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Abstract
Consider a flat symplectic manifold (M?%,w), I > 2, admitting a metaplectic
structure. We prove that the symplectic twistor operator maps the eigenvectors
of the symplectic Dirac operator, that are not symplectic Killing spinors, to the
eigenvectors of the symplectic Rarita-Schwinger operator. If A is an eigenvalue of
the symplectic Dirac operator such that —:/\ is not a symplectic Killing number,
then Z_Tl)\ is an eigenvalue of the symplectic Rarita-Schwinger operator.

1 Introduction

In the paper, we shall study relations between the spectrum of the symplectic
Dirac operator and the spectrum of the symplectic Rarita-Schwinger operator
on a flat symplectic manifold with a given metaplectic structure. In the sym-
plectic case, there also exists a non-trivial two-fold covering of the symplectic
group Sp(2l, R), called the metaplectic group. We shall denote it by Mp(2l,R).
A metaplectic structure on a symplectic manifold (M?',w) is a notion parallel
to a spin structure on a Riemannian manifold. On a symplectic manifold M
with a given metaplectic structure, we shall introduce the symplectic Dirac,
the symplectic twistor, and the symplectic Rarita-Schwinger operators. The
first operator is acting on sections of the symplectic spinor bundle S, intro-
duced by Bertram Kostant in 1974. The symplectic spinor bundle § is the
vector bundle associated to the metaplectic structure on M by the Segal-Shale-
Weil representation of the metaplectic group (see Kostant [10]). The values of
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the twistor operator are sections of the vector bundle 7 associated to a more
complicated representation of the metaplectic group (described below). The
Rarita-Schwinger operator maps the sections of 7 to the sections of 7.

The Segal-Shale-Weil representation is an infinite dimensional unitary repre-
sentation of the metaplectic group Mp(2l, R) on the space of all complex valued
square integrable functions L2(R!). It is well known, see, e.g., Kashiwara, Vergne
[9], that the underlying Harish-Chandra module of this representation is equiv-
alent to the space C[z!,...,z!] of polynomials in [ variables. The Lie algebra
sp(21,C) acts on L2(R!) via the so called Chevalley realization,! see Britten,
Hooper, Lemire [2]. Thus, the infinitesimal structure of the Segal-Shale-Weil
representation could be viewed as the complexified symmetric tensor algebra
(D2, ®'R!) ®g C of the Lagrangian subspace R’ of the canonical symplectic
vector space R? ~ R! @ R!. This shows that the situation is completely parallel
to the complex orthogonal case where the spinor representation could be realized
as the exterior algebra of a maximal isotropic subspace. The interested reader is
referred to Weil [21], Kashiwara, Vergne [9] and also to Britten, Hooper, Lemire
[2] for more details.

In differential geometry, it is quite effective to study geometric and also topo-
logical properties of manifolds with a given geometric structure using analytic
properties of the corresponding invariant differential operators. This could be
illustrated by many examples. For instance, it is known that a Riemannian
manifold admitting a spin structure and a nonzero Killing spinor is necessarily
Einstein. Therefore the idea of K. Habermann, to introduce a symplectic ana-
logue of the Dirac operator known from Riemannian geometry seems to be very
natural in the process of an investigation of symplectic manifolds. The sym-
plectic Dirac operator was introduced with the help of the so called symplectic
Clifford multiplication, see Habermann [5]. However, it is not straightforward
to generalize this approach to differential operators acting between bundles as-
sociated to higher symplectic spinors, i.e., operators which would be similar to
the Rarita-Schwinger and the twistor operators studied in the Riemannian case.

In Riemannian geometry, it is well known that the mentioned higher spin
differential operators can be realized as certain invariant differential operators
acting in the de Rham complex tensored (twisted) by the sections of the orthog-
onal spinor bundle. In particular, all mentioned operators can be constructed
as projections of the associated exterior spinor derivative restricted to invariant
parts of the twisted sequence. So it seems to be quite natural to look for the
symplectic analogues of the Dirac, Rarita-Schwinger and twistor operators in the
twisted de Rham sequence as well. Following the Riemannian case, one should
decompose this symplectic spinor valued de Rham sequence into Mp(2l,R)-
invariant subsequences at the first step. The decomposition is very similar to
the Riemannian case and was done in Krysl [12] at the infinitesimal level using
some results of Britten, Hooper, Lemire [2]. In this paper, we present a global-
ized version of the decomposition. It means that we shall decompose the tensor

1The Chevalley homomorphism realizes the complex symplectic Lie algebra as a subalgebra
of the algebra of polynomial coefficients differential operators acting on Clz!,..., zl}.



product of representations of the metaplectic group, instead of the correspond-
ing Lie algebra. To my knowledge, the symplectic Rarita-Schwinger and the
symplectic twistor operators have not yet been defined in the literature. How-
ever, there are definitions of contact projective Rarita-Schwinger and twistor
operators (at least at an infinitesimal level) in contact projective geometry, see
Kadlédkova [7] and Krysl [13].

