Charles University in Prague

Faculty of Mathematics and Physics

DOCTORAL THESIS

Marie Holikova

Symplectic spin geometry

Mathematical Institute of Charles University

Supervisor of the doctoral thesis: RNDr. Svatopluk Krysl, Ph.D.
Study programme: Mathematics

Specialization: Geometry

Prague 2016



Acknowledgments

I am greatly indebted to docent Petr Somberg for suggesting the problems to
solve, many helpful conversations and patient help. Next, I would like to express
my gratitude to my supervisor doctor Svatopluk Krysl for his willingness, helpful
comments and support during my studies. I would like to thank to assistant
professor Hendrik De Bie for inspiring collaboration. My thanks also goes to
other members of my department for useful advices and suggestions. Last but
not the least, I would like to thank my family and my friends for supporting me
throughout the time of writing of this thesis and in my life in general.



I declare that I carried out this doctoral thesis independently, and only with the
cited sources, literature and other professional sources.

I understand that my work relates to the rights and obligations under the Act
No. 121/2000 Coll., the Copyright Act, as amended, in particular the fact that
the Charles University in Prague has the right to conclude a license agreement
on the use of this work as a school work pursuant to Section 60 paragraph 1 of
the Copyright Act.

In ... date ............ Marie Holikova



Nézev prace: Symplektickd spin geometrie

Autor: Marie Holikova

Katedra: Matematicky tistav Univerzity Karlovy

Vedouci diserta¢ni prace: RNDr. Svatopluk Krysl, Ph.D., Matematicky dstav UK

Abstrakt: Symplekticky Diracuv operdtor a sympleckticky twistorovy operator jsou
symplektickymi analogiemi Diracova a twistorového operatoru v spin-Riemannové ge-
ometrii. V préci je vénovana pozornost zdkladnim aspektum téchto dvou operatoru.
Konkrétné, detailné studujeme jadro symplektického twistorového operdatoru na sym-
plektickém vektorovém prostoru dimenze 2n. Ukazuje se, ze prostor feSeni je symplek-
tickou analogii klasického ortogondalniho piipadu. Daéle, na pfikladu 2n-dimenzionalniho
toru ukazeme zavislost prostoru feseni symplektického Diracova a twistorového op-
eratoru na vybéru metaplektické struktury. Navic zkonstruujeme symplekticka zobec-
néni klasické theta funkce pro symplekticky Diracuv operdtor. V préci se zabyvame
symplektickou Cliffordovou analyzou pro symplekticky Diractuv operator, s durazem na
realny symplekticky prostor dimenze 2. Studujeme symetrie prvniho fadu symplek-
tického Diracova operatoru, symplektickou analogii Fisherova produktu, a sestrojime
baze symplektickych monogenik v realné dimenzi 2 resp. jejich rozsiteni na symplek-
tické prostory vyssi dimenze.

Klicova slova: symplekticka spin geometrie, symplekticky Diractv operdtor, Symplek-
ticky twistorovy operator, Symplekticka Cliffordova analyza.

Title: Symplectic spin geometry
Author: Marie Holikova
Department: Mathematical Institute of Charles University

Supervisor: RNDr. Svatopluk Krysl, Ph.D., Mathematical Institute of Charles Univer-
sity

Abstract: The symplectic Dirac and the symplectic twistor operators are symplectic
analogues of classical Dirac and twistor operators appearing in spin-Riemannian geom-
etry. Our work concerns basic aspects of these two operators. Namely, we determine
the solution space of the symplectic twistor operator on the symplectic vector space
of dimension 2n. It turns out that the solution space is a symplectic counterpart of
the orthogonal situation. Moreover, we demonstrate on the example of 2n-dimensional
tori the effect of dependence of the solution spaces of the symplectic Dirac and the
symplectic twistor operators on the choice of the metaplectic structure. We construct a
symplectic generalization of classical theta functions for the symplectic Dirac operator
as well. We study several basic aspects of the symplectic version of Clifford analysis
associated to the symplectic Dirac operator. Focusing mostly on the symplectic vec-
tor space of the real dimension 2, this amounts to the study of first order symmetry
operators of the symplectic Dirac operator, symplectic Clifford-Fourier transform and
the reproducing kernel for the symplectic Fischer product including the construction of
bases for the symplectic monogenics of the symplectic Dirac operator in real dimension
2 and their extension to symplectic spaces of higher dimension, respectively.

Keywords: Symplectic spin geometry, Symplectic Dirac operator, Symplectic twistor
operator, Symplectic Clifford analysis.



Contents

Introduction 3
1 Preliminaries 6
1.1 Symplectic vector space . . . . . ..o 6
1.2 Symplectic group . . . . . ... 7
1.3 Symplectic Lie algebra . . . . . .. ... ... oL 8
2 Introduction to function theory 11
2.1 Schwartz space . . . . . . . . .. ... ... 11
2.2 Hermite functions and polynomials . . . . . . .. ... ... ... 12
2.3 Fréchet spaces . . . . . . . ..o 13
2.4 Topological tensor products . . . . . . ... ... ... ... 14
3 Segal-Shale-Weil representation 16
3.1 Heisenberg group and its Schrodinger representation . . . . . . . . 16
3.2 Stone-von Neumann Theorem . . . . ... ... ... .. ... .. 20
3.3 Metaplectic group and Segal-Shale-Weil representation . . . . . . 21
4 Fibre bundle, connection and symplectic spinor bundle 24
4.1 Symplectic manifolds . . . . .. ... oo 24
4.2 Fibre bundles . . . . . . . ... 24
4.3 Principal connection, associated connection and covariant derivative 27
4.4  Symplectic spinor bundle . . . . ... ..o 29
5 Symplectic operators 32
5.1 Symplectic Dirac operator . . . . . . . .. ... ... ... ... . 32
5.2 Symplectic spinor valued forms . . . . . ... ... .. 33
5.3 Symplectic twistor operators . . . . . ... ..o 35
6 Symplectic twistor operator on (R? w) 37
6.1 Introduction and motivation . . . . . . .. .. ... ... ... .. 37
6.2 Metaplectic Lie algebra mp(2,R), symplectic Clifford algebra and
class of simple weight modules for mp(2,R) . . . . . ... ... .. 38
6.3 Segal-Shale-Weil representation and metaplectic Howe duality . . 40
6.4 Symplectic twistor operator T . . . . . . . . .. ... 43
6.5 Polynomial solution space of symplectic twistor operator T, on
(REW) + o 45
7 Symplectic twistor operator on (R?",w) 60
7.1 Introduction and motivation . . . . . . . ... ... 60
7.2 Metaplectic Lie algebra mp(2n, R), symplectic Clifford algebra and
class of simple weight modules for mp(2n,R) . . . . . ... .. .. 61
7.3 Segal-Shale-Weil representation and metaplectic Howe duality . . 63
7.4  Symplectic twistor operator T and its solution space on (R**,w) . 65
7.5 Comments and open problems . . . . . ... ... ... ... 71



8 Symmetries of symplectic Dirac operator 73

8.1 First order symmetries of Dy on (R*w) . . . . . ... .. .. ... 76
8.2 First order symmetries of D, in holomorphic variables on (R? w) . 79
9 Rudiments of symplectic Clifford-Fourier transform 81
9.1 Eigenfunction decomposition for operator Dy —cXg . . . . . . .. 81

10 Symplectic Fischer product and reproducing kernel on symplec-

tic spinors 86
10.1 Symplectic Fischer product and reproducing kernel forn =1 . . . 86
11 Explicit bases of symplectic monogenics on (R? w) 90
11.1 Action of symmetries of D, on basis of symplectic monogenics . . 95
12 Extension map for symplectic spinors on (R?",w) 99
12.1 Representation on tensor product . . . . . . . .. ... ... ... 99
12.2 Extension map . . . . . . . ... 100
13 Symplectic Dirac and symplectic Twistor operators on complex
tori 103
13.1 Complex tori of dimension one: Elliptic curves . . . . . . . . . .. 104
13.2 Symplectic Dirac operator on elliptic curves . . . . . .. ... .. 105
13.3 Symplectic Twistor operator on elliptic curves . . . . . . . . . .. 108
14 Symplectic analogues of classical theta functions 110
14.1 Holomorphic symplectic theta functions . . . . . . . . .. ... .. 111
14.2 Holomorphic symplectic theta functions and non-trivial endomor-
phisms of S(R) . . . . .. .. . . . 114
14.3 Vector valued non-holomorphic symplectic theta functions . . . . 116
14.4 Symplectic vector valued non-holomorphic theta functions on high-
er even dimensional tori . . . . . ... ... 120
References 122



Introduction

The subject of our thesis concerns various aspects of the theory of symplectic
Dirac and symplectic twistor operators - symplectic spinor analogues of classical
Dirac and twistor operators.

Many problems and questions in differential geometry of Riemannian spin
manifolds are based on analytic and spectral properties of the classical Dirac and
twistor operators acting on spinor valued fields. In particular, there is a quite
subtle relation between the geometry and the topology of a given manifold and
the spectra and solution spaces of Dirac and twistor operators. See e.g., [1], [18]
and references therein. In the Riemannian geometry, the twistor equation appears
as an integrability condition for the canonical almost complex structure on the
twistor space and it plays a prominent role in conformal differential geometry due
to its bigger symmetry group. In physics, its solution space defines infinitesimal
isometries on the riemannian super manifolds.

Symplectic geometry naturally originates in physics and provides a language
for Hamiltonian description of classical mechanics, similarly to the use of Rie-
mannian geometry in the Lagrangian description of classical mechanics.

The research in the symplectic spinor geometry was initiated by D. Shale [37]
and B. Konstant [28] in the context of quantization. Symplectic spinors were
introduced in [28] and their algebraic properties were studied in [5]. Geometric
aspects of the theory of symplectic Dirac operator D, were studied by K. Haber-
mann, [21], who introduced the symplectic Dirac operator. The lecture notes [22]
contains a comprehensive introduction to the symplectic spinor geometry and
symplectic Dirac operators. A symplectic parallel to the twistor operator were
then introduced and considered from various perspectives in [24], [31], [32].

The content of this thesis is as follows. In the first five chapters, basic terms
are summarized as well as properties needed for understanding of the results
discussed in the next chapters.

The first chapter is preliminary and contains basic notions as the ones of
symplectic vector spaces, symplectic groups and symplectic Lie algebras. Their
relation with symplectic Clifford algebras are recalled here.

The second chapter gives a brief excursion into the function theory, namely the
Schwartz space together with its distinguished basis of Hermite functions. The
rest of the chapter offers a framework for Fréchet function spaces and nuclear
function spaces. We recall their topological tensor product as well.

The Segal-Shale-Weil representation of the metaplectic group is introduced in
Chapter 3. It is a faithful infinite-dimensional unitary representation which plays
the same role as the spinor representation of the spin group plays in Riemannian
spin geometry. In order to deal with symplectic spinors as elements of the repre-
sentation space, the symplectic Clifford multiplication is introduced. It allows us
to multiply symplectic spinors by vectors.

Chapter 4 contains a brief introduction of several geometrical aspects, name-
ly the notion of a symplectic manifold and basics on the theory of bundles and
connections on associated vector bundles. If there is a double covering of the
symplectic frame bundle of symplectic manifold (M, w), the so called metaplectic



bundle, one can induce the Segal-Shale-Weil representation to obtain the sym-
plectic spinor or Konstant bundle. This bundle is of infinite rank and its fibres
are modules isomorphic to the Segal-Shale-Weil representation.

In Chapter 5, we conclude the introductory part of the thesis with definitions
of the symplectic Dirac Dy and the symplectic twistor operator Ts. See the mono-
graph [18] for a comparison with the Dirac operator in Riemannian geometry.

Chapters 6 and 7 are based on two published articles [12], [13] with a few
minor changes. The aim of these chapters is to study the symplectic twistor op-
erator T in the context of the metaplectic Howe duality, see [9], and consequently
to determine its solution space on the canonical symplectic space (R?",w). From
the analytic point of view, T, represents an overdetermined system of partial
differential equations and acts on the space of polynomials with values in the
Segal-Shale-Weil representation. From the point of view of representation theory,
T is mp(2n, R)-equivariant. The solution space was described using the interac-
tion of T with the Howe dual pair (mp(2n,R),s((2)), where s[(2) is generated by
D,, X,. As we shall see, concerning T}, there is a substantial difference between
the situation for n = 1 (Chapter 6) and n > 1 (Chapter 7).

The operators acting on the space of symplectic monogenics are studied in
Chapter 8. The symplectic monogenics are elements of the solution space of
the symplectic Dirac operator on the canonical symplectic manifold (R*",w).
Decomposing Pol(R*", C) ® S(R™) into mp(2n, R)-submodules with the use of the
metaplectic Howe duality, we discuss the lift of the mp(2n, R)-symmetry of the
space of symplectic monogenics to a representation space of a bigger Lie algebra.

In the harmonic analysis on R", the classical Fourier transform can be encoded
by the exponential of the operator (A — [|z||?), i.e. a difference of the Laplace
operator A and [|z||?, the square of the operator of the norm of x € R™. There are
analogous results in harmonic analysis for finite groups based on Dunkl operators
or Dirac operator, cf. [7], [8] and [10]. Chapter 9 discusses rudiments of symplectic
Clifford-Frourier transform by an investigation of an eigenfunction decomposition
of the difference of Dy and Xj.

A symplectic Fischer product on polynomial symplectic spinors Pol(R?, C) ®
S(R) is defined in Chapter 10. This product is a symplectic analogue of the
Fischer product on complex polynomials valued in the classical Clifford algebra.

Symplectic monogenics, discussed many times throughout the thesis, are the
elements of mp(2,R)-submodules of the Fischer decomposition of polynomial
spinors contained in the kernel of the symplectic Dirac operator. Constructions
of two different basis of symplectic monogenics on (R? w) are given in the first
part of the Chapter 11. These bases are then used to determine the behaviour of
the symplectic Fischer product. Moreover, one of the basis is constructed in such
a way that the symmetries of the symplectic Dirac operator act by the scalar on
the set of basis elements.

In Chapter 12, we describe a recursive construction of symplectic monogenics
on (R?",w) from the symplectic monogenics on (R?, w) and (R2™~1) ).

It is a classical result in Riemannian spin geometry that spectral properties
of Dirac operator depend on the choice of a spin-structure, cf. [18]. A nice ex-
ample of this phenomenon appears in [17], proving the dependence of its solution
space on the choice of spin structures in the case of the real tori of an arbitrary
dimension. The main theme of Chapter 13 is to study analogous phenomenon in



the context of symplectic geometry and related symplectic Dirac operator. The
computations show that on even dimensional tori, the solution space for the sym-
plectic Dirac operator depends on the choice of the metaplectic structure used
to define it. The question of existence of a solution is in the symplectic case
more subtle than in the Riemannian geometry due to the restriction to a specific
function class.

Another aspect of symplectic Dirac operator on symplectic tori is related to a
construction of symplectic theta functions, regarded as a specific class of functions
in the solution space of the symplectic Dirac rather than classical Dolbeault
operator, cf. [34], [35]. In Chapter 14, we present several classes of symplectic
theta functions and their basic properties.



1. Preliminaries

1.1 Symplectic vector space

In the first section we define a symplectic vector space and its various subspaces
and recall their basic properties.

Definition 1.1.1. The symplectic vector space is a pair (V, ), where V' is a vector
space of finite dimension over the field of real numbers R and 2 : V x V — R is
a non-degenerate skew symmetric bilinear form.

Let 2 be a non-degenerate skew symmetric bilinear form on a 2n dimensional

vector space V', n € N. Then there exists a basis ey, ..., ey, of the vector space
V such that
Qej,ex) =0=Q(ensj, ensr) and  Q(ej, epik) = ik (1.1)

for every j,k =1,...,n. The symbol d;; denotes the Kronecker delta.

Definition 1.1.2. The symplectic basis of the symplectic vector space (V) is
a basis {e1...,en, €ne1,. .., €2, } With the property (1.1).

Then the symplectic form €2 is in the symplectic basis of (V, Q)

(e = (=) (0 o) ).

where u, v € V and [ stands for n x n identity matrix.
Example 1. Let us take the vector space R?" with the basis

J
~ =
61:(1,0,...,0),...,ej:(O,...,O, 1,0,...,0),...,e9, = (0,...,0,1)

and the form 2 such that it is represented by matrix (_OI é) in this basis. Then
(R™, ) is called the canonical symplectic vector space and Q on R?" is called the
canonical symplectic form.

It will cause no confusion if we use {2 to designate the canonical symplectic
form of the canonical symplectic vector space (R**, Q) and any symplectic form
on a general symplectic vector space (V,(2), since it is always obvious from the

framework whether it is the former or latter case.
Not all subspaces of a symplectic space looks the same.

Definition 1.1.3. A subspace Y of a symplectic vector space (V, ) is called the
symplectic subspace, if Q]y is non-degenerate. If Q|y = 0, then a subspace Y is
called the usotropic subspace.



For instance the linear span of vectors ey, e, 1 from Example 1 is a symplectic
subspace and the linear span of vectors ey, es is an isotropic subspace.

A subspace Y of a symplectic vector space (V,€2) can be determined by its
symplectic orthogonal complement

Y¢={veV|Q,u)=0forall ucY}.

A subspace Y of a symplectic vector space (V) is a symplectic subspace if
and only if Y N Y = {0}. Or equivalently if and only if Y & Y = V. Whereas
a subspace Y is an isotropic subspace if and only if Y C Y. If Y is an isotropic
subspace, then dimY < %dim V.

Definition 1.1.4. The Lagrangian subspace Y of a symplectic vector space is a
subspace that satisfies Y = Y.

The Lagrangian subspace is isotropic. In particular a subspace Y of a symplec-
tic vector space (V, ) is Lagrangian if and only if dimY = § dim V. Especially,

every basis ey, ..., e, of a Lagrangian subspace Y could be extended to the basis
€1y CnyCnily- .-, 6Ean Of V.
Let us denote by R" = (ey,...,e,) and (R") = (e,11, ..., €2,) linear spans of

the first n and the second n elements of basis of (R?*",Q2). Then R™ and (R™)’ are
called canonical Lagrangian subspaces of (R*™ Q).

1.2 Symplectic group

The term symplectic group can refer to two different, but related groups, some-
times denoted by Sp(2n,R) and Sp(n). The symplectic group Sp(n) consists of
linear mappings of the space of quaternions H", but it will not be used in this
thesis.

Definition 1.2.1. The symplectic group Sp(2n,R) is a group of all automor-
phisms of (R?", Q) preserving the canonical symplectic form

Q:(z,y) = Zfﬁjynﬂ' - Z$n+jyj7
j=1 j=1

where x = (21, ...,%2,),y = (Y1, ..., Yo2n) € R

Thus the elements of the symplectic group Sp(2n, R) are automorphisms A €
GL(2n,R) such that for every v, w € R?" satisfy

Q(Av, Aw) = Q(v, w).

0 T
ne ()

the matrix of the canonical symplectic form with respect to some symplectic basis.
A maximal compact subgroup of the symplectic group Sp(2n,R) is

Let us denote

Sp(2n,R) N O(2n, R),

7



where O(2n,R) = {A € GL(2n,R) | AAT = ATA = I} is a group of all real
orthogonal matrices. See, e.g., [16, Prop. 4.5] If we identify R*" with C" by the
mapping (z,y) — x + iy, © € R, y € (R"), then it is easy to realise

Sp(2n,R) N O(2n,R) = U(n),

where U(n) = {A € M,(C)| ATA = I} is the unitary group of C* with canonical
hermitian form. The symbol M, (C) denotes the set of complex n x n matrices.
Therefore the maximal compact subgroup of Sp(2n, R) is the unitary group U(n).
Based on this, the following property is for instance proved in [16, Prop. 4.8].

Proposition 1.2.1. The symplectic group Sp(2n,R) is path connected and its
fundamental group is Z.

Let us define following sets, which are related to a structure of the symplectic

o-{(2 ) |pectin)

w={ (4 )| ecunm -}
N = { (]ff ?) ‘NEGL(n,R),N:NT}

A direct computation shows that the sets D, N"and N are subgroups of Sp(2n, R).
Moreover it holds that

NDN = { (é g) € Sp(2n,R) | det A # o}.

In [16, Prop. 4.10] is proved following property of the symplectic group.

Proposition 1.2.2. The symplectic group Sp(2n, R) is generated by DUN U{Jo}
or it is generated by DUN U {.Jy}.
1.3 Symplectic Lie algebra

Definition 1.3.1. The symplectic Lie algebra of the symplectic group has the
matrix realization

sp(2n,R) = {A € My, (R) | AT Jy + JoA = 0}.

Elements of the symplectic Lie algebra are endomorphisms A of the canonical
symplectic vector space (R*", Q) satisfying

Q(Av, w) 4+ Q(v, Aw) = 0,

for every v, w € R?".



A matrix realization of the sp(2n,R) is

Xik = Ejr — Enibnts,

Yij = Ejntj,

Vit = Ejnir + Egnyy for j # k, (1.2)

Zji = Enjj,

Zik = Enyjr + Enqry for j #k,
where 5,k =1,...,n and I}, is the 2n x 2n matrix with 1 on the intersection of
the j-th row and the k-th column and zero otherwise. Thus sp(2n,R) is a linear
span of matrices X, Yj, Zjr where j,k=1,...,n, see, e.g. [19].

There is another useful representation of the symplectic Lie algebra sp(2n, R)
on complex valued polynomials in 2n real variables Pol(R?",C). Let xy, ..., Ty,
Y1,...,Yn be variables on R*", we will denote by 0, and 0, partial differentia-
tions instead of % and aiyj’ j,k=1,...,n. Then for j,k = 1,...,n following

endomorphisms of Pol(R**,C)

Xjk = xjaxk - ykayja

Yj; = xjayj’
}/jk = xj@yk + l’kayj for j 7A k?, (13)
Zjj = ?Jjarj,

ij = yj&,;k + yk(‘?xj for ] 7& k.
form a faithful representation of the symplectic Lie algebra.

Definition 1.3.2. The symplectic Clifford algebra Cl,(R?",2) is an associative
unital algebra over C given by the quotient of the tensor algebra T'(R?*") by a
two-sided ideal I C T(R*") generated by

veow—w-v=—iQ(v,w)
for all v,w € R?", where 2 is the symplectic form and ¢ € C is the complex unit.

Let a(2n) denote a subspace of the symplectic Clifford algebra Cl,(R*", )
spanned by v - w + w - v for v,w € R*. The following proposition, proved in
[22, Lem. 1.1.6], relates the symplectic Clifford algebra and the symplectic Lie
algebra.

Lemma 1.3.1. The space a(2n) is a Lie subalgebra of Cl,(R**, Q). It is isomor-
phic to the symplectic Lie algebra sp(2n,R).

The symplectic Clifford algebra Cl,(R**, ) is isomorphic to the Weyl alge-
bra Wy, of differential operators with polynomial coefficients on R™. The Weyl
algebra is an associative algebra generated by {q1,...,qn, 04, - .0y }, Where g;
denotes multiplication operator by ¢;, and partial differentiation by ¢; is denoted
by 9,,, for j = 1,...,n. See [5] for more details about the Weyl algebra, also
referred to as the common symplectic Clifford algebra.

The symplectic Lie algebra sp(2n,R) can be realized as a subalgebra of the
symplectic Clifford algebra, i.e. also as a subalgebra of Ws,.



Further, the symplectic Lie algebra sp(2n,R) is realized by operators on the
Schwartz space S(R™), for definition see Section 2.1,

1
Xjk = 00, + 50jk;

(3

Yj; = —§QJ27

Y;'k = —’inqk for ] 7£ k, (14)
1

Zjj = —53;,

Ty, = —i0y, 0y, for j # k,

where ¢ is the imaginary unit and d,, denotes the Kronecker delta.

10



2. Introduction to function
theory

In the present chapter, we review some basics of (Schwartz, Fréchet, nuclear) func-
tion theory and topological vector spaces needed in the definition of symplectic
spinors.

We start by introducing the Schwartz function space and its distinguished
orthonormal basis given by Hermite functions. We treat a wider framework of
Fréchet function space, whose distinguished example is the Schwartz function
space. Then we pass to the notion of topological tensor product and nuclear
function spaces.

For a complete introduction with more details, proofs and examples we rec-
ommend books [4], [39].

2.1 Schwartz space

The Schwartz space S(R™) - the space of rapidly decreasing functions on R" is
a subspace of square integrable function L?(R™) considered with Hilbert scalar

product (f,g) = | f(z)g(z)dz, for f,g € L2(R").
Moreover S(]lgg) C LP(R™) for 0 < p < 0.
Definition 2.1.1. The Schwartz space is the function space
S(R™) = {f € C(R")| | fllos < o0 for all a, € Ny},

where C*(R™) denotes the space of all complex valued smooth functions on R"
and the semi-norms are defined by

[fllass = sup |2*Dgsf(x)|
z€R™

with % = 27" - ... 20", o = (aq,...,a,) € Nj. The symbol Dg denotes dif-
851 . aﬁn
Bxfl dzpn’

ferentiation in relevant variables and of a given order, ie., Dg =

B = (f,...,0n) € N, and o, B € Nj are multiindexes.

The Schwartz space decomposes into two parts, of odd and even functions.
Let us denote by S(R™)~ odd part and by S(R™)" even part of S(R"™).

Definition 2.1.2. The Fourier transformation F f of a complex valued integrable
function f € L'(R") is defined by

FNO = 1O = [ e f(a)da,
R
The inverse Fourier transformation F~'f of f is
F @) = fla) = [ e p
Rn

where z, £ € R™ and (-, ) is the canonical inner product on R".

11



Theorem 2.1.1. The Fourier transformation F and the inverse Fourier trans-
formation F~! are mutually inverse continuous endomorphisms when restricted

to S(R™).

2.2 Hermite functions and polynomials

The basic tool needed to work with vector spaces in an explicit way is its basis.
We shall briefly expose one specific choice of a complete orthogonal system for
S(R) given by Hermite functions and associated Hermite polynomials. Here, we
consider S(IR) as a pre-Hilbert space with respect to the scalar product on L*(R).
Thizs collection yields a complete orthogonal system of L?(R)-space weighted by
e x

Definition 2.2.1. For n € Ny we define the n-th Hermite polynomial by

-
H, (1) = (—1)"e” L=
() = (1) e
An explicit form is by [33]

are

Ho(l‘) = 1,
Hl (I) = 2$,
Hy(x) = 42® — 2,
Hs(z) = 82 — 12z,
Hy(z) = 162" — 4822 + 12.
Since the action of the operator —eIQ%e_I2 and eé (x — %) e‘é on an ar-
bitrary function f(z) provides the same result, i.e.
d d 22 d 22
e e ) = 200 (0) - 4 f(0) = % (- 1) e F g)

we infer an equivalent definition of Hermite polynomial

Hi(x)=e7 (x - %) e

and by the induction principle we obtain

22 d\"
H,(z) = I
() =ez (m dx) e

Definition 2.2.2. For n € Ny, the normalized n-th Hermite function is

1 _a?
wn(aj) = We 2 Hn(x)

1 d\" _
@Z)n(l"):m(i—%) e 2.

12
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2.3 Fréchet spaces

Let us now highlight the concept of topology on a vector space defined by a family
of semi-norms. As a topological vector space, we always suppose a Hausdorff
topological vector space.

Definition 2.3.1. Let X be a vector space and P = {p; |i € I C N} be a family
of semi-norms on X. An open ball defined by the family of semi-norms P of
radius € = {g;}ie; and center xy € X is the set of all points x € X such that
g; > pi(x — xp),e; > 0, 1 € J for every finite subset J C I. The basis of the
topology defined by the family of semi-norms P is generated by all open balls
defined by the family of semi-norms P.

There exists a translation invariant metric pp such that topology defined by
pp on a vector space X is identical with the topology defined by countable family
of semi-norms P = {p; |7 € I C N}, with the property that for every 0 # z € X
there exists i € I that p;(x) # 0.

Definition 2.3.2. A topological vector space (X, 7) is said to be locally convex
if there is a basis of neighborhoods in X consisting of convex sets. The topology
7 is then called the locally convex topology.

A topological vector space with topology defined by a countable family of
semi-norms is locally convex. Conversely, it can be proved that the topology of a

locally convex vector space can always be defined by a family of semi-norms. See
[4, p. 424].

Definition 2.3.3. A topological vector space X is the Fréchet space if X is
complete and its topology is induced by a countable family of semi-norms.

Equivalently, a topological vector space is a Fréchet space if it is complete,
locally convex and its topology can be defined by a translation invariant metric.

Example 2. The space R™ with classical Euclidean metric is a Fréchet space.
The Schwartz space S(R™) of rapidly decreasing functions is a Fréchet space
with family of semi-norms from the Definition 2.1.1,

[ flla,s = sup |2 Dg f(z)|
z€eR™

with multiindexes «, 5 € Ny.

Another class of Fréchet spaces are the function spaces with suitable family
of semi-norms. For example, C*(R) with the family of semi-norms || f|x, =
sup{|D® f(z)| |z € [-n,n]} for all n, k € Ny, is a Fréchet space.

Definition 2.3.4. Let V and W be two Fréchet spaces and {p; }icn, be a family
of semi-norms defining a structure of the Fréchet space on W. A mapping F :
V' — W is said to be smooth if p; o ' : V — C is smooth for each ¢ € Nj.

13



2.4 Topological tensor products

In this section, X and Y are two locally convex topological vector spaces and
X ®Y their tensor product. Let us remind that for us, topological vector spaces
X,Y are Hausdorff.

Definition 2.4.1. We call w-topology or projective topology on X ®Y the strongest
locally convex topology on this vector space for which the mapping (z,y) — x®vy
of X x Y into X ® Y is continuous. Let X ®, Y denote the space X ® Y with
projective topology. The completion of X ®, Y is called the projective tensor
product of X and Y and it will be denoted by X®,Y .

A subset of X ® Y is a neighbourhood of zero in 7-topology if and only if its
preimage under (z,y) — = ® y contains a neighbourhood of zero in X x Y i.e. if
it contains a set of the form U@V ={z®@yec X ®Y |z € X,y € Y} where U
and V are a neighbourhoods of zero in X and Y respectively.

Let us denote by X/, Y/ the weak duals to X and Y. A subset H C L(E, F)
of linear mappings between two locally convex space F, I is called equicontinuous
if for each neighborhood V' of the zero vector in F' there exists a neighborhood U
of the zero vector in E such that g(U) C V for each g € H.

A bilinear mapping f : X x Y — G with partial mappings f, : y — f(z,y)
and f, : * — f(z,y) is said to be separately continuous if both f, and f, are
continuous. We denote by B(X,Y') the space of continuous bilinear mappings of
X x Y into scalar field C (or R) and B(X,Y") the space of separately continuous
bilinear mappings of X x Y into scalar field. Let us notice that B(X/,Y)) is
isomorphic to X ® Y.

Definition 2.4.2. Let us call e-topology or injective topology on X ® Y the
topology induced by B(X.,Y/) considered as a vector subspace of B(X.,Y)),
the space of separately continuous bilinear forms on X! x Y equipped with the
topology of uniform convergence on the product of equicontinuous subsets of X’
and equicontinuous subsets of Y’. Let X ®. Y denote the space X ® Y with
injective topology. The injective tensor product of X and Y is the completion of

X ®. Y and we will denote it by X&.Y.

Nuclear space is a space with a lot of of good properties of finite-dimensional
vector space.

Definition 2.4.3. A locally convex topological vector space X is nuclear if and
only if for every locally convex topological vector space Y, the topological vector
spaces X®,Y and X®.Y are isomorphic.

Consequently, for a nuclear space X we write just X®Y instead of X®,Y or
X®.Y.

Example 3. The space Pol(C") of polynomials in n variables is nuclear space. Its
topology is the inductive limit of inner product topologies on a finite dimensional
spaces of polynomials of a fixed maximal order. For details, see [39, p. 526].

The Schwartz space S(R™) and the space of smooth functions C*°(U) on any
open subset U C R"™ are nuclear.
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Let us take f,, € S(R™), f, € S(R"). From algebraic point of view, we can
insight the following structure by pullbacks of projections. Denote

Tt R - R™, 7w, : R - R”
two canonical projections. Then the product of pullbacks
(T fm) (T3 fn) € S(R™T™).

The tensor product S(R™) ® S(R™) is dense in S(R™ x R™). Moreover we have
the following for completion of the tensor product.

Theorem 2.4.1. There is a canonical isomorphism
S(R™QS(R") = S(R™™).

