zero, and we begin with the
minimal K -types, as described in Proposition 14. The following proposition follows from Theorem 5 and
the results of Section 7.2:

Proposition 16. Suppose f is power-function minimal for i at weight d.
(1) If d =0, then fWI(-, u, Y1.1) is identically zero if and only if f = 0.
() If d =1 and all u; are distinct, then fW9 (-, u, ¥1.1) is identically zero if and only if f = 0.

3) If w=(3(d — 1) +it, —2it,—3(d — 1) +it) with d > 1, and either d even ort # 0, then f is a
linear combination of the vectors t’id T4 (w3, w3, and de( -, W, Y1) is identically zero if and
only if f is a multiple of DZ T (w3, u™3).

@ If u= (%(d —1),0, —%(a’ — 1)) with d odd, then f is a linear combination of the vectors gff’+, gff’_
and (gff’+ + gff’_)Dd(v” wy), and fW4 (-, w,¥.1) is identically zero if and only if f is a linear
combination ofgff’Jr + gff’_ and (gff’Jr + gff’_)Dd(v__ wy).

O)If u=Wd-1,0,1—-d) and d = 1, then f a linear combination of the four vectors nid and
U‘idDd(v__ wy), and fWE(-, w, Y1) is identically zero if and only if f is a linear combination of
Uz and nZDd(vﬁwl).

Note that in the case d = 1, gf = u}’i, so there is no inconsistency between (4) and (5) in that case.

Proof of Proposition 16. To see case (2) we note that the eigenvalues under Y are

1,— K 1,— 1,— 1,— 1, 1,
Youy :-2\@”3% . You :—2\@”% : Y3u1+=—2\/§mul+, (146)

and we may see directly from Theorem 5 that each of the associated Whittaker functions is nonzero.
In case (3), we note that

o, T (w3, W)W (g, , Y1) #0, 09T w3, n* W (g, p, ¥1.1) =0,

and by Proposition 15, those two vectors are a basis of the required space.
In case (4), we note that

o? T (w3, W HIW(-, w, ¥1.1) #0,
(&l + gl Wi (g, m, vi1) =0.

The second equality follows because the vector gj’Jr + gff’_ is supported on v? with
m=x=1+pu —pup (mod2), m=>x=1+pu+p,

and again the gamma function in (11) has a pole there (recall the discussion at the end of Section 7.2).
Then by duality, i.e., (98) and (99),

@l + gD w__w)WAg, i, Yri0) = (88T + g THIWAu__glwr, s, Y1) =0,
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and (gff’Jr + gff’*)Dd (v__wy) is still power-function minimal. Again, these are three linearly independent
vectors (they have different parities, i.e., live in the row space of Ei for different characters ) in a
three-dimensional space.

In case (5), we have

ol WA ) #£0, 04w yy) =0,
and by duality

o Do w)WI(-, i) £0, 09D (w__w) WA, pu, Yr11) =0,

It is easy to see that the vectors p? 4 and p? dDd(v__ w;) are linearly independent; however, we require
something a bit stronger: we need to know that any nonzero linear combination

(arv? ; +a0? ;DN w__w))W(-, w, ¥i1) (147)

with aja; # 0 yields a function that is not identically zero. Notice that

Vd+1)@2d+3)Y v, = —(d—1)y/6d(2d — 1)v’,, (148)

and by duality v? dDd (v__wy) is also an eigenfunction of Y 3, but its eigenvalue has the opposite
sign, and this is sufficient for our purposes. (Consider applying the operators /(d + 1)(2d +3)Y° +
(d—1)/6d(2d — 1) to (147).) g

Proposition 17. If f € C***! is such that

W, 1) #0, YL fWi(g, w,v11) =0, Y 2fWi(g, w,¥11) =0, (149)

subject to (107), then f is power-function minimal.

Proof. The proposition is trivial by Lemma 12 when none of the differences u; — u;, i # j, are integers,
and the case u = (%(K — 1) +ir, —2it, —%(K -1+ it) for some k¥ > 1 with x even or ¢ # 0, is also
relatively simple, after applying the w3 functional equation of the Whittaker functions (as we may). So
suppose u = (k — 1,0, 1 — k) for some « > 1.
For any d, define the spaces
Vi’ = span{v{ | j =5 (mod 2)},
Vi = span{vo? | |j| >k, j =8 (mod2)},

kai = span{nj‘-l | £/ >«, j =38 (mod2)}.
It follows immediately from the argument of Proposition 14 that for f which is not already power-function
minimal,

fevd, v lrevill vifevi?P= fev! (150)

KK s KK

and noticing that the Y operators act on U;.’ precisely the same as on ujl’i for j > 3, we also have

feve, Ylj‘f eVl Y 2fevii= fevi . (151)
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We know that vig W* (-, u, ¥1,1) =0, and the argument of Section 9 applied to vy (in place of uf’i)
implies that vW9 (-, w, ¥1,1) =0 for all v € V¢

K.k, +

Ylj‘ operators (because u; — 2 + 1 —k = 0 in (89)—(93)), and

for all d. Similarly, since VK‘{ «.— 1s closed under the

0 WECL i Ui ) #0, (g =g T WE TN ) £0,

Proposition 14 implies vW?( -, uu, ¥1,1) #0 forallv e VI, v ¢ V¢, | forall d. Even stronger, by (150),
Proposition 14, and Proposition 16 at d =0, 1, we know vWe(-, W, ¥11) #0forallv e VKd, v ¢ VK‘{K’+
for all d.