Now, let us say a few words about the main result. Let M be a flat symplectic
manifold with a chosen metaplectic structure. We shall prove that the eigenvec-
tors of the symplectic Dirac operator different from symplectic Killing spinors?
embed linearly into the space of eigenvectors of the symplectic Rarita-Schwinger
operator. We shall also give a formula relating the corresponding eigenvalues.
Notice that in the Riemannian geometry, a similar result is known, see Severa
[17], and also some of the methods we shall be using are similar to the ones
in the Riemannian case, see again Severa [17]. In the proof of the embedding
theorem, there are some statements of an independent interest, which could be
also used in a study of operators different from the symplectic Rarita-Schwinger
operator.

From a point of view of physics, the embedding theorem is not surprising and
is related to the fact that in general, spectra of objects with less symmetries are
richer than the spectra of those having more symmetries. The reader interested
in applications of this theory in physics is referred to Green, Hull [3], where the
symplectic spinors are used in the context of 10 dimensional super string theory.
In Reuter [14], where the author found his motivation for this study, symplectic
spinors are used in the theory of the so called Dirac-Kéhler fields.

In the second section, some basic facts on symplectic vector spaces are re-
called. In the subsection 2.1., the Segal-Shale-Weil and the notion of a meta-
plectic representation together with the symplectic Clifford multiplication are
briefly introduced. In the subsection 2.2, we present the decomposition of a part
of the symplectic spinor twisted de Rham sequence (Theorem 1). The geometric
part of the article starts in the subsection 2.3., where the metaplectic structure,
symplectic connection, symplectic Dirac, Rarita-Schwinger and twistor opera-
tors are defined. The third section is devoted to a formulation and a proof of
the embedding theorem (Theorem 2).

2 Metaplectic structure and higher symplectic
spinor representations

Let us consider a real symplectic vector space (V,wg) of dimension 2[, i.e., V
is a 2] dimensional real vector space and wq is a non-degenerate antisymmetric
bilinear form on V. Let us choose two Lagrangian subspaces L, " C V such that
LeL’ = V. Throughout this article, we shall use a symplectic basis {e;}2L; of V

2Symplectic Killing spinors are defined below. To my knowledge, the symplectic Killing
spinor equation has been not introduced in the literature till now. In physics, there is a notion
of the so called symplectic Killing spinor different of the one we are using.



chosen in such a way that {e;}._; and {e;}?.,, | are respective bases of L and L.
Because the notion of symplectic basis is not unique, let us fix one which shall
be used in this text. A basis {e;}2, of V is called symplectic basis of (V,wy) if
wi;j = wolei, e;) satisfies w;; = 1 if and only if 4 <l and j =i+, w;; = -1 if
and only if i > [ and j = i — [ and finally, w;; = 0 in other cases. Let {¢'}?., be
the basis of V* dual to the basis {e; 12l:1 Notice that w;; = —wys, 4,5 =1,...,2L
Fori,5 =1,...,2l, we define w¥ by Zilzl wigwh = 5{, 1,7 =1,...,2l. Notice
that not only w;; = —wj;, but also w9 = —wi 4,5 =1,...,2l. Let us denote
the wo-dual basis to the basis {e;}2L, by {¢;}2L,, i.e., €/(&) = te, €/ = wyj for
ij=1,...,2l

Let us denote the symplectic group of (V,wp) by G, i.e., G := Sp(V,wp) =~
Sp(2l,R). Because the maximal compact subgroup K of G is isomorphic to the
unitary group K ~ U(l) which is of homotopy type Z, there exists a nontrivial
two-fold covering G of G. This two-fold covering is called metaplectic group
of (V,wp) and it is denoted by Mp(V,wp). In the considered case, we have
G~M p(21,R). For a later use, let us reserve the symbol A for the mentioned
covering. Thus X : G — G is a fixed member of the isomorphism class of all
nontrivial 2 : 1 coverings of G. Because A : G — G is a homomorphism of Lie
groups and G is a subgroup of the general linear group GL(V) of V, mapping A is
also a representation of the metaplectic group G on the vector space V. Further,
let us denote the A-preimage, A\~'(K), of K in G by K. It is well known that

K ~U(l) == {(u,2) € U(l) x C*|det u = 22}, and that U(() is a connected Lie
group, see Tirao, Vogan, Wolf [19]. For details on the metaplectic group, see,
e.g., Habermann, Habermann [6].

From now on, we shall restrict ourselves to the case [ > 2 without mentioning
it explicitly. The case [ = 1 should be handled separately because the shape of
the root system of sp(2,R) ~ s[(2,R) is different from that one of of the root
system of sp(2],R) for [ > 1. Let us denote the Lie algebra of G by g. Thus
g = sp(V,wp) ~ sp(2[,R). As usual, we shall denote the complexification of
g by g©. Obviously, g ~ sp(2l,C). Fixing a Cartan subalgebra h* in g© and
choosing a system ®* of positive roots with respect to the choice of §C, the
basis of fundamental weights {z;}!_, is uniquely determined. For p € (h©)*,
let us denote the irreducible g®-module with highest weight u by L(1u).