The reason for the existence of the isomorphism is that the Schwartz space is
both Fréchet and nuclear space. See [39] for more details of the isomorphism.
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3. Segal-Shale-Weil
representation

In this section, we want to present some facts from representation theory needed
to introduce the Segal-Shale-Weil representation. This representation plays the
same role as the spin representation of the spin group - the double cover of
the orthogonal group, used in the Riemannian geometry. The symplectic group
Sp(2n,R) has a double covering called metaplectic group Mp(2n, R).

The Segal-Shale-Weil representation is an infinite dimensional uniraty rep-
resentation of the metaplectic group Mp(2n,R) on the space of all complex
valued square integrable function L*(R"™). We use mostly the Schwartz space
S(R™) c L*(R™), the space of smooth vectors of the Segal-Shale-Weil represen-
tation, as the symplectic spinor space in this thesis.

Let us recall R” and (R™)’ two canonical Lagrangian subspaces of the canonical
symplectic space (R?", ), such that R” @ (R") = R?".

3.1 Heisenberg group and its Schrodinger rep-
resentation

Sometimes by the term Heisenberg group is meant the group of upper triangular
3 x 3 matrices with ones on a diagonal. But there will be presented a more
abstract definition of the Heisenberg group and its Schrodinger representation,
which will be used to construct the Segal-Shale-Weil representation. For more
details about the Schrodinger representation we refer to [16].

Definition 3.1.1. Let (V,w) be a symplectic vector space. The Heisenberg group
H(V) is a group with a support set V' x R and group operation

1
(v,2) - (w,9) = (v+ w2+ y+ Sw(v,w)),
where (v, ), (w,y) € V x R. Let us denote H(n) the Heisenberg group H(R*")
for the canonical symplectic vector space (R?", ().

Remark 1. The Heisenberg group H(n) can be represented by the following
realization. Let be v € R", w € (R"), i.e. (v,w) € R?", and t € R, then element
(v,w,t) € H(n) can be represented by a matrix

1 v ¢t
0 I w
0 0 1

Here I denote unit n X n matrix, v is row and w is column n-vector. The set of
such matrices is a group with respect to the classic matrix multiplication and an
identity matrix as the unit element. The isomorphism with a group defined in
the Definition 3.1.1 is

o O =
O~

t 1
ol ((v,w),t—§<v,w>>.
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The center of the Heisenberg group is
Z(H(n)) = {(v,2)|v =0} 2 R.

Definition 3.1.2. Let G be a Lie group, W be a topological vector space and
Aut(W) denote all continuous linear mappings from W onto W with continuous
inverse. A homomorphism of groups v : G — Aut(W) is called representation of
a group G, if t : G x W — W defined by t(g,v) = t(g)v is continuous. The space
W is called G-module or representation space.

The representation is called unitary if W is a Hilbert space and Im(t) C
U(W), where U(W) denotes a group of unitary operators on W, i.e. the group
of operators A satisfying AT A = Id, where Id is an identity operator.

Let us notice, that G x W is considered with the product topology. The set
Aut(W) is a group, because a composition of two mapping with a continuous
inversion, is continuous with continuous inversion and an unit element of the
group is the identity mapping.

Let us remind that a mapping ¢ : M — N between two manifolds of dimen-
sions m, n with atlases {UY, 0} }aca, {US', 3 } sep is called smooth (C*) if the
mapping ¢ otpo (p))~" : R™ — R" is smooth for all «, § from index sets A, B
of atlases of M and N.

A mapping ¢ : G — W, where G is a Lie group and W is a complex topological
vector space, is smooth if for every v* € W* is g — v* (w(g)) € C a smooth
mapping as a mapping from a manifold to the complex numbers. (A symbol W*
denotes the continuous dual of a space W.)

Definition 3.1.3. Let t be a representation of a group GG on a topological vector
space W.

1) A space W/ C W is called G-invariant if v(a)W' C W’ for every a € G.

2) A representation t is called irreducible if the only G-invariant closed sub-
spaces of W are {0} and W.

Let {z1,...,z,} be a coordinate chart on R™. Let us denote by X =37 | X/
a sum of operators of multiplication by z;, i.e. X/f = z;f. By D = Z?:l D;
is denoted a sum of operators D;f = ﬁﬁ% where f € L?*(R™). The operator
D is obviously unbounded on L?(R"). Finely, Id means an appropriate identity
operator.

Let us notice that for a suitable operator T, the exponential of T' is
T3
T — _—
=3
5=0

Definition 3.1.4. The Schridinger representation of H(R"@(R™)") on the Hilbert
space L*(R") is a homomorphism tg : H(R" @& (R")") — Aut(L*(R")) defined by

ts(p, q,1) = e2mitld+pDaX)

where (p,q,t) € HR" & (R™)').

17



It holds that e''df(z) = e'f(z) and e?™®P+X) f(g) = e2riav+mwa (g 4 p),
r € R", f € L*(R"). The Schrodinger representation is thus given by

(vs(p, . 1) f) () = e2mitHas+300) f (g 4 p),

where (p,q,t) € HR" @ (R")'), f : R" — C, x € R". It is continuous in the sense
of Definition 3.1.2 as may be seen from the formula.

Let us notice that on elements of the center of the Heisenberg group the
representation acts by

tS(Ov Oa t)f = 627ritf7

for every t € R and f € L*(R™). Hence an action of the central element is only
multiplication by scalar. The following property is shown in [16, p. 22].

Proposition 3.1.1. The Schrodinger representation is unitary.

In the following, we show that the Schrodinger representation is an irreducible
representation. To this aim we need several knowledge from representation theory
of infinite dimension. For more details and proves, see [25].

Let us introduce a mapping V' : L*(R™) x L*(R™) — L?*(R™), sometimes called
the Fourier-Wigner transform, given by

[V(fv g)](p7 Q) = <t5(p7QaO)fa g>7

where f,g € L*R"), (p,q) € R?" and (-,-) is the Hilbert scalar product on
L?*(R™). For more details about transform V', see [16].
The Fourier-Wigner transform satisfies

<V(flagl)7v(f2792)> = <f17f2><gla92> (31)
for every fi, f2, g1 and go € L*(R™).

Definition 3.1.5. Two representations t; : G — Aut(WW;) and vy : G — Aut(Ws)
are called equivalent if there exists a continuous linear isomorphism 7" : W; — W,
with continuous inverse satisfying

Torti(a) =1y(a)oT

for every a € G. The mapping T is called intertwining (sometimes equivariant)
operator. If in additional, W; and W, are Hilbert spaces, t;, to are unitary
representations and the operator 7' can be chosen unitary, then representations
v, to are called unitary equivalent.

The following theorem is a version of Schur Lemma for infinite dimension-
al representations and will be used in the construction of the Segal-Shale-Weil
representation.

Theorem 3.1.2. (Schur) Let vy, t2 be two unitary irreducible representations
of a Lie group G on a complex Hilbert spaces W; and W, respectively. If v is
not equivalent to to then Homg (W5, Ws) = 0. If t; and vy are equivalent then
Homg(Wy, Ws) ~ C. In addition, if t; and vy are equivalent then every element
of Homg(Wy, W) is possible to normalise by a multiplication by a scalar into an
isometry.
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Definition 3.1.6. Let G be a Lie group and t be a representation of G' on
a Fréchet space W. A vector w € W is smooth vector for representation t if
g—t(g)w e W, g € G, is a smooth mapping G — W.

The set of smooth vectors is a vector space due to the linearity of differentia-
tion. Let us denote by W9 a vector space of all smooth vectors in WW.

Proposition 3.1.3. (Garding) Let W% C IV be a vector subspace of smooth
vectors of a representation space W of a unitary representation t. Then W is a
dense subspace of W.

Definition 3.1.7. Let g and h be two Lie algebras. A Linear mapping ¢ : g — b
is called homomorphism of Lie algebras if

p([X,Y]) = [o(X), o(Y)],

for every X,Y € g. The homomorphism of the Lie algebra g to gl(V') = End(V)
is called representation of g.

For a proof of the following Proposition, see [25, Prop. 3.9].

Proposition 3.1.4. Let g be a Lie algebra of a Lie group G. Let W? be a space of
smooth vectors of a representation t of a group G. A mapping dt : g — End(W?)

given by
_ d tX
Cdt t:o[t(e Jwl,

where X € g and w € WY, is a representation of a Lie algebra g.

de(X)w

In general W, C W, as it is possible to show on examples. However, it is
possible to define a representation only on a smooth vectors of that representation.

Proposition 3.1.5. A vector space W° C W of smooth vectors of a representa-
tion v is closed on the action of the representation.

A space W is closed not only on the action of the Lie algebra g, but also on
the action of the group G.

Back to the Schrodinger representation. We recall the proof of the well known
fact.

Proposition 3.1.6. The Schrodinger representation tg is irreducible.

Proof. Let 0 # M C L*(R™) be a closed invariant space for tg on L*(R™). Let
0# f e M° where MY C M is subspace of smooth vectors. Let be g L M.
Due to choice of f is ¢ L f. Hence M is closed not only on an action of
drg (see Proposition 3.1.4), but also on tg (see Proposition 3.1.5), it holds that
g L e¥mieP+aX) £ for every (p,q) € R®. (A scalar multiplication by ¢*™ in the
formula of representation does not cased anything on perpendicularity.) Therefore
V(f,g) = 0. By equation (3.1) is 0 = [|[V(f, 9)|I* = || f|I*llg]|>. The assumption
f # 0 gives g = 0, therefore is M = L?(R") hence M is closed. O
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3.2 Stone-von Neumann Theorem

The Stone-von Neumann Theorem will be used to construct a projective repre-
sentation of the symplectic group Sp(2n,R).

Theorem 3.2.1. (Stone-von Neumann) Let t be an irreducible unitary rep-
resentation of the Heisenberg group H(n) on a separable complex Hilbert space
W such that

t(0,t)w = ey

for every t € R and w € W. Then t is unitary equivalent to the Schrédinger
representation tg.

For proof of the Stone-von Neumann Theorem, see [16, Th. 1.50].
For every g € Sp(2n,R), let us define a representation of the Heisenberg group
v5
tZ : H(n) = Aut (L*(R")), % =rtg0a?,

where tg is the Schrodinger representation and a mapping af : H(n) — H(n) is
defined by

a’(v,t) = (g(v), 1),

where v € R?" and t € R. The mapping a? is a group homomorphism since
1 1
a?[(v,t) - (w,s)] =a? (v +w,t+ s+ éw(v, w)) = (g(v +w),t+ s+ §w(v, w))
1
= (gv+gw.t+ s+ wlgv,gw)) = (90.1) - (gw,5) = /(0,1) - a*(w, ).

for every (v,t),(w,s) € H(n).
The mapping tJ is a representation since it is a composition of two homomor-
phisms. Obviously,

t5(0,5)f =t5(0,8)f = e f

for every s € R and f € L*(R"). Hence a? is an automorphism of the group H(n)
and the Schrodinger representation is unitary and irreducible, the representation
v is unitary and irreducible. Continuity in the sense of Definition 3.1.2 is obvious.

All irreducible unitary representations of the Heisenberg group with the same
action (up to scalar factor) of the center element of H(n) are unitary equiva-
lent due to Stone-von Neumann Theorem 3.2.1 . It means that there exists an
intertwining operator U(g) such that

U(g) © tS(U? S) = ‘C‘%(U, S) © U(g) (32)
for every (v,s) € H(n) and g € Sp(2n,R).

Proposition 3.2.2. A mapping g — U(g), g € Sp(2n,R), induces a projective
unitary representation U : Sp(2n,R) — U(LQ(R")), i.e. there exists a map
v : Sp(2n,R) x Sp(2n,R) — S* = U(1) such that for every a,b € Sp(2n,R) it
holds that

U(ab) = v(a,b)U(a)U(b).
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Proof. Take a,b € Sp(2n,R) and (v, s) € H(n) then by (3.2) are
U(a) (U(b)tg(v, s)U(b)*l)U(a)*l = U(a)(v, )U(a) "L = t2(v, s),

Ulab)ts(v, s)U(ab)™ =¥ (v, s).

Operators U(a)U(b) and U(ab) intertwine the same representation. By Schur
Lemma 3.1.2 it is possible to normalise both operators to be isometry therefore
U(ab) = v(a,b)U(a)U(b) where vy(a,b) is a complex unit. O

The group Sp(2n,R) is generated by a matrix Jy and matrices of the form
(g (D_OI)T) and (é ]}I), where D € GL(n,R) and N is symmetric square n X n ma-
trix see Proposition 1.2.2. Therefore it is sufficient to determine a representation

U on this generators. A mapping

(_OI é) — F:L*R") — L*(R") (3.3)
D 0 L
<0 (D—l)T) —  (f(z) — (det D)2 f(D"x)) (3.4)
(([) ];[) = (f(x) > e BN f () (3.5)

defines one of possible projective representation of the group Sp(2n,R). Where
F denotes a Fourier transform and (-,-) denotes a canonical scalar product on
R™. See [22] for more details.

3.3 Metaplectic group and Segal-Shale-Weil
representation

The metaplectic group is a double covering of the symplectic group, hence we
start with reminder of a term covering and its relation to fundamental group of
a space. We refer an interested reared to a classical book [23]. Then we pass
to Segal-Shale-Weil representation of the metaplectic group. As a sources of this
topic we recommend [16], [22] and [40].

Definition 3.3.1. Let X be a topological space. The covering space of a space X
is a space C' with continuous surjective mapping p : C' — X, such that for every
r € X there exists an open neighbourhood V' of z such that p~'(V) is disjoint
union of open sets in C', each of which is mapped homeomorphically onto V' by
the mapping p.

Let X be a connected space. The covering p : C' — X of a space X is called
n-fold covering of a space X, if for every x € V is p~!(V) disjoint union of n € N
open sets homeomorphic with V.

Lemma 3.3.1. Let X and C' be path connected spaces and let p : C — X
be a covering of X. Then an induced mapping mp : m(C) — m(X) between
fundamental groups m1(C) and 7 (X) of spaces C' and X is injective. In addition,
the number of folds of p : C' — X is equal to an index of the group (mp) (7T1(C))
in the group m (X).
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The symplectic group Sp(2n,R) is path connected and its fundamental group
is Wl(Sp(Qn, R)) = 7, see Section 1.2. Since the group Z has only one subgroup
of index 2, there exists by Lemma 3.3.1 only one connected twofold covering of
the group Sp(2n,R) up to a homomorphism. Let us denote this double covering

A : Mp(2n,R) — Sp(2n,R). (3.6)

Definition 3.3.2. The covering space (3.6) of the symplectic group Sp(2n,R) is
called the metaplectic group Mp(2n,R).

The metaplectic group is a Lie group, which does not have any faithful finite
dimensional representation, therefore there does not exist any matrix realization
of the group Mp(2n, R).

It was proved by a ”cocycle computing” in [40] that the projective unitary
representation U of the group Sp(2n,R), which is described in the end of the
Chapter 3.2, lifts to a unitary representation of the metaplectic group Mp(2n, R).
For following representation, see [40] and [22, Prop. 1.3.5].

Proposition 3.3.2. There exists a unique unitary representation
m : Mp(2n,R) — U(L*(R"))

which satisfies
m(g) o ts(v, s) = ts(A(g)v, 5) o m(g)
for every g € Mp(2n,R) and (v, s) € H(n).

The unitary representation m is called Segal-Shale-Weil representation. For
proof of following two Propositions, see [16], [36] and references therein.

Proposition 3.3.3. The Segal-Shale-Weil representation m of the metaplectic
group is faithful, i.e. m: Mp(2n,R) — U(L?(R")) is injective. The representation
m decomposes into the sum of two inequivalent irreducible unitary representa-
tions, which are restrictions of m to the subspaces of even and odd functions in

L2(R™).

Proposition 3.3.4. The space of smooth vectors of the Segal-Shale-Weil rep-
resentation m is precisely the Schwartz space S(R™). In particular S(R™) is
m-invariant.

The elements of the representation space L?*(R™) are called symplectic spinors,
since they play the same role as elements of a spinor representation of the or-
thogonal group in the Riemannian case.

Let us define the symplectic Clifford multiplication, which allows us to mul-
tiply symplectic spinors by vectors as in the Riemannian case.

Definition 3.3.3. The symplectic Clifford multiplication
R x S(R™) — S(R™)

is defined on the elements of base {ej,...,eq,} of the symplectic vector space
(R* Q) for f € S(R"), ¢=(¢*,...,¢") ER"and j=1,...,n by

(e - [)(a) = id’ f(q),
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(entj - (@) = 9y [ (),

where 0,; denotes partial derivative with respect to g;. We expand the symplectic
Clifford multiplication on the other elements of R?" linearly.

We will usually write v-w- f instead of v-(w- f) for v,w € R*" and f € S(R").

Next we will mention two properties of the symplectic Clifford multiplication,
for more details and proofs we refer to [22]. The symplectic Clifford multiplication
is an unbounded operator on L*(R").

Lemma 3.3.5. For every v,w € (R*",Q) and f € S(R"), we have
veow- f—w-v- f=—iQ(v,w)f. (3.7)

Lemma 3.3.6. The symplectic Clifford multiplication is Mp(2n, R)-equivariant,
i.e. for every g € Mp(2n,R), v € R*" and f € S(R"), we have

(Mg)v) -m(g)f = m(g)(v- f).
In the end of this section, let us mention a metaplectic Lie algebra.

Definition 3.3.4. The metaplectic Lie algebra mp(2n,R) is a Lie algebra of the
metaplectic Lie group Mp(2n, R).

On the Lie algebra level is mp(2n, R) isomorphic to sp(2n, R) because they are
tangent spaces at the unit element of the symplectic group and its double cover,
the metaplectic group. The metaplectic Lie algebra mp(2n,R) can be realized by
homogeneity two elements in the symplectic Clifford algebra Cl,(R?*", Q) similarly
to the symplectic Lie algebra, see Proposition 1.3.1.
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4. Fibre bundle, connection and
symplectic spinor bundle

The aim of this chapter is the introduction of geometric structures needed for the
definition of symplectic spinor bundle. We will recall symplectic manifolds, fibre
bundles, principal and associated bundles, connections and covariant derivation
on relevant structures. For a comprehensive survey of these structures, we refer
for example to monographs [4] or [27].

More informations and details about symplectic spinor bundle described in
the fourth section are in the book [22].

4.1 Symplectic manifolds

Definition 4.1.1. The symplectic manifold (M, w) is a smooth manifold of even
dimension 2n with a skew-symmetric differential 2-form w, which is closed, i.e.
dw = 0, and non degenerate, i.e. for every m € M there does not exist any non
zero element v € T,, M such that w,,(u,v) = 0 for every u € T,,M.

Example 4. Examples of symplectic manifolds:

e The real vector space R?" with standard coordinates 1, ..., Ty, Y1,.--,Yn
and the symplectic form w = Z;‘Zl dz; A dy;. In this case we denote real

symplectic manifold simply by (R?*",w) when no confusion can arise.
e The sphere S? with any volume form.

e The cotangent bundle T*M of an n-dimensional manifold M with the sym-
plectic form wy; = Z?Zl dz; Ad§; where 4,. .., x, are local coordinates on
M and x4,...,2,,&,...,&, are appropriate coordinates on T* M.

Definition 4.1.2. The symplectomorphism between two symplectic manifolds
(My, wy), (Ms, we) is a diffecomorphism F : M; — M, satisfying F*wy = wy,
where F™* is the cotangent mapping to the mapping F'. Then manifolds (M, wy)
and (Ms, we) are called symplectomorphic.

Theorem 4.1.1. (Darboux) Every symplectic manifold is locally symplecto-
morphic to (R*",w).

For details and proof we refer to [3, Th. 8.1].

4.2 Fibre bundles

We will work with fibre bundles with Fréchet manifolds as total spaces. Therefore
the following definitions will be stated in this generality.

A Fréchet manifolds are infinity dimensional generalizations of classical n-
dimensional differentiable manifolds.
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Definition 4.2.1. Let M be a Hausdorff topological space with a countable
basis of open sets. The map on M is a pair (U, ), where U C M is open
and ¢ : U — V is a homeomorphism onto an open subset V of some fixed
Fréchet space F. The Fréchet atlas on M is a set of maps {(Uy, ¢a)}aca such
that M = U,eaU, and every two maps are compatible, i.e. transition functions
©Dq © gpgl are diffeomorphisms of open subsets of Fréchet space F'. The set A is
an appropriate index set.

Definition 4.2.2. The Fréchet manifold M is a Hausdorff topological space with
countable basis of open sets and Fréchet atlas {(Uy, ¢a)}aca. A differentiable
structure on a Fréchet manifold is a maximal Fréchet atlas.

In the following we use the term manifold without Fréchet for a finite dimen-
sional manifold.

Definition 4.2.3. Let E and F' be Fréchet manifolds and M be a manifold
with an atlas {(Ua, ¢a)}aca. The fibre bundle with fibre F'is E with a smooth
surjective mapping 7 : £ — M such that for every m € M, there exists an open
neighbourhood m € U, C M and a diffecomorphism v, : 71 (U,) — U, x F
which preserves fibres, i.e. the following diagram is commutative

E>a Y (Us) 2sU, x F

\ Jap

where p is a projection on the first component in the Cartesian product.

The space M is called the base space of fibre bundle, E is called the total space
and F is the fibre. A couple (U,,1,) is called the map of fibre bundle or the local
trivialisation of E.

Two local trivialisations (Us,s) and (Ug,1s) are compatible if 1), o wgl is
a diffeomorphism. It means that (1 0 ¥5")(2,5) = (2,Vas(x,5)), © € Usp =
UaNUg, where 1,5 : (U,NUg) X F — F, is smooth and 1,4(z, -) is a diffeomorhism
of F for every x € U,s. A mapping ¢,s : Uys — Diff(F) with values in the group
Diff(F') of all diffeomorphisms of F' is called the transition function of the fibre
bundle.

Transition functions satisty as(2)¥s,(2) = Yy (x) for every x € U,p, =
UsNUgNU, and ¢o, = 1d | .

A set of local trivialisations {(Uy, ©¥a)}aca is called the atlas of fibre bundle
if {U,}aca is an open covering of M and every two local trivialisations are com-
patible. Two atlases of a fibre bundle are equivalent if their union is an atlas of

the fibre bundle.

Definition 4.2.4. A fibre bundle 7 : F — M with fibre V', where V is a Fréchet
space, is called the vector bundle, if 7=1(m) is isomorphic to V' (as a topological
vector space) for every m € M and 1, (from Definition 4.2.3) is a linear map for
every open U, C M.

A typical example of a vector bundle is the tangent bundle TM of an n
dimensional manifold M
T™ = | J T.M

meM
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together with a projection 7 : T'"M — M which maps every vector v € T,,M to a
point m € M.

Definition 4.2.5. The section of a fibre bundle 7 : E — M is a smooth mapping
o : M — FE such that m o 0 = Id|y,. The local section is a smooth mapping
o:U C M — E such that m oo = Id |y, where U is an open subset of M. We
will denote by I'(M, F) a set of all smooth sections of fibre bundle 7 : E — M.

Definition 4.2.6. Let G be a Lie group and F' be a Fréchet manifold, then the
G-bundle structure consists of

1) a fibre bundle 7 : E — M with a fibre F,
2) a left action [ : G x F' — F of the Lie group on a fibre F,

3) an atlas of the fibre bundle {(U,, %4 )}aca with transition functions {¢.s}
that acts on F' by the action of the group G, i.e. {t,p} is a family of
transition functions ¢, : Usyg — G, such that 1,s(2)¢s,(2) = oy (z) for
every € Uagy, Yaa(z) is an unit of the group G for every z € U,, and
l(Yap(x), ) = ap(x)s for any s € F and z € Uyg.

The group G is called the structure group.

Definition 4.2.7. The principal G-bundle is a G-bundle structure with a fibre
F = G. The left action of the group G on the group G is given by a left
translations.

Every principal G-bundle 7w : E — M has an uniquely determined right action
(right translation) r : E x G — E given by ¢q (r(¢5'(z,a),9)) = (z,ag), v € M,
(z,a) € E, g € G, such that it preserves fibres, i.e. m(r(m,g)) = 7(m) for all
m € E and g € G. Left and right translations commute. This right action is free,
it means that whenever there exists u € E such that g € G satisfies r(u, g) = u,
then ¢ is an unit of the group G.

Example 5. The bundle of symplectic frames of a 2n dimensional symplectic
vector space over a symplectic manifold (M,w) is a principal Sp(2n, R)-bundle
mp: P — M. A fibre of this bundle at a point m € M is a set of all symplectic
bases of a 2n dimensional vector space P,, = 7~ !(m) situated at the point m. This
set is isomorphic to Sp(2n, R) and therefore it is possible to define differentiable
structure on P. A structure group of this frame bundle is Sp(2n, R) which acts,
as usual, on symplectic bases of the given symplectic vector space.

Definition 4.2.8. Let m : E; — M; be a principal Gi-bundle and 7 : Ey — M,
be a principal Go-bundle. Let f : My — M, be a smooth mapping of manifolds. A
mapping ¢ : By — FE» is called the bundle homomorphism over f if the following
diagram commutes
E1 X G1 L> El L> M1
N
E2 X G2 L EQ N M2

where r; and ry are the relevant actions of the groups on the total spaces and
A : Gy — G5 is a homomorphism of groups.
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Definition 4.2.9. Let m : E — M be a principal G-bundle, V' be a Fréchet
space and p : G — Aut(V) be a representation of a group G. Let us define an
equivalence on £ X V' by

(u,s) ~ (u-g,p(g7")(s)), g€G, (u,5)€ExV.

Then the associated bundle E x, V to E by a representation p, or associated
bundle E x,V for short, is a space of equivalence classes of ~.

There is a bundle structure over M with a standard fibre V' on an associated
bundle £ x, V. This structure can be determined by local sections o : M — E
since for every v € V a mapping o : M — E determines a section ¢ : M — Ex,V
given by « — [(o(z),v)], x € M. We shall write [o(x), v] briefly.

We will denote by I'(M,V) the set of all smooth sections of an associated
bundle V = E x, V over a manifold M.

For the proof of the following Proposition see [27, p. 94].

Proposition 4.2.1. A set of smooth sections T'(M, V) of associated bundle V =
E %,V is isomorphic (as a vector space) to the set C*°(FE, V)¢ of all G-equivariant
mappings with values in V', where

C(E, V) ={f:E—V|f(pg) =plg)f(p) for all g € G and all p € E}.

4.3 Principal connection, associated connection
and covariant derivative

We start with an affine connection and a definition of a symplectic connection on
a symplectic manifold. Then we pass to the connection on a principal bundle.

Definition 4.3.1. The affine connection on a smooth manifold M is a mapping
V which maps an ordered couple of vector fields X, Y € X(M) to a smooth vector
field VxY, such that

1) V is R-bilinear,
2) VixY = fVxY for every smooth function f on M,

3) Vx(fY) = (X )Y + f(VxY) for every smooth functions f on M (Leibniz
rule).

Definition 4.3.2. The symplectic connection V is an affine connection V on a
symplectic manifold (M,w) such that Vw = 0, by which we mean

and its torsion is zero, i.e.
T(X,)Y)=VxY -Vy X —-[X,Y]=0

for all vector fields X,Y, Z € X(M).
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Unfortunately, there is no canonical unique choice of a symplectic connection
as the Levi-Civita connection in Riemannian geometry, see [20] and [38].

Let w : E — M be a G-principal bundle and V' be a Fréchet space. We will
denote by p a representation p : G — Aut(V) of the Lie group G. Let g be a Lie
algebra of the structure group G of the principal bundle 7 : £ — M.

Vertical vectors on a principal bundle 7 : £ — M are such vectors from
tangent space T,F, at a point p € F, that the tangent mapping m, : T, —
TrpyM is zero on them. We will denote by T7E the space of all vertical vectors
at the point p € F. Any smooth distribution £ 3> p — TI?E C T,FE that satisfies
TLE=T)E® TZ?E is called horizontal distribution.

The fundamental vector field of an action of a Lie group G on a principal
bundle 7 : £ — M is the field

0= L o)),

where X € g, p € E. There is a linear isomorphism
o:T)E> X(p)— X €9,

and a vector X is called the generator of a vector field X .
We denote by Z, the composition of the isomorphism ® with a projection on
the vertical part. Then Z, is a differential 1-form on E with values in g.

Z,:T,E=T'E®T'E — g,
Z,:X(p)dY — X.

Definition 4.3.3. The connection on a principal G-bundle m : E — M with an
action r(g) : £ — E, g € G of group G, is a 1-form Z on E with values in the
vector space g, such that:

1. Z(X) = X, where X is the fundamental vector field of an action of the Lie
group G on F.

2. The form Z, depends smoothly on p.

3. Zogy (r(9),v) = Ad(g7")Z,(v), where Ad is an adjoint representation Ad :
G — Aut(g), 7(g), is the tangent mapping to r(g), g € G and v € T,E.

Recall that the Lie algebra g is the tangent space to manifold G at the unit e
of the group G and End(V') is a tangent space to Aut(V') at p(e) = Id. Therefore
a differential p, is a linear transformation p, : g — End(V'). The structures of
the Lie bracket are induced by left (or right) translations on G and Aut(V').

Notice Z : TE — g and p, : g — End(V). Thus we state the following
definition.

Definition 4.3.4. Let E x, V' be an associated bundle to a principal G-bundle
7 : E — M by a representation p : G — Aut(V) and Z be a connection on the
principal G-bundle 7 : E — M. Then the associated connection on the associated
bundle £ x,V is p, o Z.
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Let us denoted by V = E x, V an associated bundle to a principal bundle
7w : E — M by representation p : G — Aut(V). We will write a section of an
associated bundle ¢ € I'(M, V) by

¢ = [p,w], forme M by o(m)= [p(m),w(m)], (4.1)

where p: U C M — Fandw=vop:U C M — V, where v is G-ekvivariantni
V-valued function corresponding to the section ¢ by the Proposition 4.2.1.

Definition 4.3.5. We will denoted by V> the set of all smooth vectors in V.
Let Z : TE — g be a principal connection and p, : g — End(V*°) be a tangent
mapping to representation p. The covariant derivation associated to principal
connection Z is

Ve = Vx[p,w] = [p,X(v) + p: (p*Z(X))w],

where X € X(M) and ¢ = [p,w] € ['(M,V) as in (4.1).

4.4 Symplectic spinor bundle

Let us denote by P a bundle of symplectic frames wp : P — M over a symplectic
manifold (M,w) (see Example 5). Then P is a principal Sp(2n,R)-bundle over
the manifold M. The local symplectic frame is a local section of 7p : P — M.

Let us recall that A : Mp(2n,R) — Sp(2n,R) is a double covering of the
symplectic group, see 3.3.

Definition 4.4.1. Let mg : Q — M be a principal Mp(2n, R)-bundle over a sym-
plectic manifold. The metaplectic structure on a symplectic manifold (M,w) is a
principal Mp(2n, R)-bundle 7g : @ — M with a surjective bundle homomorphism
A : QQ — P over the identity on M, i.e the following diagram is commutative

N

AxA A M

P

P x Sp(2n,R) —— P

The horizontal arrows in the diagram are respective actions of groups on the
relevant principal bundles.

Remark 2. The existence of a metaplectic structure of a given symplectic mani-
fold is not automatic. The topological obstruction to the existence of a metaplec-
tic structure is the same as in Riemannian Spin geometry, as is said in [22, Prop.
3.1.2]. A symplectic manifold (M,w) admits a metaplectic structure if and only
if the second Stiefel-Withney class wo(M) € H?(M,Zy) of M vanishes. If this is
the case, the isomorphy classes of metaplectic stuctures on (M,w) are classified
by the first cohomology group H'(M,Z,). (For explanation and definitions of
used topological terms we refer to [41].)
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Let us recall that the space of smooth vectors of the Segal-Shale-Weil repre-
sentation m of Mp(2n,R) is precisely S(R™) C L*(R™). We call the elements of
Schwartz space S(R™) symplectic spinors as was mentioned in Section 3.3.

Definition 4.4.2. The symplectic spinor bundle is a vector bundle associated to
a principal Mp(2n,R)-bundle @ over a manifold M by the representation

m: Mp(2n,R) — Aut(S(R"))

and we denote it by S = @ X, S(R"). Smooth sections of symplectic spinor
bundle ¢ € I'(M, S) are called symplectic spinor fields.

Remark 3. For simplicity, we refer to symplectic spinor fields often as symplectic
spinors when it does not cause any confusion.

Instead of I'(M,S) we use C*(M,S) for symplectic spinor fields when we
emphasise the smoothness of them. In the case when the symplectic spinor bundle
is trivial, sections ¢ € C>*(M,S) reduces to mappings ¢ : M — S(R") that we
denote them by C*(M,S(R")), for relevant n.