Suppose

YW, ) =0, Y2 Wi(g, pu, Y1) =0,

and f is not power-function minimal. Set ¢ = (—1)“ and § € {0, 1}, § = « (mod 2). Since the zero
function cannot descend to a nonzero Whittaker function, f must descend, via Y " land Y " 2 to a nonzero
linear combination of either

2k—1,+ 2k—1,—

2k—1,
& +g4 K +

and (g2 "t 4+ gD wy),

or v and nfDd(v__ wy).
Set
h= Y 3+ EDT el e v,
J=K
Jj=k (mod 2)
then hW9 (g, w, ¥1.1) is zero. Subtracting / removes the projection onto xe e, i.e., (f — h)Eg{e =0, and
so by the above arguments, f — h must descend to a multiple of either

2k—1,+ 2k—1,

(g5 +g DY _wy) or oDY(v_wy).

Now we switch to the dual Whittaker function (note —u™ = u): Set f =(f— D4 (v w;); then f

—1 2e—1,— -
o=l = GVKZ”,‘(’JornfeV"

must descend to a multiple of either gi + &4 .1+ As before, we set

h= Z = (=D et e v
Jj=K
Jj=k (mod 2)
Now consider the vector v = f —h —hD?(v__w;) which has the projections ine = vZﬂw =0. The

projection of v onto V¢ is not contained in V¢ «.+ unless it is zero, and the same is true for the projection
of vD4(v__wy;). We still have

Y oW (g, w, 1) =0, Y 2oWi(g, u, ¥1.1) =0,

and applying Proposition 14 to v, we conclude v = 0 because any nonzero minimal descendant could
only meet the conclusions (4)—(6), and we have constructed v so this is impossible. Therefore,

FWg, , ¥1.1) = (h +hD(v__w))W(g, 1, ¥1.1) = 0. 0
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Using the bases for the spaces of power-function minimal vectors given in Proposition 16, together
with Propositions 14 and 15, and Theorem 5 gives:

Corollary 18. Supposed>2, wand f € C**! are such that (149) holds and further that f W9 (g, i, ¥1.1)
is an eigenfunction of Y° if d = 2. Then fW(g, u,¥1.1) = Cf'Wi(g, W', ¥1.1), for some nonzero
constant C, where

() ' = (3 -1 +it, =5 — 1) +it, =2it) with f' =u5™, or
2) W'=(d—1,0,1—d) with f’ some linear combination of n‘id and n‘idDd(vW wy).

This follows, for example, when p = (%(d —1),0, —%(d — 1)) with d =3 (mod 4) by writing
f=a1gy"  +arg T +asg] T = (@Cuy + (@ —az) Cou§ T (ws, n™) +a3(gf " + 847,

and using (8) and
vy W (g, 1™ Y1) = (g5 + 88 DIW (g, s v =0,

In the case d = 2, the additional assumption about the behavior under Y rules out the false positive
posed by g1, as in the discussion following Proposition 14. As mentioned in Section 7.4, the second case
will not occur as the Whittaker function of a cusp form.

8.3. For cusp forms. We may now prove Theorem 3. As mentioned in the discussion preceding the
theorem, we take condition (2) of Proposition 2 as our working definition of minimal-weight forms.
Suppose ¢ has minimal weight d and spectral parameters (.

The n-th Fourier coefficient of ¢ is of the form f We(-, w1, ), fe C2d+1 by Theorem 1(3) (and the
discussion of Section 4.3), and Proposition 17 gives the allowed values of d, f and u. If d = 0, there is
nothing to do, and if d > 2, we apply Corollary 18 to arrive at the parameter set described in Theorem 3.
There is a minor caveat that this corollary is given in terms of the character yr; | and not v, but this is
readily fixed: if n € 7%, niny #0, we may use the isomorphism n € (R*)2 = VYT to write n = vit with
veV,and i1 € Y, then using (1.3.7) and (1.3.9), we have

Wi (g, 1, ) = p—p—pm (W)Y D! (wrvw)) W (ng, , ¥1.1),

and (65) shows the extra matrix D¢ (w;vw;) at worst alters the sign of the coefficient.

A small bit more needs to be said about the cases u = (d — 1,0,1 —d) and d = 1. When u =
(d —1,0,1—d), we have already pointed out in Section 7.4 that the asymptotics of W¢ (& 1, Yy) are
not compatible with the boundedness of cusp forms. Another way to see these don’t occur is to note that
such a cusp form would have a real eigenvalue for the skew-symmetric operator Y (recall (148) and the
following discussion).

