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1. Introduction

Classical Clifford analysis is usually defined as a function theory generalizing
complex analysis to the case of arbitrary dimension m € Z (considered as a
formal parameter). Note that the case m < 0 corresponds to super Clifford
analysis, see e.g. [7] and the references mentioned therein. At the same time,
Clifford analysis is a refinement of classical harmonic analysis in R™. The
main operator of interest, lying at the very heart of this function theory,
is the so-called Dirac operator. This is a conformally invariant first order
differential operator, acting on spinor-valued functions. Note that one often
focusses on the rotational invariance with respect to the spin group or its
orthogonal Lie algebra so(m). We refer the interested reader to the standard
references [1, 8, 13], in which this Dirac operator is studied from a function
theoretical point of view (i.e. studying polynomial null-solutions, integral
representations, special functions, etcetera).

Within the general theory of Riemannian spin manifolds, there exists
an entire system of conformally invariant elliptic first order differential op-
erators D, see [3, 12, 17, 18]. In recent years, Clifford analysis has shown
to offer an elegant framework to study the aforementioned function theo-
retical problems not only for the Dirac operator, but also for far-reaching
generalizations of it, acting on functions which take their values in arbitrary
half-integer irreducible spin-representations. The earliest generalizations in-
volved the so-called Rarita-Schwinger operator (shortly: the RS-operator),
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again inspired by equations coming from theoretical physics. In e.g. [4, 5] one
can find the function theoretical fundaments for spin-invariant operators act-
ing on functions taking values in irreducible modules of so(m) with highest
weight (I + %, %, e ,%), where [; > 1.

The present paper is part of a program to study general spin-invariant
operators and their polynomial solutions, in which both the dimension and
the highest weight of the space of values are treated as parameters. In a
recent paper [9] we have established explicit definitions for these operators,
which we will refer to as higher spin Dirac operators (or HSD-operators for
short), as operators acting on spinor-valued functions in several variables.
A special case is the operator 9y, ;,, constructed and studied in [2], which
acts on polynomials taking values in irreducible so(m)-representations with
highest weight (l1 + %,lg + %, % e ,%), with I{ > 15 > 1.

Rotationally invariant differential operators are usually constructed us-
ing the Stein-Weiss method [18]: this means that one acts with the gradient
operator V on functions f(z) taking values in the desired representation V
for the orthogonal Lie algebra (adding a suitable conformal weight in case
the resulting operators are meant to be conformally invariant). In view of
the fact that Vf(x) transforms as an element of C™ ® V under so(m), it
then suffices to make a suitable projection on the irreducible summands ap-
pearing in the tensor product (roughly speaking: ‘monogenics times vectors’
in our case of interest) in order to find invariant operators. In these cases
(i.e. for half-integer highest weight representations), there is an alternative:
instead of acting with the gradient one can also act with the Dirac operator
0, hereby fully exploiting the power of the Clifford multiplication. From the
point of view of invariant operators, the Dirac operator is (strictly speaking)
only defined on spinor-valued functions (i.e. for V the spinor space), which
is why this method is referred to as the ‘twisted Dirac operator method’.
The word ‘twisted’ hereby captures the idea that the Dirac operator acts on
functions taking values in the ‘wrong’ space. One is then again led to a tensor
product, which is however different from the one mentioned above (roughly
speaking: ‘harmonics times spinors’). In the present paper, we will show that
HSD operators can also be constructed using twisted operators ‘of a lower
order’ (to be clarified in what follows): instead of working with the gradient
or Dirac operator, we thus choose yet another operator acting on functions
with values in V, hereby again reducing the construction of invariant opera-
tors to a tensor product. However, as we will see, this time the tensor product
will only contain two relevant components (which is considerably less than
the number of components obtained using e.g. the twisted Dirac operator).
In a sense, this approach leads to an inductive pattern (which was already
mentioned in [9], although there it was a purely formal observation, which
we now elaborate from the representation theoretical point of view), which
will in its own term be exploited when constructing null solutions (in an
upcoming paper).
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The outline of this paper is as follows. In Section 2, we will give some
general results and notations from Clifford analysis. This will turn out to be
very useful for our purposes, since arbitrary irreducible half-integer represen-
tations for the spin group can be realized by means of polynomial models in
the language of Clifford analysis. In Section 3, we will introduce the twisted
Dirac operator and its use in higher spin analysis. In Section 4, the twisted
RS-operators are defined and used to obtain an alternative realization for the
operator Q;, ;,. We have chosen to include this operator as a special case,
in order to illustrate the more general procedure from Section 5, in which
the operators &y, ... ;, are obtained through an inductive procedure involving
twisted HSD-operators.