Let us recall, that the symplectic Clifford multiplication is Mp(2n, R)-equi-
variant, see Lemma 3.3.6. Let ¢ be a symplectic spinor field, i.e. a section of
Q) Xm S(R™), and X be a vector field on M, i.e. it is a section of the associated
bundle TM = Q x,R?". Let us write sections of associated bundle S as ¢ = [p, f]
and X = [p,v] as in (4.1), i.e. form € M

where p: U C M — P, v(m) € R* and f(m) € S(R").

The symplectic Clifford multiplication is already defined for elements v(m) €
R** and f(m) € S(R™) therefore it is possible to define its ”1ift” onto a symplectic
spinor bundle.

Definition 4.4.3. The symplectic Clifford multiplication on a symplectic spinor
bundle is - : X(M) x I'(M, S) — I'(M, S),

p.v] - [p, f] = [p,v- f], (4.2)
where [p,v] € X(M) and [p, f] € T'(M, S).

Definition 4.4.4. Let Z be a connection on a principal Sp(2n,R)-bundle 7p :
P — M corresponding to a symplectic connection V on a manifold M. Let Z
be a "lift” of Z onto a principal Mp(2n,R)-bundle g : Q@ — M. The symplectic
spinor covariant derivative is a covariant derivative V° associated to Z, i.e.

VS T(M,S) = T(M, T*"M ®S).

By Proposition 4.2.1, a section ¢ of the associated vector bundle S = @ X,
S(R™) can be understood as an Mp(2n, R)-equivariant S(R")-valued function on
Q). Let us denote by ¢ this function, i.e. ¢ : Q — S(R™). For a local symplectic
frame s : U — P we denote by 5: U — @ one of a "lifts” of s to (). Let us set
s = oS

Let [g,1] denote a relevant element in S for ¢ € @ and ¥ € S(R™).
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Theorem 4.4.1. Let V¥ be a symplectic spinor covariant derivative on M. Then

Ve =[5, X(ps)] - %Z ej (Vxej) o —ej- (Vxejn) o, (4.3)

Jj=1

where X € X(M), ¢ € I'(M,S), {e1,...,ea,} is a local symplectic frame of M
and V is a symplectic connection on M.

See [22, Prop. 3.2.6] for a proof, let us only notice that the proof is based on
Definition 4.3.5.

Remark 4. A symplectic spinor covariant derivative on (R*", w) is, by (4.3),

equal to the partial derivative because the covariant derivatives V., e; vanish for
n

the coordinate fields e}, ex € {52, %}aﬁ:l‘

Theorem 4.4.2. For every X, Y € I'(M,TM) and ¢ € I'(M,S), the symplectic
spinor covariant derivative V¥ satisfies

V(Y @) = (VxY) -0 +Y - Vip.

We refer an interested reader to the book [22, Ch. 3.2] where relevant prop-
erties of symplectic spinor covariant derivative on the symplectic spinor bundle
are treated.
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5. Symplectic operators

Let (M,w) be a 2n-dimensional symplectic manifold with a metaplectic structure
and a symplectic connection V. The symplectic spinor covariant derivative V*
on the symplectic spinor fields is defined to be the covariant derivative associated
to Z. See Section 4.4.

Let us denote by {e1,...,€n,€n11,--.,€2,} a local symplectic frame with re-
spect to w on (M,w) and the dual frame by {€',... e"}. We will be using the
symbol wi*, j k =1,...,2n, for elements of the inverse matrix to w;, = w(e;, ex)
of the symplectic form w, i.e.

wk=1fork=n+j, w*=—1fork=j—n, w?*=0otherwise.

5.1 Symplectic Dirac operator

The symplectic Dirac operator acting on symplectic spinor fields is defined in a
similar way as the Dirac operator on Riemannian manifolds. The definition of
the symplectic Dirac operator is given in the book [22].

For purpose of the following definition we will denote by ¢, instead by - the
symplectic Clifford multiplication on a symplectic spinor bundle defined in (4.2).

Definition 5.1.1. The symplectic Dirac operator Ds on a symplectic manifold
(M,w) is a first order differential operator acting on smooth symplectic spinor
fields

Dy :T'(M,S) — I'(M,S).

The symplectic Dirac operator is defined as the composition
Dy=c,ow oV, (5.1)
Dg:T(M,S) - T (M, T"M ®8S) - T'(M,TM ®S) — I'(M,S),

where we identify the bundles T*M and T'M by putting a tangent vector field

into the first argument of w. The resulting map is denoted by w=!.

The symplectic Dirac operator is a symplectically invariant endomorphism of
smooth symplectic spinors. Two symplectic Dirac operators are defined in [22],
namely the symplectic Dirac operator D, as in Definition 5.1.1 and the symplectic
Dirac operator D, defined with use of the Riemannian metric g on M instead of
symplectic form w for identifying I'(M, T*M ® S) with T'(M,TM & S), i.e.

D, = csogf1 o V7.

Unfortunately, the operator D, is not symplectically invariant. We do not use it
in the thesis.

Proposition 5.1.1. Let {e; 32-21 be a local symplectic frame with respect to w
on a 2n-dimensional symplectic manifold (M,w). Then the symplectic Dirac
operator Dy is locally equal to

2n
D,p = Z wie; - kago, (5.2)

jk=1
where p € I'(M, S).
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Let us consider the real symplectic manifold (R?, w). Since the first cohomolo-
gy group H'(R?,Zy) = {0}, its only metaplectic structure is the trivial Mp(2, R)-
bundle Q = R? x Mp(2,R), see [22, Ex 4.1.4]. Consequently, the symplectic
spinor bundle S = @ X, S(R) is trivial and their sections are mappings

¢ R* = S(R).

The mapping ¢ can be considered as a mapping ¢ : R> — C such that, for any
fixed (z,y) € R? the mapping ¢(z,y) : ¢ — ¢(z,y,q) is a Schwartz function,
q € R, ie ¢(z,y) € S(R).

A symplectic spinor covariant derivative on a real symplectic manifold is just
the partial derivative, see Remark 4 at the end of Section 4.4. Then according to
(5.2), the symplectic Dirac operator takes the form

0 0?

Dool@,y.q) = z’qa—ju,y,q) — 2 (ay.0q). (5.3)

0x0q

For simplicity, we often write 0,, d, and J, instead of a%’ a% and a%' Then the
symplectic Dirac operator is

D, = iqd, — 0,0, (5.4)

5.2 Symplectic spinor valued forms

We are interested in this section in symplectic spinor valued exterior forms with
values in the vector space

AE" @ SR,

where (R?")* is the dual vector space to R*".
The representation of the metaplectic group Mp(2n, R) on symplectic spinor
valued forms

0:Mp(2n,R) — Aut (/\(RQ")* ® S(R")), (5.5)
is defined by
o(9)(a® ) = (A(9)") @ @ m(9)9, (5.6)

where A : Mp(2n,R) — Sp(2n,R) is the twofold covering of a symplectic group,
the symbol " denotes the r-th exterior power, r = 0, ..., 2n, m is the Segal-Shale-
Weil representation and o € \"(R*")*, ¢ € S(R™). We extend the representation
o by linearity to any element.

Definition 5.2.1. The space of exterior differential forms with values in sym-
plectic spinors is

o a,8) =1 (0,0 x, ( AE) 0 @) ). (5.7)
Proposition 5.2.1. The following decomposition into irreducible mp(2n,R)-
modules holds. For all j =0,...,2n,n>1
J
AR @SRY = @ B, (5.8)

{klG k)€l }
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where I, = {(7,k)[7 = 0,....n,k = 0,...., 5 U{(4, k)| =n+1,....2nk =
0,...,2n — j}.

See [30] for a proof and a description of highest weight mp(2n, R)-modules
E** in the terms of representation theory.

Modules E/** are Fréchet spaces. In addition, for any (7, k), (j,1) € L, k # 1
we have E9F* £ pil* (as mp(2n, R)-modules) for all combinations of + on both
sides. Thus for j =0, ..., 2n, the decomposition of the tensor product

J
AR™) @ (SR & SR")") = PE @ BV)
k
is multiplicity-free. It means that A’ (R*")* @ (S(R™)* @ S(R")~) splits into non-
isomorphic irreducible submodules E%**. Let us set B¢ = E** @ E*™ and
consider the associated vector bundle
gk =Q x, F* (5.9)

for (j,k) € I,. Let us recall that the symplectic spinor bundle for 2n dimensional
symplectic manifold was defined as the associated bundle S = @ X, S(R™).
There exist uniquely defined invariant projections

PR (M, S) — T'(M, E7) for (5,k) € I, (5.10)

because the decomposition of A?(R*")* @ (S(R™)* @ S(R™)™) is multiplicity-free.
Let us introduce two Mp(2n,R)-equivariant endomorphisms of A°*(R*")* ®
S(R™) acting on the decomposition.

Definition 5.2.2. Let a ® ¢ € \"(R*)* @ S(R"). We set for r =0,...,2n

r+1

X: /T\(]RQ”)* ®SR") = N\ (R™) @ S(R™),

T r—1
Y: AR @ SRY) - A\R™)" @ SR") (5.11)
by formulas
2n .
X(a® )= —Ze]/\a®ej-g0,
j=1
2n
Y(ia®p) = Z Wi, a® ey, (5.12)
k=1

where 1,a0 denotes the contraction of an exterior form « by a vector v € R?".

The operators X and Y are well defined in the sense that they are independent
of a choice of a symplectic basis {e; ?21. The operators are related to Howe
duality on the symplectic spinor valued exterior forms. See [30], for more details
about this operators.

Since the operators X,Y are Mp(2n,R)-equivariant with respect to repre-
sentation p, it is possible to define their lifts to sections of the corresponding
associated bundles. Let us denote this lifts by the same symbols. Then we can
write an explicit formulas for projections (5.10), see [14, Prop. 5.1.3].
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Proposition 5.2.2. Let (M, w) be a 2n-dimensional symplectic manifold with a
metaplectic structure. Projections p'7 : QY(M,S) — I'(M,EY) for j = 0,1 are
given by

pl0 = iXY
n

?
pll =1d |QI(M,S) — EXY

Definition 5.2.3. Let us choose a local symplectic frame {e; ?21 and let us

denote its dual coframe by {é }?Ql. The symplectic spinor exterior covariant

derivative d¥° induced by the symplectic spinor covariant derivative V¥ is defined
by

2n
dvs(a®<p):da®g0+(—1)”26j/\a®v;qjgp, (5.13)

=1
where a ® ¢ € Q"(M,S), a € Q" (M) and ¢ € I'(M,S). For the other elements
of Q"(M,S), dV° is extended by linearity.

5.3 Symplectic twistor operators

We shall define symplectic twistor operators acting on symplectic spinor valued
exterior forms. The definition is taken from [29]. Its contact projective analogue
was introduced in [24].

Definition 5.3.1. The j-th symplectic twistor operators (T),
(Ts)j . F(Ma gjj) - F<M7 €j+17j+1)7

(Ty); = P9V |pan e
for j=0,...,n.

We are interested only in the zeroth symplectic twistor operator (7)o in this
thesis. From this reason and for simplicity of notation, we write T instead of
(Ts)o and refer to it as to the symplectic twistor operator.

Let us present an equivalent definition of the (zeroth) symplectic twistor op-
erator. We will denote the symplectic Clifford multiplication on a symplectic
spinor bundle by ¢, again. See (4.2).

Definition 5.3.2. The symplectic twistor operator Ty on a symplectic manifold
(M, w) is the first order differential operator

Ty :T'(M,S) — T'(M,T)
acting on smooth symplectic spinor fields

Ty = Pier(e,) 0w ' 0 V¥, (5.14)
T,:T(M,S) = (M, T"M ®@8S) = (M, TM ®S) — I'(M,T),

where 7T is the space of symplectic twistors, T"M ® S ~ S & T, given by the
projection
Pxer(ey) : T(M, T"M ® S) — TI'(M, T)

on the kernel of the symplectic Clifford multiplication c,.
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The symplectic twistor operator is Mp(2n, R)-invariant. See Lemma 6.4.1.

Let ¢ € T'(M, S) be a symplectic spinor field, i.e. a section of the symplectic
spinor bundle over the manifold M. The symplectic covariant derivative V° =
av’ Ir(am,s) can be locally written in the form

2n
Vip = & ® kago. (5.15)
k=1

Proposition 5.3.1. In the local symplectic coframe {¢! }?Ql dual to the symplec-
tic frame {e; }2" i1, we have on a 2n-dimensional symplectic manifold, the following
formulas for T

2n . 2n
:Zek®v5¢+— Y dauwhie e Vi (5.16)
= 7,k 1=1
1 2n i 2n
= (1+5)Zek®vig@+g Z el®wk]ej-el-kago, (5.17)
k=1 diki=1

where p € I'(M, S).

Proof. Using the expression for the covariant derivation (5.15) and expressions
(5.12) and (3.7), we obtain

2n 2n
T(p) =p" (V) = Z RV - —XY( Z €' ® meg0>
m=1
2n
= Z(—:k@VSgo——X(Zwkje] VS )
k=1 k=1
2n . 2n
= Zek ®ka90+ %( Z d@whie - e; -kam)
— Jik =1
2n
= Zek ® Vo o+ — ( Z e @uw(eje V2 p— zw(el,ej)kagp)>
Jikd=1

2n
1 k s i ! kj S
:<1+E>k§€ OVt D dowe a Ve,

ok l=1
which proves the formula. O

From the local expression for the symplectic Dirac (5.2) and the symplectic
twistor operator (5.16) we get the following.

Lemma 5.3.2. )
T.=) é® <v§ — %el - Ds) , (5.18)

where {e! 2” is local symplectic coframe dual to the symplectic frame {e;
=1 Y J j 1
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6. Symplectic twistor operator
on (R?w)

Text of this chapter is based on an article

Symplectic twistor operator and its solution space on R?

published in Archivum Math. Volume 49 (2013), No. 3, 161-185.

Marie Dostalova, Petr Somberg.

Abstract We introduce the symplectic twistor operator T in the symplectic
spin geometry of real dimension two, as a symplectic analogue of the Dolbeault
operator in the complex spin geometry of complex dimension 1. Based on the
techniques of the metaplectic Howe duality and the algebraic Weyl algebra, we
compute the space of its solutions on the real symplectic manifold (R?,w).

Key words: Symplectic spin geometry, Metaplectic Howe duality, Symplectic
twistor operator, Symplectic Dirac operator.

MSC classification: 53C27, 53D05, 81R25.

6.1 Introduction and motivation

Central problems and questions in differential geometry of Riemannian spin man-
ifolds are usually reflected in analytic and spectral properties of the pair of first
order differential operators acting on spinors, the Dirac operator and the twistor
operator. In particular, there is a rather subtle relation between geometry and
topology of a given manifold and the spectra resp. the solution spaces of these
operators. See, e.g., [1], [18] and references therein.

Based on the Segal-Shale-Weil representation, the symplectic version of the
Dirac operator Dy was introduced in [28], and some of its basic analytic and spec-
tral properties were studied in [5], [22], [24]. Introducing the metaplectic Howe
duality, [9], a representation theoretical characterization of the solution space
of symplectic Dirac operator was determined on the real symplectic manifold
(R*",w). However, an explicit analytic description of this space is still missing
and this fact has also substantial consequences for the present chapter.

A variant of the first order symplectic twistor operator Ty was introduced in
[24] in the framework of contact parabolic geometry, descending to the symplectic
twistor operator on symplectic leaves of foliation. Basic properties, including the
solution space, of the symplectic twistor operator on R*" are discussed in Chapter
7. In particular, the case n = 1 fits into the framework of Chapter 7 as well, but
all the results for n = 1 and n > 1 follow from intrinsically different reasons.
Consequently, there is a substantial difference between the cases n = 1 and
n > 1, and the approach in Chapter 7 based on the procedure of the geometrical
prolongation of the symplectic twistor differential equation did not enlighten the
reason for this difference. Roughly speaking, the problem behind this is that many
first order operators (e.g., the Dirac and twistor operators on spinors) coincide
in the case of one complex dimension with the Cauchy-Riemann (Dolbeault) and
its conjugate operators.

The aim of the present chapter is to fill this gap and discuss the case of n =1
by different methods, namely, by analytical and combinatorial techniques. A
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part of the problem of finding the solution space of T} is the discovery of certain
canonical representative solutions of the symplectic Dirac operator D, and the
discovery of certain non-trivial identities in the algebraic Weyl algebra.

The system of partial differential equations representing 7 is overdetermined,
acting on the space of functions valued in an infinite dimensional vector space of
the Segal-Shale-Weil representation, and the solution space of Ty is (even locally)
infinite dimensional. Notice that the techniques of the metaplectic Howe duality
are not restricted to (R?, w), but it is not straightforward for (R**,w), n > 1, to
write more explicit formulas for solutions with values in the higher dimensional
non-commutative algebraic Weyl algebra.

The structure of the present chapter goes as follows. In the first Section, we
review basic properties of the symplectic spin geometry in the real dimension 2,
with emphasis on the metaplectic Howe duality. In Section 6.3, we give a general
definition of the symplectic twistor operator T,. The space of polynomial solutions
of T, on (R?, w) is analysed in Section 6.5, relying on two basic principles. The first
one is representation theoretical, coming from the action of the metaplectic Lie
algebra on the function space of interest. The second one is then the construction
of representative solutions in the particular irreducible subspaces of the function
space. As a byproduct of our approach, we construct specific polynomial solutions
of the symplectic Dirac operator D,, which is also new according to our best
knowledge.

6.2 Metaplectic Lie algebra mp(2,R), symplectic
Clifford algebra and class of simple weight
modules for mp(2,R)

In the present section, we collect some basic algebraic and representation theo-
retical information needed in the analysis of the solution space of the symplectic
twistor operator T§. See, e.g., [5], [9], [19], [22], [24].

Let us consider a 2-dimensional symplectic vector space (R?,w = dx A dy),
and a symplectic basis {ey, eo} with respect to the non-degenerate two form w €
A%(R?)*. The linear action of sp(2,R) ~ sl(2,R) on R? induces the action on
its tensor representations, and we have g*w = w for all g € Sp(2,R). The set of

three matrices
1 0 01 0 0
i=(y 5)x= (o) = (0 0)

is a basis of sp(2,R).

The metaplectic Lie algebra mp(2, R) is the Lie algebra of the two-fold group
covering A : Mp(2,R) — Sp(2,R) of the symplectic Lie group Sp(2,R). It
can be realized by homogeneity two elements in the symplectic Clifford algebra
Cl4(R?,w), where the isomorphism A, : mp(2,R) — sp(2,R) is given by

A(e-e) = =2X,
Mle-f+ f-e)=2H. (6.1)
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Definition 6.2.1. The symplectic Clifford algebra Cl,(R? w) is an associative
unital algebra over C, realized as a quotient of the tensor algebra T'(e, f) by a
two-sided ideal I C T'(e, f), generated by

veow—w-v = —iw(v,w)
for all v, w € R2.

The symplectic Clifford algebra Cl,(R? w) is isomorphic to the Weyl algebra
Wy of complex valued algebraic differential operators on R, and the symplectic
Lie algebra sp(2,R) can be realized as a subalgebra of W5. In particular, the
Weyl algebra is an associative algebra generated by {¢, d,}, the multiplication
operator by ¢ and the differentiation 0,. The symplectic Lie algebra sp(2,R) has

: i i 92
a basis {—1¢, —55—(12, q% +1}.
The symplectic spinor representation is the irreducible Segal-Shale-Weil repre-
2
sentation of C1,(R?,w) on L*(R, e~ 7 dgg), the space of square integrable functions
2

on (R,dy = e’%dqﬁg), where dggr is the Lebesgue measure. Its action, the sym-
plectic Clifford multiplication c,, acts on the subspace of C*(smooth)-vectors
given by the Schwartz space S(R) of rapidly decreasing complex valued func-
tions on R as its dense subspace. The space S(R) can be regarded as a smooth
Fréchet globalization of the space of K-finite vectors in the representation, where
K C Mp(2,R) is the maximal compact subgroup which is the double cover of
K =U(1) C Sp(2,R). Though we shall work in the smooth globalization S(R),
our representative vectors constructed in Section 6.5 belong to the underlying
Harish-Chandra module of K-finite vectors preserved by c;.

The function spaces associated to Segal-Shale-Weil representation are sup-
ported on R C R?, a maximal isotropic subspace of (R? w). The restriction of
Segal-Shale-Weil representation to mp(2, R) decomposes into two representations
realized on the subspace of even resp. odd functions

0:mp(2,R) — End(S(R)), (6.2)

where the basis vectors act by

ole-e) =iq’,
olf - f) = —idZ,
Q(e -f+f- 6) = qaq + aqq~ (6-3>

Because it is a complex representation of mp(2, R) we may consider complex
algebra mp(2, C) and isomorphic complex algebra sp(2, C).

2
In this representation Cl,(R? w) acts on L*(R, e;q?dqR) by unbounded op-
erators with the subdomain S(R). The space of K-finite vectors has a basis

. 2 . 2
{q]e’q?}‘;‘;o. Its even mp(2, C)-submodule is generated by {q2je’q7};";o and the

odd by {q2j+1e‘§};?’;0. It is an irreducible representation of mp(2,C) x h(2),
the semidirect product of mp(2,C) and the 3-dimensional Heisenberg Lie algebra
spanned by {eq, eo,Id}. Cf., [16]. In this chapter, we denote the Segal-Shale-Weil
representation by S. We have S ~ ST @& S~ as mp(2, C)-module.

Let us denote by Pol(R? C) the vector space of complex valued polynomi-
als on R?, and by Pol;(R? C) the subspace of homogeneity | polynomials. The
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complex vector space Pol;(R?, C) is as an irreducible mp(2, C)-module isomorphic
to SY(C?), the I-th symmetric power of the complexification of the fundamental
vector representation R?, [ € Nj.

6.3 Segal-Shale-Weil representation and meta-
plectic Howe duality

Let us review a representation-theoretical result of [2]. We consider the Borel
subalgebra of sp(2,C) generated by X’ = %(?1) and H' = (?_OZ) and Borel
subalgebra of mp(2, C) generated by elements A '(X’) and \['(H’).

Let w; be the fundamental weight of the Lie algebra sp(2, C), and let L(w) de-
note the simple module over universal enveloping algebra U(mp(2, C)) of mp(2,C)
generated by the highest weight vector of the weight w. Then the Segal-Shale-
Weil representation for mp(2,C) on Pol(R? C) ® S(R) is the highest weight rep-
resentation L(—31w;) ® L(—3w).

The decomposition of the space of polynomial functions on R? valued in the
Segal-Shale-Weil representation corresponds to the tensor product of L(—%wl) D
L(—3w;) with symmetric powers S/(C*"), | € Ny, of the fundamental vector
representation C? of sp(2,C). Note that all summands in the decomposition are
again irreducible representations of mp(2, C).

Lemma 6.3.1. ([2]) Let [ € No.

1. We have for L(—4w:) and any !
1 A 1 1

1 1
®L((l — 1)y — §w1) ® L(lo — éwl);

2. We have for L(—3w;) and any [
3 o 3 3
3 3

Another way of realizing this decomposition is based on the metaplectic Howe
duality, [9]. The metaplectic analogue of the classical theorem on the separation of
variables allows to decompose the space Pol(R?, C)®S(R) of complex polynomials
valued in the Segal-Shale-Weil representation under the action of mp(2,R) into a
direct sum of simple weight mp(2, R)-modules

Pol(R2,C) ® S(R) ~ é é X9 M, (6.4)

=0 j=0

where we use the notation M; = M;" & M, . This decomposition takes the form
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of an infinite triangle

PSS P®S PBRS PBRS PSS P®S (6.5)

H H | H | H
Mo HXSMO %XSZMO %XSMQ %X;lMO 4>X55M0

S S 52 D 52
My —= X, My — X2M; — X3M, — X*M,

S 2] S 2]
MQ HXSMQ ‘>X52M2 ‘>X§M2

2 2] 2
M34>XSM34>X82M3

S 2]
M4 4>XSM4

52

M;

Now, let us explain the notation used in the previous scheme. First of all,
we use the shorthand notation P, = Polj(R* C), 1 € Ny, § = S(R), and all
spaces and arrows in the picture have the following meaning. We denote M; =
Pol;(R?, C) N Ker(Dy), where we set the three operators (i € C is the complex
unit)

Xy = y0, +ixq,
D, = 1q0, — 0,0y,
E = 20, + yo,, (6.6)

The operator D, acts horizontally as X but in the opposite direction. They fulfil
the sl(2, C)-commutation relations
[E, Ds] = _Dsa
[E7 Xs] - Xs, (67)
[Ds, Xs] = —i(E +1).
Let ¢ € Pol(R?%,C) ® S(R), h € Mp(2,R) and A(h) = g € Sp(2,R). We define
the action of Mp(2,R) to be

ah)otea) = o) (M) (1) ) = oWplde = by o + aea).

g= (‘é 2) € SL(2,R). (6.8)

where o acts on the Segal-Shale-Weil representation via (6.2). Passing to the
infinitesimal action, we get the following operators representing the basis elements
of mp(2,R)

dt

tzoé(exp(tX))SO(x,y, q) = %

1t
t:OQ (0 1) QO(:E - ytay7Q)

1 )
= — —¢’e T p(x —yt,y,Q)‘

2 t=0
i, 2d
_thQ_ N t ‘
e ol —yty,q)|
(i O
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d o(exp(tH))p(x,y,q) = a 0 i p(re™, ye', q)
dt li=o0 T dtli=0~ \ 0 et e
_1 1t —t , t i %ti —t  t t
= Se¥plee,ye ae) + eF (e el )|
P o R AR AR A
0 0 0 1
o(H) = —oz— — — + —. 6.9
O(H) = —wa-+yg +ag.+3 (6.9)

They satisfy commutation rules of mp(2,R)

[0(X), o(Y)] = o(H),
[o(H), o(X)] =2
[o(H), o(Y)] = —20(Y).

Notice that we have not derived the explicit formula for o(Y"), because it easily
follows from the Lie algebra structure. The action of the Casimir operator Cas €
Ump(2,R)) ® Cl,(R* w)

Cas = §(H)? + 1+ 25(X)a(Y) + 23(Y)a(X),

is given by the differential operator

Cas =2%0> + y23§ + 220, + 4y0, + 22y0,0, + 411
— 220,04 + 2yq0,0, + Ziyamﬁg + 2ixq*0,

— E,(E, — 1) + E,(E, — 1) + 2E, + 4E, + 2E,E, + ;1

— 2E,E, + 2E,E, + 2iy0,0; + 2ixq*d,. (6.10)

Here we use the notation 0, = %, 0y = % and E, = 20,, B, = y0,, E, = q0,
for the Euler homogeneity operators.

Lemma 6.3.2. The operators X and D, commute with the operators o(X), o(Y")
and o(H). In other words, they are mp(2, R)-invariant differential operators on
complex polynomials with values in the Segal-Shale-Weil representation.

Proof. We have
[Ds, 0(H)| = 1q0y[0y, y] + 1q0q|q, O] + 0204[0y, x] — 020404, 4] = 0. (6.11)

Remaining commutators are computed analogously. O
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The action of mp(2,R) x sl(2,C) generates the multiplicity free decomposi-
tion of the representation and the pair of Lie algebras in the product is called the
metaplectic Howe dual pair. The operators X, D, act on the previous picture
horizontally and isomorphically identify the neighbouring mp(2, R)-modules. The
modules M;, [ € N, on the left-most diagonal are termed symplectic monogenics,
and are characterized as [-homogeneous solutions of the symplectic Dirac oper-
ator Dy. Thus the decomposition is given as a tensor product of the symplectic
monogenics multiplied by algebra of polynomial invariants C[X;]. The operator
X, maps polynomial symplectic spinors valued in the odd part of S into sym-
plectic spinors valued in the even part of §. This means that M, is valued in
S™, X,M_ is valued in 8T, etc.

6.4 Symplectic twistor operator 7;

We start with an abstract definition of the symplectic twistor operator 7T, and
then we specialize to the real symplectic manifold (R? w).

Definition 6.4.1. Let (M,w) be a symplectic manifold of dimension 2n, with
symplectic connection V. Let V*® be the associated symplectic spin covariant
derivative and w € C®(M, A*T*M) a non-degenerate 2-form such that Vw = 0.
We denote by

{617"'a€2n}E{ela"'aen7f17"'7fn}

a local symplectic frame. The symplectic twistor operator Ty on M is the first
order differential operator T acting on smooth symplectic spinors S

Ve C®(M,S) — T*M @ C*(M, S),
Ty = Per(es) oW 0 V1 C®(M,S) — C™(M,T), (6.12)

where 7T is the space of symplectic twistors, T*M ® S ~ S@ T, given by algebraic
projection
PKer(cs) TM ® COO(M, S) — COO(M, T)

on the kernel of the symplectic Clifford multiplication cs. In the local symplectic

coframe {e'}3”, dual to the symplectic frame {e;}3",, we have the local formula

for T}
1 2n i 2n
T, = (1—1—5) E ek®Vzk+— E el®wkjej-el-vzk, (6.13)
n
k=1 jikl=1

where - is the shorthand notation for the symplectic Clifford multiplication and
i € C is the imaginary unit. We use the convention w* = 1 for j = k +n and
E=1,...,n,w" = —1fork=n+1,...,2nand j = k—n, and w* = 0 otherwise.

The symplectic Dirac operator Dy, defined as the image of the symplectic
Clifford multiplication ¢, has the explicit form (6.6).

Lemma 6.4.1. The symplectic twistor operator T is Mp(2n, R)-invariant.
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Proof. The property of invariance is a direct consequence of the equivariance of
symplectic covariant derivative and the invariance of algebraic projection Pxer(c,),
and amounts to show that

Ti(o(9)e) = Mg) ® 0(g)(Tse) (6.14)
for any g € Mp(2n,R) and ¢ € C>*(M,S). Using the local formula (6.13) for T}
in a local chart (z1,...,%,), both sides of (6.14) are equal
2n
1 X 0 71
(1+-) <@ elo) 5 [ (o))
P - 5]
+- Z € ®we; e [9(9)@[@(A(9)1$)]]
7,k l=1
and the proof follows. O

In the case M = (R*",w), the symplectic twistor operator is

2n . 2n
1 0 i , 0
TS:<1+—> R —4 - € @whe; e - —. 6.15
n ; oxy, nj;;l iH oxy, ( )

Lemma 6.4.2. In the case of the real symplectic manifold (R? w) with coor-
dinates x,y and w = dz A dy, a symplectic frame {e;,es} and its dual coframe
{€!, €*}, the symplectic twistor operator Ty : C*(R?* S) — C>*(R? T) acts on a
smooth symplectic spinor ¢(z,vy,q) € C*(R? S) by

D o ,0p dp . Py 0%

T(p) =@ (52 - )+ (25F ). (616
(p)=c@ ox qaqaxﬂq oy tew oy +Z8q2ax+q8q8y (6.16)
The last display follows from (6.15) by direct substitution for the symplectic

Clifford multiplication. The next Lemma simplifies the condition on a symplectic
spinor to be in the kernel of Tj.

Lemma 6.4.3. A smooth symplectic spinor ¢(z,y,q) € C®(R?,S) is in the
kernel of T if and only if it fulfils the partial differential equation

0 02 5, 0
<% - q8q8$ +1iq a—y><p = 0. (6.17)

Proof. The claim is a consequence of Lemma 6.4.2, because the covectors €', €2 are
linearly independent and the differential operators in (6.16) (the two components
of T, by €' and €?) have the same solution space (i.e., ¢ solving the first one
implies that ¢ solves the second one). This implies the equivalence statement in
the Lemma. O

Notice that 9(X), o(Y") and g(H) preserve the solution space of the symplec-
tic twistor equation (6.17), i.e., if the symplectic spinor ¢ solves (6.17) then
0(X)p,0(Y)p and o(H)p solve (6.17) . This is a consequence of Mp(2,R)-
invariance of the symplectic twistor operator T, on R? (in fact, the same ob-
servation is true in any dimension.) By abuse of notation, we use T in Section
6.5 to denote the operator (6.17) and call it the symplectic twistor operator - this
terminology is justified by the reduction in Lemma 6.4.3. In the chapter, we work

with polynomial (in z,y or z, Z) smooth symplectic spinors, i.e. with elements of
Pol(R?,C) ® S(R).
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6.5 Polynomial solution space of symplectic
twistor operator T, on (R? w)

Let us consider the complex vector space of symplectic spinor valued polynomials
Pol(R?,C) ® S(R), S(R) ~ S(R)~ & S(R)™, together with its decomposition on
irreducible subspaces with respect to the natural action of mp(2,R). It follows
from the mp(2, R)-invariance of the symplectic twistor operator that it is sufficient
to characterize its behaviour on any non-zero vector in an irreducible mp(2, R)-
submodule. Further, the action of the symplectic twistor operator preserves the
subspace of homogeneous symplectic spinors. This is what we are going to ac-
complish in the present section. Note that the meaning of the natural number
n € N used in previous sections to denote the dimension of the underlying real
symplectic manifold is different from its use in the present section.