Now suppose d = 1 and  is arbitrary. The eigenvalues under Y are given in (146); if the components
of u are distinct, these choices of f give three linearly independent Whittaker functions. In the case
w=(x+it,=2it,—x +it), x #0, only u}’_ may give the Whittaker function of a cusp form since
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the others are again eigenfunctions of a skew-symmetric operator with eigenvalues that are not purely
imaginary. Further, the functional equations of the Whittaker function yield

1,— 1,—
uy T(ws, u?) =Cuy ™,
w7 (ws, 1) = Cug~

So it suffices to take u(l)’_W1 (y, 4, ¥1.1) to be the d = 1 Whittaker function with either u = (it1, iy,
—i(t1+ 1)) or u=(x—+it,—x+it, —2it).

9. Going up

Throughout this section, we fix a triple of spectral parameters w and a character x = x(_1)s . with its two
parities 6 € {0, 1} and ¢ = £1, as in (5). For any 0 <k € Z, let

d _ 2d+1
Ve =span;s, 2]+5 cC

As in the previous section, we may safely assume — i is a permutation of u, i.e., that ¢ is a permutation
of either

(it1,itr, —i(ti + 1)) or (x+it,—x+it,—2it), t,x,teR, t1>0>—11—1,x>0.

We choose the trivial permutation. In the case u; — us + 1 € (2Z + §), we define x = u; — o + 1, and
otherwise we set k = 0. For convenience, we define dy = ¥ when « > 0 and

1 ifé=1lore=-1,
do = )
0 otherwise,

when « = 0. Lastly and for this section only, we apply the shorthand u = u ®and V! = Vd
For each dimension/weight d, we have a “minimal-weight vector”

2 ifk=8=0,d#dy (mod?2),
w o o=u? | jun=141 ifs=1andk =0,

min jm] n

k otherwise.

We wish to show for d > dj that V¢ can be generated by applying the Y} operators to umm We accomplish

this through induction by showing that suitable combinations of operators applied to umm will give udtl

min
or ufn‘;z; we call this the d — d + 1 or d — d + 2 step. We can then fill out the remainder of V¢! or

V4+2 by repeatedly applying (89). Precisely, we show:

Unin = U Vd

d>dy

Proposition 19. C[YO, Y1 Y2

where C[Y 3 ,Y 11’ Ylf] is the complex algebra generated by Y°, Yle, Yi under composition, and the Y
operators are viewed in the sense of (86).
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All of the raising operators described in the induction argument below follow from either (90) and (92)
directly or from the following two linear combinations: set

ROL =/d(d+2)2(2d +1)2(2d +5)Y, Y,
+2y/6d(d+1)(d+2)Q2d +1)(d — 1 —2j —2u3)Y,}
—d2(d+2)(2d — 1)(2d + 1) (2d + 3)Y,Y,, (152)

Ry% =V(d+1)(d+2)2(d +3)2d + DQd +DYY]
+2y6(d+1)(d+2)2d + 1)2d +3)(2d + 1 —2j —2u3) Y,
—Vd(d+1)2(d +2)2d — )(2d + DY2YY; (153)

then

RO =8j\/3d+1—j)(d+2— )d+3— j)d+ ) — ua+1— jHult]
—8j\3d+1—= A+ 1+))([d—j—=2)(+143u3)
—2(m — 3+ D2 — s + 1) +4( + D)uf ™, (154)

ROZw = —4j\/6(d+1— j)d+2— j)(d+3—j)d+4—j)(u1 — ua+1— jHui?]
—4/6(d+1— ) d+2— DA+ 1+ ) d+2+)(Q2d — j)(d+2—3u3)
+20m = p3+ D(pa— 3+ 1) = j(d +1= p)uj. (155)

In both operators, it is not too hard to see that the constant multiplying uj”" is nonzero, but we will show
a stronger statement about the norms of the new vectors. These become true raising operators because in
the cases we use them one of the following is true:

(1) j=0.

) u;?jg =0.

3) i —p2+1—j=0.

4 j=1(so uﬁfg = j:u;&“).

Note that this is where the argument would fail if we attempted to use the highest-weight vector.

Proposition 20. Suppose we have a sequence of sesquilinear forms (-, -) on V¥ x Vg’ e d > dy, that

satisfy

(su,tv) =st(u,v),s,t €C, (u,v)= (u, projy v), (Yyu,v) = (u, f/\fﬂv), (156)

and that, for d = dy, we have

T . .
(WS Wi s) =S s(USs) 20 48,20 +8 > k. (157)

Then (157) continues to hold for all d > d.
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Remarks. (1) By construction dim V% = 1, so the assumption that (157) holds for d = dj can be reduced
to just

<umin > “min/ T

do d0>_ 1 ifk=6§=0, e =+1,
~ otherwise.

(2) The projection assumption (u, v) = (u, projy« v) is necessary since the Y'¢ 4 operators do not respect
the spaces V%, even though the Y}} do. In practice, this assumption is met since the irksome rows of
the incomplete Whittaker function W% (g, —jt, ¥) on the right-hand side of our inner product on Maass
forms will be zero.