2. Clifford analysis background

Let R,, be the universal Clifford algebra generated by an orthonormal basis
(eqs.--,€,,) for the m-dimensional vector space R™ and let C,, = R,, ® C
be its complexification. The multiplication in these algebras is governed by
the relations e;e; + e;e; = —20;; for all 4,5 = 1,...,m. Any vector z =
(21,.. xm) € Rm Wlll be identified with the correspondlng Clifford vector
x = Z] 1 Zje;. Inside the complex algebra C,,, one can then realize the
so-called spinor space S as a minimal left ideal, see e.g. [8] for the explicit
definition. For odd dimensions m, the vector space S defines a model for the
basic half- integer representation for the spin group described by the highest
weight (27 51 %) under the action 1) — s, for all ) € S and s € Spin(m).
Note that the spin group itself can be realized inside the Clifford algebra by
means of

Spin(m) = S—HSJZ]CGN,SjESm_l ,

where S™~1 C R™ denotes the unit sphere in R™. In even dimensions
m, the spinor space S = ST @ S~ is reducible and decomposes into a di-
rect sum of positive and negative spinors. Both spaces are irreducible under
the multiplicative action of Spin(m), with highest weights (2, TR %) and
(%, %, e ,%, f%) Lying at the core of Clifford analysis is the unique con-
formally invariant elliptic differential operator acting between spinor-valued
functions, known as the Dirac operator:

m

= Z gjaw
j=1

This operator factorizes the Laplace operator A, = —Qi, reflecting the state-
ment that Clifford analysis refines harmonic analysis on R™. Note that in
case of even dimensions m the Dirac operator acts as a linear map 0,

C>®(R™,S*) — C°>(R™,S¥), which means that the action of this operator
changes the parity of the spinors. For the sake of notational convenience, we
will therefore restrict ourselves to the odd-dimensional case in this article.
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Note however that the even-dimensional case is not conceptually different.
One only needs to take into account that also the HSD-operators will change
the parity, and can therefore be expressed in terms of a skew-symmetric ma-
trix.

A crucial piece of information is the fact that not only the spinor space
S, but also other irreducible half-integer Spin(m)-representations can be char-
acterized in the language of Clifford algebras and Clifford analysis, see e.g.
[6]. This is done using the notion of Clifford analysis in several vector vari-
ables u; € R™. Throughout this paper, we will assume that the number of
vector variables k£ < L%J, which means that we will restrict ourselves to the
so-called stable range [14]. From now on, we will denote the corresponding
Dirac operators 9, by 0, and reserve the underlined letter u for ‘dummy
variables’. The notation (-, ) is reserved vor the Euclidean inner product on
R™, which means that e.g. (9,,0,) = 37", 9:,0,,. In order to define our
models for these spin-representations, we need particular classes of polyno-
mials which are introduced in the following definitions.

Definition 1. A function f : RF™ — C: (uy,...,u;) = f(uy,...,u) is called
simplicial harmonic if it satisfies the system
0:,0,)f = 0, foralld,j=1,....k
(u;, 0;)f = 0, forall1 <i<j<k.
The vector space of C-valued simplicial harmonic polynomials which are
homogeneous of degree [; in u; will be denoted by H;, .. i, , or H, for short

(with A = (l1,..., 1)) where, from now on, we assume that i; > --- > [ (the
dominant weight condition).

Definition 2. A function f: RF™ — S (uy,...,up) = f(uy,...,uy) is called
simplicial monogenic if it satisfies the system
o,f = 0, foralli=1,... k
(u;,0;)f = 0, forall 1 <i<j<k.

The vector space of S-valued simplicial monogenic polynomials which
are homogeneous of degree /; in u; will be denoted by &, .. ;, or Sy for short
(A= (l1,...,lr)), where again, from now on, we assume that l; > --- > [j.
The following definition involves weaker conditions on the S-valued functions,
but will nevertheless be crucial in what follows.

Definition 3. A function f : RF™ — S (uy,...,u;) = f(uy,...,u;) is called
monogenic in k variables if it satisfies 0,f =0, for all 1 <i < k.

The vector space of S-valued monogenic polynomials which are [;-homo-
geneous in u; will be denoted by M, . ;, or M, for short (A = (I1,...,k)),
again with [; > --- > [;. Each of these polynomial vector spaces can be seen
as a module for the spin group under the induced regular representation. For
C-valued polynomials, this is the H-action

H(s)P(uy,...,u;) == P(5u;s,...,5u,5), s € Spin(m),
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whereas for S-valued polynomials this becomes the L-action
L(s)P(uq,-..,uy) := sP(Suys,...,5u.s), s € Spin(m).