Now, let us say a few remarks of technical character about a notation we
shall be using throughout this article. For a general reductive Lie group G,
let HC denote the forgetful Harish-Chandra functor going from the category of
admissible finite length representations of G on locally convex Hausdorff vec-
tor spaces to the category of Harish-Chandra modules. If o : G — Aut(W)
is a representation of G' from the mentioned category, we denote its underly-
ing Harish-Chandra module HC(W) by W. Considering only the Lie algebra
structure of the Harish-Chandra module W, we shall denote it by W. Of course,
these conventions are superfluous in the case of finite dimensional representa-
tions, because the underlying vector spaces stay the same. It is well known that
there exists an adjoint functor to the forgetful Harish-Chandra functor, which is
called minimal globalization and which we shall denote by mg. See Kashiwara,



Schmid [8] for details. Let us remark, that in our case the reductive group will
always be the metaplectic group Mp(V,wy), and the representations we shall be
using belong to the mentioned category, see, e.g., Kashiwara, Vergne [9]. Fur-
ther, if (G, p, M, G) is a principal G-bundle, we shall denote the vector bundle
associated to this principal bundle via the representation o : G — Aut(W) by
W,ie, W=G x, W.

2.1 Metaplectic representation and symplectic spinors

There exists a distinguished infinite dimensional representation of the metaplec-
tic group G which does not descend to a representation of the symplectic group
G. This representation, called Segal-Shale-Weil,? plays a fundamental role in ge-
ometric quantization of Hamiltonian mechanics, see, e.g., Woodhouse [22] and
in the theory of modular forms and theta correspondence, see, e.g., Howe [4].
We shall not give a definition of this representation here, and refer the inter-
ested reader to Weil [21] or Habermann, Habermann [6]. We shall only mention
that the Segal-Shale-Weil representation, which we shall denote by U here, is an
infinite dimensional unitary representation of G on the space of complex valued
square Lebesgue integrable functions defined on the Lagrangian subspace L, i.e.,

U:G—ULL)),

where U(W) denotes the group of unitary operators on a Hilbert space W.
In order to be precise, let us refer to the space LZ(IL) as to the Segal-Shale-
Weil module. It is easy to see that this representation is not irreducible and
splits into two irreducible modules L2(IL) ~ L2(LL); ® L2(L)_. The first module
consists of even and the second one of odd complex valued square Lebesgue
integrable functions on the Lagrangian subspace LL. Let us remark that a typical
construction of the Segal-Shale-Weil representation is based on the so called
Schrodinger representation of the Heisenberg group of (V=L @ L' wp) and a
use of the Stone-von Neumann theorem.

For some technical reasons, we shall need the minimal globalization of the
underlying (g, K )-module of the introduced Segal-Shale-Weil module, see Kashi-
wara, Schmid [8] or Vogan [20] for details on globalizations. We shall call this
minimal globalization metaplectic representation and denote it by meta, i.e.,

meta : é' — Aut(mg(HC(Lz(L))))a

where mg is the minimal globalization functor. For our convenience, let us de-
note the module mg(HC(L2(LL))) by S and similarly we define S; and S_ as
minimal globalizations of the underlying Harish-Chandra modules of the mod-
ules L2(L); and L?(LL)_ introduced above. Accordingly to L2(LL) ~ L2?(L); &
L2(L)_, we have S ~ S, & S_. We shall call S symplectic spinor module and

3The names oscillator or metaplectic representation are also used in the literature. We
shall use the name Segal-Shale-Weil in this text, and reserve the name metaplectic for certain
representation arising from the Segal-Shale-Weil one.



its elements symplectic spinors. For the name ”spinor”, see Kostant [10] or the
Introduction.

One can easily compute the highest weights of the underlying Harish-Chandra
modules of S; and S_. The highest weight of HC(S,) as a g&-module equals
—%wl and the highest weight of HC(S_) as a g¢-module is w;_; — %wl.

Further notion related to the symplectic vector space (V,wy) is the so called
symplectic Clifford multiplication of elements of the Schwartz space Sch(L) (of
rapidly decreasing smooth functions on IL) by vectors from V. For f € Sch(L),
we define

(e5-f)(@) = w2’ f(2),*

of - .
(eiq1.f)(x) :== 8mi(x),x:;x e, el,i=1,...,L

Extending this multiplication R-linearly, we get the mentioned symplectic Clif-
ford multiplication of Schwartz functions by vectors from V.

In the following lemma, a kind of G-equivariance of the symplectic Clifford
multiplication is stated.

Lemma 1: Clifford multiplication is G-equivariant, i.e.,

meta(g)(v.f) = [A(g)v].meta(g) f

for each v € V, g € G and f € Sch(L).

Proof. See Habermann, Habermann [6], pp. 13. O

In the next lemma, a commutator relation for the symplectic Clifford mul-
tiplication is presented.

Lemma 2: If v,w € V and f € Sch(L), then

v.(w.f) —w.(v.f) = —wo(v,w) f.