(3) The actual sequence of sesquilinear forms we will use is given by the left-hand side of (167); that is,
(v, V) = f W () (wd(g) dg. veV v eVy,. (158)
I\G

where ®? and ®¢ are constructed from the Fourier expansion of a single minimal-weight form as in (27)
and the comment that follows.

Proof of Propositions 19 and 20. With respect to the sesquilinear forms of Proposition 20, the adjoints of

the operators RZ’CJ’. act on the particular vectors u;“r“ as

RO = —8./3(d+2— ))(d — 1+ )+ )(d+ 1+ ) — 2 — 1+ jul_,

—8j/3(d+1—j)d+1+))
X ((d—=j =2 +143u3) = 2(m1 — 3+ D(pa — ps + 1) +4G + D)u§

+8(j+DV3Wd—1—j)d—)d+1—)Hd+2+ ) —po2— 1= pud,, (159)

RO = —4./6(d — 1+ j)(d+ j)(d+ 1+ ) d+2+ j) (1 —pa — 1+ ud_,

—4/6(d+1—j)d+2— Nd+1+)Hd+2+))
x (Q2d = j)(d+2=3u3) + 2001 — pa+ Dz — s+ 1) — j(d +1— j))ud

— 41+ V6 — 1= Hd— HA+1-HEA+2— P —p2—1—puly,  (160)

Note the coefficient on u;’ matches those on u;.H“ in (154) and (155). It follows that if (u;{, u;{ =0

(which will be the induction assumption), then

WN@+T=)d+ T+ )H((d—j—=2)G +143u3) =201 — 3+ D(pa — 3+ 1)
+4G + D) (I ud*h — @, ugy),
=Vd+2=j)d+)Hd—1+ )+ 1+ ) —pa = 1+ ), ud_)

+ V@ +2= A+ HA+T=HA+3— ) —pa+ 1= Hihufth), a6l
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VA+1=j)d+2=)d+ 1+ )Hd+2+j)(2d - j)(d+2—3u3)
+200 — pa+ Dz — pa+ 1) — jd + 1= ) (i, ud*?) — @wd, uf))

=Vd =1+ N+ NE+1+)d+2+ ) (m —pa— 1+ ), u_,)
—jiVd+1=D@+2= DA +3 = Hd+4— ) - M2+1—J)( w2 uit?). (162)

We wish to show for d > dj that V“ is in the image of the raising operators, i.e.,

CY W=+ CY2Vi=2) ifd > dy+2,

V' =Clyg] vyt if d =do+1,
T if d = dy,

and that (157) continues to hold in the higher weight. We prove this in two steps: First, we show that
ufnin is in the image of the raising operators and (157) holds for u‘zll. 5= u‘zl s = uém for all d > dj (the
base case of the double induction). Second, we extend this to all of V¥ for all d > dy (the induction step
of the double induction).

The first step, itself an induction argument on d, proceeds by cases. Note that the base case of the
induction is the statement that ufr?in itself is in the image of uioin under the raising operators, i.e., elements

of C[Y?, Y, Y,f], but this is obvious. The cases are:

case conditions step

Ia Kk>1 do— dop+1
Ib Kk >1 d—>d+2
ITa k=6=0, e=+1 0—2
IIb k=686=0, e=+1 2—>3
IIc k=6=0, e=+1 d—d+?2
Ma | max{k,8}=1, e= (=14 d—d+1
b | max{x,8} =1, e=—(—D? | d—d+1

For the cases incrementing d by 1, we use the raising operator (154) and apply (161) for the or-
thonormality. For the cases incrementing d by 2, we use the raising operator (155) and apply (162)
for the orthonormality. The reasons for the separation of cases are: firstly, when jni, = 1, we have
uj{nirz =g(—1)¢ u?mm, so the form of the raising operator changes (slightly) with the parity of d; secondly,
if jmin = 2 for some d, then ji, =0 for d + 1, and the raising operator cannot lift from j =2 atd to j =0
at d + 1 (but lifting from j =2 atd to j =2 at d +2 is fine); lastly diim V! =0 when x =8 = 0,6 = +1.

We now prove Case Illa, the others are similar: At j = 1, (154) becomes

R = 16y/3d(d +2) (i — w3 +d) (2 — 3 = Duf ™.
d+a_( l)a d+a

For the base case of the orthonormality condition (157), we apply (161) with j =1 and u
(by assumption) and put everything on the same side, giving

2/d(d +2) (1 — p3 +d)(pa — p3 — DT wdth —wd udy) =o.
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In both equations, we know /d(d 4+ 2) (1 — u3 +d) (2 — u3 — 1) # 0, and this completes the induction

step in this case.
We now proceed to the second step. Again, the base case that V% = Cuﬁfin is in the image of ufr‘l)in under

the raising operators and (157) holds at d = dy is obvious. As mentioned above, V¥ can be generated from

ufnin by repeatedly applying (89), though there is a little extra work going from j = jui, to j+2 in the case
where jpyin = 0 since then u? )= ug (note that u‘iz = —ug cannot occur for § = jijn =0). Even in that case,

it is easy to see that the coefficient of u‘f ) in (89) is nonzero, and this is enough to conclude that Vi =
C[Yﬁ]ufmn and hence is in the image of uﬁfin under the raising operators (by the conclusion of the first step).