In e.g. [6, 13], it was proven that under this action, the Spin(m)-modules
Hi, ... 1, define a model for the irreducible highest weight representation char-
acterized by means of

Hiy g — (oo 1, 0,000 ,0) =0 (Ty, -+ L k),

whereas the Spin(m)-modules Sy, ... ;, define a model for the irreducible high-
est weight representation characterized by means of

1 11 1
Sll,m,lk — <l1+2,"' ,lk+§,§,"' ,2> =: (ll,'~' ,lk)/.

As shown in the notations above, we will omit redundant zeros in the highest
weight, and denote the Cartan product with the spinor space S by means of
a prime. Note that when m = 2n, a parity index needs to be added to the
spaces of simplicial monogenics, according to the one for spinors.

Remark 1. In order for (Iy,...,1;) of (I1,...,lx) to be a Spin(m)-representa-
tion, we need that ly > ls > -+ > i, the so called dominant weight condition.
That is the reason why we imposed this condition on the spaces Sy and Hy.

On functions f(z;uy,- - ,u;) taking values in the vector space Si; ... 4,
we can define operators playing the role of 9, for S-valued functions (the
HSD-operators mentioned in the introduction). These are first order Spin(m)-
invariant differential operators Q,, with A = (I1,-- - , ), uniquely defined up
to a multiplicative constant (they are even conformally invariant, but this
fact will not be needed in the present paper):

QA : COO(Rma‘SA) - COO(Rma‘SA) : f(z;ﬂlv e ;ﬂk) — Qéf(g;yla s >Qk)~
The existence and uniqueness of such (conformally) invariant differential op-

erators follows from e.g. Fegan’s result [12]; their explicit form as an operator
acting on spinor-valued functions in several vector variables was determined

in [9] as
o - (1T (1+ —2% ),
AT H( +m—|—21p—2p) -

A 1
Remark 2. Note that we have to see this product as an ordered product,

because elements in C,, do not necessarily commute. The product above is
taken in the ascending order, from left to right.

In case k = 1, we obtain the well-known Rarita-Schwinger operator (see

e.g. [4]): )
_ Y19y
Q, = (1+ TS _2)5z~

The case k = 2 has been extensively studied as well, see e.g. [11]:

_ T _ U0y
.ty = <1+m—|—2l1—2> <1+m+212—4)3z'
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In the next section, we will develop an alternative approach to construct these
operators inductively, using the notion of twisted higher spin operators.

3. The twisted Dirac operator

In this section we consider the twisted Dirac operator, which can be defined
on Hx-valued functions (for arbitrary A) and enables us to define the afore-
mentioned HSD-operators. More explicitly, we have the following.

Definition 4. For arbitrary integer-valued highest weights A for Spin(m), the
twisted Dirac operator on (Hx ® S)-valued polynomials is defined by means of

AT =1,®09, : C(R™, Hy®S) = C°(R™, Hy ®S).

In order to explain why this operator is so useful to define HSD-operators
acting on Sy-valued polynomials, we invoke the following result.

Lemma 1 (e.g. [10]). As a Spin(m)-representation, the tensor product Hy ®S
can be decomposed as the direct sum of (at most) 212 irreducible Spin(m)-
modules, each one appearing with multiplicity 1:

1 1
oS = P Pli—ir,....k—ir) (1)

i11=0 1, =0

Each summand (I — 41, ...l — i)’ is contained in the decomposition as long
as its highest weight satisfies the dominant weight condition.

Note that it follows from this lemma that Sy is a submodule of H) ® S,
which is precisely what lies behind Definition 4. Note also that all other mod-
ules are isomorphically embedded into the tensor product, but we will omit
the embedding factor (unless explicitly mentioned). Using the method of con-
structing conformally invariant operators by means of generalized gradients
(see e.g. [12, 18]), one can deduce from the lemma above that the twisted
Dirac operator 1) ® 9, can be written as the sum of at most |A| + 1 first
order differential operators: a HSD-operator Q, and (at most) |A| twistor

operators ’TAA_ 5, defined as the unique first order differential operators map-
ping Sy-valued functions to Sy_s,-valued functions. Each of these operators
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is defined through the following scheme:
C®(R™,8y) 4= C=(R™, H) ®S) (2)

C®(R™,Sy) —2a— C>*(R™,S))

ik
7;51
\

T 5, CO(R™, Sy—s,)

i FAY

7—;\—6\

Z(R™,Sx—s,)

C=(R™, Sx-5,)

Here, A — 0; stands for (I1,...,l; —1,...,1;). Note that there are less twistor
operators than summands in the decomposition from Lemma 1, which follows
from Fegan’s result on existence or easy Clifford analysis calculations.