Proof. See again Habermann, Habermann [6], pp. 11. O

Let us notice that the symplectic Clifford multiplication could be restricted
to the symplectic spinor module S because of the interpretation of the minimal
globalization as a vector space of analytic vectors, see Schmid [16].

2.2 Higher symplectic spinors

In this subsection, we shall present some results on decomposition of tensor
products of the metaplectic representation and the wedge powers of the repre-
sentation A : G — GL(V*) of G dual to the representation of . Because A ~ \*,
we shall often not distinguish between them, and we also identify V and V* as
G-modules.

Let us reserve the symbol p for this mentioned tensor product representation
of G, i.e.,

p:é—>Aut(/\V*®S)

4The symbol 2 denotes the imaginary unit, + = v/—1.



and
p(g9)(a @ s) == Ng)"""a @ meta(g)s

for a € \"V*, g € G and s € S. Sometimes, we shall write A(g)*a instead of
A(g)*""a briefly. For a definiteness, let us equip the tensor product A*V* @ S
by the so called Grothendieck tensor product topology, see Vogan [20] for details
on this topological structure.
In the next theorem, the modules of exterior 1- and 2-forms with values in
the metaplectic representation are decomposed into irreducible summands.
Theorem 1: The following isomorphisms

2
VesS~SaeT AV eS~s"aT &U

hold, where S’,S”, T, T and U are the minimal globalizations of Harish-
Chandra (g, K)-modules S’, S,” T, T’ and U which are uniquely determined by
the condition that first, they are submodules of the corresponding tensor prod-
ucts and second, their g®-module structure fulfill ' ~ S = HC(S), T ~ T’ ~
L(w — %wl) @& L(w +wio1 — gwl) and U ~ L(wy — %wl) @ L(wa +wi—1 — gwl).

Proof. The proof of this theorem is based on a use of Lemma 2 in Krysl
[12], where the tensor products under consideration are decomposed at the level
of Lie algebras. Thus it remains to show how to come from the infinitesimal
level to the globalized one. We should do it only for V* ® S, the remaining
case could be handled in the same way. Because the minimal globalization
functor is compatible with the Grothendieck tensor product topology, we have
V*®S ~ V*® mg(HC(L2(L))) ~ mg(V* @ HC(L2(LL))). Thus we need to
decompose the defining representation tensored by the Harish-Chandra (g, K)-
module S = HC(L3(LL)). Because K is connected, it is sufficient to decompose
V*®S as a g-module, see Baldoni [1]. Thus we have reduced the problem to the
infinitesimal level. Now, using Lemma 2 from Krysl [12], we have V*®S ~ S&T.
Again because K is connected, we have V*®S ~ S@®T. By applying the minimal
globalization functor, the statement follows. [

Let us notice that in Krysl [12], all the wedge powers of the defining rep-
resentation of g€ tensored by S, are decomposed into irreducible summands.
We shall call the irreducible submodules of A® V* ® S higher symplectic spinor
modules in a parallel with the orthogonal case.

In order to define the symplectic Dirac, Rarita-Schwinger and twistor oper-
ators, we introduce the following (G-equivariant) projections:

p?: VeSS -8, pt: V'S - T,
2
p21:/\V*®S—>T’.

The definitions of these projections are based on the decompositions in The-
orem 1.

Due to Theorem 1, we know that there is a é—equivariant inclusion S —
V* ® S. In the next lemma, this inclusion is described explicitly.



Lemma 3: Module E := {Z?lzl € ®ei.5,8 €S} CV*®S is isomorphic to
the symplectic spinor module S.
Proof. Let us define a mapping 7 : E — S by the prescription

21
g € R®e;.s— s.
i=1

This prescription is correct and the mapping is clearly bijective. What remains
to show is the G-equivariance of 7. For g € G and s € S, we may write

21

2
T(P(Q)(Z € ®ei.s)) = T(Z Mg) e @ meta(g)(e;.5)).
i=1

=1

Using the fact that the dual representation is isomorphic to the contragradi-
ent one and the fact that the symplectic Clifford multiplication is G-equivariant
(see Lemma 1), we get

21
T(p(g)(z € ®eps) = T(Z Mg)“€ @ Mg)eimeta(g)s)
= 70 ) NI @ M9)]l e meta(g)s)

= (3 M) R @ ¢pmeta(g)s)

= 7( Z 5t ed @ ejmeta(g)s)

ik=1
21
= T(Z €' ® e;.meta(g)s)
i=1
21
= meta(g)s = p(g)T(Z € ® e;.s).
i=1

Summing up, we have obtained T(p(g)(zflzl € ®e;.s)) = p(g)T(Z?lzl € ®e;.s),
thus 7 is G-equivariant and the modules E and S are isomorphic. O

In order to define symplectic the Dirac, Rarita-Schwinger and twistor oper-
ators, we should introduce further G-invariant operators.

Forr=0,...,2land a®s € \"V*® S, we set

r+1
X /\V*@S—>/\V*®S X(a®s) Ze ANa® e;.s

r—1

Y : /\V*@S—> AV @S Yaws) ZLELOMX)@@



H: \V'e@S— AV'®S, H:={XY}=XY+YX.