Now we show (157) holds for d > dy, assuming it holds for all dy < d’ < d and that it holds at
2i +8 = 2i’ + 8 = jmin. By symmetry, it suffices to assume i > i’, since for i’ > i + 1 all of the relevant
adjoint operators will respect the spaces V¥*¢ (which was the only asymmetry in the hypotheses on the
sesquilinear forms).

For convenience, let j =2i +6 and j' = 2i’ 4+ 8. We now proceed by induction on j. The base cases are
J €10, 1, k}, which necessarily imply j = j’ = jmin, and this case is implied by the induction assumption
above. Note that j = x + 1 implies x = 0 so that again j = 1.

Assume j > max{3, k + 2}. First assume j > j’; then by (90), we have

V2d(d + 1)(d +2)2d + 1)(Yjud_,, ujﬂ“)

= V@42 ) =1+ )+ )N+ 1+ ) —p2 =1+ udth

~ V@3- A +4—A+5- DA+ ] =2 — 2 +3— D8 acy
—2( = 2Vd+3 = d =1+ )Bus—d — D1s; o). (163)

From the definition (156) and using (96) with our induction assumption and (91), this may also be written

V2d(d+1)(d+2)2d +3)(ud_,, v judt)
=—/(d+2=jNd—1+)d+j)d+1+j)(—pi+pa+1— )38y
+2j'V(d+ 1= j)d+1+j)(=3us+d +1)38j 2=

+V(d—=1=jNd = j)d+1—=j)d+24 ) (—m+pa+ 14038 2=jpa,  (164)

from which it follows
d+1
J

d+1

1
<Ll ,Ll], >=§5j:j’-

Now having shown the case j = j’ 42 (and by symmetry j = j' — 2), the proof applies verbatim at j = j'.
The remaining case is j =2, j' € {0, 2}, withx =0, ¢ = (—l)d and d > dy + 2, and this has a proof
identical to the previous using (92). (|

10. The structure of the cusp forms

10.1. The orthogonal and harmonic descriptions of minimal K-types. We now finish the proof of
Proposition 2.
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First, we show condition (1) implies condition (2): If ¢ is orthogonal to the raises of all lower-weight
forms, then some word L in Y ' and Y2, i.e., L = Y% Y% ... Y% for some k > 0 and a; € {—1, —2},
makes 0 # L¢ =: ¢ minimal in the sense that ¥ ~'¢% = 0 and ¥ ~2¢% = 0. But if L # 1, then

0= (Lop®, ¢) = (%, Lp) = (9%, %) 0,

a contradiction, so ¢ must already satisfy ¥ !¢ =0 and ¥ ~2¢ = 0.

As mentioned in the discussions following Corollary 18 and Proposition 14, this is already sufficient
to say ¢ is an eigenfunction of Y, except possibly when d = 2. If d = 2 and ¢ is not an eigenfunction
of Y9 i.e., when the Fourier coefficients of ¢ are multiples of ngz(- o, W) withoall py — pj # 1,
then Y ~2Y% is not zero (recall (115)), and the above argument works taking L to be ¥ ~2Y°. So ¢ is
minimal in the sense of condition (2).

Condition (1) follows from condition (2) by considering minimal-weight ancestors: We use the
decomposition A? = P u A;‘i implied by Theorem 1(1). Suppose ¢ € AZ is minimal in the sense of
condition (2). Now if ¢’ € AZT“ for some a € {1, 2}, then by applying ¥ ! and ¥~ (and possibly ¥?)
to ¢’, we must arrive at some cusp form which satisfies condition (2), but by Theorem 3 (and the fact that
Y!: A% — Al is the zero operator), we know p # w/, and hence ¢ is orthogonal to Y¢¢’ as they belong
to different eigenspaces of the Casimir operators.

It remains to prove the equivalence of conditions (2) and (3). Since Ax necessarily commutes with A
and A,, we may assume the cusp forms in question are eigenfunctions of the latter two operators. We
know that such forms have spectral parameters of the form (it1, ito, —i(t; +12)) or (x +it, —x +it, —2it),
up to permutation. In the first case, the Ay eigenvalue is computed to be

(11 = 12)* +4X3)(211 + 0)* +4X7) (11 +202)° +4X7),
and, for X # 0, this is not zero. In the second case, the eigenvalue is
4(X —x)(X +x)(92 + (2X —x)) (92 + 2X +x)?),

and this is zero exactly when x = =X or (x, t) = (£2X, 0). For d > 2, since we have shown the cusp

forms having minimal K -type D? are exactly those with spectral parameters of the form
(3(d =1 +it, —3(d — 1) +it, —2it)

and there are no cusp forms of K-type D¢ with spectral parameters of the form (d — 1, 1 —d, 0), this
gives the claim.

