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1 Introduction

The study of solutions of the Laplace equation or of the Dirac equation, in any
context or setting, is a major topic of investigation. For that purpose, a crucial
role is played by the symmetries of the Laplace operator A or of the Dirac
operator D, i.e. operators commuting with A or (anti)commuting with D.
The symmetries involved and the algebras they generate lead to topics such as
separation of variables and special functions. Without claiming completeness
we refer the reader to [3LI2L[7L[82120].

For this paper, the context we have in mind is that of Dunkl derivatives [I1,
29), i.e. where the ordinary derivative 3— is replaced by a Dunkl derivative
D; in the expression of the Laplace or Dirac operator. One often refers to
these operators as the Laplace-Dunkl and the Dirac-Dunkl operator. The chief
purpose of this paper is to determine the symmetries of the Laplace-Dunkl
operator and of the Dirac-Dunkl operator, and moreover study the algebra
generated by these symmetries.

In the process of this investigation, it occurred to us that it is advantageous
to treat this problem in a more general context, which we shall describe here
in the introduction. For this purpose, let us first turn to a standard topic in
quantum mechanics: the description of the N-dimensional (isotropic) harmonic
oscillator. The Hamiltonian H of this oscillator (with the common convention
m = w = h =1 for mass, frequency and the reduced Planck constant) is given
by

NJ\)—I

N 1 N
Z 52 2, (1.1)
j=1 j=1

In canonical quantum mechanics, the coordinate operators Z; and momentum
operators p; are required to be (essentially self-adjoint) operators satisfying
the canonical commutation relations

i, 2] = 0, [, Ps] = 0, [Zi, ;] = 16i;. (1.2)
So in the “coordinate representation”, where Z; is represented by multiplica-
tion with the variable x;, the operator p; is represented by p; = —i%.
J

Because the canonical commutation relations are sometimes considered as
“unphysical” or “imposed without a physical motivation”, more fundamental
ways of quantization have been the topic of various research fields (such as ge-
ometrical quantization). One of the pioneers of a more fundamental quantiza-
tion procedure was Wigner, who introduced a method that later became known
as “Wigner quantization” [22231[2612829]. Briefly said, in Wigner quantiza-
tion one preserves all axioms of quantum mechanics, except that the canonical
commutation relations are replaced by a more fundamental principle: the com-
patibility of the (classical) Hamilton equations with the Heisenberg equations
of motion. Concretely, these compatibility conditions read

[H,#;] = —ip;, [H,p;] = iz (j=1,...,N). (1.3)
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Thus for the quantum oscillator, one keeps the Hamiltonian , but replaces
the relations by . When the canonical commutation relations
hold, the compatibility relations are automatically valid (this is a version
of the Ehrenfest theorem), but not vice versa. Hence Wigner quantization is
a generalization of canonical quantization, and canonical quantization is just
one possible solution of Wigner quantization. Note that in Wigner quantization
the coordinate operators #; (and the momentum operators) in general do not
commute, so this is of particular significance in the field of non-commutative
quantum mechanics.

In a mathematical context, as in this paper, one usually replaces the phys-
ical momentum operator components p; by operators p; = ip;, and one also
denotes the coordinate operators #; by x;. Then the operator H takes the
form

H:—%Zp?—kéz:x?. (1.4)

So in the canonical case, where z; stands for multiplication by the variable x;,
p; is just the derivative 8@ and the first term of H is (up to a factor —1/2)

equal to the Laplace operator Z 1 p] = Zjvzl % = A. In the more general
J
case, the compatibility conditions read

[H7.'I,‘j] :—pj, [H,pj] :—.’L'j (jzl,,N> (15)
We are now in a position to describe our problem in a general framework:
Given N commuting operators x1,...,TN and N commuting operators

P1,...,PN, consider the operator H = —pr] + = ij, and sup-

pose that the compatibility conditions | . hold Classzfy the symme-
tries of the genemlzzed Laplace operator, i.e. classify the operators that
commute with E o

In other words, we are given N operators x1,...,xy and N operators p1, ...,
pn that satisfy

1L, 1Sh
§Zpi’xj = pj, §in,pj = —x;. (1.7)
i=1 i=1

Under these conditions, the first problem is: determine the operators that com-
mute with the generalized Laplace operator

N
A=) "pl (1.8)
i=1



4 Hendrik De Bie et al.

Our two major examples of systems satisfying and are the
“canonical case” and the “Dunkl case”. Another example can be found in
the context of discrete counterparts of the Laplacian [I0].

For the first example, z; is just the multiplication by the variable z;, and
p; is the derivative with respect to x;: p; = 8%1_. Clearly, these operators satisfy
and , and the operator A in coincides with the classical Laplace
operator.

For the second example, x; is again the multiplication by the variable x;,
but p; is the Dunkl derivative p; = D;, which is a certain differential-difference
operator with an underlying reflection group determined by a root system
(a precise definition follows later in this paper). Conditions still hold:
the commutativity of the operators x; is trivial, but the commutativity of
the operators p; is far from trivial [TIL[13]. Following [I1], also the conditions
are valid in the Dunkl case. The operator A in now takes the form
Zil D? and is known as the Dunkl Laplacian or the Laplace-Dunkl operator.
By the way, it is no surprise that the operators z; and D; do not satisfy
the canonical commutation relations. It is, however, very surprising that they
satisfy the more general Wigner quantization relations (for a Hamiltonian of
oscillator type).

So the solution of the first problem in the general context will in particular
lead to the determination of symmetries of the Laplace-Dunkl operator.

Since we are dealing with these operators in an algebraic context, it is
worthwhile to move to a closely related operator, the Dirac operator. For this
purpose, consider a set of N generators of a Clifford algebra, i.e. N elements
e; satisfying

{67;, 6]'} = 62(5”'

where {a,b} = ab + ba denotes the anticommutator and € is +1 or —1. The
generators e; are supposed to commute with the general operators z; and
p;. Under the general conditions and (L.7)), the second problem is now:
determine the operators that commute (or anticommute) with the generalized
Dirac operator

N
szeipi~ (1.9)
i=1

Obviously, this is a refinement of the first problem, since D* = ¢ A.

For our two major examples, in the canonical case the operator is just
the classical Dirac operator; in the Dunkl case, the operator is known as
the Dirac-Dunkl operator.

In the present paper we solve both problems in the general framework
7, and even go beyond it by determining the algebraic relations sat-
isfied by the symmetries. In section [2] we consider the generalized Laplace op-
erator A and determine all symmetries, i.e. all operators commuting with A
(Theorem . Next, in Theorem the algebraic relations satisfied by these
symmetries are established. For the generalized Dirac operator D, the deter-
mination of the symmetries is computationally far more involved. In section [3]
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Theorem classifies essentially all operators that commute or anticommute
with D. In the following subsections, we derive the quadratic relations satisfied
by the symmetries of the Dirac operator. The computations of these relations
are very intricate, and involve subtle techniques. Fortunately, there is a case
to compare with. For the Dunkl case, in which the underlying reflection group
is the simplest possible example (namely Z'), the symmetries and their al-
gebraic relations have been determined in [7l[8] and give rise to the so-called
(higher rank) Bannai-Ito algebra. Our results can be considered as an exten-
sion of these relations to an arbitrary underlying reflection group, in fact in
an even more general context.

2 Symmetries of Laplace operators

We start by formally describing the operator algebra that will contain the
desired symmetries of a generalized Laplace operator (1.8), as brought up in
the introduction.

Definition 2.1. We define the algebra A to be the unital (over the field R or
C) associative algebra generated by the 2N elements x1,...,xn and p1,...,pN
subject to the following relations:

[‘T’ia z]] = 07 [vap]] = 07
1 1
2 2
B R RS
i=1 i=1
Note that an immediate consequence of the relations of A is
[l'i,pj] = [miv 7[Ha x]]] = 7[[xi7H]7xj] = *[pi,l'j] = [xjapi]a
where H is given by ([L.4]). This reciprocity

[zi,pj] = x5, pi] (2.1)

will be useful for many ensuing calculations, starting with the following theo-
rem.

Theorem 2.2. The algebra A contains a copy of the Lie algebra sl(2) gener-
ated by the elements

N
|| 1 2
P s
i=1
satisfying the relations

L M R R [

(2.2)

|
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|
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Proof. By direct computation we have

1 1 1< 1<
1A 1l = 1300400 = 23 (A w wiy = 5 D fpwi).
i=1 i=1 i=1
Using the commutativity of p1,...,px and relation (2.1)), we have
1N 1N
i=1 j=1 i=1 j=1
1NN
=3 Z Z {(pi(zip; — pji) + (wip; — pjxi)pi), ;i }
i=1 j=1
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In the same manner, using now the commutativity of z1,...,zxN, we find
[E, |2|*] = 2|z O

In the spirit of Howe duality [I819], our objective is to determine the sub-
algebra of A which commutes with the Lie algebra sl(2) realized by A and |x|?
as appearing in Theorem [2.2] As mentioned in the introduction, the element A
corresponds to a generalized version of the Laplace operator, which reduces to
the classical Laplace operator for a specific choice of the elements p1,...,pyx. In
the (Euclidean) coordinate representation, |z|? of course represents the norm
squared.

2.1 Symmetries

As py,...,pN are commuting operators, by definition they also commute with
A. However, in general they are not symmetries of |z|?. An immediate first
example of an operator which does commute with both A and |x|? is given
by the Casimir operator (in the universal enveloping algebra) of their s[(2)
realization

2 =F?-2E — [z]*A € U(s1(2)) C A. (2.3)

Note that this operator is of the same order in both z1,...,zx5 and p1,...,pN
as it has to commute with both A and |z|?. More precisely it is of fourth
order in the generators of A, being quadratic in z1,..., 2y and quadratic in
P1,---,PN- We now set out to consider the most elementary symmetries, those
which are of second order in the generators of A.
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Theorem 2.3. In the algebra A, the elements which are quadratic in the
generators xi,...,xN and p1,...,pN, and which commute with A and |z|?
are spanned by

Lij = il'ipj — {Ejpi, Cij = [pi,(Ej] :pixj — Cijz' (Z,_] S {].7 .. ,N}) (24)

Note that when ¢ = j we have L; = 0, while C;; = [p;,x;] does not
necessarily vanish. Moreover, as L;; = —Lj;, every symmetry L;; is up to a
sign equal to one of the N(N — 1)/2 symmetries {L;; | 1 <i < j < N}. By
relation (2.1)), C;; = Cj; and thus we have N(N +1)/2 symmetries {C;; | 1 <
i < j < N}. In total, this gives N? generically distinct symmetries.

Proof. We first show that L;; and C;; as defined by (2.4]) are indeed symmetries
of A and |z|?. As A commutes with py,...,py and using condition (I.7)), we
have for 4,5 € {1,...,N}

(A, xipj—xjpi] = x;[A, p;|+[A, xi]p; — 5 [A, pi]| — [A, x]pi = 2pip; —2pip; = 0.

In the same manner we have [A, p;z; — z;p;] = 0. The relations for |z|? follow
similarly.

Now, a general element S € A quadratic in the generators x1,...,xy and
P1,---,pnN is of the form

S = Z(aijxipj + bijpir; + cijwir; + dijpipg) ,
(2%

where ¢ and j are summed over {1,..., N} and a;j,b;;,c;j,d;; are scalars.

Using relations (1.6) and (1.7), we have

1
7145 = > (aipip; + bijpip; + cij(zip; + piz;))
0,J
= Z cij(zipj + piw;) + Z(au‘ + bii)p; + Z(aij + aji + bij + bji)pip; -
i i i<j

In order for this to vanish, the coefficients must satisfy a;; +b;; = 0, ¢;; = 0 for
all 4,5, and a;; + aj; + b;; + bj; = 0 for 7 < j, but by symmetry also for i > j,
and by the previous case also for ¢ = j, thus finally for all ¢, 7. The condition
[[x[?,S] = 0 yields the additional requirements d;; = 0 for i € {1,...,N}.
Hence, say a; = —b;; and aj; = —a;; — b — by;, then the symmetry S is of
the form

S = Z bii(pixi—iﬁipi)-i-z:(aij (@ipj—x;pi)+bij(pixj—xjpi)+bji(pjai—x;p;))

i<j

where in the right-hand side we recognize Cj;, L;;, C;; and Cj; + Lyj. O
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2.2 Symmetry algebra

For the following results, we make explicit use of the symmetry C;; = [p;, ;]
being symmetric in its two indices, by relation . This is the case for p;
corresponding to classical partial derivatives, but also for their generalization
in the form of Dunkl operators. We will return in detail to these examples in
section Another consequence of relation pertains to the form of the
other symmetries of Theorem By means of x;p; — pjx; = x;p; — pix; we
readily observe that

Lij = wipj — xpi = pjai — pixj - (2.5)

Given these symmetry properties, the symmetries of Theorem [2.3] generate an
algebraic structure within A whose relations we present after the following
lemma.