In the following parts of this text, we shall often use the procedure of renumber-
ing of indices and the relations w% = —w?, w;; = —w;; and Zzlzl wigwhl = §7
for 4,5 = 1,...,2l without mentioning it explicitly.

Lemma 4: The homomorphisms X,Y, H are é—equivariant with respect to

the representation p of G.

Proof. Let us prove the equivariance for X,Y and H separately.

(i) Forge G,r=0,...,2land a®s e \"V*® S, we have

p(g)X(a@s)

21

p(9)D (€ Na®e;.s)

i=1

21
Z Mg) et A XN(g)* o @ meta(g)(e;.s)
i=1

2l
> Mg S A9 a @ (Mg)ei).metalg)
ig=1
2l
Y- IO A9 a @ A9)) er-(meta(g)s)
ig,k=1
2l
S A9, AAg) a ® exmeta(g)s
6,5, k=1
2
Z 6]5? AXg) a® ex.meta(g)s = Xp(g)(a® s).
k=1

(ii) Now, we do a similar computation for Y. For g € G,r=0,....2l,a®s €
N V*® S, we obtain

p(9)Y (@@ s)

21
P0)[ 10 ® es]
i=1

21
Z A(g)* e, ® meta(g)(e;.s).
i=1

It is easy to see that A(g)*(tua) = tx(g)n(A(g)* ) for v € V*. Using this

relation, we get

2l
Z A9)" (te;a) ® meta(g)(e;-s)



21
= Y e (M@) ) ® \9)] ej meta(g)s.

i,j=1

. . 2l . . .
Using the formula é; = >, w'*ey,, we can rewrite the preceding equation
as

21
D ) s, wike, (A(9)7@) @ [A(9)], ¢ meta(g)s
i,5=1
21 o
= Z [/\(g)]ijwmb[)\(g)]k"en (A(g)" @) ® ej.meta(g)s

i,j.kn=1

= Y D@0 A e, (\9) @) © ¢jmeta(g)s.

i,7,k,n=1

Because A(g) € Sp(V,wp), we have Zilkzl[)\(g)]ijwik[)\(g)]k" =

Zilkzl[)\(g)J-]jiwik[)\(g)]k” = w" for j,n = 1,...,2l. Substituting this
relation into the previous computation, we get

21
3 @ WA e, (A9)" ) © ¢j.meta(g)s

i,j,kn=1

21
= Z W™ (M(g)* @) ® ej.meta(g)s

jn=1

21
= Z by2t ine, (AMg)"a) ® ej.meta(g)s
j=1

21
— ZLéj()\(g)*a) ® ej.meta(g)s
= Ypo(g)(a®s).

(iii) H is G-equivariant, because H = {X,Y}and X and Y are G-equivariant.
O

In the next lemma, the values of H on homogeneous components of A* V*®S
are computed.
Lemma 5: Let (V,wp) be a 2 dimensional symplectic vector space. Then
for r =0,...,2l, we have
H\/\*V*@S = (l — T)Id\/\w*V*@S.

Proof. We shall compute the value of H in three items.

10



(i) First, let us prove that for r =0,...,2l and o € A" V*, we have

21

Z wijei Atg; 0 = rau. (1)

ij=1

It is sufficient to prove the statement for homogeneous basis elements. We
proceed by induction.

I. For r = 1, we have Zfl-_l wij€t A e, €f = Z?l._l wijeiwjk = gkel = ¢k

J= g i,j= i

for each k =1,...,21[.

I Forr=0,...,2l, a € \"V* and k = 1,...,2l, we have Ziljzlwijei A
L, (" Na) = Z?ljzl Wijfi/\béj ek/\a—ziljzl wijei/\ek/\Léjoz = 2122:1 wijwjk
e Na+ Z?l]:l wije" Nel Ag,a =P A+ ref Ao = (r+1)€¥ A o, where
we have used the induction hypothesis in the second last equation.

(ii) Now, let us prove that for each s € S,

21
A= Z we;.e;.s =ls. (2)

ij=1

Using Lemma 2 about the commutator of the symlplectic Clifford multipli-
. . 21 ij 2 ij

cation, we can write A = 37, wej.ej.s = 30w (e —wij)s =

Z?_lj:l wite;.ej.s + Zflzl 10is = — Z?lj:l wie;.ej.s + 2ls = —A + 2uls.

Comparing the left hand and right hand side, we get A = ls.

(iii) Now, we shall compute the value of H.
Forr =0,...,2l and a®s € \"V*® S, we have Hla ® s) = XY (a ®
$)+YX(a®s) = 2122:1 € Ng,a®e;.ej.5+ 2122:1 e, (9 Na)@e;.ej.8 =
Zilj:l 61/\Léja®ei.€j.8+zilj:1 Lé,ieja@)ei.ej.s—z:ilj:l €I \ig, a®e;.e5.8 =
Zilj:l ej/\Lé,ia®ej.ei.s+Zilj:1 a®wijei.ej.s—2ilj:1 N (te; )@ (ej.e5.5—
Wwijs) = Zfljzl «a ®wije¢.ej.s - Zfljzl zwjiej Nga®s=1da®@s—10®s,
where we have used equations (2) and (1) in the last step. O

2.3 Metaplectic structure and symplectic Dirac, Rarita-
Schwinger and twistor operators

After we have finished the algebraic part of this section, let us start describ-
ing the geometric structure with help of which the symplectic Dirac, Rarita-
Schwinger and twistor operators are defined. This structure, called metaplectic,
is a precise symplectic analogue of the notion of a spin structure in the Rieman-
nian geometry.