The main technical difficulty consists of finding suitable representative smooth
vectors in each irreducible mp(2, R)-subspace. We shall find a general character-
izing condition for a polynomial (in the real variables z, y) valued in the Schwartz
space S(R) (in the variable ¢) as a formal power series, and the representative
vectors are always conveniently chosen as polynomials in ¢ weighted by the ex-

ponential e‘é. In other words, the constructed vectors are K-finite vectors in
S(R). These representative vectors are then evaluated on the symplectic twistor
operator T%.

First of all, the constant symplectic spinors belong to the solution space of
T,. We have

Lemma 6.5.1.

q2

To(Xse™ 7)
2

Ts(ie’gq(a: +iy)) = 0, (6.18)
To(e™ 7 (ig*(z + iy) +y)) = 0. (6.19)

T,(X.qe™ )
The next Lemma is preparatory for further considerations.

Lemma 6.5.2. We have for any n € Ny, (X,)" € End(Pol(R?,C) ® S(R)), the
following identity

r—
0|3
—
i

™
<

(X)" = A?ky"_j_k(ix)j+qu8§_2j_k. (6.20)
0

o
iy

j=

Here L%J is the floor function applied to %, and the coefficients A% € C fulfil the

4-term recurrent relation

n __ 4(n—1) (n—1) (n—1)
A=Ay 7+ Ay + (B DAL ) (6.21)

We use the normalization A, = 1, and A% # 0 only for n € Ny, j =0,..., | %],
and k=0,...,n—2j.

Proof. The proof is by induction on n € Ny. The claim is trivial for n = 0, and
for n = 1 we have

(Xo)' = Aoy, + Anizg,
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where A}, = AJy = 1 and A}, = A), = 1.
We assume that the formula holds for n — 1 and aim to prove it for n

77L12j

(izq + y, (Z Z A Dy T g2

7=0 k=0
+yn j_k(l )J-HC kan 23 +kyn j k(zx)”k k 1an 1-2j k)
|25 ] n2j
— Z Ay(L];ji)yn j k<2$)]+k kan 27—k
J= k=0

1) ik i
+ Z k+1) A( k+1)y J k(@x)3+qu0q 2=k
=0 k=0

where we shifted the indexes in the first sum k +— k — 1, in the third sum by
k+— k+1and j — j—1 and added zero elements in the summations. Altogether
we get

L%J n—2j
(n—1) (n—1) (n—1) n—j—k(; \itk kan—2j—k
(Ajk + Al (B 1)A(j71)(k+1)>y I (i) g oy
7=0 k=0
n—2| 251 | -2
(n—1) ne 25 =1k g 252 | 41k g2 P 2k
k=0

Now we apply the induction argument to the first term. The second term is non
zero only for even n, when the previous expression equals to

[5]) n2j

0|3

[\
~

n , n—j—k(: \Njtk kan—25—k
Ajky (iz)"""q 8q
0

Y

B
Il

=0
which completes the required statement. O
Remark 5. Notice that for j = 0, the solution of recurrent relation in (6.21)

nl) -0

corresponds to the binomial coefficients. It follows from A (k1)

n n— 1
and therefore, A, = (Z)

Lemma 6.5.3. We have A?(n_m = n(n2_1) (niz)
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Proof. We use the relation Af, , = A(nfl) + A(nfl) + (n — 1)A(T(Ln_1)1), where

Al ! _yy = 0 (because it is out of the range for the 1ndex k in the equation (6.21).)

The proof goes by induction in n: we start Wlth A%, = Al; = 1, and claim
Al g = ”(" Y The induction step gives A A?(n72)+n An = "22—” 4=
n’4n

: O

2

A direct consequence of the Baker-Campbell-Hausdorff formula or its dual,
Zassenhaus formula, for three operators A, B, C' fulfilling the commutation rela-
tions [A, B] = C and [A,C] = [B,C] = 0 gives

(A+Br= Y <Zl: (i) Ar31r> (_%) = S (Z!_l)!. (6.22)

I<n r=0
[=n mod 2

Thus we get the solution of the recursion relation (6.21).

Lemma 6.5.4. For X = izq + y0, with [izq, y0,] = —izy, we have

k
; n __ n! ; 7"+nT_l l—r—&-%_l r al—r
(ixq +y0,)" = Z (Z a0 ("74)!2"%1 (i) y q"9, (6.23)

I<n r=0
l=n mod 2

for any n € Ny, and the comparison with Lemma 6.5.2 yields the solution of the
recursion relation (6.21):

n!
Kl(n— 25— k)lj120°
where the index [ in (6.23) corresponds to n — 27 in (6.20), and the index r in
(6.23) corresponds to k in (6.20).

AT = (6.24)

»

q

Let us remark that the composition T o (X;)" for n = 2, 3, acting on e~z and
2

ge~ 7, is non-vanishing. This means that some irreducible mp(2, R)-components
in the decomposition (6.5) are not in the kernel of T}

( 2o ) = e (P + iy + igy) 0,

T(X2e %) = % (¢ + igy) 0,

(Xse_é) =e §(32q3x2 — 6¢°xy — 3ig*y?) # 0,

T (X3qe™ é) =e é(qu 22 + 6¢%xy — 6¢ Y + 3iy® + 6ig’y?

— 3ig*y?) # 0, (6.25)
Lemma 6.5.5. Let n € Ny. Then

n

*n2]

Z Z Aj) ( i(j+ k)y" j_k(ix)j-f'k—lqkag_gj_k

7=0 k=0
+ ynfjfk(il,)j#»quaxagf%fk - (] i k) nfjfk@'x)jJrkfl k+182172j7k+1
o ynfjfk(Z-x)]+qu+lama(?72]fk+l ’lk(] T k) —Jj— (Zx)]+kflqk8272]fk
o kynfjfk(ix)j+quaxa;172jfk+Z(n _] . k)yn j—k— 1(ix)j+qu+28171172j7k

iy ) 20,0 (6.26)
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2
In particular, T,((X,)"e~7) # 0 and T,((X,)"q *q?) # 0 for all n > 1.

Proof. The proof is based on the identity in Lemma 6.5.2. The non-triviality
2
of the composition is detected by the coefficient in the monomial 2" '¢"e~%

in an expansion of T,((X,)"e~ 7). It follows from the identity (6.26) that this
coefficient is

S (G ( Yoot

= "l T (6.27)

which is non-zero for all n > 1.
q_

As for the action on the vector qe’ =, the situation is analogous. The co-

2
efficient of the monomial z"~'¢"*'e~% in T ((X,)"ge™7) is —i”@, which is

again non-zero for all n > 1. The proof is complete. O

In the next part we focus for a while on symplectic spinors given by iterative
action of X, on 8*, and complete the task of finding all subspaces of polynomial
solutions of T (expressed in the real variables z,y).

2
Lemma 6.5.6. The vectors e~z (z 4 iy)™ € Pol,,,(R?,C) @ S(R)*, m € Ny, are
in the kernel of Dy, but not in the kernel of the symplectic twistor operator 7.

Proof. We get by direct computation,

2 2

Dy(e™ % (x +iy)™) =igdye™ % (v + iy)™ — 9,0,¢ % (z +ay)™
—e~ % (—mg(x +iy)™" " 4+ mg(x + iy)™ ) =0,

T, (6_%<$ +iy)™) =0.e” 7 (z + zy) — q0,0,e” % (ac + iy)"

for any natural number m > 0. O]

2
Lemma 6.5.7. Let m € Ny. Then the vectors X e~ 7 (z+iy)™ in Pol,,1(R?, C)®
S(R)* are in the kernel of the symplectic twistor operator T.

Proof. We have

»

q

q2
T(Xee™ 7 (x +iy)™) = Tlige™ 7 (x +iy)™*")
=i(m+1e 7 (q—q+¢ — ¢*)(x +iy)™ =0.

Remark 6. The non-trivial elements in Ker(7}) are
qe _%(x +iy)*, k € Np. (6.28)
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The next Lemma completes the information on the behaviour of T, for re-
maining mp(2, R)-modules coming from the action of X on ST.

Lemma 6.5.8. For all natural numbers n > 1 and all m € Ny, we have
T.((X)"e™ % (x +iy)™) # 0. (6.29)

2
Proof. We focus on the coefficient of the monomial 2"~ '*"¢"e~% in the expanded

form of Ty((X,)"e™ (x + iy)™). Tt follows from (6.26) that the contribution to
this coeflicient is

2
i"(AY n— A n? + ATy + Ajm — AR mn)a" e

2
=" ((n) (n —n®+m—mn) + ( " )) R L
n n—2

2 -1 a2
— Zn (n + Tr;)(n )xn—1+mqn6—77 (630)

which is non-zero for all natural numbers n > 1 and all m € Ng. O
Let us summarize the previous lemmas in the final Theorem.

Theorem 6.5.9. The solution space of the symplectic twistor operator T act-
ing on Pol(R?* C) ® S(R)™ consists of the set of mp(2, R)-modules in the boxes,
realized in the decomposition of Pol(R? C) ® S(R)* on mp(2, R) irreducible sub-
spaces

My XMy | X2MG = X3M — XM — X2M (6.31)
i ® @ ® ® ®
M; —{ X, M b= XM = X3M — XM
6_§(I+iy) ® @ @ B
M —~ X M = X2M5 — X3M
eié(x+iy)2 ©® &) &
+ + 277+
M —{ XM |- XM
677($+iy)3 @+ (&) -
Mj — X, M
2
e T (atiy) )
M5

Notice that non-zero representative vectors in the solution space of D, are pic-
tured under the spaces of symplectic monogenics.

This completes the picture in the case of ST. As we shall see, the represen-
tative solutions of Dy for arbitrary homogeneity are far more complicated for S~
than for ST, which were chosen to be the powers of 2 = x + iy. A rather con-
venient way to simplify the presentation is to pass from the real coordinates x,y
to the complex coordinates z,7 for the standard complex structure on R?, where
0y = (0, + 0;) and 0, = i(0, — 03).
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Lemma 6.5.10. The operators X, D, and T, are in the complex coordinates
z, Z given by

(a7 + (g +8,)2),

X, =
Ds = _<(q + aq)az + (_q + aq)ai)v
T, = ((1— 0y — ¢*)0. + (1 — q0y + ¢°)0z). (6.32)

In the rest of the chapter we suppress the overall constants in X, D, T5.
The reason is that both the metaplectic Howe duality and the solution space of
D, T, are independent of the normalization of X, D,, T,. In other words, the
representative solutions differ by a non-zero multiple, a property which has no
effect on our results. An element of the solution space of D, is called symplectic
monogenic.

We start with the characterization of elements in the solution space of Dy,

both for ST and S—.

Theorem 6.5.11. 1. The symplectic spinor of the homogeneity m € Ny in
the variables z, Zz,

2
v = e_%q(Am(q)zm—I—Am_l(q)zm_12+. LA AN(q)z2" T+ A%q)2™), (6.33)
with coefficients in the formal power series in ¢,
A"(q) =ag+abg® +aygt +...,a, €C,r=0,...,m, k € 2Ny

is in the kernel of D, provided the coefficients a) satisfy the system of
recurrence relations

0=m(k+ a] + (k+ a " - 2a"7),
0=(m—1)(k+1al " +2(k+1)a)? — 4a]*},
0=2(k+1)a; +(m—1)(k+ Dap —2(m — Day,_,,
0= (k+1)a +m(k+ 1)a) — 2maj_,, (6.34)
equivalent to
(m—p)(k+1Da "+ (p+1)(k+ a7 —2(p+1)a, =0, (6.35)
forallp=20,1,...,m — 1.
2. The symplectic spinor of the homogeneity m € Ny in the variables z, Z,
Y= % (A™(q)z™+ A" q)z" 'z +. .+ Al(q)2zz™ "+ A%(¢)Z™), (6.36)
with coefficients in the formal power series in g,

A™(q) = ag+asq® +aygt +...,a, €C,r=0,...,m, k € 2Ny
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is in the kernel of Dy provided the coefficients aj satisfy the system of
recurrence relations

0 = mka + kal* ' — 2a}" 21,
0= (m—Vka " + 2ka]* — 4a]"},
0 = 2ka; + (m — Dkay — 2(m — 1)a;_,, (6.37)
0 = kaj, + mka) — 2maj_,,
equivalent to
(m —p)ka; ™" + (p+ Dka] P = 2(p+ 1)a)'> " =0, (6.38)
forallp=20,1,...,m — 1.

Proof. Because

(q+8)e 5 qA(q) = e 5@ +1— ¢ + a0 A"(q),

M)

q

(—q+0,)e" TqA (q) = e T[> +1—¢* + g0, A" (q),

2
the action of D, on the vector e~ T gA"(q) is

D( % q(A™(q)2™ + A" (q)2" 2 +...+A1(q)z5m—1+A0(q)gm)>

)z"
= % (" (L + g A" (0) + 1+ 40, — 27147 ()
2" 22((m = D)1 + gd,] A"} (q) + 2[1 + 49, — 2¢*]A™2(¢))

22" (201 + 0,]A%(q) + (m — D[1 + g0, — 2¢"]A'(q))
2 ([1+ q0,) A" () + m[1 + g0, — 26°)4°(9)) ). (6.39)
The action of [1 + ¢d,] on A™(q) yields Y, on(k + 1)aj¢", and the action of

[1+ g0y — 2¢%] on A™(q) gives >, con((k + 1)aj, — 2a},_,)¢", for all r =0,...,m
As for the second part, we have

2 2

(q+8,)e” = A"(q) =~ T [0) A" (q),
2 q2
(—q+0)e” TA(q) =e~ 7 [=2¢ + 0,)A"(q),
and the rest of the proof is analogous to the first part. The proof is complete. [

Remark 7. We observe that the choice of the constant A°(q) = af # 0, ie.
a) # 0 only for k = 0, leads to the solution (polynomial in ¢) of the recurrence
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relation for all coefficients in the symplectic spinor (6.33)

A%(q) =ag,

Al(q) = (—1 + §q2) (T) ag,

Am(g) = '<('—1)m S ﬁqm) (Z) a0,

where 2m + 1)!l = 2m 4+ 1) - (2m — 1)---3 - 1. In this way, we get simple
representative vectors in the kernel of Dy, valued in S~ for each homogeneity m.
We have for m =1,2,3

a2 2
62q((—1+§q2)2+5)a8,
¢ 4 4 4
e T (q(l - §q2 + 1—5q4>z2 + (— 2+ §q2>z2+ 22>a8,
4 12 8 4
- {902 22 _6)3 <3_42 _4>27
e (q( +2q 156]—1—10561 27+ q+5q 2%z

+(—3 +2¢%)2z* + 23) ay. (6.40)

The same formulas expressed in the real variables x,y

2 g . .

3¢ 7 (qg(fc +iy) — 3zqy> ag,

4 _ &2 . .
e <q5(9€ +iy)® +10¢%y(—ix +y) — 15qy2>a8,
8 g

T05¢ <q7(x +dy)* — 21ig° (v + iy)*y — 105¢° (z + iy)y* + 105iqy3>a8. (6.41)
Another observation is that for a chosen homogeneity m in z,Z, the highest
exponent of ¢ is at least 2m 4+ 1 and our solution realizes this minimum. The
representative symplectic monogenics valued in St were already given for each
homogeneity in Lemma 6.5.6.

In the following Theorem, we characterize the solution space for T, separately
in the even case (including both even powers of X acting on ST and odd powers
of X acting on S~) and the odd case (including both odd powers of X acting
on 8T and even powers of X acting on S™.)

Theorem 6.5.12. 1. The symplectic spinor of the homogeneity m € Ny in
the variables z, z,

v = e_q?q(Am(q)zm+Am_1(q)zm_12+. L+ AN q)zz" T + A% (g)2™) (6.42)

52



with coefficients in the formal power series in ¢,
A" =al+ay? +aig* + ..., a, €C,r=0,...,m, k € 2Ny,

is in the kernel of the symplectic twistor operator T provided the coefficients
ay, satisfy the recurrence relations

0 = mka}' + ka}* ™' — 2a}" 21,
0= (m— Dka " + 2ka]"* — 4a]"},
0 = 2kai + (m — Dkay — 2(m — 1)a;_,, (6.43)
0 = kay, +mka) — 2may_,,
equivalent to
(m —p)ka ™ + (p+ Dka] P = 2(p+ 1)a)' " =0, (6.44)
forallp=20,1,...,m— 1.
. The symplectic spinor of the homogeneity m € Ny in the variables z, Z,
o= =5 (A™(q)2™ + AN (q)2 ™ 5 4+ AL )2z 4+ A(q)Z™) (6.45)
with coefficients in the formal power series in ¢,
A" =al +ay* +ayg* + ..., a, €C,r=0,...,m, k € 2Ny,

is in the kernel of the symplectic twistor operator T provided the coefficients
aj, satisfy the recurrence relations

0=m(k—1)a + (k- 1ay* — 2a]"},
0=(m—1)(k—1)al " +2(k—1)a]*? — 4a}* 7,
0=2(k—1a;+ (m—1)(k—1)a; —2(m — 1)a,_,,  (6.46)
0= (k—1)a;, +m(k —1)al) — 2mal)_,,
equivalent to
(m —=p)(k =& " + (p+ 1)(k = Dag' " = 2(p + 1)aj, " =0, (6.47)

forallp=0,1,...,m—1.

Proof. Concerning the first part, we have

M‘Q
A

AT ()2 4 AN ()2 L Al ()22 4 Ag)2™))

Ts< )2
_ ( ! (m| ) + 24 — 0, A" (g)
22 (<m - 1>[—aq1Am*<q> +2[2q — 8,]A™(q)

+27 ([~ 0, A (q) + m[2g — 8,)4°()) ) =0,
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where
— 2ahq — 4a}q® — 6alg® — ...,

(2al, — 2a%)q + (2a5 — 4a}) g’ + .
r=0,...,m satisfy

ey

[_aq]AT(Q> =
[2g = 9,]A"(q) =

etc. Then the coefficients of A”(q) = ajy + abq” + ajq¢* +

the recurrence relations
(m —p)kay ™" + (p+ Dkay ™77 —

As for the second part, we get

nN

e T[1—qd,]A"(q),

(1— ¢, —¢*)e TA(q) =
(1—qd, 4+ ¢¥)e  TA (q) = e 7 [1 4 2¢> — q0,) A" (q). (6.48)

The annihilation condition for the symplectic twistor operator Ty acting on (6.45)

is equivalent to
T (e (Am (@7 + A7 g+ Al(g)eam !+ A%(g)™))
— e 5 (2 ([l - g9,] A" (q) + [1 + 267 — 40,] A" (q))

— 1)[1 = g3, ] A" (q) +2[1 + 24 — 40, ] A" *(q))

[

zm_22((m
mL(9[1 — g8, A%(q) + (m — 1)[1 + 2¢* — 48,) A'(q))

(1426 = 49,]4°(0)) ). (6.49)

2Z

27 ([1 = q0) A (q) +m
0

and this completes the proof of the Theorem
Remark 8. The explicit solution vectors for the symplectic twistor operator T,
are, for the choice of A%(q) = aY # 0, given in homogeneities m = 1,2, 3 by

e %(( 1+2q)z+z)a8,

‘2((1—4q + 34 >z2+ (—2+4¢%) zz+22)

g 8
—2<( 1+6¢% —4¢* + 1—5q6>z3+ (3 —12¢* + 44"

0
Qq,

( 3+ 6q2) 222+ 23) ag.

The same solutions expressed in the variables x,y are

M)

e T (¢*(z +iy) — iy) af,

2
4 ¢ 4 N2 2

3¢ 7 (¢"(z + iy)* + 6¢°y(—iz + y) — 3y°) ag,

8 _g

7 (¢°(z +iy)* — 15ig* (z + iy)*y — 45¢*(z + iy)y* + 15iy°) (6.50)
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Theorem 6.5.13. Let ¢ = ¢(z,2,q) € Pol(R?* C) ® S(R)™ be a polynomial
symplectic spinor in the solution space of the symplectic Dirac operator Dy, i.e.
the symplectic spinor ¢ satisfying the recurrence relations in the first part of
Theorem (6.5.11). Then X (¢) is in kernel of the symplectic twistor operator,

T,(Xs(¢)) = 0.
Proof. Let us consider the polynomial symplectic spinor of homogeneity m,
0= e_q?q(Am(q)zm + A" )2 2+ 4 Al(g)z2m T+ A% ()2,

where A" (q) = al+abq* +ajq* + ..., r = 0,...,m satisfies the recursive relations

o

q

(6.35). The functions A'(q)ge" =, 1 = 0,...,m are Schwartz functions. We use
2
the notational simplification ¢(z, Z,q) = e~ z¢W, W = W(z, Z,q). Then

2
X,(e T qW) = e ([2¢° — 1 — q0)zW + [1 + qd,)z2W)
which can be rewritten as
2 2
Xy(e~FgW) = e T (B™(q)z™ + B™(q)2™Z + ... + B%(q)z™ ),

where B"(q) = b+ b5q* +bjq* +...,7=0,...,m+1, and the coefficients of this
formal power series satisfy

b =2a 7 + (k+ 1) (a]" —a" ™). (6.51)
We show that B"(q) satisfy the recurrence relations (6.47) for p = 0,1,...,m in
Theorem (6.5.12). It follows from (6.51) that
(m+1=p)(k =120 + (k+ 1)(a "™ = a]'7))
+ P+ Dk = 1) (205 + (k+ 1)(ay ™" — a7
—2(p+1)(20070 F (k=D (0 - e 1))

= 2((m = p)(k = Dy + (p+ (k= D™ = 2p+ D)

)
(

+ (k=1 ((m-p+1)(k+Dal " + p(k + 1)ay " — 2pa; 7

— (k= 1)((m—p)(k = Dag " + (p+1)(k — Dag' "~ — 2(p+1)"”’ D)
+2(k—1Da, 3 — (k=1 (k+1Da, P+ (k—=1)(k+1)a] " —2(k — 1)a}")
=0, (6.52)

where we used for the last equality the relation (6.35) to verify that each of the
three rows in the last but one expression equals to zero. The proof is complete. [

Theorem 6.5.14. Let ¢ = (2, z,q) € Pol,,(R?, C) @ S(R)~, m € Ny, be a sym-
plectic spinor polynomial in the solution space of the symplectic Dirac operator
D,. Then ¢ is not in the kernel of the symplectic twistor operator T if and only
if m > 0.

Proof. By our assumption, the symplectic spinor ¢ satisfies the recurrence re-
lation in Theorem 6.5.11. Recall the recurrence relations for symplectic spinors
valued in S, which are in the solution space of Ker(T), (6.44)

(m —p)ka] P+ (p+ Dka] "7 —2(p+Da], ?=0,p=0,...,m— L.
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By Theorem 6.5.11, the coeflicients aj, satisfy the relations (6.35)
(m—p)(k+1D)ay ™"+ (p+1)(k+ Day " +2(p+ 1)ap>, " =0.
The comparison of the last two relations leads to
(m—plag "+ (p+Day P =0 (6.53)

for all k, p, and these are just the coefficients by ¢*™12™=1=PzP in T} (). We choose
the symplectic monogenic ¢ as in Remark 7. For k = 2, p = 0, the coefficient in

Ts(p) by ¢>z™ 1 is (ai + mal). Our choice for ¢ to be a solution for D, gives

az = #a) and aj = 0, therefore the coefficient in (6.53) will not be equal to

zero and consequently will not be in Ker(Ty) for m > 0, m € N. By mp(2,R)-
invariance, the whole metaplectic module does not belong to the kernel of Ty,
which finishes the proof. O

Theorem 6.5.15. Let m € Ny, k € 2Nj.

1. The recurrence relations for the coefficients aj, of an even (even homogeneity
in ¢) symplectic spinor ¢,

q2
p=e T (AM(@)" + A" @) 2+ Al g) 22T+ A%(g)Z™),

A"(q) = af + abq* + atg* + ..., r =0,...,m, which is in the kernel of the
square of the symplectic Dirac operator D2, are
(m = p)(m —p = 1)k +2)(k+ Day'y'+
(m—1-p)p+1) 20k +2)(k+ 1)ay', 7 — 22k + )a] ' 7)+
P+ 1) +2)((k+2)(k+1)a) " — 22k + )ay > + 4a)" > 77)
-0 (6.54)
forp=0,...,m—2.
2. The recurrence relations for the coefficients aj, of an odd (odd homogeneity

in ¢) symplectic spinor ¢,

q2
p=e Tq(AM(@)2" + A" g)e" T2+ Alg)ez" T + A%g) 7)),

A"(q) = ay + abq® + alq* + ..., r = 0,...,m, which is in the kernel of the
square of the symplectic Dirac operator D2, are
(m —p)(m —p—1)(k +2)(k + 3)a’+
(m—1-p)p+1)(2(k +2)(k+3)ay', " —2(2k + 3)ay ")+
(p+1)(p+2)((k+2)(k +3)ay, " = 2(2k + 3)a) 7 + dai’>,"")
=0. (6.55)

forp=0,...,m—2.
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Proof. The second power of the symplectic Dirac operator D, is equal to
D2 = (¢* +2q0, + 14 07)02 + 2(—¢* + 07)0.0: + (¢* — 2q0, — 1 + 92)07. (6.56)
In the even case, the action of D? results in

p? <e (A™ (@)= + A" (g)zm 2 4+ A% )2™))

q2

— e (22 (mm — 1[0 A™(g) + (m — 1)[202 ~ g9, — 24" (q)

+2[02 — 40, — 2+ 42 ] A" 2 (q)) + ...+
272 (2[02]4%(q) + (m — 1)[207 — 490, — 2] A’ (q)+

+m(m —1)[02 — 4g0, — 2+ 4q2]A0(q))> , (6.57)

where

2a + 12a%¢* + . ..
4ay — 2ap + (24al, — 8aly — 2a5)q* + . . .
2aly — 2af + (12a}; — 8ab — 2aly + 4al)q* + . ..

(0214 (q)
207 — 490, — 2] A" (q)
07 — 4g0, — 2+ 44°] A" (q)

2
The odd homogeneity case is analogous. Denoting ¢ = e~ ¢W, where W =
A™(g)z" + ...+ A%(q)zZ™, we get

2 2
02(q* + 290, + 1+ 0P)e” T qW = 0% %20, + qd|W,
2 2
20.0-(—¢* + 02)e” = qW =20.0:¢~ 7 [q02 — 2¢°0, + 20, — 3q|W,
2 2
O2(q* —2q0, — 1 + 82)6_%(]1/1/ = 826_%[q8q2 — 4¢%0, + 20, + 4¢* — 6q|W,

and the proof follows.
The irreducible mp(2, R)-submodules in the kernel of D? were put into boxes
on the scheme of the mp(2, R)-decomposition of Pol(R? C) ® S(R)

X2My — X3 My — XMy — XM, (6.58)
2 2 52 ® D

| My f—{ X, M | X2M, — X3M; — XM,

D D D S
| M | X My |~ X2M, —~ X3 M,
D D D
[ My [ X, My | X2 Ms
D D
EAREREIA
D

O
Theorem 6.5.16. The solution space of the symplectic twistor operator T} is a
subspace of the space of solutions of the square of the symplectic Dirac operator

D2 In particular, the recurrence relations for D? specialized to even resp. odd
symplectic spinors from Theorem 6.5.15 are solved by (6.47) resp. (6.44).
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Proof. Let us start with even symplectic spinors. It is straightforward to rewrite
the recurrence relations in Theorem 6.5.15,

(m —p)(m —p—1)(k+2)(k+ Day' )+
(m—=1=p)(p+1) 2k +2)(k + 1)ay " = 22k + D)ay' ™ ")+
P+ D p+2)((k+2)(k+ a5, " — 22k + ay > + 4a; /") =0,
into
(m —1—p)(k+2)((m—p)(k+1)a]" 7+ (p+1)(k+ Da)', " = 2(p+ Da ' 77)
-l-(p—l—l)(k—i—?)((m—1—P)<k+1)ak+2 P (p+2)(k+1)a) P = 2p+2)a) P P)
—2(p+1)((m—1=p)(k—Dap P+ (p+2)(k— Daj > —2(p+2)ay, ") =0.

Because each of the last three rows corresponds to a recurrence relation (6.47),
the claim follows.
In the odd case, the recurrence relations

(m —p)(m — p— D)k +2)(k + 3)a]' T+
(m—1-p)p+1) 20k +2)(k+3)ay, " —2(2k + 3)ay ')+
(p+ D (p+2)((k+2)(k+3)ay " — 22k + 3)ay > " +4a; ") =0,
can be rewritten as
(m =1 =p)(k+3)((m = p)(k+ 2)ai’c + (0 + Dk + 2)ai’y " = 2(p+ g ")
o+ D +3)((m =1 =p)(k+ 205 " + (0 + 2k +2)ai’y " =20 +2)a) )
~2(p+1)((m — 1 = p)kay ™" P + (p+ 2)ka] > = 2(p+ 2)ay ) F) =0,
and each of the last three rows corresponds to the recurrence relation (6.44). O

Theorem 6.5.17. The solution space of the symplectic twistor operator T, act-
ing on Pol(R?, C) ® S(R), consists of the set of mp(2, R)-modules pictured in the
squares realized in the decomposition of Pol(R?, C)®@S(R) on mp(2, R) irreducible
subspaces, (6.5)

1. Pol(R2,C) ® S(R)":

}—>XM ’—>X2M‘—>X3M‘ . (6.59)
M —>E—>X2M — .
2

q
e” 7 (¢3(a+iy)—3iqy) @ o

My —— X My — ...
2

_a . .
e 2 (¢° (z4iy)2+10¢3y(—iz+y)—15qy?) @

MEL

m"“

My —— ...

2. Pol(R?,C) ® S(R)*:

My A XM s XM —— X3M —— (6.60)
6_% D @ b
AT
% (atiy) © il
]
eiqT(x—i-zy)2 ®

M —— .



Notice that the representative vectors in the solution space of Dy are pictured
under the spaces of symplectic monogenics. In the case of ST, we exploit the
symplectic monogenics constructed in Theorem 6.5.9.

Proof. Tt follows from the metaplectic Howe duality, [9], that Theorem 6.5.16
characterizes the mp(2, R)-submodule of Pol(R? C) ® S(R) contained in the so-
lution space of T;. Then Theorem 6.5.9, Theorem 6.5.14 and Theorem 6.5.15
characterize the space of solutions as the image of the space of symplectic mono-
genics by X, in addition to the space of constant symplectic spinors. The proof
is complete. O

In previous sections, we discussed the space of polynomial solutions. A natu-
ral question is an extension of the function space from polynomials to the class of
analytic, smooth, hyperfunction, generalized, etc., function spaces. For example,
one can consider convergent power series constructed from the polynomial solu-
tions. We shall not attempt to discuss this question in a greater generality, but
observe the existence of a wider class of solutions.

Let us consider the function element z"f(q) for f € S(R), n € Ny. The
substitution into (6.17) implies that it belongs to the solution space of Ty provided
f(q) solves the ordinary differential equation

(1- @) f(g) = %f@). (6.61)

»

2
This equation has a unique solution f(¢q) = ¢ge~ 7 in S(R), and so z"ge~ = are in

the kernel of the symplectic twistor operator for all n € Nj.
A generalization of this result is contained in the following lemma.

Lemma 6.5.18. Let h(z) be arbitrary holomorphic function on C. Then the
complex analytic symplectic spinor

(6.62)

is in the kernel of the symplectic twistor operator 7.

Consequently, the space of holomorphic functions on C is embedded into the
space of smooth solutions of the symplectic twistor operator T5.

Notice that an admissible continuous representation spaces of a reductive Lie
group G can be conveniently described in terms of a globalization of the under-
lying Harish-Chandra (g, K)-module, where g resp. K are the Lie algebra resp.
maximal compact subgroup of GG. In this way, one has continuous representation
of G on the space of analytic, smooth, Frechet, hyperfunction, generalized, etc.,
functions. It is still natural to ask for a characterization of solutions of both Tj
and D, on the space of such functions.
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7. Symplectic twistor operator
on (R, w)

Text of this chapter is based on an article

Symplectic twistor operator on R?" and the Segal-Shale-Weil repre-
sentation,

published in Complex Analysis and Operator Theory, Volume 8, Issue 2
(2014), 513 - 528.