Lemma 2.4. In the algebra A, the symmetries (2.4) satisfy the following
relations for all i,5,k € {1,...,N}

[Cijs p] = [Crj, pil, and [Cij, vk] = [Cyj, wi].
Moreover, we also have
Lijpr + Liip; + Ljkpi = 0 = prLij + pjLgi + piLjk,

and
l‘kLij + ijki + .Tiij =0= Lijxk + Lm‘lﬁj + ij:l:i.

Proof. For the first relation, writing out the commutators in [[pk, z;],pi] —
[[pi,xj],pk} we find

PLXP; — TjDkDi — PiPkT; + DiTiPk — PiTiPk + TPiPk + DkDi%j — PkT;Pi-

We see that all terms cancel due to the mutual commutativity of the operators
P1,---,Ppn. The other relation of the first line follows in the same way.

For the other two relations, the identities follow immediately by choosing
the appropriate expression for L;; of and making use of the commuta-
tivity of either z1,...,z5 or p1,...,pN. O

Theorem 2.5. In the algebra A, the symmetries (2.4) satisfy the following
relations for all i,j,k,1 € {1,...,N},

[Lij,Lkl] = Lilek + ijCil + L,ﬂ-Clj + LZJCM (2.6)
=CjpLy + CyLj, + CijLy; + CriLyj

{Lij, Liu} + {Lki, L1} +{Ljx, La} =0, (2.7)

[Lij, Cri] + [Lii, Cit] + [Ljx, Cu)l =0, (2.8)

and
Liijl + Lkile + ijLz'l = L,-jOkl + Lkinl + ijCil . (2.9)
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Proof. We will prove the first line of the first relation, i.e. (2.6, the second
line follows in a similar manner. We have

[xipj — ZjPis TPl — T1p]
= [wipj, xkpi] — [Tips, Tipk) — [2jpis xiepi] + [P0, Tip]
= zi[pj, k|1 + Tr[xi, pilp; — wilps, Pk — 1 [T, PE]D;

— x[pi, xrlpr — wrlzy, pipi + 25(pis Tilpr + 2, Prlpi
= 2;Cjipr — vk Clipj — :Cipr + 11Chip;

—;Cipr + 21Cipi + 2;Cupr — 21Ck;p;.

Swapping all operators p; with C}, we find

[Lij, L] = 2ipiCix + 24 [Cjg, pi] — xp;Cri — 21[Chi, y]
— 2ipCii — 2i[Cj1, pr] + 21p;Cri + 11[Chi, pj]
— x;piCir — [Cir, pi] + 21pi Cij + 21 [Chj, pi)
+ 2,;pkCi + 5 (Cit, p) — 10 Crj — 1[Clj, i)
= 2;piCix — 2kpjCli — 2P Cli + 2pj Chi
—2;mCik + 2xp:i Oy + 2506 Cst — 110 Chj
+ 2 ([Cji, pi] = [Cji pr]) + 21 (= [Car, ps] + [Cij, pi))
- xl( — [Chispj] + [ij,pi]) - xj([Cik,pz] - [Oiz,pk])
= LyCir + LjxCy + LiiCrj + Li;Ch,
where we used Cji, = Ci; and Lemma
The identities and follow by making explicit use of both expres-
sions of for L;;. For the left-hand side of we have
LijLyy + LigLij + Lygi Ly + Lji Ly + L Ly + Ly Ly,
= (wipj — xpi) (P — prx1) + (Tkpr — T1pE) (pjTi — Pivy)
+ (zrpi — ipr) (i — pjwr) + (@500 — 2ip;) (PiTk — Pri)
+ (@3pr — zkp;) (P12 — pit) + (2ipr — Tipi) (Pe; — PiTk)

where again all terms vanish due to the commutativity of py,...,pn.
Working out the commutators, the left-hand side of (2.8)) becomes

Lijlpi, x) — [p1, xk|Lij + Liilpi, 5] — 1, 2] Lii + Ljklpi, 5] — [pr, 2] Ljk
= Lijpixr — piewLij + Lgipixy — pixj L + Ljgpix; — prag Ly
— Lijxppr + xppiLij — Lgiwjpr + x5piLgs — Ljpwipr + ipi Ly .

Hence, plugging in suitable choices for the symmetries L;j, this becomes

(wipj — zjpi)piv — ik (wip; — x5pi) + (Trpi — Tipr)P1T;

— iz (Tep;i — Tipr) + (208 — 2k )P12s — Prs(T;pK — Trpj)
— (pjwi — pivj)wppr + 2rpr(pjri — pivy) — (PiTr — PrTi)T P
+ 2ip1(Pite — Prxi) — (PrTy — piTr)Tipr + Tipi(PRT; — PTE) -
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One observes that all terms vanish due to the commutativity of x1,...,zx
and p1,...,pN respectively.
For the final relation, using the definitions (2.4)) we have

Lij(Lgi — Cri) + Lgi(Ljt — Cj1) + Ljk(Liy — Car)
= Lij(xrp1 — prwr) + Lii(wipr — pjar) + Ljg(@ipr — pimy)
= (Lijoy + Lyixj + Ljgxi)pr — (Lijpe + Lripj + Ljxpi) e,

which vanishes by Lemma [2:4] O

2.3 Examples

Example 2.1. As a first example, we consider N mutually commuting vari-
ables x1,...,xn, doubling as operators acting on functions by left multipli-
cation with the respective variable and p; being just the derivative 9/0z; for
j € {1,...,N}. In this case obviously pi,...,py mutually commute and the
operators of interest are

N 9 N 1 1
_ 2 _ 2 _ 1 1o
A—;—ax?, |z ] —;mi, H 2A+2|w\,
which satisfy
1 0 1
SlA 3] = — =ps, — |z, pi] = —as.
Al =g - =» g llalhsp] = —a

By Theorem [2:3] we have the following symmetries:

Ui
Lz‘j:fﬂii i Cij_‘s“_{ it

83:]'_%83:/ 0 lfl#j

While Cj; is a scalar for every i, j, the L;; symmetries are the standard angular
momentum operators whose symmetry algebra is the Lie algebra so(INV):

[Lij, Lit] = Ludjk + Ljgdi + Liidij; + Lijoi.

This is in accordance with Theorem as in this case evidently C;; = Cj;.

Note that A and |z|? are also invariant under O(N), the group of orthog-
onal transformations on R¥, but these transformations are not contained in
the algebra A.

In the discrete setting of [I0], the symmetry algebra generated by the
discrete angular momentum operators was also shown to be so(N).
Example 2.2. A more intriguing example is given by a generalization of
partial derivatives to differential-difference operators associated to a Coxeter
or Weyl group W. Let R be a (reduced) root system and k a multiplicity
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function which is invariant under the natural action of the Weyl group W
consisting of all reflections associated to R,

oo(2) =2 — 2(z, )/, a€ R,z € RY.
For ¢ € RV the Dunkl operator [I1,25] is defined as

D¢ f() ::a% @)+ > k(a)w

aERy

CHIE

where the summation is taken over all roots in R, a fixed positive subsystem
of R. For a fixed root system and function k, the Dunkl operators associated
to any two vectors commute, see [I1]. Hence, they form potential candidates
for the operators p1, ..., py satisfying condition . The operator of interest
is the Laplace-Dunkl operator Ay, which can be written as

N
Ay = Z(Dfi)2
i=1
for any orthonormal basis {£1,...,&n} of RY. For the orthonormal basis as-
sociated to the coordinates z1, ...,z N we use the notation

Dif(z) = aa fa)+ 3 kel S0 @) e Ny, 2a0)
x; (a, )
acRy
where a; = (o, &;).

For our purpose, let x; again stand for multiplication by the variable z; and
take now p; = D, for j € {1,..., N}. Besides condition (L.6), condition
is also satisfied (see for instance [ITL25]). We note that the s[(2) relations in
this context were already obtained by [16].

By Theorem [2.3] we have as symmetries, on the one hand, the Dunkl version
of the angular momentum operators

Lij = ZL’Z‘D]‘ — I'JDZ
On the other hand, the symmetries

Cij = [Di,xﬂ = 51-]- + Z Qk(a)aiajaa
a€ERy

consist of linear combinations of the reflections in the Weyl group, with co-
efficients determined by the multiplicity function & and the roots of the root
system. This is of course in agreement with Ay being W-invariant [25]. The
Weyl group is a subgroup of O(N), and in this case the algebra A does contain
these reflections in W.

Note that indeed Cj; = C;, in accordance with relation . Theorem
now yields the Dunkl version of the angular momentum algebra:

[Lij, Lt = LyCjr + LjxCit + LiiCrj 4+ LijCri
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= L0k + Ljk0it + Lridrj + Lijoni
+ Z 2k () (Lyojou, + Likoioy + Ligoyaj + Lijaga;)og.
acRy
This relation states the interaction of the L;; symmetries amongst one an-
other. The interaction between the symmetries Cy; is governed by the group
multiplication of the Weyl group, while the relations for the symmetries L;;

and Cy; follow immediately from the action of a reflection o, € W on the
coordinate variables and the Dunkl operators:

aaﬁzaa(ﬁ) Ous O’a'Dgnga(g) Oq (fERN).
Let {&1,...,&n} denote the orthonormal basis associated to the coordinates
ri,...,TN, then
UO‘L” = Lgn(fi)aa(gj)o'o”
where for £, € RY we define
Ley = (2,9)D, — (&, m)De = 3 (€. 60) (0, 6) Lia
k.l

This allows us to interchange any two symmetries of the form L;; and Cy;.

These results have been considered before, namely for the specific case
W = (Z2)? in [15], and for W = Sy, and also for arbitrary Coxeter group,
in [I4]. Furthermore, relation has been obtained already in the Dunkl
case, and dubbed “the crossing relation” [14].

3 Symmetries of Dirac operators

We now turn to a closely related operator of the generalized Laplace operator
considered in the preceding section, namely the Dirac operator. For an operator
of the form 7 one can construct a “square root” by introducing a set of
elements ey, ..., ey which commute with z; and p; for all i € {1,..., N} and
which satisfy the following relations

{ei, €j} = e;e; + eje; = €20y, (3.1)
where € = +1, or thus for i # j
(61)2 =€==1, e;iej +eje; = 0.

We use these elements to define the following two operators

N N
D= E €;Pi, T = E €;T;,
im1 i=1

whose squares equal
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by means of the anticommutation relations of e1,...,eny and condi-
tion . For the classical case where p; is the ith partial derivative, the
operator D is the standard Dirac operator.

The elements eq, ..., exn in fact generate what is known as a Clifford alge-
bra [24], which we will denote as C = C/(R). A general element in this algebra
is a linear combination of products of eq,...,ex. The standard convention is
to denote for instance ejesez simply as ej23. Hereto, we introduce the concept
of a ‘list’ for use as index of Clifford numbers.

Definition 3.1. We define a list to indicate a finite sequence of distinct ele-
ments of a given set, in our case the set {1,...,N}. For a list A=ay---a,
of {1,...,N} with 0 <n < N, we will use the notation

€A = €g,€q, " €q (3.2)

n

Remark 3.2. Note that in a list the order matters as the Clifford generators
e1,...,en anticommute. Moreover, duplicate elements would cancel out as they
square to € = £1, so we consider only lists containing distinct elements. For
a set A={ay,...,an} C{1,...,N}, the notation ey stands for eq,eq, -+ €q,
with a1 < ag < +++ < Q.

The collection {e4 | A C {1,...,N}} forms a basis of the Clifford algebra
C, where for the empty set we put ey = 1.

Remark 3.3. In general, the square of each individual element e; where
i € {1,...,N} can independently be chosen equal to either +1 or —1. This
corresponds to an underlying space with arbitrary signature defined by the spec-
ified signs. The original Dirac operator was constructed as a square root of the
wave operator by means of the gamma or Dirac matrices which form a matrix
realization of the Clifford algebra for N = 4 with Minkowski signature.

To simplify notations in the following, we have chosen the square of all e;
(i €{1,...,N}) to be equal to € which can be either +1 or —1. One can gener-
alize all results to arbitrary signature by making the appropriate substitutions.