10.2. The cuspidal spectral expansion. We have some final calculations to complete the proof of
Theorem 6. Consider ® € S3 and ®¢, & as in Section 3 and V¢ , as in Section 9. Then ® € A%* for

some 1 and dy, and we determine x and « from dy by (19) and

dy ifdy=>2
o= {2 (165
0  otherwise.
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First, we point out that in the proof of Proposition 17, we showed vad(g) = (ijvg{x v)ad(g) for
v E Vg, IS since all of the Whittaker functions of UCT)d(g) are zero when also v € (V,‘f’ X)L; in particular,
the projection assumption of (156) is met for the inner product (158). Moreover, in Proposition 19, we
showed that all vectors v®? (g) withv € V,‘f’x are obtainable by applying suitable combinations of the Y'¢
operators to ¢ = uﬁfi}f % itself, and hence they are all true cusp forms by the left-translation invariance
of the Y operators. So the rows of ®?(g) which do not correspond to cusp forms also do not contribute
to Tr(@()4(g)").

One might wonder about the need for ® when a similar situation does not happen for the maximal
parabolic Eisenstein series. The simple answer is that for the Eisenstein series, our choice of normalization
constants effectively completes the Whittaker function under the u — ©*? functional equation. (We cannot
formulate a matrix-valued Whittaker function which is complete under all of the functional equations,
because the w3 functional equation, in particular, is not a diagonal matrix, while the w, functional equation
is diagonal with distinct entries, so they cannot be simultaneously diagonalized.)

We normalize the Fourier—Whittaker coefficients as follows: The space V,ff’x has dimension 1, and hence
the matrix &% (g) has exactly one distinct nonzero row (which may occur twice, due to the symmetry
of X)), call it ®. If we insist that

1 ifk=86§=0,

f <1><g)&‘><g>ng={1 . (166)
G 5 otherwise,

then Proposition 20 implies that the rows of ®“ and @ have the desired orthonormality. That is,
/ W’ ()W B () dg =vvT (167)
G

for v, v € V,f’ - Note that the rows of ®?(g) which apparently have norm % actually occur twice in
®?(g), so there is no discrepancy. Since —ji is either x or u*? and the w, functional equation of the
Whittaker function acts by a nonzero scalar on the minimal Whittaker function, it is always possible to
arrange (166).

The final step is to convert back to scalar-valued forms. We notice that

(2d+1)f ¢f,(g)5gz(g)dg:(2d+1)2/ q>§fm(z)5>gk(z)f DY ()DY (k) dk dz
nG = ' mm JT\G/K ’ K 7 '

~ T
=8j=¢ / o (9)®{(9)" dg,
"G
and this produces the factor 2d + 1 in Theorem 6.

Appendix A: Shalika’s multiplicity-one theorem

We now show that Theorem 1(3) follows from Shalika’s local multiplicity-one theorem [1974, Theo-
rem 3.1]; for this we follow the notation of [Knapp 1986]. Assume that n n, # 0, since otherwise ¢, =0
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works. We note that ¢» generates a unitary, admissible representation (finite-dimensionality of the K -types
is given by part (1) of Theorem 1) of G via right translation

Ry :=span{¢(-g) | g € G} C L*(T\G).

We have assumed that R is irreducible; in general, Aﬁ is a finite (by part (1) of the theorem) span of
elements of irreducible representations, so that the ¢, and f of the theorem will be replaced by linear
combinations of some finite set f1, ..., f.

This representation is infinitesimally equivalent' to a subrepresentation [Knapp 1986, Theorem 8.37]
of a principal series representation

Pux = {f :G—~>C ‘ J&xyvk) = ppip(y)x (v) f k), /Klf(k)lzdk < OO}

for some x (a character of the diagonal, orthogonal matrices V'); denote the isomorphismby L: Ry — P, .

Denote the subspace of smooth functions in Ry and P, , as Rg° and P°, respectively. We give
these spaces the Fréchet topology generated by the seminorms || f ||%3’ x = fF\Gl(X ) (g)?dg, feRL,
and ||f||%>,x = fK|(Xf)(k)|2 dk, f € Py, forall X € gc. The property of infinitesimal equivalence
means that the isomorphism £ preserves the (g, K)-module structure of the admissible representations;
in particular, the action of the Lie algebra gc, and hence the generated Fréchet topology is preserved.
Thus £ restricts to £ : RE* — P2, .

We have the Whittaker model

Waiu ={f € CT(G) | f(x8) =¥ () f(8), Aif =Xi(w) f, i =1,2},

which is once again given the Fréchet topology generated by the action of the Lie algebra. The operator
Fn : Ry —> Wi, Which takes a cusp form to its n-th Fourier coefficient,

EH@= [ fugi@de feRE,

U@D\U(R)

has image in the Whittaker model, as does the Jacquet integral,

(Tnf)(8) i=f fwug)yn ) du,  fePS,,
UR)

viewed as an operator J, : P;°, — W, ;. Both operators commute with the action of the Lie algebra;
hence they are continuous with respect to the Fréchet topology.