Before we turn our attention to arbitrary twisted HSD-operators, we
will illustrate our approach by means of a low order example: for k = 1 we
encounter the classical Dirac operator, leading by means of its decomposition
to the definition of the RS-operator. Here, Lemma 1 reduces to the classical
Fischer decomposition (this time including the embedding factor):

Hi, ®S = S, DuySiy-1- (3)

Since
Flau) € C¥R™, Sy,) 2 9T f(a;u) € C(R™, Hy, @),

we only need to project 92 f onto the space C>®°(R™,S;,) in order to obtain
an expression for the RS-operator Q,,, in view of Lemma 1. Schematically,
we have:

C®R™,S;,) —9T>C®(R™, H;, ®S)

= o

C®[R™,S;,) —2,—C>*(R™,S,)

\ o

T

-1
C®(R™, S, 1)

Here, we can see that the twisted Dirac operator decomposes into two opera-
tors. These are two natural invariant operators acting on the &;, -valued func-
tions under consideration: the Rarita-Schwinger operator Q;, and a twistor
operator 7711_1 (see e.g. [4]).
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Remark 3. As k increases, it will be harder to obtain a projection operator
on Sy, since the scheme (2) will contain more arrows.

Remark 4. When using 0, to construct Qy,, one actually uses the natural
operator acting on functions taking values in the space “with one dummy
variable less” (here: spinors). This observation has inspired us to follow a
similar approach for more general values.

As illustrated above, explicit realisations for the HSD-operators can be
obtained by decomposing the twisted Dirac operator. However, our main
aim is to eventually describe the polynomial null-solutions for general HSD-
operators. As k increases, the complexity of this kernel space increases as
well (see e.g. [2]). This is why we will use a different approach to construct
HSD-operators in the remainder of this article (using recursion), which will
then lead to an alternative method to determine null-solutions. Instead of
using the twisted Dirac operator, we will construct the HSD-operators using
twisted HSD-operators of ‘lower order’. This will be illustrated in the next
section, where we will use the twisted RS-operator, in order to define the
HSD-operator Qy, 1, (k= 2).

4. The twisted Rarita-Schwinger operator

The main aim of this section is to construct the HSD-operators Qy, ;, using
twisted RS-operators. The classical RS-operator is the HSD-operator of or-
der 1, defined on &;,-valued functions f(z;u,). It is however clear that the
operator Q;,, given by

M1Q1
1 =1 1+— |0
v V®( +m+2z1—2>$’

can act on any function space of the form C*°(R™,V® S, ). Just as for the
Dirac operator, this will then lead to the twisted RS-operator. In this paper,
we will take V = H;,. The reason for this is that we eventually want to
determine the expression for 9, ;, starting from the twisted RS-operator.
This choice will prove to be very useful.

Definition 5. For any highest weight (p1, ..., uk—1) with l1 > w1, we define
the twisted RS-operator by means of

Qlj; =Ly, ep) @ Q1 ¢
COO(Rm,,Hm,...,uk*l oY Sll) — COO(Rm,er,-..,uk,l ® Sll)- (4)

Note that we have chosen not to include the highest weight (1, ..., ik—1) in
the symbol for the twisted RS-operator to avoid overloaded notations, although
the precise definition obviously depends on the choice of these integers.

Remember that 9, ;, acts on functions taking values in &, ;,. Recalling
the meaning of this space as a vector space containing polynomial solutions to
systems of differential equations, it is easily seen that the spin-module S, ;, is
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a subspace of H;, ®S;,. So we can determine Q;, ;, by letting the twisted RS-
operator act on functions in the space C*°(R™, Sy, ;,) and projecting the result
on the very same space afterwards. To prove the uniqueness of this projection,
we need to prove that &, ;, is contained in H;, ® S;, with multiplicity 1. This
is the subject of the following theorem, whose proof is rather technical and
therefore postponed until Section 6.1.

Theorem 1. For each pair of integers Iy > la > 0, we have that Sy, 1, and
Siy,1,—1 are Spin(m)-submodules of H;, @ i, with multiplicity 1.

Let us then start from an arbitrary function f(z;u,us) € C°(R, Sy 1,)-
After applying the twisted RS-operator (4), we obviously get that

Q;";f = (1 + )8wf € ker(9,).