In order to consider symmetries of the generalized Dirac operator
we will work in the tensor product A ® C with the algebra A as defined in
Definition To avoid overloading on notations, we will omit the tensor
symbol ® when writing down elements of A ® C and use regular product
notation. In this notation eq,...,en indeed commutes with z; and p; for all
ie{l,...,N}.

Akin to the realization of the Lie algebra sl(2) in the algebra A given by
Theorem we have something comparable in this case.

Theorem 3.4. The algebra A ® C contains a copy of the Lie superalgebra
osp(1]2) generated by the (odd) elements D and z satisfying the relations

{z,2} = €2|z|? {D,D} =¢2A {z,D} = €2E
[|$|27$] =0 [|x|2,Q] =-2D E 2] =2
[A,Q] =2z [AvQ] =0 [EvQ] =-D
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and containing as an even subalgebra the Lie algebra s1(2) in the algebra A
gwen by Theorem [2.9 with relations

R R

Proof. The relations follow by straightforward computations. By means of the
anticommutation relations (3.1)) one finds that

{z, D} :Z Z ej—i—ZpJeJZa:ez

Mz»

e(zip; + pizi) + Z (zipj — pjTi — T;pi + pitj)eie;.
1<i<j<N

I
—

7

Looking back at (2.2]), the first summation is precisely € 2E, while the second
summation vanishes by relation (2.1)). Moreover, by relation (2.1)) we have

(NN (NN
[]EaQ] = 5 ZZ {pzvxz} pj] = 5 ZZ{pu ["Elap]}}ej
i=1 j=1 i=1j=1
LN LN N
S M IACENEE D9l Port N PR
i=1j—1 j=1 Li=1
and in the same manner [E, z] = z. O

3.1 Symmetries

We wish to determine symmetries in the algebra A®C for the Dirac operator D
which are linear in both x1,...,xx and p1,...,pn. Given the Lie superalgebra
framework, it is natural to consider operators which either commute or anti-
commute with D. Indeed, the Lie superalgebra osp(1]|2) has both a Scasimir
and a Casimir element in its universal enveloping algebra [I]. The Scasimir
operator

5:%(@,;} —¢) € Ulosp(112)) C ABC, (3.3)

anticommutes with odd elements and commutes with even elements. In the
classical case, the Scasimir operator is up to a constant term equal to the
angular Dirac operator I', i.e. D restricted to the sphere. The Scasimir § is a
symmetry which is linear in both x1,...,xx and pi1,...,py and we will get
back to it before the end of this subsection. Finally, the square of the Scasimir
element yields the Casimir element C = S?, which commutes with all elements
of osp(1]2).

Note that another symmetry is obtained by means of the anticommutation
relations of the Clifford algebra. The so-called pseudo-scalar e; - - - ey is
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easily seen to commute with D for N odd and anticommute with D for N
even.

The Dirac operator is defined such that it squares to the Laplace operator,
D? = ¢A. This allows us to readily make use of the properties of A by means
of the following straightforward relations. For an operator Z, we have that

[D,{D,Z}| = D(DZ + ZD) — (DZ + ZD)D = [D*, Z| (3.4)
and
{D,[D, 7]} = D(DZ — ZD) + (DZ — ZD)D = [D*, 7] . (3.5)

A direct consequence of these relations is that every symmetry of the Laplace
operator A yields symmetries of the Dirac operator D.

Proposition 3.5. If Z commutes with A and D* = €A, then the operator
{D, Z} commutes with D, while the operator [D, Z] anticommutes with D.

Letting Z be one of the symmetries of Theorem we indeed obtain

symmetries of D, but they are not of the same order in zi,...,zy5 as in
P1,---,PNn. These symmetries are in fact combinations of the obvious symme-
tries py,...,pny and symmetries which are linear in z1,...,zx and in py, ...,

pn. We set forth to determine the latter explicitly. Hereto, a first observation
is that the elements of the Clifford algebra also commute with the Laplace
operator, by definition as it is a scalar (non-Clifford) operator. For A a list of
distinct elements of {1,..., N}, we have

D(Des £ esD) F (Dea £ eaD)D = [D? eq] = 0.

The explicit expression of these operators follow from the anticommutation

relations (3.1)) as

N
eaD=cay per= (-1 "paesea + (=)D pacaea,  (3.6)
=1 acA ag A

with |A| denoting the number of elements of the list A, so

Des— (-1)*eaD =" 2pseqes and Des+(—1)leaD =" 2pseqen,

a€A ag¢A
(3.7)
where (here and throughout the paper) the summation index a ¢ A is meant to
run over all elements of {1,..., N}\ A. Note that for a list of one element A = i,

we have De; + ;D = €2p,. With this information, the relations (3.4 and (3.5)
now also lend themselves to the construction of more intricate symmetries of
both D and z.

Theorem 3.6. In the algebra A® C, fori € {1,..., N}, the operator

N
(Z elCli — €i> (3.8)
=1

Oi = ([D,7] —e;) =

DO | ™

5 (ia] —e) =

N

anticommutes with D and x.
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Proof. The equalities in (3.8]) follow immediately from relation (2.1f), that is
Cij = [pi,z;] = [pj,zi] = Cji. By direct computation, using (3.5) and the
anticommutation relations (3.1)), we have

[D,01} = S{D.[D. 2} — e5{D,ei} = 1A ] —pi =0,

In the same manner, one finds that O; = § ([p;, 2] — ;) anticommutes with
. L]

The symmetries O; with one index ¢ € {1,..., N} defined in (3.8]) can be
generalized to symmetries with multiple indices. Hereto, we define the opera-

tors
D, = Z PaCa and Ty = Z Tqla, (3.9)
acA a€cA
for A a subset of {1,..., N}, and by extension for A a list of {1,..., N} as the
order does not matter in the summation. By means of the operators ([3.9) we
state the following result.

Theorem 3.7. In the algebra A ® C, for A a list of distinct elements of
{1,..., N}, the operator

1
Oa = §(Q§A6A—6A§AQ—66A) (3.10)

1
= §(€AQA£—QQA€A—€€A) (3.11)

1
= 2<— €+ Z ‘ Z Cijeiej — Z 2Lijeiej>€A (3.12)

JEAgA\{j} {i,jycA
satisfies

QOA = (—1)|A‘OAQ and QOA = (—1)|A|OA£.

Proof. We first show the equivalence of the three expressions (3.10)—(3.12]).
The common term —(e¢/2) e4 will be left out in the following manipulations.
Starting from ([3.10)), up to a factor 1/2, and using C;; = Cj;, we have

N N
Dxjes —eaxy D= E e E Ta€a€A — €4 E xaeaE e
=1 1

acA acA =

= Z <6(pa37a - xapa) + Z (plxa + xapl)elea + Z(plxa - l'apl)elea) €A

a€A leA\{a} I¢A
=> (ewa —2apa) + D (Pai+ Tipa)eacr + Y (Pas — xzpa>elea)eA
a€A leA\{a} I¢A

N N
=ea 5 PaCa E xrre; — E xre E Paaa =eaDjx—2 D eq.
acA =1 =1 acA
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Again starting from (3.10]), up to a factor 1/2, we have

Dzjes—eazyD = E pie; E Ta€a€A — €A E Te€q E DL€l

acA a€A

(zplel S vaea— S waca Sper+ 3 waca zplel)m

acA acA lEA acA IgA

= (6 Z(paxa — TaPa) + Z Z(plxa — ZaP1)elea

acA a€Al¢gA

+Z Z (pll'a'Fl‘apl)elea)eA

acAleA\{a}

- < Y. Y Cueeat+ Y (i +wap)erea + (pazi + xzpa)eaez)> ea

a€AlgA\{a} {a,l}CA

which, when using L;; = z;p; — x;p; = pjz; — pix; and Cy; = Cjj, equals
(3-12), up to a factor 1/2.

Now for the actual proof, the case where A is the empty set is trivial, as
Oy = —¢/2 obviously commutes with D and z. For A a singleton the result is
given by Theorem so let now |A| > 2. Using z4e4 = (—=1)41"te 2, and

(13.6), we have
DO, — (-1)*o4D
1
:§Q(QQA6A—6AQAQ—66A) (- )|A| (DerA—eAa:AD—eeA)D

= %(Q2 T 64—z e4D?) — %(QeA — (=1)l4le4D)

= g Z[A,:EQ]GQCA — € ZpaeaeAa

acA a€A

which Vamshes because of condition . In the same manner, using now the
form (3.11) for O 4, the expression @OA — (-1 )‘A‘OAJ: vanishes. O

Remark 3.8. Note that if the order of the list A is altered, O, changes but
only in sign. Say 7 is a permutation on the list A, we have O a = sign(m)Oy(4),
where sign(w) s positive for an even permutation ® and negative for an odd
one. Hence up to a sign all the symmetries of this form are given by {O4 |
A cC{l,...,N}} where the elements of A are in ascending order in accordance
with the standard order for natural numbers.

For the special case where A = {1,..., N}, the operator (3.10) is seen to
correspond precisely to the Scasimir element (3.3]) of 0sp(1]|2) multiplied by
the pseudo-scalar

OlmN = ([Q,g] — 6) €1--"€EN.

DN | =
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For a list A of {1,..., N}, the operator O4 either commutes or anticom-
mutes with D and z. The subsequent corollary is useful if one is interested
solely in commuting symmetries.

Corollary 3.9. In the algebra A ® C, for A a list of distinct elements of
{1,..., N}, we have

[D.oaJ[o] =0, [zoa]]Oi| =0

i€A i€A

Note that the order of the product matters in general, but not for the
result.

Proof. Follows immediately from Theorem [3.6] and Theorem [3.7] O

Expression shows that the symmetries O4 are constructed using the
symmetries C; and L;; from the previous section, together with the Clifford
algebra generators eq,...,ey. The factor 1/2 is chosen such that for a list
of {1,..., N} consisting of just two distinct elements i and j, the symmetry
O;; corresponds to the generalized angular momentum symmetry L;;, up to
additive terms. Indeed, we have that

1 1 1
Oij = Lij — 6561‘63‘ + 65 ; Clielej — 65 ; C’ljelei.
J i

This can be written more compactly by means of the explicit expression (3.8)
for O; as
1
Oij = Lij + 6§€i€j + Oiej — Ojei (313)
Together with the Clifford algebra generators eq, ..., ey, the symmetries O;
with one index and O;; with two indices in fact suffice to build up all other

symmetries O4. Indeed, plugging in the expression (3.8) for O;, one easily
verifies that

A
O = ( | |- +€ZO e; — Z Lijeiej>eA (3.14)
€A {i,j}CA

reduces to (3.12). Using now the form (3.13|) to substitute L;;, the operator
O 4 can also be written as

O4 = (_€(|A|—1)(|A|— (A]-2)Y Oei— S o,-jeiej)eA. (3.15)

4 ieA {i.j}cA

Finally, the symmetries can also be constructed recursively. If we denote
by A\ {a} the list A with the element a omitted, and we define sign(A4, a) such
that sign(A4, a)ea\fqyea = €4, then it follows that

Z sign(A4,a)O g\ {a}€a = Z ( ‘A| Z O;e; — Z Ll-jeiej)eA

a€A acA zeA\{a} {i,5}CA\{a}
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A,
:(dmL%?24fUAM—DE:Owi—QAL—m 3 hﬁﬁJeA

€A {i,j}CA

eated Oieiea+ (JAl—2)04.

i€EA

Al -2
2

— €

Using this relation, Theorem [3.7] can also be proved by induction on the car-
dinality of A, starting from |A| = 3.

3.2 Symmetry algebra

Before establishing the algebraic structure generated by the symmetries O 4,
we first introduce some helpful relations with Clifford numbers. From the def-

inition (3.8)) of O; we have
{ei,0;} = €i0;j + Oje; = [pi, x;] — 04
The property [p;, x;] = [p;, ;] then implies that {e;,O;} = {e;,0;}, or by a

reordering of terms O;e; — Oje; = €;0; — €;0;. This is in fact a special case
of the following useful result.