Marie Dostalova, Petr Somberg.

Abstract The aim of our article is the study of solution space of the sym-
plectic twistor operator T, in symplectic spin geometry on the real symplectic
manifold (R?",w), which is the symplectic analogue of the twistor operator in
(pseudo-) Riemannian spin geometry. In particular, we observe a substantial dif-
ference between the case n = 1 of real dimension 2 and the case of R*", n > 1.
For n > 1, the solution space of T} is isomorphic to the Segal-Shale-Weil repre-
sentation.

Key words: Symplectic twistor operator, Symplectic Dirac operator, Meta-
plectic Howe duality.

MSC classification: 53C27, 53D05, 81R25.

7.1 Introduction and motivation

In the case when the second Stiefel-Whitney class of an orientable Riemannian
manifold is trivial, there is a double cover of the frame bundle and consequent-
ly there is an associated vector bundle for the spinor representation of the spin
structure group. There are two basic first order invariant differential operators
acting on spinor valued fields, namely the Dirac operator and the twistor oper-
ator. Their spectral properties are reflected in the geometric properties of the
underlying manifold. In Riemannian geometry, the twistor equation appeared
as an integrability condition for the canonical almost complex structure on the
twistor space, and it plays a prominent role in conformal differential geometry
due to its larger symmetry group. In physics, its solution space defines infinites-
imal isometries in Riemannian supergeometry. For an exposition with panorama
of examples, cf. [1], [18] and references therein.

The symplectic version of Dirac operator Dy was introduced in [28], and its
differential geometric properties were studied in [5], [22], [24]. The metaplectic
Howe duality for Dy, introduced in [9], allows to characterize the space of solutions
for the symplectic Dirac operator Dy on the real symplectic manifold (R**, w).

The aim of the present chapter is to study the symplectic twistor operator T
in context of the the metaplectic Howe duality, and consequently to determine
its solution space on the real symplectic manifold (R**, w). The operators D,, T,
were considered from a different perspective in [24], [31], [32]. From an analytic
point of view, T is represented by an overdetermined system of partial differential
equations and acts on the space of polynomials valued in the vector space of the
Segal-Shale-Weil representation. From the point of view of representation theory,
T, is mp(2n, R)-invariant and the initial problem is solved by understanding of
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the interaction of T, with the generators D,, X, of the Howe dual Lie algebra
s((2).

As we shall see, as for T there is a substantial difference between the situation
for n = 1 and n > 1. Namely, there is in Ker(7s) an infinite number of irreducible
mp(2n, R)-modules with different infinitesimal character for n = 1, while for
n > 1 the kernel contains just the Segal-Shale-Weil representation, a result of
independent interest. This is the reason why we decided to treat the case n = 1 in
a separate chapter (see Chapter 6) using different, more combinatorial approach,
which will be useful in complete understanding of the full infinite dimensional
symmetry group of our operator.

The structure of chapter goes as follows. In the first section, we review the
subject of symplectic spin geometry and metaplectic Howe duality. In the second
section, we start with the definition of the symplectic twistor operator T, and
compute the space of polynomial solutions of T, on (R?",w). These results follow
from a careful study of algebraic and differential properties of Ts. In the last
third section, we give a collection of unsolved problems related to the topic of the
present chapter.

7.2 Metaplectic Lie algebra mp(2n,R), symplec-
tic Clifford algebra and class of simple
weight modules for mp(2n, R)

In the present section, we recall several algebraic and representation theoretic
results used in the next section for the analysis of the solution space of the
symplectic twistor operator Ts. See, e.g., [5], [9], [19], [22], [24].

Let us consider 2n-dimensional symplectic vector space (R*",w = 2?21 e A
€, n € N, and a symplectic basis {e1, ..., €n, €nyi1, - -, €2, } With respect to the

non-degenerate two form w € A?(R?*")*. Let Ej; be the 2n x 2n matrix with 1
on the intersection of the k-th row and the j-th column and zero otherwise. The
set of matrices

Xik=FEjr— Eniinti, Yik = FEjnik + Eintjy, Zjk = Enyjr + Enikjs

for j,k=1,...,nis a basis of sp(2n,R). This basis can be realized by first order

differential operators
Xjk = xj&ck — xn+jaacn+ja }/]k: = xj&,;wk + IL‘kaxn_H, ij = xnﬂ&ck + xn+k8m]..

The metaplectic Lie algebra mp(2n, R) is the Lie algebra of the two-fold group
covering A : Mp(2n,R) — Sp(2n,R) of the symplectic Lie group Sp(2n,R). It
can be realized by homogeneity two elements in the symplectic Clifford algebra
Cl4(R?",w), where the isomorphism

Ax tmp(2n,R) — sp(2n, R)
is given by

Ae(e - e5) = =Yy,

)\*(en+k : en+j) - ija

)\*(ek *Entj + €ntj * €k) = 2ij, (71)
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for j,k=1,...,n.

Definition 7.2.1. The symplectic Clifford algebra Cl,(R?",w) is an associative
unital algebra over C, given by the quotient of the tensor algebra T'(ey, ..., es,)
by a two-sided ideal I C T'(eq, ..., €es,) generated by

veow—w-v=—iw(v,w)
for all v,w € R?", where i € C is the complex unit.

The symplectic Clifford algebra C1,(R*", w) is isomorphic to the Weyl algebra
W, of complex valued algebraic differential operators on R”, and the symplectic
Lie algebra sp(2n,R) can be realized as a subalgebra of Ws,. In particular,
the Weyl algebra is an associative algebra generated by {q1,...,¢n, g, ..., 04},
the multiplication operator by ¢; and differentiation 9,,, for j = 1,...,n The

symplectic Lie algebra sp(2n, R) has a basis {—%q?, —%g—;, qja%qu%}, j=1,...,n.

The symplectic spinor representation is an irreducible Segal-Shale-Weil repre-
sentation of Cl,(R*",w) on L*(R", e 2l Y dgrn ), the space of square integrable
functions on (R", em2 i 4 dggn ), where dggn is the Lebesgue measure. Its action,
the symplectic Clifford multiplication ¢4, acts on the subspace of C*°(smooth)-
vectors given by the Schwartz space S(R™) of rapidly decreasing complex valued
functions on R™ as a dense subspace. The space S(R") can be regarded as a
smooth (Fréchet) globalization of the space of K-finite vectors in the represen-
tation, where K C Mp(2n,R) is the maximal compact subgroup given by the
double cover of K = U(n) C Sp(2n,R). Though we shall work in the smooth
globalization S(R™), the representative vectors are usually chosen to belong to
the underlying Harish-Chandra module of K-finite vectors preserved by c,.

The function spaces associated to the Segal-Shale-Weil representation are sup-
ported on R” C R?", a maximal isotropic subspace of (R?**,w). In its restriction
to mp(2n, R), S(R?) decomposes into two unitary representations realized on the
subspace of even resp. odd functions

o0 : mp(2n,R) — End(S(R?)), (7.2)
where the basis vectors act by

o(ej - ex) = 1q;q,

Q(en+j : enJrk) - _iaqjaqka
Q(ej *Cntj + Cntj* 6j) = QJa(Jj + aqjqj' (73)
for all j,k =1,...,n. Because it is a complex representation of mp(2, R) we may

consider complex algebra mp(2, C) and isomorphic complex algebra sp(2, C).
In this representation, the symplectic Clifford algebra Cl,(R**,w) acts on

L*(R™, ez Si=14 dggn) by unbounded operators with domain S(R™). The space
of K-finite vectors consists of even resp. odd homogeneity mp(2n, C)-submodule

{POleven<q17 s 7QTL)6_% Z?:I q?-}, {POlodd(q17 s 7qn)6_%2?:1 qJZ}

It is also an irreducible representation of mp(2n, C) x h(n), the semidirect product
of mp(2n,C) and (2n + 1)-dimensional Heisenberg Lie algebra h(n) spanned by
{61, ce .y Cop, Id} Ct. [16]
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Let us denote by Pol(R**, C) the vector space of complex valued polynomials
on R?" and by Pol;(R?", C) the subspace of homogeneity I polynomials. The com-
plex vector space Pol;(R?",C) is as an irreducible mp(2n, C)-module isomorphic
to S{(C?"), the I-th symmetric power of the complexification of the fundamental
vector representation R?", [ € Ny.

7.3 Segal-Shale-Weil representation and meta-
plectic Howe duality

Let us review a representation-theoretical result of [2], formulated in the oppo-
site convention of highest weight metaplectic modules. Let us consider Borel
subalgebra of sp(2, C) generated by X' = %(_11 1) and H' = (? B’) and Borel sub-
algebra of mp(2,C) generated by elements A\;'(X’) and A\[!(H’). Let @y, ..., @,
be the fundamental weights of the Lie algebra sp(2n, C), and let L(w) denote the
simple module over the universal enveloping algebra U(mp(2n,C)) of mp(2n,C)
generated by the highest weight vector of the weight w.

Algebraically, the decomposition of the space of polynomial functions on R?"
valued in the Segal-Shale-Weil representation corresponds to the tensor product
of L(—3w,) resp. L(w,_1 — 3w,) with symmetric powers S*(C*") of the funda-
mental vector representation C*" of sp(2n,C), k € Ny. The following result is
well known.

Proposition 7.3.1. ([2]) We have for L(—1w,)
1. In the even case k = 2[ (2 + 1 terms on the right-hand side)

1 1 3
L(_éwn) ® SH(C*") L(_éwn) ® L(w1 + @wn-1 — §wn)

1 3
@L(le — §wn) ) L(3w1 + Wnp—1 — éwn) PD...

3 1
AL((2l — 1wy + wpq — §wn) @ L(2lw, — éwn),

2. In the odd case k = 2l + 1 (2] + 2 terms on the right-hand side)

1 3 1
3 1
@L(le —+ Wp—1 — §wn) ) L(3w1 — iwn) P ...

3 1
®L(2lwy + wy_1 — iwn) @ L2l + 1)y — §wn),

We have for L(w, 1 — %wn)

1. In the even case k = 2] (2] 4 1 terms on the right-hand side)

1
L<wn_1 - §w”) ® Sk((CQn) = L(wn—l - §wn) D L(wl - _wn)

2 2 2
3 1
®L(2w1 + w1 — 5wn) ®-- @ L2 — Doy — awn)
3
®L(2lw; + wp—1 — §wn)7
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2. In the odd case k = 2l + 1 (2] + 2 terms on the right-hand side)

3 1 3
L(wp-1 — §wn) ® SH(C™) ~ L(—ﬁwn) ® L(wy + wp1 — Ewn) D...
1 3
®L(2lw, — §wn) & L((2l+ 1)y + w1 — Qw")
A more geometrical reformulation of this statement is realized in the algebraic
(polynomial) Weyl algebra and termed metaplectic Howe duality, [9]. The meta-
plectic analogue of the classical theorem on the separation of variables allows to

decompose the space Pol(R*, C) ® S(R™) of complex polynomials valued in the
Segal-Shale-Weil representation under the action of mp(2n, R) into a direct sum

of simple mp(2n, R)-modules
Pol(R*",C) ® S(R") ~ P P X! M, (7.4)
1=0 j=0

where we use the notation M; = M;" & M, . This decomposition takes the form
of an infinite triangle

PRS PRS PBeS PeS PSS PeS (7.5)
| | | | H |
My —= X, My — X2My — X3My — X*My — X5 M,
52 @ 52 @ 52
M1*>XSM1‘>X82M1‘>X§M1‘>X§M1
5] 53 5] 53
MQHXSMQAXSQMQ%XSSMQ
D @ D
My —= X, Mz — X2M;
@ D
M4*>XSM4
53
M;

Now, let us explain the notation used on the previous picture. First of all,
we used the shorthand notation P, = Pol;(R?*",C), ! € Ny, § = S(R"), and
the spaces and arrows in the picture have the following meaning. We denote
M; = Pol;(R?,C) N Ker(D,), where we set the three operators

n

Xo = (@ny;0; + iz;5),

j=1
D, = (igjOs,,, — 02,0,,),
j=1
2n
E=>) ;0. (7.6)
j=1

The operator Dy and X, acts on the previous picture horizontally but in the
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opposite direction. They fulfil the s[(2, C)-commutation relations

[E +n, D] = =D,
[E—l—nX]:X (7.7)
[Xs, Ds] = i(E +n).

For the purposes of the present chapter, we do not need the proper normalization
of the generators Dy, X, F making the isomorphism with standard commutation
relations in s[(2, C) explicit.

The elements of Pol(R?", C) @ S(R™) are called polynomial symplectic spinors.
Let © = p(T1,..., %20, q1,---,qn) € Pol(R*",C) ® S(R"), h € Mp(2n,R) and
Ah) = g € Sp(2n,R) for the double covering A : Mp(2n,R) — Sp(2n,R). We
define the action of Mp(2n,R) on Pol(R*",C) @ S(R") by

o(h)o(x1, ..., Tony @1y -5 Gn) = 0(R)p( A (g™ ) (a1, . .. ,xgn)T, Gy qn), (7.8)

with o acting on the Segal-Shale-Weil representation via (7.2). Passing to the
infinitesimal action, we get the operators, which represent the basis elements of

mp(2n,R). For example, we have for j =1,...,n
@(X]])QO d Q(eXp(thj))%D(xlu"'7x2n7q17"'7Qn)
_ i 6% ( -t ot ot )
==l gpxl,...,x]e e D€ Lo, Q1 - Q€
(1 +:v 0 + 0 Jo(x x )
2 ] n+]a n+] QJan 90 17' ) 277/7 ql)‘ A aQn .

These operators satisfy the commutation relations of the Lie algebra mp(2n,R),
and preserve the homogeneity in zi,...,2s,. The operators X, and D, com-
mute with operators g(X,i), 0(Y;r) and 0(Zj;), j,k = 1,...,n, hence they are
mp(2n, R)-intertwining differential operators.

The action of mp(2n,R) x sl(2, C) generates the multiplicity free decomposi-
tion of Pol(R?",C) ® S(R™) and the pair of Lie algebras in the product is called
the metaplectic Howe dual pair. The operators X, D, acting on the previous
picture horizontally identify the two neighbouring mp(2n, R)-modules isomorphi-
cally. The modules M;, | € Ny on the most left diagonal of our picture are termed
symplectic monogenics, and are characterized as [-homogeneous solutions of the
symplectic Dirac operator D,. Thus the decomposition is given, as a vector space,
by tensor product of the symplectic monogenics multiplied by the polynomial al-
gebra C[X] of invariants.

7.4 Symplectic twistor operator 7; and its solu-
. 2n
tion space on (R, w)
We start with an abstract definition of the symplectic twistor operator T;. Let
(M,w) be a 2n-dimensional symplectic manifold, 7 : P — M a principal fibre

Sp(2n, R)-bundle of symplectic frames on M. A metaplectic structure on (M,w)
is a principal fibre Mp(2n,R)-bundle ) — M together with bundle morphism
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() — P, equivariant with respect to the double covering Mp(2n, R) — Sp(2n,R).
The manifold (M,w) with a metaplectic structure is usually called symplectic
spin manifold. The symplectic manifold M admits a metaplectic structure if and
only if the second Stiefel-Whitney class wq(M) is trivial, and the equivalence
classes of metaplectic structures are classified by H'(M,Z,). These is a unique
metaplectic structure on (R*", w).

Definition 7.4.1. Let (M, V,w) be a symplectic spin manifold of dimension 2n,
V* the associated symplectic spin covariant derivative and w € C*(M, A*T*M)
a non-degenerate 2-form such that Vw = 0. We denote by {ey,...,ea,} a local
symplectic frame. The symplectic twistor operator Ty on M is the first order
differential operator T acting on smooth symplectic spinors S

Ve C®(M,S) — T*M @ C*(M,S),
Ts = PKer(Cs) © w_l oV*®: COO(Ma S) — COO(M7 T>’ (79>

where 7T is the space of symplectic twistors, T*M ® S ~ S&@ T, given by algebraic
projection

PKer(cS) T*M ®COO(M, S) — COO(M, T)

on the kernel of the symplectic Clifford multiplication c¢s. In the local symplectic
coframe {e'}2", dual to the symplectic frame {e;}7", with respect to w, we have

the local formula for T

2n . 2n
7 .
T, = E ek®V§k—l—g E el®wkjel-ej-ij, (7.10)
k=1 Gk =1

where - is the shorthand notation for the symplectic Clifford multiplication and
i € C is the imaginary unit. We use the convention w* = 1 for j = k +n and
k=1,...,n,w" = —1fork=n+1,...,2nand j = k—n, and w* = 0 otherwise.

The symplectic Dirac operator Dy is defined as the image of the symplectic
Clifford multiplication c¢s, and a symplectic spinor in the kernel of Dy is called
symplectic monogenic.

Lemma 7.4.1. The symplectic twistor operator T is mp(2n, R)-invariant.

Proof. The property of invariance is a direct consequence of the equivariance of
symplectic covariant derivative and invariance of algebraic projection Pke(c,), and
amounts to verify

Ti(e(g)y) = Mg) © 2(9)(Tsp) (7.11)
for any g € mp(2n,R) and ¢ € C*(M,S). Using the local formula (7.10) for T}
in a local chart (z1,...,22,), both sides of (7.11) are equal to
2n o
" @ 0(9)5—[p(AM9) 7))
T
k=1
= 0
F23 douwe e [olo)g - [p(Aa) 1)
7,k 1=1
and the proof follows. O
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In the case M = (R?",w), the symplectic Dirac and the symplectic twistor
operators are given by

2n
D,= ) whe- 9 (7.12)

)
k=1 Oz,

2n

2n . 2n :

a i , 0 o i
=% de S dowtie ¢ = l®<___ -DS> 7.13
— ‘ Oxy njkl:lE e oy, Ze oz, o , (7.13)

and we restrict their action to the space of polynomial symplectic spinors.

Lemma 7.4.2. Let ¢ € Pol(R?*", C)®S(R") be a symplectic spinor in the solution
space of the symplectic twistor operator T,. Then ¢ is in the kernel of the square
of the symplectic Dirac operator D2

Proof. Let ¢ be a polynomial symplectic spinor in Ker(7%),

2n .
0 i
To=S"¢ ( ! ~Ds) — 0, 7.14
@ lz €@ gn 7o ¢ (7.14)
ie. 5 ,
i
S -DS) —0, I=1,....2n. 7.15
(81:1 nel 14 " ( )
We apply to the last equation partial differentiation operator %, multiply it by
the skew symmetric form w™ and sum over m =1,...,2n:
2n .
o 0 i 0
ml ml
< o2 ~—DS> ~0. 7.16
Z;I (w 0%y, Ox; nw “ o0z, 1 ( )

The first part is zero because of the skew-symmetry of w and the symmetry in
m, [, and the second part is (a non-zero multiple of) the square of the symplectic
Dirac operator D?. Hence

2n

. 5 .
Z iwmlel -——Dgp = —lngp =0 (7.17)
= n 0T, n

and the proof is complete. O]

Lemma 7.4.3. Let n € N and ¢ € Pol(R*",C) ® S(R") be a symplectic spinor
fulfilling

¢ € Ker(Ty) N Ker(Dy). (7.18)

Then ¢ is a constant (i.e., independent of xi,...,xs,) symplectic monogenic
spinor. This is described by the following picture:

e Pol(R* C) ® S(R™)™:

My XMy —— XMy ——= X3My; —— ... (7.19)
52 S2) 2]
M; ——— X,M; ——= X?M; —— ...
@ 2]
My ——= X, My — ...
52

My — .
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e Pol(R* C) ® S(R")*:

M X M —— X2MF —— X3MF —— . (7.20)
@ S S
S S
My ——— XM} —— ...
52

M ——

Proof. Let ¢ € Pol(R?",C) ® S(R™) be a solution of the symplectic twistor oper-
ator, see (7.15),

(i—lest)go:O, l=1,...,2n,

dr; n

and at the same time ¢ € Ker(D;). This implies

0
—p=0, [=1,...,2n,
le
so  is a constant symplectic spinor. The proof is complete. O]

Lemma 7.4.4. Let ¢ € Pol(R*",C) ® S(R™) be a symplectic monogenic spinor
of homogeneity h € Ny, i.e. Dg(p) = 0. Then the symplectic spinor X,(p) has
the following property

1. If n = 1, then X,(p) is in the kernel of T for any homogeneity h € Np.
This is described by the following picture

e Pol(R*",C) ® S(R")":

My — XMy +— X2My ——= X3My —— ... (7.21)
@ 52 S2]
My K} X2
S2] S
My ——— X, My
2]

e Pol(R* C) ® S(R")*:

M ——AX M —— X2Mf —— X3My —— ...  (7.22)
5 D 2
T .
2] 2
My ——— XM — ..
2]
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2. If n > 1, then X(y) is in the kernel of T} if and only if the homogeneity of
¢ is equal to h = 0. This is described by the following picture

e POl(R>,C) ® S(R")":

My H@_) X2My — X3My — ... (7.23)

@ S2] S2]
My —— XM ——= X?M; —— ...
2] 2]
My —= XMy —— ...
2

My
e Pol(R*",C) ® S(R")™:

My —— XM f— XM —— XM —— ... (7.24)

2] 2 S2]
2 2]

D

My

Proof. Let ¢ be a non-zero symplectic spinor in the kernel of D,. The question
is when the system of partial differential equations acting on ¢,

(Du, — —e - D) Xyp =0, (7.25)
n
holds for all k£ =1, ...,2n. In other words, we ask when X,(¢p) is in the kernel of

the symplectic twistor operator. Let us multiply the k-th equation of the system
by z; and sum over all &,

(E— %XSDS)ngo ~0. (7.26)

We use the sl(2)-commutation relations for X, Dy and for E, X, see (7.7), and
the fact that ¢ is in the kernel of Dg. This gives

1
(EXs — —X,F — X)) =0. (7.27)
n
Assuming that ¢ is of homogeneity h, Fyp = hyp, the last equation reduces to

h 1
(h+1———=1)Xss=h(1-—)Xsp=0. (7.28)
n n
Observe that (1 — 1) # 0 for n > 1, and X, is an mp(2n, R)-intertwining map
acting injectively on Pol(R?",C) ® S(R™) as a result of the metaplectic Howe
duality (i.e., ¢ being non-zero implies X;(¢) is non-zero.) Because ¢ is assumed
to be non-zero, the last display implies that either
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1. h =0 and n € N is arbitrary, or
2. n =1 and h is arbitrary.

A straightforward check for n > 1 and the homogeneity h = 0 gives

(O, —ieg- Do) Xsp = (ek- + X0y, — iek- E — ek)cp = 0. (7.29)
n
In the case n = 1 and arbitrary homogeneity, we have
(0, —ie1 D) Xgp = (61' +e1- 10z, + €9+ k90, — €1 10z, — €1+ X290z, — €1- )90 =
= (z9(e2 Oy — €1 Oy))p = —12Dsp = 0. (7.30)

For the second component (9., — ies D) of the symplectic twistor operator, the
computation is analogous to the first one in (7.30). This completes the proof. [

Let us summarize our results in the final theorem.

Theorem 7.4.5. The solution space of the symplectic twistor operator T on the
real symplectic manifold (R?", w) is given by mp(2n, R)-modules in the boxes on
the following pictures

e In the case n = 1, we have for Pol(R*",C) ® S(R")*:

My A XM XM —— X3ME —— (7.31)
%) b b
Mif —— X, M |— X2ME —— .
@D 7]
Mf —— X, Mf —— ...
b

e In the case n > 1, we have for Pol(R*", C) ® S(R")*:

My A X M XM —— X3MF —— (7.32)
D 53] 52}
MEf— = X, MF——= X2MF ——
53] 52}
MF ———= X M — ...

Mf—— ...

An interested reader can easily verify the previous result for n > 1 by taking a
simple solution ¢ of Dy of homogeneity at least one (it is sufficient to generate such
a simple solution from dimension n = 1 case) and check that X;(y) ¢ Ker(75).

Example 6. In the case n = 2 and the homogeneity 2, the symplectic spinor

7 q%+q§

p=e 2 (—ir1x9 + 1124 + T2x3 + ix314) (7.33)
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is a solution of Ds. However, X ¢ is not a solution of the symplectic twistor
operator T because, for example, the first and the second components of T X ()
are NONZero

_aj+d3 .

(Tys)' =t @e "2 qolag +imy)? #0,
_di+d3 .

(Tus) = @e 2 gz +ix3)® #0.

It is much harder to verify the result X;s € Ker(T}) for all polynomial sym-
plectic spinors ¢, ¢ € Ker(Dy), in the case n = 1, and we refer to Chapter 6 for
a non-trivial combinatorial proof of this assertion.

We would like to emphasize that the kernel of our solution space realizes (for
n > 1) the Segal-Shale-Weil representation, a prominent Sp(2n,R)-module with
far-reaching impact on harmonic analysis.

7.5 Comments and open problems

First of all, notice that in the case of (both even and odd) orthogonal algebras and
the spinor representation as an orthogonal analogue of the Segal-Shale-Weil rep-
resentation, the solution space of the twistor operator for orthogonal Lie algebras
on R™ is given by two copies of the spinor representation, in complete analogy
with the symplectic case, see [1] for n > 3. As for n = 2, we were not able to find
the required result in the available literature, although we believe it is known to
specialists. Here one half of the Dirac operator is the Dolbeault operator and the
twistor operator is its complex conjugate, while the opposite half of the Dirac
and twistor operators are their complex conjugates, respectively. The solution
spaces for both halves of the twistor operator on R? are the complex linear spans
of polynomials {z7},en, and {z7};en,, respectively, intersecting non-trivially in
the constant polynomials. This is an orthogonal analogue of our results in sym-
plectic category, and indicates an infinite-dimensional symmetry group acting on
the solutions spaces of both symplectic Dirac and symplectic twistor operators in
the real dimension 2.

Another observation is related to the proof of Lemma 7.4.2 and its structure
on curved symplectic manifolds. Let us consider a 2n-dimensional metaplectic
manifold (M, V,w), with V*® the metaplectic covariant derivative. Then a differ-
ential consequence of the symplectic twistor equation on M is

2n

> WMV VD) - %Di)w =0, (7.34)

l,m=1

where the first term (skewing of the composition of metaplectic covariant deriva-
tives) gives the action of the symplectic curvature of the symplectic connection
V* on the space of sections of a metaplectic bundle on M. This equation should
be thought of as a symplectic analogue of the equation

1 n

D?s = 1 1Rs, n>3 (7.35)
n —

in Riemannian spin geometry with ¢ a twistor spinor, D the Dirac operator and
R the scalar curvature of the Riemannian structure, cf., [1]. The prolongation
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of the symplectic twistor equation then constructs a linear connection and co-
variant derivative on the Segal-Shale-Weil representation, in such a way that the
covariantly constant sections correspond to symplectic twistor spinors.

72



8. Symmetries of symplectic
Dirac operator

We shall start the present section with a short reminder of the notion of symmetry
operators for the classical Dirac operator associated to a quadratic form, see [15]
and then pass to the case of our interest: the symplectic Dirac operator.

The Clifford algebra associated to a vector space equipped with a quadratic
form B is determined by the relations e;ej + exe; = —2B(e;, e), while the sym-
plectic Clifford algebra on (R?",w) is given by relations e;-ex —eg-e; = —iw(e;, ex)
with w canonical symplectic form, i € C. In the orthogonal case, the Dirac
operator on R™ is D = Z;nzl e;0,, and its solutions are termed the spherical
monogenics. The module of polynomial spherical monogenics of homogeneity h
is denoted by M;, = (Polh(Rm, C)® S) NKer(D), where S is the spinor space. In
particular, each of the modules M, h € Ny, is an irreducible representation of
the Lie algebra so(m) acting by the differential operators

1 . :
Kjk:ffjaxk_xkafj _Eejekv .77&]{7’ Jk=1,...,m.

See, e.g., [11]. Moreover, the space M = ), M, is a representation of the
conformal Lie algebra so(m—+1,1,R), which is the linear span of Ky, 2E+m—1,
Oy, and Tj, j, k = 1,...,m; here the operators T; : M), — My, act by

T; = Xej + zj(m + 2E) — | X[*0,,. (8.1)

Operators TJ can be found for example in [26, Lem. 5.1].

Now let us turn our attention to the real symplectic manifold (R?",w) with co-

ordinates x1,..., %y, Y1, .., Yn, and coordinate vector fields 0,,,...,0s,,0y,, .- .,
0y, or equivalently symplectic frame e, ..., ey, fulfilling
wej, ents) =1, wlenyy,e;) =—1, j=1,....n (8.2)

and zero otherwise.

Let us remind realizations of sp(2n,R) (1.3) on Pol(R?*",C) and (1.4) on
S(R™). The representation of sp(2n,R) on the space of polynomial symplectic
spinors Pol(R**, C) ® S(R") is

1

1
Yij = 250, — 5%2'7
Yjr = 2;0,, + 210, — iq;qi, for j # k,

1
Zjj = 430, — 505,

Zik = YjO,, + YpOr; — 10,0, for j # k, (8.3)
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The three symplectic invariant operators with values in End(S(R")),

n

X = (y;0,, + ix;q5),

j=1
D, = (ig;0,, — 0u,0y,).
j=1
E= Z(xjawj + yjayj)a (8.4)
j=1

are sp(2n, C)-equivariant and generate the representation of sl(2, C) on the space
Pol(R?",C) ® S(R™). Their commutation relations are

[E+ n, Ds] - _Ds:
[E + TL,XS] - Xsy
[X.,D,] = i(E +n). (8.5)

First of all, we find differential operators increasing the homogeneity of poly-
nomial solutions of the symplectic Dirac operator by one. We construct them as
a composition of the multiplication by z;, 4, { = 1,...,n, and projection on the
kernel of the symplectic Dirac operator D;.

In the first step we check that D? acts trivially on z;m, y;m for m € M; and

coordinate functions x;, y; on R?*. For j = 1,...,n, we have
2n
D3(xym) = Dy(=0g,;m) = — Z(iQkayk — 04, 0x,,)0gm = 10y, m,
k=1
2n
Dg(yjm) - DS(inm) = Z(iq}cayk - 8Qkal’k)inm = _iaévjmv (8.6)
k=1
and so z;m, yym are in the kernel of D? for all [ = 1,...,n. Denoting the identity

endomorphism Id, the corresponding projector of x;m, yym on the homogeneity
h + 1 subspace of Ker(Dj) is

Py =1d+cX Dy +dX2D?

for some constants ¢, d depending on h and n. The relations (6.7) imply that on
the spaces of homogeneous symplectic monogenics, the following relations hold

Py imp = mpqa,
Py Xgmy, = Xomy, + XDy Xomy, = (1 —ic(h + n)) X my,
P X2mp—1 = X2mp_1 + cXsDs(X2my—1) + dXZD2(X2mp_1)
= X2my_y —icX2(h — 1+ n)mp_y — icXs(h +n) Xomp_
—d(2h+2n —1)(h+n — 1) X2my,_;. (8.7)

The second and the third expressions in (8.7) are zero if

1 -1

i(h+n)’ d (h+n)(2h+2n—1)
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Hence, the projector is

1 1

P =ld+——X.D, — X2D?% 8.8

bt +z’(h—i—n) (h+n)2h+2n—-1) ° ¢ (88)

The actions of the operators S; = Py x;, [ = 1,...,nand S,y = P; y, | =
1,...,n, on m & M; are given by

Sym = xym — cX0y,m + diX}0,,m,
Snim = y;m + cXgigym — din&rjm.

Thus we can define for j = 1,...,n the collection of differential operators

Lemma 8.0.1. Let j = 1,...,n. The mp(2n, R)-equivariant first order differen-
tial operators
Z; = X20,, —iy;(E+n)(2E +2n — 1) — iX,q;(2E + 2n — 1),
Zypij = X0y, +iz;(E+n)2E +2n — 1) — X,0,,(2E + 2n — 1)

(8.10)
preserve the solution space of the symplectic Dirac operator on (R?** w). The
operators Z;, [ = 1,...,2n, increase by one the homogeneity in the base variables
Liyeo s Tpy Y1y - -5 Yn

Z; : Ker(D;) — Ker(Dsy),
Z Mh_)Mh-i-la l= 1,...,2n, (811)

where M), is the irreducible mp(2n, R)-module of symplectic polynomial spinors
of homogeneity h in Ker(Dj).