It is no longer true that Qf f € ker(8y, (u;,d,)) but we do have that
qu;f S ker(@la A27 <E17Q2>2) ’

where A, stands for the Laplace operator in the variable u,. This can easily
be seen, due to the fact that Q;"; projects on the kernel of 0;, As commutes

with le; and

Q1Q1
m + 211 — 2

Te_ W0y
<H17Q2>th* m+ 20, _QQxf-

Since we know that the result is harmonic in the variable u,, we can use the
monogenic decomposition (3):

ljlf = Ez +22F12717

where F}, and Fj,_; are both monogenic in u,. Applying 0, on both sides
of the equation, explicit calculations involving the explicit expression for Q;,
lead to

F _ Q2Ql7:f _ _(m+2l1_2)Q2_2<917Q2>Q16f
T T 2l — 2 CLh+m—2)2s+m—2) *
2l +m
= 2 5 (05,0,)f. (5)

@2l +m—2)(2l +m — 2)

Notice that the operator (9,,9,) appearing here is (up to a multiplicative
constant) the twistor operator /11222717 which is the unique first order differ-
ential operator acting between the following spaces:

<Q27Qm> : Coo(Rm’Slhlz) — Cm(RmvsllJz—l)'

Remember that this operator also appeared in the scheme 2 (for k = 2).
Defining 7, [u,] as the projection of the multiplication operator u, on
the kernel of the Dirac operator 0, gives rise to a mapping

U104

W) Uy :COO(RmaSll,bfl) N COO(R'HL’HIQ ®Sll) 7

7, [Us] i= (1 +

we can prove the following proposition.
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Proposition 1. For all integers l; > la > 0 and for all f(z;u;,uy) € C°(R™,

Siyip) with (0,0,)f # 0, there exists a unique constant 7y, € R such that
Ql];f = ¢O + V2Tl [ﬂ2]<Q27Qac>fa

with ¢y satisfying
0100 = Q2¢0 = <Q1;Q2>¢0 =0.

This clearly means that ¢po = Qy, 1, f. This constant is given by

_ 2

o 2 4+m—4 "

Proof. Let us consider a function f € C*(R™,S;, 1,) with (95,9,)f # 0, and

define ¢ by means of

¢0 = Q,llif - 7127Tl1[ﬂ2]<Q2’Qm>f € COO(Rmlez ®Sll) )

where the constant 5 is to be fixed in such a way that ¢y indeed satisfies
the requirements mentioned above. In view of the fact that qu; f € ker Ag,
we can use (3) to arrive at

iz

ljlf = Ez +g2Fl2717
where both functions F; are homogeneous of degree ¢ and monogenic in u,.
Applying the Dirac operator 9, on both expressions for Q;fl f gives us:

(2l1 + m)(2la +m — 2)
20, +m —2 (02, 8:)f-

—Q2la+m—2)F,_1 = 03¢0 — i,

Using equation (5), we thus get that

Oypo = - 0y, 0,) f.
a0 (712 2 +m— 2 2 +m—2 (02, 9:)f
If we choose 5
R -y
one immediately sees that the proposition holds. ([
Remark 5. If f € C*°(R™,S;,1,) Nker(d,,0,,), the proposition above reduces
to
Ql f €CP(R™, 81, 1,) -

Note that the operator 7,7, [us](05,0,) is nothing but the operator

77?;2{1 = (0,,0,) and an embedding factor ~;, ), [u,], which means that we

get the following scheme for the action of Q;‘q (up to isomorphic embeddings):

Coo(Rma 811,12) 7qu1> COO(Rma le & Sll)

c= (Rm’ Sll ,lz) —Qiy.1,> C™ (Rm’ 811712)

l1,l2
11,051
1la—1

COO(Rmv‘Sll,lQ—l)
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Due to Theorem 1, this decomposition is unique.

5. The twisted higher spin Dirac operator

Similar to the derivation of 9y, ;, in the previous section, we can now obtain
an explicit realization for the most general HSD-operators, using a related
twisted HSD-operator of ‘lower order’. Suppose A = (l1,...,l;), with [; >

- >l > 0. The standard HSD-operator in k vector variables was defined
as the first order differential operator:

QA : Coo(Rm,SA) — COO(Rm,SA).
Just as for the twisted RS-operator, we introduce the following definition.

Definition 6. The twisted HSD-operator Qi is the operator
Ql =1y ® Q) :CP(R™, V@ S8)) = C*(R™, VRS, , (6)

acting on V-valued simplicial monogenics. Note that we again prefer not to
mention this space Y explicitly in the symbol for the twisted HSD-operator,
in order to avoid overloaded notations.