Lemma 3.10. In the algebra A ® C, for A a list of distinct elements of

{1,..., N}, we have
Z Oueqep = €np Z €qa0q.

acA a€A

Proof. The identity follows by direct calculation using the definition (3.8]) of

O, and the commutation relations of e, ..., en:
1 1
> Oseaca =Y €5 > [P walereaca — Y €5€aCaCa
a€A a€A =1 acA
1 1 1
=) €5 > Ipiwaleaciea — Y €5 > b, waleaeiea — Y 64
acA lcA acA I¢A acA
1 1 1
— Z €5 Z[pa,xl]eAeael + Z €5 Z[phxa]eAeael — Z €5€4CaCa
acA leA acA I¢A a€A
=ey Z €404 O
acA

Note that by means of this lemma, the symmetry O4, in the form (3.14)),
can equivalently be written with e4 in front, that is

OA = €A (€|A‘2_ 1 + 6262'01' — Z Lijeiej).

icA {i.j}cA
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3.2.1 Relations for symmetries with one or two indices
Next, we present some relations which hold for symmetries with one or two

indices.

Theorem 3.11. In the algebra A®C, fori,j, k € {1,..., N} we have
[Oij, Ok] + [Ojk, Ol] + [Oki, OJ} =0.

Proof. If any of the indices are equal, the identity becomes trivial as O;; =
—0j;. For distinct i, j, k, we have by (3.8), (3.13) and using O;e; — O,e; =
61‘03' — €jOi
(045, 0k] + [Oj, O5] + [Oi, O5]
1
= e5 2 eul[Lig, Cun] + [Lies Cuil + [Lis Ciy))

—

([eiej, O] + [ejex, Oi] + [exes, Oj])

+ (Oiej - Oje,»)Ok — Ok(ein — €j0¢) + (Ojek — Okej)Oi

— Oi(ejOk — ekO]‘) + (Okel — Oiek)Oj — Oj(ekOi — €i0k).
The first line of the right-hand side vanishes by Theorem while the second
line does so by direct calculation plugging in the definition of O; and using

C;; = Cj;. Finally, the remaining terms of the last two lines cancel out pairwise.
O

For the next result, we first write out the form (3.14]) of O4 for A a list of
three elements, say 1, j, k which are all distinct:

Oijk = eejejek + Oiejek — Ojeie;c + Okeiej + Lijek — Likej + ijei. (3.16)
The commutation relations for symmetries with two indices are as follows.

Theorem 3.12. In the algebra AQC, fori,j, k,l € {1,..., N} the symmetries
satisfy

[0ij, 0] = (Oq + €[04, 01])01 + (Oji + €[O;, Ox])di
+ (Oki + €[Ox, 0;])015 + (O + €[Oy1, 05])6ri

1
+ 5({01'7 Ojri} — {04, Oirr} — {Oij1, O} + {Oijk, Or}).
Proof. For the cases where i = j or k =1 or {i,j} = {k,[}, both sides of the
equation reduce to zero, so from now on we assume that ¢ # j and k # [ and

{i,j} # {k,1}. Plugging in (3.13]) we have

1 1
[Oij, Okl] = Lij + 6561‘6]‘ + Oiej — Ojei, Ly + 6561@6[ + Ore; — Oqep,
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= [Lij, L] + [Lij, Orer — Ore] + [Ose; — Ojeq, L]
1 1
+ [Oiej — Ojei, Okel — Olek] + Z [eiej, ekel] + 65 [67;63'7 Okel]

1 1 1
+ 65 [€i€j7 —Olek] + 65 [Oiej, ekel] + 65 [—Ojei, ekel] .

By Theorem [2.5] and using {e;, O;} = [p;, ;] — 8;j, we have
[Lij, Lit) = L0k + Ljrdiy + Liidyj + Lijog;
+ La{ej, Or} + Ljr{ei, O} + Lii{e;, O} + Lij{ex, O;}.
Using {e;,0;} = {e;,0;} = 1/2{e;,0;} + 1/2{e;, 0;}, the terms in the last

line can be rewritten as

1
5(([;“6]‘ + Lljei)Ok + (ijei + L;ﬂ'ej)Ol + (Lljek + ijel)Oi

+ (Lkiel + Lilek)Oj(ijOl + Llek)ei + (L“Ok + LkiOl)ej
+ (Li;0; + LyO;j)er + (LiiO; + L;rO;)er).

Together with

[Lij, Ore; — Ogex] = [Lij, Oxler — [Lij, Oiler = {Lijex, O1} — {Lijer, Ox}
[Oie; — Ojei, L] = [0y, Liile; — [0y, Liyle; = {Lyiej, Oi} — {Liie;, Oy},
we find that [L;j, Lii| + [Lij, Orer — Oex] + [Oie; — Oje;, L] equals
L8k + Ljibs + Liidyy + Lo,
1
+ 5((Lil€j + Lije;)Or + {—Lijer, Ox} + (Ljrei + Liie;)Op + {Lijer, O}
+ (Lljek + ijel)Oi + {Oi, Lklej} + (Lkiel + Lilek)Oj + {Oj7 —Lklei})
1
+ 5((ij01 + Llek + [Lkl; Oj])ei + (Llek + LkiOl - [Lkl, Oi])ej
+ (Llei + Lile — [Lij, Ol])ek + (Lkin + ijOi + [Lij, Ok])el).
This simplifies to
L6k + Ljidi + Liidyj + Lijori
1
+ 5({Lilej + Lljei + Ljieg, Ok} + {ijei + LkiEj + Lijek, Ol}
+{0;, Lijer, + Ljre; + Lige; } + {Oj, Lise; + Lyer + Lige; }),

by means of

([Ljk, O] + [Lij, O] + [Lrt, Oj])ei 4 ([Lit, O] + [Lis, O1] — [Lt, Oi)e;
+ ([Lij, Oi] + [Li, O5] — [Lij, O1l)er + ([Lii, O5] + [Ljk, O;) + [Lij, Orl)er = 0,
which is a direct consequence of Theorem after plugging in the defini-

tion (3.8) of O;.
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Now, the other terms appearing in [O;;, O] can be expanded as follows.
First,
leiej, exer] = 2€e(0jneie; — direxe; — O i€:e, + dikere;).

Moreover, we have
leiej, Orer] = e;e;0re; — Oregeie;
= e;ej{e;, Or} —e;eje;0p + Oreiere; — O (€26, )e;
= e;e;{e;, Ok} — eieje O — Ogeseje; + Ope;(€205;) — Ok (€26,)e;.

As {e, 0} = {e;, O}, after interchanging k and [ in this result, subtraction
yields the following for [e;e;, Ore; — Orey)

5j1620kei — 5@1620k6j — jkEQOlei + 5¢k620l6j + {eiejek, Ol} — {eiejel, Ok}
For the last term, [O;e; — Oje;, Ore; — Ojey], we use Lemma to find

Z[Oiej — Ojei, Okel - Olek}
= 2(Oi€j — Ojei)(ekOl — elOk) — 2(Okel — Olek)(ein — ejOi)
= (Okelej — Olekej)Oi + Oi(ejekOl — ejelOk)
+ (—Ogere; + Orere;)O; + Oj(—e;e,0; + €;e,0y)
+ (—0O;eje; + Ojeie;) O + Op(—e16;0; + e1e;0;)
+ (Oiejek — Ojeiek)Ol + Ol(ekein — ekejOi).
We first consider the case where one of i, j is equal to either k or [, for instance
say ¢ = [:
(Okeiej — Oiekej)Oi + Oi(ejekOl- — ejel-Ok)
+ (—Ore + Oiekei)Oj + Oj(—eiekOi + €Oy)
+ (—Oiejei + Ojé)Ok + Ok(—GOj + eiejOi)
+ (Oiejek — Ojeiek)O,- + Oi(ekein - 6}€6j0i)
= (Okeiej - Oiekej - Ojeiek + Oiejek - Ojeiek + Okeiej)Oi
+ Oi((ijekoi — ejeiOk + ekein + ekein — ekejOi — ejeiOk) + 62[Oj, Ok]
Using Lemma we find
= (Okeiej — Oiekej — Ojeiek + Oiejek — Ojeiek + Okeiej)Oi
+ Oi(Oiejek — Okejei + Ojekei + Ojekei — Oiekej — Okejei) + 62[03'7 Ok]
= 2{Okeiej — Ojeiek + Oiejek, Oz} =+ EZ[Oj, Ok]
Finally, when i, j, k, [ are all distinct, 2[O;e; — O,e;, Ore; — Ojex] equals
(Okelej — Ogekej)Oi + Oi(—ekejOl + elejOk + ekele — ekele)
=+ (—Okelei + Olekei)Oj + Oj(ekeiOl —e16;0p + e1e,0; — elekOi)
+ (—O0;eje; + Ojeie)) Ok + Or(e;€:0;5 — €;€,0; + e;€,0; — e;e;0p)
+ (Osejer, — Ojeier)Or + O(—eierO; + e;e;0; + €,e;05 — eie;O)
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= (Okelej — Ogekej — Ojelek)Oi + Oi(—Ogekej + Okelej + Ojekeg)
+ (—Oreie; + Orere; — Ojere;)O; + 05 (Oree; — Orere; + Ozerer)
+ (—O0;eje; + Ojeie; — Oreie;) Ok + Or(Ojeie; — Ozejer + Oreje;)
+ (Osejer, — Ojeier, — Oreje;)Op + O(—0jee, + Ozejer, + Oresej)
= {Okelej — Olekej + Ojekel, Oi} + {Olekei — Ogege; + O;erey, Oj}
+{O0je;e; — Ojeje; + Oreje;, O} +{Osejer, — Ojeser + Opeie;, O}

This boils down to [O;e; — Oje;, Orer — Ojey] being equal to

féjk'[Oh Ol] + €0y [Oj, Ok] + 651]’ [Ok, Oi} + €0p; [Ol, Oj]

1

+ 5({Okel€j — Olekej + Ojekel, Oi} + {Olekei — Opege; + O;erey, Oj}

+ {Ojeiel - Oiejel + Olejei, Ok} + {Oiejek — Ojeiek + Okeiej, Ol})

Hence, combining all of the above, we find

1
[Ol]a Okl] = Ll'l(sjk + ij(sil + Lkz(sl] + Llj(ski + 5({L1l€] + Lljei + Lji€l7 Ok}
+{Ljrei + Lriej + Lijer, O} + {Liie; + Lyer, + Lige;, O;}
1

+ {Lljek + Ljke; + Lye;, Ol}) + 65(5jkeiel — 5il€k€j — 5ljeiek + (5ikelej)
+ Géjk[oh Ol] + €0 [Oj, Ok] + 651]’ [Ok, Oz] + €0k [Ol, Oj]

1
+ 5({Okelej — Olekej + Ojekel, Oz} + {Olekei — Ogere; + O;erey, OJ}
+ {Ojeiel — Oiejel + Olejei7 Ok} + {Oiejek — Ojeiek + Okeiej, Ol})

1
+ 65(5ﬂ€20k6i — (SiZEQOkej — {eiejel, Ok} — 5jk€20161‘ + (;ikEQOlej

1

-+ {6i€j6k, Ol}) — 65(5lj620i6k — 5kj620i61 — {6kelej, Ol} — 611-620jek
+ (skiEQOj@l + {ekelei, OJ})

Collecting the appropriate terms, we recognize all ingredients to make sym-
metries with three indices (3.16|) and we arrive at the desired result

[0ij, 0] = (O + €[O0;, O01])dji + (Oji + €[O;, Ok])da
+ (Oki + €O, 0;])015 + (015 + €[0y, 0;]) 6

1
+ 5({01', Ojii} —1{0j, Oira} — {Oiji, Ox} +{Oijx, O1}). O
In summary, for 4,7, k, [ all distinct elements of {1,..., N} we have
(05, Ori] = Oji, + €[04, O] +{Oiji, O;}

1
[0i, O] = 5({02‘, Ojri} —1{0j,0ir} — {Oiji, Or} + {Oiji, Or}).
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3.2.2 Relations for symmetries with general index

Now, we are interested in relations for general symmetries with an arbitrary
index list A, i.e.

Oa = %(QerA —eazy D —ceq).

Before doing so, we make a slight detour clearing up some conventions and
notations. An important fact to take into account is the interaction of the
appearing Clifford numbers with different lists as index (recall Definition [3.1)).
For instance, if A and B denote two lists of {1, ..., N}, the following properties
are readily shown to hold by direct computation:

epea = (—1)AlIBIZIANBl o p (3.17)

and
|AI2—|A

(ea)? ==y~ =", (3.18)
The product egep in fact reduces (up to a sign) to contain only e; with ¢
an index in the set (AU B) \ (AN B), since all indices in AN B appear twice
and cancel out (for these set operations we disregard the order of the lists A
and B and view them just as sets). The remaining indices are what is called
the symmetric difference of the sets A and B. We will denote this associative
operation by AAB = (AUB)\ (ANB)=(A\B)U(B\ A). When applied
to two lists A and B, we view them as sets and the resultant AAB is a set.
Note that |AAB| = |A| + |B| — 2|AN B|.