Let (M?w) be a symplectic manifold of dimension 2! and let us denote
the bundle of symplectic reperes in TM by P and the foot-point projection
of P onto M by p. Thus (P,p, M,G), where G ~ Sp(2[,R), is a principal G-
bundle over M. As in subsections 2.1. and 2.2., let A : G — G be a member

11



of the isomorphism class of the non-trivial two-fold coverings of the symplectic
group G. In particular, G~M p(21,R). Further, let us consider a principal G-
bundle (Q, ¢, M, G) over the symplectic manifold (M,w). We call a pair (Q, A)
metaplectic structure if A : @ — P is a surjective bundle homomorphism over
the identity on M and if the following diagram

OxG—=Q

N

AXA A M

A

PxG——7P

with the horizontal arrows being respective actions of the displayed groups com-
mutes.

Let us mention that a precise obstruction to the existence of a metaplectic
structure over a symplectic manifold (M, w) is the parity of its first Chern class.
A Chern class of a symplectic manifold (M, w) is defined to be the Chern class
of the so called w-compatible almost complex structure which always exists and
on which the Chern class does not depend. See Habermann, Habermann [6]
and Kostant [10] for details on this construction and metaplectic structures in
general. Let us only remark, that typical examples of symplectic manifolds
admitting a metaplectic structure are cotangent bundles of orientable manifolds
(also called phase spaces), complex projective spaces CP**! k e Ny. For more
details, see Habermann, Habermann [6].

Let us denote the vector bundle associated to the introduced principal G-
bundle (Q, ¢, M, G) via the representation p restricted to S by S and call this
associated vector bundle symplectic spinor bundle. Thus we have S = Q x, S.
Further, we shall define the following associated vector bundles. " := Q x, 8/,
7T:=Qx,Tand 7' :=Q x, T

Because the projections p'?, p'!, p?! and the operators X,Y and H are G-
equivariant, they lift to operators acting on sections of the corresponding associ-
ated vector bundles. We shall use the same symbols as for the defined operators
as for their lifts to the associated vector bundle structure.

Now, we are in a position to define the differential operators we shall be
dealing with. Let V be an affine torsion free symplectic connection on M, i.e.,
V is torsion free connection on T'M and Vw = 0. Let us notice that there is no
unique torsion free symplectic connection in contrast to the Riemannian geome-
try, where the Levi-Civita connection is the only one candidate. Obviously, the
chosen connection V induces a principal connection Z on the principal G-bundle
(P,p, M, ). This principal connection lifts to a connection Z on the principal
G-bundle (9,q, M, é) Let us denote the associated covariant derivative on the
symplectic spinor bundle S by V7, i.e., V¥ : T(M,S) — I'(M,TM* ® S), and
call it symplectic spinor covariant derivative. Finally, let us denote the asso-
ciated exterior covariant derivative acting on symplectic spinor valued exterior
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differential forms by d¥° , i.e., d¥° : T(M, \" TM*®8) — T(M, N TM*®35),
r=0,...,2l

Let us consider an operator Dy : I'(M,S) — I'(M,S’) defined by Dy :=
p0V¥. Using this operator, we can define the symplectic Dirac operator ® :
I'(M,S) — TI'(M,S) by the equation

D= —YD().

Further, we can define an operator Ry : I'(M,T) — I'(M, T') by the equation
R, = p21d|vrfM,7)- The symplectic Rarita-Schwinger operator R : T'(M,7) —
I'(M,T) is then defined by
R:=-YR;.

We can also introduce symplectic analogs of two twistor operators known
from the Riemannian geometry. Let us define an operator Ty : I'(M,S) —
I'(M,T) by the prescription Ty = p''V* and call it symplectic twistor operator.
Finally, let us define the second symplectic twistor operator T; : T'(M,S’) —
D(M,T') by Ty = p* d¥ 1y 51

In the next picture, the operators Dg, Ry, Ty and T3 are displayed.

D(M,S) —2% (M, S") °

D(M,T) -2 1(M, T

o

The symbol o indicates a possible further summand according to the decom-
position of /\2 V* ® S, see Theorem 1.

Actually, in the rest of this text, we shall be proving that under the assump-
tion of an anti-commutativity of the preceding diagram, the embedding theorem
(see Introduction) holds. Before doing so, let us recall the following facts. It is
obvious that if V is a flat torsion free symplectic connection, then the Riemann
curvature tensor field R, defined by RS := dvsvs, of V9 is zero. For further
details, see Proposition 3.2.9 in Habermann, Habermann [6].