Proof. The result is a consequence of

(D, X20,,] = — iX,0,,(2E + 2n — 1), (8.12)
[Ds, wird™' ) (E +n)(2E +2n — 1)] = — ¢;(E 4+ n)(2E + 2n — 1)
+ w6z (AE + 4n + 1) Dy,
[Ds, Xse;(2E +2n —1)] = —ie;(E +n)(2E +2n — 1)
—iX0,;(2E +2n — 1) + 2X,e; D,

because the linear combination
AX?0,; + Bwj0"'x)(E + n)(2E +2n — 1) + CX,e;(2E 4 2n — 1)

for A,B,C € C and all j = 1,...,2n commutes with Dy provided A =1,B =1
and C' = —1. To shorten our notation we use wj; = w(e;, ex), see (8.2). O

The differential operators Z;, Z,4;, 7 = 1,...,n are of third order, and are of
second order in the base variables z;, y; (due to their quadratic dependence on
the homogeneity operator E.)
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Lemma 8.0.2. The mp(2n, R)-equivariant first order differential operators
O30y, Jj=1,....n (8.13)

preserve the solution space of the symplectic Dirac operator on (R** w) and
decrease by one the homogeneity in the base variables x1,...,x,, v1,...,¥n

Oz;, 0y, : Ker(Dy) — Ker(Dy),
axj,ayj ZMh—>Mh,1, jzl,...,n, (814)

where M), is the irreducible mp(2n, R)-module of symplectic polynomial spinors
of homogeneity h in Ker(D;).

Proof. The proof follows from [0,,, Ds] = 0 and [0,,, D] =0for j =1,...,n. O

8.1 First order symmetries of D, on (R* w)

The aim of the present section is to compute all first order differential operators
which are symmetries of the symplectic Dirac operator. Here we restrict ton = 2.
The case of general even dimension is notationally tedious.

We start with (R? w) and denote the coordinates by x = z1,y = yi, the
coordinate vector fields by 0,,0, and the symplectic frame by e, e; with the
action on a symplectic spinor ¢ € Pol(R? C) ® S(R) given by

e1-p=ligp, ex-p =0
Following (8.3), the basis elements of mp(2, R)(~ sp(2,R) ~ s((2)) act as

(8.15)

[X> Y/] = ]:[a
7, X] = 2%,
7] = 27

Notice that these operators preserve homogeneity in the variables x,y. The three
mp (2, R)-invariant operators

X, = y0, +izq,
Dy =iq0, — 0,0,,
E =20, + yo, (8.16)

form a Lie algebra isomorphic to s[(2). The operators X, Dy and E commute
with X,Y and H, i.e., they are mp(2, R)-intertwining differential operators on
complex polynomials valued in the Segal-Shale-Weil representation.
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Lemma 8.1.1. The commuting operators
7y = —X20, +iy(E+ 1)(2E + 1) + X,iq(2E + 1),
Zy=—X20, —iz(E+1)2E + 1) + X,0,(2E + 1) (8.17)

preserve the solution space of the symplectic Dirac operator Dy and increase the
homogeneity in the variables x,y by one, Z; : M}, = Mp41, 7 = 1,2.
The commuting operators
Oy, Oy (8.18)

preserve the solution space of the symplectic Dirac operator D, and decrease the
homogeneity in the variables x,y by one.

The commutator [Z, Zs] is zero, and
0., Z1] = =21 X (2F + 1),
0,, Z1] = 2X, Dy +iH(2E +1) +i(2E +1)(2E + 1) + %7

(00, Zo] = —2X,D, +iH(2E + 1) —i(2E + 1)(2E + 1) — =,

2
0, Zo] = 2iY (2F + 1). (8.19)
Moreover, we have 3 )
[Zh}?]__zh [ZQ) ~]:Z%
[Zl,X] - O, [ZQ,X] - —Zl,
° . 8.20
[Zlyy] 2227 [ZZ7Y] _Oa ( )
[ZlaE] = _Z17 [ZQ7E] = _Z27
as well as ~ ~
[0z, H] = =0, [0y, H] = 9y,
[0:, X] =0 [0y, X] = —0,,
. - 8.21
0. =0, [,.7]=0 &20
[0y, E] = 0y, [0y, E] = 0.
Remark 9. The commutator of commutators [0, Z;] = —2iX(2E + 1) and

0, Z,] = 2iY (2F + 1) gives
[—21X (2F +1),21Y (2E + 1)] = 4H(2E + 1)(2E + 1).

We can compute the commutator of this commutator. For example, we have
[0y, Z1] = —2iX (2E + 1), resulting into the third power of (2E + 1). In general,
we can produce an arbitrarily high power of (2E + 1) in iterated commutators,
hence the linear span of the operators H,X,Y,0,, Oy, 21, Zy and E is not closed
under the commutator bracket.

Let us briefly mention the key concept of (generalized) differential symmetries
for the symplectic Dirac operator, see [15] and references therein. A differential
operator A is a symmetry of D, if there exists another differential operator B
such that

D,A = BD,. (8.22)

Consequently, symmetry operators preserve the solution space of the symplectic
Dirac operator.
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Theorem 8.1.2. The first order symmetries of the symplectic Dirac operator D;
on R? are given by the linear span of differential operators 9,, Jy, H, X, FE and
yH — 22X +yE + 32 5Y-

Proof. Let us consider a general first order differential operator in the variables

T,Y,q
A= F0<:C7y7Q)ax + Fl(x7y7Q)ay + FQ(SC,:I/,C])aq + Fg(l‘,y,Q),

where Fj,j = 0,1,2,3, are convenient functions of z,y and ¢. Then DA =
AD; + [Dy, A], so that (8.22) implies [Ds, A] = B'D; for a differential operator
B’. The computation of commutators gives

(19[0y, Fo(x, y, q)] = 0410x, Fo(x,y,q)] — [0g, Fa(,y,9)10y — [0g, Fs(,1,9)]) Os

+ (iq[0y, Fi(z,y,9)] — 0,0x. Fi(x,y,q)] + Fa(z,y,9)liq, 0,)) 9,

— (04, Fo(@,y, )02 — [0y, Fu(x,y,¢)]020,

+iq[0y, Fo(,y, q)]0y — 04(0r, Fa(x,y, )]0, +iq[0y, F3(2,y, ¢)] — 04[O0k, F3(2,y, q)]
= B'(iq0, — 0,0,).

The commutator [9,, Fy(z,y,q)] by 02 does not depend on 9,, and thus equals
to zero. Hence Fy(z,y,q) is independent of the variable ¢, Fy = Fo(x,y). Then
the commutator [0, Fi(z,y,q)] by 0,0, has to be zero as well, i.e., Fi(x,y) is
independent of g. Moreover, the commutator [0,, Fi(z,y)] in 04[0,, Fi(z,y)|0,
has to be zero, i.e., F] = Fi(y).

We can separate the last equation into three equalities

(iq[ﬁy,Fo(xuy)] - [aqa FS(x7y7Q)] - ([aza FO(xvy)] + [aq7F2(x’y7q)])a‘Z)ax

— —B'9,0,, (8.23)
(iq[0y, Fi(y)] — iF>(x,y,q))9, = B'igd,, (8.24)
iq[0y, F2(2,y, )]0y — 04[0s, Fa(x,y, )]0y +iq[0y, F3(x,y, q)]

— 0,(0s, Fi(z,4,4)] = . (3.25)

The equation (8.23) yields iq[0y, Fo(z,y)] — [0y, F3(x,y,q)] = 0. We set

)
Fy(x,y.9) = Fy(2,9)5¢* + F{(2,y), (8.26)
and therefore

The second equality (8.24) implies
Fy(z,y,q) = Fy(x,y)q. (8.28)
Then [0, F(x,y,q)] = F3(x,y), and equations (8.24) and (8.23) give

0y, F1(y)] — Fy(,y) = [0, Fo(z,y)] + Fy(w,y),
[0y F1(y)] = [0, Fo(x, y)] + 2F5(2, ). (8.29)
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The equation (8.25) can be rewritten with the use of (8.26) and (8.28) as

/ . / / ]_
[0y, Fs(x, y)lig" 0y — 02, Fy (2, y)[(94 + a0;) = [0y, Fi(w, 9)l54"

7/ . / . ]- . 17
+10y, F (2, y)liq — [0, F(,y)](ig + 5iq"0y) — 00, 5 (w,9)]0y = 0.

Because there is only one commutator by ¢d; and ¢°, we have Fy = Fj(y),
Fi = Fi(z). Then the commutators by d, have to be zero and Fj is independent
of z, F§ = F}(y). The commutators by iq>d, and iq give the relations

[0y, F5(y)] — %[@m Fy(2)] =0, [0y, F5(y)] = [0, Fy(2)] = 0. (8.30)

The solution of (8.30) is Fy(y) = say + v, Fi(z) = az + 3 and F} = ay + 7.
The substitution of this solution into (8.27) yields Fy(z,y) = azy + By + F{(z).
Substituting into (8.29), we get Fj(z) = nz+ ¢ and Fy(y) = ay® + (2 + 1)y + k.
Taken altogether, the functions F},j = 0,1,2,3 are

1
Fy = axy +nx + By + ¢, F2=§ayq+7q,
Fi = oy’ + (27 +n)y + &, Fy = (az + ) - q +ay + 4,

where «, 8,7,6,n,(,k € C are arbitrary constants. The constant § corresponds
to the operator X, ¢ and  correspond to 9, and Oy. A combination of 1,y and
& corresponds to a combination of E, H and the 1dent1ty operator. Finally, «
corresponds to the operator yH — 22X + yE + 2y O

We notice that Y is a second order differential operator, but it is first order
in the base variables x,y. The operators Z;, Z, are symmetries of D, but they
are third order differential operators, second order in the base variables x, y.

8.2 First order symmetries of D in holomorphic
variables on (R?, w)

We use the complex coordinates z = x + iy, z = x — iy, for the standard complex
structure on R?, where 9, = 0, + 0; and 9, = (9, — 9;). In the complex
coordinates z,zZ we have

X, =2 ((a—8)2 + (4 +0,)2),
D, = _(q + 8q)az + (q - aQ)aZa

and

Zy=2X20,+2(E+1)2E + 1) +iX,(9, — q)(2E + 1),
Zy = 2X2%0; — 2(E + 1)(2E + 1) —iX,(9, + ) (2E + 1), (8.32)

where Zy = Z1+iZy and Zy = Zy —iZ,. Cf., Z; and Z, in Lemma 8.1.1 rewritten
in the variables z, z.
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The commutator [Z;, Z5] = 0, and the commutators with (anti-)holomorphic
coordinate vector fields are

(Z,,0.] = 2X,(2E + 1),
(Z,,0:] = 2iX.Dy — Hy2E +1) — (2E + 1)(2E +1) — —,

2
[Z5,0,] = =20 X;Ds — Hi(2E+ 1)+ (2E+1)(2E + 1) + %
(Z5,02] = 2iY,(2E + 1). (8.33)
Moreover, we introduce
H, = iX — Z}:/,
X, = —%(X +}:/+ZPZI),
Vo= g (X 47 —iff),
where , X and Y denote the operators (8.15) in variables z, Z
H, = 205 — 20, + %(q2 —82),
X, =120, + i(q —9,)%,
Y, = —i20; + i(q +9,)%. (8.34)

4

The operators H;, X; and Y; commute with Dy, X,, F, and satisfy the commuta-
tion relations of algebra mp(2n, R)

[Xt7 }/;f] = Ht;
[Ht7Xt] - 2Xt7
[Hy, Yi] = —2Y,. (8.35)

The straightforward computation reveals

[Zlth] - _Zl7 [Z27 Ht] - Z27

[ZhXt] =Y, [227Xt] - iZIv

20,V = ~iZa, 7Y =0, (8:36)
[ZlyE] - _Z17 [227 E] = _Z27

[az, Ht] 8,27 [82, Ht] - 32,

[aza Xt] - 07 [827Xt] = iaz;

[az,Y;] - _Zaza [85’}/15] - 07 (837>
0., E] = 0,, [0z, E] = 0.
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9. Rudiments of symplectic
Clifford-Fourier transform

The central role in harmonic analysis on R™ is played by the Lie algebra sl(2, C),
generated by the so(n, R)-invariant Laplace operator A, the norm squared |z|?
of the vector x € R™ and the Euler operator. The classical integral Fourier
transform,

F(f)(y) = (2m)"2 f()eXp v d, (%MZZ%%, (9-1)

can be equivalently represented by the operator exponential that contains the
generators of s((2, C)

exp i expd (Al (9.2)

In particular the operators A, |z|> have the same spectral properties. There are
analogous results in the harmonic analysis for finite groups based on Dunkl oper-
ators, or Clifford analysis based on the Clifford algebra associated to a quadratic

n
form and the Dirac operator D = e;0z,;, written in a basis ey, ... e, of R" with
j=1
coordinates z1, ..., z,. Cf., [7], [8] and [10].
In the present section, we discuss several basic questions in this direction,
focusing on symplectic Clifford analysis and the associated symplectic Dirac op-
erator in real dimension 2.

9.1 Eigenfunction decomposition for operator
D, — cX,

The symplectic Fourier transform is based on the eigenvalue equation
(Ds —cXs)f =Af, ceR,XxeC. (9.3)

As already indicated, we shall stick to the real dimension 2 and look for solutions
of this equation in terms of a linear combination of elements g(Xs)mj, where
mj, € M} is a symplectic monogenic and g is a polynomial in the variable Xj.
First we shall focus on the problem whether for a symplectic spinor ¢ valued in
S(R) the relation e**<p € S(R) holds for a € C.

Lemma 9.1.1. The following identity holds
_ G S
e~ T = ¢ 7 ez (2atay), (9.4)

Proof. Writing the exponential as

o
Ko b Za_ Xbe-%
2]
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we show by induction on k € Ny that

N E

L5)

2

Xte % — e % kl(iz — y)F—mgt=2mym

ml(k — 2m)!12m

(9.5)

m=0

Recall, that |-| is the floor function. The equation is satisfied for £ = 0 and for

M)

q

k=1, X,e 7 is equal to e~ 7 ¢(iz — y). Assuming (9.5) holds for k, we aim to
prove the identity for k + 1. Let us start with odd &

INE

13
| _ o \k—m k—2m, m
(izq + yﬁq)e’g Hlliz —y)" g~y

| — 19m
“—  ml(k—2m)!2
E k
_ﬁ LgJ kj‘(ZZB _ y)k+1_mqk+1—2mym _ﬁ L2J k"(ll‘ . y)k—mqk—l—mem—H
= e 2 _|'_ e 2 9
— m!(k — 2m)!12m — m!(k —2m — 1)12m

and the shift m — m — 1 in the second sum results into

k

% 2 (4 Dl(iz — g)FH1mgh - 2mym ktl—2m  2m
e
— ml(k +1—2m)l2m E+1 E+1
_ k4l k4l
L2 (R Dl — )y
(w)!QT N
2 i )k—i—l—m k+1—2m, m
g Z -y q Yy
— m'k—|—1—2m)2

which proves the induction step. For k even, |£] = |2 | and the second expres-

2
sion on the last display is zero. Then

e k{(;:rn _ 2o \k—m k—2m, m
T e S S P (ix —y)" """y
m!(k — 2m)!12m

The change of the order in the last summation when keeping m fixed, gives

i Oék(Zaj' — y)k—mqk—mem _ Oé2m(’il' — y)mym eaq(ix—y) (9 6)
m!(k — 2m)!2m ml2m ’ '

k=2m
and thus

- 3 o (ix — y)"y™ codliz—y) _ o~%  saliz—y)(2qtay)

m!2m
m=0

This completes the proof. O

M

_4g

By Lemma 9.1.1, we see that e**sp, a € C, is for ¢ = e~z a Schwartz
function in the variable ¢ and a non-polynomial function in the variables x,y.
2

aXs

This property remains true for any ¢ = p(z,y)e” 'z, where p(x,y) € Pol(R?, C).
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) 2
Taking as basis elements of the Schwartz space ¢e”% € S (R), j € Ny, we see
that

aXs jo—L — oF P
e tegle :ZFXSqe 2 (9.7)
k=0

2
is a Schwartz function in ¢, because in the expansion of X¥¢g/e™ 7 the maximal
2

exponent of g is just k + j, cf., (9.5). Therefore, e®*s¢/e~ grows as ¢/e” 7 9,
a € C, which is a characterizing property of Schwartz function class in the variable

q.

It is easy to verify the following identities in the universal enveloping algebra
U(sl(2,C))

[E+n, X¥ = kXF,

Dy, XF] = —i(BE+n) X' —iX,(E+n) X2 - —iX"Y(E +n)
k—1
= —z’kTXf*l — kX (E 4 n). (9.8)
Then for a € C, we get
0 k
aXs] _ a” k
[Ds, e = X [Ds, X]
k=0
& Ozk a2 o ak—Q
= —— X+tUpg X = xk-2
Zz(k—l)! o (Bdn) =i Sz(k—2)! ’
k=1 k=2
(1/2
= —je®(E +n) — i?XSeaXs. (9.9)

Let us mention the generalized Laguerre polynomials
J . l
B\ — 1+ B\
B =Y (g
1=0
defined by the formula
7P &

B _ z+6 ,—x
L) = S )

for j € Ny and arbitrary real 5 > —1, see [33] for more details.
The spectral decomposition of our operator, which we call the symplectic spin
harmonic oscillator, is summarized in the following Lemma.

Lemma 9.1.2. The operator H = Dy — cX, ¢ € R, has a complete system of
eigenfunctions (valued in the Segal-Shale-Weil representation) given by

fl = VAN L2 (9 \/2ic X, )mg, (9.10)

where m; € M; is a symplectic monogenic, L;‘(—Q\/ 2icX;) is the generalized
Laguerre polynomial of operator —2v/2icX, and j,k € N. The corresponding
eigenvalues are

X = V2ic(n+j + k). (9.11)
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Proof. The substitution of
f= e g(Xo)m;,

into (9.3), where mj € M} is a symplectic monogenic and g(X;) is a polynomial
in Xg, yields

Dge®%g(X)mi — cXoe* g( X m; = Xe®X= g(X,)ms.

By (9.9) and because e®*« is an invertible operator, we get

Di(g(X,)mi) — ia(E +n)g(X)mi — (c+i5) Xog(X,)mj = Ag(X.)m.

Now we set ¢ = —z'a;, i.e., vV2ic = a (we choose and fix one of the roots)
D.(9(X)my) — ial B +m)g(X,)m} = Ag(X.)m (912
and substitute ;
9(X.) = gl(X.) = Y BHXL (9.13)
0
Then (9.12) turns into recurrence relation

/\Zﬁl]lemk— —ZQZB (l+k+n lek—i—z/é’l]kD (Ximg).

=0

Noting that Dy(X!'mj) = —il(2k +2n +1— 1) X "'mj, see (9.8), we have

,_.

J J—

, [+1
> (A +ial+k+n)B " Ximy, = —i %(2k+2n+l)ﬁff1X’
=0 =0
Finally, we obtain the following recurrence relations for [ =0,1,...,5 —1
ik A+
A +ia(l+k+n))p" =— T(2/I<:+2 +l)ﬁl+1, (9.14)
(A +ia(l+k+n))p2" = 0. (9.15)
In order g(Xj) is a polynomial, we have A = —ia(n+j+k), that is an eigenvalue.

Hence, our recurrence relation becomes

[+1

a(j =Dt ==

— 2k +2n+ l)ﬂlH,

which results into

20(j — 1) jk _ _ gltl bt J o\ (2k+2n—1)! ik
(I+DQ2k+2n+0)"" 7 I+1) k+2n+0)!"°

51-5—1 =

Therefore, we conclude that

ik ol (] (2k 4+ 2n — 1)! ik
=2« . 9.16
! (l)(2k+2n—1+l)! 0 ( )
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K
We choose 55" = 1. Hence, we have

l .
; 2k 4+ 2n —1)!
i(X,) = olot 7 ( X!
9i(X) ; O‘(z Qk+2n—1+0) ¢
(2k +2n — 1)! 2n+2k—1
(2k +2n — 1+ )17

_ 4l

(—2a.X,), (9.17)

where L? is the generalized Laguerre polynomial. O

_ 2
Example 7. The simplest eigenfunction for j = 0 is eVhcXso—% ¢ M, where
2

e~ 7 is a highest weight vector of the Segal-Shale-Weil representation.
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10. Symplectic Fischer product
and reproducing kernel on
symplectic spinors

Let us briefly mention a motivation given by the classical orthogonal Fischer scalar
product. For two complex polynomials valued in the Clifford algebra associated
to a quadratic form, f ® a, g ® b € Pol(R™,C) ® CI(R™), the Fischer scalar
product is defined by

<f ® a, g ® b> = [mg]xzo[ab]o-

Here f(0,) is a differential operator, where we substitute d,; for the variable z;,
j=1,...,m, and act by the resulting differential operator on a polynomial g(x).
As for the values, | Jo denotes the zero degree part of an element in CI(R™).
The properties of scalar products are conveniently encoded in their reproducing
kernels. For example, the space of homogeneous polynomials of homogeneity &

satisfies i
(535 o) = ot

for all g € Poly(R™,C) and (,) the canonical scalar product on R™. Hence, the
reproducing kernel for homogeneity k& harmonic polynomials H;,

Z(z,y) = Projy, <%) : (10.1)

can be expressed by the use of the so-called Gegenbauer polynomial. The inter-
ested reader can find more about this topic in, e.g., [6].

In what follows, we attempt to apply the concept of Fischer product and
reproducing kernel to the space of symplectic spinors equipped with the action
of the metaplectic Lie algebra. As in the previous section, after some general
considerations we focus mostly on the real dimension 2.

10.1 Symplectic Fischer product and reproduc-
ing kernel for n =1

Now we aim to define the Fischer product on the space of symplectic spinors. We
construct the symplectic Fischer product on Pol(R?", C) ® S(R™) for f®1, g® ¢
with f, g € Pol(R?*",C) and v, ¢ € S(R™), in the form

(fev,g0d) =w(f,g) | Y(@)o(g)dq. (10.2)

Rn

The integral is the inner product in the fiber variables ¢, ..., ¢, and w(f,g) is
the evaluation of a lift of the symplectic form to Symy(R?"), k € N. We put

W ® ... QU w ® ... w,) = Z w(vy, wj, )w(ve, w;,) . .. w(vy, wj,),

(10.3)
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where vj, w; € R*" and we sum over all even permutations of the set {1,...,n}.

As already announced above, we focus on the real 2-dimensional case and for
a moment, just on the part of the inner product on Pol(R? C). We normalize the
lift of the symplectic form to be w(ey,e3) = 1 for v = we; + yes € R?, and define
the Fourier symplectic transformation by

T4 Oy, y<— —0,.
Consequently, we get for r,s,t,u € Ny
(2", 'y") = w(z"y®, 2'y") = (—1)88;8295@“ = (—1)°u!s!d, 405 -
Thus, we have for f = 2"y*, g =2'y* andr +s=t+u
w f’ yg) = <fa y.g> = (_1)sa;a;xtyu+l = (_1)S<u + 1)!8!67‘,u+155,t7
w aa:fa g) = <a:c.f7 g> = r<xr—1ys7$tyu> = (_1)ST<T - 1)!3!6r—1,u55,t7

(

(
w(f,zg) = (fizg) = (=1)*(t + 1)!s16, 105 141,
w(0yf,9) = (0yf, 9) = (=1)"'rls — )10 uds-1 .

Hence, there are relations

Ocfr9) = frug), —(0yf 9)=(f z9). (10.4)

Let us now summarize our definitions and basic properties in the 2-dimensional
case.

Definition 10.1.1. The symplectic Fischer product for f(z,y) ® ¢, g(z,y) ® ¢,
with f, g € Pol(R? C) and ¢, ¢ € S(R), is given by

80,99 6) = 10y ~0)a(w), o [ @000 (10.5)

where the bar denotes the complex conjugation of a complex valued function.

Lemma 10.1.1. The bilinear form defined in (10.5) for all a,b € Pol(R? C) ®
S(R) satisfies

L. <qaa b> = <a7qb>7 and <iqa7 b> = <(l, _qu>7

2. (0,a,b) = —(a, d,b) and (id,a,b) = (a,id,b),
3. (Osa,b) = (a, yb),

4. (9,a,b) = —{a, xb),

5. (za,b) = (a,d,b),

6. (ya,b) = —{a, d,b).

Now we compute the adjoints of operators Dy, X with respect to (, ).

Lemma 10.1.2. The adjoint operator for the symplectic Dirac operator Dy with
respect to the symplectic Fischer product is X, and vice versa. Thus, we have

(Dsa,b) = (a, Xsb), (Xsa,b) = (a,Dsb),
for arbitrary a,b € Pol(R?, C) @ S(R).
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Proof. A direct computation for a,b € Pol(R? C) ® S(R) reveals

(Dsa,b) = ((iqdy — 0405 )a,b) = (a, (iqz + Ogy)b),
(Xsa,b) = ((igz + 0,y)a, by = (a, (iq0, — 0,0;)b).

]

Consequently, we have the orthogonality relations for the symplectic Fischer
decomposition,
(XImig, Xgmi) ~ 8510k, (10.6)
with symplectic monogenics mj € M;, m; € M.

Lemma 10.1.3. The adjoint operators to the basis elements XY andf:[ of
mp(2,R), cf., (8.15), with respect to the symplectic Fischer product are —X, —Y
and —H, respectively.

Now we pass to the construction of the reproducing kernel Ky (&1, &, x,y) for
the bilinear form

(f(l‘, y)u g(l‘, y)) - [f(ayv —@)g(x, y)]x:y:O

on the space of polynomials of homogeneity k. Inspired by the orthogonal case,
we claim

1
Kyp(&1,&,2,y) = H(_fly+€2x)k~ (10.7)

Indeed, we have

(Ki(&, &,z y),p(x,y)) = <%( — &y + &) (e, y))

= (€00, +60,) () = (61, 6) (10)

for p(z,y) € Poly(R?, C).

In order to adapt Kj(&1,&s,z,y) to the reproducing kernel Z; of the space
of symplectic monogenics M}, we shall regard Ky (&1,&2,2,y) as an element in
Polx(R? C) ® End(S(R)) with the value in End(S(R)) given by the identity en-
domorphism on S(R). Moreover, we introduce the projector

Proj* : Polx(R? C) ® S(R) — M;,

k
Projf,, = Y _afXID] € Poly(R? C) ® End(S(R)), (10.9)

j=1
to homogeneity k symplectic monogenics, see [9], and define the symplectic Fis-
cher End(S(R))-valued product for the elements in Pol,y(R? C) ® End(S(R)) by

<f(§17 527 x,Y,4q, aq)7 g(m, Y, Q)> = [f(gla 527 aya _awa q, aq)g(xv Y, Q)]x:y:O (1010)

We remark that in (10.10) we use the same notation () for the symplectic Fischer
End(S(R))-valued product as for the R-valued scalar product (10.2), and believe
the attentive reader will not have a problem in distinguishing which of them is
currently used. Another remark is that we exploit in (10.10) the well-known fact
that any symplectic spinor g(z, v, q) € Pol,(R? C) ® S(R) can be regarded as an
element in Polj,(R?, C) ® End(S(R)), because the space of Schwartz functions is
a complex algebra.
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Theorem 10.1.4. The projection operator Projgm and the reproducing kernel
7, relate to the symplectic Fischer product as follows

1. Proj”® is self-adjoint.

2. Zi(&1,6,1,y,q,0,) = Proj® Kip(&,&,2,y) is the reproducing kernel for
M;.

Proof. Using this pairing, we first observe the self-adjointness property of Projfm,
indeed,

k k
(Projh,.f,9) = Z al(XIDIf, g) = Z ay(f, X]Dlg) = (f,Proj,g).
§=0 §=0

By (10.8), we have for mj € M}

<Zk(€17 527 x,Y,q, 8{1)7 mZ(l’, Y, Q)> = <Kk(§1a 527 €, y)v PrOmemZ> = mZ(gh 627 Q),
and for any j € N, the relation holds

<Zk(§1a 527 x,Y,q, 8(1)7 Xgmi—](xa Y, Q)) = <Kk(€17 §2a Z, 3/), PI'OJI;ngmZ_]> = O
The proof is complete. O

Lemma 10.1.5. The reproducing kernel 7, has the explicit form

Zk(£1> 527 r,Y,q, aQ) = Z lj(lf

k
(—ay+&o)" U xig, (1011)
j=0 '

1
(k—J)
where §; = —¢&1 + 10,&0.

Proof. First we need an explicit formula for DI Ky (&1, &, 2,y), j = 1,..., k. By
the chain rule, we obtain

Dsz(glaé-QJ x,y) = (lqu - aqax)%( - £1y + €2x)k
= Kk—1(§17€27 x,y)(1q§1 - 8q§2) = iKk—1(§17§2’x7 y)és

Therefore? DgKk(é'lagQ; x7y) = ink_j<§17§27fE, y)§g7 and so

k
Zk(gla 527 x,Y,q, 8(1) = Z anngKk(gla §2a €, y)

j=0
k k k—j
i ; ; i (— &y + o ;
:ZlJQ§X;Kk_j(§1,§2,$7y)§g = leaﬁXg< kf— -\ ) gﬂ
which proves the assertion. O
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11. Explicit bases of symplectic
monogenics on (R?, w)

In the present section we construct some explicit bases for symplectic monogenics
M; in Pol(R?, C)®S(R) of homogeneity i, and prove several useful characterizing
properties.

The first distinguished basis is written in the real coordinates x and y on R?

) 2
and the (topological) basis ¢’ e~ 7, j € Ny, of the Schwartz space. The second
distinguished basis for symplectic monogenics is written in the complex coordi-
nates z and z on R? ~ C and the (topological) basis of Hermite functions ,;(q),

j € Ny, for S(R).
Lemma 11.0.6. The symplectic spinors of homogeneity h in the variables x,y
and odd in the variable ¢ for £k € Ny, &k > h,

h

- 2 (2k + 1! h N o
Sg,k =¢e 2 ZO(_1>P(2]€_2P+1)” ) q2k+1 2p(:r+ly)h p(zy)P7 (11.1)
p:

and even in variable ¢ for k € N,

5, h

=t Y g () A ey, 1)

form a topological basis of the odd and even part of the symplectic monogenics
M, respectively.

Proof. Let us consider a polynomial symplectic spinor
f(x,y,q) Zq P, y),

where p;(x,y) are polynomials in the variables x,y. Solving the equation 0 =
D, f(x,y,q), we have

0 = (iq0y — 0.0,) f(x, ¥, q)

2
q

—e 7 Z i’ Oypy (2, y) + ¢ Oups (., y) — G Oepy(,y)) |
=0

Because the functions e_%qj , 7 € Ny are linearly independent,

¢’ ((0x +10y)pj—1(2,y) — (j + 1)0apjsa (7, 9)) =0 (11.3)

for each j € Ny. We get a system of recurrence equations, splitting into two
subsystems of odd and even in the variable ¢ and the solution follows. The
functions p;(x,y) are polynomials, hence solutions.

For a fixed homogeneity h in the variables z and y, the systems 37, and 5},
contain all powers ¢, j € Ny, for appropriate k and all possible combinations
of z,y in Pol(R? C) so that it is in Ker(Dj,). Therefore odd (11.1) and even

(11.2) systems form a basis of M} because {¢g/e” T }]GNO is a topological basis of
S(R). O
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Retaining the notation of the previous Lemma, it is straightforward to prove.

Remark 10. The symplectic monogenics 3" 1 and h o are eigenfunctions for op-

erators X/ = X H =H+2XandY' =Y — zH—i—X where X Y and H are
defined in (8.15).

In the complex coordinates z = = + iy, Z = v — 1y, with 0, = 0, + 0; and

0, = (0, — 05), the symplectic Dirac operator in the complex coordinates z, Z is
given by

Dy = —(q+ 0,4)0. + (¢ — 0;)0:. (11.4)

See (6.32). Let us recall that the Hermite functions {¢x(q) }xen, are a topological
basis of the Schwartz space S(R). The k-th Hermite function is

——2k;!ﬁe‘qu;¢(Q) = —;2;;,)\/% (4-0,)"e %,

where Hj, is the k-th Hermite polynomial. The operators (¢ + 9,) and (¢ — 9,)
act on the basis vectors by

(q+ 0yt = V2vVkty_,
(¢ — 0)te = V2vk + 1. (11.5)

Together with the Euler operator acting by a multiple of identity on each vy,
they form a representation of the Lie algebra s[(2, C). We shall use the following
easily verified formulas

(¢* = 0w = (2k + L)y,
(¢ — 0p)"tk = 24/ (k + 1) (k + 2)tp2,

(q+9g)*¥n = 2/k(k — 1)ihyo. (11.6)

Lemma 11.0.7. The polynomial symplectic spinors of homogeneity A in the
variables z,z and odd in the variable ¢ for £ € N,

(2k + 2p)!! h L
Z \/ 2%+ 2p+ D)l (p) Vorrzp ()27, (11.7)

form the basis of the odd part of the solution space of the symplectic Dirac
operator D.