When dealing with interactions between symmetries O4 and Op for two
lists A and B, products of the kind e 4ep are exactly what we encounter. Not
wanting to overburden notations, but still taking into account all resulting
signs due to the anticommutation relations (3.1)) if one were to work out the
reduction esep, we introduce the following notation

(QQAABeAeB—eAeBgAABQ—eeAeB). (3.19)

DN =

Oup =

Note that the order of A and B matters, as by we have Opp =
(—1)|A”B‘_|A”B|OB7A. Moreover, up to a sign O4 g is equal to Ogap, where
the elements of AAB are in ascending order when used as a list, see Re-
mark Since the symmetric difference operation on sets is associative, one
easily extends this definition to an arbitrary number of lists, e.g.

1
Oape =35 (Dzappaceaepec — eaepect jppncD — eceaepec).

As an example, if we consider the lists A = 234 and B = 31, then the set
AAB contains the elements 2,4, 1 but not 3 as 3 appears in both A and B, so
we have

Oa3131 = 5 (D Zyo 4116234631 — €234€31L (5 4 1) — €€azaesr)

DN | =
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1
=€ (D (z2e + waeq + m1€71)241 — €241 (2202 + T4 + T1€1) D — €€241)
= —€0241 = —€0124.

We elaborate on one final convention. If A and B denote two lists of
{1,..., N}, then when viewed as ordinary sets, the intersection A N B con-
tains all elements of A that also belong to B (or equivalently, all elements of
B that also belong to A). As a list appearing as index of a Clifford number,
we distinguish between AN B and B N A in the sense that we understand the
elements of AN B to be in the sequential order of A, while those of BN A are
in the sequential order of B. If A = 124 and B = 231, then esnp = €12, while
€BnA = €21.

The framework where operators of the form make their appearance
is one where both commutators and anticommutators are considered. Inspired
by property , we define the “supercommutators”

[04,08]- = 0405 — (—1)IAIBIZIANBIG L0, (3.20)
[OA,OB]]_;,_ = 040p + (—I)IAHBP‘AmBlOBOA. (3.21)

The algebraic relations we obtained in Theorem [3.12 can now be generalized
to higher index versions. We start with a generalization of Theorem [3.11

Theorem 3.13. In the algebra A ® C, for A a list of distinct elements of
{1,..., N}, we have

Z [[Oaa OmAH— =0.

acA

Note that Og 4 is up to a sign equal to O 4\ {4} since a € A, where A\ {a}
is the list A with the element a removed.

Proof. By direct calculation and using (3.8)), (3.14) and Lemma to arrive
at the second line we have

Z(OaOa,A - (71)‘14‘7100‘,140(1)

acA
= 6|A|7_2 Ogeqea — (—1 |4]-1 eqaea0q
2
acA a€A
+€Z Z OgeqeaerOp — (fl)wflez Z OpepeqaeaO,
acAbeA\{a} acAbeA\{a}

+€%Z > > [Lij, Cralereiejeqen

acA {i,j}CA\{a} I¢A\{a,i,j}

-l-e%Z Z Z {Lij, Clateieiejeqaen

a€A{i,j}CA\{a} leA\{a,i,j}

1 _
—€5 Z Z Lij(eqeiejeqen — (—1)|A| 1eiejeae,4€a).
a€A {i,j}CA\{a}
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As (—1)‘A|_1eae A = eapeq for a € A, the last line vanishes identically. Similarly,
the first line of the right-hand side vanishes by Lemma [3.10] Moreover, the
second line then vanishes by interchanging the summations. In the third line,
we write the first two summations as one summation running over all three-
element subsets of A as follows

1
€5 Z Z ([Lij; Cra] + [Lais Cij] + [Lja, Cli]Jereiejeqea,

{a,i,j}CAI¢A\{a,i,5}
which vanishes by Theorem Finally, rewriting the four summations in the

fourth line as one summation over all four-element subsets of A, one sees that

all terms in this summation cancel out using Cj; = C}j; and L;j = —Ly;.

[
Using Theorem [3.13] for the list A = ijkl yields
{0:, 051} —{0;,0ir1} + {0k, Os51} — {01, 0451} = 0.

By means of this identity, the relation of Theorem [3.12]for four distinct indices
can be cast also in two other formats:

[0ij, 01l - = [0ij, Ort] = {04, Ojxi} —{0;, Oir1} = —{Oij1, Ok} +{Oj, Or}.
(3.22)

The results of Theorem |3.12|are actually special cases of two different more
general relations. By means of the following three theorems and the supercom-

mutators 7, one is able to swap two symmetry operators O4 and
Ogp for A, B arbitrary lists of {1, ..., N}. Moreover, the supercommutators re-
duce to explicit expressions in terms of the symmetries and supercommutators
containing (at least) one symmetry with just one index. First, we generalize

(3.22) to arbitrary disjoint lists.

Theorem 3.14. In the algebra A® C, for two lists of {1,..., N}, denoted by
A and B, such that AN B =0 as sets, we have

[04,08]- =€) [0a,04.4.5] -
acA
Note that in this case aAAAB = (A\ {a}) U B. Moreover, following a
similar strategy (or using Theorem [3.13)) one also obtains
[04,08]- =€) [0a55 0]

beB

Proof. A practical property for this proof and the following ones is (3.7)). By
definition, plugging in (3.10)), we find

[O4,05]- = 0405 — (—1)AIBI=I40BI0 0,

= E(QEAeA - QAQAQ - EeA) (Q&B@B — eB&BQ — 663)

1
— (—1)'A”B'i(2£363 —epzpD —eep)(Dayen —eaz D —eea).
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First, note that for the terms of [O4, Op]- which do not contain D, we have

[Al1B|

eaeg — (—1) egea = 0.

For the terms with a single occurrence of D, we have (up to a factor —e/4)

(Dzea —eazyDep — (—1)ANBlep(Dajen —eaz D)
— (~1)IBY(Dzpes — eprpD)ea + ea(Dagep — eprpD)
= Y (Dwacacaen — zaeacaDep — (—1)MPlepDagesen
acA
+ (-1)!*Plegeseqz,D) — (-1)MFIDzgepen + (—1)H1Plepz gy De s

+eaDzxzgep —eseprpD

Making use of (3.7), {D,ea} = €2pa and Zopoanp = Ta\(ay T2 fora € A
and AN B = (, this equals

> (Daacacaes — (1) w Deseqes — (—1)ANPIHAT e pe ey D,
acA

+ eAeBeaxaQ) + (—l)lAlf1 Z Ty Z 2piereaeqen
a€A leA\{a}

— (=)l Z €B Z 2piereqearqs — Dzpeaep
acA leA\{a}
+ (—D)IAIBIH Al e pg peaD 4+ (—1) Y Deqzpep — eaepzpD
+ (_1)|AHB|6B§B Z 2pgeqea — (_1)|AI Z 2paeaeA£B€B
a€A a€A

= > (Dwacacaen — zaDegeses — (—1)PHA e e qep D,

a€A

+ (—1)|A|+‘B|716a6A€BJCaQ) + Z e(De, +e,D) Z €1T1€aCACR

a€A leA\{a}
+ (—)AHIBIENN "eienen Y mee(Deg + €,D)
acA leA\{a}
+ Y ()BT e e qepr pe(Deq + €aD) + Y e(Deq + eaD)zpeacacsn
acA acA

= > (Dzseqencn — zaDegenes — (—1) P e e pep D,
acA

A B|—1 A B|—1
+ (1) AHBI e e yepraD + e(—1)ATEI e e pepzapan p D ea
A B|—1
— eeaeaeacpopanpD — (1) ATBITID g 4\ peacaenea

+€eeqD Top apnpCaCAEB -
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Next, we work out the terms of [O4,Op]_ containing two occurrences of
D, that is
(Dzjea —eazy D) (Dagep — eprpD)
— (-1)41B(Dagep — epxpD) (D jea — eazyD).
For the terms having DD in the middle we readily find
—eaz DD agep + (—1)A117

— > (eazacaDDagep — (—1)A1Plegz s DD z4e0e.4)

eprpDDx €4

a€A
= — E (anDgBeaeAeB—(—l)IA‘_H‘BIeaeAeBgBDDxa)
acA
Al-1+|B
= - E (anDgaAAABeaeAer(fl)l =1+ IeaeAeBgaAAABDDxa),
a€A

since

Z (waDDgaAAeaeAeB — (—1)‘A|71+|B‘eaeAeBgaAADD xa)

acA
= Z Z 2qDD xi€0€0€ ACRB — Z Z 21 DD xqeqeiesep = 0.
a€AlcA\{a} acAleA\{a}

Similarly, we have
- Q&A6A6B232+ (*l)lAHBlQlB@BeA&AQ

— > (DaaeaeaepzpD — (~1)"P Dapepesr,eqD)
acA

A|—-1+|B
Y (DaaeaeneszopangD — (~)AHEID 2, ) 4 peacacpzaD).
a€A

Finally, we manipulate the remaining terms as follows
DazjeaDrgep +eaxyDeprpgD

— (~D) B DzpepDxsea + eprpDeazx D)

> " (DxacacaDzpep + eatacaDepzpD
acA

— (-1)!B Dz pepD woeaen + epzpDeazqe.D))

= > (-)"'Da,Deseazpes + (1) v Deseqepz gD
a€A

— (~)AIBHIAIT D & e peseaD xy — (*1)|A|‘BH‘A'*leBgBeAeanaQ)

+> > (= (=)' Da2percaenzpen
acAleA\{a}

— (=D 2pieeneaepzp D — (~1)ANBID xpep2pieeqe sz

— (—1)"4"B‘BBQBQpleleAeaxaQ)
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=Y (DzaDz,panpeacacs + TaDesereszopanpD
acA

B|+|A|-1
— (-1)IBHAID 3\ anpeaeaepDa,

- (_1)‘A‘_1+‘B‘eaeAeBQQAAABQ%zQ)-

In the last step we used the following (and a similar result for the other two
terms)

Y Dz.D > meeqencs — (~1)EHATN"D N geeseaenDag

acA leA\{a} a€A  1€A\{a}
= Z Z Q%szezeaeAeBJrZ Z DaxiDeeqenepta
acAleA\{a} acAleA\{a}
=Y Y. Dm Y. 2meercacacnt,
acAleA\{a} beA\{a,l}UB
==Y Y Dz Y 2pesecscacpta
acAleA\{a} beA\{a,l}
=Y > Dz 2peveicacacnia
acAleA\{a} beB

= - Z 2D (x1ppTa — TaPbTt + ToPaTi — ToPi%a + TaPITb
{a,l,b}CA

— T1PaTb)ErEIEGEAER — E E 2D (21ppTa — TaPyTi)€pe1CaCACR

{a,l}CAbEB
= - Z Z 2D (z1(pvTa — TaPy) — Ta(PoT1 — TiPb))Eb€I€0CACR
{a,l}CAbEB
= - Z Z 2D (w1(pay — Tppa) — Ta(PiTo — ToP1))eri€acaen
{a,i}CAbEB
= - Z ZQQ (Tipa — Tap1)Toerer1€aCACR
{a,l}CAbEB
— > w(@ap — mipa)esercacacn
{a,l}CAVEB
= > Y. Dz2pzgeescacs— Y, Y. Dap2pracicacacs.
a€AleA\{a} a€AleA\{a}
To arrive at this result we made use of property (3.7), Lemma the com-
mutativity of z1,...,zx and Cy; = Cy;.

Putting everything together and comparing with

€
D [04,0048]- = Z((Qxa — 2D — €a)(DZopanpeacacs
acA acA

) - (DB

— €aCAEBT A anpD — €eqeaeR Dx,parpCatacn

—eqenepZopanpD — €esenep)(Dag — 2D — €,)),
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the proof is completed. O

Theorem 3.15. In the algebra A® C, for two lists of {1,..., N}, denoted by
A and B, such that A C B as sets, we have

[[OAa OBH— =€ ZIIOG? Oa,A,Bﬂ— .

a€cA

Note that in this case aAAAB = {a} U (B\ A).