Once again, note that the difference between the ordinary HSD-operator
and its twisted version lies in the values of the functions f(z) these operators
are meant to act on. The ‘twisted’ refers to the fact that this operator acts
on a ‘bigger’ space than the canonical domain of the ordinary HSD-operator.
Now, let AT = (l1, .,k lk41) be a dominant highest weight. In order to use
this twisted HSD-operator to construct more complicated HSD-operators,
one must choose V in such a way that S+ C V® Sy. We will prove that
V =H ., with I > l1 > 0, fits this purpose.

In view of our polynomial models, it is easily seen that Sy+ indeed is
a subspace of the tensor product H;, , ® S). In order to obtain a HSD-
operator Q,+ which is well-defined, we need to prove that S+ is contained
in this tensor product with multiplicity one.

Theorem 2. Defining the (dominant) highest weights
A=, eyl — 1) and AT =(1y, ...l eyr)

both Sy~ and Sy+ are contained in My, ., ® 8,1, as a submodule with
multiplicity 1.

Because the proof for this theorem is again rather technical, it is post-
poned until the last section. Let us now consider a function f € C*°(R™,Sy+).
When applying the twisted HSD-operator Q% on this function, we get that

1= ({2 w))o
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is an element of ker(9y, ..., 0%, (u;,05), ..., (uy_1,0)). However, it does no
longer belong to ker(9y 1, (4, 0y41))- Denoting the Laplace operator in u;,
by means of A1, one can easily prove that

Qif € ker(Ak-i-l? <Qk7Qk+1>2) )
since Agy1 commutes with Q{, and

k—1

<@k7Qk+1>Q§f = — H (1 +

i=1

u; 0; ) U0k i1 o f

m+2l;, —2i ) m+ 2l — 2k

This implies that Qi f takes values in H;,,, ® S) and explains our choice for
Vin (6). In order to derive the explicit expression for the HSD-operator Q,+,
we thus need the projection of QI f on C*° (R™,S,+). Since we know that
Qi f is harmonic in u;_ ;, we can use the monogenic Fischer decomposition
(3) in this variable:

T ¢ _
QAf - Flk+1 +@k+1F‘lk+1*17

where both functions F}; are monogenic of degree j in the variable wuy .
Applying 9y, on both sides of this equation then yields

7 A
lkr1—1 — 4771 + 2lk+1 + 9
Further calculations on the right-hand side of the latter expression lead to
1 m+2l; —2(i —1)
F,.,.1 = - 01110
te1—1 m+2lk+1—|—2£[1 m4 2, —2i CFtE of

ﬁ m+ 20— 2(i — 1)
m+2lk+1—|—2: m+2l; — 21

Or11,8,) 1 (7)

For the operator appearing in the last equation, we have the following aux-
iliary result.

Lemma 2. The operator (0y1,0,) is (up to a multiplicative constant) equal
to the twistor operator defined by means of

Tf_ Co(R™,Sy+) — CP(R™, Sy ).

Next, let us define my[u;, 4] as

k
u;0;
AU ] = H (1 + Y +72l» — 22-) Uy 1
(2

i=1
In other words: this is the simplicial monogenic projection of the multiplica-
tion operator u; , ;, defined by means of

Tl 1] : C(R™, 8y-) = CF(R™, Hyyy, @ Sy) -

One can then prove the following generalization of Proposition 1.
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Proposition 2. For all integers 1 > lo > ... > l41 > 0 and for all f €
C>®(R™,Sy+) with (04,41,0,)f # 0, there exists a unique constant vy, ,, € R
such that

ng = ¢o + fylk+1ﬁﬁ[@k+1}<Qk+17Qx>f7
with ¢o € C*°(R™,S\+). This clearly means that ¢o = Qy+ f. The constant
oo .f 2
is gwen by Vi, = S Fm e

Proof. Define a function ¢y by means of

¢0 = Qif - 7lk+1ﬂ—A[Qk+1]<Qk+1ﬂQm>f )

where the constant vy, ,, is to fixed in such a way that ¢y meets the require-
ments of the proposition. The Fischer decomposition for Sy-valued harmonic
polynomials gives us that

T
QAf = Flk+1 +Qk+1Flk+1—17

since sz € ker Ag41. Applying the Dirac operator 9, on both sides of
the equality gives us that

7(2lk+1 +m— 2)Ek+1—1 =

k .
21i+m—2(’é— 1)
Qk+1¢0 = Vg1 H ( A +m— 2
i=1 ’

Using (7), we then get that
Opy190 =

) (m+ 2 — 20) Dy 1, D).