The convergence and analytic continuation of the Jacquet integral was originally studied in [Jacquet
1967], but the necessary extension to Re(u;) = Re(u;), i # j, can instead be deduced from Proposi-
tions 1.3.1 and 1.3.3. Indeed, Proposition I.3.1 gives the analytic continuation, and the functional equations;
Proposition 1.3.3, plus the usual Phragmén—Lindel6f argument, shows the entries of W¢(g, ., ¥,) are

IThat is, isomorphic by a bounded, unitary intertwining operator that commutes with the action of the Lie algebra g¢; see
[Knapp 1986, Corollary 9.2].
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polynomially bounded in d. Then on Re(i;) = Re(u;), we may define J, f by the expansion (1.2.10) of
f into Wigner D-matrices,

(T f)(®) = d+1) Tr( /K FUDIK)" dk Wi (g, p, z/f,»),

d>0

since the entries of || xf (k)D? (k)T dk have superpolynomial decay in d. This is the natural, continuous
extension which gives (7, f)(g) = Wi, (8. it, ¥) for f(xyk) = ppi ()DL, ().

As an aside, we note that the extension of Jacquet integral to Re(u;) = Re(uj) may instead be
accomplished by interpreting the integral in the Riemannian sense, |, UR = limg_s 5 f[_ R.R12 xR by
integration by parts; this is done very explicitly for f = 1 in the analysis of X3 in [Buttcane 2013,
Section 4.3], but easily extends to nontrivial f.

Shalika’s local multiplicity-one theorem [1974, Theorem 3.1] states the operators F,, and J, o L™ are
identical, up to a constant. In particular, F, (¢) = ¢, J, (L (¢)) for some constant ¢, € C, and we take
the f in the theorem to be the restriction to K of £ (¢).

In terms of Shalika’s notation, we notice that Shalika’s D(IT) is a dense subspace of the smooth
vectors Rg", the continuity condition on elements of Shalika’s D’'(IT) is with respect to the Fréchet
topology described above, and the images of both F,, and 7, 0 L trivially lie in Shalika’s D:#n (ITY CWh -

Appendix B: Computing the Casimir operators

We now prove Lemma 7. The first step is to write the E; ; basis in terms of the X;, K; basis: As operators
on smooth functions of G (that is, we drop the identity matrix which acts as the zero operator),

AE; ;=Y Xl Xe+ Y [K i K, (168)
k=<2 |k]<1

where, as in (38), [X]; ; means the entry at index i, j of the matrix X and similarly for [Ky]; ;.
By the symmetries of the matrices X and Ky, the coefficients satisfy

(Xilij = D IXidije [Kdij = (DMK )i s
[Xilji = [ Xkl [Kilji = —[Kilij-
Inserting these expressions into (42) gives
—324, =Z( D EDRIX )i j X+ Y (=DM K s jK/q)o( > KidijXe—) [Kkz],-,,Kkz).
L,j Clki]<2 lki]=<1 k2| <2 k2| <1

Now we interchange the sums and use the orthonormality (38), so we have

—8A1= Y (=1)/X;0X_;+2Ax. (169)
lj1=2
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We reduce to the Z ; operators by (74), so that

—8AI—2Ak = ) (Z(—Df'D%,,j(k)D%z,_ﬂk))ZloZz2
lerl.le21<2 N jl<2 . _ _
+ > (Z(—WD%I,,-(k)zeID%Q,_jac))zez. (170)

[€1],1€21<2 M jl<2
The symmetry (71) implies (— 1)t D%’_j (k) =D? 0 (k) and so the orthogonality of the rows of D?(k)
gives

D (DD j()DE, ) = (=1)280,— . (171)
[jl=<2

Also, we may compute from (73) and (40) that

Z1,Df (k) = =D ; (), (172)
Z.Df ;(k) = —/d(d+1) = L€ F DD, ; k), (173)
ZoD{ (k) =0. (174)

Applying these two facts to (170), we have

—8A1 =28k =Y (—1)'Zy0Z_y—2Z_2+2v6Z0—22,.
|e]<2
From (73), (41) and the commutativity of all K ].Left and Z;, we have
2
—8A1= Y (=1)'Zy0Z =223 +2v6Zg—2Z
= F V2K o (2 — Z_p) + 2K 0 Z_ 42K %6 2, (175)

Since the operators K jLef‘ are zero on spherical functions, we see that
2
—8AT= Y (—1)'Zi0Z_—22,-2Z_,+2V6Z,, (176)
=—2
and (46) follows.
The degree-3 operator is somewhat more complicated, so we increase the formalism a little: We collect
the X, and K, operators and the Zyand K (Lef‘ operators by defining

J {xZ ifd =2, d_{z ifd =2,
d — -

~ k. itd=1, T Kk ifa=1.