Proof. To prove this result, one is not limited to just the form for O4
and Op as we did in the proof of Theorem [3.14] One may also use for instance
the form (3.14)), and employ a strategy similar to the one used in the proof of
Theorem [3.12] A proof in this style can be found in the Appendix [A] O

Theorem 3.16. In the algebra A® C, for two lists of {1,..., N}, denoted by
A and B, we have

[04,08]+ = €04,5 + (eanB)*[Oa,(anB): Oann), B+
+ (eans)?*[0anB, OanB),A,B]+ -

Note that AAB = (A\ B)U(B\ A), while AA(ANB) = A\ B and
(ANB)AB = B\ A, and finally (AN B)AAAB = AU B.

Proof. Because of its length and as it employs a similar strategy as used al-
ready in the proof of Theorem [3.14] we have moved the proof of this result to
the Appendix [A] O

Corollary 3.17. In the algebra A®C, for two lists of {1,..., N}, denoted by
A and B, we have

[[OA7 OB]]+
= €05+ (€anB)*20 4,405 OanB),B + (€4nB)*204050(AnB), A, B
—eleann)? Z [Oa; Oanp),B]- — €leans)? Z [Oa;OcanBy,a,B]- -

a€A\B ac€ANB

Proof. Note first that [O4,O0p]-+[04,08]+ = 2040p. Now, combine The-

orem with Theorem and Theorem [3.15] using (4 \ B) N (B\ 4) =0
and (AN B) C (AU B). O

By means of Theorem Theorem and Theorem (or thus

Corollary we can swap any two operators O 4 and Op where A or B is not
a list of just one element. We briefly explain the need for three such theorems.
Theorem yields an empty identity in two cases, when AN B = () or when
either A or B is contained in the other as sets. For example, say AN B = (),
then we have

[04,0B]+ = €045 + (eanr)*[Oa,(anB): Oann), B+

+ (eans)?*[OanB, Oanp) A, 8]+
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= 60,473 + [[OA,OB]]+ + O@OA,B + OA,BO@
= [0a,05]+,
as eg = 1 and Oy = —e¢/2. For these cases we can resort to Theorem or

Theorem [3.15] However, if A is a list of a single element a, Theorem [3.14) and
Theorem |3.15| are empty identities:

[04,08]- =€) [0a,0a,4.5]- = €[Oa,0aa,5]- = [0a, O8] -,
acA
but so is Theorem [3.16| as either a € B or aN B = (). Now, for the case a ¢ B
Theorem yields

0,05 = (-1)!P1050, — € Y [0y, 0p.0,5] - ,

beB

while by definition we also have
0,05 = £(-1)/PI1*"BlOL0, + [0,, Os] .

We see that all expressions involving supercommutators can be reduced to
sums of supercommutators containing (at least) one symmetry with just one
index. In the following section we review again examples of specific realizations
of the elements x1,...,zy and p1, ..., py of the algebra A. For these examples,
the one index symmetries in particular take on an explicit form whose inter-
action with other symmetries can be computed explicitly. This form depends
on the makeup of the symmetries C;; = [p;, z;] as O; is given by .

4 Examples

We recall the two examples from the previous section.
Example 4.1. Let again A be the classical Laplace operator, then

N N 9
D= eip; = €, —
; iPi ; zami

is the classical Dirac operator. The osp(1]|2) structure of Theorem [3.4] here
was obtained already in [I7]. The commutator Cj; in the definition (3.8) of O;
reduces to [p;, ;] = d;5, so

1 (& 1
0; = 55 (Z ey — 61') = 65 (ei — ei) = 0.
1=1
Moreover, (3.13]) then becomes

1
Oij = Lij + 6§€i€j,
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in accordance with results obtained in [J], while for a general subset A C
{1,..., N} one has

Al -1
OA: <€2— Z Lijeiej €A.

{i,j}CA

Since [p;, ;] = 0 for ¢ # j, given a subset A C {1,..., N} the operators z 4
and D 4 as defined by (3.9) in fact also generate a copy of the Lie superalgebra
0sp(1]2) whose Scasimir element we will denote by

1
Sa=5(Dazal - o).
From (.10, we see that in this case O4 equals Saea.

As in this case the one-index symmetries are identically zero, the algebraic
relations simplify accordingly. The symmetries with two indices generate a
realization of the Lie algebra so(IV), as seen from the relations of Theorem[3.12]
For general symmetries Theorem |3.16| now yields

[04,08]+ = €045+ (eanB)*20 4 (anp)O(AnB),B

+ (eanB)?*204050(AnB).A,B:

as by Theorem and Theorem [OA,0B]- =0 for ANB = 0, or
A C B, or B C A. This corresponds to (a special case of) the higher rank
Bannai-Ito algebra of [8], which strictly speaking is not included in the results
obtained there.

To conclude, we mention another group of symmetries of D and x which
are not inside the algebra A ® C in this case, but which will also be useful
for the next example. For a normed vector «, its embedding in the Clifford

algebra
N
a = E &1e7)
1=1

is an element of the so-called Pin group, which forms a double cover of the
orthogonal group O(N). These elements have the property that

I
|<

= -wqa,

where w = 0, (v) = v — 2(v,a)a/||a||?>. Hence, if we define the operators S,
as follows

N
So = Z el Ty = A0, (4.1)
=1
then it is immediately clear that they satisfy the following properties
Seav = —wSa,  Saf(x) = f(0a(r))Sa;  (Sa)? =€

where again w = 0,(v) and f is a function or operator which does not interact
with the Clifford generators. By direct computation, one can show that the
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operator S, anticommutes with the Dirac operator. Moreover, the interaction
of S, and a symmetry operator O 4 is simply given by the action of the reflec-
tion associated to « on the coordinate vectors corresponding to the elements
of A.

Example 4.2. We consider again the case where p1,...,pnx are given by the
Dunkl operators associated to a given root system R and with multi-
plicity function k. Here, the osp(1|2) structure of Theorem was obtained
already in [4L2T].

The commutator in the definition of O; is then given by

Cij = [’Di,xj] = (52']' + Z 2k(a)aiajaa.

a€Ry

The symmetries of the Dunkl Dirac operator Zfil D;e; with one index thus
become

N N N
0; = 65(26;%—1—261 Z 2k(a)alo¢iaa—ei> =¢ Z k(oz)oziZelozlaa.
1=1 =1

=1 a€Ry a€R4

On the right-hand side we see the operators appear for the roots o €
R, . By direct computation, one can show that for a root a, the operator S,
anticommutes with the Dirac-Dunkl operator. The one-index symmetry O;
thus consist of linear combinations of the operators determined by the
root system and by the multiplicity function k

O;=c¢ Z kE(a)a;Sq.

acRy

Higher-index symmetries O 4 contain the Dunkl angular momentum operators,
appended with the anticommuting symmetries S, for a € R,. For instance,
it A={i,j} we have

1

Oij = xiDj — l‘jDi + 62

eiej + Z k(a)(eja; — eja;)Sy.
acRy
The algebraic relations of Theorem and Theorem [3.15| can now be
worked out explicitly as the action of the one-index symmetries is given by
the reflections associated to the roots of the root system.
Example 4.2.1. For the root system with Weyl group W = (Z,)", our results
are in accordance with what was already obtained in [7[8]. Here, the Dunkl

operators (2.10]) are given by

0 i
+ B

81:1- €Z;

D; 1_Ti) ’LG{L,N}

where 7; is the reflection operator in the xz; = 0 hyperplane and p; is the
value of the multiplicity function on the conjugacy class of r;. The one-index
symmetry (3.8) in this case reduces to

O; =¢ Z k(a)a;So = euirie;.

aERy
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Here, we also have [p;, z;] = 0 for i # j, so for a given subset A C {1,...,N}
the operators z 4, and D 4 as defined by (3.9)) generate a copy of the Lie super-
algebra o0sp(1|2) with the Scasimir element

Sa=5([Daszal—¢).

w\»—‘

From (3.10), we see that in this case O4 equals Saes. The relation with the
symmetries denoted by I'4 in [8] is

SAHTZ—SAH Oez—SAeAH o OAH 01,

€A zeA ZEA ’LEA

where the product over i € A is taken according to the order of A. The operator
I'y commutes with the Dunkl Dirac operator by Corollary The algebraic
structure generated by the operators I'4 and corresponding to the relations of
Theorem [3.16]is the higher rank Bannai-Ito algebra of [8]. For the case N = 3,
see [7L15], this is the regular Bannai-Ito algebra [27].

Example 4.2.2. For the root system of type Ay_1, with positive subsystem
given, for instance, by

1
Ry ={—=(&-¢)[1<i<j<N}
+ \/5(61 fj) J

where {&1,...,¢n} is an orthonormal basis of RY| the associated Weyl group
is the symmetric group Sy of permutations on N elements. All permutations
in Sy are conjugate so the multiplicity function k(«) has the same value for all
roots, which we will denote by k. The Dunkl operators (2.10) are then given
by

Yij .
D; = e{l,....N
; aa:f le_% i€ }
where g;; denotes the reflection corresponding to the root 1/vV2(& — &;)- The
related operator of the form (4.1) will be denoted as
1

V2

In this case, the commutator [p;, ;] does not reduce to zero for i # j. It
is given by

Gij = —=(ei — €j)gi; = —Gli-

1+ kY gi ifi=j
[Di7 xj] = 1#i
—KZij ifi#j
and the one-index symmetry (3.8) becomes

N
—eZkz aza—mz \szz—i—m Z iZ%ZGu,
=1

aERy 1<l z<l<N
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where G;; = 0, while for the symmetry (3.13) we have
1 €K N
Oij = .Z’iDj — .CEjDi + 65616]' + ﬁ ;(@Gﬂ — ejGil).

The relations for two-index symmetries of Theorem [3.12] are
K
—=((O1ij = O1ir)(Gji) + (Okji — Orji)(Git) + (Oint — Oury ) (Guy)

[0ij, Owl] = 7
+ (Oju — 0j1i)(Gri))

for four distinct indices, and when [ = ¢ we have

K
[Oij7 Ok’b] = Ojk + 72O”k(G sz Z ’ij agk:)Gia
\/i \/> a#i,j,k
2

N
+ %ZZ G]a7Gk‘b

a=1b=1

5 Summary and outlook

The replacement of ordinary derivatives by Dunkl derivatives D; in the ex-
pressions of the Laplace and the Dirac operator in N dimensions gives rise to
the Laplace-Dunkl A and Dirac-Dunkl operator D. This paper was devoted to
the study of the symmetry algebras of these two operators, i.e. to the algebraic
relations satisfied by the operators commuting or anticommuting with A or
D.

In the case of Dunkl derivatives, the underlying object is the reflection
group G acting in N-dimensional space, characterized by a reduced root sys-
tem. The Dunkl derivatives themselves then consist of an ordinary derivative
plus a number of difference operators depending on this reflection group. So
it can be expected that the reflection group G plays an essential role in the
structure of the symmetry algebra.

One of the leading examples was for N = 3 and G = Z3. Even for this quite
simple reflection group, the study of the symmetry algebras was already non-
trivial, and led to the celebrated Bannai-Ito algebra [I5L[7]. Following this, the
second case where the symmetry algebra could be determined was for general
N and G = ZY [§], leading to a “higher rank Bannai-Ito algebra”, of which
the structure is already highly non-trivial.

The question that naturally arises is whether the symmetry algebras of the
Laplace-Dunkl and Dirac-Dunkl operators for other reflection groups G can
still be determined, and what their structure is. We considered it as a challenge
to study this problem. Originally, we were hoping to solve the problem for the
case G = Sy, which would already be a significant breakthrough. Herein, Sy
is the symmetric group acting on the coordinates x; by permuting the indices;
as a reflection group it is associated with the root system of type An_1.
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Our initial attempts and computations for the case G = Sy were not
promising, and the situation looked extremely complicated, particularly be-
cause the explicit actions of the Dunkl derivatives D; are already very complex.
Fortunately, at that moment we followed the advice “if you cannot solve the
problem, generalize it.” So we went back to the general case, with arbitrary
reflection group GG, and no longer focused on the explicit actions of the Dunkl
derivatives D;, but on the algebraic relations among the coordinate operators
x; and the D;. Then we realized that we could still jump one level higher in the
generalization, and just work with coordinate operators x; and “momentum
operators” p; in the framework of a Wigner quantum system, by identifying
the p; with D;. As a consequence, we could forget about the actual meaning
of the Dunkl derivatives, and just work and perform our computations in the
associative algebra A (Definition . This general or “more abstract” set-
ting enabled us to determine the elements (anti)commuting with A or D, and
to construct the algebraic relations satisfied by these elements. The resulting
symmetry algebra, obtained in the paper, is still quite complicated. But we
managed to determine it (for general G), going far beyond our initial goal. For
the general Laplace-Dunkl operator, the symmetries and the symmetry algebra
are described in Theorem and Theorem For the general Dirac-Dunkl
operator, the symmetries are determined in Theorem and Theorem [3.7]
The relations for these symmetries (i.e. the symmetry algebra) are established
in Section and follow from Theorems [3.14] [3.15] and [3.16]

The results of this paper open the way to several new investigations. In
particular, one could now go back to the interesting case G = Sy, starting with
N = 3 [5], and investigate how the symmetry algebra specializes. One of the
purposes is to study representations of the symmetry algebra in that case, since
this leads to null solutions of the Dirac operator. As in the case of G = Z' [15]
7], one can expect that interesting families of orthogonal polynomials should
arise. Furthermore, note that for the case of G = Z3 a superintegrable model
on the two-sphere was obtained [6]. It is definitely worthwhile to investigate
possible superintegrable systems for other groups G.