Example 1: This example is taken almost without any change from Haber-
mann, Habermann [6] and should only illustrates how to deal with the defini-
tions introduced above. Let us consider the symplectic vector space (R?,wp).
Because the bundle of symplectic frames on R? is trivial, there exists only one,
up to an isomorphism, metaplectic structure, namely the trivial principal bun-
dle Mp(2,R) x R? — R2. This implies that also the symplectic spinor bundle S
is trivial. Thus a section of this bundle is simply a function ¢ : R> — Sch(R).
This mapping could be equivalently considered as any mapping ¢ : R? — C
such that for any (s,¢) € R?, we have that x € R +— 9(s,t,z) € C lies in the
Schwartz space Sch(R). Choosing the flat connection V on R?, we obtain the
following prescription for the symplectic Dirac operator ®. Namely,

13



0 92
(DY) (s,t,z) = zxa—f(sjt,x) _ 83:5;

Considering t}%e substitution z = s + ¢, we easily obtain that the function
Y(z,x) == e=*/2h(2) lies in the kernel of the symplectic Dirac operator ® on
(R%, wp), where h is any entire function, z € C and = € R.

In the next text, we shall need the following technical
Lemma 6: For X,Y € I'(M,TM) and s € I'(M, S),

(s,t,x).

V3 (Y.s) = (VxY).s + Y.Vys.

Proof. See Habermann, Habermann [6], pp. 41. O

Let us mention that our definition of the symplectic Dirac operator coincides
with that one in the book of Habermann, Habermann [6]. In the work of
Kadl¢akova [7], symplectic Rarita-Schwinger and symplectic twistor operators
were introduced but for a slightly different geometries, namely for the projective
contact ones. The construction in Kadlédkova [7] is completely parallel to our
construction.

3 Relation of the spectra of symplectic Dirac
and Rarita-Schwinger operators

We start with a simple lemma which we shall use in the proof of the main
theorem (Theorem 2).

Lemma 7: For a symplectic manifold (M,w?) admitting a metaplectic
structure and equipped by an affine torsion free symplectic connection V, the
equation

XVS+dVX =0 (3)

hold on I'(M, S).
Proof. Take a local Darboux coordinates (x!,. .., z?") in a neighborhood U of
apointm € M. Fori =1,...,2l, let us denote the local vector field % by e; and
the exterior differential form dual to e; by €', i.e., € = da?, fori =1,...,2l. For a

symplectic spinor ¢ € I'(M, S), we have (XVS+deX)¢ = 212121 X (€0VE ¢)+
s . . . . .
av (Eflzl €Re;.d) = Zflj € /\el®ej.V§i¢+Zf}j:1(del®e¢.¢—el/\vs(ei.¢)) =
Zflj €l /\ei®ej.V§i¢—Z?’lj:1 €N ®V§j (e;.¢), where we have used the fact that
fori=1,...,2l, de¢ = 0 which follows from the choice of €'’s as exact differential
forms. Further, we have Y7 e/ A€ @ ;. VS ¢ — 31, € Nel @ V5 (e,.0) =
Z?lj N ®e; Vg — Z?lj:l N @ ((Ve, )0 — ei.V‘gqu), where we have
used Lemma 6. Now, we can write Zflj dNE®eVEP— Eflzl ENne ®
((Ve,ei).0 — ei.ij@ = Zflj e ANE®e; V- 212121 ENne ® (Fé?iek).qﬁ -
Z?lj:l ei/\ej®ei.v;i, ¢, where I‘fj, 1,7,k =1,...,2l are the Christoffel symbols of
the symplectic connection V. Using the fact that V is a torsion free connection,
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we have that I‘fj = I‘?i, and thus the term with I' vanishes being a contraction
of symmetric and antisymmetric tensor fields. Renumbering the indices in the
last term, we get precisely the first one. Thus the relation XV + VX =0
holds. O

For some technical reasons, let us introduce the following notion. Let (M, w)
be a symplectic manifold admitting a metaplectic structure (Q, A) and let V
be an affine torsion free symplectic connection. Then 0 # s € I'(M, S) is called
symplectic Killing spinor if

Vs = A\Xs

for some A\ € C. In this case, A is called symplectic Killing number. Let us
denote the set of symplectic Killing spinors by Kill and the set of symplectic
Killing numbers by Kill. As a short-hand, we shall use the symbol Eigen(A) for
the eigenfunctions of an operator A and the symbol Spec(A) for its spectrum.

Example 2: Let us consider the equation for a symplectic Killing spinor
field on the symplectic manifold (R?, wp). For a discussion of the metaplectic
structure on this manifold, see Example 1. Let ¢ : R? — Sch(R) be a symplectic
spinor. Instaed of ¢, consider the associated 1 : R?® — C as in the Example 1.
The symplectic connection V¥ associated to the flat connection on R? takes the
form V¢ = €' ® 22 + 2 ® %2, where (s, t) are the canonical coordinates on R2.
Obviously, we have also X¢ = ¢! ® e1.0 + €2 @ e2.¢0 = €' @ 12d + 2 @ %. The
equation for a symplectic Killing spinor is equivalent to the following system of
partial differential equations:

oY _\0¢
ot " ox
oy

95 = ).