In the same manner as we derived (75), we have

kKik™' =" i/7'Dy ;0K keK, (177)
le1=<1
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which follows from

k(a,0,0)Kk(—a,0,0) = e VK],

wiKjwy! = Z i/'Dy , (O K;, (178)
[e|=<1

and this may be checked using

] —iv2 1
Dlw=5[iv2 0 V2
1 —iv2 —1
Then the trick (76) implies
K; = Z i/7'Dy (k)K" (179)

le|<1
as differential operators in the Iwasawa coordinates. Collectively, we may now write

Xl = U0z (180)

|€l=d

(The factor d? here should not be confused with the Wigner d-polynomial.)
Now the orthonormality relations (38) are replaced with properties of Clebsch—Gordan coefficients.
The identities are best expressed in terms of the Wigner three-;j symbols (recall (53)), so we define

105 ifdi+dy+d;=6,

i) +drbr+ds b3 <d1 d d3> y =3J15i ifdi+dy+d3 =5,
€ Lo L3 35  ifdi+do+dy =4,

—3J3i  ifd +dy+d; =3.

di,dydy
@51,62,63 . 5€1+€2+€"€ 0l

Then
— . . - di,dz,d3 y,d; dy d3
U:= 482El’-/OE1*kOE1” - Z Z ®J1 J2, /3X ij ost ’ (181)
i,j.k dy,dy,d3€{1,2} |j1|=dy,|j2|<d2.| 3] =d3
Jitj2+j3=0

which follows from

3 3
2 2 L T I 1A s = JTRXZ XL X)) = D2,
ik
and this may be checked directly.
To (181), we apply (180), and carefully interchange summations. For d, j, £ € Z3, let

¢d :l-dlz(jl—131)+d§(jz—€z)+d§(j3—€3)@41af{z,{ls
Jit Jisj2sJz”

Then the key identity is
d 1y .
Z QZJ"Z 511 J1 (k)DZZ J2 (k)Des J3 (k) = (Zi 622,633‘ (182)

[j1l1=d1,1)21=da, | j31<d3
Jitj2tj3=0
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This can be seen by the definition (52) and orthogonality [DLMF, equation 34.3.16] of the Clebsch—Gordan
coefficients as follows: Suppose, for convenience, that d; = dy = dz = 2; then

222
3 ( . .)Dﬁ,,,-l<k>7>£2,j2<k>7>%3,j3<’<>

1 J2J3
Jiti2+j3=0 e

2 22\(2 2d,
=(—1)"% 1)3p% D% . (k 2d+1< )( . .),
=D Z(& 12 —El—ﬂz)z( V" Prrtr,—j O () 2_: (et 1) jv 2 i3)\o 2 3
31<2 Ji+i2==J3
and the inner sum over j; 4 j» = —j3 is §4,—2 by orthogonality. The identity follows by applying (171)

on the j3 sum.

We have U = U3 + Uy + U;, where

Z ( Z @d L’l Ji (k)Dez 2 (k)ID& J3 (k)> dl °© Zd2 ° Zd3

dy,dy,d3 " ji+j2+j3=0
£1,€2,43

di ~d. d. d.
S (X e oot ek, w) 2oz

dy,dy,d3 " ji1+jo+j3=0
£1,42,43

+ 2 (X e, wnk wEnh w) 2 e 2t

di,dr,d3 " ji+j2+j3=0
£1,€2,43

e 2 (X et wnk wEtn @)zt

di,dr,dz “ji+ja+j3=0
£1,82,43

Z Z Qid 51 J1 (k)sz 2 (k) (Zd] d2D213 3.3 (k))>

dy,dy,d3y ~j1+j2+j3=0
41,482,483

+ 2 (X et wEhnl weko,w)

dy,dr,d3 " ji+ja+j3=0
£1,€2,43

Though it is far more involved than the degree-2 operator, from (172)-(174) and (182), we can compute
W= Y ofPtzliozhoz) (183)

dy,dp,d3
L1+€r+03=0

=Y §rizloz), (184)
dy,d3
0,43

U' = 4867y = 4862y, (185)
where the coefficients matrices % are given by

9 0 15
%1,1 — 0 12 0 , 31,2 —
15 0 9

o O O
w O W
S O O
W O W

0
0f, (186)
0
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0 6iv/2 0 0 0 26 0 0
3 0 -15 0 -9 0 =27
F2=1 0 0 0|, &%°=14v6 0 36 0 4V6], (187)
~15 0 3 0 27 0 9 0
0 —6iv2 0 0 0 26 0 0

indexing from the center. We have now completely removed the Wigner D-matrices from the above
expressions, and the rest is purely computational.
As before, we have
14405 = Y D32, Zy0Zeyo Zey+ Y ey Ze, 0 Zes +48V6Z + 14443,
L1+l +03=0 £r,03

and (47) follows by using

(K5, K = 3v2i k60 [KEeN, K2 = V2i K EeR, (188)
and
[Z+2, Zp] =0, [Zs1, Zol = V6Z4, [Z_1,Z:]=0 (189)
(Zi2, Z11l =211, [Zir, Zs1l=Z51—224,, [Z2,25]1=22,-27_,. (190)
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