In a different direction, one can examine whether the context of Wigner
quantum systems, as used here for rational Dunkl operators, is still of use for
other types of operators. Possible examples are trigonometric Dunkl operators,
or the Dunkl operators appearing in discrete function theory.

Finally, it is known that solutions of Wigner quantum systems with a
Hamiltonian of type can be described in terms of unitary representations
of the Lie superalgebra osp(1|2N) [26l28]. The action and restriction of the
coordinate operators x; and the Dunkl operators D; in these representations
should be studied further.
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grant G.0116.13N.
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A Appendix

This appendix contains the proofs of Theorem [3.15 and Theorem [3.16] which were omitted
from the main text due to their length.

Proof of Theorem[3.15 We systematically go over every term appearing in [O4,0p]—,
using now the form (3.14) for O4 and Op, that is

|[(€|A|2—1+€a;40aea_ S Lee)en (E LY 0 B Lk,em)eBﬂ_.

{i,j}CA beB {k,1}CB

Starting with the terms which contain no O; or L;j, we have using property (3.17) and
ACB

|[Al—1]B| -1 |Al|B|-|ANB| |[Al—1]B] -1
i I el Bt (=1 N el O el B
3 3 (eaeB — (1) epea) 3 3

Next, using property (3.17) and Lemma we have

[[EA, > ObebeB]] = > eaepe,0p — (1) AIBITIANBIN " Opepepe s

(eaep —easep) =0.

beB beB beB
= Z eaepepOp + E eaepepOp — E esepepOp — E Opepenen
beA beB\A beB\A beA
= Y eaeperOp — Y Opepenen,
beA beA

while

[[ Z anaeAyeBﬂ = Z Oseaepep — (*1)‘AHB‘_‘AQB‘ Z epepeqOq

acA acA a€A
= g Ogpeqepep — E esepeaOq.
acA acA

Hence, we have

Al -1 B| -1
Al |[€A7 E ObebeB]] +| | |[ E OaEaeA,eB]]
2 _ 2 _
beB acA
_ Bl -1-(JA]=1)

3 Z Ogpeqepep — Z eaepeqOq
acA acA
B|l—|A 1—-1
L Rt o (Oacacacs — (~1)P1-14e,e 4050, )

2
acA
) [NEIL EIEEN Iy

acA

For the next part, using the notation A’ = A\ {a}, we find

|[ Z Ogeaen, Z ObebeB]]

acA beB
= Z Z(anaeAeBebOb — (—)IANBI=IANBIO, e epeseqO0)
a€AbEB

= Z Z(anaeAeBebOb — OpepesepeaOq)
acEAbeEB
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= Z |[Oa» Z ObebeaeAeB]l + Z Z Ogeaepepe,Op — Z Z OpepesepeaOa.

acA be B\ A’ - a€AbeA! acAbcA’

One easily sees that the summations in the last line cancel out.
Now, for the parts containing “L;;-terms”, we have

|[ Z LijeiejeA,eB]] = Z L;j; (eiejeAeB — (—1)‘A”B‘_‘AﬁBleBeiejeA> =0,
{i,j}cA - {igica
as, using property (3.17) and A C B,

(=1)lAlIBI=1ANB] (=1)!ANBI=IANBI+ AN HIBI = [(AN4, DN B

epeiejes = ejejesep

= €,€5EAER.

Moreover, using Lemma and property (3.17) while denoting A’ = A\ {a}, we have

[[5 Z Ogeqlp, — Z LklekeleBJ]

acA {k,1}CB
= —¢€ Z Oq Z Lyerxeieqenep + € Z Z LyiexeieaepeqOq
a€A  {kI}CB\A’ a€A {k,I}CB\A’
—€ Z Oq Z Lyjexeieaesep +¢ Z Z LyjereieaeeqOq
a€EA  {k}CA a€A {k,I}C A’
+e€ Z Ogq Z Z Lyjexeieqenep + € Z Z Z LyjereieaepeqOq
acA ke Al le B\ A/ a€A keA leB\A/
=—€> |[Oa7 > LklekeleaeAeB]]
acA {k,I}CB\ A’ -
—ez Oq Z LklekeleaeAeB—i—(—l)‘B‘*lA‘eZ Z LyjereeaeaesOq
a€EA  {EIJCA’ a€A [k} C A
(A1)
+e€ Z Oq Z Z Lyjereeqesen + (—1)‘3‘4‘4‘5 Z Z Z LyjereieaeaeOq.
acA ke A’ le B\ A/ a€A keA leB\A/
(A.2)

We see that the final part to make €Y - 4[Oa,Oqa anB]— appears here. To complete the
proof we show that the last two lines, and , cancel out with the remaining terms
of [O4,0B]-.

Hereto, we use Lemma to find (denoting again A’ = A\ {a})

H — Z Lijesejen, € Z ObebeBH

{i,j}CA beB
= —¢ Z L;jeiejeasen Z eqOq — € Z Lijeiejepep Z ep Oy
{i,5}CA a€A\{i,j} {i,5}CA beB\(A\{i,5})

+ (=1)lAlBI=1ANBl Z Z OqLjjeqeiejepen
{i,5}CAacA\{i,j}

+ (—1)lAlBI=1ANBl ¢ Z Z OyLijepe;ejepen
{i,5}CAbEB\(A\{i,5})

— (—1)‘3‘7|A‘e Z Z LijeiejeqenepOq + € Z Z OuLijeiejeqenen

a€A {i,j}C A’ a€A {i,j}C A’

—€ Z Lij Z Opepeiejesep + € Z Z OyL;jepeiejesen

{i,j}cA be B\(A\{4,j}) {i,j}CcAbeB\(A\{i,j})
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=€ Z O, Z Lijeiejeqenen — (—1)1B1-14le Z Z LijejejeqenepOq

acA {i,j}CA’ acA {i,j}C A
—€ Z Z [Lij, Opleveiejenep. (A.3)
{i,5}CAbeB\(A\{i,5})

This already causes (A.1)) to vanish, so (A.2) and (A.3]) remain.

Next, we look at
Z Z LiijleiejeAekeleB — (—1)‘Al‘Bl_‘AmBlLleijekeleBeiejeA. (A4)
{i,j}CA{k,}CB
According to the sign of
(—1)‘A|‘B‘f‘AmB‘ekeleBeiej-eA
= (_1)\A|\B\*\AWB\HA\{%'J}I\B\{kwl}\*\(A\{i,j})ﬁ(B\{kvl})l
= (_1)\AmBl*\(A\{iyj})ﬁ(B\{kyl})\

eiejeserelen
€;ejeAereleR,

the summation (A.4)) reduces to a combination of commutators and anticommutators in-
volving L;; and Ly;. We first treat the anticommutators

- > > {Lij, LiYeiejeneicaen
kEA {3,j}CA\{k} IEB\A

- Z Z e€({Lix, LjiYerejeaen + {Lij, Lyi Yejepeaen).
i€A {j,k}CA\{i}

The last line reduces to
> > e{Lik Lji} — {Lij, LkiYerejenen =0,
i€A {j,k}CA\{i}
while the first line vanishes by Theorem as it can be rewritten as
> D ({Lijs Luteiejerer + {Lj, LuYexejeier + {Lik, LjiYeiexejer)eaen
{k,i,j}CAleB\A

= > > (Lij Lt} +{Ljk, L} + {Lki, Lyt }eiejenere aep.
{k,i,j}CALEB\A

Next, we treat the remaining terms of the summation (|A.4)) which reduce to four different
summations of commutators

Z [Lij, Lii)eiejexeieaen + z Z [Lij, Lkileiejexeieaen
{i,j}CA {k,1}CB\A {i,5}CA{k,1}C(BNA)\{i.j}
(A.5)
=X > > [Lij Lileiejejecaen + Y [Lij, Lijleiejeiejeaen.
i€AjEA\{i} lEB\A {ij}cA

Note that while the last summation obviously vanishes, the second one does also as
[Lij, Lrileiejepeienep = > (Lijy Lind + [Lik, Lyj)
{i,j}CANB {k,l}C(BNA)\{i,5} {i,7,k,l}CANB
+[Lit, Ljk] + [Ljk, L] + [Lji, Lii] + [Lits Lij))eiejereieaep.

By Theorem and using {e;, O;} = [p;, ;] — d;;, the summand of the first summation of
(A.5) can be written as

Lji{es, O1}ejereieieaep + Li{ej, Or}eieiejepenen
+Llj{ek’ Oi}elejeiekeAeB + Lki{el, Oj}ekeie]-eleAeB.
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Using {e;,0r} = {ex,0;} and {e;,0;} = {e;,0;} each term is altered to one containing
Oy where b € B\ A. In this way, we find

e(L;jrOrejereiesen + LijOrerejepeaep + LyOyeierepesep + Li;Oregeieie aep)
+ ijeiOleJ-ekeieleAeB + LljeiOkelejeiekeAeB
+ LilejOkeielejekeAeB + Lk,-ejOlekeiejeleAeB.

The summation, as in (A.5), of the first line reduces to

e > > > LjxOrejencienen

jEAkeEB\Ale(B\A)\{k}icA\{j}

=¢(Al-1) Z Z Z ijOlejekeleAeB,

jEAkeB\Ale(B\A)\{k}

while, using Lemma [3.10] for the last line, we find

-2 > X > LjkeiOiereiejepenen

JEAKkeEB\AicA\{j}le(B\A)\{k}

Z Z Z ijeiOieieiejekeAeBJrZ Z Z Ljre;Ojejeiejepesep

JEAkEB\AicA\{j} JEAKEB\AicA\{j}

— Z Z E Z ijeieiejekeAeBelOl

JEAREB\AicA\{j} le{i,j}U(B\A)\{k}

=e> > > Ljei(Oiej — Ojeiereacs

jEAKkeB\AicA\{j}

762 Z Z Ljrejeresepe;O;

JEAKEB\AicA\{j}

- E(lA‘ - 1) Z Z Z ijOlelejekeAeB

JEAKEB\Ale{j}U(B\A)\{k}

—ez Z Z LjreiejOiepesen

jEAKkeEB\AicA\{j}

76(71)|B‘7|A‘Z Z Z ijEjekeieAeBOi

JEAKEB\AicA\{j}

—e(|Al=1) Z Z Z L;kOrerejepenep.

jEAkeB\Ale(B\A)\{k}

In the end, the first summation of (A.5) thus becomes

—62 Z Z ijeiejOiekeAeB—(—1)‘B|7‘A|eZ Z Z ijejekeieAeBOi.
jEAKkeB\AicA\{j} JEAkeEBicA\{j}
(A-6)
The final result is obtained following essentially the same strategy as used in the proof
of Theorem and Theorem now applied to the third summation of :

_EZ Z Z [Lij, Ljjleieieaep.

i€AjEA\{i} IEB\A
By Theorem and using {e;, O;} = [p;, z;] — d;;, the summand of this can be written as

—eLje;eieqep — eLy{ej,Oj}eieienep + eLij{e;, O1}eseresep — eLyj{e;, Oj}eieienep.
(A7)
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Here, the summation of the first term cancels out with

Al—-1
[P e S tueaes] =a-DS S tucccn

{k,l}CB k€AIEB\A

which, using property (3.17) and A C B, follows from

(,1)\AHBI—\AHBI (,1)IA\IB\—IAH-\A\IB\{k»l}I—\Aﬂ(B\{kJ})I

epelepes = eserelep

= (—) A= ANBED ¢y ey eres.