It easy to see that in this case, Kill = {0} and each symplectic Killing spinor ¢
is constant. More precisely, ¢(s,t) = f, where 0 # f € Sch(R) and (s,t) € R2.
Thus, the situation is very similar to the orthogonal case.

Theorem 2: Let (Mgl,w) be a symplectic manifold of dimension 2[, [ > 2,
admitting a metaplectic structure (Q,A) and V be an affine torsion free flat
symplectic connection.

(1) If s € Eigen(®D)\Kill, then Tps € Eigen(®R).
(2) If X € Spec(D)\ — ol (Kill), then 52X € Spec(R).
Proof. We prove the statement of the theorem in the following four items.

(i) Because the flatness of V implies the flatness of V¥, we have in particular,
0 = p?' RS = p?1dV° VS = 0. Thus we have 0 = p?1dV° VS = p21dV" (pl04
p'1)VS. The last relation clearly implies

Ti:Dy+RiTy = 0 (4)

i.e., the mentioned anti-commutativity.
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(i)

(iii)

Let s € I'(M,S) be an eigenvector of the symplectic Dirac operator D,
ie., s # 0 and there exists a complex number A € C such that ®s =
As. Applying the operator X on the last written equation and using the
definition of Dirac operator, we get

— XY Dys = AXs (5)

Now, let us choose a local symplectic frame {e;}?., and its dual lo-
cal coframe {¢'}?L,. Due to the definition of Dy, we know that Dys €
I(M,S’). Thus using Lemma 3, there exists an element ¢ € T'(M,S)

such that Dys = 327" | € © e;.¢ holds locally. We may write —XY Dys =
XY (X2 @end) = —X (X0 te,€'ej.ei.0) = —X (X, wiiej.ei.d).
Using equation (2), we get —X(Zflzl witej.e;.¢) = —X (i) = —ul 212121 €®
e;.¢ = —ilDgs. Thus we have

—XY Dys = —ilDys (6)

Combining equations (5) and (6), we obtain

Dys = %xS (7)

In this item, we prove that
X +XTy = 0 (8)

Due to Lemma 7, we have 0 = XV + v X. Applying the projection p?!
to this equation, we get 0 = p?! (X V* + deX) =p X (p'% + p'H VS +
p?1dV° X = pP X ploVS 4 p2t XpltVS 4 p21dV’ X = 0+ XTy+T1 X and the
relation (8) follows. In the last equation, we have used that the mapping
P Xrousy : T(M,8") — T'(M,T") is zero which follows from the fact
that p?' X is C:'—equivauriaunt7 and S’ and T’ have no irreducible submodule
in common.

Now, let us take the eigenvector s of the symplectic Dirac operator chosen
above. Using the definition of the symplectic Rarita-Schwinger operator,
we have RTys = —Y R1Tys. Further, we can write —Y R1Tps = YT1Dgs =
12YT1 X s, where we have used equation (4) and (7). Equation (8) im-
plies that z%YTlXS = —z%YXTOS. Using the relation {X,Y} = H, we
have —13Y XTps = —13(—XY + H)Tps = —12(—XYTys + HTps). Due
to the definition of Ty, we know that Tps € I'(M,T). Restricting Y to
(M, T), we get a G- invariant operator going from I'(M, T) to I'(M, S),
which must be zero because T and S have no irreducible submodule in
common. Thus in particular, we have YTys = 0. Using this fact together
with the fact that H acts by the +(I — r)th multiple of the identity on
symplectic spinor valued exterior differential r-forms (see Lemma 5), we
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have —13(—XYTos+ HTps) = —12(0+1(1 — 1)Tps) = E2 ATs. Summing
up, we have obtained that

ER(T()S) = I_Tl)\TQS

The last thing which remains to check, is that Tjs is nonzero. Suppose that
Tys = 0 for a contradiction. For the eigenvector s of the symplectic Dirac
operator chosen above, we have Dys = z%X s, see equation (7). Using the
definition of Dy, we get p'°VSs = Dys = Z%Xs. Because we suppose that
Tos = p''V¥Ss = 0, we obtain that Vs = (p!04p!) Vs = z%Xs—i—O. Thus
s is a symplectic Killing spinor (and z% is a symplectic Killing number),
which we have excluded in the formulation of this theorem. [J

Let us notice that the assumption RV = 0, where RV is the Riemann cur-

vature tensor field of V, could be weakened to p?* R® = 0 in order Theorem
2 remains true. (Analyzing this condition, one finds out that it is satisfied by
certain broader class of symplectic manifolds then the flat ones.) Let us also
remark that in Rudnick [15], the case of the sphere S? (equipped by the unique
metaplectic structure and the Levi-Civita connection of the round metric) is
treated. In particular, a few eigenvalues of the corresponding symplectic Dirac
operator are computed there. Thus Theorem 2 enables us to compute at least a
part of the spectrum of the symplectic Rarita-Schwinger operator in this case.
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