(Vi @1 +m —2(k+ 1)) = 2) ||

i=1

2li+m—2(i—1)
2[14’771721.

) O 2207

If we choose 5

21k+1 + m — 2(/€ + 1)7
one can directly verify that the proposition holds. ([

Ny =

Schematically, we can represent this decomposition as follows:

C®(R™,Sy+) —ef>C®(R™, Hy,,, ®S»)

CX(R™, Syr) —Qar—>=C=(R™, Sy+)
(Q’HPQ&
C*(R™,S,-)

Remark 6. In case f € C*°(R™,Sy+) Nker(9;,1,9,), the proposition above
immediately reduces to

Q1 f €C®(R™,8y+) -
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6. Technical proofs

In this section, we have gathered the proofs for technical results which were
omitted in the preceeding text.

6.1. Representations of order 2
Let us first take a look at the tensor product H;, ® H;,. It was proven in [16]
that

Lemma 3. For all integers l1 > lo > 0, we have that

lo %
(llvoa"' 70)®(Z2a0a"' 70) g@@(ll-ﬁ*lg—Zl—‘rj,j,O, vo)a
i=0 j=0

where each highest weight refers to an irreducible representation for the spin
group.

We can nicely represent this in the following scheme:

(li,l2) & (1 —1,12-1) & & (1 —l2+1,1) & (1 —12,0)
(1 +12 —3,7) & & (I +12 —25,0)
(I1 +12 —1,1) &) (l1 +12 —2,0)
(I1 +12,0)
(8)

In this decomposition, each summand appears with multiplicity 1. Using this
lemma, Theorem 1 from Section 4 can now be proven.

Theorem 1. For each pair of integers Iy > lo > 0, we have that Sj, ;, and
Sty 1,—1 are Spin(m)-submodules of Hy, ® Si, with multiplicity 1.

Proof. In view of our polynomial models, it is easily seen that S;, ;, is a
subset of H;, ® S;,. It is multiplicity-free, since
Hi, @81, CHiyy, @ Hi, ®S,

and &, 1, only appears as a submodule of H;, ;, ® S, using (8) and (1). The
vector space Sy, 1,1 however, is a submodule of H;, ®H;, ®S with multiplicity
2, since it is both a submodule of H;, ;, ® S and Hy,41,1,—1 ® S, again using
(8) and (1). On the other hand, we also have that

Hi, @ Hi, @S = (Hy, ®Sll) 5> (le ®Sllfl)~

If one can prove that H;, ®S5;, —1 has S;, ;,—1 as a submodule with multiplicity
1, then the theorem is proven. This indeed is the case since

Hiy—1 @ Hi, S = (Hi, ® Si,—1) @ (Hi, ® Siy—2),

and the module &, ;,—1 is contained in the subrepresentation H;, ;,—1 ® S of
the tensor product (H;,—1 ® H;,) ® S with multiplicity 1. It is however not a
submodule of H;, ® S, _2, since

Hi, @812 C Hiy—2 @ Hy, @S,
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and Si, 1,—1 is not a submodule of H;, _2 ® H;, ® S, again because of (8) and
(1). O

6.2. Representations of order k

Let V be an arbitrary representation of Spin(m), or its Lie algebra so(m).
Denote by I'y the finite-dimensional irreducible representation with highest
weight A. The multiplicity of I'y in V is denoted by my(V), and the multi-
plicity of an arbitrary weight p in I'y is denoted by n,(I'y). We will use the
following result (see e.g. [15]).

Theorem 3. If v is a dominant weight such that m,(I'x®T,) > 0, then there
is a weight ' of 'y such that v = X+ p'. Moreover, if this is the case, then
we at the same time have that m,(I'x @ T'),) < nx_,(T',).

Put Ai = (ll, 12, N 7lk7 lk+1—1) and AJF = (lhlg, ey lk, lk+1), as above.
In view of definitions 1 and 2, it is easily seen that Sy+ indeed is contained
as a submodule in the tensor product H;,,, ® Sy, since all polynomials in
Sy+ indeed are simplicial monogenic in the first k variables and harmonic in
uy, +1- Recalling the definition of the projection operator mx[uy 4], it is also
clear that

k
H (1 M 77”&+2l1—2’t> [Qk"'l]'s&_ - Hlk+1 ® Sl1 ,,,,, lis
whence S, - is, up to an embedding factor, also contained in H;, , ® Sy, .1,
We then proceed with the proof of Theorem 2 to obtain uniqueness (in two
parts).

Theorem 2 (I). The vector space Sy~ is contained as a submodule inside
the tensor product Hy, , ® Sy, .1, with multiplicity 1.