The polynomial symplectic spinors of homogeneity A in the variables z, Z and
even in the variable ¢ for £ € N,

2k +2p— 1D (R L
Z\/ (2k + 2p)!l (p)w2k+2p(Q)2h P2, (11.8)

and, for k= —1,-2,...,—h,

2k+2p— 1)” h —h—p_p
11.
Zkl 2]€ + 2p) (p) ¢2kz+2p(Q)Z 27 ( 9)

Ur(q) =

form a basis of the even part of the solution space of the symplectic Dirac operator
D,.
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Proof. Let us consider a symplectic spinor
f(zv Z, q) = Z wl(Q)pl(za 2)7
1=0

where ;(¢) is the [-th Hermite function and p;(z, Z) is a polynomial in the vari-
ables z, zZ. The action of the symplectic Dirac operator is then

Dsf(2,2,q) = ((q +0y)0, — (g — 3q)8g)f(2’, z,q)

VB VI (@02 2) — VT T ()02 2).

The Hermite functions are linearly independent, which implies
Vi) (V1 + 10.p141 (2, 2) — VI0:pi_1(2,2)) = 0 (11.10)

for each [ € Ny. The system of recurrence equations is split into two subsystems
with odd and even indexes in the variable ¢, each of which is easy so resolve.
For a fixed homogeneity h, the systems of symplectic polynomial spinors
(11.7), (11.8) and (11.9) form a basis of symplectic monogenics M; of homo-
geneity h. Because the Hermite functions form a topological basis of S(R) the
above collection of symplectic monogenics is a topological basis of Ker(Dy). [

Now let us explore the properties of the symplectic Fischer product (10.5)
applied to the basis elements discussed in the Proposition 11.0.6 and Proposition
11.0.7. The motivation for this question is the existence of a basis of symplectic
monogenics, which is isotropic with respect to the product (10.5).

Lemma 11.0.8. The basis elements (11.1) and (11.2) of homogeneity 2 in the
symplectic Fischer product (10.5) satisfy, for k,l € N, k,1 > 2,

—3/7(2k + 20 — 5)

<§g,k7 §g,l> = 9k+1—3 )
L —3/7(2k + 21 — 5)
<Sz,k7 Sg,l> = 9k+1—2 )

(So > Ses) = 0.

Proof. Focusing just on the Pol(R? C) part of the symplectic Fischer product
(10.5), the only non zero combinations of x,y in homogeneity 2 are (x?,y?) = 2

and (zy,xzy) = —1. Then [ e dg = % for t € Ny and moreover,
I e qtdg = 0 for ¢ odd. O

Therefore, we see that the symplectic Fischer product (10.5) of any two odd
or even basis elements (11.1), (11.2) for &k, > 2 is non-zero (in fact, negative) for
k = 1. This implies that the symplectic Fischer product (10.5) does not seem to
be a convenient candidate for the scalar product on Pol(R? C) ® S(R).

Let us rewrite the symplectic Fischer product (10.5) in the complex variables.
In the variables z,Z, we have a non-trivial pairing for the pairs z +— —2i0;
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and z «— 2i0,. Hence for f(z,2) ® ¢, g(z,2) ® ¢, with f,g € Pol(R? C) and
¥, ¢ € S(R),

(f@¢,9® ) = [f(—2i0;,2i0.)g / ¥(q) : (11.11)

Let us look at the symplectic Fischer product (11.11) for the low homogeneity
basis elements sZk, (11.7), of odd part of the symplectic monogenics.

Example 8. In the homogeneity 2 and k,! € N, the relation holds

(2k)!!
(2k + 1)I

(2k +2)!! (2k 4 4)!

2 2
(S50 S00) = —8 W52k+2 2A+2 — 8m

Ook+1,21+5 + 16 Oo2k+521+1,

where just one of the (Kronecker) deltas on the previous display may be non-zero.
We observe that for k =1 is (s2,, 55 ,) # 0, because dapy2,9142 7 0.
In the homogeneity 3 and k,l € N,

. (2h)! 2k o)

(SO k> So, )= 481m521@+1,2l+7 ( 3) 52k+3 20+5
(2k +4)! (2k 4 6)!!

+ 167 m5zk+5 2+3 t+ 482(2k—7)”52k+7 2+15

where again just one delta may be non-zero. For k = [ the symplectic Fischer
product gives zero, (s3,,s3,) = 0, and analogous conclusion (s, ,s",) = 0 can
be made for all odd homogeneities h.

Let us now consider another skew-symmetric bilinear form on Pol(R? C) ®
S(R), which is skew-symmetric on S(R) and possesses several remarkable prop-
erties. We use again the complex variables on R2.

Definition 11.0.2. Let us introduce a bilinear form (,); on symplectic spinors,
defined on f(2,2) ® ¥, g(2,2) ® ¢ with f, g € Pol(R?,C) and ¢, ¢ € S(R) by

o0

(fOU,g®¢) =2 h,f(az,a)( )L:zzo/— (00(q))p(q)dg, (11.12)

where h denotes the homogeneity of the polynomial f(z, z).

In the monomial basis, we have for r, s, t,u € Ny

lg! o0
(2 @1, 22 @ ¢); = ﬂﬁar,tas,u/_ (qu(q))¢(q) dq, (11.13)

where §,; denotes the Kronecker delta. Moreover, for a,b € Pol(R? C) ® S(R),
the relations hold

y 8Zb>1, ((?Za, b>1 = <CL, Zb>1,
< ,agb>1, ((%a, b>1 = <CL, Zb>1 (1114)
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Notice that the bilinear form (,); is not mp(2, R)-invariant on the whole space
of symplectic spinors, because

(HL(F ©),9 0~ (f @0, Hilg ® )
- 119 [ avl@ola)da
(X ©).08 6~ ( © ¥, Xilg @ 8),
—5lhal [ (ewl06la) + 20(0,0(0) (016(0)) da
M(f©v),g@oh — (fR,Yi(g©d)h
5l [ (@6t~ 20(00(0) @,0(0) ) do

with

sl = V| 1 10:02)9(:,3)

z2=z=0

However, (,); is mp(2, R)-invariant when restricted to any of the two irreducible
subspaces of symplectic spinors (given by the subspaces of even and odd Schwartz
functions, respectively).

Now, let us define the elements

l
1
sh = —hz (11.15)

7=0

which form a basis of even symplectic monogenics in the homogeneity h (as well
as the set s/, I € Ny, cf., (11.8).)

Lemma 11.0.9. The basis elements s’olvk, s%k, k € Ny, of polynomial symplectic
monogenics of homogeneity h in the variables z, Z form two isotropic subspaces of
symplectic monogenics M; with respect to the form defined in (11.12). Namely,
the basis elements satisfy

<32k) ol> =0, <Sg,k73%,l>1 = Ok,
(b sm)1 =0, (Shyshi)1 = =0k, (11.16)

for k,1 € Ny and h € Ny. Moreover, the form is identically zero for symplectic
monogenics of different homogeneities h, h'.

Proof. Let us remind the orthonormality relation [y (q)¢u(q) dg = by, for
Hermite functions. Then the relations in the first column (11.16) are obvious,
because the derivative of a Hermite function 1(q) is

Dytbula %1%1 ()

and consequently, the integral in the bilinear form is zero.
As for the proof of the relation (s}, s} )1 = 0x, We first prove

<3Z,ka 32,1>1 = 2h(5k,l — Okt1,1)
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for k,1 € Ng. We use (11.13) to simplify the calculation, we get

(2k + 2p)1(20 +2p — D! /A 2(h—p)!p!X
(2k +2p + D)2 + 2p)1 \p Al

X (Ootop2ir2pV/ 2k + 20+ 1 — opyoprooiiopy/2k + 2p + 2).

This is equal to Z o (h) = 2" for k =1, —2" for k + 1 = [ and zero otherwise.

Then for the basis elements s}, we have (sk,, s} )1 = Z;:O Okj — Z;:O Okt1,,
which is non-zero just for k& = [. The last relation in (11.16) follows from the
skew-symmetry of the product.

For different homogeneities, the statement easily follows from (11.13), and the
proof is complete. O

M=

<32,k7 52,1>1 =
b=

Ao

We remark that for k < 0, the elements s, in (11.9) satisfy

<SZ,I> Sz,k>1 =0, <S£L,j= Sg,k>1 =0, <SfIL3,j7 82,k>1 =0,

for each k,l € Z, —h <k <0, —h <l and 5 € N,.

11.1 Action of symmetries of D, on basis of sym-
plectic monogenics

In the present part we determine the action of the symmetry operators introduced
in Section 8.2 on the basis of symplectic monogenics described in Lemma 11.0.7.
We remark that the action of the symmetry operators on the basis of symplectic
monogenics described in Lemma 11.0.6 is much more involved.

We shall start with the even component of the basis.

Lemma 11.1.1. The operators 0, and 0; decrease the homogeneity in z, Z and
preserve the elements of even basis (11.8), (11.9) of the kernel of the symplectic
Dirac operator Dy. In particular, for k € Z, k < —h,

h h—1
a Sek hse k—l—l’

0z sek = hs , for k# —nh, 0582_,1 = 0. (11.17)

Proof. We verify the relation 9,s" k= hs6 ki1 for k € Ny, the others being analo-
gous. We have

2/€+2p—1|l h L
> Z\/ (2k + 2p)!! (p>¢2k+2p(Q)z PP =

Z (2k + 2p — 1) h!
2k +2p)!! (h—p)(p—1

I Yarap(q)2" P

Shifting the summation index by one, we get

h—1
(2k +2p+ 1! A s »
=h
p=0 \/(% +2p+2)!1(h—p—1)lp |w2k+2p+2(Q)Z z L
as required. .
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Lemma 11.1.2. The operators Hy, X; and Y;, see (8.34), preserve the span of
even elements of the basis (11.8), (11.9) of the kernel of the symplectic Dirac
operator, and the action on basis elements is, for k € Z, k < —h, given by
1
Htsek (h+2k+ ) ek7
the,k - Z(h’ +k+ 1) Se k+1>
1
Vst =i(k — 5)3’;,6_1, for k # —h, Yis!_, =0. (11.18)

Proof. This is again a straightforward computation. For example, let us prove
the relation Xys", =i(h+k+1)s!, ., k € No. We have

o 2/€—i—2p—1” h —h—p.p
<zz8z+ Z\/ @k = 2p)T (p)ka—&-Qp(Q)Z P =

h
2k +2p — 1 1 | o

. h
§ 2k +2p -1 (h N
ZZ\/ (2k + 2p)!! (p)Z\/(2k+2p+ 1)(2k + 2p + 2)ap0ps2(q) 2V P27

Shifting by one in the summation index in the first sum, we get

h
2k+2p+1)!!(h) 1
= ¢2k+2p+2(q) pr(h P+ = (2k+2p+2))
= 2k +2p+2)!' \p

= <h+k+1) Sek+1-

]

Lemma 11.1.3. The operators Z; and Zs, see (8.32), increase the homogeneity
by one in the variables z, zZ and preserve even elements of the basis (11.8), (11.9)
of the kernel of the symplectic Dirac operator. The operators satisfy for k£ € Z,
k< —h,

Zysty =2(h+ 1) (h+ k+ 1)sit,
Zyshy = (h+1)(2k — 1)skt! ). (11.19)

Proof. 1t follows from (8.32) that

—2(E+1)2E+1)+ %((q —0y) (a4 0g)z+ (¢ + 8q)22) (2E +1).
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Now using (11.5), (11.6) and (2E +1)s, = (2h+1)sl, (E+1)sk, = (h+1)s",,
we verify the relation Z,s?, = (h+1)(2k — 1)s Z;il for k € Ny. The expression

k — D! h
(Z\/ 2 2—1: —?—p2p ! (p) w%—ﬂp(@l)zh_pzp)

can be expanded in the following tree sums.

1 (2k +2p — )N [k
h_
2;0 2k + 2p)!! (p>( p)x

x 22k + 20+ 1)(2h + 2 + Daniapralg) 2712
+ (4K 4 4p + 1) opyop(q) 2 P2PH!
+ /(2K + 2p)(2k + 2p — 1)¢2k+2pf2(q)zh*p+1zp)

h

— 1)
N Z 2]{2;_2:92}) D! (Z) (h+1)(2h + 1)tbag19,(q)Z sh=p p+1

2k +2p -1 (h o
2 Z \/ (2k + 2p)!! (p) (2h + 1)2<(2k‘ + 2p) ok yop(q) 2" PP

+ \/ 2k + 2p)(2/€ -+ 2]? — 1)¢2k+2p_2(q>2h—p+lzp>

We reorganize the sum of summations to get the contributions to a given Hermite
function as follows

h—1
(2k+2p + 1)! (B
— 2 2 2
2k+2p+2)”¢2k+2p+2@2 z » (p—h)(2k +2p +2)

(2k +2p — e 1 (P
Z\/ (2k + 2p) ¢2k+2p(Q)Z PP » X

(p—h)(4k+4p+ 1)+ (2h+1)(2k +2p — h — 1))

2k + 2p — 3)!! —_—— h
2% +2p — 1 1
Z\/ T2y~ ,wzk+2p 2(q)2 p) Gk r2—1(h+p+1).

p=0

We do the appropriate shifts in summations and multiple expressions to produce
the required combinatorial numbers

h+1

(2k +2p — 3)!I it (B 1)
Z Ok 1 2p — g V2@ T
1
xh_l(—( —1)p(2k +2p—2) +p(p — 1 — h)(4k + 4p — 3)

+p2h+1)2k+2p—h—3)+(h—p+1)2k+2p—1)(h+p+1))
=07l (h+1)(2k — 1)

The remaining equalities are analogous and the proof is complete. O]
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The proof of the analogous statement for the odd part of the basis of the
kernel of the symplectic Dirac operator is analogous computation to the even
part in the previous Lemma and so it is omitted. This result is summarized in
the next Lemma.

Lemma 11.1.4.

1. The operators 0, and 0; decrease the homogeneity in the variables z, Z by
one and preserve odd elements of the basis (11.7), k € Ny, of the kernel of
the symplectic Dirac operator D,

ho g h—1
D2Sor = NSy 141

Ozsh ), = hsll. (11.20)

2. The operators Hy;, X; and Y; preserve odd elements of the basis (11.7),
k € Ny, of the kernel of the symplectic Dirac operator

3

Hth’k - (h + 2k + §>SZL,’€7
3

XtS}ol,k; =i(h+k+ §)S}Ol,k’+1’

Yysh, =ikst, |, fork#0, Yist,=o0. (11.21)

3. The operators Z; and Z, increase the homogeneity by one in the variables
z,z, and map odd elements of the basis (11.7), k € Ny, to the elements of
odd basis of the homogeneity plus one higher of the kernel of the symplectic
Dirac operator,

Zyshy = (1+ h)(2h + 2k + 3)sh 1",
Zashy, = 2(h+ 1)ksh it (11.22)
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12. Extension map for symplectic
spinors on (R*", w)

Let us introduce a notation of this chapter for three symplecticaly invariant oper-
ators, endomorphisms of polynomial symplectic spinors, already defined in (7.6)
and also in (8.4)

n

Xs,n = Z(ngqj' + iquj)v

j=1
Dy = (iq;0y, — 02,0,,),
j=1
B, = (2;0., +y;0,,). (12.1)

=1

They generate the representation of the s[(2, C) on the space Pol(R**, C) @ S(R™).
The non-canonical sl(2, C) commutation relations of these operators are

[En +n, Ds,n] = _Ds,n,
[En +n, Xsm] = Xs,na (122)
[Xs,n7 Ds,n] - @(En + n)

A mathematical induction and previous commutators yield to following relations
for the power of operators acting on ¢ € Pol(R**, C)®S(R™) and ¢ € Ker(D,,,) C
Pol(R?", C) ® S(R")

(B, + n)(Xsm)kgp = (Xs,n)k(En +n+k)p, (12.3)

stn(stn)k(p = (XS,n)sz,n¢ - i(Xs,n)k_l (k(En + TL) + (k — 1)]{)907

(Ds,n)l(Xs,n)k@Z) = (—i)l(Xs,n)k_l H <(k’ — ) (En+n)+ (k-1 _;)(k - ])>¢,

where k € Nj.

12.1 Representation on tensor product

The Schwartz space of rapidly decreasing functions S(R") is a Fréchet space.
Moreover, it is a nuclear space. Therefore there is a canonical isomorphism

S(RMRS(R™) = S(R™™) (12.4)

for n,m € N as noticed in the Section 2.4.

Let p, and p,, be two representations of Lie algebras sp(2n, R) and sp(2m, R)
on Pol(R*",C) ® S(R") and Pol(R*",C) ® S(R™), respectively derived from
Segal-Shale-Weil representation of corresponding symplectic groups. We want to
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characterise a block diagonal injection of Lie algebras sp(2n,R) x sp(2m,R) —
sp(2(n +m),R) in the terms of representations.
For representation spaces of p,, and p,, we have

(Pol(R*",C) ® S(R™)) @ (Pol(R*™, C) ® S(R™)) = Pol(R*™™) C) @ S(R™™™)

thanks to (12.4) and multiplicative structure on polynomials.
Let us consider tensor product of representations

pn®py © sp(2n,R) x sp(2m,R) — End (Pol(R*™™ C)) ® End (S(R"™™))
— End (Pol(R*™™™) C) @ S(R"™))

for g, € sp(2n,R) and g, € sp(2m,R) by

(Pn DX pm)(gna gm) = pn(gn) ® Id,, +1d, ®pm(9m)

on the endomorphisms of the space (Pol(R?", C)®S(R™)) & (Pol(R*™, C)QS(R™)),
where Id,,, Id,, denote appropriate identity operators.

12.2 Extension map

The construction of symplectic monogenics in Pol(R?* C) ® S(R) is described
in Chapter 6 and in Chapter 11 we have showed an explicit basis for symplec-
tic monogenics. In this chapter we study the question whether there is a way to
construct symplectic monogenics in Ker(D;,,) C Pol(R?*", C)@S(R™). We demon-
strate a recursive construction from Ker(Ds,—1) and Ker(D; ;) to Ker(Dj ).

Moreover, from representations of algebras sp(2(n — 1),R) and sp(2,R), we
get the discrete part of a representation of algebra sp(2n, R).

Let us denote

Xs,n = ynaqn + ianna
Ds,n = ZQnayn - aﬂcna(hm

E, = 2,0;, + yn0y, (12.5)

operators generating s[(2) algebra in variables z,,y, and ¢,. The commutation
relations are as in (12.2)

[Ena Ds,n] = _Ds,na [Eans,n] = Xs,n; [Xs,nu Ds,n] = Z(En + 1) (126>

Theorem 12.2.1. Let mj, € M;(R*'~?) be a symplectic monogenic and m? €
M]:_"’L(Rz) be a symplectic monogenic in variables x,,, and ¢,. Then

U, s MF(R?) x M (R*™7%) — M7, (R*"), (12.7)
Uy (1, my) = (12.8)
b T (0= i) n 1) ¢ )
= (_1)l (Xs,n)lm%(Xs,nfl)bilmia
=0

HéZl (J(ﬁ +1)+ @)

l

where b € Nj.
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Proof. Let us show that Ds,V,(m3, mj) = 0, where Dy, = stn + Ds,o1. By
the relation (12.3) we have

~ _ 1 ~
Do (Xon)' iy, = =i (l(h +1) + %) (Xon)! "l

Don1(Xo-1)"mj, = — i ((b A G _21)(b — l>> x

X (ijn_l)b_l_lm‘;

whence [)S,nlllb(m%, m;) + stn_l\llb(rh;fl, m;) = 0 because

b T (=) (h+n—1) + S0
T (300 + 1)+ 552)
o (0= )+ n - 1) 4 ===

Héﬁl (](ﬁ +1)+ @)

b

[y

=3 (-1

It is possible to modify the ”principle” of the map ¥, in order to obtain
extension map W, . that increases the dimension by more than one.

Proposition 12.2.2. Let ¢ € N, mj, is a symplectic monogenic of the homogene-
ity h and m; is a symplectic monogenic of the homogeneity h in the variables

Tnaty s Tnte, Ynils -« Ynie aNA @nit, - -, Gnae. Then
Wy o(m3,my) « Ker(Ds.) x Ker(Ds ) — Ker(Dspye), (12.9)

Wy (i, my) = (12.10)
. . IRV

- lHj:B ((b_j)(h—i_n)—i_w) L~ b1, s
= Z(_l) . — -1 (Xsnre = Xop) mj (Xsn) ™ 'my,
1=0 = (J(h +o)+ T)
where b € Nj.
Proof. The proof follows the idea of the proof of Theorem 12.2.1. m

Remark 11. By the decomposition (7.5) every polynomial symplectic spinor p €
Pol,,(R*"~2 C)®S(R" ') is possible to write as linear combination of (X, )/m;,
where j € Ny, j < h and mj € M} C Ker(Ds,,—1) for I < h. Therefore it is
possible to write a variant of the mapping W, for which it is sufficient to know
symplectic monogenics in Pol,(R?, C) @ S(R) only.

U, : MF(R?) x Pol,(R*"72,C) @ S(R"™) — M7, (R™), (12.11)
where a = 0,1,...,h. Mapping ¥, constructs a symplectic spinor in the kernel

of the symplectic Dirac operator D,,, from the symplectic monogenic

m; = m%(ﬂjnaqun) € Mi(R2>

> »

101



and arbitrary symplectic spinor of homogeneity h
b= p(xlv ooy Tp—1,Y15 -+ -y Yn—1,41, - - - 7‘]71—1) € POlh(RQn_27 (C) ® S(Rn_l)

by the formula

h N
e p) =3 — ) (Ron)'i2 (Doms)*p. (12.12)
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13. Symplectic Dirac and
symplectic Twistor operators on
complex tori

In the present chapter, we shall be interested in a class of examples given by even
dimensional tori. So let I' be a lattice in C", i.e., a free Z-module whose rank
is the cardinality of a real basis of C™ over R. The discrete group I' acts on C"
by translations, and its action is proper and fixed point free. The quotient C"/T"
is compact and called complex (or even dimensional) tori. There is a R-linear
automorphism of C" sending I" to Z*", so that the complex tori is as a topological
manifold isomorphic to (R/Z)?*" ~ (S')**. Since the standard Hermitian metric
on C" is preserved by I, it induces flat Kéhler metric on C"/T". Generators of
the lattice I' will be denoted by vy, ..., va,.

We have the first homology class H;(C" /T, Zy) ~ Z3" for n-dimensional com-
plex tori. Its dual H'(C" /T, Zy) ~ Z2" is a Zy-module generated by classes

1 * 1 1 * 1 * *
5?}1,51);,...,5?}2” € (§F )/F . (131)
Here we use the notation v7,...,v3, for the generators of the dual lattice

I =Homy(I',Z), TH"~7Z<vj,...,v}

n

> (13.2)

fulfilling v} (v;) = 6;;, i, = 1,...,2n. Let ey,..., e, be a (real) basis of C",
I' € C" a lattice and B the matrix with column entries given by coefficients of
the expansion of generators of I' in the basis ey, ..., es,. Then the coefficients of
analogous expansion for the dual lattice I'* C C™* are given by matrix entries in
A=B(BTB)"! = (BT)™!

It remains to describe the function spaces for different choices of metaplectic
structure. The smooth translation I'-invariant functions on C",

for(x) = ™52 y* e T*, 2 € C, (13.3)

descend to C"/T and form the topological basis of C**(R?"/T",C). The tensor
product with Segal-Shale-Weil representation gives the basis of the space of sec-
tions of symplectic spinor bundle for the trivial metaplectic structure.

The symplectic spinor bundle for a non-trivial metaplectic structure is realized
by a twist of the trivial symplectic spinor bundle with a real line bundle L fulfilling
L® L ~ C®(M). The complexified line bundle L® = L ® C is topologically
trivial because H?(C"/T,Z) has no Zs-torsion. The equivalence classes of L
bijectively correspond to elements of H'(C*"/T",Z,) ~ Z3", i.e., to the 2n-tuples
€ = (€1,...,€9,) € Z3". Then the complete basis of the space of smooth sections
of the vector bundle L on R?"/T" corresponding to metaplectic structure e is
parametrized by the lattice I'* + Zjnl ée] v}, and elements

fv*+e( ) 2m<v +Z] 1 25]11 a:) v el* C (RQn)*7 = RZn’ (134)
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tensored with the Segal-Shale-Weil representation give a complete basis of the
space of sections for the symplectic spinor bundle corresponding to the metaplec-
tic structure e. This is the result of the comparison isomorphism between two
metaplectic bundles for two different metaplectic structures, cf. [17] for analogous
considerations in the case of the classical (orthogonal) Dirac operator.

Notice that eigenfunctions and eigenvalues for the coordinate vector fields d,;,
j=1,...,n, are

arj 627Ti<fu*+% Zfil Ejv;f,x> — 27?2'(1}* + 1€)j€2m<v*+% Zfil Ej’l);f,x>’ (135>

where (v* + L¢); denotes j-th component of the vector v* + 2e in the dual basis

* *
vy, ..., U

13.1 Complex tori of dimension one: Elliptic
curves

One dimensional complex tori correspond to elliptic curves. In its complex uni-
formization C/T';, the 2-dimensional torus T? is a compact Riemann surface of
genus one. Here the lattice I, ~ Z & 77, where 7 is in the upper half plane
H = {7 € C|Im(7) > 0}, is isomorphic to m;(T?). Isomorphic choices for the
generators of the lattice I, are related by elements in SL(2,Z), acting on ‘H by
the fractional linear transformations

ar +0b <a b

T

PSL(2,7).
et +d’ d>ES(,)

Another characterization of T2 up to an isomorphism is given by an equivalence
class of a conformal structure of flat representative metric, (where 1,1y, are real
coordinates on C)

1 Re(r)
ds® = e’|da1 + 7dyily,  ga = p (RG(T) N ) , [ eC®(T,C). (13.6)

TT

Being a Kéhler manifold, the associated complex structure on T? is given by

Jab = \/ggacgd), (137)

for €4, the Levi-Civita symbol and g = det(g,). The complex structure J is
clearly invariant under the local Weyl transformations of the metric g,, and so
descends to its conformal class. The inverse of the metric g

e (R

implies

—Re(r T
It = Im(i)), I = ' = Bt =
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with J,°J,¢ = —1d,°. In the real basis ((1]), (?) of C/R, the lattice T, ~ Z(1, 7)
has the matrix form

(1 Re(r) B .
B= (0 Im(7)> , Im(7) >0, 7=Re(r)+dm(7). (13.8)
Its inverse
. 1 _Re(T)
B =1, Im(r) (13.9)
Im(7)
is the matrix of the dual lattice I'Y C C and due to 1 — i~ Re(r) _ —ir_

Im(7) = Im(r)’

r::z<ﬁ,%>:z<ﬁ,m’%>. (13.10)

Then the columns of the matrix

B(BTB)™' = (B")™' = ( Rlem (1) )

" Im(r) Im(7)

give the coordinates of generators of I':. An element v* € I'X is then of the form

Re(T) 1
Y=me' —m——L€ +n——¢€ Z 13.11
v = me mIm(T)e + nlm(r)e m,n € Z, ( )

where {e'}?_, is the symplectic coframe dual to the symplectic frame {e;}

) Jj=b
€]<€k) = O0jk-

13.2 Symplectic Dirac operator on elliptic
curves

We use the notation xq,y; for the real coordinates on C, the universal covering
space of an elliptic curve. The coordinate on the 1-dimensional real vector space
underlying the Schwartz space S(R) is denoted by g.

A smooth symplectic spinor f € C*(T?,S(R)) can be written as a convergent
series

xlayl q Z B fv Z1,Y1,4 )

v*el™*

for (21,91, 9) ZAJU il gl (13.12)

for Aj,«, By« € C and = (x1,y1). The symplectic Dirac operator D, written
on C in the real coordinates x1, vy, is

D, = iqdy, — 0,0s, . (13.13)

It descends to T2, and we use the same notation for the corresponding operator
on T2.
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Lemma 13.2.1. A smooth symplectic spinor f € C*(T2,S(R)) for the trivial
metaplectic structure on T? is in the kernel of the symplectic Dirac operator D,
if and only if f(x1,41,q) is independent of xy, ;.

Proof. We have

Dsf(xlayla 27TZ Z v* ZAj U*UQ@QJ—H 2mifv® $> % (1314)
vrel™
. % 2
(2mi) Z - ZA] w0 (j qJ+1)€2m<v ,w)e—%’
vrel™

where v}, v3 are components of v* and we used

) e27ri(v*,z> _ 271.“)* 2mi{v* a:)

2mi(v* ) * 2mi(v*,x)
Oy, € = 2mivie o

Y

First of all, for v* = 0 we get the constant function in x1,y;, so it is in the
solution space of D,. The elements in the kernel of the symplectic Dirac operator
are characterized by

*
_AL'U*Ul - 0,
* A S *
Agpr (V] +103) — 2A5 0] =0,

Ao (07 +103) — (1 +2)Aj007 =0,  j €N (13.15)

For vi =0, we get A, ,~ = 0 for all j € Ny and this yields the trivial solution. For
v} # 0, we get Ay ,» = 0 and therefore all odd coefficients Agp11.,» = 0, k € No.
So there is no non-trivial solution supported by odd coefficients.

For even j = 2k, k € Ny, the coefficients fulfil the recursion relation

vy + vy w
AT p = A=Ay,
G+t 7 G
where we introduced the shorthand notation w = Ufjfvg (vF,v5 are components
1

of v*) with the real part of w equal to 1. The recursion relates even coefficients in
the expansion of f,«, i.e., Aoy ,+ is determined by A+ for all £ € Ny and v* € I'*

Aojge = % (%)kAo,v*. (13.16)

Its unique solution is the even function in the variable ¢,
for(w1,y1,q) = e ($75) 2mite"a), (13.17)

However, f,« is not in C*°(T%,S(R)) because Re (£ — 1) = 0, and so there is no
even solution in the required analytical class. O]

Let us consider a general metaplectic structure e = (€1, €5). Denoting by e}, e}
the generators of I's, we have

((of +

1 1 1 1
—e1e) + (v5 + 56263)) (z161 + y1€2) = (v + =€1)z1 + (V5 + =€)y,

2 2 2
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and so

sfok 1 * * . 1 R * *
8x1627rz<v +5 (e1e]+ez2el),x) — o7 <UI + 561) eQm(v +2(6161+6262),m>7

ay €2wi(y*+%(ele{+ege§),m> — i (U; + 162 627ri(v*+%(€16f+626§),1')
1 .
2

Lemma 13.2.2. The solution space of the symplectic Dirac operator Dy acting
on smooth sections of symplectic spinor bundle on T? is trivial for each non-trivial
metaplectic structure € = (€1, €2) # 0 € Z3.

Proof. For each non-trivial metaplectic structure e on T?, we get from an equation
Dsf(z1,v1,q) = 0 the condition analogous to (13.15)

1
Al,v* (UI + 562) = 07

1 1 1
Ajﬂ)* ((UT + 561) + Z(U; + 562)) - (j + 2)14]‘_,_271)* (UT + 562) = 07 (1318)

Jj € Ng. In the case v] + %62 = 0 it follows A;,~ = 0 for all j € Ny, hence the
solution is trivial. Also the odd part in the case v} + %62 # 0 is trivial. Otherwise,
we define o _

WU +ivy + 5 (€ +Z€2).

* 1
(%) + 561

Then in the exponent of the unique solution of our recursion relation, we get
%. Because Re(w’) = 1, the solution is not in C*°(T?, S(R)) again.

For each non-trivial metaplectic structures e = (e, €3) # (0,0), there is no
v* € I'* such that v* + (e} + e2e5) = 0. Applying the same line of reasoning
as in the case of the trivial metaplectic structure, we see that the only solution
is the trivial one. O

Lemma 13.2.3. A smooth symplectic spinor satisfying the eigen-equation
Dsg=ag
for « € C, a # 0, does not belong to the function space C*(T?, S(R)).