For the summation of the second and the fourth term of (A7), using O;e; — Oje; = ¢;0; —
e;O;, we have

_ Z Z Z (ELilojejei + Lljoj)eleAeB

i€AjeA\{i} I€B\A
—e> . > > (Luej + Lijei)Ojeicieacs
i€AjeA\{i} leB\A
= — > > (eLuOjeje; + Li;0; + eLjOseiej + Li;Oi)erenep
{i,jy€AleB\A
- Z Z (Lyej + Lije)(Oje; — Ozej)eiesen.
{i,j}€AleB\A
= —¢ Z Z (LiOjeje; — LijOieiej; — Lieje;0;5 + Lijeie;O;)eieaen
{i,j}€EAIEB\A

=€), >, > Li(Oieiej —eie;Oi)ereacs. (A.8)

i€AjEA\{i} lEB\A
When summed over [ in B\ A, the third term of @ yields, using Lemma [3.10}
—€ Z L;jejOreie;epep + € Z L;jOreiejeiesep
leB\A leB\A

eLije;Oze;e;epep — € E Lijeje;eaepe O
leB\AU{i}

—eLijOieiejeieAeB —eLijOjejejeieAeB +e E LijejeieAeBelOl
leB\AU{i,5}

= Li]-eineAeB + (—1)‘Bl_‘Al""lLijeieAeBO]-.
Summing this over 7 in A and j in A\ {¢} and combined with (A.2)), (A.3), (A.6), and (A.8),

one observes that all terms cancel out.

O
Proof of Theorem[3.16 By definition, plugging in (3.10)), the left-hand side expands to

[04,08]+ = 0405 + (-1)IANBIZIANBIO L0 4

i(QgAeA —eazaD —ceq)(Dagep —epzpD — ee)

1
+ (=1)lAllBI=1ANEBI 1(Dzpen —epzpD —cep)(Dzgea —eazaD —cea).

The idea of the proof is now as follows. We split up 2 4, and 25 into x4 =z 4\ p +Z4qp and
Tp = Zp\ g +2Znp- We then combine the appropriate terms to make £ o g = Z4\p+Zp\ 4
and z 4 g = ZaptZp\atZans and in turn all terms that make up the right-hand side.
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In doing so, we continually make use of the following facts: by property (3.18)) we have
(eanB)* =1, hence (eanp)? is just a sign;

Dey — (—1)!AleaD = 3" 2paeqen
acA

and for integer n one has (—1)" = (71)”2 and (—1)"(n+1) =1,
For the terms of [O4, O]+ which do not contain D, we have

_ 1 1
(—1)lAllBl |AOB‘ZQBGA = —eaep

1
—eaep +
4748 2

1 1 1
= —geacs + 5(3AmB)4€AEB + 5(6,403)48,46&

Next, for the terms of [O4,OgJ+ containing two occurrences of D, we have

(Dzyeqa —eazyD)(Dagep —epzpD)
+ (~)IANBIZIANBI (D g pep — epzpD) (Dayea — eaz 4 D)
=DzyeaDapep —eazgDDzpep — Dz yeaepzpD +eszyDeprpD
+ (~)IANBI=IANB Dy pepDajen —epzpDDx jea — Dagepeaz D
+epzgDeaz D).
We first look at the terms having DD in the middle:

—eaz,DDzpep — (—1)/4IIBI=IANB]

—ea(@a\p +24nB)DD (zp\4 + Tanp)en
_ (,1)\AHB\—|AWB\

epzgDDxea

es(@p\a +Tanp)DD (T 4\ 5+ Tanplea

= —(eanB)’(eacanpz s\ pDDzp\ seanpen
(_1)\A|\B\—lAﬁB\+|AﬁB\(|A\+|B|)

€ANB EBEB\A@Qq\BeA €ANB

14+|ANB|(|A|+|B|—2|ANB|+1)+|ANB| -1
— (~1)HIANBI(Al+|B| -2 |+1)+]AnB| eanBeAeBZo\pDD x snpeans

—eanBLnpDDzp\ geanBeAeB — €anBL DD T npeanBeaen

1+|ANB|(|A|+|B|—2|ANB|+1 ANB|—-1
— (1) IHANBIGAL+BI=2ANBI+DHANBI 1o, b yep . DDy peans

—eanBZanpDDz\ peanBeaes

ANB|(|A|+|B|—-2|ANnB
_(—1)/ANBIARIBI=21A0BD o iere DD peans)

2
= —(eann)?(eaeanBz o\ pDDTp\ seanpen

- (71)(‘Al7‘AmBl)(‘B‘7‘AmBl)eAﬂBeBlB\A@lA\BeAeAﬁB

—eAnBZ anDD x4 peanBesEB
ANB|(|A|+|B|—-|ANB|)—|ANB

_(_1)\ [(AI+]B]—] D—I ‘eAﬁBeAeBiAUBDDﬁAmBeAﬁB)~

In exactly the same manner, we have

DayeaeprpD+ (—1)AIBIZIANBID g pepeyz \ D
=D(za\p t+2ZanpleacB(@p\a + Tanp)D

+ (—)AIBIEIANBID (@ 4 + 2 anplepeal@a s + T anp)D

= (eanB)?(Dz g\ pealeann)’epzp\ 4D — Dz ynpleans)’eaepz s, pD
- (_1)(|A‘_|AmBD(|B‘_lAmB‘)QQB\AEAmBeBeAeAnBQA\BQ
- (-1

ANB|(|A|+|B|-|ANB|)—|ANB
! [(JA+|B]-| D=l IQzAugeAmBeAeBeAmBQAmBQ)



On the algebra of symmetries of Laplace and Dirac operators

43

Next, for the remaining terms with two occurrences of D, we first have

DazjeaDzgep + (-1)AIBIZIANBID g epDa e
=D(za\p T ZanpleaD (zp\a +Zanp)eB

+ (—1)‘A|‘B|_‘AOB|Q(£B\A +ZanpleBD (Zo\p +Tanplea
= (eAnB)2 (Q&A\BeAeAnBQQB\AeAmBCB

+ (—)IANBIIARIBIZIANBI=D D g\ peanpeaesDzanpeans
+Dz peanBDzp\gseanpesen + Dz ynpeansDznpeanpeaen
4 (_1)‘Al‘Bl_‘AnBl-HAﬁBl(‘BH_lA‘)QQB\AeAﬁBeBQQA\BeAeAﬂB
+ (*1)‘AmBl(‘AlHB‘)ng\AeAmseAeBQngeAmB
+DzynpeanBD T\ peanBeseB

+ (*1)‘AmBl(‘A|+‘B‘)QiAmBeAﬁBeAeBQQAmBeAﬁB)

—Dzap Z 2perzp\peaeB — Dz s\ Z 2pie| zynpeAEB
I€EANB leB\A

—Dzysnp Y, 2pierzp\aeaeB + Dz ynp > 2perzanpeaes
lcA\B lcA\B

—Dzp\a Z 2prerzp\peaeB —Dzp\ »4 Z 2pie1 T 4~ BeAEB
IEANB IEA\B

—Dzynp Z 2171812,4\5814813 —Dzanp Z 2pie; T onBEAER
leB\A l€A\B
2
= (eanB)?(Dza\peacanDzp aeanpen + Dz anpeanD T peanpeacn
A|—-|ANB B|—-|ANB
+ (—)AIZANBDUBIZIANBD D g . yeanpep Dz g\ peacans

ANB|(|A|+|B|—|ANB|)—|ANB
+ (-1 I Al+1B1= b=l 'QzAUBeAmBGAesQQAmBBAmB)

-2D > > > (= zalpemy — po7e) + Te(Pah — PpTa)

a€A\B cEANB bE B\ A
+ 24 (peta — paxc))eaebeceAeB
where the last two lines vanish using L;; = z;p; — x;p; = p;jT; — piT;.
Similarly one finds
eaz 4DepzpD + (—1)AIBI=ZIANBle by De sz , D

ealza\p +Zanp)Len(zp\a +Tanp)D
+ (=1)lAlIBI-lanB]

es(Zp\a +Zanp)Dealzs\p +2anp)D

2
(eanB)?(eaeanpz g\ pDeanpepp oD +eanpzanpDeanpesep gD

+ () UAITIANBDABIZIANED e s pepa g\ oD eacanpza pD

ANB|(|A|+|B|—-|ANB|)—|ANB
+(_1)‘ I A1+151- b=l leAmBeAeBQAuBQEAmBﬁAmBQ)~

Finally, for the terms with a single occurrence of D, we have (up to a factor —e)

(D jes —eazyD)ep + (~1)AIBIZIANBle (D g e s — eaz 4 D)
+ea(Dzgep —eprpD) + (—1)ANBIZIANBN Dy pep — epzpD)ea
= — Dz, peaep —Dzp\ seaep +esepz g\ pD +eaepzp 4D

+ (eAmB)2(Q£A\B€A(€AmB)2€B + (‘U‘AOBH‘AlHB‘)Q&A\BeAmBeAeBeAmB
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2
+Dzsnpleans) eaes —eaeanBz s\ pDeanBes — eanBTanpDeanpesen
Al|B|+]|ANB|(|B|+]A|-1
+ (=1)lANBI+ [(IB]+]A] )eAmBeEs’QﬁA\BeAeAmB
eanpeaepDz npeans

eanBeaeBZ \pDeann

+ (—1)|ANBI(AI+IB])
_ (—1)lAlIBI+IANBI( BI+|4]-1)

-1
(—D)ANBIAAI+IBD
-1

(

2
—(eanB) eaepzanpD +eacanpD g\ geanBeB + eanBD z npeanBeses

€ANBEBEACANBE o\ gD

- eA(eAmB)QeBiB\AQ - (eAmB)QEAeBQB\AQ

ANBI|(|A|+|B
— (-1 I0AIHIBD e ynpesepeanpzanpD

ANB|(|Al+|B
1l ANBICAIT ‘)QEB\AeAﬁBeAeBeAmB

A||B|+|ANB|(|A|+|B|—-1
—1 LAl B+ I(AI+BI )DIB\4€4OBeB6464ﬁB
Al||B|+|ANB|(|B|+|A|—-1
— (-1 [A||B|+] [(IB|+]A]| )equ(Z‘BIB\qD64equ

)

)
]-)‘AnBl(‘A|+‘BDQQAQB€AHB€AEB€AOB
)

1)\AHB|(\A|+\BD

(
(
(
(
(

eanBeaeBz onpDeans),

where, for instance, we made use of the following computation

= (eanB)?(— eanBzsnpDeanpeaes — (—1)

and

Al|B|—-|ANB
(—1)/AIBI=IANBl oo Dey

|Al|B|-]ANB|

—eaz nglep —

— (eann)?((eanp)?eaz gnpDep + (—1) epzsnpD(eann)’eq)

—(eans)?((—1)IAI=IANBle 4 g\ peanpeaDen

A||B|+|ANB||A
+ (=)l ANIBIT] Alepa g Deanpeacans)

2
—(eanB)?(eanBzsnpDeanpeaen
A||B|+|ANB||A|+|A|—|ANB
+ (1) AIBIHANBIANIAIZIANBl gy oo Doy o
— €ANBLANB Z 2piejeanBeaen
I€A\B
A||B|+]ANB||A
+ (—n)lAlBIF Alepzpnp Z 2pieeAnBeACANB)
lEA\B
[ANBI(|Al+]B])

Putting everything together and comparing with

1
Oa,B = 3 (Dzsppeaen —eaepzppD —cesep),

1
[04,canB): Oanm),Bl+ = ; ((Q&A\BeAeAmB —eaeanBz g\ pD — ceaeann)
X

(Dap\acanBen — eanBeBEp\ 4D — ceanpen)
+ (—1)(AI=1AnB)(IB|-|AnB])
X

Dzp\aeansen —eanpeptp\ 4D — ceanpen)

X (Day\peaeans — eaeanB s\ gD — 66A6AnB)>,

eAnBeAeBT anpDeans).
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and

1
[0anB;OcanBy,a,Bl+ = 1 ((Q&AmseAﬁB —eanBZanpD — ceann)

X (Dz s peanBeaen —eanpeaepZa gD —eeanpenen)
+ (_1)\AHBI(\A\HBl*\AﬂBl)*\AﬂBI
X (Dz s peanBeaen — eanBeAesZ gD — eeanpesen)
X (DzpnpeanB — €AnBZanpD — EeAﬁB)>7

the proof is completed. O
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