We already have shown that my - (H,,, ®8;,,...1,) > 0. Putting A = (I1, ..., lx)’,
= (lg+1) and v = (A7) in Theorem 3, we then need to prove that
na—y(I'y) = 1, which will lead to the first part of Theorem 2. We see that
A—v =1(0,...,0,—lk41 + 1,0,...,0), where the nonzero element is on the
(k + 1)-th position. Due to the action of the Weyl-group, we know that

70,0, ~ i1 +1,0,....0) (Higsr) = 1ty —1) (Hig )

In order to calculate the multiplicity of the weight (Ix4+1 — 1) in the Spin(m)-
representation H;, ,, we make use of Freudenthal’s formula, which we state
in the following theorem (in a form adapted to our needs).

Theorem 4. Let I'y be an irreducible representation with highest weight A for
g = so(m). The multiplicity n,(I'x) of the weight p in 'y is given recursively,
by means of

(20— o+ 8+ A =2 mu @) =2 3 S+ aa, anysaa(T) -

aEA+Ta>1
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Hereby, 6 stands for half the sum of the positive roots, {-,-) is the Killing
form and AT is the set of positive roots.

In our case, i.e. for the Lie algebra so(m) = so0(2n + 1), we get

At ={(1,0,...,0),(0,1,0,...,0),...,(0,...,0,1),
(1,1,0,...,0),(1,0,1,0,...,0),...,(0,...,0,1,1),
(1,-1,0,...,0),(1,0,—1,0,...,0),...,(0,...,0,1,—1)}.  (9)

and the Killing form is the standard inner product. Thus § = (n — %,n —
3....,%), with m = 2n + 1. Putting A = (lg41,0,...,0) and p = (lgy1 —
1,0,...,0), the left-hand side of the Freudenthal formula becomes 2(lx41 +
n —1)n,(Ty). In order to determine the right-hand side of the equation, it

suffice to note that the only non-trivial u + aa that will appear in the sum
are of the form

(rs1,0, ., 0), (lgr — 1,1,0,...,0), ., (logr — 1,0,...,0,1),
where v is (1,0,...,0),(0,1,0,...,0),...,(0,0,...,0,1) respectively, and a =

1. There are no other possibilities, in view of the following classical result.

Theorem 5. If A\ = (\1,...,\x) is the highest weight of an irreducible repre-
sentation Ty, and p = (p1, ..., pux) s a non-trivial weight in Ty, then

k k
ZM‘\ < Z|)‘i|'
i=1 i=1
We then get that

2 Z Z<u+aa,a>nu+aa(f‘>\)

aceAt a>1

= 2lk+1n(lk+1)(r(lk+1)) +2 Z N (leg1—1)+6; (Flk+1)’
i=2
where 0; = (0,...,0,1,0,...,0), with 1 on the i-th position. If one can now
prove that for each 2 < ¢ < n one also has that ng, , —1)4s, (T',,) = 1,
our proof is complete. This indeed is the case, as follows from Freudenthal’s
formula again. Putting A = (Ix41) and u = (lx+1 — 1) + d;, the left-hand side
of the formula becomes 2(Ix41+i—2)n(, , ,—1)+s, (L,.,))- For the right-hand
side, the only possible values for u + aa in the sum are (lgy1), (lg+1 — 1) +
01,5 (lkg+1 — 1) + d;—1. Induction on 7 indeed gives us that

Nl —1)+9; (F(lk+1)) =1,

for each 2 <7 < n.
Finally, we also prove the remaining part of Theorem 2.

Theorem 2 (II). The vector space Sy+ is contained as a submodule inside
the tensor product Hy, ., ® Siy .0, with multiplicity 1.
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Proof. We once again make use of Theorem 3. Putting A = (Iy,...,l;) , p =
(Ip41) and v = (AT)’, this theorem states that

m(A+)’(F(lla-~Jk)' ® F(lk+1)) < n(01-~~707—lk+1707--~70)(F(lk+1))
Due to the action of the Weyl group,

(o,...,0,~lk+1,0,...,0) (F(lk+1)) = n(lk+1)(r(lk+1)) =1,

as this is the multiplicity of the highest weight space. (I

7. Conclusion

In this article, we have shown that we can always deduce the higher spin
Dirac operator in (k + 1) variables from the HSD-operator in 1 variable less,
using a procedure which we have called ‘twisting higher spin Dirac opera-
tors’. This will prove to be an invaluable step towards determining the set
of (polynomial) null solutions of arbitrary higher spin Dirac operators, as we
will elaborate in future work.
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