Proof. Any smooth symplectic spinor g € C*°(T?,S(R)) can be written as

g(xl, Y1, q) = Z am,n(q’ T)GQWi(mxl_m%yl-{-nﬁyl)’

m,nEZ

where a,,,(q,7) € S(R) and (v*, &) was expanded by (13.11) as mx; —mfig:; Y1+

nﬁyl, v* € T'* and m,n € Z.
Solving the equation Dyg(x1,y1,q) = a g(z1, y1, q), we recall D = iq0,, —0,0,
and so

Re(r n
g 1qQm.n(q, 7)2mi | — ()—i- — Oymn(q, T)2mim | X
’ Im(7)  Im(7) ’
mneZ

m,nel
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Because the vectors e are linearly independent for differ-

ent pairs m,n € Z, this reduces to

(@7 (—27?(] <ImTET) . T’;E?g)) . a) = 2im (Oyamn(q, 7). (13.19)

For m = 0, we have a1 ,(¢, 7) = 0, while for m # 0,

_ia . n—mRe(r) ¢
am7n(q7 ’7-) g emeqJ’_Z mIl’l’l(eT) qg Cm7n(7-), (13.20)

where ¢, ,,(7) is a smooth function of 7. Therefore, we get

n—mRe(T) q2

9@1,9,0) = 3 Cnn(r)eTnrtIRIG E il mtn) (13 91)

m,nEZ

However, this function is not in C*(T2, S(R)), because

2

16} n — mRe(r
Re( (1) q .

27TmQ+Z mlm(t) 2

> _ —Im(«)

2mm

and for m,n € 7Z, it holds

/—oo
S n 1Re(T) g oo

2Re<%q+i P —) —Im(a)
= [ lemalnp T g [ e s,

— 00 0

2

dg =

1 -n—mRe(1) 2 . Re(T) 1
cm,n(r)eﬁq+ i T o2mi(ma—m iyt )

Howewer, this does not converge for any choice of a € C. In conclusion, there is
no solution in the required analytical class S(R) C L*(R). O

13.3 Symplectic Twistor operator on elliptic
curves

We now pass to analogous questions for the symplectic twistor operator Ts. The
symplectic twistor operator has two components at covectors €' and €2, see (5.16)
and (5.17). By abuse of notation we denote T, a component by covector €',

T, = 0y, — q0,0., + %0y, (13.22)

and call it the symplectic twistor operator. This terminology is justified by the
following property. A smooth symplectic spinor f € C*°(T?,S(R)) is in the
kernel of the symplectic twistor operator if and only if it fulfils the equation
(a-Tl - qaqa;m + Z.qzayl)f = 0.

The symplectic twistor operator descends as in the case of the symplectic
Dirac operator to T2. Acting on a smooth symplectic spinor f, cf., (13.12), we
get

Tof(x1,91,9) = 2m( Z Z( jovr(1 — )¢

v*el'™

q

. . 2
+ A (05 + w;)qﬁ?) e2mite* v%—?). (13.23)
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Lemma 13.3.1. A smooth symplectic spinor f € C*(T?,S(R)),

f@n,y1,0) = > By for(@1,91,9)

v*el*

for the trivial metaplectic structure on T?, B« € C, v* € I'*, is in the kernel of
the symplectic twistor operator Ty, acting on smooth sections of symplectic spinor
bundle on T2, if and only if f(z1,vy1,q) = Bofo(q), fo(q) being independent on
L1, Y1-

Proof. The symplectic spinors f(z1,y1, ¢q) independent on x; and y; are obviously
in the solution space of the symplectic twistor operator.

The symplectic spinor (13.12) is a solution of the symplectic twistor operator
provided the following recursion relation

AO,’U*UT = O, Al,v*vf(l — 1) = 0, ey Aj+27v*vf<1 — ]) + Aj,v*(vi( + ZU;) = 0,
w
A‘ v = _—A‘U* 1324
J+2, ] _ 1 7 ( )
is satisfied for each j € Ny, where Ay ,«» = 0 and A, ,» € C. Here we introduced
the shorthand notation w = vlj# In the case v; = 0 we get f+(z1,y1,9) = 0.

For even j = 2k, we get the trivial solution Ao = 0 for all k € Ny.
For odd j = 2k + 1, we choose the value of the coefficient A;,~ and the
recursion yields

1 sw\*
A2k+1,v* - E (§> Al,v*; ]f 6 NO. (1325)

The resulting odd solution in the variable ¢ is

for (1,91, q) = get (FH) 2l @), (13.26)

and because Re(w) = 1, fy«(x1,y1,¢) is moreover not square integrable in the
fibre variable and so there is no solution from S(R) C L*(R). This completes the
proof. n

Lemma 13.3.2. For each non-trivial metaplectic structure e = (e, €2) # (0,0) €
Z3 on T? there is no non-trivial smooth solution of the symplectic twistor operator
T,.

Proof. For each non-trivial metaplectic structure, T f(x1,y1,q) = 0 implies the
conditions analogous to (13.23) for the trivial metaplectic structure

* 1 - * 1 . * 1 .
Ao ({014 5e0) 4065+ 360) ) = (= Dyeae (114 30 ) =0, € Mo
(13.27)
The metaplectic structure € = (€1, €2) € Z3 and the variable

* . 1 ;
w0 + vy + (€1 +iez)

Y

1
Uf + 5€1

allow to write the exponent of the solution as 5. Thus, Re(w’) = 1 implies

that the solution is not in S(R). O
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14. Symplectic analogues of
classical theta functions

The content of the present chapter is motivated by definition of classical theta
functions, there we construct a generalization of classical theta functions for the
symplectic Dirac operator. As it is based on the symplectic Dirac operator, which
is less restrictive than the Cauchy-Riemann operator, it allows to construct non-
holomorphic examples in the hierarchy of symplectic theta functions. The ques-
tions on divisors, zeroes and the modular behaviour of symplectic theta functions
are postponed to further research. We shall call these objects symplectic theta
functions.

Let I' C C™ be a lattice and D a pull-back of a positive divisor on C"/T" to C".
A theta function of type (T, J) on the complex torus C"/T" is a non-zero entire
function F': C" — C whose zeroes are in D, and such that for all z € C", v € T,

F(z47) = 2rTENH O p(y), (14.1)

where 7' : C" x I' — C is C-linear in the first variable and J : I' = C is a
function. The element (7, z) = e¥™(T(=N+/() ig called the automorphy factor
for the theta function.

In the case n = 1, the classical theta function 6(z,7) is a complex valued
holomorphic (or, analytic) function, depending on z € C and a latticeI' =T, C C
determined by a point in the upper half space H = {7 € C|Im(7) > 0}

O(Z, 7_) _ Z eiﬂn2T+27rinz7 (142)
nez
satisfying
0(z+1,7)=0(z,7), O(z+7,7)=e " 2™0(z,7). (14.3)

For introduction and motivation of the classical theta function we refer to [34].
We shall start with a prospective definition in the case n = 1.

Definition 14.0.1. The symplectic theta function is a smooth function
0, € C*°(R* x H,S(R)),
satisfying
1. DOs(z1, 1, Re(7), Im(7),q) =0,
2. O4(x1 + 1,y1,Re(7),Im(7), q) = O5(x1, y1, Re(7), Im(7), q),

3. O5(x1 + Re(7),y1 + Im(7), Re(7),Im(7), q) =
= C(z1, 11, Re(7), Im(7), ¢)0s(x1, y1, Re(7), Im(7), q),
where C(z1, 41, Re(7),Im(7), —) € C*(R? x H x R, Aut(S(R))), i.e.,

Cl4(R?, w)-valued invertible smooth function on R2.
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Throughout the chapter we shall assume

C(.Tl, Uy, Re(T), IIIl(T), Q) _ eA(Re(T),Im(T),q)+B(Re(T),Im(‘r),q):v1+B(Re(7’),1m(7‘),q)y17
(14.4)

where e denotes the operator exponential and operators A(Re(7),Im(7), q),
B(Re(7),Im(7),q) and B(Re(7),Im(7),q) € C®(#,End(S(R))). In particular,
we do not assume 6, to be a holomorphic function of both the base variables
z1,y; and the moduli of lattices variables Re(7), Im(7).

14.1 Holomorphic symplectic theta functions

Now let us assume that a symplectic theta function in Definition 14.0.1 is in
addition holomorphic in variables 7 and z = x1 + iy;, namely 0, = 04(z, 7, q) and
0:05(z,7,q) = 0. The first and the second conditions in Definition 14.0.1 together
with the holomorphy assumption imply

Os(z,7,q) = Z an(7,q)e*™", (14.5)

ne”

and
Dybs(z,7,q) =0 <= (¢+0,)an(r,q) =0 forall neZ. (14.6)

Finally, the last condition in Definition 14.0.1 describes the quasi-periodicity for
z + z + 7. Thus we are looking for differential operators A(r,q), B(7,q) €
End(S(R)) such that

98(2 + 7-’ 7—) q) — 6A(7_7Q)+B(77Q)205(Z’ 7-, q) (147)
For B(t,q) = —2mi, we get

O,(z+7,7,q) = ATV (4 7 ) =

A(1,q)—27iz 2minz __ A(T, 2mi(n—1)z
=e€ (7.4) E an(T7 Q)e - E € ( q)an<7—7 Q)e ( ) ’
nez neZ

and the comparison with
05(2 + 7,7, q) _ Z Cln—1(7', q)€27ri(n—1)ze2ﬂ'i(n—1)’r
neZ
reveals the recursion relation

27”;(”71)7—61714,1(7', q)7 n e Z,

AT Dq, (1,q) = e
which is by invertibility of eA("9 equivalent to
an(T, C]) _ e—A(T,q)627ri(n—1)’ran_1(7-7 Q); nez. (148)

It remains to find a collection of S(R)-valued functions a,(7,q),n € Z, sub-
ordinate to (14.6) and (14.8). The unique solution of (14.6) is

M

q

an(q,7) = bu(T)e” 2, ne, (14.9)
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b, (7) depending only on 7 for all n € Z, and the equation (14.8) turns into

2 ) 2
e Thy (1) = e ATD 2D =5y (7). (14.10)

Let us now assume that A(7, q) does not depend on the variable ¢, i.e., A(T,q) =
A(7) is a multiple of the identity endomorphism of S(R). Then (14.10) reduces
to

b (1) = e A 2miln=bry (7)., (14.11)

Introducing the notation b, (7) = e?™(") 2mia(7) = —A(7), the previous recur-
sion relation reduces to

dp(1) =a(t)+ (n— 1)1+ dy1(7), (14.12)

whose unique solution is

i1 (7) = a(T) + m7 + dp(7) = (m+ 1)a(r) + (m zl)mT + do(T),
d—my1)(T) = —a(T) + (M + )7 +d_p(7) =
~mt a(r) + EmZDEM =D o (14.13)

2

for all m € N. Let us summarize the previous considerations into

Proposition 14.1.1. Let a(7), dy(7) be smooth functions such that the sum

. n(n— . 2
0.7, q) = 3 el 2o () pamins 5 (14.14)
neL

is uniformly convergent on compact subsets of C. Then 6, € C>(C x H,S(R))
and satisfies

1. Dyby(z,7,9) =0,
2. 0,(z+1,7,q) = 0s(2,7,9q),
3. O0,(z +7,7,q) = e 2maln)=2mizg (2 1 q).

For example, the choice a(7) = Z and dy(7)

5 0 leads to the classical theta
2

-

function 6(z, 7), the function 04(z, 7, q) = 6(z,7)e” 2 is in the kernel of the sym-
plectic Dirac operator D;.
Moreover, for a general element (r7+ s) € I';, r, s € Z, we have

2
i n(n—1) d . . . _
GS(Z +r7 48,7, q) _ 2 :6 71'z(na(‘l')—i-72 T+ 0(7))€2mnz+27r'mr7+27mnse 5

nez

: (ntr)(ntr=1) __ r2—r ) 2
_ § :627T’L<(TL+T)CL(T)—T‘CL(T)+fT— 3 T+d0(T)+(TL+'I’)Z—T‘Z) esznse—% _

nez

_ efm'(TQ—r)7-727rira(‘r)727rirzes(Z’ T, q>’ (1415)

and so the automorphy factor of this symplectic theta function for kK = r7+s € I';
is given by
Ca(r) (/‘i, Z) _ e—m'((r2_7")7'+2ra(’r)+2rz) . (14 16)
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Lemma 14.1.2. Let k1, k9 € I';,. Then the automorphy factor of the symplectic
theta function (14.14) fulfils

Ca(r) (K1 + Ko, 2) = €q(r) (K2, 2 + Ka)ea(r) (K1, 2). (14.17)
Proof. Let k1 = 17 + s1, ko = 19T + $o for some 71,79, 51,81 € Z. Then

ea(ry (K1 + Ko, 2) = €q(r) (11 + 12)T + (514 $2), 2)
_ efwi((rl+r2)277(rl+r2)7—+2(r1+r2)a(7)+2(r1+r2)z)

_ e*ﬂ'i((T% —r2)T+2roa(7)+ra(z+r1 ‘r)) efﬂi((rf —r1)7+2r1a(7)+2r1 z)

and the claim follows. O

Lemma 14.1.3. Let a(7) € {*3=7|n € Z} and dy(7) € C a constant. Then

Gs(z—l—%,r—i—l,q) =0s(2,7,q). (14.18)
Proof. A direct computation, for example for a(7) = 377, reveals

i(n3r4p3nn=1) | n(n=1) . . 2
Dot b7 4 1Lg) = Yoy A (PR O ) v

i 37 n(n—1) d . _ﬁ .
_ 2 :6 7TZ(TL T+ o(T)) 627rznze L ewzn(n+3) _ 98(27 T, Q),
neZ

because n(n + 3) is even for all n € Z. The proof for other values of a(7) is
analogous. O]

There is no symplectic theta function depending on the anti-holomorphic vari-
able Z only, given by the anti-holomorphic counterpart of (14.6)

(—q+0g)an(t,q) =0, neZ, (14.19)

whose unique solution a,(7,q) = bn(r)eg is not in S(R) for every n € Z.

It is also straightforward to generalize all preceding considerations to symplec-
tic theta functions for generalized theta characteristics & = (¢,b), b,c € R. We
shall state here just the definition, which can be completed to the results parallel
to the trivial theta characteristic discussed in the previous exposition.

Definition 14.1.1. Let £ = b+ c7 for b,c € R. A symplectic theta function with
theta characteristic ¢ is defined by

)= 3 s 585 s) s (140

ne”L

esﬁ(za 7,4

where a(7) and do(7) are smooth functions such that the sum is uniformly con-
vergent on compact subsets of C.
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14.2 Holomorphic symplectic theta functions
and non-trivial endomorphisms of S(R)

In the previous part, we considered symplectic theta functions, characterized
by periodicity which is realized by the scalar valued transitions on their values
in S(R), see Proposition 14.1.1. However, the algebra End(S(R)) is infinite-
dimensional and contains the symplectic Clifford (or, Weyl) algebra Cl,(R?, w).
Consequently, it offers variety of potential possibilities to be considered. Despite
the fact that we do not have a clear evidence for a class of endomorphisms together
with a reasonable characterization useful in the construction of symplectic theta
functions, we present a non-trivial example.

Let us now assume A(7,q) = ¢1q+ 20, for ¢; = ¢1(7), ca = ca(7) € C*(H), so
we emphasize that A(7,¢) € End(S(R)) is not a multiple of identity map. We first
recall the Baker-Hausdorff-Campbell formula for the composition of exponentials
of two operators X,Y

XY — 6Y+[X7Y]+%[X,[X7Y]]+%[X,[X{X,Y]]]-&-...GX, (14.21)

and apply it to X = c1¢+ 20,,Y = —§q2 for some A € C. Because the only
non-trivial iterated commutators are

A A
[c1q + 20, —EQQ] = —Acyq,  [c1q + 20y, [cqq + 20, —qu]] = —Ad,

we get a A s 4 s
6c1q+026q6—5q — 6_5q _Ac2q_§62601q+028‘1 (1422)

and so it remains to evaluate

o0 k
c1q+c20q1 __ (Clq + 628(1)
e 1] = g—o — 1
with 1 the g-constant function.

Lemma 14.2.1. For all k£ € Ny, we have

5]
k‘ —m _m —zm
(c1g+ 20, 1= T 2m)|2mc’f gk, (14.23)

Proof. The proof is by induction on k£ € Ny. For £ = 0,1, the claim is obvious.
Assuming the formula holds for a given k, we apply to it the operator ¢;q + c20,

15)

k' k—m m _k—2m

_ k+1—m m k+1—2m
= 51 Ca q

k! k—m _m k—1-2m
+Zm! Mt (g — 2m)gF
m=0
and sum up the coefficients with the same power of ¢ by shifting the summation
index in the second sum by 1. It is easy to check that the resulting formula

corresponds to (14.23) for k replaced by k + 1. This completes the proof. O
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The last result claims

CqurCzaq k m m k— 2m
1= ZZ T 2m PG (14.24)

Now we are allowed to change the order of summations by the Fubini theorem,
because there exists an absolute convergent majorization

L)

SIS

i o "eggt Z Z lex|* ™ Jeal™ g™
ml(k — 2m)!12m ml(k —2m)l2m  —
k=0 m=0
< i allel” - 3 ’Cl|k_2m’q|k_2m - Z ler™lea" eatal = glestlai+ ezt
- ml2m (k —2m)! ml2m
m k=2m m

By changing the order of summation, we get

kmka m o0 k2mk2m
ZZ Co q chcz ch o
k — 2m)!2m ml2m —2m
mk?m
X m,.m
Cq C cie
:E : 12 6clq:eclqe%'
ml2m
m

The substitution of the last result into (14.22) yields

A
c1q+c20 e

. qeiqu — e~ q +(C1 ACQ)Q"’i 2' (1425)

In particular, for A =1 we get

€C1q+C28q€7§bn(T) _ 62”("’1)7&”71(7 q) <~

an—l(Ta C]) —¢ ﬁ-‘r(q —c2)qg+—-15-2 1 2 _9mi(n—1) Tbn<7_)7

and a,_1(7,q) satisfies (¢ — 9,)a,—1(7,q) = 0 if and only if ¢; = . Let us
summarize our previous considerations.

Proposition 14.2.2. Let a(7), do(7) and ¢1(7) be smooth functions such that
the sum

Ou(z,7q) =) _ ™™ (natry+ 2t do(n) jaine o~ (14.26)

neZ

is uniformly convergent on compact subsets of C. Then 6, € C*(C x H,S(R))
satisfies

1. DyOs(z,7,q) =0,
2. 95<Z + 1,7_7 Q) = 95(2777 Q)a

3. 05<Z + T, T, q) — e—27ria(7')—27riz+c1 (T)(q+8q)93(27 T, q>
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14.3 Vector valued non-holomorphic symplectic
theta functions

Recall that in section 14.1 we constructed holomorphic symplectic theta functions.
The aim of the present subsection is the construction of a series of vector-valued
non-holomorphic symplectic theta functions as certain extensions of holomorphic
symplectic theta function. More precisely, a class of symplectic theta functions
in question is realized inside finite tensor powers of the Segal-Shale-Weil repre-
sentation equipped with the diagonal action of the symplectic Dirac operator.
Up to a multiple by invertible functions, the automorphy factors are in the basis
of non-holomorphic descendants characterized by unipotent matrices of the rank
equal to the power of the Segal-Shale-Weil representation.

Proposition 14.3.1. Let k£ € Ny. Then the 1-parameter family (given by 5 € C
such that Re(3) > 0) of functions on R?, (z1,y;) € R?,

Or,5(21, yl,T q) = (14.27)
= Z < + 27Tmy1 + m™m Im( ))ke—ﬁgz627rim(:v1+i6y1)ewimQ(Re(T)—f—i,BIm(fr))’
MEZ

is in the kernel of the symplectic Dirac operator Dy and belongs to S(R) with
respect to the variable q. These functions are invariant with respect to translation
1 — z1 + 1 and transform as

Or5(x1 + Re(7), y1 +Im(7), 7, q) = (14.28)
k .
_ 6727ri(x1+iﬁy1)77ri(Re 7)+i8Im(7)) Z ( ) o 27Ty1 o WIm(T))Je(k_j)’g (-1'1, Y1, T, q)
7=0

for (z1,y1) — (x1,y1) + (Re(7), Im(7)).

Proof. The periodicity of 0y g(x1, y1, 7, q) for (z1,41) — (21, y1)+(1,0) is obvious.

Let us introduce the notation Z = (% + 2mmy; + mm?Im(7)) and show the
property
(iqayl -0, am)ek B(xl Y1, T, q) =
_ Z (’lq 27T]€Zk 1 27?77162’“) 2mm(:1:1+z6y1) TFZmQ(Re(T)+iﬁIIn(T))
meZ

. 27mm(qk,Z}c—l + Zk( 5(])) e27rzm(x1+z,8y1) wim (Re(7)+iﬂlm(7))> —0.
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Then the translation (z1,y1) — (21,y1) + (Re(7), Im(7)) results into
Or,p(x1 + Re(T), y1+Im(7), 7,q) =

k
= Z ( + 2mmy; + 2rmlIm(7) + WmQIm(T)> X

mEZ

X e~ ,3q €2mm(ac1+Re(7')+zB(y1+Im(7’)))+mm2(Re(T)—f—z,BIm(T))

- Z ( + 27 (m + 1)y + 7(m + 1)*Im(7) — 27y, — 7rIm(7’)>k><

meZ
X e’% 2mi(m-+1)(z1+iBy1)+mi(m+1)? (Re(r)+iflm(r)) ,—2mi(z1+ifyr) ~mi(Re(r)+iflm(r))
2 k=g 2

= Z Z ( ) ( +2m(m+ 1)y, + 7(m + 1) Im(r)) (—2my; — wlm(7))" %
meZ j=0
% eﬁ% p2mi(m1) (z1+ifyr) +mi(m+1)? (Re(r) +ilm(r)) , —2mi(x1+ify1 ) —mi(Re(r) +iflm(r))

LI ‘
— o~ 2mi(z1+iBy1)—mi(Re(r)+ifIm(r)) Z (]> (—2my — 7TIII1(T>)j9(k_j)7@($1, Y1,7,q)
§=0
and the proof is complete. O

In fact, the function

2 e - 27r1m x1+zy1)e7rim2(Re(T)—i—iIm(T))

mEZ

eﬂ,l(xlv Y1, T, q

is precisely the one introduced in Proposition 14.1.1 for the choice a(7) = 0 and
do(T) =0.

For further simplification we associate to x € I';, k = s(1,0)+r(Re(7), Im(7)),
s,r € 7,

gk, @) = e 2rir@tify)—mir® (Re(r) +iflm(r))

w(k, ) = —27mry; — mr?Im(7). (14.29)

Proposition 14.3.2. Let k € I';, K = s(1,0) + r(Re(7),Im(7)), s,r € Z, x =
(z1,y1) € R? and k € Ny. Then {0, 5(z, 7, q) hi<k for given 8 € C, Re(8) > 0,
defines a vector valued function satisfying

0o, 0o,
01,8 01,6
02, (x+kK,7,q) =eg(k, ) - 02, (z,7,q), (14.30)
Qk,g ek,ﬁ
where
1 0 0 0
w 1 0 . 0
es(k, ) =13 w? 2w 1 e 0 (14.31)
@t (P! ()= 1



for ns = ng(k, x),w = w(k,x) associated to k € I'; via (14.29). The set of
matrix valued functions eg(k, ) satisfies

0o, 0o,
01,6 01,6
O28 | (¢ + k1 + Ko, 7, q) = eplka, & + k1) - eg(hn, ) - | O28 | (z,7,q), (14.32)

O Ok, 5

hence they are the automorphy factors for these vector-valued non-holomorphic
symplectic theta functions with the matrix multiplication rule

eg(k1 + ko, ) = eg(ka, T + K1) - eg(k1, ). (14.33)

Proof. We first prove the equation (14.30) for fixed k and a translation given by
the lattice element xk € I';, k = 5(1,0) + r(Re(7),Im(7)) for s,r € Z

Orp(z1 + s —I— rRe(7),y1 + rIm(7),7,q) =

k
- Z ( + 2mmy; + 2rmrlm(7) + 7Tm21m(7')> X
meZ

X e~ % 627rim(x1 +iBy1)+2mim(s+rRe(T)+iBrIm(7))+mim? (Re(r)+iBIm(7))

k
=y ( + 21 (m + )y + w(m + r)*Im(7) — 27y, — 7T7’21H1<7')) X
2mi(m4r)(x1+iBy1)— 27rir(:r:1+i6y1)efri(m+r)2(Re(T)—i—i,BIm(T))—ﬂir2(Re(T)+i,BIm(T))

X e 2 (&
_ e—27r7,r(ac1+z,8y1)—ﬁir2(Re(T)+iBIm(T)) %

k
k. .
X Z <j) (= 2mrys — 7r°Im(7))’ Oe—s) 5 (21, 91, 7, Q). (14.34)
=0

Now we prove equation (14.32). It holds for 6, g, because

77/3(/%1 + Ko, a:) =
6—27ri(r1+r2)(x1+i5y1)—7ﬂ'(1”1+7"2)2(R6(7')+i,31m(7'))

_ 6—27ri7”2 (z1 +i,8y1)—7rz(2r17”2+7’2)(Re(T)—i—i,BIm(T))e—erl (w1+iBy1)—mir? (Re(r)+iBIm(T))

—2mira(z1+s1 +r1Re(T)+iﬂ(y1+r11m(7)))—7rir§(Re(r)—&-iﬁlm(r))nﬁ (’4317 $)

=e
= (K2, € + K1)ns(K1, ).
For w(k;, ) defined by (14.29), we get
w(/ﬁ + Ko, iB) = —27‘(’(7“1 + 7”2)3/1 — 7T<7”1 + TQ)QIIH( )
= —27mry(yy + rIm(7)) — 7r3lm(7) — 27r1yy — 72 Im(7)

= w(ka, T + K1) + w(k1, T).
Therefore, we have for any [ € Z
!
(k1 + kg ) = ( ) @(ka, @ + K1) @ (ky, ),
7=0
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hence the matrix

1 0 0 0
w(Kky1 + K2, T) 1 0 0
w(ky + Ko, 2)?  2w(ky + K2, T) 1 0
w(k1 + Ko, )" (lf)w(/ﬁ + kg, @)t (kﬁl)w(/ﬁ + ko, x) 1

equals to the matrix multiplication product (denoted o)

1 0 0 0

w(ka, T + K1) 1 0 0
w(ke, T+ K1)?  2w(ka, @ + K1) 1 01,
w(ko, x4+ k1) (oo, + ) 0 () w(ke, T+ k1) 1

1 0 0 0
w(k, ) 1 0 0
w(k,z)?  2w(k,z) 1 0 (14.35)
ok, z)* Hwlk, )t o (F) ok, z) 1

This, together with the transformation property for 1, gives the assertion for the
automorphy factor eg(k; + Ko, ). ]

In fact, the vector valued symplectic theta functions in Proposition 14.3.1 are
not unique. There are more general possibilities for the coefficient at Re(7) +
ifIm(7) in the exponent and at Im(7) in the bracket, cf., Proposition 14.1.1.

Proposition 14.3.3. Let k € Ny and (3, a1, as € C such that Re(5) > 0 and let
dy(7) and ds(7) be smooth functions such that

m(m — 1)

) k
O pa(z1,91,7,q) = Z (% + 2mmy; + 2w <ma2 + )Im<7'> + d2(7')>
meZ

ﬁq2 m(m—1)
T2

2mim(@1+iBy1) 27 (ma1 +f) (Re(7)+4BIm(7))+d1 (1) (14.36)

X e €

is uniformly convergent on compact subsets of C. Then ) 5, € C*(R*xH,S(R)),
and satisfies

1. Dsbppal(x1,y1,7,q) =0,

2. for s,r € Z
Ok p.a(z1 +1Re(T) + 8,41 + 7Im(7),7,q) = (14.37)
— 6727”'7"(11+i6y1)77ri(7"2fr+2ra1)(Re(T)+iBIm(T)) %
oL ‘
x <J) (= 27y = (r* = 7 + 2raz)wIn(7)) g pa (21, 91, 7, 0)-
=0
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Moreover, a; and ay can be suitable smooth function of (Re(7) + i5Im(7))
and Im(7).
The following Lemma is similar to Lemma 14.1.3.

Lemma 14.3.4. Take a;,d;(7) from (14.36) so that a; = 3m, for same m € Z,

and d;(7) € C, (or smooth periodic function of 7 with period 1). Then

Ok a1 + %, Y1, 7T+ 1,q) = Or oz, 91,7, 9). (14.38)

14.4 Symplectic vector valued non-holomorphic
theta functions on higher even dimensional
tori

In the present section we find a modification of the vector valued theta function
introduced in the previous section for higher dimensional even dimensional sym-
plectic tori. This means that instead of pair of variables zq,y;, we shall work
with 2n-tuple of symplectic variables x1, ..., Zn, Y1, ..,Yyn € R*® with symplectic
pairing between x;,y;, j = 1,...,n. The symplectic spinor variable ¢ is replaced
by n-tuple g1, ..., q,. The higher dimensional analogue of 7 from the upper half
space H is complex valued n X n symmetric matrix T whose imaginary part is
positive definite. The space of all such T is called the Siegel upper half space H".
Notice that, we consider flat tori.
Let us review the symplectic Dirac operator in dimension 2n,

Dy = Z (iqjayj - aqjarj)'
=1

Let us also introduce a shorthand notation,

X=(r,...,0,)T €R"  y=(y,...,y.)" €R",
a=(q,...,¢)" €R”,  m=(my,...,m,)" €Z", (14.39)

and finally 8 for a diagonal matrix with f£,...,3, € C fulfilling Re(g;) > 0,
j =1...,n,onthe diagonal. The canonical basis of R" is denoted e¢;, j = 1,...,n.

Proposition 14.4.1. Let fy,...,3, € C, Re(3;) > 0 for j = 1...,n, are such
that the sum

Orp(x,y, T,q) = Z (i: 612_12 +2rm’y + WmTIm(T)m>k

mezZ™r =1
2
e > Bl% e27ri(me+imTﬁy)+7rimT(Re(T)+i,BIm(T))m (144())

is uniformly convergent on compact subset of R?". Then 6}, 5 is a smooth function
in C>°(R?*" x H", S(R")), with H" the Siegel upper half space, satisfying

1. Dsek,ﬂ(X)Y7 T) q) = 07

2. Opp(x+e;,y, T,q) =brp(x,y,T,q) foral j=1,...,n,
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3. Forr = (ry,...,r,)T € 2",

ek,ﬁ’(X + Re(T)r, y + Im(T)r, T, q) _ 6727rirT(x+iﬂy)f7rirT(Re(T)+iﬂIm(T))rX

k ,
k J
X g <j> ( —27mrly — 7TI‘TIIH<T)I‘) Or—jp(x,y,7,q).
=0

Proof. Let us introduce the notation

n

2
T = (Z %l + 2rm’y + ﬁmTIrn(T)m),

2
B — o= Xisy B 4omi(mTx+im” By)+mi(m” Re(T)m-+im” S1m(X)m)
m = .

Then

n

Dsek,5<xay> T? q) = Z (iqjayj o 8‘Ijal"j) Z ZmEm

j=1 mezn
-y ¥ (iqj(z,’;—l%mj + 2miim; B;) B
mezZ" j=1

- 27Timj (q]‘an_l - q]ﬁ])Em> =0.

The second property is obvious, because 0y s(x + e;y, T, q) = e*™0; 5(x,y, Y, q).
In the proof of the third property, we first consider the exponent

2mi(m”x + im’ By) + wi(m"Re(Y)m + im” BIm(Y)m),
and substitute x — x + Re(T)r and y — y + Im(7)r into it. We get
2mim” (x +iBy) + 2mim” (Re(Y) + i8Im(Y))r + mim” (Re(Y) + ifIm(Y))m =
= 2mi(m + )7 (x + iBy) — 2mir’ (x + iBy)
+ mi(m + )" (Re(Y) 4+ iBIm(T))(m + r) — mir’ (Re(T) + iBIm(T))r

because the matrices Re(Y), Im(Y) and § are symmetric and so is (Re(Y) +
i5Im(7Y)). Finally, we substitute y — y + Im(7)r into
<Z L +2rm’y + WmTIm(T)m> ,

2
=1

with the result

(Z %l 4+ 2rm”y + 27m” Im(V)r + WmTIm(T)m> =
=1

:(Z %12 +2r(m+ 1)’y + 7(m + ) Im(T)(m +r) — 27r’y — WrTIm(T)r)>k.
=1

The rest of proof is based on the binomial expansion and the shift m — m +r
in the sum over m € Z". 0
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